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Résum

La présence dans les récoltes de blé du champignon pathogéne Fusarium
graminearum pose de sérieux problémes financiers et de santé au Canada. Le
champignon cause des pertes significatives au niveau de la qualité et du
rendement des récoltes, tout en produisant des mycotoxines qui survivent & la
mouture. Les processus de fransduction de signaux impliquant les kinases
jouent un réle prépondérant dans I'activation du systéme de défense de I'hote.

Un projet de recherche, utilisant les hybridations de type western et les
essais kinase, fut mis sur pied pour déterminer si la présence de F. graminearum
causait un changement au niveau des kinases chez les cultivars Frontana
(résistant) et Roblin (susceptiblé). Les résultats ont démontré que F.
graminearum avait un effet modéré sur les niveaux de phosphorylation des
acides aminés thréonine et tyrosine. De plus, certaines différences ont été
observé entre les cultivars. Cependant, les essais kinases n‘ont pas démontré
une variation significative de l'activité enzymatique de type MAPK chez les
cultivars.

Un homologue de la MAPK, wmh-1 (wheat MAPK homologue-1) fut cloné,
séquencé et fut démoniré comme étant identigue a la séquence de wck-1, que
on peut trouver dans la banque de séquence publique. Des résultats
préliminaires démontrent une augmentation du messager ftranscrit dans
I’échantillon du Frontana traité au Fusanium. Les implications de ces résultats en

sont discutées.



Abstract

The presence on wheat crops of the fungal pathogen Fusarium
graminearum poses serious financial and health-related problems in Canada.
The fungus causes a significant decrease in yield and quality of the crop, in
addition to producing mycotoxins, which can survive the milling process.
Signaling processes involving protein kinases are thought to be play a major role
in the activation of a host defense response.

A research project employing western detection experiments and kinase
assays was initiated to determine whether the presence of F. graminearum
caused changes in the level of protein kinases in cultivars Frontana (resistant)
and Roblin (susceptible). The results indicated that F. graminearum had modest
effects on phosphorylation levels of threonine and tyrosine residues. Moreover,
differences occurred between the resistant and susceptible cultivar. Kinase
assays did not show any variation in activity in either cultivar.

A MAPK (wheat MAPK homologue-1) homologue was cloned, sequenced
and shown to be identical to the wck-1 sequence found in the public database.
Preliminary results show an increase in the level of transcript in the Fusarium-

treated Frontana sample. The implications of the results are discussed.
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Chapter 1

Introduction

1.1 Main objectives

Fusarium head blight is a fungal disease of wheat (Trificum aesfivum, L.)
caused by several vspecées of the genus Fusarium. Two species are considered
to play major roles in spreading this disease throughout North America: Fusarium
graminearum Schwabe (teleomorph = Gibberella zea (Schw.: Fr) Petch) and F.
cuimorum. In Canada, the occurrence of periodic epidemics of Fusarium head
blight results in major yield and quality losses for the producers. Cultivars of
wheat showing different levels and types of resistance have been identified
through worldwide screening efforts. In addition breeding programs have
attempted to transfer resistance to commercial wheat cultivars. Since wheat is a
polyploid (Triticum aestivum, 6X = 3N), this offers a significant challenge to the
breeder.

Understanding the mechanisms that plants employ o defend themselves
against pathogens is a crucial area of research. Protein kinases have been
identified in a variety of plant hosts as the key regulatory proteins that participate
in signal transduction following biotic and abiotic stresses, including infection.
The main objectives of this thesis are to look at the involvement of protein
kinases in wheat defense mechanisms after point- and spray inoculations with a
fungal pathogen, such as Fusarium graminearum in two different wheat cultivars:

Roblin (susceptible variety) and Frontana (resistant variety), and to identify those



kinases that respond to infection and thus are possible candidates for kinases

involved in plant defense.

1.2 Brief history of Fusarium head blight

Fungal pathogens such as F. graminearum, F. culmorum and F.
avenaceum ((Corda: Fr.) Sacc.) have developed an intricate relationship with
their cereal hosts, causing heavy damage from Fusarium head blight (FHB)
(Atanassov ef al. 1994). Early surveys conducted by the Plant Disease Survey in
the United States in 1917, 1918 and 1919 showed that 31 of 40 states reported
FHB in cereals (Atanasoff, 1920). Fusarium graminearum was first identified in
Manitoba in 1923, yet serious outbreaks were only reported in early the 1980s
(Clear and Patrick, 2002). Severe epidemics threatened crops throughout North
America. The problem has arisen in the eastern and mid-western regions of the
United States. These epidemics have caused extensive damag'e to wheat and
barley crops in four successive years, from 1993 to 1996. Yield losses in the
state of Minnesota have been estimated at 33% in 1993, 18% in 1994 and 8% in
1985 (Dill-Macky and Jones, 1997). In 1980, a severe epidemic of Fusarium
head blight of wheat in Eastern Ontaric caused farmers in the area to lose
millions of dollars in lost crops (Sutton, 1982). Major epidemics reduce greatly
the viability of the infected crop and in turn reduce profit margins for producers.
Mycotoxin analysis shows that this fungus has continued to spread in western
Canada, where high levels of deoxynivalenol and its precursors were found

(Abramson et al. 1987). These mycotoxins present a major health hazard to



consumers as well as livestock. Western Canada has seen an increase in the
number of crops infected with F. graminearum, F. culmorum and F. avenaceum.

Since the early 1980s, surveys have been conducted by the Grain
Research Laboratory in western Canada in order to monitor the F. graminearum
populations. These surveys indicate the ever-growing impact of F. graminearum
on Canadian crops (Clear and Patrick, 2002). This devastating impact is starting
toc reach northern British Columbia and threatens to continue its infectious
spread. Figure 1A shows the areas where F. graminearum infected crops were
reported in 1885. The extent of the damage is mostly found in Manitoba due to
its higher average rainfall and higher mean temperature in July (Clear and
Patrick, 2002).

Six years later, the same survey was conducted and showed a greater
distribution of F. graminearum throughout western Canada (Figure 1B). lts
distribution had spread through northern Alberta and into northern British
Columbia. The majority of cultivated grain crops in Manitoba as well as in
eastern Saskatchewan, showed signs of Fusarium head blight. The Grain
Research Labgeratory surveys have also monitored the percentage of Fusarium-
damaged wheat kernels (FDKs). In 1996, the percentage of FDK found in
Manitoba wheat was 34.7% while in 2001, the percentage of FDK in the same
province had risen to 68%. In the same time span, the FDK percentage in
Saskatchewan went from 0.4% to 8%, while Alberta showed an increase from
0.02% to 1% (Clear and Patrick, CGC, 2002). in addition, the geographical

distribution of the fungus is related to temperature requirements. In hotter
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Figure 1: A) Distribution of F. graminearum in 1995 B) Distribution of F.
graminearum in 2001 based on the presence of FDK in the
seed surveys. Survey conducted by the Canadian Grain

Commission (Clear and Patrick, CGC,2002).
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regions, F. graminearum is generally regarded as the most important species
causing FHB (reviewed by Parry ef a/. 1995). The high dispersal activity of this
fungus has mobilized efforts in trying to understand the pathogen and its

epidemiology.

1.3 Epidemiology of Fusarium graminearum

1.3.1 Description of the pathogen

Within the genus Fusarium, many species have been recognized as
responsible for small grain cereal diseases. Fusarium graminearum, the
anamorph or conidial stage of Gibberella zeae, is the principal head blight and
ear rot pathogen in Canada (reviewed by Sutton, 1982). In North America, the
population of F. graminearum can be subdivided into two groups: Group | and
Group I (Francis and Burgess, 1877; Cook, 1981). Group | populations are
traditionally regarded as soil borne fungi, where they exist as colonizers of plant
residues and living plant parts. These isolates are normally associated with
diseased crowns and do not form perithecia in culture and only rarely in nature
(Sutton, 1982). Group Il populations are generally primary or secondary
colonizers of aerial plant parts (Burgess, 1981). These isolates readily form
perithecia and normally are associated with diseases of aerial plant parts
(reviewed by Sutton, 1982). The conidiophores are at first simple monophialides
on the hyphae, but will later branch off and proliferate. The macroconidia are
slender, sickle-shaped with curved apical and pedicellate cells and are mostly 5-

6 septate. In order to understand the complexity of the problem, it is helpful to



examine the growth and dispersal of Fusarium, and the disease cycle on small

grain cereals. The life cycle of Fusarium graminearum is presented in Figure 2.

1.3.2 Inoculum sources and production

Common to all Fusarium-related problems is the presence of F.
graminearum in socil, weeds, alternative hosts etc., which can function as
reservoirs for the fungus. The Fusarium inoculum can survive as either
saprophytic mycelium or thick-walled resting spores (chlamydospores) (reviewed
by Parry ef al. 1995). Old straw and pieces of stems of last year's crop, which
had been heavily infected with the disease, were often found o show large
pinkish areas indicative of F. graminearum conidia (Atanasoff, 1920). It was
shown by Wearing and Burgess (1977) that fungus recovered from wheat-field
soil could be grown on minute pieces of organic debris. Contaminated grain can
also provide a primary source of inoculum for the development of seedling blight
and foot rot (reviewed by Parry ef al. 1995). A study carried out in Minnesota
showed that of the 80% of maize stalks, which were infected with F.
graminearum in the fall, 60% were still infected the following spring (Windels and
Kommedahl, 1974). Recent studies have shown that continued wheat cropping
or crop rotation between corn and wheat increases the inoculum source of
Fusarium, which in turn increases the chance of ear or head blight epidemics
(reviewed by Parry ef al. 1995). As mentioned above, the inoculum takes the

form of conidia, chlamydospores or hyphal filaments. However for F.



Figure 2: Life cycle of the fungal pathogen, Fusarium graminearum.

Taken from http:/!www.csl.gov.uklscience/organ/environlentom/

fusarium/lifecycle.cfm.
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graminearum the ascospores are believed to be the primary source of inoculum,
through the sexual stage of Gibberella zeae (reviewed by Stack, 1999).
Inoculum production is usually associated with warm and moist weather. When
isolates of G. zeae were cultured on carnation leaf discs mounted on water agar
in a temperature gradient plate ranging from 16°C to 31°C, perithecia formation
increased as the temperature increased, at least to 29°C (Tschanz ef af. 1976).
Cook and Christen (1976) showed that F. graminearum grew optimally at -10 to -
20 bars at temperatures ranging from 20°C to 30°C. It was also shown that on
agar media adjusted to different water potentials, the maximum production of
ascospores occurred at -15 bars for Group | F. graminearum. However, Group |l
F. graminearum isolates had maximum sporulation at -1.4 to -3.0 bars (Sung and
Cook, 1980). Although different species may have different thermal requirements,
one premise remains the same; a warm and relatively moist environment is

required for the production of Fusarium inoculum.

1.3.3 Inocuium dispersal and colonization

The mode of dispersal of the inoculum presents several aspects. Recent
field observations show that G. zeae ascospores were recovered mostly at night
(20:00-08:00 hours) with a 1.5 log fewer spores in the late afternoon (16:00-
20:00 hours) and morning (08:00-12:00 hours) (Fernando ef al. 2000).

Wind dispersal and rain splashing are regarded as the principal modes for

propagation of the spores. In an early study, Atanasoff (1920) observed that

10



incidence of ear blight in a rye field was increased in exposed areas in the
direction of the prevailing wind. In areas sheliered by wind, ear blight was less
common.

Although high humidity is necessary for initial release of ascospores, it
would appear that dry periods are necessary for forceful discharge of ascospores
into the air (reviewed by Parry ef al. 1995). Afterwards, the importance of rain in
the dispersal is paramount. A dramatic effect was observed in wheat crops
receiving overhead irrigation. Strausbaugh and Maloy (1986) showed that 89%
of wheat heads, which were irrigated, were infected with F. avenaceum, F.
culmorum, F. graminearum and Monographella nivale while no heads were
infected in non-irrigated crops. Rain-splash as well as irrigation contributed to
the dispersal of spores. It was estimated that a single drop of water, 5mm in
diameter, falling on a spore suspension of 1.6 x 107 spores/ mi of water, at a 0.1
mm depth, produced 2000 splash droplets carrying spores over a distance of
over 75 cm horizontally (Gregory ef a/. 1859). In addition, the timing of the
rainfall seems to be critical for the development of the head blight epidemic. The
incidence of spikelet infection and the total rainfall during the period June 11 o
July 11, during which the heads were at anthesis, was strongly correlated
(Snijders, 1290).

Insects appear io serve as veclors of F. graminearum in the fields.
Windels ef al (1976) showed that adult picnic beetles (Glischrochilus
quadrisignatus) act as vectors for 7 different Fusarium species including F.

graminearum, due to their high activity among plant and debris (reviewed by

i1



Sutton, 1982). When birds such as red-winged blackbirds or starlings feed on
maize ears when the kernels are at the milk stage of development, the birds
shred the husk, puncture the kernel and remove the pericarp contents. This
damage predisposes the maize to pink ear rot (reviewed by Sutton, 1982). Thus,
activities from birds and insects as well as environmental conditions influence the
extent of F. graminearum spore infection on small grain cereals and corn.

Once F. graminearum infects the plant, several factors determine whether
the disease will develop. The general consensus is that wheat heads are most
susceptible during the flowering stage (Atanasoff, 1920; reviewed by Sutton,
1982). This hypothesis was confirmed when Atanasoff (1920) inoculated wheat
heads with spores from F. graminearum at various growth stages ranging from
“just heading” to “late-dough stage”. He found that disease was most severe in
plants that had been inoculated during the anthesis stage. This led io the
suggestion that anthers promote the initial infection. Inoculating spores onto
normal spikelets compared to spikelets in which the anthers had been removed
(emasculated) produced convincing evidence. Emasculated spikelets rarely
became infected while infection was frequent in non-emasculated spikelets
(Strange and Smith, 1971). It was also shown by histological studies that
infection with F. graminearum frequently began in retained anthers before
spreading to other parts of the spikelet (Pugh ef al. 1933). Powerful infection
stimulants such as pollen, choline, betaine and quaternary ammonium
compounds, have been recovered from wheat anthers (Strange and Smith,

1971). Pieces of filter paper soaked with anther exiract, choline or betaine

12



stimulated the infection of the florets of winter wheat with F. graminearum

(Strange ef al. 1978) thus confirming their importance in the infection process.

1.4 The effects of FHB on wheat

F. graminearum attacks a wide range of host plants, but mainly targets
small grain cereals and corn. Once F. graminearum has infected a susceptible
species such as wheat, the fungus causes biochemical and structural changes in
the kernels. Early reports defined the symptoms of infection. Kernels from heads
infected shortly after anthesis showed small size, had a pale greenish colour,
were badly shrunken, lacked firmness and showed reduced weight. As a general
rule the earlier the kernel is infected with F. graminearum, the greater the
observed damage (Atanasoff, 1920). The earliest infections generally kill the
floret and no kernel will develop. However, florets infected at a later stage may
bear partially developed kernels (said to be “tombstone” kernels) (reviewed by
Stack, 1999). The symptoms of infection leading to blight are also very well
understood (Figure 3). The first signs of infection are slightly brown and water-
soaked spots, 2-3 mm in length found on the glumes. The veins appear more
water-soaked and have a much darker olive-green colour. The points of
attachment between the glumes and the rachis are also water-soaked (Atanasoff,
1920). More recent experiments have defined the effects of F. graminearum
infection on yield e.g., a 38-51.7% loss was caused in winter rye (Miedaner et al.

1993). It was also shown that F. culmorum reduced 1000-kernel weight in 10
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Figure 3: Visual scale of Fusarium head blight symptoms on wheat heads, ranging

from O — 100% infection. Taken from hitp:/Awww.smaligrains.org/

techfileffusarium.htm
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winter wheat genotypes by 2.8-22.4% (Snijders and Perkowski, 1990).
According to Bechtel ef al. (1985), the infection of wheat grain by F. graminearum
destroys the starch granules, storage proteins and cell walls thus reducing seed
germination and vigour. In addition to being a source of contamination, Fusarium
has also the potential of producing mycotoxins, such as deoxynivalenol (DON)

and zearalenone. These mycotoxins pose a serious health threat.

1.4.1 The involvement of mycotoxins

Deoxynivalenol (Figure 4), a member of the trichothecene family, is
produced by a number of fungal species such as Fusarium, Myrothecium,
Trichoderma, Cephalosporium, Verticimonosporium and Stachybofrys (Ueno,
1977). Trichothecenes constitute a large family of sesquiterpene epoxides, which
inhibit eukaryotic protein synthesis (Desjardins and Hohn, 1997). Within this
family are several important mammalian toxins including nivalenol,
deoxynivalenol, T-2 toxin, diacetylnivalenol and its derivatives {Ueno, 1977).
Experiments using pure ftrichothecenes at low dosages have demonstrated
alarming toxicity to animals including humans. The observed symptoms included
anemia, immunosuppression, haemorrhaging, diarrhoea, abortion, necrotic
angina, destruction of bone marrow, inflammation, emesis and feed refusal.
Refusal of feed has also been attributed to zearalenone, an estrogenic analog
produced by Fusarium spp in infected corn (Kotsonis ef al 1975).

Trichothecenes are acutely toxic to the liver and kidney of experimental animals.
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Figure 4: Chemical structure of deoxynivalenol produced by Fusarium species.
Courtesy of mycoherbicide.net/ CHEMWARFARE/ chemical_

warfare. htm
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For toxicity use, lethal doses for deoxynivalenol have been measured in many
experimental systems such as mice (males){(70 mg/kg), ducklings (10-day-
old)(27 mg/kg) and rabbit reticulocytes (2.0 ug/ml of whole cell} (Vesonder and
Hesseltine, 1981). In addition, a fatal disease known as alimentary toxic aleukia
has been observed in human populations exposed to over-wintered grains
containing T-2 toxins (Desjardins and Hohn, 1997; Ueno, 1977).

These mycotoxins are highly toxic at the subcellular, celiular and organic
system levels. They readily penetrate lipid bilayers allowing easy access to
cellular organelles and processes within the cell, e.g., DNA synthesis (reviewed
by Rousseaux, 1988). Inhibition of protein synthesis may occur at three levels:
inhibition of initiation, inhibition of elongation and inhibition of termination; or
inhibition of all three steps through the inhibition of peptidy! transferase (reviewed
by Rousseaux, 1988). Wang and Milier (1988) observed that a DON
concentration of 10° M (0.3 mg/L) strongly inhibited coleoptile growth in some
susceptible wheat cultivars while wheat cultivars resistant to FHB were 10-100
times more tolerant. This toxicity can be disrupted through the mutation of the
fungal trichodiene synthase gene (7ri5). The Tri5 gene encodes the enzyme
trichodiene synthase, which catalyzes the first unique step of the trichothecens
pathway {Hohn et a/. 1995). The loss of function of this gene showed a decrease
in virulence of G. zeae on wheat (Proctor ef al. 1995). Trichothecene-
nonproducing mutants (7775 ") were less virulent than the trichothecene-producing
(Tri5 *) parent in their ability to cause head blight. Although trichothecene-

nonproducing mutants did colonize wheat heads, the infected heads showed
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fewer disease symptoms such as head bleaching, seed weight, seed viability,
and trichothecene contamination (Desjardins ef al. 1998). Atanossov ef al
(1994) locked at the correlation coefficients for grain weight reduction and
mycotoxin concentrations in 15 wheat genotypes ranging from highly resistant to
highly susceptible infected with 6 different strains of F. graminearum and
concluded that DON and related trichothecenes play a role as virulence factors in
disease development. This work was corroborated by Perkowski ef af (1990) who
observed a correlation between the amount of DON metabolites and the
percentage of FDK present. Thus, the susceptibility of wheat cultivars to fungal

infections will dictate the extent of the damage caused by the infection.

1.5 Plant resistance mechanisms

1.5.1 Different types of resistance

Plants have developed a range of mechanisms in order to respond {o
different environmental stimuli appropriately. Plants have yet to develop the fight
or flight' response, obliging them to fight in order to survive. Most plants offer
general resistance to pathogens. Passive protection against non-specific
pathogens is provided by structural barriers such as waxy cuticle and preformed
reservoirs of anti-microbial compounds (reviewed by Huicheson, 1998; reviewed
by Dang! and Jones, 2001). Also included in the passive defense mechanisms
are: plant height, where dwarfness increases natural disease occurrence; the
presence of awns, which increases disease severity; spikelet density, which

increases natural infection and grain membrane thickness, which increases with
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the maturation process (Cook, 1881; Pugh, 1933). A dwarf genotype provides a
shorter distance between the leaves and the soil, allowing a bigger rain splash
effect. The presence of awns helps to accumulate airborne spores by increasing
the head surface (Miedaner, 1997). The membrane thickness antifungal property
was observed by Pugh ef al (1933) where they found that as grain matured, they
became more resistant to hyphae penetration by G.zeae (F. graminearum). This
resistance was correlated with the thickness of the semi-permeable membranes
of the grain. Therefore, as the membrane increased in thickness during the
maturing process, so did the resistance fo fungal invasion. Once the passive
defense mechanisms have been circumvented, plants have a second line of
defense including induced (or active) cellular defense mechanisms. Schroeder
and Christensen (1963) described two types of resistance mechanisms for
resistance to wheat scab caused by F. graminearum: 1) resistance to initial
infection and ll) resistance to the spread of the infection. Type | resistance is
usually localized to the cells in contact with the pathogen or close to a pathogenic
structure with the outcome frequently beihg programmed cell death /
hypersensitive response (PCD/HR) (reviewed by Hutcheson, 1998). Yet,
Schroeder and Christensen (1963), failed to find any histological features
associated with such resistance and assumed that such resistance was
physiological.

Type Il resistance, also termed “secondary responses” bears some
similarity with a defense mechanism observed in other plant/pathogen interaction

which is induced in the adjacent cells surrounding the initial site of infection
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(Hutcheson, 1998). Schroeder and Christensen (1963) showed significant
differences in varietal reactions towards spray inoculations and injection
inoculations. When plants were spray inoculated with a conidial suspension of F.
graminearum, varieties Thatcher and Mindum were most susceptible to infection
while Frontana and Erythrospermum 3086-30M were most resistant to infection.
When plants were inoculated by injection into the medial spikelets, marked
differences were observed. Thatcher and Mindum varieties were most
susceptible to pathogen spread while Lee and Rival were most resistant {o
pathogen spread. Lee, for example, was quite susceptible to the initial pathogen
infection but demonstrated good resistance to hyphal spread in the spike.
Therefore, two different and independent defense mechanisms may be involved
in plant responses to pathogen infection.

A third type of resistance (Type llI) was first observed by Miller and
Arnison (1986) who found that resistant cereal lines contained Ilower
concentrations of DON compared to susceptible cultivars. In their study, 20
cultivars of spring cereals were infected with a single strain of F. graminearum.
The results indicated that disease-resistant cultivars of wheat such as Frontana
had lower concentrations of DON as well as a smaller fungal biomass than
susceptible cultivars. In addition, there was proportionally less DON in Frontana
relative to susceptible cultivars than the biomass measurement indicated. This
suggested that resistant cultivars have factors that prevent synthesis and Jjor

promote the degradation of DON. It was later shown that the rate of decline of
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DON levels was also culiivar specific (Miller and Arnison, 1986). Thus in
resistant cultivars, type Il mechanisms result in faster rate of DON degradation.

Wang and Miller (1988) found that resistant wheat cultivars were 10-1000
times more tolerant to DON and 3-acetyl-DON than susceptible cultivars. They
suggested that there is another mechanism of resistance of wheat fo F
graminearum, Type IV. Hence, this type of resistance would confer endurance to
high levels of DON.

Finally, tolerance has been mentioned as a fifth mechanism of resistance.
However, this term can be summarized as the ability of the plant to endure
effects of parasitic infection, if occurred in a plant of same and/or similar species
would cause a greater loss of yield and growth (Mesterhazy, 1995).

Thus, in summary, type | resistance gives resistance to the initial infection,
while type Il resistance confers resistance to the infectious spread of the hyphae.
Type lll resistance promotes the degradation of DON at a faster rate than
susceptible cultivars in contrast to type IV resistance which confers a higher
endurance to increased levels of DON. Finally, type V resistance confers

tolerance to parasitic infection.

1.5.2 Breeding for resistance

in order to develop more resistant cultivars, breeding programs around the
world have been initiated. These programs have produced resistant cultivars
such as Frontana and Sumai3. The complexity of the resistance mechanisms

and the hexaploid nature of wheat make breeding for resistance difficult and time
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consuming. The number and types of resistant mechanisms mentioned above
suggest that resistance is polygenic and may function best in certain genetic
backgrounds (Mesterhazy, 1995).

Despite all these obstacles practical solutions have been developed and it
is now possible to have a structural ideotype that reduces infection: plant height
of approximately 90-100cm, an awnless plant, distance between flag leaf and ear
should be a minimum of 15cm and the head should not be too dense
(Mesterhazy, 1995). Yet control of these physical attributes is only a first step in
breeding for possible disease control genes.

Genetic variation in wheat cultivars has been reported as early as 1929
(Schroeder and Christensen, 1963). Resistant germplasm can be divided into
three gene pools. winter wheats from Eastern Europe (Praag 8, Novokrumka
0102), spring wheats from China and Japan (Ning 8343, Wuhan, Nobeoka bozu
Komugi, Sumei 3, Pekin 8) and spring wheats from Brazil (FT 83-326, Frontana)
(Snijders, 1990; Mesterhazy, 1995). Resistance has proven to be very stable
throughout the years, allowing them to be valuable parents when crossed with
other resistant genotypes. The stability of a resistance is dependent upon
resistance and/or susceptibility levels. Resistant genotypes remain healthy under
epidemic conditions or have only slight disease symptoms (Mesterhazy, 1985).
Even though, there is a high genotypic variance between cultivars, a ‘genotype-
by-environment’-type of interaction plays an important role in the wheat / F.
graminearum relationship (Miedaner, 1997). An experiment spanning 6 years

showed correlation coefficients between two years ranging from 0.19 to 0.81 for
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head blight rating. In addition, this variation was important in highly resistant and
highly stable cuitivars (Mesterhazy, 1995). Therefore, environmental parameters
play such an important role as to render the analysis of the results very difficult
(Mesterhazy, 1997).

Experiments reported by Bai ef al. (1993} suggested that 1 to 3 genes
were responsible for most of the resistance to F. graminearum head blight in
Chinese materials. The resistance genes were associated with 2-5 different
wheat chromosomes. For example, in Sumai3, the resistance genes were on

chromosomes 2A, 5A, 1B, 6D and 7D chromosomes (Bai and Shaner, 1994).

1.6 Signalling and plant defense

1.6.1 General aspects of plant defense

The plant kingdom contains thousands of resistance (R) genes, with
specific responses to particular viral, bacterial, fungal pathogens. The pathogen
genes whose expression causes a defense response in the plant host containing
the appropriate R gene are called avirulence (Avr) genes. The gene-for-gene
interaction hypothesis, first developed by Flor in 1947, states that plants contain
single dominant R genes that specifically recognize pathogens that contain the
complementary Avr genes (reviewed by Staskawicz, 2001). Flor used rust
resistance in flax as a model system to elaborate four areas of research: “new
approaches in the studies of new races, mutations for rust reaction in the host
and pathogenicity in the parasite, the evaluation of epidemiological data, and the

nature of resistance” (Flor, 1947). In one plant, we can find many R genes, while
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a pathogen may have many Avr genes. A sirong resistance response occurs
when an Avr gene and a corresponding R gene are expressed by both pathogen
and host, respectively (Keen, 1990}). A halimark response for a gene-for-gene
interaction is the activation of a hypersensitive response (HR), in which
programmed cell death occurs in the immediate vicinity of the infection (reviewed
by Jones and Dangl, 1996). Other features of the response include induced
synthesis of antimicrobial compounds (phytoalexins) (Lodge ef a/. 1993), calcium
influx into the cell, production of reactive oxygen intermediates (reviewed by
Dang! and Jones, 2001) synthesis of proteins that can be harmful to the
pathogen (such as glucanases and chitinases; also known as pathogenesis-
related proteins) (Cordero ef al. 1994) and reinforcement of plant cell walls
(Levine ef al. 1994).

In the past decade, tremendous effort has been made to identify these R
genes. Functional R genes isolated thus far confer resistance to bacterial, viral,
fungal, comycete, nematode and even insect pathogens (reviewed by Dangl and
Jones, 2001). The largest class of R genes encodes proteins contfaining
“nucleotide binding region plus leucine-rich repeat” motifs (NB-LRR){reviewed by
Bent, 1996). LRRs are serial repeats of a 24 amino acid motif, usually containing
leucines or other hydrophobic residues (Kobe and Deisenhofer, 1994). LRRs are
found in diverse proteins and usually function as sites for protein-protein
interactions, peptide-ligand binding and protein-carbohydrate interaction

(reviewed by Kajava, 1898). In the gene- for-gene hypothesis the LRR domain of
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the R gene product serves as the binding domain for a ligand produced due to
the Avr gene activity (Bent, 1996).

In addition, each R gene of this class contains a conserved nucleotide-
binding site. These domains occur in proteins with ATP or GTP binding activity
such as ATP synthase subunits, ras proteins, ribosomal elongation factors and
adenylate kinases (Saraste ef al. 1990). The presence of the highly conserved
NB domain in R genes suggests that the binding of nucleoside triphosphates is
essential for the proper functioning of these proteins.

Within the NB-LRR subgroup, further subgroups can be asceriained,
those contain the leucine zipper (LZ) motif or those similar to the Toll/interleukin-
1 receptor (TIR). Leucine zipper sequences facilitate protein-protein interactions
by introducing the formation of coiled-coil structures (Alber, 1992). The second
subgrouping is based on domain homology to the intercellular signalling domains
of the Drosophifa Toll and mammalian interleukin-1 receptors (reviewed by Dangl
and Jones, 2001). These kinases show dual recognition. For example the RPM1
gene product, from Arabidopsis, can recognize the two non-homologous Avr
genes from Pseudomonas syringae  (Bisgrove ef al. 1994). Dual recognition
has also been observed with the tomato gene Mi, which confers not only
nematode resistance but also aphid resistance (Rossi ef al. 1998). |

Anocther class of R gene products is the transmembrane receptor kinase,
where both a LRR domain and a proiein kinase domain are found on the same
protein. The rice Xa21 (Song ef al. 1995) and the Arabidopsis FLS2 gene

(Gomez-Gomez and Boller, 2000) are the only members of this class at the
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present time. Xa21 and FLS2 encode an apparent LRR-receptor kinase, in which
the N terminal LRRs are arranged extracellularly. This region is thought to be
joined to a cytoplasmically located protein kinase domain by a transmembrane
region (reviewed by Bent, 1996).

The final class of R genes is the serine-threonine kinases. The first to be
characterized, the Pio gene in tomato, encodes a serinefthreonine kinase which
confers resistance to Pseudomonas syringae strains containing avrPfo (reviewed
by Dangl and Jones, 2001). This protein also contains a putative myristolation
site, which could provide a membrane anchor (Martin ef al. 1993). When the Pfo
protein was used in a yeast two-hybrid experiment, Pfi1, a second serine-
threonine protein kinase was identified (Zhou ef al. 1995). This protein kinase
also participates in the avrPto—speéiﬁc defense response and was identified as a

‘ substrate for phosphorylation by Pfo and autophosphorylation. This data
suggests that Pfi1 acts downstream of Pfo in a protein kinase cascade.

The pathogen counterparts tc the R genes have also been studied. The
first pathogen Avr gene was cloned more than 10 years ago from maize (Meeley
et al, 1992), and since then many more have been identified. It now appears that
Avr gene products can directly serve as defense-eliciting ligands. Particular
research efforts have been concentrated on two model systems: infection of
tobacco with tobacco mosaic virus (TMV)(Taraporewala and Culver, 1996) and
infection of tomato plants expressing the Cf-9 gene by Cladosporium fulvum
carrying the Avr9 gene (van Kan ef &/, 1981). The nature of the ligand can range

from oligosaccharides to glycoproteins to fatty acids (reviewed by Ebel and

28



Mithofer, 1988). In the tobacco host system, the R gene is called the N gene and
is required for the recognition of the TMV replicase protein (the Avr gene
product) by the host plant. The N gene product is located in the cytoplasm, which
makes it suitably placed for the recognition of the TMV-derived Avr protein
(Parker and Coleman, 1997). Plants, which are lacking this R gene, fail to
produce an HR and display a systemic spread of the virus (Lam et al. 2001). The
Avr9 protein elicitor is actually a 28-amino acid peptide formed from a larger Avr9
transEatioh product by proteolytic cleavage (van Kan et al. 1991). However both
resistant tomato lines and lines without the Cf-9 gene express a high-affinity
binding site for the Awr9 elicitor (Kocoman-Gersmann, ef al. 1996). Thus direct
and unique correlations between avr9 and Cf9 proteins are difficult to draw at

this time.

1.6.2 Defection methods of kinase activity and phosphorylation levels

Phosphorylation is an effective procedure for protein modification at a
post-translation level. This phosphorylation is conducted by protein kinases thus,
playing a crucial role in various plant metabolisms, and more specifically plant
defense. Characterization of this role has become essential to the better
understanding of the plant defense response. Various methods are currently
being used to observe specific kinase activity, yet those only pertinent to this
thesis are discussed below.

Firstly, specific antibodies have been frequenlly used for the

characterization of proteins following western detection experiments (Seo ef al.
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1899). The results found are of a quantitative nature, thus indicating whether the
treatment causes a variation in the level of the protein of interest. Antibodies
range from highly specific, i.e., react only with MAP p42 kinase, to generalist, i.e.
reacting with most phosphorylated threonine residues, thus discerning between
phosphorylated and non-phosphorylated residues.

Secondly, the activity of the protein kinase of interest is also an important
piece of information. In-gel kinase assays were first developed by Geahlen ef al
(1986), where detection of kinase activity on SDS gels was possible after
renaturation of the enzyme. The use of crude protein extracts on denaturing gels
allows for the addition of artificial protein substrates in cases where substrate
specificity of the kinase has been well characterized. And the use of radiolabelled
ATP allows the method to measure either phosphorylation of the artificial
substrate or autophosphorylation. The results are of a qualitative nature, where
one sees either higher or lower kinase activity in the sample.

Finally, ‘in-tube’ kinase assays were developed by incubating either crude
protein extracts or isolated proteins, with a reaction buffer, radiolabelled ATP and
an artificial substrate. Kinase mediated phosphorylation of an artificial or a
natural substrate found in the exiract is measured, e.g., Silva ef al (2001)

measured the activity of purified BNK1 from Brassica napus using this technique.
1.6.3 The involvement of MAPKSs in plant defense signalling

The involvement of mitogen-aciivated protein kinases (MAPKs) in a

variety of cellular processes in both mammalian and non-mammalian
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environments is well documented. This has led to plant defense research
involving MAPKs. MAPKSs are part of a large family of serinefthreonine protein
kinases found in all eukaryotes. All serine/threonine kinases present eleven
conserved regions, known as kinase domains (Hanks ef al. 1888). MAPKs are
activated by dual-specific MAPK kinases (MAPKKs) through the phosphorylation
of conserved threonine and tyrosine residues, within the TXY motif located near
kinase domain VIli (reviewed by Jonak ef al. 1994). Phosphorylation of both
residues is required for full activation of the MAPKSs. Inactivation of MAPKs
occurs through the dephosphorylation of both residues either by serine/threonine
phosphatases, tyrosine phosphatases or dual specificity phosphatases
(Canagarajah ef al. 1997). Protein phosphorylation is Ca** dependent (Ligterink
et al. 1997), as confirmed with the help of Ca®* channel blockers (Takezawa,
1999).

MAPKKSs are in turn activated by MAPKKKs through phosphorylation of
serine and serinefthreonine residues in the conserved SXXXS/T motif (Figure 5).
A specific set of three functionally interlinked protein kinases (MAPKKK-MAPKK-
MAPK) form the basic module of a MAPK pathway (reviewed by Jonak et al.
1998). MAPK pathways may also be integrated with a variety of upstream
signals through interactions with other kinases or G proteins that help to couple
the extracellular stimuli detected by plasma membrane recepiors and
cytoplasmic MAPK modules (reviewed by Hirt, 2000). Downstream of the MAPK

cascade, the pathway controls cellular responses. MAPK can either translocate
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Figure § : General MAPK cascade foliowing various types of stimuli. Taken from

Hirt ef af, 2000.
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intc the nucleus and phosphorylaie, thereby activating specific transcription
factors or remain in the cytoplasm and phosphorylate other enzymes such as
protein kinases, phosphatases or cytoskeletal components (reviewed by
Ligterink, 2000). Therefore, the MAPK cascades mediate signalling following
extracellular stimulation, and can elicit a large variety of specific responses
(reviewed by Hirt, 2000).

Different MAPK pathways exist for different types of signals. A model
organism for understanding the MAPK pathways has been yeast. Of the six
MAPK genes found in the yeast genome, functions for five of them have been
identified. For example FUS3 and KSS1 MAPKs are activated by exposure of
veast to pheromones. Yeast carrying mutations in these pathway components
are found to be sterile. MPK1 is a MAPK, which is required for the adaptation to
hypo-osmolar conditions, while HOG1 is required under hyper-osmolar
conditions. Finally, SMK1 is a MAPK, which is involved in spore formation. From
studies in yeast, it is now known that different MAPKs cannot substitute for each
other and that specific interactions with other proteins are made possible by the
action of scaffold proteins (Ruis and Schuller, 1995).

Plant MAPKs can be subdivided into 5 groups (PERK1-5), where unique
residues define each subgroup. There is evidence to suggest that the sequence
similarities within each subgroup are related to substrate specificity and function
(reviewed by Jonak ef al. 1999). Yet some characteristics are common to all
plant MAPKs. All plant MAPKs contain 11 kinase domains and the threonine and

tyrosine residues essential for MAPK acitivation (reviewed by Hirt, 2000).



1.6.3.1 MAPK activation following abiotic stresses

Plants are exposed to numerous fypes of abiotic siresses such as
changes in temperature, water conditions, radiation and wind. Experiments with
Arabidopsis leaves showed that mechanical manipulation such as touch, induced
the transcription of AIMPK3 (a MAPK), MEK1 (a MAPKK) (Morris ef al. 1997),
AIMPK1 (& MAPKKK) as well as an S6 ribosomal protein kinase gene,
suggesting a role for the MAPK pathway in the response to mechanical stimuli
(Mizoguchi ef al. 1996; Bogre ef al. 1996). In alfalfa, it was shown that cold and
drought stresses activated a MAPK homologue, MMK4. MMK4 was transiently
activated at the level of franscription but no change in MMK4 steady state protein
activity levels were observed, thus indicating a role for post-transiational
regulation (Jonak ef al. 1996). In tobacco cells, a MAPK was identified as being
activated by osmotic stress. Salicylic acid-induced protein kinase (SIPK), a
MAPK-homologue, was activated by both hypo-osmotic and hyper-osmotic
stress, indicating that the same kinase may play a role in both signalling
pathways (Droillard ef a/. 2000; Mikolajczyk ef af. 2000). SIPK was also found to
be transiently and rapidly activated by cutting (Usami ef a/. 1995). High salinity
caused the activation of SIMK (sali-induced MAPK) in alfalfa (Kiegerl ef a/. 2000).
An upstream regulator of SIMK, SIMKK, was identified using the yeast-two hybrid
system (Kiegerl ef al. 2000). Finally, extensive yeast-two hybrid analysis has
allowed for the identification of the first Arabidopsis MAPK cascade, consisting of

AIMEKK1, AIMEK1/AIMKK2 and AtMPK4. This was proposed following

35



experiments showing that AtMPK4 was activated by AIMEK1 in vifro and in vivo
(Huang ef al. 2000; Mizoguchi ef al. 1998). Later experiments showed that
AtMPK4 and AIMPKE were activated by low temperature, low humidity, hyper-
osmolarity, touch and wounding in Arabidopsis (Ichimura ef al. 2000).

Finally, the involvement of a MAPK in maize was confirmed when
Berberich ef a/. (1999) showed that ZmMPK5 was activated during senescence
and during temperature regulation after a low-temperature stress.

Thus abiotic stresses cause the activation of distinct MAPK pathways in

various organisms.

1.6.3.2 MAPK activation following biotic stresses

Plants must respond to numerous biotic stresses such as wounding and
elicitor molecules produced following pathogen infection. For example, a
tobacco gene encoding a wound-induced mitogen-activated protein kinase
(WIPK) was transcriptionally activated in response to wounding. In transgenic
tobacco where the wipk gene was suppressed, the accumulation of jasmonic
acid or its methyl ester was also suppressed (Seo ef al 1998). This result
indicates that activation of WIPK is required for triggering the jasmonic-based
signal transduction pathway that occurs when tobacco planis are wounded. It
was also found that WIPK was activated by infection with TMV (Seo ef a/. 1989).
Yet this activation was dependent on the disease resistance gene N since
infection in tobacco lacking the N gene failed to activate WIPK (Zhang and

Klessig, 1998). The fact that WIPK is activated by N gene-mediated response
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suggests that this MAPK is an important component of the pathway leading to
TMV resistance. In tobacco it was demonstrated that cryptogein, a Phylophtora
cryptogea elicitor, caused the induction of SIPK (salicylic acid-induced protein
kinase (Zhang and Klessig, 1997). The same SIPK was sufficient to activate
defense-related genes and produce a hypersensitive response-like cell death.
The SIPK activity was dependent on its phosphorylation by the upsiream kinase,
SIPKK (Lui ef al. 2000; Zhang and Liu, 2001). In recent studies, both MAPKSs,
SIPK and WIPK were shown to be activated by a MAPKK, NtMEKZ2 suggesting
that activiation occurs via a phosphorylation cascade. This putative cascade was
shown to be activated by cryptogein response and pathogen defense response
(Yang ef al. 2001). In alfalfa cells, four MAPKSs, SIMK, MMK2, MMKS3 and SAMK,
were activated following the addition of yeast cell wall derived elicitors containing
chitin, R-glucan, ergosterol and N-acetylglucosamine. Chitin mainly activated
SIMK, MMK2Z and MMKS3 and ergosterol mainly activated SIMK, MMK3 and
SAMK while B-1,3 glucan induced all four MAPKs (Cardinale et al. 2000). This
differential activation implies that there are specific MAPKs for specific elicitor
molecules and thus different pathways.

Using the purified Cladosporium fulvum gene product, researchers were
able to observe the activation of two MAPKs, WIPK and SIPK, in tobacco cell
cultures (Romeis ef al. 1899). Activation was dependent upon the presence of
the defense related gene product C~9. The accumulation of a WIPK transcript in
response to Awr9 in tobacco plants containing the Cf-9 gene could also be

demonstrated.



The Arabidopsis MAPKS (AtMPKB) is activated by elicitor molecules from
bacteria, fungi and other plants. Four different elicitor molecules produce a rapid
and transient activation of this kinase.

Finally, researchers have identified a MAPK-homologue in wheat, WCK-1,
which is induced by slicitor molecules from Typhula ishikariensis, suggesting a
possible role in pathogen-related response in wheat (Takezawa, 1999).

In a strange turn of events the roles of MAPKs have broadened. Recently
published work has shown that Arabidopsis mpk4 mutants (generated by the
insertion of transposable elements) exhibit the properties of constitutive systemic
acquired resistance (SAR) including elevated salicylic acid levels, increased
resistance to infectious pathogens and constitutive expression of pathogenesis-
related genes. Thus MPK4 kinase activity may be required to suppress SAR
(Petersen ef al. 2000). This negative regulation has also been identified with the
Arabidopsis gene enhance disease resistance 1 (edr1). Mutations in this gene
confer resistance to powdery mildew caused by Erysiphe cichoracearum.
Resistance mediated by the edr? is correlated with the induction of several
defense responses, including host cell death. When the EDR1 gene was
isolated, it was found to encode a putative MAPKKK similar to CTR1, a negative
regulator in the ethylene response. Orthologues of EDR1 are found in monocots,
e.g., rice, barley, indicating the possibility of similar, negative regulation in a wide

range of crops (Frye ef al. 2001).
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1.6.4 The involvement of CDPKs in plant defense signalling

Calcium (Ca*") is a ubiquitous intracellular messenger in plant cells which
responds to a variety of stresses such as wind, touch, gravity, cold, auxin, light,
abscisic acid, salt stress and fungal elicitors (reviewed by Hardie, 1999). Four
types of protein kinases constitute the CDPK superfamily: Ca®*-dependent
protein kinases (CDPKs), calmodulin-dependent protein kinases (CaMKs),
kinases with a combination of both activities (CCaMKs) or neither (CRKs or Ca?-
related protein kinases) (reviewed by Harmon ef al. 2000). CDPKs contain three
- functional domains: catalytic, autoinhibitory and calcium binding (Harmon ef al.
1994). The calcium-binding domain of archetypal CDPK shows strong similarity
to calmodulin, and contains four EF-hands calcium-binding motifs (reviewed by
Harmon ef al. 2000). Plant CDPKs have a junction region between the kinase
catalytic domain and the calmodulin-like domain (CLD), in a similar position to
the autoinhibitory region found in the mammalian CaMKs. There is now
evidence that this junction region serves as an autoinhibitory sequence whose
effects are relieved by the binding of Ca** to the CLD of the same polypeptide
(Harmon ef al. 1994). Yet some plant CDPKs do lack the CLD (reviewed by
Hardie, 1999).

Intramolecular binding of Ca** to the CLD disrupts the structure of the
autcinhibitory sequence causing a release of inhibition (activation) of CDPK
(Huang ef al. 1996). Both native and recombinant CDPKs exhibit intramolecular
autophosphorylation activity. Although many CDPKs contain potential

phosphorylation sites (Lys-Gin-Phe-Ser) within the autoinhibitory domains,



activation of CDPKs via phosphorylation has not been directly demonstrated.
Autophosphorylation of CaMKs at sites within the autoinhibitory domains similar
tc those in CDPKs has vyielded active enzymes, which no longer require
calmodulin (reviewed by Harmon ef al. 2000). Autophosphorylation of groundnut
CDPK is required for its activity, vet it occurs at low Ca®* concentrations and
might not have a regulatory role in vivo (Chaudhuri ef al. 1999). In contrast, the
autophosphorylation mechanisms of the CDPK are inhibitory in the winged bean
(Psophocarpus tefragonolobus). Therefore, clear and consistent evidence
showing a role for autophospharylation in CDPK activation has not yet emerged.
The first Ca®*-dependent protein kinase (CDPK) isolated from soybean
was inducible by Ca® but independent of calmodulin (Harmon et al. 1987).
Additional examples of CDPKs are presented below. Efforts were then
concentrated on the roles of CDPKs in plant response to the environment. In
rice, a gene encoding a CDPK (OsCDPKY7) was identified as being activated by
cold and salt stresses. The cold and salt/drought tolerances were well correlated
with the level of OsCDPKY7 protein expression. Over-expression of OsCDPKY in
transgenic rice lead to an enhanced induction of stress-responsive genes
following salinity/drought but not to cold stress suggesting that the downstream
pathways leading to salt/drought tolerance and cold tolerance are independent of
each other (Saijo ef al. 2000). The expression of the tomato full-length cDNA,
LeCDPK1, was enhanced in detached leaves treated with pathogen elicitors and
hydrogen peroxide (H>O,). Moreover, mechanical wounding of tomato plants

caused a transient increase in LeCDPK1 mRNA that correlated with an increase
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in the amount of kinase activity detected (Chico ef al. 2002). In tobacco, it was
found that exposure to non-specific elicitors (chitin fragments) and mechanical
wounding caused an increase in transcript levels of NtCDPK1 (Yoon ef a/. 1998).
In transgenic tobacco, the CF9/Avr9 race specific elicitor response caused an
increase in NtCDPK1 transcript levels. This CDPK showed a rapid transient
increase and interconversion to an active form after pathogen elicitation and
hypo-osmotic stress. Also, the function of the CDPK was further investigated
following virus-induced gene silencing (VIGS). In CDPK-silenced plants, the
response to the addition of face-speciﬁc elicitor was reduced. Silencing resulted
in aloss in NtCDPK2 mRNA (Romeis et al. 2001) and delayed the hypersensitive
response. A tobacco 68/70 kDa CDPK was also found to be induced by the Cf-
9/Avr9 race specific interaction. This membrane-bound CDPK was induced 5
min. after the addition of the elicitor, during in vivo stimulation (Romeis ef al.
2000).

A similar elicitor-dependent response was observed in French bean cells
cultured in vifro. After treatment with an elicitor preparation from the fungus
Colletotrichum lindemuthianum, a 55-kDa CDPK was induced (Allwood ef al.
1999). Finally, transcript level of a maize CDPK, ZmCPK10, was found to be
induced by infection with Fusarium moniliforme or treatment with fungal elicitors
from it (Murillo ef a/. 2001). Activation of this kinase leads to increased levels of
FPRms mRNA, where PRms is a pathogenesis-related protein. Thus, the
involvement of ZmCPK10 in signal transduction in the defense-related pathway

has been proposed.
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While evidence for the involvement of CDPK in stress response in plants
is uneguivocal, the amount of published literature is relatively small, making the
comparison between different host systems difficult (see Figure 6 for summary of

functions).

1.6.5 The involvement of other types of kinases in plant defense signaliing

A number of other types of kinases have been implicated in plant defense
signalling. In Arabidopsis, a gene coding for a receptor-type kinase was isolated
and identified as a pathogenesis-related protein. The PR5K gene codes for a
predicted kinase containing a transmembrane domain and an intracellular
serinefthreonine kinase domain. The extracellular domain is related to the PRS
proteins, and the PRSK transcripts accumulate at low levels in all tissues except
roots (Wang ef al. 1996).

Protein kinase C (PKC) is a member of a family of kinases, which has
been implicated in plant defense. Family members contain four conserved
domains (C1-C4) with the following possible functions: C1 contains a cystein-rich
motif, which forms a diacyl glycerol/phorbol ester-binding site. C2 contains the
recognition sites for acidic lipids and the Ca®-binding site. C3 and C4 domains
contain the ATP-binding site and the substrate-binding site of the kinase core,
respectively (Newton, 1995). Subramaniam et af (1297) found in potato tuber
discs, that the activation of pathogenesis-related protein PR10a was positively
controlled by a PKC. This kinase affected the binding of nuclear factors PBF-1

and PBF-2 (Pr-10a binding factors) to a DNA-specific elicitor response element
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(ERE). Using inhibitors of PKC, they were able to abolish the elicitor-induced
binding of the PBF-2 to the ERE. This correlated with a decrease in PR-10a
protein accumulation. In maize, a protein kinase C was also identified
(ZmcPKC70) (Chandok and Sopory, 1998). It was found that this kinase was
induced by the presence of oleyl acetyl glycerol (OAG) in the presence of Ca**
and was inhibited by phorbol 12-myristate 13-acetate (PMA).

A glycogen synthase kinase (GSK) was found to be invoived in plant
defense, more specifically in alfalfa leaves. Wounding activated GSK-3; a wound
induced GSK (WIG) that encodes a functional GSK-3 gene (Jonak et al. 2000).

A novel soybean cDNA has been isolated encoding a bZIP protein,

G/HBF-1, which binds to the G-box and the adjacent H-box regions of the
chalcone synthase chs15 promoter. G/HBF-1 is quickly phosphorylated in
glicited soybean cells, and almost exclusively on serine residues. It was
proposed that the activation of G/HBF-1 kinase via its phosphorylation is a
terminal events in a pathway for activation of early plant defense response
(Droge-Laser ef al. 1997).
Finally, the role(s) of a novel group of Arabidopsis proteins in pathogen- and
salicylic acid-induced responses, in Arabidopsis have been observed. These
WRKY proteins have downstream targets identified as receptor-like kinase
(RLKs) genes. All four of these RLKs were activated by salicylic acid and by
bacterial infection.

The WRKY proteins recognize the W-box sequence [(T)TGAC(C/T)] of the
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Figure 6: Summary of possible functions of CDPKSs in a plant environment.
These functions depend on the type of stimulus as well as the

intended purpose. Taken from (Harmon ef a/, 2000).
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RLKs within a few hundred base pairs upstream of the coding sequences. Thus,
the W-box binding proteins that are induced by salicylic acid or by pathogen
infection may regulate genes encoding defense proteins (Du and Chen, 2000).

Table 1 provides a summary of the kinases previously discussed, as well
as their putative role(s) in plant defense. In closing, the involvement of different
types of kinases in plant defense is well documented. Information concerning the
role each play is crucial to the development of a solid understanding of signalling

pathways involved in stress response.

1.7 The objectives of this study

The short-term objective of this study was to look at the involvement of
protein kinases in wheat defense mechanisms after point- and spray inoculations
with a fungal pathogen, such as Fusarium graminearum. This was conducted by
analysing the protein phosphorylation patterns with antibodies specific for
phosphorylated tyrosine, threcnine and serine residues and by analysing protein
kinase activity via in-tube and in-gel kinase assays. An attempt to clone a
specific kinase and look at RNA levels also indicated a possible post-
transcriptional activation.

The long-term objectives of this study were to determine whether

differences in defense mechanisms against fungal infection exist between
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Table 1: Summary of known kinases interacting in plant/pathogen

interactions with their putative targets.
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Protein Type of Plant/Pathogens Putative References
kinase kinase targets
FLS2 LRR-kinase Arabidopsis unknown Gomez-
thaliana I bacterial Gomez and
flageliin Boller, 2000
Xa21 LRR-NBS rice/Xanthomonas unknown Song et &,
kinase campestris 1995
Lr10 Recepftor- wheat/! eaf rust unknown Feuillet ef a/,
like kinase 1997
RLK4 Recepftor- A. thaliana / unknown | Du ef ai, 2000
like kinase Pseudomonas
syringae
G/HBF-1 Serine soybean / chs15 Droge-Laser
kinase F.syringae promoter et al, 1997
Pto Serfthr tomato / P.syringae | Pficomplex | Martin ef a/,
kinase 1993
EDR1 MAPKKK A. thaliana | unknown Frye et al,
negative Erysiphe 2001
regulator cichoracearum
NIMEK2 MAPKK tobacco / fungal unknown Yang et a/,
elicitor 2001
cryptogein
SIMK and MAPK alfalfa / yeast cell- unknown Cardinale et
SAMK wall derived al, 2000
elicitors
ERMK MAPK parsley cells / PDF1.21 | Ligterink ef &/,
Phytophthora THIZ. 1 1997
sojae genes
MAPK4 MAPK A. thaliana | P. activates | Petersen ef &/,
negative syringae, SIPK and 2000
regulator salicylic acid WIPK
SIPK MAPK tobacco / unknown Zhang and
Phytophthora spp Klessig, 1997
WCK-1 MAPK wheat / Typhuia unknown Takezawa,
ishikariensis 1998
NtCDPK3 CDPK tobacco / fungal unknown Romeis et al,
elicitor Avr-9 2001
NiCDPK2 CDPK tobacco / fungal unknown Romeis ef al,
elicitor Avr-9 2001

48




susceptible and resistant wheat cultivars and to document these differences. The
ultimate goal wouid be to understand the defense mechanisms involved in wheat
defense after fungal infection. Such breakthroughs could potentially lead to the
development of more resistant varieties for agricultural purposes.

The effects of Fusarium graminearum on different cereals have been well
documented. The effects of this pathogen on different wheat cultivars will be
dependent on the level of susceptibility of the cultivars to infection. We expect
that the defense response at the molecular level will also differ with cullivar
susceptibility. In this study, the use of two different wheat cultivars, Frontana
(resistant) and Roblin (susceptible) will produce comparative results. Following
spray inoculations of wheat heads within a time-course experiment, we
hypothesized that there would be differences in phosphorylation levels andfor
phosphorylation activity between the two cultivars and between the mock and
fungal inoculated samples. These differences could be associated with different
defense mechanisms corresponding to susceptibility levels.

In combination with the above approach, molecular cloning of a MAPK
homologue was proposed. This permitted us to observe variation in trans_cript
levels following infection in the selected cultivars. As described above, kinase
activation occurs as a post-transiational event, thus activating proteins aiready
formed. Based on previous observations in the other plant systems as described
above, we hypothesize that differences in MAPK-specific transcript levels,

between cultivars following infection, will be negligible.
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Chapter 2
Materials and Methods

The composition of buffers and solutions is given in Appendix A.

2.1 Plant and fungal materials

Wheat cultivars Frontana and Roblin were grown in a chamber witha 16 h:
8 h, light:dark cycle at 25°C. A suspension of fungal Spores {~ 50 000 spores/mi
from Fusarium graminearum strain DAOM 178 348, provided by Dr. R. Pandeya,
ECORC) was used for all experiments, both spray and point-inoculations.

Two different wheat cultivars were used for the inoculation experiments:
Roblin (susceptible variety) and Frontana (resistant variety). In a typical field
inoculation experiment, it was observed that the disease incidence after spray
inoculation were 80% in Roblin and 30% in Frontana. The disease incidence
indicates the proportion of wheat heads in a plot that show symptoms. The disease
severity fro each cultivar was 50% in Roblin and 20% in Frontana; where disease
severity indicates the proportion of infected florets on infected heads (personal

communication, George Fedak).

2.2. Inoculation with fungal spores

For spray inoculation experiments, 1-2 mi of spore suspension was sprayed
onto heads that had reached the mid-anthesis growth stage. Plants grown in the

greenhouse were then kept under mist (10 s every 15 min) for the duration of the
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experiment in an attempt to reproduce conditions most favorable to disease in
nature. Spraying of wheat heads partially mimics the natural infection process, yet
the amount of spores sprayed onto heads greatly surpasses the amount found
naturally. In control experiments, sterile water was sprayed onto the heads and the
plants were kept under similar misting conditions but in a separate greenhouse.
Whole heads were harvested (10 heads per time-point) at several time points (0, 1,
6, 12, 24, 48 h and 6 days after inoculation), immediately frozen in liquid nitrogen
and stored at -80°C.

For point inoculation experiments, 10 ul of spore suspension was introduced
with a micro-pipetter between the inner and outer glume of selected spikelets from
heads that had reached the mid-anthesis stage. Only the spikelets on one side of
the florets were point-inoculated. As before, plants grown in the greenhouse were
then kept under mist for the duration of the experiment. Control experiments
consisted of spikelets point-inoculated with 10 ul of sterile water between the inner
and outer glumes, and kept under mist conditions in a separate greenhouse. For
both treatments, the inoculated spikelets were harvested after 6 and 24 h,

immediately frozen in liquid nitrogen and stored at -80°C.

2.3 Plant protein extractions and quantification

The frozen tissue was ground to a fine powder with the aid of a porcelain
mortar and pestle and then stored at -80°C until further manipulations. Aliguots of

the ground tissue were transferred to a sterile 1.5 ml Eppendorf tube and kept on
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dry ice until the addition of protein extraction buffer containing 50 mM Tris-HCI pH
7.0, 2% sodium dodecyl sulfate (SDS) (wlv), 10% glycerol (viv), 1% B-
mercaptoethanol, 10 mM dithiothreitol (DTT), 1mM phenyimethyl-sulfonyl flucride
(PMSF), 5 pg/ml of antipain, 5 ug/ml of leupeptin and 5 pg/ml of aprotinin (Gleddie,
personnal communication). Extraction buffer was added {o the ground tissue atthe
rate of 400 pl per 200 mg of ground tissue and the sample was vortexed for 30 s fo
ensure adequate mixing. The mixture was then centrifuged at 4°C at 13, 500 rpm for
25 min in a Beckman Coulter microcentrifuge. The supernatant was transferred into

a sterile microfuge tube and stored frozen at -80°C until required.

2.4 SDS Gel Electrophoresis

A 15% poly-acrylamide gel was prepared following a standard recipe
(Laemmii, 1970) using a Bio-Rad Protean Mini-Cell I SDS-PAGE system. An
aliquot of the total protein extract sample (10 pl) was added to an equal volume of
protein loading buffer and placed in a block heater (Techne Genius thermocycler) at
99°C for 5 min. The sample was then briefly centrifuged and loaded onto the gel.
Following immersion in electrophoresis buffer, the gel was electrophoresed at 100
V for approximately 2 h, or until the dye nearly reached the bottom of the gel. In
order to estimate the size of the bands, the 10 kDa protein ladder from Invitrogen
was inciuded as a molecular weight marker.

The gel was then removed from the apparatus, transferred into a plastic

container containing Coomassie blue G-250 staining solution and shaken overnight
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on a Thermolyne Rotomix shaker at 55 rpm. The gel was destained with three
changes of 10% acstic acid solution, with shaking.

After destaining, the gel was dried in a Savant SpeedGel SG210D. The gel
was placed onto three layers of Whatmann 3MM paper, covered with Saran Wrap

and dried under vacuum at 58°C until the gel was completely dry ( about 1h 45min).

2.5 Western analysis

For western experiments, the same steps were used as far as gel
preparation and sample loading as previously mentionned in section 2.4.
Commercially available (phosphorylated) proteins were used as positive controls.
These consisted of bovine serum albumin (BSA) conjugated with proper
phosphorylated residue (Sigma). These were initially diluted from the stock solution
into a 1:1000 dilution factor. Then, equal volumes from the diluted phosphorylated
protein and protein loading buffer were combined. Molecular markers were used to
determine the approximate size of bands, when necessary. This was the
Benchmark prestained 10kDa protein ladder from Invitrogen. Each analysis was
duplicated with a different protein extract from the same biological sample. In
addition, Antoine Leaustic also repeated the experiments on a different biological
sample-set of Roblin infected with Fusarium graminearum and water (data not
shown). The antibodies were specific for phospho-threonine, phospho-tyrosine and

phospho-serine residues.
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2.5.1 Protein transfer

The transfer apparatus consisted of the Bio-Rad Mini Trans-Blot Cell.
Initially, the membrane was pre-equilibrated in transfer buffer. When blotting with
the phospho-serine antibody, the Hybond-C extra nitrocellulose membrane
(Amersham Pharmacia) was used, while the ECL nitroceliulose membrane
(Amersham Pharmacia) was used with the phospho-threonine and phospho-
tyrosine antibodies. The fiber pads were initially submerged in transfer buffer, and
then two layers of fitted Wathman papers were laid on the fiber pad. The
separating gel was then laid on the Whatman papers, ensuring no air bubbles were
trapped. The nitrocellulose membrane was then laid onto the separating gel, while
still ensuring that no air was trapped between the gel and the membrane. Two
layers of Whatman paper were laid onto the nitrocellulose membrane and finally the
second fibre pad was added (Figure 6). The “sandwich” was clamped together and
inserted in the transfer module. A cooling unit filled with ice, was added to the tank
to maintain a low temperature in the transfer buffer. The whole transfer module was
submerged in transfer buffer and ran at 100 V for 1.5 h. The nitrocellulose
membrane was then removed and placed in a plastic container; with the protein
side facing upwards, in blocking buffer at 4°C overnight and covered with Saran
Wrap. Blocking buffers consisted of 0.4 g of Gelatine Blocking Buffer (Sigma) (for
the phospho-serine antibody) or Casein Blocking Buffer (Sigma) (for the phospho-
threonine and -tyrosine antibodies) into 20 ml of 1X TBS + 0.1% Tween 20 (Dr.

John Bell, personal communication).
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Figure 7. Western transfer setup
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2.5.2 Antibodies and detection methods

The following day, the blocking buffer was removed from the container. The
excess was then washed with 1XTBS + 0.1% Tween 20 initially for 15 min and then
twice more for 5 min each, always changing and adding fresh 1X TBS + 0.1%
Tween 20 before every wash. The washes were performed on a Gyrotory Shaker-
Model from New Brunswick Scientific at 75 rpm. The primary antibodies were
mouse monoclonal phospho-sering, -threonine and -tyrosine antibodies of IgG
isotype (Sigma). These antibodies were diluted into 1XTBS +0.1% Tween 20 ata
dilution factor of 1:3000 in a final volume of 10 ml. The solution was then added
onto the membrane and the speed of the Gyrotory Shaker-Model from New
Brunswick Scientific was increased to 200 rpm, for 2 h. The antibody solution was
then removed and replaced with fresh 1X TBS + 0.1% Tween 20, with the shaker
rotating at 75 rpm for 15 min. This was followed by two washes of 5 min each with
fresh 1X TBS + 0.1% Tween 20 each wash. The secondary antibody consisted of a
goat anti-mouse IgG (Bio-Rad), conjugated with the horseradish peroxidase
enzyme. The dilution factor for this antibody was 1:3000 in a final volume of 10mi
of 1X TBS + 0.1% Tween 20. The secondary antibody solution was added to the
membrane and agitated at 200 rpm for 1 h. The membrane was subsequently
washed for 15 min with 1X TBS + 0.1% Tween 20 followed by 4 washes of 5 min
each with 1X TBS + 0.1% Tween 20. The detection solution was prepared by
adding equal volumes of solution A and solution B from the ECL Western Blotting

Detection Kit (Amersham Pharmacia). Four mi of detection solution was poured
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onto the membrane surface for a duration of 1 min. The membrane was removed
from the plastic container and blotted briefly onto Whatmann paper {o remove
excess detection solution. The membrane was then wrapped in Saran Wrap and
positioned in a Biomax film cassette from Kodak. The membrane was exposed {o
Kodak Biomax film for an amount of time appropriate for proper observation on the
film (5 s to 1 min). The membrane was then removed from the cassette and placed

into a sealed plastic bag and stored at -20°C.

2.6 In-tube kinase assays

In-tube kinase assays were performed using artificial substrates to determine
kinase activity (Silva, ef af, 2001). Atypical 12 ul reaction mixture contained 20mM
Pipes pH 7.0, 10 mM magnesium chloride (MgCly), 2 mM manganese chloride
(MnCly), 100 mg/mi of aprotinin (Sigma), 0.5 mg/mi of artificial substrate, 10 uCiof y-
2p_ATP (3000 mCi/mM){(Amersham) and 6 i of protein extract. The kinase reaction
assay was incubated at room temperature for 30 min after which 6 i of 3X SDS
sample buffer was added to stop the reaction. The samples were boiled for 5 min
and then loaded onto a 15% polyacrylamide gel. The gel was run at 100V for
approximately 2 h, or until the loading dye had nearly reached the bottom of the gel.
The gels were stained, destained and dried as described Section 2.4. The dried gel
was exposed o Biomax film at -80°C for a period of time which allowed for an
optimal signal to noise ratio (5 min to 30 min). The different artificial substrates

used were myelin basic protein (MBP), from bovine brain (invitrogen)at a
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concentration of 0.25 mg/ml, histone [I-S from calf thymus (Sigma) at a
concentration of 1 mg/mi and casein from bovine milk (Sigma) at a concentration of
1 mg/ml. The positive control consisted of 0.5 pl of active p42 MAPK (erk2)(New
England Biolabs) instead of the protein exiract. This kinase was naturally found to
compete with transport factors for binding to nucleoporins, which mediate the entry
and exit of tfransport factors. [t also seems that this kinase enters the nucleus
through a direct interaction with nuclear pore complex proteins (Whitehurst et a/,

2002).

2.7 In-gel kinase assays

The artificial substrate was added to the separating gel solution, prior o
casting, which resulted in the substrate being embedded within the 10% poly-
acrylamide gel (Hutchcroft, et al, 1991). Following electrophoresis of 10 ul samples
(Section 2.4) the separating gel was incubated in Buffer A (25 mM Tris-HCIpH 7.5,
0.5mMDTT, 0.1 mM sodium vanadate (NasV0O,), 5mM sodium fluoride (NaF), 0.5
mg/ml bovine serum albumine (BSA) and 0.1% of Triton X-100) for three washes,
30 min each, at room temperature to remove all excess SDS. The kinases were
allowed to renature in buffer B (25 mM Tris-HCIpH 7.5, 1 mM DTT, 0.1 mM NasVO,
and 5 mM NaF) overnight at 4°C with three changes of buffer during this period.
The gel was then incubated in kinase activity buffer (25 mM Tris-HCIpH 7.5, 2 mM
EDTA, 12 mM MgCl,, 1 mM DTT, 0.1mM NasVO,, 200 nM ATP, 50 uCi of y-"P-ATP

(3000mCi/mM, Amersham) for 60 min at room temperature. The reaction was

58



stopped and the unincorporated substrate was removed by washing the gel in 5%
trichloroacetic acid (TCA) + 1% sodium pyrophosphate (NaPP,} for 6 h with 5 buffer
changes. The gel was then dried on a Savant SpeedGel SG210D dryer and
exposed at -80°C to Kodak Biomax film for a period of time, which allowed for an
optimal signai to noise ratio (5 min to 30 min).

Three artificial substrates were individually tested: MBP, histone llI-S and

casein.

2.8 RNA and DNA methods

2.8.1 RNA Isolation

Tissue collected from each cultivar at several time points was ground in
liquid nitrogen using a sterile mortar and pestle. In a typical extraction, TRIZOL
reagent (Invitrogen) was added to the ground tissue (1 mL per 100 mg tissue ) ina
1.5 ml microfuge tube. The tube was vortexed for 30 s, incubated at room
temperature for at least 5 min and then kept on ice for 10 min. All centrifugations
were done at 4°C at 12 000 rpm. Following centrifugation for 10 min, the
supernatant was iransferred to a sterile 1.5 ml microfuge tube. Chloroform was
added to the supernatant (0.2 mL per 1 ml of TRIZOL), the mixture was vortexed for
15 sec and then incubated at room temperature for 2-3 min. The resulting mixture
was centrifuged for 15 min. After transfer of the aqueous phase to a sterile 1.5 ml
microfuge tube, 0.25 ml of isopropanocl and 0.25 ml of 2 M sodium chioride

(prepared in diethyl pyrocarbonate [DEPCl-reated water) was added to the
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supernatant. The solution was mixed by inversion, incubated at room temperature
for 10 min and spun for 10 min. The supernatant was then removed and the pellet
washed with 75% ethanol (made with DEPC-ireated water ). One ml of ethanol was
added for every mi of TRIZOL initially used. After vortexing, the tubes were spun
for 2 min. The supernatant was removed, the pellet was briefly vacuum-dried and
resuspended in DEPC-treated water (100 pl for 100 to 500 mg of tissue).
Incubation at 60°C and vortexing were employed to dissolve the peliet.

The quality and the recovery of RNA were estimated by spectrophotometry
and gel electrophoresis. The concentration of RNA was calculated using the formula
1 0.D. ( at 260nm ) = 40 pg/ml. An RNA aliquot was also loaded on a 1.5%

agarose gel prepared in TAE buffer to further judge the RNA quality.

2.8.2 DNA Isolation

Tissue was ground with the aid of a sterile mortar and pestle; 1.6 g of powder
was transferred to a 50 ml Falcon tube and 30 mL of extraction buffer (Qianfa
Chen'’s Extraction Buffer —QCEB, Dellaporta ef a/, 1983) prewarmed to 65°C was
added. After thorough stirring with a sterile glass rod, 2 mi of 20% SDS was added.
Following vigorous mixing, the extraction was incubated at 85°C for 10 min. Ten ml
of 5M potassium acetate were added, then the mixture was vigorously shaken and
the tube was placed on ice for 20 min. The sample was centrifuged at 9000C rpm for
20 min at 4°C in a Beckman JA-12 rotor or equivalent. The supernatant was

recovered, filtered through Miracloth (InterSciences) and divided into 2 sterile 50 mi
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Falcon tubes. Cold 95% ethanol was added fo fill the tubes that were then mixed
gently by inversion and incubated at -20°C overnight. The DNA was recoveredona
bent Pasteur pipstte, transferred to a 15 ml tube containing 70% ethanol and
incubated at -20°C. The washed DNA was centrifuged at 2000 rpm for 10 min at
room temperature and was transferred to a 1.5 ml microfuge tubes with the aid of a
sterile glass rod. The pellet was briefly vacuum-dried and dissolved in 400-1000 pi
prewarmed (65°C) Tris-EDTA buffer (TE), pH 8 to achieve a final DNA
concentration of 5-10 pg/ul. The quality and recovery of the DNA were estimated
by spectrophotometry and gel electrophoresis. The concentration of DNA was
calculated using the formula 1 O.D. (at 260 nm ) = 50 yg/ml. A DNA sample was
also loaded on a 1.5% agarose gel prepared in TAE buffer to further judge the DNA

quality.

2.8.3 Primer Design for the Amplification of MAPK by PCR and RT-PCR

The 24-mer forward primer WKN1 (5'-GACGAGGGAGATGGTGGCAAG
TAA-3Y and the 24-mer reverse primer WKN2 (5'-CGGAGTAGTCGGTG
GAGTTGAGCA-3') were designed using seven MAP kinase sequences available in
the GenBank database (www.ncbi.nim.nih.gov). These were Avena safiva Asmap1
(Accession # X79893), Nicotiana fabacum WIPK (Accession # BAB79636),
Medicago sativa MMK1 (Accession # Q07176), Triticum aestivum MAPK WCK-1
(Accession # AF079318), Arabidopsis thaliana ATMPK3 MAPK (Accession #

Q39023), Arabidopsis thaliana ATMPK4 (Accession # Q39024) and Arabidopsis
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thaliana ATMPKS (Accession # AABB4027). The software DNAMan (Lynnon
Biosoft) was used to align all six sequences and produce a consensus sequence
from which the primer set was designed. Primers were synthesized by Invitrogen.

Previous work by Berberich ef a/, 1999 had identified sleven domains that
were common to the five MAPK amino acid sequences they had aligned. A second
set of primers was designed using the sequences found in only domains Il and IX
common to all MAPKs The primer set consisted of the 24-mer MKOIl (5'-
GTGGCAAGTAAGAAGATCGCCAAC-3) and the 24-mer MKDIX (5'-GTGATCCTCT
GCAGCGGGTTAAA-3") (see figure 8).

PCR and RT-PCR were performed using primers WKN1 and WKN2 followed
by the MKO 1l and MKD IX. The reaction mixture for the PCR contained 1X PCR
reaction buffer (Invitrogen), 1 uM of WKN1, 1uM of WKNZ2, 1.5 mM of magnesium
chloride (MgClL), 0.2 mM of deoxyribonucleoside triphosphate (dNTP) mix
{(Promega), 100 ng of template DNA and 2.5 units of Taq (Thermus aquaticus) DNA
polymerase (Invitrogen), with the final volume adjusted to 20 ! with deionized
water. The mixture was overlayed with mineral oil. The tubes were vortexed, spun

briefly, and inserted in a Techne Genius thermocycler. The following program was

used:
Pre-incubation: 2 min at 94°C
30 cycles of
Denaturation: 1 min at 84°C
Annealing: 1 min at 55°C
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Extension: 2minat72°C

Post-incubation: 5minat72°C
The resulting products were analysed on a 1.5% agarose gel in TAE.
RT-PCR reactions foliowed the basic protocol provided by Life Technologies for the
5' RACE procedure with some modifications. The RT step was performed as
follows: 2.5 pM of both primers were added to 2.5 ug of RNA in a final volume
adjusted to 15.5 yl with DEPC-treated water. After incubation at 70°C for 10 min in
order to denature the RNA, the mixture was chilled on ice for 1 min and briefly
centrifuged. The solution was adjusted to 1X PCR reaction buffer, 2.5 mM MgCl,,
10 mM of DTT and 0.4 mM dNTP mix (all from Invitrogen). After 1 min incubation at
42°C, 1 yl of SUPERSCRIPT I RT (200 units/ul; Life Technologies) was added and
the solution was incubated for 50 min at 42°C. The reaction was terminated by
heating at 70°C for 15 min and then incubated at 37°C for 30 min with 100 units of
RNAase mix (mixture of Rnase H and Rnase T1, Invitrogen) to degrade residual
RNA.

cDNA was purified using the GLAssMAX DNA lIsolation Spin Cartridge
System ( Invitrogen). The first strand reaction (above) was mixed with 120 pl of
binding solution (6M sodium iodide (Nal)) and transferred to a GLAsSSMAX spin
cartridge. The cartridge was centrifuged at 13,000 rpm for 20 s at room
temperature, washed four times with 0.4 mi of cold (4°C) 1X wash buffer (supplied
by kit, proprietary, Invitrogen) and twice with cold (4°C) 70% ethanol (all

centrifugation steps were for 1 min at 13,000 rpm at room temperature). The

64



Figure 8: Consensus sequences of 7 MAPKs. Medicago sativa MMK1,
Arabidopsis thaliana ATMPKS, Arabidopsis thaliana ATMPKS,
Arabidopsis thaliana ATMPK4, Triticum aestivum WCK-1, Nicotiana
tabacum WIPK and Avena sativa ASMAP1. Consensus sequence

and box areas show 100% homology. Arrows designate primer pairs.
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MMKlprot OSFOEKEPHVHPEATIDLVERMUT FIBRKRI TVIEDATAHEY] 339
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ATMPK3prot QPLAKIFISHVN TDLVDRMUTFOBNRRITVE INHY 323
ATMPK4prot ONE FPNMSAGAVDLLEKMINFEBRSRRITVID CIHBY 328
WCK-1lprot REFPGUEPRVOPAATDIT FRMITENELORTTVE Yl 320
WIPKprot QOILAEVFPHVNPLATDIVDKMUTLOETRRI TVIEEALITHEY, 328
ASMAP1prot RPFPGQEPKVOPANIDITERMITFNHLQRITVEEALEHEY 321
Consensus £ adl ml p zritv al hy
MMK1prot T LHOISTERVOMTP ESEHOFEOH . ALTH FIMyREA 378
ATMPK6prot SLHOISOERFAOT TP ENEDEFENH . AT.SEE ELTYRER 386
ATMPK3prot LHOPNDOEPLCORPRSEEFEOR , PLOFEQTREMTY CIFIA 362
ATMPK4prot LHOTNEERVOVRPENEDEFRQP , TLTEENTRETTYRET 367
WCK-1lprot RLHD AT DPESIEOFRQH . PLTEDCMRKOTITIENEA 359
WIPKprot LHDAGDERTICPVPESEHOFEQQ .. GIGHEQT TYQFEA 367
ASMAPlprot [ERLHOVADERIQUOPESFDFECH. PLIEDOMROIIIFNER 360
Consensus 1 lhd epc pf £ fe e k i e
MMKlprot LABRNHEYQO 387
ATMPK6prot LAFNEBEYQQ 395
ATMPK3prot IAINBIYG 370
ATMPK4prot VKENBODSV 376
WCK-1prot  LEINENERY - 368
WIPKprot LSINHEYA 375
ASMAPlprot LELNBNFRY 369

Consensus np

68



cartridge was then transferred to a recovery tube and the cDNA was eluted with 50
ul of sterilized, distilied water preheated to 65°C. The column was spun at 13 000
rpm for 20 s room temperature in order to elute the cDNA.

The purified cDNA was used as a template for PCR utilizing WKN1 and
WKN2 and MKOll and MKDIX primers. A 25 yl reaction contained 1 X PCR buffer
(Invitogen), 1.5 mM MgClz, 0.2 mM dNTP mix, 0.1 uM of each primer, 1.5 yl of
sample cDNA, and 0.5 pl of Tag DNA polymerase (5 units/ul). PCR was carried out
as described above for PCR using the primers WKN1 and WKN2. The resulting

product was analysed on a 1.5% agarose-TAE gel.

2.8.4 Gel Furification of cDNA

DNA fragments were isolated from agarose gels using Costar Spin-X
columns. The desired fragment was cut from the gel with the aid of an UV
transilluminator and a sharp razor blade. The agarose piece was stored in a clean
1.5 ml microfuge tube and kept at -20°C until needed.

For DNA isolation the agarose was transferred onto a piece of plastic wrap
and diced into fine pieces using a razor blade. TE buffer was added to cover the
agarose piece (~100-250 ul), and the mixture was placed at -20°C overnight. The
agarose mixture was quick-thawed at 37°C for 15 min, and transferred to a Spin-X
column with the aid of a spatula. The tube containing the column was centrifuged
for 30 min at room temperature in a microfuge, holding the columns horizontally.

The flow through liquid was transferred to a fresh tube and the DNA was
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precipitated overnight at -20°C with the additon of 0.5 ul of tRNA (10 mg/ml) as a
carrier, 0.1 volume of 3M sodium acetate (NaOAc), pH 5.5 and 2.5 volumes of
100% ethanol. The tube was centrifuged for 30 min at 4°C to recover the fragment,
which was resuspended in 12 pl of TE buffer. Estimates of DNA recovery were
made by electrophoresis of 1-2 yl on a 1.5% agarose gel and comparison with

known amounts of reference DNA.

2.8.5 Ligation

The pGEM-T Easy Vector System (Promega) was used for ligation, following
manufacturer’s protocol. Each 10 pl ligation mixture consisted of 1X Rapid Ligation
Buffer (T4 DNA Ligase), 50ng pGEM-T Easy vector, 1 pl of T4 DNA Ligase (3
Weiss units/ul) and PCR-amplified cDNA fragment. The tubes were mixed by
pipetting and incubated overnight at 10-12°C.The amount of cDNA fragment used
was determined by the following equation:

50 ng (vector) X size of insert X 3 = amount of insert in ng

3.0 kb (vector) 1
In some cases it was necessary to concentrate the PCR product in order to

achieve the calculated amount. Then, the insert was lyophilised for ~5minin a

Savant Refrigerated Condensation Trap.

2.8.6 Transformation of DH5a by Electroporation
Ligation mixtures were electroporated into ElectroMAX DH5a-E Cells

(Invitrogen) using the BioRad Gene Pulse Ii System. Prior to electroporation the
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competent cells were thawed onice and 1l of the diluted ligation mixture (diluted
1:5 with SOC) was added to 40 pul of competent cells. The mixture was transferred to
a chilled cuvette, after which the cuvette was placed into the holder and puised.
The pulse controller was set to: 25 uF, 200 Q and 1.7 kV. Iimmediately following the
addition of 1 mi of SOC at room temperature, the cells were transferred inio a sterile
snap-capped tube (Falcon 14ml) and incubated at 37°C for 1 h with constant
shaking. Then 100 pl of the cells were plated on LB-agar plates containing
carbenicillin (0.1 mg/ml), 5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-Gal)(2
pg/mi) and isopropylthio-B-D-galactoside (IPTG)(2 pg/ml). The remaining cells
were concentrated by centrifugation, resuspended in 100 uil of SOC and plated on
similar agar plates. The plates were incubated overnight at 37°C. The following
day, putative recombinant colonies were selected and grown overnightat 37°Cin5

mL of TB media with constant shaking.

2.8.7 Plasmid isolation

The isolation of recombinant plasmids was done on 2 mi aliquots of overnight
cultures using the UltraClean Mini Plasmid Prep Kit from MoBio Laboratories
according to the manufacturer’s instructions. At the last step of isolation, DNA was
eluted with 50 gl of solution 5 (10 mM Tris/NaCl). Isolated plasmid DNA was
guantitated and digested with Eco RI at 37°C for 1 h to release the insert and run
on a 1.5% agarose-TAE gel. Plasmids were sequenced by Canadian Molecular

Research Services Inc (Ottawa). The sequences were then compared to MAPK
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accessions in the National Centre for Biotechnology Information (www.ncbi.nim.nih.

gov) to ensure similarity with MAPKs.

2.8.8 Radiofabelling of probes

The cloned insert was purified from an agarose ge! as described above i
Section 2.8.4. For DNA labelling we used the NEBIot Kit from New England Biolabs
Inc. and followed their protocol. Template DNA (25 ng) was denatured in a volume
of 33 ul by boiling for 5 min followed by chilling on ice for 5 min. The following
reagents were added in order: 10X Labelling Buffer was added (supplied in kit,
proprietary), 6 ul of dNTP mixture, 50 uCi a®P dCTP (3000 mCi/mM), 1 ul of DNA
Polymerase |- Klenow Fragment (5 u/yl). The mixture was incubated for 1 h at
37°C, and terminated by the addition of 20mM EDTA pH. 8.0.

Radiolabelled DNA was purified from unincorporated nucleotides by using a
NICK Column from Pharmacia Biotech according to the manufacturer’s instructions.
The specific activity of the DNA was estimated using a Canberra Packard Liquid
Scintitlation Counter model. Prior to their use, probes were denatured for 5 min and

chilled on ice.

2.8.9 Northern hybridization analysis
RNA samples (10 pg) were run on a 1.2% formaldehyde/agarose gel (1.2%
agarose, 10X MOPS, DEPC-treated ddH,0, 0.66M formaldehyde) at 60V for

approximately 3 h and transferred to a nylon membrane via a standard capillary
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transfer method (Maniatis ef a/, 1982). The RNA was cross-linked to the membrane
by exposing it to 1200 J of ultraviolet light using the Ultraviolet Crosslinker from
ULTRA-LUM.

Prehybridization for 4-16 h at 42°C was carried out in a solution containing
50% deionised formamide, 5X Denhardt’s solution, 1X SDS, 6X SSC and 100 ug/ml
of heat-denatured salmon sperm DNA. Hybridization continued for 8-12 h at42°C
in a prehybridization solution with the addition of 5X of Denhardt’s solution and 10%
of dextran sulfate. A random-primed *P-labelled DNA probe (2-15 x 10° cpm/ml)
was added to the hybridization solution. After hybridization, the membranes were
washed 2 times using 0.1X SSC, 0.1% SDS, in a final volume of 20 ml at room
temperature for 10 min each, followed by 2 washes in 0.1X SSC, 0.1% SDS at room
temperature for 15 min each and finally 2 washes in 0.1X SSC, 0.1% SDS for 30
min each at 65°C. The membranes were then exposed at -80°C to Kodak Biomax

films.
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Chapter 3
Results

3.1 Detection of phosphorylated proteins by western analysis

Western detection experiments are ofien used to detect the amount of
specific proteins found in the extract. This observation will indicate any variation
in the amount of translated material before and after treatment. In this specific
study, we used anti-phospho-threonine, -tyrosine and -serine antibodies. They
specifically bind to the corresponding phosphorylated residue, thus indicating if
any variation in the amount of the specific phosphorylated residue occurred in the

experiment.

3.2 Spray-inoculated time-course experiments

A series of experiments were performed to measure variation in
phosphorylated residues following inoculation of wheat heads from cultivars
Frontana and Roblin with a fungal suspension of Fusarium graminearum. Wheat
heads sprayed with water acted as the control. Soluble proteins were extracted
from wheat heads inoculated with Fusarium graminearum, collected at O, 1, 6,
12, 24, 48 h and 6 days, and prepared for gel electrophoresis and western
analysis as described in Material and Methods. A control western detection
experiment was also performed using only the secondary antibody and several
protein samples in order to determine if any non-specific binding was occurring.
This is shown in Appendix C. The only observable band corresponds to the

migration front of the proteins. Thus, non-specific binding was not an issue.
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After incubating with the anti-phospho-threonine antibody (Figure SA), the
pattern of phosphorylation of the Fusarium graminearum-treated Roblin samples
remained constant between 0 and 48 h. The band pattern of this interaction was
characterized by intense bands at ~ 50 kDa and ~ 20 kDa, and series of weaker
bands (4-5), inciuding a ~ 40, 44 and 47 kDa triplet. Only after 6 days was there
a change in phosphorylation, with a noticeable decrease in the intensity of the ~
40 and ~ 44kDa bands of the triplet as well as a ~ 30 kDa and a ~ 50 kDa band.
As shown by the intensity of the ~ 50 kDa band in the Coomassie blue stained
gel (Figure 9B), protein loading was relatively constant.

For the interactions between water-treated Roblin, Fusarium
graminearum-treated Frontana and water-treated Frontana samples, with the
anti-phospho-threonine, only 2 lanes for each time-course will be shown. The 1
h sample was chosen as a representative of the 0 to 48 h samples, while the
other sample will show changes in phosphorylation pattern, when applicable, in
the 6-day sample. This was done in order to limit the repetition of uninformative
results consisting of times when no changes in pattern were observed. This was
done for all other incubations. Also, the ~ 50 kDa band found on the Coomassie
Blue stained gel is shown for every experiment in order to show protein loading.

As a control, wheat heads were sprayed with sterile water and samples
were harvested at the same times as for infected heads. Anti-phospho-threonine
antibody interaction with extracts from Roblin wheat heads treated with water
showed an interesting pattern (Figure. 10A). The 1 h sample showed a band

pattern similar to that of Fusarium graminearum-treated samples. However, in



Figure 9;: A) Western detection experiment demonstrating interaction
between anti-phospho-threonine antibody and soluble exiracts of
wheat heads of cultivar Roblin following infection by spraying with F.
graminearum. Extracts were prepared from samples collected at 0, 1,
6, 12, 24, 48 h and 6 days B) Coomassie blue stained gel of the

same extracts as in Figure A showing protein loading.
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the 6-day sample, a change in the phosphorylation pattern occurred when a
band of ~ 49 kDa first appearad. The ~ 49 kDa band was not observed in the
anti-phospho-threonine interaction with the Fusarium graminearum-treated wheat
heads (Figure 9A). Of the ~ 40-47 kDa triplet, only the ~ 47 kDa band changed
in phosphoryiation, as it was absent in the 6-day sample. The apparent change
with the ~ 35 kDa band at the 6-day sample was never reproduced. The other
differences in phosphorylation intensity pattern were reproduced with the other
biological samples.

Also shown is the interaction between anti-phospho-threonine and
samples treated with Fusarium graminearum taken from the resistant cultivar
Frontana (Figure 10A). This interaction revealed a consistent phosphorylation
pattern as well as consistent phosphorylation intensity until the 6-day sample.
The relative phosphorylation intensity pattern was quite similar to that observed
with Fusarium graminearum-treated samples from Roblin. These similarities
were reproduced with fresh protein extracts.

Finally, the water-reated samples from Frontana showed no
detectable/reproducible variation within the phosphorylation intensity and pattern.
The band pattern was similar to the Frontana Fusarium graminearum-treated
samples. The minor differences in phosphorylation intensity changes in the 6-
day sample were not reproducible and may be attributed to protein loading. The
relative intensity of the bands in the patterns was different between water-treated

and Fusarium graminearum-treated samples.
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Figure 10: A} Western detection experiment demonstrating interaction
between anti-phospho-threonine antibody and soluble extracts of
wheat heads of cultivar Roblin and Frontana following infection by
spraying with F. graminearum and water. Extracts shown were
prepared from samples collected at 1h and 6 days B) Coomassie
biue stained gel of the same exiracts as in Figure A showing protein

loading.
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A different pattern was observed when an anti-phospho-tyrosine antibody
was used on Fusarium graminearum-treated Roblin samples (Figure 11A). The
band pattern was characterized by two intense bands at ~ 30 and ~ 35 kDa in
size. The ~ 20 and ~ 50 kDa bands were much lighter in intensity when
compared to the anti-phospho-threonine interaction. Also, there were several
faint bands from ~ 50 kDa to ~ 85 kDa, which did not appear to vary in
phosphorylation intensity, within the time-course. The time-course experiment
showed that the pattem and intensity of phosphorylation was similar until the 48-
h sample. At this point, a ~ 40-44 kDa doubilet, similar to that shown in the anti-
phospho-threonine interaction, decreased in intensity and was almost completely
absent in the 6-day sample. Two other bands, at ~ 30 and at ~ 35 kDa, also
decreased in phosphorylation intensity in the 6-day sample. The ~ 37 kDa band
was more noticeable due to the decrease in intensity of the ~ 35 kDa band. The
~ 37 kDa was never shown to increase in phosphorylation intensity in other
experiments.

Incubation of the anti-phospho-tyrosine antibody with the water-sprayed
Roblin samples was shown in Figure 12A. An intense band at ~20 kDa, bands at
~ 30 and ~ 35 kDa and fainter bands throughout characterized the band pattern.
The intensity and the pattern of the phosphorylated residues did not change
throughout the time-course, except for the 6-day time period. At this time point, a

~ 47 kDa band clearly increased in intensity, yet was very faint in the other
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Figure 11: A) Western detection experiment demonstrating interaction
between anti;phosphe—tyrosine antibody and soluble extracts of
wheat heads of cultivar Roblin following infection by spraying with F.
graminearum. Extracts were prepared from samples collected at 0,
1,6, 12, 24, 48 h and 6 days B) Coomassie blue stained gel of the

same extracts as in Figure A showing protein loading.
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samples. As for the fungus-treated sample, the ~ 40 and ~ 44 kDa bands
decreased in intensity in the 6 day sample. There was aiso a ~ 10 kDa, a ~ 20
kDa and a ~ 32 kDa band which seemed to increase in phosphorylation intensity,
yet this was not reproduced in other experiments. The relative phosphorylation
intensity pattern of the bands in the time-course was dquite different when
compared to its Fusarium graminearum-treated sample homologue. The
Fusarium graminearum-ireated samples showed intense bands of ~ 30-35 kDa
while the same bands found in the water-treated samples were less intense. In
the water-treated samples, bands found at ~ 20 kDa and in the ~ 5085 kDa
range were much more intense, than those found in the Fusarium graminearum-
treated samples. These phosphorylation intensity pattern differences varied from
extraction to extraction, and were not observed with different biological samples.

The Fusarium graminearum-ireated Frontana samples showed a band
pattern characterized by intense bands at ~ 20 kDa, ~ 30 kDa and ~ 35 kDa
(Figure 12A). There was also a relatively intense band at ~ 60 kDa with fainter
bands between. There was a slight change in phosphorylation intensity that
occurred in the 6-day sample. This change may be due to uneven protein
loading and/or irreproducibility of the transfer process since it was not
reproduced. (Figure 12A).

Finally, water-treated Frontana samples also presented a constant level of
phosphorylation pattern and intensity (Figure 12A). The band patiern showed
intense bands at ~ 20 kDa and ~ 30 kDa with fainter bands throughout. The band

pattern also showed several other bands, compared to Fusarium graminearum-
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treated samples, but this might be due {o a better resolution of the SDS-PAGE
system. This pattern was similar to that of the Fusarium graminearum-treated
samples.

When western detection experiments with the anti-phospho-tyrosine or
anti-phospho-threonine antibodies were performed, the protein samples were
transferred onto a 100% nitrocelluiose membrane and casein was added to the
blocking buffer. When western detection experiments that used the anti-
phospho-serine antibody were performed with this combination of membrane and
blocking agent, very high levels of background were observed, probably caused
by the presence of serine residues in the blocking buffer. After numerous rounds
of troubleshooting, the solution found was to change the hybridization membrane
and blocking buffer. Thus for this antibody, samples were transferred onto a
nitrocellulose-ester coupled membrane and gelatine was added to the blocking
buffer, resulting in a lower background. With the anti-phospho-serine antibody
incubated with Fusarium graminearum-treated samples, the band pattern was
also different from the two previous experiments (Figure 13A). The ~ 20 kDa
band was much more intense, and there was a span of bands going up to ~ 110
kDa. Bands ranging from ~ 60 to ~ 110 kDa showed less intensity and were less
crisp, since they were outside the optimal resolution range of a gel at 12.5% poly-
acrylamide. The slight variations in phosphorylation intensity observed around ~
30 kDa and ~ 80 kDa were not reproduced in other experiments. Therefore no

reproducible changes were observed after Fusarium graminearum treatment.



Figure 12: A) Western detection experiment demonstrating interaction
between anti-phospho-tyrosine antibody and soluble extracts of
wheat heads of cultivar Roblin and Frontana following infection with

F. graminearum and water. Shown are extracts taken from samples
after 1 h and 6 days of treatment. B) Coomassie blue stained gel of

the same extracts as in Figure A showing protein loading.
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Figure 13: A) Western detection experiment demonstrating interaction
between anti-phospho-serine antibody and soluble extracts of wheat
heéds of cultivar Roblin following infection by spraying with F.
graminearum. Extracts were prepared from samples collected at 0,
1,86, 12, 24, 48 hand 6 days B} Coomassie blue stained gel of the

same extracts as in Figure A showing protein loading.
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The anti-phospho-serine antibody interactions between the water control
samples (Figure 14A) demonstrate a band pattern with intense bands at ~ 30
kDa and ~ 50 kDa. The differences in the presence of bands beyond ~ 50 kDa

between treatments were not consistent. A ftriplet ranging from ~ 44-48 kDa and
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the ~ 50 kDa band seemed to decrease i
was never reproduced. There was also a ~ 30 kDa band that appeared to
increase in intensity in the 6-day sample, but again this was never reproduced.

Also, the Fusarium graminearum-treated samples of Frontana showed an
intense band at ~ 30 kDa accompanied by a wide range of bands up to ~ 100
kDa (Figure 14A). The changes around ~ 35 kDa and ~ 50 kDa in the 6-day
sample were not consistent in other experiments.

Finally, the water-treated samples demonstrated a pattern with intense
bands at ~20 kDa, ~ 50 kDa, ~ 100 kDa and fainter bands throughout. The
intensity patterns between water-treated and fungus-treated samples were
generally similar. The slight variation in phosphorylation intensity shown in
around ~ 35 kDa and ~ 85 kba were not reproduced.

Table 2 shows a summary of the changes in band phosphorylation
observed at 6-day in the Roblin cultivar. The interaction between anti-phospho-
threonine and Fusarium graminearum-treated Roblin samples produced a
decrease in intensity of ~ 30 kDa and ~ 50 kDa bands, as well as a ~ 40 and ~
44 kDa doublet. The interaction between anti-phospho-tyrosine and Fusarium

graminearum-treated Roblin samples showed a decrease in intensity in bands of
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Figure 14: A} Western detection experiment demonstrating interaction
between anti-phospho-serine antibody and soluble extracts of wheat
heads of cultivar Roblin and Frontana following infection by spraying
with F. graminearum and water. Exiracts were prepared from
samples collected at 1 h and 6 days B) Coomassie blue stained gel

of the same extracts as in Figure A showing protein loading.
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~ 30 and ~ 35 kDa and also the ~ 40-44 kDa doublet. A similar ~ 40-44 kDa
doublet also decreased in the water-treated Roblin samples after incubating with
anti-phospho-tyrosine, in addition to an increase in phosphorylation of a ~ 47 kDa
band. The interaction between anti-phospho-threonine and water-treated Roblin

samples showed a ion of a ~ 48 kDa band. The anti-
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phospho-serine interaction did not produce any reproducible changes in

phosphorylation intensity in either treatment.

3.3 Point-inoculated experiments

With the use of spray inoculation, the fungus was first in contact with the glume
and anthers, before moving inside of the florets then to the remainder of the
heads. This raised the possibility that the fungus did not yet infect the rest of the
wheat head at sampling time. Point-inoculated experiments were done in order
to have more localized areas of infection. The inoculated spikelets were
harvested. These contained inner and outer glumes, pistils and anthers. This is
in contrast to the spray inoculation, where the whole heads were harvested. By
harvesting only the inoculated spikelets, the response to the fungus may be more
easily detected. Also, this allowed us to compare methods used to distinguish
between type [ and Il resistance. Type | resistant cultivars are resistant to initial
infection while type Il resistant cultivars are resistant to the infectious spread
within the head. Frontana is known to be a type | resistant cultivar.
Point-inoculated experiments involved inoculating between the inner and

the outer glumes of the floret and harvesting the floret after 6 and 24 h, as
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Table 2: Summary of phosphorylation changes occurring in the 6-day samples of
both Fusarium graminearum- and water-treated Roblin cultivar. The
intensity of the band of interest was normalized relative to the 50 kDa
band observed in the Coomassie-stained gel in order to control for gel-
to-gel loading differences. Ratios between the 1 h and 6 d treatment
were used to determine the extent of the observed increase or
decrease. Reproducible increases of 75% or greater and decreases of
50% or greater are coded by 1. Decreases between 35% and 50% are
coded by 2. The direction of the arrow indicates whether an increase (1)

or decrease (|) was observed.
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explained in Section 2.2 of the Materials and Methods. In the point-inoculated
anti-phospho-threonine interaction (Figure 15A), the band pattern showed
intense bands at ~ 50 kDa and ~ 20 kDa and a triplet at ~ 4047 kDa. When
compared to the spray-inoculated band pattern, many similarities were found
between patterns. The Robiin 24 h water-treated sample showed a decrease in
intensity in the ~ 40 kDa and ~ 44 kDa bands, yet these changes were not
reproducible. Another experiment done with the Roblin cultivar gave similar
results (data not shown, performed by Anioine Leaustic). In Frontana, a
decrease in intensity of the ~ 40 and ~ 44 kDa bands was observed in the 24 h
water-treated sample.

The anti-phospho-tyrosine interaction with the point-inoculation samples
for Roblin and Frontana showed a band pattemn throughout the samples with
intense bands at ~ 20 kDa and ~ 30 kDa and very faint bands going up to ~ 65
kDa. The band pattemn differed from the spray-inoculated samples in that the
number of bands was smaller, and their relative intensity was also different. This
is not surprising as the complexity of tissues in the two samples is different.

The slight change in phosphorylation pattern found in the 24 h water-
treated Roblin sample was not reproducible. Another expeﬁmenﬁ done on Roblin
also showed no variation in phosphorylation intensity (data not shown, performed
by Antoine Leaustic). The decrease in intensity of a ~ 40-44 kDa doublet in the
Frontana 24 h water-treated sample is important to note. In contrast, the

decrease in intensity of the ~ 20 and ~ 30 kDa bands was not reproduced.
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in summary, reproducible changes were observed in the ~ 40-44 kDa
bands of the water-treated Frontana samples in the interactions with anti-phosho-

threonine and anti-phospho-tyrosine.

3.4 In-tube kinase assays

The previous experiments were designed to measure the potential
changes in phosphorylated proteins following infection. In-tube kinase assays
were performed to measure kinase activities that may play a role in this process.
The basis of the in-tube kinase assays is the transfer of the P (gamma
phosphate of ATP) to an artificial substrate or a natural substrate found in the
soluble extract, catalyzed by active kinases in the extract. Several artificial
substrates were tested. The results from such experiments should indicate if any
active kinase found in the soluble protein extract has phosphorylated the artificial
substrate (i.e. MBP (~ 18 kDa), histone llI-SS (~ 21 kDa) or casein (~ 23 kDa)),
or any natural substrates found in the extract. The spray-inoculated Roblin time
series after Fusarium graminearum infection was measured with the artificial
substrate MBP. This assay did not reveal any phosphorylation activity
throughout the time course (Figure 16). The faint line at the bottom of the gel
corresponded to ~ 18 kDa, which was similar to the weight of MBP. Yet this also
corresponded to the migration front of the protein extract, which contained
unincorporated radioactive isotope migrating as low molecular weight material.
The acrylamide content was approximately12,5% while the gel in Figure 16 had

an acrylamide content of approximately 15%.
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Figure 15: Soluble protein extracts of wheat heads of cultivar Roblin and
Frontana following infection by point-inoculation with F. graminearum
and water interacting with A} anti-phospho-threonine antibody and
B) anti-phospho-tyrosine. Extracts were prepared from samples
collected at 6 and 24 hrs. C) Coomassie blue stained gel of the same

extracts as in Figure A showing protein loading.
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Similarly, no phosphorylation aclivity was observed when histone H1-88
and casein were used as substrates on the same Fusarium graminearum-ireated
Roblin samples (data not shown). The Roblin time series after water inoculations
also showed no detectable kinase activity with the substrates MBP, histone [1I-SS
and casein (data not shown).

In-tube kinase assays were also performed with Frontana samples. No
kinase activity was detected in the Fusarium graminearum-treated or the water-
treated time course series, with neither of the three artificial substrates (data not
shownj).

The failures to detect activity with a range of substrates lead us to re-
evaluate the in-tube kinase assay system. The positive control used in the in-
fube kinase experiments was a recombinant erk2, an active MAPK kinase that
demonstrated activity when used with the provided commercial buffer or our
sample kinase buffer (data not shown). However, its activity was inhibited when
aliquots of wheat head soluble extracts were added to the kinase assay. In
Figure 17, we see that kinase activity decreased as the amount of protein extract
was increased. Thus, some unknown component or components within the
soluble protein extract were inhibiting kinase activity. This result was reproduced
with another soluble extract from the same bioclogical sample. The addition of
sodium vanadate (0.1 mM), a general phosphatase inhibitor, to the kinase assay
reaction mixture was done o verify the possibility that phosphatase activity was

responsible for the inhibition observed. Results did not show any reproducible
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Figure 16: In-tube assay experiment demonstrating kinase activity found in
soluble extracts of wheat heads of cultivar Roblin following infection
by spraying with F. graminearum. Protein exiracts were prepared
from samples collected at 0, 1, 6, 12, 24, 48 h and 6 days. MBP

was used as artificial subsfrate and the positive control was an active

MAPK, erk2.
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changes in kinase activity (data not shown). Thus the intube kinase assay

cannot be used until the inhibitory component has been removed.

3.5 In-gel kinase assays

For the in-gel kinase assays, the artificial substrate was embedded in the
matrix of the poly-acrylamide gel. Labelling would occur only at the migration
position(s) where there was an active kinase found, either on the artificial
substrate and for on the kinase itself (autophosphorylation). In contrast, the in-
tube kinase assay allowed us to measure the kinase activity on either natural
substrate, the artificial substrate found in the reaction or other protein kinases.
Therefore, the labelling occurred depending on the substrate that is
phosphorylated. In Figure 18, we show an in-gel kinase assay with Frontana
and Roblin samples. These samples were extracted from wheat heads spray-
inoculated with either Fusarium graminearum or water and harvested at 6 and 24
h. Samples from cold-treated corn seedlings of cultivars King Arthur and Seneca
were used as positive controls for the procedure. The kinase ZmMPK5 has been
shown to be induced after 3 hours of cold treatment in maize seedlings by
Berberich ef a/ (1999). Due to the lack of plant tissue for Roblin, only Frontana
and some of Roblin samples were assayed. We can see constant kinase activity
throughout the wheat head samples for both Fusarium graminearum-treated and
water-treated samples. The single band may represent a single kinase or

multiple kinases having approximately the same molecular size, ~ 45-50 kDa.
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Figure 17: In-tube kinase assay using the MBP as artificial substrate with the
positive control, erk2. The soluble protein extract was from wheat
head of the cultivar Roblin. The series ranges from 0.6 ul to 6 ul of

soluble protein extract. The amount of positive control was 0.5 ul.
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3.6 Isolation of wmh-1

MAPKs have been shown to be involved in several plant defense
mechanisms and some of the changes in protein phosphorylation intensity
observed previously may correspond to MAPKs implicated in the signal cascade.
Therefore the initial cloning strategy aimed to clone a MAPK in wheat. The
presence of conserved domains made the choice of primer sites easier and
potentially allowed hybridization to as many different sequences as possible.

The strategy used was to isolate total RNA from different cultivars under
different treatments in order to clone a transcribed MAPK homologue, and
eventually probe differently treated RNA samples from Roblin and Frontana
cultivars. Thus we isolated total RNA from Roblin and Frontana after 6 h
inoculation with water and Fusarium graminearum. The RT-PCR-based
approach, as described in section 2.8.3 of Material and Methods, used primers
(MKOIl and MKDIX) designed to anneal to conserved domains Il and IX of
MAPKs. The resulting products of approximately 500 bp are shown in Figure
19A. Five clones were obtained and named wmh-7 to 5. The clone wmh-1 was
isolated from Roblin 6 h water-treated RNA, while the wmh-2 clone was isolated
from Roblin 6 h Fusarium graminearum-treated RNA. Clones wmh-3 to 5 all
came from Frontana 6 h Fusarium gramﬁnearum—treated RNA. The five clones
resulting from the RT-PCR were used for BLAST searches and all showed high
similarity to the wck-1 mRNA sequence found in the public database. The clone
identical to the wck-1 sequence (Takezawa, 1999; accession AF079318) was

named wmh-1 (Wheat MAPK homologue-1). The five clones were aligned with
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Figure 18: In-gel kinase assay experiment demonstrating kinase activity found
in scluble extracts of wheat heads of cultivar Roblin and Frontana
following infection by spraying with water and F. graminearum.
Protein extracts were prepared from samples harvested at 6 and
24h. MBP was used as artificial substrate. Positive samples were

protein extracts from cold treated corn seedlings from cultivars King

Arthur and Seneca.
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the weck-1 sequence. This alignment is shown in Figure 20. Some of the
sequences (wmh-2, 3, 4) showed ambiguous bases as indicated by S (C or G) or
Y (C or T) indicating that the sequence contained unresolved nucleotides. If we
set aside the ambiguous bases and analyzed the remaining sequences, we saw
that the changes in wmh-2, 3 did not affect the amino acid sequence. In wmh-4,
in position 428, the addition of a G shifts the reading frame, resulting in 3
different amino acids at the end of the sequence. The similarities between
sequences allows us to say that a possible interpretation is that wmh-1 and wmh-
2 are from the same allele in Roblin, while wmh-4 and wmh-5 could be found on
the same allele, while wmh-3 would be found on a different allele in Frontana.
The alignment shows that the sequences were highly similar with percent identity
values between wck-1 and wmh-1, 2, 3, 4 and 5 sequences 100%, 98.4%,
97.9%, 95,4% and 98.2% respectively. The similarity of wmh-7 to the wheat
wck-1 sequence (accession AF079318) was 100% identical (440/440) at the
nucleic acid and the amino acid (146/146) levels (Figure 21).

In addition to amplification from cDNA, a PCR reaction was also
performed on genomic DNA in order to amplify and identify as many different
MAPK homologues as possible. The PCR reaction was performed on DNA
extracted from Frontana seedlings, using the same primers as mentioned above.
The products are shown in Figure 18B, where 3 replicates are shown. The
products’ size ranged from 450 to 900 bp. The boxes A, B, C and D indicate the
area from which the DNA fragments were isolated. Four clones were picked

(wmh-6 to 9), however, only one (wmh-6, from area C) had some similarity to the
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Figure 19: A} RT-PCR on RNA samples from Roblin and Frontana treated with
water or F. graminearum for 6 h. B) PCR products using genomic
DNA from Frontana as template (1,2 and 3 are replicates). Bands A,

B, C and D were isolated and sequenced.
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Figure 20 : Alignment of nucleic acid sequences of five cloned fragments (wmh-1
to wmh-5) along with the nucleic acid sequence of the wck-1 clone

found in the public database.
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wck-1 sequence in the database. The other three clones had only fragments of
their sequence homologous to different genomic DNA sequences from rice, yet
the lengths of the sequence similar to the rice sequences were approximately 50
bps.

The wmh-1 sequenced was compared to other wheal kinase EST
sequences found in public databases, with the help of computer program
developed by Jiro Hattori at ECORC. These ESTs were grouped into contigs
according to homology, providing a consensus sequence,; the wmh-1 sequence
was aligned with these consensus sequences. The percent homology between
wmh-1 and the different consensus sequences ranged from no significant
homology (percent not given by the computer program) to 99% homology. The
latter corresponded to the consensus sequence of WCK-1 MAPK homologue
ESTs. These sequences were obtained from Fusarium graminearum-infected
spikes of Sumai 3, and from heat stressed flag leaves from the Chinese Spring
cultivar. Therefore, we may hypothesize that this kinase, wmh-1, is not tissue
specific, and is present in different conditions of siress. There was also some
homology with other MAP kinases, such as MMK2 and a P® MAPK homologue
found in various wheat tissues (seedling crowns, roots, leaves, spikes) from
different cultivars. These ftissues came mostly from either Chinese Spring

cultivar (susceptible cultivar) or Sumai 3 (resistant cultivar).
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Figure 21: Amino acid sequence alignment of the WMH-1and WMH-5 fragments
cloned from wheat heads and the WCK-1 fragment found in the
public database. Conserved domains are identified with roman

numerais.
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3.7 Northern hybridization

Northern hybridization experiments were done in order to measure
whether differences in RNA levels could be detected between cuitivars or
treatments. Thus, if any franscriptional reguilation of the wck-7 gene was
occurring due to the presence of the fungal pathogen, the Northern hybridization
would indicate such variation. For such an indication, we used the wmh-7 clone
as a probe. The samples consisted of RNA extracted from Roblin and Frontana
wheat heads, which have been sprayed with either Fusarium graminearum or
water, with the tissue harvested after 6 h and 24 h.

As shown in Figure 22A, the variation in intensity of the wck-7 mRNA was
not important after taking into account the variation in loading as indicated by the
258 rRNA subunit (Figure 22B), except for the Frontana 24 h Fusarium
graminearum-treated sample. There appeared to be an increase in intensity, yet
this experiment was been done only once, these are preliminary results and need

to be repeated.

120



Figure 22: A) Northern hybridization with wck-1 homologue clone (wmh-1) and
total RNA from wheat heads. Samples consist of RNA from wheat
heads of cultivars Roblin and Frontana after infection by spraying with
water and F. graminearum. B) RNA gel stained with ethidium
bromide showing the 258 rRNA subunit in order to show RNA

loading.
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Chapter 4

Discussion

Wheat, a monocotyledonous plant, greatly suffers from infection by
Fusarium graminearum. The infection causes blighting of the wheat head, as well
as reduced yield and quality of seeds. This research project attempted to
characterize the wheat response to the fungus with specific emphasis on the
possible role(s) of plant kinases during infection. Eﬁqrts were concentrated on
attempting to measure phosphorylated levels of specific residues, kinase activity
and transcriptional levels of a specific MAPK, found in wheat.

In brief we employed several techniques to measure the state of protein
phosphorylation in wheat heads including western detection experiments, and in-
tube and in- gel kinase assays. Reproducible changes were observed in the
pattern of protein phosphorylation in one cultivars, Roblin, following fungal
infection with Fusarium graminearum as well as in the control treatment only in
the latest stage of the time course (6 days). In conjunction with this work, we
cloned a homologue of WCK-1 and used it to show that the corresponding level
of mRNA expression remained relatively constant in most of the samples. The
one exception was an increase in the cultivar 24h after F. graminearum infection.

Before considering any of the possible roles of kinases in the pathogen
response, a summary of the specific results of this study will be presented. The
effects of F. graminearum infection on the expression of protein kinases found in

wheat heads will be discussed. Finally, the experimental work that could further



this area of research and the possible applications of such research will be

presented.

4.1 Summary of results

Initially, there were two time-course experiments designed per cultivar.
These time course experiments consisted of spray inoculating the cultivars with
either F. graminearum or water for 0, 1, 6, 12, 24, 48 h and 6 days. In cv Roblin,
the anti-phospho-threonine interaction to both the F. graminearum- or water-
treated samples were reproducibly different in the 6-day samples. Treatment with
F. graminearum lead to a decrease in phosphorylation intensity for bands of ~ 30
kDa and ~ 50 kDa, as well as two bands from a triplet at ~ 40 and ~ 44 kDa
(Figure 9). The corresponding water-control experiment showed a sudden
increase in the intensity of an ~ 49 kDa band and the absence of a ~ 47 kDa
band, while the ~ 40-44 kDa doublet did not vary (Figure 10A). In addition, F.
graminearum-treatment aiso caused a decrease in intensity of a ~ 40-44 kDa
doublet and ~ 30 and ~ 35 kDa bands in the 6-day sample foliowing an
incubation with the anti-phospho-tyrosine antibody (Figure 11). At 6 days, In
water-treated samples, the ~ 40-44 kDa bands also decreased in intensity while
a ~ 47 kDa band increased in intensity (Figure 12A). Finally, anti-phospho-serine
antibody interactions with samples from both time course experiments did not
show any repyoducibﬁe changes in phosphorylation intensity or pattern (Figures

13,14A).
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F. graminearum infection did not cause a decrease in phosphorylation
intensity in the resistant cv Frontana when incubated with the anti-phospho-
threonine antibody (Figure 10A). Water-treated samples did not show any
reproducible phosphorylation differences with this antibody (Figure 11A). The
band patterns and intensity in both F. graminearum-treated and water-treated
samples following an interaction with either the anti-phospho-tyrosine or anti-
phospho-serine antibodies remained constant (Figures 12A, 14A).

The point inoculation experiments showed some reproducible variations in
phosphorylation intensities and pattern. With both anti-phospho-tyrosine and -
threonine antibodies, the water-treated 24-h Frontana sample showed a
decrease in phosphorylation intensity of ~ 40-44 kDa while no changes were
observed in the F. graminearum-treated samples (Figure 15A, B). The variation
in the phosphorylation intensity in the Roblin water-treated 24-h sample, for both
anti-phospho-threonine and anti-phospho-tyrosine interactions were not
reproducible; therefore, conclusions cannot be drawn at this time from these
results (Figure 15A, B).

The in-tube kinase assays proved fo be inconclusive as far as the effects
of F. graminearum on kinase activity are concerned. With all of the artificial
substrates used, i.e., MPB, histone lll-8S and casein, no kinase activity could be
detected (Figures 16). Some preliminary results pointed to presence of either
kinase inhibitors or phosphatases in the protein extract, explaining the lack of

results (Figure 17). Some kinase activity could be detected with in-gel kinase



assays yet no reproducible variations occurred between F. graminearum- and
water-treated samples (Figure 18).

Finally, @ wek-1 homologue was cloned from different cultivars following
fungal or water treatments. This was the only MAPK that could be dstected
andfor cloned from total RNA and genomic DNA. The wmh-7 clone was identical
to the nucleic acid and protein sequences of the wheat wck-7 gene,
characterized by Takezawa (1999) and found in the public databank
{ncbi.nih.nim.gov)(Figures 20, 21). Northermn hybridization performed with this
wck-1 homologue (wmh-1) showed an increase in intensity in the Frontana 24-h
F. graminearum-ireated sample. These are preliminary results that need to be

repeated (Figure 22).

4.2 Western detection experiments

4.2.1 Spray inoculations

Protein phosphorylation has proven to be an effective mode of regulation
of protein activity. Protein kinases have been shown to phosphorylate specific
residues in order to activate proteins (reviewed by Jonak ef al. 1994). The
involvement of threonine, tyrosine and serine in kinase activation are well
documented. The western detection experiments using specific anti-phospho-
threonine, -tyrosine and -serine antibodies gave the opportunity to search for
phosphorylated sites on a diverse group of proteins found in the soluble protein

extract of wheat heads.
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The water-treated time course experiment gave us the naturally occurring
phosphorylation patiern following a slight mechanical sitress (handling of the
wheat heads). Therefore, any reproducible variation in phosphorylation occurring
after fungal-treatment must differ from this standard. The incubations with both
anti-phospho-threonine and anti-phospho-tyrosine antibodies presented some
differences between the water-freated samples and the F. graminearum-treated
Roblin samples. The differences occurring in the interaction with anti-phospho-
threonine consisted in changes in phosphorylation intensity of several bands but
only in the 6-day sample. More specifically, 4 bands with molecular weights of ~
30, ~ 40, ~ 44 and ~ 50 kDa decreased in intensity. In contrast, the water-treated
6-day sample incubated with anti-phospho-threonine showed an increase of a ~
49 kDa band, which was not observed during F. graminearum infection.
Therefore, a possible interpretation is that the fungus caused a decrease in the
phosphorylation of threonine residues found on 4 proteins with molecular weights
of approximately ~ 30, ~ 40, ~ 44 and ~ 50 kDa. The lack of increased intensity
in the ~ 49 kDa band can be attributed to the presence of the fungus. Thus
several proteins, and perhaps more that are not deteciable by this method,
demonstrated reduced phosphoryiation of threonine residues.

The interaction with the anti-phospho-tyrosine also showed reproducible
results. The fungus-treated 6-day sample showed a decrease in four different
bands: ~ 30, ~ 35, ~ 40 and ~ 44 kDa. In confrast, the water-treated 6-day
sample shows a decrease in intensity in the ~ 40 and ~ 44 kDa bands while a ~

47 kDa band increases in intensity. Therefore, we suggest that the fungus
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causes a decrease in phosphorylation of tyrosine residues found on proteins of
molecular weight ~ 30 and ~ 35 kDa and may be responsible for the absence of
increased phosphorylation of the ~ 47 kDa band in the 6-day sample.

The resolution of the gel system allowed us to compare phosphorylation
patterns between geis. This was done with the protein molecular markers as
reference points. The speed of the method was conducive to a better and more
consistent gel resolution.

In retrospect, we can suggest that the ~ 30 kDa band found in both anti-
phospho-threonine and anti-phospho-tyrosine interactions could be the same
protein. If so, this protein would be regulated by the level of phosphorylation of
both types of residues, 6 days after the initial infection with F. graminearum. The
same argument could be made for the ~ 40 and ~ 44 kDa proteins except that
the tyrosine residues found on the protein are not dephosphorylated due to the
presence of the fungus. Regulation would still be achieved through the
dephosphorylation of threonine residues found on the protein in guestion. An
alternative, the possibiiity is that there are multiple proteins having the same
molecular weight migrating at the same point; therefore the residues could be on
separate proteins.

No reproducible variations in phosphorylation intensity in any experiment
were observed when the anti-phospho-serine antibody was used. This result was
unexpected. The phosphorylation pattern for the anti-phospho-serine antibody
interaction was expected to have similarities to the pattern observed with the

anti-phospho-threonine antibody since it was anticipated that serine/threonine
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kinases, which are a major kinase family necessary for the activation of protein
kinases and other proteins (Hardie, 1999), would be implicated in regulation.

Several factors may contribute to the lack of measurable variation in the
phosphorylation intensity of serine residues. First, the assay system may lack
sufficient sensitivity for the detection of these changes. Second, different types of
membrane were used during the transfers for anti-phospho-serine (see section
3.2 of Results). The implication of this observation is that when comparing
experiments with different antibodies, one cannot directly relate the experiments
occurring on different types of membranes as each type of membrane has
specific properties, which affect protein binding. Therefore caution is needed
when directly comparing different analyses of the effects of serine/threonine
kinases unless the same type of membrane is used. Lastly, the phosphorylation
of specific residues on the protein may not be equally important or distributed.
Some residues may play more important roles in the activation of the protein in
question. This is the case with the OsBIMK1 kinase in rice; this MAPK
homologue must be activated by phosphorylation at the TEY (threonine, glutamic
acid, tyrosine) (Song and Goodman, 2002). Therefore, it is possible that proteins
activated during the time-course experiments (either water or F. graminearum)
did not require the phosphorylation of serine residues for their activation.

in Frontana, no reproducible changes were observed following incubation
with anti-phospho-threonine. The lack of reproducible variation in
phosphorylation intensity with other antibodies may reflect differences in

susceptibility for each cuitivar to the fungal pathogen. Western experiments were
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performed on exiracts from the cultivar Frontana in order to compare the
response to infection between susceptible and resistant cultivars. The fact that
Frontana did not show any changes in phosphorylation illustrates the difference
in response between Frontana and Roblin cultivars. Frontana did not show many
differences between fungal- and water-treated samples, indicating a higher
resistance to spray-inoculations with F. graminearum. There may be many
possible reasons for the different response observed in the two cultivars. They
may be atfributed to physical characteristics found on the Frontana cultivar that
are absent on the Roblin cultivar. The resistance may be due to proteins
constitutively expressed in the wheat tissue, or a larger range of proteins
involved in different defense mechanisms. These proteins may range from
receptors: to signal proteins to chitinases and glucanases, increasing the plant’s
defense response.

The water-treated samples did not show any reproducible variation in
phosphorylation intensity as compared to Roblin. This might indicate that the two
cultivars were not at the same maturation point when came time to harvest, even
though the two cultivars were at the same developmental stage at the time of
inoculation. The maturation process of Frontana is approximately 2-3 weeks
longer than that of Roblin (G.Fedak, ECORC, personal communication). The
maturation process of the wheat head may aiso be a cause of phosphorylation
variation. Research on the role(s) of protein kinases in plant maturation has
demonsirated the presence of a pollen-specific, calcium-dependant and

calmodulin-independent protein kinases involved in germination in maize



{(Estruch, ef a/, 1994). The muitiple roles of receptor-like kinases have also been
associated with plant development (reviewed by Becraft, 2002). For example,
the presence of RTK1-2-3 in the developing endosperm of Zea mays was
observed by Li and Wurizel (1998).

When all the results are analysed together, several explanations may be
suggested. First, the presence or activation of a dephosphorylating agent, (i.e,
phosphatase) may explain the decrease in phosphorylation of specific residues.
Phosphatases have been shown to play important roles in signal transduction in
plants. Phosphatases with dual-specificity, tyrosine and serine/threonine
phosphatases can dephosphorylate either of the phosphorylated residues in the
TxY motif, therefore, acting as negative regulators of MAPKs (reviewed by
Keyse, 2000). Evidence has been provided that the MAPK type 2C phosphatase
MP2C directly inactivates SIMK, a MAPK activated by wounding in alfalfa
(Meskiene ef al, 2003) through dephosphorylation of the threonine residue in its
conserved TEY motif. In Arabidopsis tyrosine phosphatases are induced 24 h
after the plant has been subjected to either cold or salt stresses. The
phosphatase aclivity regained normal levels after 48 h of salt stress (Xu ef a/|
1998). In our studies, the observed reduction in phosphorylation of the targeted
residues may be due to increased phosphatase activity due to fungal infection or
by decreases phosphorylation or both. Therefore, the possible presence of
phosphatases in the protein extract could have as effect the direct

dephosphorylation of the protein(s) observed on the gel, or the
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dephosphorylation of a kinase, which leads to the decrease in phosphorylation of
the observed protein of the gel.

Secondly, the decrease in phosphorylation intensity shown may be
caused by the presence of mycotoxins in the infected wheat tissue. F.
graminearum produces the mycotoxin deoxynivalenc! (DON), which readily
penetrates the lipid bi-layer and inhibits protein synthesis (Rousseaux, 1988).
This inhibition is manifest on several levels: inhibition of initiation, inhibition of
elongation and inhibition of termination, or inhibition of all three processes by the
inhibition of the peptidyl transferase (Rousseaux, 1988). The amount of
mycotoxin present increases throughout the time of the experiments as the
fungus spreads (Reid ef al, 2000), therefore, the decrease in phosphorylation
intensity may be associated to an inhibition of _Ehe wheat peptidyl transferase.
This protein synthesis inhibition may also be closely related with resistance,
where a resistant cultivar may be less affected by the fungus, and in turn will
accumulate less mycotoxin. Roblin has been shown to be very susceptible to
spikelet infection, e.g., when Roblin spikelets were point-inoculated, 87% of
spikes demonstrated symptoms of infection. When the same experiment was
done on Sumai3 (a resistant cultivar), only 10% of spikes showed symptoms of
infections (Okubara ef a/, 2002).

The band pattern in some of the western detection experiments showed a
large variety of bands ranging from 10 kDa to 120 kDa. Is this a pattern, which
should be expecied from soluble protein extracts isolated from total wheat

heads? The presence of bands ranging from ~ 5-10 kDa to ~ 43 kDa was shown
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in thylakoid membranes of pumpkin leaves, using an anti-phospho-threonine
antibody, (Rintamaki ef a/, 1997). Thus, when phospho-threonine antibody
westemn detection experiments were performed on the soluble protein exiract of
whole heads of wheat, it was not surprising to see more bands in a8 wider protein
size range because the samples consist of whole tissue, with all of the proteins
necessary for function and development. Also, it is known that protein
phosphorylation and dephosphorylation regulate numerous biological processes,
and are catalyzed by protein kinases and phosphatases respectively (reviewed
by Hunter, 1995). Therefore it should be expected that numerous bands appear
on the western detection experiments of soluble protein extracts from total wheat
heads.

in summary, the western detection experiments have demonstrated some
differences related to the cultivar and its susceptibility level. Also, some bands
were shown to be responding to the presence of the fungal pathogen. The
decrease in phosphorylation of bands ~ 30 and ~ 50 kDa after interaction to the
fungus-treated Roblin samples with the anti-phospho-threonine may be attributed
to the presence of the fungus. The changes observed with the bands ~ 30, ~ 35
and ~ 47 kDa in the fungus-treated Roblin samples incubated with anti-phospho-
tyrosine may also be caused by the presence of pathogen. Phosphorylation of
serine residues seems o have been unaffected by the absence or presence of
the fungus. There also seem to be cultivar specific responses, seen by the lack
of reproducible variations in the interaction with Frontana samples. This may be

direct result of the difference in susceptibility between the cultivars.
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The response time following infection by a pathogen depends on the
system in the experiment is conducted. Research on fungal development of F.
graminearum on wheat spikes performed by Pritsch ef a/, (2000), found that
within the first 48-76 h post-inoculation the fungus had penetrated the stomaita,
exhibited subcuticular growth, colonized glume parenchyma cells and sporulated.
This timing was identical between resistant cultivar Sumai 3 and susceptible
cultivar Wheaton. They also showed that transcripts from 6 defence genes
accumulated as early as 6 to 12 h post-inoculation and peaked at 36 {o 48 h
post-inoculation. These 6 genes consisted of peroxidase, PR-1, PR-2 (B-
glucanase), PR-3 (chitinase), PR-4 and PR-5 (thaumatin-like protein). Finally,
greater accumulation of transcripts of PR-4 and PR-5 was observed in Sumai 3,
compared to Wheaton. [t was also observed in cultured cell lines (cultivar
Chihokukornugi) that fungal elicitors taken from snow mold (Tiphula ishikariensis)
caused a Ca®- mediated increase in transcript levels of a MAPK homologue,
wek-1 (Takezawa, 1999). The increased transcript levels were observed after 20
min of incubation with the fungal elicitors. The autophosphorylation activity of
WCK-1 was induced 10 min after the cells were incubated with the fungal

elicitors.

4.2.2 Point inoculations
One of the purposes of point-inoculating wheat heads was to enrich the
wheat samples in infected tissue and in turn increase the chance of cbserving a

potential response to the fungal pathogen. The point-inoculation experiment also
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showed a different tissue profile; since the rachis was not harvesied changes in
phosphorylation in proteins found in this tissue are not detected. Point-
inoculations were done by inoculating near tissue where the fungus grows rapidly
(i.e. ovaries). The fungal inoculum was added into florets, between the inner and
the outer glumes and only the tissue directly affected by the inoculum was
harvested. Furthermore, spray and point-inoculations were used to distinguish
between type | and type [l resistance. As discussed in the Introduction, resistant
cultivars can be grouped according to type of resistance: type | are resistant to
the initial infection, type Il are resistant the infectious spread of the pathogen,
type il degrade mycotoxins at a faster rate and type IV are tolerant {o higher
levels of mycotoxins. A comparison of the phosphorylation levels in samples
from spray and point inoculations was of interest to us since Frontana shows
resistance when spray-inoculated and not when point-inoculated.

The point-inoculations showed a reproducible change in phosphorylation
intensity and pattern in the Frontana 24-h water-inoculation sample. This change
in phosphorylation may have occurred in the spray-inoculation experiment but
the signal may have been diluted by the presence of uninfected tissue was too
faint to detect. On the other hand, this could be associated with the differential
response of Frontana to both inoculation techniques. It is possible that the point-
inoculation technique causes a natural decrease in phosphorylation through
handling, and that this decrease was cancelled by the presence of the pathogen,
which caused an increase in phosphorylation of threonine residues and tyrosine

residues on bands of ~ 40 and ~ 44 kDa in size. The differences in the overall



phosphorylation patterns between the fungal- and water-treated samples from
the point and the spray inoculations were reproducible. Thus, we saw a
noticeabie change in response between the two inoculation methods. The first 6
h after inoculation did not seem to vary between techniques. Therefore, the
point-inoculation may have had an effect on the cultivar Frontana 24 h after the
inoculation, while the spray-inoculation did not seem to induce a change in
phosphorylation throughout the time-course.

Genetic mapping experiments in wheat have provided evidence that 34
guantitative trait loci (QTL) are associated with type Il resistance to fungal
invasion by F. graminearum (Ban and Watanabe, 2001). Mapping data have not
been published yet for type | resistance, as in Frontana, however breeding efforts
have also suggested a multi-genic trait. Therefore, a gene-for-gene phenomenon
is unlikely to be present with Fusarium head blight. The intrinsic differences
between the mechanisms of resistance in the two cultivars, and the differences
between these experiments and those in the literature, make it difficult to come to

broad conclusions.

4.3 In-tube kinase assays

The in-tube kinase assay allows the observation of active kinase
phosphorylating natural substrates, including kinases, found in the protein extract
or phosphorylating artificial substrates provided within the experimental protocol.
These experiments did not detect any kinase activity in Roblin or Frontana

samples. The assay system did not function as expected and when repeated with
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erk2, an active recombinant kinase, no measurable kinase activity was
detectable if erk2 was mixed with plant exiracts. Several interpretations could
explain this effect. For example, there could be active phosphatases in the
soluble extract, which could dephosphorylate and inactivate the native and
introduced kinases found in the reaction mixture, or their substrates following
phoshorylation. Active proteases, which could degrade active kinases and/or
substrates, may be found in the extract. Consequently, any active kinase
naturally found in the protein exiract may have been inactivated, or its
corresponding substrates dephosphorylated, by any of the components
mentioned above or other chemical substances, which could inhibit kinase
activity. It is also possible that several of these factors acted to inhibit kinases or
that there was no kinase activity in the protein extracts.

The addition of sodium vanadate, a general phosphatase inhibitor, o the
kinase assay reaction mixture did not have any effect on the results. Technical
improvements such as inhibiting any phosphatases by the addition of multiple
phosphatase/protease inhibitors or partially purifying extracts prior to assaying
should be conducted.

There is a possibility of a carry-over of SDS from the protein extraction fo
the kinase assay. This carry-over may inhibit some kinase activity, due to its
denaturing property. However, kinase activity was measured using a similar
protein extraction buffer, containing SDS. A 46-kDa MAPK was found to be
activated by cutting (Usami ef a/, 1995). The amount of SDS present in our

kinase assay reaction mixture, is approximately 2%, where the 3X SDS sample



buffer, which stops the kinase reaction, contains 6% SDS. This being said, it is
not possible to dismiss the putative effects of SDS, yet as previously observed in
other papers, some kinase activity was present. In addition, the kinase activity
measured in the in-gel kinase assay is also an indication that kinase activity was
not completely quenched by the presence of SDS.

Also the possibility of chemical compounds inhibiting protein kinase
activity exists. For example 2 4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one
(DIMBOA), a hydroxamic acid from wheat has been shown to inactivate
papain(Perez and Niemeyer, 1988). Cysteine and serine residues on papain
were significantly modified by DIMBOA. However the presence of DTT partially
restored enzymatic activity. The majority of the research is conducted on maize
and wheat seedlings, however 4-acetyl-benzoxazolin-2-one (4-ABOA) has been
isolated in corn kernels (Fielder et af, 1994). This compound demonstrates
fungicide and insecticide properties in corn (Miller ef al, 1996). In addition, the
amount of DIMBOA in different types of tissues and at different stages has been
characterized. The amount of DIMBOA in roots and aerial parts of maize
seedling shows a continuous decrease after germination (Cambier ef a/, 2000).
Thus, the amount of DIMBOA in the wheat heads could be very small, if not

negligible.

4.4 In-gel kinase assays.

The in-gel kinase assay measures actlive kinase that phosphorylates an

artificial substrate embedded in the poly-acrylamide gel. The technique is
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frequently used when the protein of interest is easily isolated and concentrated,
for example Zhang and Klessig (1997) used it to characterize SIPK activity.
Preliminary results used extracts from cold-treated corn as positive control
to validate the assay. A ~ 45 kDa band was present in all samples from Frontana
and Roblin. The intensity of this band did not change foliowing different
treatments nor with different cultivars. The size observed (~ 45 kDa)
corresponds to the range of expected size for MAPKs. Some have been
identified at 42 kDa (Xiong and Yang, 2003), while others have been identified at

48 kDa (Zhang and Klessig, 1997).

4.5 Northern hybridizations

Previous studies in wheat had found that wck-1 mRNA was induced by
elicitors derived from Typhula ishikariensis, suggesting a putative role in plant
defence response (Takezawa, 1999). Five of the six clones generated in this
study showed homology to the wck-7 sequence found in the public database
{(www.ncbi.nih.nim.gov). The homology of the cloned sequences to the wck-1 is
quite high, however differences among them allowed us {o segregate them into
cultivar-specific groups. Within these groups, one can also see differences,
which may reflect the presence of alleles found in the hexaploid wheat. This
analysis contains one flaw, that the clones were only sequenced once, and a
more thorough analysis would need several rounds of seguencing to confirm

these results.
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A northern hybridization was conducted with the one clone that showed
complete homology to the wck-7 sequence used as a probe. Samples consisted
of Frontana or Roblin wheat heads treated with either F. graminearum or water
for a 6 and 24 h. Preliminary results of this hybridization showed that the
transcript levels of the wck-7 homologue did not change within the time frame,
except for the 24 h-F. graminearum Frontana sample. Before any comparisons
can be made between the northern hybridization and the in-tube or in-gel kinase
assays, one must be aware that the assays examined many different kinases,
while the northern hybridization only looked at a specific kinase. Thus,
preliminary observations suggest that the transcriptional regulation of wck-1 was
only affected in Frontana, 24 hours after spray inoculation with F. graminearum.
The surprising aspect of this result is not the fact that there is variation in the
intensity of the signal; it is the fact that only the Frontana cultivar demonstrates
such a variation. This may suggest that the resistant cultivar is programmed with
the right signalling tools to modulate an increase in transcription of the wck-1
gene. Roblin, 2 much more susceptible cultivar, does not possess means to
increase the transcription of the wck-1 gene, known to be involved in stress
responses.

Another surprising aspect of this part of the study, was that even after
seguencing several bands from genomic DNA (data not shown), the only kinase
to which homology was shown was the WCK-1 MAPK homologue in wheat. This
may indicate that the PCR primer sets were more specific than intended or that

the PCR conditions were too stringent to aliow amplification of other MAPK
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genes. When comparing the WCK-1-homologue to a wheat EST database
comprising all the publicly available wheat ESTs, with their descriptions as well
as being grouped into contigs, the WCK-1-homologue had 77-99% of homology
to the consensus sequences of the contigs representing ~ 50 ESTs of kinases.
This database was courtesy of ECORC and developed by Jiro Hattori. Also,
some data mining of the database of ESTs produced at ECORC has been done.
| have identified ~ 100 ESTs associated with different types of kinases in wheat
{Appendix B). Experiments describing how these ESTs can be use to investigate

signalliing during infection will be described in the section Future Studies.

4.6 Conclusions

The western detection experiments showed variations in phosphorylation
pattern, which differed within a cultivar as well as between cultivars. The
differences between water-treated samples and F. graminearum-treated samples
indicated some effects by F. graminearum on the wheat heads. Tyrosine
residues and threonine residues were shown to vary in phosphorylation intensity
and pattem at the 6-day sampling point. Also differences were observed between
cultivars suggesting a differential response related to differing levels of
resistance. Aside from the possible effects of F. graminearum, physiological
phenomena occurring around 6 days post-anthesis may cause the changes in
phosphorylation intensity. The different maturation periods of each cultivar may
also have played a role. The in-tube kinase assays indicated the presence of an

unknown component within the soluble protein extract would inhibit any potential
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activity found in the extract. Therefore, this technical problem must be solved
before any significant conclusions are drawn. Preliminary results from the in-gel
kinase assays showed kinase activity constant throughout the samples at a
molecular weight corresponding to a putative MAPK, suggesting that the aclivity

was either not affected by the fungus or that the effects wers not strong enough

w

to be detected by the assay. Finally, preliminary results from the northemn
hybridization showed that mRNA levels of the wck-1 gene varied only in the F.
graminearum-treated 24 h Frontana sample. Therefore, we have observed a
slight increase in wck-7 transcript level coupled with a constant activity for all

MAPKs.

4.7 Future studies

The problem identified in section 4.3 pertaining to the unknown inhibiting
components in the protein extract must be addressed in order to be able to
measure kinase activity in soluble protein extracts. This problem could be
sidestepped by utilizing specific antibodies and immunoprecipitating the desired
protein kinase(s), then conducting the kinase assay on the isolated kinase(s).
The antibody used could range from highly specific (i.e. WIPK) to highly
generalist (i.e. MAPK) with several rounds of immunoprecipitation to isclate many
protein kinases. Thus, the isolated protein kinase would be relatively free of
inhibitors/ phosphatases, aliowing us to correctly measure kinase activity. Also, it
would be important to determine the extent of the effects of SDS on protein

kinase activity. This could be done by adding the active MAPK, erk2 to the
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protein extraction buffer, without any soluble protein extract. If kinase aclivity is
shown to be guenched by the exiraction buffer, consequently extraction buffers
without SDS would be examined as alternatives.

it is also important to determine the nature of the bands found in the
western detection experiments. Are the bands, which migrate at the same
molecular weight, part of the same protein? Therefore, are the ~ 40-45 kDa
bands found in both anti-phospho-threonine and anti-phospho-tyrosine part of the
same protein, or are they two distinct bands’? Several steps could be taken in
order to answer this guestion. Two-dimensional gels could be used to determine
both the molecular weight and the iso-electric point of the proteins. The
subseqguent gels could then by blotted with the same antibodies used in this
study. It is less likely that two distinct proteins will have the same molecular
weight and share the same iso-electric point. In addition to this, would be to
sequence bands. The resulting sequences would then be aligned with each
other, to determine sequence similarities.

It is also important to determine if the bands that vary in phosphorylation in
the presence of F. graminearum correlate with resistance. Firstly, this can be
done by looking at other susceptible cultivars, as well as resistant cultivars, which
share the same type | resistance as Frontana. if the results show some
correlation between resistance levels and phosphorylation variations, then a
more thorough approach can be taken. This could consist in crossing a resistant
parent with a susceptible parent, who both show the expected phosphorylation

variations. After a few generations of self-crossing the progenies, we would
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develop several lines of homozygotes with varying resistance levels when
assessed with fungal inoculations. The analysis would consist in measuring
phosphorylation patterns and intensities of each line, following fungal inoculation
and harvesting fissue after pre-determined time points. The different lines could
possibly show significant variations in phosphorylation intensities and patterns,
which could be correlated to resistance levels. Kinase activity could also be
measured, and maybe showing some relationship with resistance levels.

Another problem mentioned above was the failure to isolate other kinases
than WCK-1 homologues. This is being remedied by the production of subtractive
hybridization libraries enriched in cDNAs expressed in wheat heads infected with
F. graminearum, in comparison to wheat treated with water. After many rounds
of sequencing of randomly picked clones and mining of the sequence database,
several types of kinases were identified and the corresponding cDNAs amplified.,
thus producing a mini-bank of cDNAs corresponding only to different protein
kinases. The remaining work will consist of fixing these cDNAs to a microscope
slide and performing a low-density micro-array using RNA from wheat heads.
Hybridizations will compare the level of expression of the selecied genes
between two RNA populations, ex: F. graminearum- versus water-treated
samples. The analysis of the data should indicate if any of the kinases found in
the subset on the slide are either up regulated or down regulated in presence of
F. graminearum. The advantage of the micro-array technology is the possibility
of observing several hundreds to several thousands of genes in response to a

fungal pathogen. | have selected (in sifico) so far, several hundred cDNAs
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corresponding to kinases found in wheat. Certainly, there may be more in the
wheat genome that have not be selected, yet this preliminary screening will give
us some indications on future studies to conduct. If regulation is translational or
post-transiational, then the micro-array will not indicate any significant variations
in cDNA levels. To study translational and post-transiational regulation, classical
biochemical methods can be used to answer several key questions, but with low-
throughput. Thus, the need for high-throughput technology has brought about the
development of peptide arrays. This technology allows for the identification of
protein-protein interactions, the investigation of enzyme-substrate and enzyme-
inhibitor interactions (Reimer ef a/, 2002).

The preliminary results of the northern hybridization must be expanded to
include more time points with additional experiments. These experiments may
include more spray and some point inoculation experiments.

Finally, the development of a cell culiure line would facilitate the coliection
of data. This data acquisition would necessitate only a brief pathogen treatment
in order to elicit a defence response. Many treatments could be observed in a
shorter time period, therefore, answering many simple guestions quickly. The
limitation to this type of experiment is the lack of correlation to the physiology of
the response. Hence, the response measured in the cell culture experiments
would probably differ in intensity and response time, compared to experiments
conducted in planta. Also, the three dimensional aspect of research done in
planta produces significant cell-cell interactions, while the two-dimensional

aspect of cell culiure research can affect celi-cell interactions.
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1M DTT

0.17gof DTT

Dissolve in 1mi of ddH.0O. Use
immediately.
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0.5M EDTA

186.1¢g of disodium
sthylenediaminetetraacstic acid
Dissolve in 800ml of ddH0O
Adjust pH to 8.0

Sterilize by autoclaving

Store at 4°C

0.17M KHoPOy, 0.72M KoHPO4
solution

2.31g of KH2PO4

12.54 of KoHPO4

Dissolve in 100mi of ddH,0O
Sterilize by autoclaving

Store at 4°C

10X Kinase Activity buffer
200mM Pipes, pH 7.0
100mM MgCl,

20mM MnCl,

100mg/m! of aprotinin

Use fresh

LB Agar media

5g of bacto-tryptone

2.5g of bacto-yeast exiract

5g of NaCl

Dissolve in 500ml of ddH,O
Add 7.5g of agar

Mix and sterilize by autoclaving

1M MgCl,

203.3g of MgCl>

Adjust to 1L with ddH.0
Sterilize by autoclaving
Store at 4°C

1M MnCl,

125.8g of MnCl»

Adjust to 1L with ddH0
Store at 4°C



10X MOPS

0.2M MOPS

50mM sodium acetate
10mM EDTA, pH 8.0
Adjust pH 10 7.0
Sterilize by autoclaving

100mM PMSF

0.015g of PMSF

Dissolve in 1ml of isopropanol.
Use immediately.

Protein Electrophoresis buffer
56.44¢ of glycine

12g of Tris base

4g of SDS

Dissolve to 4L with ddH0

Store at 4°C

Protein Loading buffer
7mi of 1M Tris-HCI pH 6.8
3mi of glycerol

1g of SDS

0.93g of DTT

1.2mg of bromophenol blue
Adjust to 10ml with ddH20.
Prepare 0.5mL aliquot s.
Store at -70°C

Protein Transfer buffer

6g of Tris base

28.8g of glycine

Dissolve in 1600mi of ddH,0O
Add 400m! of methanol
Store at 4°C

QCEB (DNA Extraction buffer)
100 mM Tris-HCI, pH. 8.0
50mM EDTA

500mM NaCl

Use fresh

20 X 8SC

175.3 g of NaCl

88.2 g of sodium citrate
Adjust to pH. 7.0
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Adjust to 1L with ddH0
Sterilize by autoclaving
Store at room temperature

10% SDS

100g of electrophoresis-grade SDS
Add 900 mi of ddH,0

Heat to 68°C dissoive

Adjust to 1L with ddH,0

Store at room temperature

3X SDS sample buffer
187.5mM Tris-HCI, pH 7.0
8% (wfv) SDS

0.03% phenol red

Store at room temperature

SOC medium

20g of bacto-tryptone

5g of bacto-yeast exiract
0.5g of NaCl

Dissolve in 950mi of ddH,0
Add 10mi of 250mM KCi
Adjust pHto 7.0

Adjust to 1L with ddH,0
Sterilize by autoclaving.
Cool and add 20mi of 1M glucose
Store at 4°C

3M Sodium acetate
408.1g of sodium acetate
Add 800mi of ddH,0
Adjust pHt0 7.0

Adjust to 1L with ddH.O
Sterilize by autoclaving
Store at 4°C

Terrific Broth (TB)

12g of bacto-tryptone

24¢ of bacto-yeast extract

4ml of glycerol

Dissolve in 200ml of ddH,0
Sterilize by autoclaving

Cool and then add 100mi of 0.17M
KHQP@z;, 0.72M KQHP04 solution
Store at 4°C



10X TBS

100mi of Tris-HCI, pH 8.0
87.66g of Nall

Adjust to 1L with ddH0
Store at room temperature

1X TBS + Tween 20 {0.1%)
Add 25ml of 10X TBS
Adjust to 250ml with ddH.0O
Add 250ul of Tween-20
Store at room temperature

TE buffer

10mM of Tris-HC! (pH 8.0)
1mM EDTA (pH 8.0)
Store at 4°C

50X Tris-acetate/EDTA(TAE)

242 g Tris base

57.1 mi of glacial acetic acid
100 mi of 0.5M EDTA, pH 8.0
Adjust to 1L with ddH,0
Store at room temperature

1M Tris-HCI

121.1g of Tris base

Add 800ml of ddH,0
Adijust to required pH with
concentrated HCI

Adjust to 1L with ddH,0O
Sterilize by autoclaving
Store at room temperature

X-Gal
Stock solution of 20 mg/mi
Store at -20°C in dark.
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List of sequenced clones picked to eventually be fixed on micro-array

Ta01_01609
Ta01_14b02
Ta01_09c07
Ta01_12h06

Ta01_16c06
Ta03_04g12
Ta01_08f12

Ta01_13b05
Ta0i_02h07
Ta01_08f07
Tab1_12b01
Tab3_02a10
Tad3_08e12
Ta01_14d02
Tal1_14b08

Ta03_11b04
Ta01_14d02

Tal1_20c10
Tab1_1tetd

Ta04_02a05

Ta03_02d05
Tal1_05g02

Ta03_09a03
Tal3_11b06
Ta03_08g06
Ta03_11ati
Ta01_05d08

Ta01_09a03
Ta01_08f04

Singleton
ectadd

ecta1040
Singleton

Singleton
Singleton
ectab50

ectal262
Singieion
Singleton
Singleton
Singleton
Singleton
Singleton
Singleton

ecta1182
Singleton

Singleton
ectai93

Singleton

ectadd?
Singleton

Singieton

‘Singleton |
Singleton

Singleton
ecta168
ecta1038
ectad39

calcium-dependent protein kinase 19 - Arabidopsis thaliana {fragment)

putative protein kinase [Arabidopsis thallanal

probabie serine/threonine-specific protein kinase (EC 2.7.1.-) A_IG002N01.22 -
probable serine/threonineftyrosine-specific protein kinase (EC 2.7.1.-) T8l4.1 -

putative glycerol kinase [Arabidopsis thaliana]
hypothetical protein T21L14.21 - Arabidopsis thaliana ¢i|2702277|gb|AABS1980.1]
hypothetical protein F4118.27 - Arabidopsis thaliana

receptor-protein kinase-like protein - Arabidopsis thaliana gi|6572076]|emb|CAB63019.1}
Strong similarity to gb]AF086285 serine-threonine kinase receptor-associated protein
receptor-like protein kinase homolog [Arabidopsis thaliana]

Similar to putative NAK-jike Ser/Thr protein kinase. (AF001308)

S-receptor kinase (EC 2.7.1.-) Ark1 precursor - Arabidopsis thaliana gij2128704|pir|
receptor protein kinase-like protein - Arabidopsis thaliana gi|7860721|emb|CABS82043.1|
SbRLK6 Sorghum bicolor cv. TX430 similar to protein kinase, highest similarity to receptor-lil
receptor protein kinase-like protein [Arabidopsis thaliana]

leucine-rich repeat transmembrane protein kinase 2 - maize
SbRLKS Sorghum bicolor cv. similar to protein kinase, highest similarity to receptor-like

galactose kinase [Arabidopsis thaliana]
PHOSPHORIBULOKINASE PRECURSOR (PHOSPHOPENTOKINASE) (PRKASE) (PRK)

protein kinase CK2 regulatiory subunit CK2B3 [Zea mays]

PHOSPHOGLYCERATE KINASE, CHLOROPLAST PRECURSOR
PHOSPHOGLYCERATE KINASE, CYTOSOLIC

pyruvate kinase [Arabidopsis thaliana]

_protein kinase homolog F14M4.11 - Arabidopsis thaliana gi|3522961|gb|AAC34243.1]

SHAGGY RELATED PROTEIN KINASE ASK-ALPHA

AC051634_22 Ste20-related protein kinase [Oryza sativa]
Similar to protein kinase C subsirate (P14314) [Oryza sativa]
TUBULIN ALPHA CHAIN

Barley beta-1,3-glucanase (GLLU2) gene, exons 1-2
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Ta01_05g07
Tal1_06h08
Tal1_09f01

Tal2_03e07

Tal4_02d01
Ta03_11g02
Ta01_06h07
Tal04_03d04

Ta01_06a01
Ta01_07f03

Ta01_18f04

Ta01_17d05
Ta01_09g10

Ta01_05h09
Ta01_05d04
Ta01_04b06

Ta01_12a07
Ta03_04c02

Tab2_02d03
Ta03_04al1

Ta03_01a03
Ta01_04e08
Ta01_04h11

Ta01_09h01
Ta01_07h02

Ta02_04d04
Ta03_02d07
Ta01_08g08
Ta01_20c10
Ta01_08d11
Ta04_03a12

Tal3_08ht1
Ta03_08f12

ecta778

Singleton
Singleton
ectai094

Singleton
ectal103

Singleton
Singleton

ecta®18
ectag18

Singleton

ecta231
ectald33

Singleton
Untested
Singleton

ecta3ad
ectal17

Singieton
ectal330

ectab71
ecta964
Singleton

ectadbe
Singleton

Singleton
Singleton
Singleton
Singleton
Singleton

Singleton

Singleton
Singleton

Porteresia coarciata histone H3 mRNA, complete cds

EREBP-like protein [Oryza sativa]

608 ribosomal protein L2 [Arabidopsis thaliana]

Oryza sativa genomic DNA, chromosome 1, PAC cione:P0537A05, complele sequence

stress-induced protein stii-like protein - Arabidopsis thaliana gi|52810511embjCAB45887 1|
Wheat cold-stressed seedling cDNA library Triticum aestivum cDNA cione WHE0368_E10_
AAFB8391.1 hypersensitive-induced response protein [Zea mays]

AAFG8381.1 hypersensitive-induced response protein [Zea mays]

actin 1 [imporied] - small naked osat ¢i|7211788|gblAAF40438.1]
ACTIN 87 >gi|100417|pir]|S20088 actin - potato

diacyiglycerol kinase (ATDGK1) [Arabidopsis thaliana]

superoxide dismutase (EC 1.15.1.1) (Cu-Zn) 2, chioroplast - wheat gi|1572627|gblAABG7991
SUPEROCXIDE DISMUTASE [CU-ZN} 4A

Null entry (no hit, or not blasted yef)
Null entry (no hit, or not blasted yet)
Null entry (no hit, or not blasted vet)

calnexin - maize (fragment) gij1181331|emb|CAA54678.1| ({77569) calnexin [Zea mays]
CALNEXIN HOMOLOG PRECURSOR

chitinase (EC 3.2.1.14) - wheat
class Hi chitinase [Oryza sativa subsp. japonica]

transcription factor [Oryza sativa]
ELONGATION FACTOR 1-ALPHA (EF-1-ALPHA)
transcription factor CRC [Arabidopsis thaliana]

Wheat pre-anthesis spike cDNA library Triticum aestivum ¢DNA clone WHE2320_B05_D10
Wheat pre-anthesis spike cDNA library Triticum aestivum cDNA clone WHE0858_D07_G13

Oryza sativa thymidine kinase (TK) mRNA, complete cds

PROTEIN KINASE G11A

adenosine kinase [Zea mays]

galactose kinase [Arabidopsis thaliana]

GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE, CYTOSOLIC
NBS-LRR type resistance protein - rice (fragment) gil2762238|gb|AABSE6894.1]

HEXOKINASE 1
HEXOKINASE 1
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Appendix

Control experiment where a typical western hybridization using the anti-phospho-
threonine and the secondary antibody is shown in A. In B, a western
hybridization is conducted on the same protein extracts using only the secondary

antibody, in order to determine the non-specific binding activity of this antibody.

Roblin Frontana
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