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ABSTRACT
Mitogen-activated protein kinase (MAPK) modules are implicated in plant
responses to biotic and abiotic stresses. Solanum lycopersicon MAP kinase LeMPK3
plays a vital role in tomato defense responses. TAB2 (a nucleoside diphosphate protein
kinase, NDPK) was shown to interact with LeMPK3. In this project, the function of the
genes in defense pathways that involve salicylic acid (SA) and Fumonisin B1 (FB1) have
been studied. While LeMPK3 was up-regulated, TAB2 was not, suggesting that TAB2 is
probably not involved in LeMPK3 pathway. LeMPK3 is an ERK-type MAP kinase. The
increased expression of LeMPK3 and SA or FB1 responsive genes was not significantly
altered by an ERK inhibitor, suggesting that LeMPK3 may not be involved in SAtriggered PR1 and FB1-triggered PDF1.2 expression. The effect of FB1, SA and the ERK
inhibitor treatment on the cell death of tomato leaves was also studied. ERK inhibitor
reversed the cell death induced by SA and FB1, suggesting that ERK-type MAPKs could
be involved in SA- and FB1-induced cell death process. The phosphorylation TXY site of
LeMPK3 was mutated. The full length of the

LeMPK3MUT was generated and the

mutation will be confirmed by sequencing. The findings may help in developing
strategies for disease resistance.
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CHAPTER I
INTRODUCTION

1.1. Protein phosphorylation and plant defense
Plant diseases are regarded as a huge problem in agricultural practice. Pathogens
may attack the leaves, stems, flowers, fruits or roots, via wounded tissue, stomata,
lenticels or the surface layer. The first defense line is the external structure, such as the
thick cell walls and epidermal wax layer. The defense can also involve various
biochemical and molecular mechanisms, such as the production of phytoalexins and the
regulation of protein phosphorylation (Xing et al., 2007).
The regulatory mechanisms of any plant-pathogen interaction are complex and
dynamic. One of the basic methods of post-translational modifications that occur in
eukaryotes and prokaryotes is protein phosphorylation, and it controls subcellular
location of proteins, their biological activity, stability, half-life time, and their interaction
with DNA and other proteins. Together, all of these will contribute to the final
effectiveness of a defense signal transduction pathway (Xing et al., 2002; Xing and
Laroche, 2011). Phosphorylation on serine, threonine, tyrosine and histidine residues may
affect protein-protein interactions, particularly protein complex and protein docking
formation (Cvetkovska et al., 2005).
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Figure 1.1: Protein phosphorylation is a pivotal process during plant–pathogen
interactions. Phosphorylation of a protein changes its behaviour, including its intrinsic
biological activity, subcellular location, half-life time, and interaction with other proteins.
The final efficiency of a defense mechanism that engages phosphorylation will be
determined by the collective effect of the complex phosphorylation machinery (Xing et
al., 2002).
1.2. MAP kinase cascade and defense response in plants
Normally, all eukaryotes have four classes of functionally related kinases that
appear as gene families, and these proteins are organized in hierarchical shape to work as
signal transmission cascades. The generally accepted pathway has the following
components:

Stimulus

Receptor

MAPKKKK

MAPK

Target

Response
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MAPKKK

MAPKK

MAPK cascades could be regulated by diverse stimuli such as pathogen attacks,
wounding, high or cold temperatures, high salinity, UV, ozone, reactive oxygen species
(ROS), drought, and high osmolarity (Cvetkovska et al., 2005). When an upstream
MAPKKKK or MAPKKK is activated by external stimuli, it activates downstream
MAPKKs through phosphorylation on serine and threonine residues in a conserved S/T–
X3–5–S/T motif, and then the MAPKKs activate downstream MAPKs through
phosphorylation on threonine and tyrosine residues in the TXY motif (Stulemeijer et al.,
2007). The activated MAPK will phosphorylate a variety of substrates including
transcription factors (TFs), other protein kinases, enzymes, and cytoskeleton-associated
proteins. It is believed that MAPK cascades are critical to plant growth and development
and to plant response to environmental stimuli (Nakagami et al., 2005; Qi and Elion,
2005; Stulemeijer et al., 2007; Xing and Jordan, 2000).
Defense response to pathogen infections may include regulation of redox chain,
hypersensitive response (HR) cell death, production of reactive oxygen species, systemic
acquired resistance (SAR), activation of pathogenesis-related (PR) genes and protective
genes (Cvetkovska et al., 2005).
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Figure 1.2: Dynamic regulatory mechanisms contribute to the final effectiveness of
MAPK pathways in plant defense. An extracellular signal is perceived by a receptor
system followed by the activation of MAPK cascades. The active mitogen-activated
protein kinase may activate other protein kinases, phosphorylate cytoskeletal components,
or translocate to the nucleus and activate transcription factors, thus altering the
expression of specific genes (Xing et al., 2002).
1.3. Solanum lycopersicum and the study of plant defense mechanisms
Tomato (Lycopersicon esculentum) is a popular model system for both
biochemical and molecular genetics studies (Rick and Yoder, 1988; The Tomato Genome
Consortium, 2012). In addition to the study of fruit development, tomato has been well
studied for disease resistance mechanisms. One of the better studied systems follows
'gene-for-gene' interaction, where a tomato Cf resistance gene product interacts with an
Avr gene product from fungal pathogen Cladosporium fulvum (Xing, 2007). The
interaction triggers complex defense reactions in tomato plants (Xing and Jordan, 2000).
4

Another well studied resistance gene in tomato is Pto, which confers 'gene-forgene' type of resistance to the bacterial pathogen Pseudomonas syringae pv. tomato
carrying the pathogen effector avrPto gene (Xing, 2007). In addition, this gene induces
tomato resistance to Xanthomonas campestris pv. vesicatoria and Cladosporium fulvum,
when over expressed (Xing et al., 2001; Ekengren et al., 2003). Pto-mediated resistance
triggers numerous signal transduction pathways to induce defense resistance, including
rapid changes in the expression of over 400 genes, oxidative burst and localized cell
death (Ekengren et al., 2003). Key genes involved in Pto-mediated resistance pathway
include two MAPKKs (MEK1 and MEK2), two MAPKs (NTF6 and WIPK, i.e. woundinduced protein kinase), NPR1 (a key regulator of systemic acquired resistance), and two
transcription factors (TGA1a and TGA2.2) (Ekengren et al., 2003).
MAPK pathways play a central role in plant defense against pathogen attacks in
other model plants and crop species (e.g. Arabidopsis, tobacco, parsley, rice and wheat)
(Xing et al., 2002; Xing and Laroche, 2011). More recent studies have shown that tomato
MAPKs LeMPK1, LeMPK2, and LeMPK3 are specifically activated in Cf-4/Avr4induced defense signaling in response to stress caused by the wound signaling peptide
systemin, oligosaccharide elicitors, UV-B radiation, and the fungal toxin fusicoccin
(Stulemeijer et al., 2007). In some cases, LeMPK1 as well as LeMPK2 are triggered in a
Pto-specific manner upon expression of AvrPto.
expression of LeMAPKKKα.

Also, they are triggered by the

LeMPK3 is triggered by UV-B, fungal and bacterial

elicitors, mechanical stress and wounding (Stulemeijer et al., 2007; Hamel et al., 2006;
Kandoth et al., 2007; Nakagami et al., 2005). LeMKK2 and LeMKK4 serve a critical
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role in the phosphorylation of LeMPK1 and LeMPK2 in vivo and they also phosphorylate
LeMPK3 weakly (Kandoth et al., 2007).
tMEK2, currently named LeMKK2, has been studied by the Xing lab. Previous
work with tMEK2WT (wild-type) and tMEK2MUT (constitutively activated) in a tomato
protoplast system and in transgenic plants indicated that tMEK2MUT overexpression
enhanced the expression of TAB2 (a nucleoside diphosphate protein kinase, NDPK), ER5
(a wound-inducible gene), PR1b1, PR2, PR3, and Twi1 (a pathogenesis-related genes)
(Xing et al., 2001, 2008). Recent phospho-proteomics analysis has revealed that when
tMEK2 pathway was activated, a group of proteins were more phosphorylated including
a superoxide dismutase, peptidyl-prolyl isomerase, nucleoside diphosphate kinase, acylCoA-binding protein, GrpE protein, phosphoglycerate mutase, calreticulin (CRT),
ribonucleoprotein, glutathione peroxidase, plastocyanin, and ubiquitin conjugating
enzyme (E2/UBC) (Thurston et al., 2005; Xing and Laroche, 2011). tMEK2MUT
overexpression enhanced tomato resistance again bacterial pathogen Pseudomonas
syringae pv. tomato (Xing et al., 2001; Xing et al., 2008).
Despite the huge number of known tomato MAP kinases (Table 1.1) encoded in
the plant genome, only a very small number have an assigned function (Kandoth et al.,
2007; Melech-Bonfil and Sessa, 2010; Nakagami et al., 2005). In tomato leaves,
MAPKKKα overexpression activates MAPKs and MAPKKs, causing pathogenindependent cell death; for this reason, MAPKKKα is regarded as a positive regulator of
cell death in tomato (Solanum lycopersicum) (Oh and Martin, 2011). Tomato MAPKKKε
is also a positive regulator of cell death (Melech-Bonfil and Sessa, 2010).
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Name

Unigene Identifier

TXY

Residues

LeMPK1

SGN-U316697

TEY

397

LeMPK2

SGN-U316695

TEY

395

LeMPK3

SGN-U313928

TEY

374

LeMPK4

SGN-U323634

TEY

373

LeMPK5

SGN-U313996

TEY

281

LeMPK6

SGN-U313995

MEY

377

LeMPK7

SGN-U323219

TEY

380

LeMPK8

SGN-U318773

TEY

371

LeMPK9

SGN-U316113

TEY

373

LeMPK10

SGN-U317229

TDY

576

LeMPK11

SGN-U322516 and TC168576

–

395

LeMPK12

SGN-U318438

TDY

622

LeMPK13

SGN-U316366 and SGN-316367

TDY

596

LeMPK14

SGN-U318361

TDY

496

LeMPK15

SGN-U332259

–

207

LeMPK16

SGN-U318101

TDY

576

Table1.1: Tomato MAPKs (from Stulemeijer et al., 2007).
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Gene

Biological functions

LeMPK1

Elicitor signaling, UV-B

LeMPK2

Elicitor signaling, UV-B

LeMPK3

UV-B, fungal and bacterial elicitor signaling, mechanical stress,
wounding

LeMKK2

Bacterial elicitor signaling, cell death

LeMKK4

Bacterial elicitor signaling, cell death

LeMAPKKKα

Bacterial elicitor signaling , cell death

Table 1.2: A list of tomato MAPKs, MAPKKs or MAPKKKs in various biological
processes (summarized from Nakagami et al., 2005; Kandoth et al., 2007).
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1.4. Programmed cell death
Programmed cell death (PCD) has been observed in all multicellular organisms,
and it means death of a cell in any form, mediated by an intracellular program. This
strategy is essential for the organisms to free themselves of unwanted, damaged, or
infected cells. This cellular process is also regulated by plants during tissue growth,
development, reproduction, and in response to pathogen attacks (Greenberg, 1996; Plett
et al., 2009; Xing et al., 2005).

1.5. My project
Pathogens infect plants and cause yield loss. The regulation mechanisms of any
plant-pathogen interactions are complex and dynamic. One of the defense mechanisms is
mediated by MAPK pathways. In our previous work, tMEK2MUT, a constitutively
activated mutant of tomato MAPKK tMEK2 was created by replacing S-221 and T-226
between sub-domains VII and VIII with D (Xing et al., 2001, 2008). Its overexpression
enhanced resistance to bacterial pathogen P. syringae in tomato (Xing et al., 2008), and
enhanced resistance to leaf rust in wheat (Xing, 2007).
The recognition of the molecules and the docking interaction is achieved through
the docking groove and scaffold proteins. The Kinase Interaction Motif (KIM, [K/R](3-4)X(1-6)-[L/I]-X-[L/I]) sequence mediates interaction with many MAPKs, predominantly
ERK1 and ERK2 members (see Xing et al., 2008 for details). TAB2, a nucleoside
diphosphate protein kinase (NDPK), is a tMEK2 downstream component and it contains
a KIM motif (KKGFSLKGLKLI). We created TAB2DM, a mutated TAB2 at its KIM
(replacing the positively charged K-21 and K-22 with negatively charged D) (Xing et al.,
9

2008). When TAB2DM and tMEK2MUT were co-transfected in tomato protoplasts, we
found that this mutation at KIM significantly reduced tMEK2MUT-induced up-regulation
of PR1b1, β-1,3-glucanase and endochitinase genes, suggesting that TAB2 interacts with
a downstream MAPK (Xing et al., 2008). Further protein-protein interaction analysis has
indicated that TAB2 is downstream of LeMPK3 in tMEK2 disease resistance pathway
(Xing et al., 2008). Overexpression of TAB2 in tomato enhanced resistance to
virulent Pseudomonas syringae pv. Tomato (Xing et al., 2008). So far, we have a linear
pathway consisting of tMEK2, LeMPK3 and TAB2.
My research hypothesis:
In my work, I will mainly test two hypothesis. (1) There are correlations between
the expression of these tMEK2 pathway components and the expression of other genes,
and the correlation may or may not be reflected at protein interaction level. (2) LeMPK3
mediates SA-induced defense response and FB1-induced cell death process.

My main objectives:
(1) analyze gene expression level of leMPK3 under biotic stresses by RT-PCR;
(2) study LeMPK3 downstream components (e.g. TAB2);
(3) analyze cellular responses when MAPK pathways are interrupted;
(4) study interactive proteins of this tMEK2 pathway.
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1.5.1. SA treatment and PR1 gene
Salicylic acid (SA) plays a critical role in plant life but was only confirmed as an
endogenous plant signaling molecules within the last few decades. The best understood
function of SA in plants is as a mediator of defense responses both locally and
systemically. Many of these effects are mediated by NPR1, which has emerged as the key
activating component of the plant response to biotrophic and hemibiotrophic pathogens
(those that do not immediately kill the host cell as part of the infection process). SA has
other effects on plant growth, development, and abiotic stress responses, but these are not
as well defined at the molecular level (Chen et al., 2009). The study of SA is immensely
important because SA is a cornerstone of plants’ ability to defend against microbial
pathogens; without it, they would be seriously compromised. Exogenous application of
SA on healthy tomato seedlings increases plant resistance against purple top phytoplasma
infection (Wu et al., 2012). Treatment of leaves with SA may lead to transcriptional
reprogramming of tomato LeMPK3 and cause LeMPK3 up-regulation in early stages (Wu
et al., 2012). Furthermore, the signaling pathways of both SA and LeMPK3 are involved
in tomato resistance against bacterial wilt caused by the soil-borne bacterium Ralstonia
solanacearum (Chen et al., 2009).
In general, the pathogenesis-related (PR) protein family has been used as markers
of plant defense response. One of the most commonly used is PR1, which encodes a basic
protein; its expression is triggered by the SA-dependent pathway (Mitsuhara et al., 2008).
Activation of the SA pathway induces basal and R gene-mediated biotrophic pathogen
defense in Arabidopsis (Zarate et al., 2007). PR1 will be used as an SA responsive gene
and serve as a positive control of SA effect in my project.
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1.5.2. FB1 treatment and PDF1.2 gene
Fungal toxin fumonisin B1 (FB1) is a cell death-eliciting toxin produced by the
necrotrophic fungal plant pathogen Fusarium moniliforme (Stone et al., 2000). It triggers
PCD in animals and in Arabidopsis (Asai et al., 2000). In eukaryotes, FB1 inhibits
ceramide synthase and disrupts sphingolipid metabolism (Desai et al., 2002). Ceramide
synthase is an essential enzyme involved in the biosynthesis of sphingolipids, which play
various roles in cellular functions (Young et al., 2012).
Defense-related proteins are another important antimicrobial family. These
proteins are known for their ability to inhibit a variety of infections including oomycetes,
fungi, bacteria, viruses, or insect attacks by affecting their growth and morphological
development (Van Loon et al., 2006). PDF1.2 is a tomato defensin (also called gammathionin), and it will be used as a positive control of FB1 effect in my project.
1.5.3. ERK inhibitor treatments
There are three different groups of MAPKs: extracellular signal-regulated kinase
(ERK-type MAPKs), c-Jun N-terminal kinase/stress-activated protein kinases (JNKs),
and p38 kinases (Cvetkovska et al., 2005). The ERK family can regulate cell growth and
differentiation via distinct signal transduction pathways in mammalian cells (Chuang et
al.,

2000).

3-(2-Aminoethyl)-5-((4-ethoxyphenyl)

methylene)-2,4-thiazolidinedione

hydrochloride (ERKI), which is also an ERK-docking domain inhibitor, was administered
24 h after stress-induced activation of ERK1/2 signaling pathway in rats (Yang et al.,
2012). This ERKI effectively blocked the ERK1/2-mediated phosphorylation of Elk-1
(Yang et al., 2012). LeMPK3 belongs to the ERK family. ERK docking domain inhibitor
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will be applied in this study to determine whether SA- and FB1-induced response is
mediated by an ERK-type MAP kinase.
This project was carried out on the LeMPK3 tomato gene SGN-U313928 for its
role in plant defense. It is hoped that this work will provide new insight into diverse
aspects of MAPK pathways to aid in our comprehensive and molecular understanding of
the complex defense system.
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CHAPTER II
MATERIALS AND METHODS
2.1. Plant growth conditions
Tomato (Lycopersicon esculentum cv. Bonny Best) seeds were obtained from
Ritchie Feed & Seed Inc. (Ottawa, Ontario). The seeds were sterilized in 70% ethanol for
2 minutes and then in a solution of 100% bleach with 10 μL Triton-X 100 for 8 minutes.
Then seeds were rinsed 10 times with autoclaved double distilled water. The seeds were
planted in pots filled with the autoclaved Pro-mix BX soil (Ritchie Feed & Seed Inc.,
Ottawa, Ontario) and placed in the long day growth chamber (16 hours light at 22ºC and
8 hours darkness at18ºC, ENCONAIR Technologies Inc, Winnipeg, Manitoba) for four
weeks with watering as needed.
2.2. Treatment methods
2.2.1. Infiltration
At the end of the fourth week, the tomato seedlings were removed from the soil,
and three to four leaves were collected and vacuum infiltrated with the corresponding
chemicals at indicated concentrations for 30 minutes. After 30 minutes of infiltration, the
leaves were collected, placed into sterile RNase-free Falcon tubes, snap-frozen in liquid
nitrogen and stored at -80ºC. The rest of the leaves were placed on filter paper in Petri
dishes containing the same chemicals at the same concentration, then transferred to the
chamber and maintained for 30m, 60m, 2h, 4h, 24h, and 48h. Tissues were collected at
different time points, as indicated in the experiments, placed into sterile RNase-free
Falcon tubes, snap-frozen in liquid nitrogen, and stored at -80ºC.
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2.2.2. Q-tip and spray
In the Q-tip and spray approaches, the tomato seedlings were selected based on
the similarity in physical characteristics (similar green color, length, size, and health
condition). The cotton Q-tip was used to apply FB1 solution to every single tomato leaf,
and SA solution was sprayed onto each tomato leaf. Wiping FB1 and spraying SA on
tomato leaves was repeated at least three times to ensure their entry through stomata.
The treated plants were transferred to the chamber and grown there to maintain
the photosynthesis process. Tissues were harvested from treated leaves at different time
points as indicated in experiments (0m, 30m, 60m, 2h, 4h, 24h, and 48h). Then, the
samples were placed in sterile RNase-free Falcon tubes, snap-frozen in liquid nitrogen,
and stored at -80oC.
The frozen samples were used for RNA extraction. Table 2.1 below shows the
name of the treatments that have been used in my project and their concentrations. In
some experiments, SA and FB1 were combined with other treatments (i.e. SA + ERKI,
FB1 + ERKI).
Treatment

Concentration

FB1

5μM

SA

100μM

ERKI

250μM

Table 2.1: The different treatments used and their corresponding concentrations.
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2.3. RNA extraction
Before RNA extraction, mortars and pestles were sterilized by incubation in
DEPC-treated distilled water overnight, followed by autoclaving to remove any
contaminating RNase. Approximately 0.1 g of frozen leaf samples were ground in liquid
nitrogen with sterilized mortars and pestles until the tomato tissues became fine powder.
The fine powder was placed in RNase-free Eppendorf tubes.
The leaf tissues were homogenized in 1 mL of TRIzol Reagent Kit (Life
Technologies, USA) and incubated at room temperature for 5 min to permit the complete
dissociation of nucleoprotein complexes. About 200 μL of chloroform was added, and
the mixture was shaken vigorously for about 15s. The sample was then incubated for 3
min at room temperature. After incubation, the sample was centrifuged using 5804R
Eppendorf centrifuge at 12,000g for 15 min at 4ºC. Following centrifugation, three
separate layers formed: a colorless upper aqueous phase, an interphase, and the phenol–
chloroform phase. The upper colorless layer that contained the RNA was transferred to a
new tube and 500 μL isopropyl alcohol was added. Then, the sample was incubated for
10 min at room temperature and centrifuged at 12,000g for 10 min at 4ºC. The
supernatant was carefully removed using a pipette, and the resulting pellet (RNA) was
washed with 500 μL 75% ethanol and vortexed for proper mixing. The sample was then
centrifuged at 7,500g for 5 min at 4ºC. Ethanol was then removed, and the pellet was
dried at room temperature for 10 min. This pellet was then dissolved in 25 μL RNasetreated water and broken up mechanically using a pipette tip. It was then incubated at
60ºC for 10 min in a water bath. RNA concentration was measured using a 15 Nanodrop
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ND-1000 spectrophotometer (ThermoFisher Scientific, USA). The sample was stored at 20ºC.
2.4. DNase treatment
Following TRIzol extraction, 1 μg of RNA sample was treated in an RNase-free
0.5mL microcentrifuge tube with 1 μL of 10x DNase I reaction buffer (100mM Tris-HCL
(pH7.5), 25mM MgCl2, 5mM CaCl2), and 1 μL of the DNase I (Amplification
Grade1U/μL, Life Technologies, Burlington, Ontario) to remove genomic DNA
contamination from RNA samples. DEPC-treated water was added to bring the sample
volume to 10 μL. Then the samples were incubated at 15-30oC for 15 min, then at 4oC for
2 min. One μL of 25 mM EDTA (pH 8.0) was added into each tube, and then these tubes
were heated at 65oC for 10 min in a thermal cycler and stored at -20ºC. In the end, RNA
concentration

was

measured

using

a

NanoDrop

ND-1000

spectrophotometer

(ThermoFisher Scientific, USA).
2.5. cDNA synthesis
cDNA synthesis was carried out using Cloned AMV First-Strand cDNA Synthesis
Kit (Life Technologies, Burlington, Ontario). One μL of oligo (dT) 20, 1μg -5 μg of RNA,
2 μL of 10mM dNTP mix were added in a 0.2 or 0.5 mL tube. The volume was brought
up to12 μL with DEPC-treated water. The samples were heated at 65ºC for 5 min in a
thermal cycle and then placed on ice for 2 min. To synthesize the first strand of the
cDNA 4 μL of 5x cDNA synthesis buffer, 1 μL of 0.1M DTT, 1 μL of RNase OUT
(40U/μl), 1 μL DEPC-treated water, and 0.5 μL of Cloned AMV RT (15 units/μL) were
added to the samples. The samples were heated at 48ºC for 48 min, followed by 85ºC for
5 min in a thermal cycler. Finally, DNA concentrations in the samples were measured by
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NanoDrop ND-1000 spectrophotometer (ThermoFisher Scientific, USA) and then stored
at -20oC.
2.6. Primer design
Primer sequences were designed based on the sequence information from the
NCBI database (GenBank) using Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/index.cgi?LINK_LOC=NcbiHomeAd). Table 2.2 lists the primers for RTPCR.
Gene

Forward primer

Reverse primer

Actin

5’-TGGCATCATACTTTCTACAA
TG-3’

5’-CTAATATCCACGTCACATTTCAT-3’

LeMPK3

5’-GATCGGATCCATGGTTGA
TGC TAATATGGG -3’

5’-GATCCT CGAGTTAAGCATATTCAG
GATTCAACG-3’

TAB2

5’-AAGCTCATTACTGTGGACC
GTGCCT-3’

5’- TCCTTCAGGGAACCAAAG AGCGA3’

PR1

5’- CCAAGACTATCTTGCGGT
TC -3’

5’- GAACCTAAGCCACGATACCA -3’

PDF1.2

5’- GGCAAACTCCATGCGTTTA
T-3’

5’-TCTCACATACCGAGGCACAA -3’

Table 2.2: List of primers used for RT-PCR.

18

2.7. RT-PCR (reverse transcription polymerase chain reaction)
In the 0.2 or 0.5mL tube, 2.5 μL of 10x PCR Reaction Buffer, 2 μL of 25mM
MgCl2, 0.75 μL of 10mM dNTPs, 0.75 μL of FW (forward) primer, 0.75 μL of RV
(reverse) primer, and 0.3 μL Taq DNA polymerase (Life Technologies, Burlington,
Ontario) were added gradually, and the amplification was performed in a PTC 200
thermal cycler (Life Technologies, Burlington, Ontario).
2.7.1. Actin RT-PCR
Actin gene was used as an internal standard for the adjustment of loading amount
of different samples. RT-PCR protocol for tomato actin was as follows: Cycle 1 (1x) Step
1: 94°C for 3 minutes. Cycle 2 (28x): Step 1: 94°C for 45 seconds (DNA denaturing);
Step 2: 60.2°C for 1 minute (primer annealing); Step 3: 72°C for 90 seconds (DNA
fragment extension). Cycle 3 (1x): 72oC for 10 minutes (extension). Cycle 4: 4 oC
forever. The size of the actin gene PCR product was around 600 bp.
2.7.2. PR1 and PDF1.2 RT-PCR
RT-PCR of tomato PR1 and PDF1 was included in this work and the two genes
served as positive control of SA and FB1 treatment (i.e. as marker genes). Tomato PR1
RT-PCR protocol was as follows: Cycle 1(1x) Step 1: 95°C for 1 minute. Cycle 2 (40x):
Step 1: 95°C for 15 seconds; Step 2: 60°C for 15 seconds; Step 3: 72°C for 15 seconds.
Cycle 3 (1x): 72oC for 10 minutes. Cycle 4: 4oC forever. The size of the PR1 RT-PCR
product was 423 bp.
Amplification protocol for tomato PDF1.2 gene was as follows: Cycle 1(1x) Step
1: 95°C for 1 minute. Cycle 2 (35x): Step 1: 95°C for 15 seconds; Step 2: 66.9 °C for 30
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seconds; Step 3: 64°C for 30 seconds; Step 4: 72°C for 45 seconds. Cycle 3 (1x): 72 oC
for 7 minutes. Cycle 4: 4 oC forever. The size of PDF1.2 RT-PCR product was 469 bp.
2.7.3. LeMPK3 and TAB2 RT-PCR
Amplification protocol for tomato LeMPK3 gene was as follows: Cycle 1(1x)
Step 1: 95°C for 1 minute. Cycle 2 (35x): Step 1: 95°C for 15 seconds. Step 2: 63.5°C for
30 seconds; Step 3: 72°C for 45 seconds. Cycle 3 (1x): 72oC for 7 minutes. Cycle 4: 4 oC
forever. The size of LeMPK3 RT-PCR product was 1122 bp. RT-PCR of TAB2 was
carried out under the same conditions except that melting temperature for TAB2 was
64.8°C. The size of TAB2 RT-PCR product was 500 bp.
RT-PCR products were fractionated in 1% agarose gels with 1x TAE buffer to
check the size of the PCR products. Ethidium bromide was added to the agarose gel and
PCR products were visualized under UV light.
2.8. Microscopic detection of cell death
Ten mL of ethanol-lactophenol-trypan blue were prepared by mixing 2 volumes
of ethanol, 1 volume each of phenol, glycerol, lactic acid, and distilled water (1:1:1:1)
followed by 0.05% of trypan blue. The leaves were placed in 15 mL Falcon tubes and
covered with the ethanol-lactophenol-trypan blue. The samples were incubated at 95oC
for 4 min and then kept at room temperature for 20 min. The staining solution was
removed, and 1.5 mL chloral hydrate destaining solution (2.5g/mL H2O) was added to
each tube. The leaves were cleared for 2 days, with replacing the destaining solution
twice. Destained leaves were suspended in 50% glycerol and examined under Axioplan 2
microscope (Carl Zeiss, Germany) with white light.
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2.9. PCR-directed mutagenesis
The primers used in this experiment were designed to contain restriction enzyme
cleavage sites, so the PCR product can be inserted into multiple cloning sites of vectors.
Table 2.3 lists the pairs of primers used for LeMPK3 mutagenesis and the restriction
enzyme cleavage sites they contained.

LeMPK3 Mid mut FOR 5-GGAAGAAGATGTAGTAACCAGATGG-3
-BamHI and NcoI
LeMPK3 end REVSalI and SmaI

5-ATCCCGGGGTCGACTTAAGCATATTCAGGAT
TCAACGCC-3

LeMPK3 Mid mut
REVSalI and SmaI
LeMPK3 head FORBamHI and NcoI

5-CCATCTGGTTACTACATCTTCTTCC-3
5-CGGATCCATGGATGGTTGATGCTAATATGGG
TGCTGC-3

Table 2.3: Primers used for LeMPK3 mutagenesis.

In PCR-directed mutagenesis, two pairs of primer, LeMPK3 Mid mut FOR plus
LeMPK3 end REV and LeMPK3 head FOR plus LeMPK3 Mid mut REV, were run in
the first round of PCR. The amplification protocol for these genes was as follows: Cycle
1(1x) Step 1: 95°C for 1 minute. Cycle 2 (35x): Step 1: 95°C for 15 seconds. Step 2:
60°C for 30 seconds; Step 3: 72°C for 45 seconds. Cycle 3 (1x): 72oC for 7 minutes.
Cycle 4: 4 oC forever. The size of PCR product was tested using agarose gel
electrophoresis. To ensure the purity of these bands, they were cleaned using a gel and
PCR clean-up system.
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2.10. Gel and PCR clean-up system
Following gel electrophoresis PCR product was visualized using a longwavelength UV lamp. DNA fragment of interest was excised using a clean razor blade.
Wizard® SV Gel and PCR Clean-Up System (Promega, USA) was used for PCR product
extraction from the gel slides. Membrane Binding Solution was added at a ratio of 10μL
of solution per 10mg of agarose gel slice. The mixture was vortexed and incubated at 50–
65°C for 10 min or until the gel slice is completely dissolved. After that, the tube was
vortexed every few minutes to increase the rate of agarose gel melting. The tube was
centrifuged briefly at room temperature to ensure the contents were at the bottom of the
tube. The dissolved gel mixture was transferred to the SV Minicolumn assembly and
incubated for 1 min at room temperature. The SV Minicolumn assembly was centrifuged
in a microcentrifuge at 16,000g for 1 minute. Then the SV Minicolumn was removed
from the Spin Column assembly and the liquid in the Collection Tube was discarded. The
SV Minicolumn was re-connected to the Collection Tube.
The column was washed by adding 700μL of Membrane Wash Solution to the SV
Minicolumn. The SV Minicolumn assembly was centrifuged for 1 min at 16,000g. The
Collection Tube was emptied as before and the SV Minicolumn was placed back in the
Collection Tube. Next, the wash with 500μl of Membrane Wash Solution was repeated
and the SV Minicolumn assembly was centrifuged for 5 minute at 16,000g. The
Collection Tube was emptied and the column assembly was centrifuged again for 1 min
with the microcentrifuge lid open (or off) to allow evaporation of any residual ethanol.
The SV Minicolumn was transferred to a clean 1.5 mL microcentrifuge tube. Then, 50μL
of Nuclease-free water was added, with the pipette tip, directly to the center of the
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column without touching the membrane. Following incubation at room temperature for 1
min, the column assembly was centrifuged for 1 minute at 16,000g. Finally, the
microcentrifuge tube containing the eluted DNA was stored at 4°C or -20°C.
After obtaining the two bands, a second round of PCR was carried out. This time,
the primers were the first and the second halves of the gene generated during the first
round PCR. In both the first and second rounds, 35 cycles were run, as previously
indicated. After the size of PCR product was checked by agarose gel electrophoresis it
was cleaned up using Wizard SV Gel and PCR Clean-Up System (Promega, USA).
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CHAPTER III
RESULTS
The main interest of this research project is to study the relationship between
LeMPK3, TAB2 and tMEK2 in plant defense response in tomato. In previous studies of
MAPK pathways, tMEK2 (or called LeMEK1 or LeMKK1) has been used as a model
system. Its overexpression in tomato, Arabidopsis or wheat has been shown to increase
plant diseases resistance (Xing, 2007). Previous investigation has identified some
downstream proteins that were phosphorylated and activated by tMEK2 in tomato
(Thurston et al., 2005). Thus, in this report we will study some of these proteins.
Specifically we will focus on studying LeMPK3 as it is a downstream component of
tMEK2 (Xing et al., 2008).
LeMPK3 is upstream of TAB2, and it directly interacts with TAB2 at the protein
level (Xing et al., 2008). Both LeMPK3 and TAB2 genes are activated when tomato
leaves were challenged by the virulent strains of bacterial pathogen Pseudomonas
syringae pv. tomato (Stulemeijer et al., 2007; Xing et al., 2008; Xing, unpublished).
Previous work in our lab has indicated that the phosphorylation level of TAB2 was
enhanced when tMEK2 was constitutively activated and TAB2 was involved in tMEK2mediated disease resistance (Xing et al., 2008).
3.1. Bioinformatic analysis
Genevestigator consists of collection of curated experiments that are analyzed
individually, as well as integrates all experiments and their analysis across experiments in
multiple laboratories without a universal growth and treatment conditions. Genevestigator
thus use a few strategies to to normalize these data. Effort includes the consideration of
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experimental design, number of arrays, and diversity of tissue types. Genevestigator
database hosts data from a variety of platforms as well.
In Genevestigator database, in which microarray data can be mined, data for
Solanum lycopersicum LeMPK3 (AY261514), our gene of interest, were not available. In
Arabidopsis thaliana, on the other hand, the genome has been sequenced, annotated, and
extensively studied. Due to the advantages of Arabidopsis thaliana for basic research in
cellular, genetics, and molecular biology, this plant is a model organism for the study of
plant-pathogen interactions. Thus, LeMPK3 homolog in Arabidopsis thaliana was
examined.
3.1.1. Phylogenetic trees of Solanum lycopersicum LeMPK3 and Arabidopsis thaliana
MAPKs
One homolog gene, AtMPK3 (AT3G45640), was found to have the highest
nucleotide sequence similarity to the Solanum lycopersicum LeMPK3 gene when using
the BLAST tool from NCBI (http://www.ncbi.nlm.nih.gov) (Figure 3.1). The
phylogenetic trees of the Arabidopsis MAPKs and the Solanum lycopersicum LeMPK3
are represented below (Figure 3.2 and 3.3). This analysis seems to indicate that
Arabidopsis AtMPK3 (AT3G45640) is most homologous to Solanum lycopersicum
LeMPK3 at the DNA level, while AtMPK6 (AT2G43790.1) is most homologous to
Solanum lycopersicum LeMPK3 at the amino acid level. The phylogenetic trees were
generated using the Phylogeny.fr tool (http://www.phylogeny.fr/version2 _cgi).
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Figure 3.1: The similarity of the nucleotide sequences between Solanum lycopersicum
LeMPK3 (AY261514) and Arabidopsis thaliana AtMPK3 (NM_114433.2/AT3G45640)
gene. This figure was generated using the BLAST tool from NCBI (http://www.ncbi.
nlm.nih.gov).
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Figure 3.2: The phylogenetic tree of Solanum lycopersicum LeMPK3 with Arabidopsis
thaliana MAPKs based on nucleotide sequences. Solanum lycopersicum LeMPK3 and
Arabidopsis thaliana AtMPK3 are most homologous. The phylogenetic tree was
generated using the Phylogeny.fr tool (http://www.phylogeny.fr/version2_cgi/simple
_phylogeny.cgi).
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Figure 3.3: The phylogenetic tree of Solanum lycopersicum LeMPK3 with
Arabidopsis

thaliana

MAPKs

based

on

amino

acid

sequences.

Solanum

lycopersicum LeMPK3 and Arabidopsis thaliana AtMPK6 are homologous. The
phylogenetic tree was generated using the Phylogeny.fr tool (http://www.phylogeny.fr/
version2_cgi/simple_phylogeny.cgi).
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3.1.2. Nucleotide sequence alignment and amino acid sequences alignment
of Solanum lycopersicum leMPK3 with Arabidopsis thaliana AtMPK3 and AtMPK6
Alignment analysis of Solanum

lycopersicum

leMPK3 and Arabidopsis

thaliana AtMPK3 and AtMPK6 are presented below (Figure 3.4 , 3.5, 3.6, and 3.7). At
the DNA level, the alignment seems to agree to the phylogeny tree results. At the amino
acid level, it seems that LeMPK3 are much more homologous to AtMPK6 than to
AtMPK3.
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Figure 3.4: Nucleotide sequence alignment of Solanum lycopersicum leMPK3 and
Arabidopsis thaliana AtMPK3. Nucleotide sequences that are shaded in black are shared
by at least two sequences.
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Figure 3.5: Nucleotide sequence alignment of Solanum lycopersicum leMPK3 and
Arabidopsis thaliana AtMPK6. Nucleotide sequences that are shaded in black are shared
by at least two sequences.
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Figure 3.6: Amino acid sequence alignment of Solanum lycopersicum leMPK3 and
Arabidopsis thaliana AtMPK3. Amino acids that are shaded in black are shared by at
least two sequences.
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Figure 3.7: Amino acid sequence alignment of Solanum lycopersicum leMPK3 and
Arabidopsis thaliana AtMPK6. Amino acids that are shaded in black are shared by at
least two sequences.
To investigate possible functions of tomato LeMPK3, bioinformatic tools and
resources were applied to the analysis of Arabidopsis two closest homologs in terms of
co-expression, prediction of protein-protein interactions (PPI), and the mining of the
expression profiles under different treatments. AtMPK3, AtMPK6 and AtNDPK were
studied. The following approaches were taken.
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3.1.3. Co-expression analysis tool
The gene co-expression pattern was used to identify the expression level and the
co-expressed genes, which might facilitate identifying the biological function of the
genes.
3.1.4. protein-protein interaction prediction tool
STRING (http://string-db.org) database was applied to the prediction of proteinprotein interactions (PPI) and the identification of proteins that probably interact with the
protein of interest.
Data mining with STRING is based on multiple themes. The prediction comes
from previous knowledge (e.g. PubMed), transferring knowledge from other organisms,
genomic context, high-throughput experiments, and conserved co-expression. The
prediction uses information from 1133 organisms and covers 5,214,234 proteins. It
claims

to

integrate

interaction

data

quantitatively

from

these

sources.

Normally, we would expect that protein interaction is at the level of direct physical
contact. However, STRING takes the view that proteins do not necessarily need to
undergo a stable physical interaction to have a specific, functional interplay; they can
catalyze subsequent reactions in a metabolic pathway, regulate each other
transcriptionally or post-transcriptionally, or jointly contribute to larger, structural
assemblies without ever making direct contact. Together with direct physical interactions,
such indirect interactions constitute the larger superset of ‘functional protein-protein
associations’ or ‘functional protein linkages’. Thus, it is likely that the prediction is not
only based on interactive domains but is also based at 'functional' levels.
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3.1.5. Motif analysis tool
The motif analysis using the ScanSite tool (http://scansite.mit.edu) assists the
recognition of motifs in protein sequences, which may suggest possible functions and the
regulatory mechanisms of the protein.
3.1.6. The perturbation tool
The perturbation tool in Genevestigator provides a summary of gene expression
responses to a wide variety of perturbations, such as chemicals, pathogens, hormones,
other stresses, and mutations. In this tool, the gene expression responses are calculated as
log ratios between experimental and control samples, and the resulting values thus reflect
up- or down-regulation of genes and are given as ratios (linear scale) or log ratios (log2
scale).
In statistical significance testing, the p-value is the probability of obtaining a test
statistic result at least as extreme as the one that was actually observed, assuming that the
null hypothesis is true, and it is used in the context of null hypothesis testing in order to
quantify the idea of statistical significance of evidence (http://en.wikipedia.org). In
Genevestigator, p-value is provided for the determination of significance of difference in
gene expression levels. In the program, the p-value threshold is 0.05.
3.1.7. Anatomy and development tool
The anatomy and development tool shows the expression profiles of the genes
across different stages of development or in different tissues.
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3.1.8. Analysis of AtMPK3 (AT3G45640)
In Figure 3.8, the target gene was Arabidopsis AtMPK3, which was highly
homologous to Solanum lycopersicum LeMPK3. According to the calculation of the
Pearson’s correlation coefficients for gene pairs, a total of 25 genes could co-expressed
with AtMPK3. It is noticeable that NSL1(Necrotic Spotted Lesions1 AT1G28380), which
is related to cell death, and leucine-rich repeat transmembrane protein kinase
(AT2G31880), which is related to protein kinase family, are the most correlated genes to
Arabidopsis AtMPK3 as they had higher correlation coefficients.
A

B

Figure 3.8: A. The co-expression analysis of AtMPK3 gene; B. Description of the most
correlated genes to AtMPK3 (top 25). The image was generated using pre-existing
transcriptome data obtained from Genevestigator database.
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AtMPK3 was analyzed using STRING. Figure 3.9 represents 10 potential
AtMPK3-interactive proteins. Interactions may occur between AtMPK3 and transcription
factors WRKY22, WRKY 33 and WRKY53. AtMPK3 are also predicted to interact with
other proteins, such as NDPK (nucleoside diphosphate protein kinase), ATMPK1
(Arabidopsis thaliana MAPK1), PP2C5 (Arabidopsis thaliana phosphatase 2C5), MKP2
(Arabidopsis thaliana MAPK phosphatase 2), and MKK4 (Arabidopsis thaliana
MAPKK4). Table 3.1 summarizes the prediction and the functions of co-occurred
proteins.

Figure 3.9: Proteins that are predicted to co-occur with AtMPK3. Purple lines indicate
that the interactions are supported by experimental evidence. Data were obtained using
STRING (http://string-db.org).
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Protein ID

Manner of Prediction

Main Function

References

ATMKK4

Arabidopsis thaliana
Mitogen-Activated
Protein Kinase
Kinase 4

Co-expression/
Experiments/
Databases/
Homology

Involved in innate
immunity

(Braun et al.,
2011)

WRKY22

Member of the plant
WRKY Transcription
Factor Group

Co-expression/
Databases /
Text mining

(Asai et al.,
2002)

MKP2

Mitogen-Activated
Protein Kinase
Phosphatase 2

Experiments/
Text mining

Involved in the
expression of defense
genes in innate immune
response of plants
Encodes a nuclearlocalized MAP kinase
phosphatase

PP2C5

Arabidopsis thaliana
Phosphatase 2C5

Experiments/
Text mining

Involved in protein
amino acid
dephosphorylation

(Brock et al.,
2010)

PUB24

Plant U-Box 24

Co-expression/
Text mining

Functions as an E3
ubiquitin ligase

(Jensen et al.,
2009)

WRKY33

Member of the plant
WRKY Transcription
Factor Group

Co-expression/
Text mining

Involved in response to
various abiotic stresses

(Mao et al.,
2011)

WRKY53

Member of the plant
WRKY Transcription
Factor Group

Co-expression/
Text mining

Regulates the early
events of leaf
senescence

(Jensen et al.,
2009)

NDPK

Nucleoside
Diphosphate Protein
Kinase 2

Experiments /
Text mining

Involved in
phytochrome-mediated
light signaling

(Moon et al.,
2003)

ATMPK1

Arabidopsis thaliana
Mitogen-Activated
Protein Kinase1

Encodes ATMPK1

(Ulm et al.,
2002)

CRK10

Arabidopsis thaliana
Cysteine -Rich Rlk10

Co-occurance/
Experiments /
Text mining/
Homology
Co-expression/
Homology

Encodes a receptor-like
protein kinase

(Jensen et al.,
2009)

(Lumbreras et al.,
2010)

Table 3.1: Summary of prediction and function of proteins that co-occur with AtMPK3.
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Using the ScanSite tool (http://scansite.mit.edu), motif analysis of Arabidopsis
AtMPK3 has indicated the presence of six possible protein phosphorylation sites (at T87,
T180, T679, T795, T852, and T953) (Figure 3.10). The Baso_ST_kin is a basophilic
serine/threonine kinase group, and the Acid_ST_kin is an acidophilic serine/threonine
kinase group.

Figure 3.10: High stringency ScanSite Motif Scan output for AtMPK3 protein sequence
indicating multiple protein phosphorylation sites. (See Appendix 1 for database analysis).

Microarray data mining was performed using the Genevestigator database to
study the responses of AtMPK3 to various treatments or expression patterns in different
developmental stages or in different tissues. Figure 3.11 indicates that FB1/MetOH did
not enhance AtMPK3 expression in Arabidopsis root culture. SA was tested in several
different experiments. SA treatment of Arabidopsis thaliana leaves caused an upregulation of AtMPK3 expression (Figure 3.12).
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Figure 3.11: Effect of FB1/MetOH on AtMPK3 expression in Arabidopsis thaliana root
culture. The graph was generated using pre-existing transcriptome data obtained from
Genevestigator database.
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Figure 3.12: Effect of SA on AtMPK3 expression in Arabidopsis thaliana leaves. The
graph was generated using pre-existing transcriptome data obtained from Genevestigator
database.
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AtMPK3 expression levels in rosette leaves and in different developmental stages
were examined using the anatomy and development tools in Genevestigator.
Development and anatomy data have indicated that the expression level of AtMPK3 in
Arabidopsis thaliana leaves does not change significantly through developmental stages
or in different tissues, such as petiole, juvenile leaf, adult leaf, senescent leaf, axillary
bud, and cauline leaf (Figures 3.13 and 3.14).

Figure 3.13: Expression levels of AtMPK3 in rosette leaves of Arabidopsis thaliana at
different stages of their development. Genevestigator database was used to generate the
chart based on pre-existing microarray data.
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Figure 3.14: Overall expression of AtMPK3 across different stages of development.
Genevestigator database was used to generate the graph based on pre-existing microarray
data.
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3.1.9. Analysis of AtMPK6 (NM 129941)
There are a total of 25 genes that could co-express with AtMPK6 based on the
Pearson’s correlation coefficient calculation of gene pairs. AT4G31080 (protein of
unknown function DUF2296) and AT3G07890 (Ypt/Rap-GAP domain of gyp1p super
family protein, which is involved in the regulation of Rab GTPase activity) are the most
correlated genes to AtMPK6 ( Figure 3.15).

A

B

Figure 3.15: A. The co-expression analysis of AtMPK6 gene; B. Description of the most
correlated genes to AtMPK6 (top 25). The image was generated using pre-existing
transcriptome data obtained from Genevestigator database.
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Using the STRING tool, proteins that are predicted to co-express with AtMPK6
were examined. About 10 proteins are shown to potentially interact with AtMPK6. As in
the case of AtMPK3, AtMPK6 may also interact with WRKY22, NDPK, AtMPK1,
PP2C5, MKP2 and MKK4. Table 3.2 summarizes the prediction and function of cooccurred proteins with AtMPK6.

Figure 3.16: Proteins that are predicted to co-occur with AtMPK6. Purple lines indicate
that the interactions are supported by experiment evidence. Data were obtained using
STRING (http://string-db.org).
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Protein ID

Manner of
Prediction

Main Function

References

MK1

ATMKK2 Arabidopsis
thaliana MAP Kinase
Kinase 2

Experiments/
Databases /
Text mining/
Homology

Involved in the cold and (Braun et al.,
salinity stress-mediated 2011)
MAP kinase signaling
cascade

MKP2

MAPK Phosphatase 2

Experiments/
Text mining

Encodes a nuclearlocalized MAP kinase
phosphatise

(Lumbreras et al.,
2010)

ATMPK1

Arabidopsis thaliana
Mitogen-Activated
Protein Kinase 1

Encodes AtMPK1

(Ulm et al.,
2002)

NR

NIA2 (Nitrate
Reductase2)

Co-curance/
Experiments/
Text mining/
Homology
Experiments/
Text mining

Involved in nitrate
assimilation

(Wang et al.,
2010a)

ATMKK5

Arabidopsis thaliana
Mitogen-Activated
Protein Kinase
Kinase 5

Co-expression/
Experiments/
Databases/
Text mining/
Homology

Involved in innate
immunity

(Jensen et al.,
2009)

ATMKK4

Arabidopsis thaliana
Mitogen-Activated
Protein Kinase
Kinase 4
Arabidopsis thaliana
5G61600

Experiments/
Databases/
Homology

Involved in innate
immunity

(Braun et al.,
2011)

Experiments/
Text mining

Acts as a transcriptional
activator

(Bethke et al.,
2009)

PP2C5

Arabidopsis thaliana
phosphatase 2C5

Experiments/
Text mining

Involved in protein
amino acid
dephosphorylation

(Brock et al.,
2010)

WRKY22

Member of the plant
WRKY ranscription
Factor Group

Databases/
Text mining

(Asai et al.,
2002)

NDPK

Nucleoside
Diphosphate Kinase 2

Experiments/
Text mining

Involved in the
expression of defense
genes in innate immune
response of plants
Involved in
phytochrome-mediated
light signaling

AT5G61600

(Moon et al.,
2003)

Table 3.2: Summary of prediction and function of proteins that co-occur with AtMPK6.
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Using the ScanSite tool, motif analysis of Arabidopsis AtMPK6 has indicated
the presence of two possible protein phosphorylation sites (at S215 and T338) as well as
a potential Src homology3 (SH3) domain-binding site (at P303). The Baso_ST_kin is a
basophilic serine/threonine kinase group.

Figure 3.17: High stringency ScanSite Motif Scan output for AtMPK6 protein sequence
indicating potential protein phosphorylation sites and a SH3 binding site. (See Appendix
2 for database analysis).
Similar to AtMPK3, microarray data mining was done using Genevestigator
database to study the responses of AtMPK6 to various treatments and expression patterns
in different developmental stages or in different tissues. Figure 3.18 indicates that
FB1/MetOH enhanced modestly AtMPK6 expression in Arabidopsis protoplast. Figure
3.19 presents AtMPK6 gene expression response to SA. SA effect was also examined in
several different experiments.
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Figure 3.18: Effect of FB1/MetOH on AtMPK6 expression in Arabidopsis thaliana
protoplast. The graph was generated using pre-existing transcriptome data obtained from
Genevestigator database.
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Figure 3.19: Effect of SA on AtMPK6 expression in Arabidopsis thaliana leaves. The
figure was generated using pre-existing transcriptome data obtained from Genevestigator
database.
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AtMPK6 expression levels in rosette leaves of Arabidopsis thaliana in different
tissues were examined using the anatomy tool in Genevestigator, whereas overall
expression of AtMPK6 was obtained using the development tool in Genevestigator.
AtMPK6 expression level does not change significantly throughout developmental stages
or in different tissues such as petiole, juvenile leaf, adult leaf, senescent leaf, axillary bud,
and cauline leaf (Figures 3.20 and 3.21).

Figure 3.20: Expression levels of AtMPK6 in rosette leaves of Arabidopsis thaliana at
different stages of their development. Genevestigator database was used to generate the
graph based on pre-existing microarray data.
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Figure 3.21: Overall expression of AtMPK6 across different stages of development.
Genevestigator database was used to generate the graph based on pre-existing microarray
data.
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3.1.10. Analysis of AtNDPK (At5g63310)
Pearson correlation was used to determine the correlation in gene expression
patterns in multiple pathways. Figure 3.22 presents the top 25 genes that tend to be
always highly reverse correlated with the expression of AtNDPK gene. The negative
value indicates that these 25 genes in the table have a very remote relation (if any) with
AtNDPK.
A

B

Figure 3.22: A. The co-expression analysis of AtNDPK gene; B. Description of the most
correlated genes to AtNDPK (top 25). The image was generated using pre-existing
transcriptome data obtained from Genevestigator database.
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Using the STRING tool, proteins that are predicted to be co-expressed with
AtNDPK were examined. AtNDPK was also confirmed to interact with both Arabidopsis
thaliana AtMAPK3 and AtMPK6 by experimental evidence. Table 3.3 summarizes the
prediction and function of co-occurred proteins with AtNDPK.

Figure 3.23: Proteins that are predicted to co-occur with AtNDPK. Purple lines indicate
that the interactions are supported by experimental evidence. Data were obtained using
STRING (http://string-db.org).
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Protein ID

Manner of
Prediction

Main Function

References

PHYA

Phtytochrome A

Experiments/
Text mining

Involved in the regulation of
photomorphogenesis

(Im et al.,
2004)

PHYB

Phytochrome B

Experiments/
Text mining

Involved in the light-promotion
of seed germination and in the
shade avoidance response

(Shen et al.,
2005)

At3G18680

Arabidopsis thaliana
3G18680

Co-expression/
Databases/
Text mining

Involved in amino acid
biosynthetic process

(Jensen et al.,
2009)

ZEU1

Arabidopsis thaliana
ZEU1

Databases/
Text mining

Required for localization to the
mitochondrion

(Jensen et al.,
2009)

PP7

Serine/Threonine
Phosphatase7

Experiments/
Text mining

Act as a positive regulator of
(Genoud et al.,
cryptochrome signaling involved 2008)
in hypocotyl growth inhibition
and cotyledon expansion under
white and blue light conditions

AT3G46940

Arabidopsis thaliana
AT3G46940

Databases/
Text mining/
Co-occurance

Involved in 2'-oxyribonucleotide
metabolic process

(Jensen et al.,
2009)

RNR1

Ribonucleotide
Reductase 1

Databases/
Text mining/
Co-occurance

(Braun et al.,
2011)

ATSR1

Arabidopsis thaliana
Serine/Threonine
Protein Kinase 1

Experiments/
Text mining

Involved in the production of
deoxyribonucleoside
triphosphates (dNTPs) for DNA
replication and repair
Regulated NAF domain of CIPK
protein

AT4G13720

Arabidopsis thaliana
AT4G13720

Experiments/
Co-occurance/
Databases

Involved in biological process

(Jensen et al.,
2009)

TSO2

Arabidopsis thaliana
TSO2

Co-expression/
Databases

Critical for cell cycle
(Jensen et al.,
progression, DNA damage repair 2009)
and plant development
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(Jensen et al.,
2009)

ATMPK3

Arabidopsis thaliana
Mitogen-Activated
Protein Kinase3

Experiments/
Text mining

Involved in oxidative stressmediated signaling cascade to
oxidative (such as ozone).
Involved in the innate immune
MAP kinase signaling

(Moon et al.,
2003)

ATMPK6

Arabidopsis thaliana
Mitogen-Activated
Protein kinase6

Experiments/
Text mining

Involved in oxidative stressmediated signaling cascade
(such as ozone). Involved in the
innate immune MAP kinase
signaling cascade (MEKK1,
MKK4/MKK5 and MPK3/
MPK6). May be involved in
hypersensitive response (HR)mediated signaling

(Moon et al .,
2003)

Table 3.3: Summary of prediction and function of proteins that co-occur with AtNDPK.
Using the ScanSite tool, motif analysis of Arabidopsis AtNDPK has indicated the
presence of a potential protein phosphorylation site (at S65). A possible SH2 binding site
(at Y87) was predicted too, which may suggest the possible interaction of AtNDPK with
other proteins (Figure 3.24).

Figure 3.24: High stringency ScanSite Motif Scan output for AtNDPK protein sequence.
(See Appendix 3 for database analysis).
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Through the Genevestigator database, transcriptome data mining was also utilised
to study the responses of AtNDPK to FB1 and SA. Figure 3.25 indicates that FB1/MetOH
increased AtNDPK expression in Arabidopsis protoplast. Figure 3.26 illustrates AtNDPK
gene expression response to SA. It appears that SA treatment of Arabidopsis thaliana
leaves resulted in an up-regulation in AtNDPK expression.

Figure 3.25: Effect of FB1/MetOH on AtNDPK expression in Arabidopsis thaliana
protoplast samples. Genevestigator database was used to generate the figure based on a
single pre-existing microarray data set.
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Figure 3.26: Effect of SA on AtNDPK expression in Arabidopsis thaliana leaves.
Genevestigator database was used to generate the chart based on pre-existing microarray
data.
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Anatomy in Genevestigator was used to examine AtNDPK expression levels in
Arabidopsis leaves or in different tissues, while overall expression pattern of AtNDPK
throughout development was obtained using the development tool in Genevestigator. It
appears that there is no significant difference in AtNDPK expression levels in leaves of
different development stages. The overall expression levels in different plant
developmental stages do not vary significantly (Figures 3.27 and 3.28).

Figure 3.27: Expression levels of AtNDPK in rosette leaves of Arabidopsis thaliana at
different stages of their development. Genevestigator database was used to generate the
graph based on pre-existing microarray data.
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Figure 3.28: Overall expression level of AtNDPK across different stages of development.
Genevestigator database was used to generate the graph based on pre-existing microarray
data.
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3.1.11. Motif analysis of Solanum lycopersicum LeMPK3
LeMPK3 cDNA is 1122 base pairs in length and therefore makes 373 amino acids.
Figure 3.29 shows the alignment of LeMPK3 of Solanum lycopersicum, Arabidopsis
thaliana MPK1 and human ERK kinase MPK1 at the amino acid level, and it indicates
that they all have a TEY phosphorylation motif.

Figure 3.29: Amino acid sequence alignment of Solanum lycopersicum leMPK3,
Arabidopsis thaliana AtMPK1, and human ERK Kinase MPK1 (GenBank accession
numbers NP_001234360, AEE28553.1 and NP_002736.3, respectively). Amino acids
that are shaded in black are shared by at least two sequences.
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3.2. Finding the appropriate annealing temperature for LeMPK3, TAB2, PR1 and
PDF1.2 primers
Gradient PCR was used to find the appropriate annealing temperature to amplify a
specific DNA fragment from each gene of interest.. The temperatures tested ranged from
55.0ºC to 75.0ºC. As seen in Figure 3.30 the bands of brightest intensity for each gene
were obtained at different temperatures. Thus the temperature used as the annealing
temperature in RT-PCR to amplify our genes of interest were 63.5ºC for LeMPK3,
64.8ºC for TAB2, 60.0ºC for PR1, and 66.9 ºC for PDF1.2.

Figure 3.30: Results of gradient PCR with temperatures ranging from 55.0ºC to 75.0ºC
for LeMPK3, TAB2, PR1 and PDF1.2 amplification.
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3.3. Effect of SA and FB1 on LeMPK3 and TAB2 transcription
Gel loading was adjusted using actin gene as an internal control. PR1 gene was
used as a positive control for SA effect, while the PDF1.2 gene was used as a positive
control for FB1 effect.
Generally, SA and FB1 enhanced the expression of their respective marker genes
as well as LeMPK3. The expression of LeMPK3 and PR1 was strongly induced at 30 min
under SA treatment, whereas LeMPK3 and PDF1.2 expression level under FB1 treatment
was induced at 2 h. TAB2 expression was not affected by the treatments (Figure 3.31).
Three independent biological experiments were repeated, and in all of them, the same
results were observed.
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Figure 3.31:

RT-PCR determination of Solanum lycopersicum LeMPK3 and TAB2

expression. The three batches were grown under the same conditions at different times.
Actin was used as an internal standard. Salicylic acid used in this experiment was at
100μM, and FB1 was at 5μM. This experiment was done three times with similar results.
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3.4. Effect of ERK inhibitor with SA and ERK inhibitor with FB1 on LeMPK3
transcription
Actin gene was used in order to have an equivalent amount of cDNA from each
treatment, PR1 gene was used as a positive marker of SA effect while PDF1.2 gene was
used as a positive marker of FB1 effect.
Similar to the previous experiment, SA and FB1 induced the expression of their
related genes. LeMPK3 and PR1 expression level under SA treatment was increased in
30 min while LeMPK3 and PDF1.2 expression level was increased at 2 h under FB1
treatment. This increase was not significantly altered by the ERK inhibitor (Figure 3.32).
Three independent experiments were carried out, and same results were obtained.
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Figure 3.32: RT-PCR determination of Solanum lycopersicum LeMPK3 expression. The
three batches were grown under the same conditions at different times. Actin was used as
an internal standard. Salicylic acid used in this experiment was at 100μM, FB1 was at
5μM, and ERK inhibitor was at 250μM. Data were obtained from three independent
experiments with similar results.
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3.5. Microscopic analysis of the effect of SA, FB1, and ERK inhibitor on cell death
Tomato leaves were infiltrated with H2O (as control), SA, FB1, and ERK
inhibitor. According to the microscopic images, it seems that both SA and FB1
stimulated cell death, as indicated by the increase of dark spots stained by trypan blue
(Figure 3.33). The ERK inhibitor reversed the cell death induced by SA or FB1 with the
infiltration method (Figure 3.33). The experiment was repeated with the spray and Q-tip
methods, and similar results were obtained (Figure 3.34).
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Figure 3.33: The effect of SA, FB1 and ERK inhibitor on cell death examined
microscopically using infiltration method. Water was used as control. The stress was
induced by using salicylic acid at 100μM, FB1 at 5μM, and ERK inhibitor at 250μM.
Five random fields per treatment were viewed for the same slide. The experiment was
done three times with similar results. Arrows indicate cell death areas.
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Figure 3.34: The effect of SA, FB1 and ERK inhibitor on cell death examined
microscopically using spray and Q-tip methods. Water was used as control. The stress
was induced by using salicylic acid at 100μM, FB1 at 5μM, and ERK inhibitor at 250μM.
Five random fields per treatment were viewed for the same slide. The experiment was
done three times with similar results. Arrows indicate cell death areas.
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3.6. PCR-directed mutagenesis of LeMPK3
PCR-directed mutagenesis is a molecular biology technique used to create
specific and intentional changes in a known DNA sequence of a gene. Primers designed
with mutations can introduce small sequence variations in DNA sequence. This
molecular technique allows researchers to study the impact of sequence changes or help
elucidate the functional effect of the mutation. Primers designed with mutations can be
introduced into the sequence to replace the original sequence (Clore et al., 2011).
Previous work carried out in our laboratory has indicated that LeMPK3 as well as
TAB2 expression levels were increased by pathogen attacks. Thus, we have decided to
introduce mutations into LeMPK3 key phosphorylation motif (TEY), which was
identified in the amino acid sequence (Figure 3.29), to create an activated LeMPK3 via
PCR-directed mutagenesis. Since the phosphorylation introduces a negative charge to the
protein at T and Y, negatively charged residues aspartic acid (D) and glutamic acid (E)
are often introduced to TXY. This would allow us to test whether this site is important for
the function of LeMPK3.
Mutation to replace T and Y residues with amino acid D was carried out, and the
PCR product was run on an agarose gel to confirm the size of PCR product. The image
presented below in Figure 3.35 indicates the result of the first round of PCR. Two parts
of LeMPK3MUT gene were generated.
Figure 3.36 shows the recovery of the two segments after gene clean using
Wizard® SV Gel and PCR Clean-Up System. The second round of PCR using the PCR
products from the first round as primers generated a full length LeMPK3MUT (Figure 3.37).
The mutation will be confirmed by sequencing.
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Figure 3.35: The first round of PCR using LeMPK3 end Rev plus LeMPK3 mid mut For
and LeMPK3 head For plus LeMPK3 mid mut Rev.

Figure 3.36: The recovery of LeMPK3 PCR products after gen clean by Wizard ®SV Gel
and PCR Clean-Up System.
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Figure 3.37: Second round of PCR using the two PCR products from the first round of
PCR as primers.
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CHAPTER IV
DISCUSSION AND CONCLUSION
4.1. Bioinformatics analysis
One of the most widely used applications of bioinformatics is transcriptome data
mining. It assists us in gaining knowledge about gene expression patterns during plant
response to different stimuli, such as chemicals, drugs, pathogen attacks, and hormones.
Bioinformatics can also help predict protein motifs, protein post-translational
modifications, subcellular localisation, and protein folding. Microarray data mining
contributes to integrated planning and designing of experiments. If the data of our gene of
interest are not present yet, available information on a homologous gene from a different
species could be helpful.
We used Genevestigator for microarray data mining. As no data were found for
tomato LeMPK3, data for Arabidopsis thaliana MAPKs were examined. Phylogenetic
trees were built (Figures 3.2 and 3.3), and the analysis indicated that Arabidopsis thaliana
AtMPK3 (AT3G45640) and AtMPK6 (NM129941) are highly homologous to Solanum
lycopersicum LeMPK3. Mayrose et al. (2004) has also reported that Solanum
lycopersicum LeMPK3 shows high homology to the Arabidopsis thaliana AtMPK3.
Alignment analysis of Solanum lycopersicum leMPK3 with Arabidopsis thaliana
AtMPK3 and AtMPK6 has indicated that LeMPK3 is more homologous to AtMPK3 than
to AtMPK6 at DNA level, whereas LeMPK3 is much more homologous to AtMPK6
than to AtMPK3 at the amino acid level (Figure 3.4 , 3.5, 3.6, and 3.7 ). Consequently,
bioinformatics analysis was done on the expression patterns of these Arabidopsis genes,
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and whenever applicable, to study protein interactions so that we could predict that the
same interactions could occur to Solanum lycopersicum LeMPK3.
4.2. Analysis of Arabidopsis AtMPK3, AtMPK6, and AtNDPK
A total of 25 genes could co-express with AtMPK3 and AtMPK6, according to the
calculation of the Pearson’s correlation coefficients for the gene pairs. Figure 3.8 shows
that NSL1 (Necrotic Spotted Lesions1 AT1G28380), which is related to cell death, and a
leucine-rich repeat transmembrane protein kinase gene (AT2G31880), which is related to
protein kinase family, are the most correlated genes to Arabidopsis AtMPK3 as they had
high correlation coefficients. AT4G31080 (protein of unknown function) and
AT3G07890 (Ypt/Rap-GAP domain of gyp1p super family protein), which is involved in
the regulation of Rab GTPase activity, are the most correlated genes to AtMPK6 (Figure
3.15). In AtNDPK case, all the 25 genes seem to be remotely related (if any) to the
expression of AtNDPK gene (Figure 3.22).
Through the application of bioinformatics tools, proteins that may interact with
AtMPK3 and AtMPK6 were predicted. As seen in Figures 3.9 and 3.16, WRKY22 (a
transcription factor), NDPK (a nucleoside diphosphate kinase), AtMPK1 (Arabidopsis
thaliana MAPK1), PP2C5 (Arabidopsis thaliana PP2 catalytic 5), MKP2 (MAPK
phosphatase 2), and MKK4 (Arabidopsis thaliana MAPKK4) were predicted to interact
with AtMPK3 and AtMPK6.
Arabidopsis WRKY proteins are a super family of transcription factors (e.g. 74 in
Arabidopsis and 90 in rice) that form a complex network in many plant species (Pandey
and Somssich, 2009). Overall, AtWRKYs contribute to diverse plant processes, and they
generate a complex defense response toward diverse biotic (including biotrophic and
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necrotrophic pathogens) and abiotic stresses.

Additionally, they respond to the

endogenous signaling molecule salicylic acid (Pandey and Somssich, 2009). AtWRKYs
have also been revealed to adjust cross-talk between jasmonate- and salicylate-regulated
disease response pathways that mediate resistance against microbial pathogens (Zheng et
al., 2006). AtWRKYs also control the expression of defense-related genes, including PR1
(pathogenesis-related protein 1) and NPR1 (non-expressor of PR1), which modulate SAdependent defense and SAR (Pandey and Somssich, 2009). Even though there is a large
body of indirect evidence implicating plant WRKY proteins in plant defense responses,
data about the biological roles of specific WRKY proteins in plant disease resistance is
still very limited.
Among the AtWRKYs, WRKY22 protein shows the highest correlation to the
resistance of Arabidopsis to Pseudomonas syringae attack. In addition, this protein
induces innate immunity markers, such as flg22-induced receptor-like kinases1 (FRK1)
and WRKY53 (Hsu et al., 2013). AtWRKY22 is involved in MAPK signaling pathways
in response to abiotic stresses, particularly wounding and salt (Zhou et al., 2011). In the
defense signaling response, analysis of stress-induced AtWRKY22 has indicated that it is
positively controlled by the salicylic acid signaling pathway (Zarate et al., 2007).
AtWRKY53 is an important transcription factor that acts as a positive regulator of
resistance toward various pathogens, for example, the necrotrophic fungal pathogens
Botrytis cinerea and Alternaria brassicicola (Hu et al., 2012; Pandey and Somssich,
2009; Zheng et al., 2006).
Arabidopsis MAPK phosphatase family plays an essential role in the regulation
of many physiological responses. AtMKP2 is one important member of this family that
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regulates pathogen defense responses during Botrytis cinerea and is a key regulator of
MPK3 and MPK6 networks controlling both abioitic and specific pathogen responses in
plants (Lumbreras et al., 2010). PP2C5 is a member of the protein phosphatase 2C family
in Arabidopsis that directly interacts with and regulates stress-induced MAPK cascades
including MPK3, MPK4, and MPK6 through dephosphorylation of Ser and Thr residues.
Thus, it can readily act as an MAPK phosphatase and altered PP2C5 levels could affect
MAPK activation (Brock et al., 2010).
Nucleoside diphosphate protein kinase (NDP kinase) is a ubiquitous
housekeeping enzyme but has been shown to play a significant role in signal transduction
and regulate cellular protein functions in eukaryotes and prokaryotes (Pan et al., 2000;
Xing et al., 2008; Yang et al., 2003). AtNDPK was predicted to interact with AtMPK3
and AtMPK6, both of which are LeMPK3 homologues, and this interaction was also
confirmed by bench experiment (Moon et al., 2003). AtNDPK expression also correlated
with H2O2-mediated MAPK signaling in Arabidopsis and it interacted with AtMPK3 and
AtMPK6 (Moon et al., 2003). TAB2, of particular interest, a tomato NDPK was shown to
enhance plant disease resistance when overexpressed (Xing et al., 2008).
Motif analysis using the ScanSite tool has indicated the presence of multiple
protein phosphorylation sites in AtMPK3 and a potential SH3 binding site in AtMPK6.
The presence of SH3 binding site may suggest a possible interaction of Arabidopsis
AtMPK6 with other proteins (Figures 3.10 and 3.17). A possible protein phosphorylation
site and SH2 binding site are also predicted in AtNDPK motif analysis, which may
suggest the possible interaction of AtNDPK with other proteins (Figure 3.24).
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AtMPK3, AtMPK6, and AtNDPK response to various chemicals or hormones, and
the expression patterns in different developmental stages or in different tissues were
examined through transcriptome data mining. Figure 3.11 indicates that FB1/MetOH did
not enhance AtMPK3 expression level, while SA up-regulated AtMPK3 transcription
(Figure 3.12). Both FB1/MetOH and SA were shown to up-regulate AtMPK6
transcription (Figures 3.18 and 3.19). Figure 3.25 shows that FB1/MetOH increased
AtNDPK expression, and Figure 3.26 seems to indicate that SA up-regulates AtNDPK in
various cases.
There was no significant change in the expression levels of AtMPK3, AtMPK6, or
AtNDPK in different developmental stages of Arabidopsis or in different tissues, such as
petiole, juvenile leaf, adult leaf, senescent leaf, axillary bud, and cauline leaf (Figures
3.13, 3.14, 3.20, 3.21, 3. 27, and 3.28).
4.3. LeMPK3 protein and TEY motif
Alignment analysis at the amino acid level of Solanum lycopersicum LeMPK3,
Arabidopsis thaliana MPK1, and human ERK kinase MPK1 has indicated that they all
have a TEY motif, which confirmed that LeMPK3 is an ERK-type MAPK (Figure 3.29).
ERK-type MAPKs are activated by dual phosphorylation of the TEY motif, and this
activation may regulate the expression of pathogenesis-related genes, HR-like cell death,
systemic acquired resistance, and the expression of protective genes (Xing et al., 2002).
4.4. Effect of SA and FB1 on LeMPK3 and TAB2 Expression
SA, which is implicated in plant defense against pathogen attacks, was shown to
cause strong induction of PR1 expression in Arabidopsis (Wu et al., 2012). Accordingly,
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the effect of 100μM SA on LeMPK3 and PR1 (the positive control of SA effect) was
examined by RT-PCR.
A very fast response of LeMPK3 and PR1 was detected under SA treatment, and
the expression was increased at 30 min and then dropped down to background level in
both infiltration and spray approaches (Figure 3.31). This increase may suggest that
LeMPK3 is involved in plant defense response. Studies have suggested that SA and
LeMPK3 signaling pathways are involved in regulating Solanum lycopersicum defense
against bacterial wilt caused by the soil-borne bacterium Ralstonia solanacearum,
making LeMPK3 connected to plant immunity (Chen et al., 2009). Data mining was then
used to investigate Arabidopsis AtMPK3 and AtMPK6 response to SA. SA up-regulated
AtMPK3 and AtMPK6 transcription (Figure 3.12 and 3.19). This result was expected and
agrees to a previous study, where SA was found to cause an early and strong upregulation of LeMPK3 as well as PR1 in tomato (Wu et al., 2012). Another study
showed that the transcript level of ZmMPK3 increased markedly and rapidly when maize
seedlings were subjected to exogenous SA (Wang et al., 2010).
FB1 has been indicated to activate MAPK (Wattenberg et al., 1996). Thus, the
effect of 5μM FB1 on LeMPK3 and PDF1.2 (the positive control of FB1 effect) was
examined by RT-PCR. The expression level of LeMPK3 and PDF1.2 under FB1
treatment was increased at 2 h and then dropped down to the background level (Figure
3.31). In fact, this agrees to the result of bioinformatics analysis on Arabidopsis AtMPK6
transcription, where it was up-regulated by FB1 (Figure 3.18). Asano et al. (2012)
reported that the expression of PDF1.2 in Arabidopsis was significantly induced
by Fusarium sporotrichioides.
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Our previous work has indicated that tomato TAB2, which is downstream of
LeMPK3, physically interacts with LeMPK3 at the protein level, and this interaction is
involved in the tMEK2-mediated disease resistance pathway (Xing et al., 2008). Proteinprotein interaction prediction in my current work has also suggested that Arabidopsis
AtNDPK may interact with both AtMPK3 and AtMPK6 proteins (Figures 3.9 and 3.16).
Additionally, both AtMPK3 and AtMPK6 were shown to interact with AtNDPK in bench
experiments.
However, it was found that the expression of TAB2 remained unchanged during
the tested period of treatment by either FB1 or SA (Figure 3.31). We only examined the
correlation of TAB2 and LeMPK3 at transcript level by RT-PCR and the transcript level
may not be the best marker for phosphorylation activity. Further experiments should be
performed, especially at protein level and at phosphorylation level, to elaborate on the
results.
4.5. Effect of ERK Inhibitor with SA or ERK Inhibitor with FB1 on LeMPK3
Transcription
The ERK docking domain inhibitor (3-(2-Aminoethyl)-5-((4-ethoxyphenyl)
methylene)-2, 4-thiazolidinedione hydrochloride) was used to examine whether the effect
of SA and FB1 on the defense response genes was mediated by ERK-like MAPKs. The
ERK inhibitor was combined with SA or FB1 to test this relationship between SA, FB1,
ERK-type MAPKs, and LeMPK3. Motif analysis at high stringency scan also predicted
the existence of multiple protein phosphorylation sites as well as potential SH3 binding
site for Arabidopsis AtMPK3, suggesting that LeMPK3 may interact with other proteins.
So the interaction of LeMPK3 (as an ERK type kinase) with other proteins should be
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critical to its function. When ERK inhibitor is applied, it is expected that LeMPK3
docking process (i.e. interaction with some other proteins) will be affected.
As specified earlier, SA and FB1 treatment enhanced the expression of their
defense response genes, PR1 and PDF1.2, respectively (Figure 3.32), and of tMEK2
(Xing Lab, unpublished). When ERK inhibitor is added, the increase of PR1 and PDF1.2
expression was not significantly altered, indicating that SA- or FB1-induced expression
changes of PR1 and PDF1.2 genes may not involve LeMPK3. Previous work of this lab
has suggested a pathway including tMEK2, LeMPK3, TAB2, and defense response genes,
but my current data may indicate that LeMPK3 may not responsible for PR1 and PDF1.2
induction in my experimental conditions. Alternatively, ERKI may not be effective on
LeMPK3 in my conditions.
4.6. Microscopic Analysis of the Effect of SA, FB1, and ERK Inhibitor on Cell Death
The effect of FB1, SA, and ERK inhibitor on the cell death of tomato leaves was
studied microscopically. Trypan blue was used in this experiment to determine the
permanent membrane damage and the degree of cell death (Tang et al., 1999). Dark blue
spots were centred in the middle of the tomato leaves treated with either SA or FB1 for
30 min. These dark spots indicate the presence of dead cells. They visibly accumulated in
many fields of the whole leaf surface when the leaves were incubated for 72 h. Our data
are similar to what was reported recently for cell death in tomato, where the high
concentrations of SA stimulated programmed cell death in tomato suspension cultured
cells and caused the death of cells within 1week of exposure (Poor et al., 2012). Li et al.
(2008) found that the development of damaged cells, lesion, and the dry necrotic areas in
Arabidopsis leaves was enhanced after infiltration of leaf tissue with the PCD-eliciting
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fungal toxin FB1. Also, our previous studies in wheat has indicated that both SA and FB1
triggered programmed cell death in the cultivar Frontana and Roblin, and it was
suggested that this cell death could be associated with the defense against Fusarium head
blight (Gao et al., 2011).
Zhuang and Schnellmann (2006) showed that inhibition of ERK-type MAP
kinase improved cell survival and in some cases reduced the extent of tissue damage.
ERK docking domain inhibitor (3-(2-Aminoethyl)-5-((4-ethoxyphenyl) methylene)-2, 4thiazolidinedione hydrochloride) was used in this experiment to inhibit ERK-type
MAPKs.
Our microscopic images have indicated that the ERK inhibitor may have reversed
the cell death induced by SA and FB1 (Figures 3.33 and 3.34). It seems that ERK-type
MAPKs could be involved in SA- or FB1-induced cell death. Three independent
biological experiments were repeated using infiltration, spray, and Q-tip methods. In all
of them, the same results were observed except that the form of the dead cells was more
significant in the microscope image of the tomato leaves infiltrated by vacuum due to the
involvement of mechanical stress (wounding damage) (Xing Lab, unpublished).
4.7. PCR-directed Mutagenesis of LeMPK3
Amino acid sequence alignment revealed that LeMPK3 shared high identity with
ERK-type MAPKs (Figure 3.29). ERK subfamily, to which LeMPK3 belongs, is
activated by dual phosphorylation of TEY motif. In PCR-directed mutagenesis, the
replacement of T and Y in TEY motif by negatively charged amino acid D may mimick
the phosphorylation of TEY. Several studies confirmed that phosphorylation of only one
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residue in the highly conserved TXY motif of MAPKs is sufficient to increase their
activity (Brock et al., 2010).
The mutation in T and Y residues was carried out and the mutation will be
confirmed by sequencing. Cloning of LeMPKMUT into pET14b vector will be performed.
4.8. Conclusion and Future Work
My project focused on LeMPK3, which is downstream of tMEK2/LeMKK2 but
upstream of TAB2 (Xing et al., 2008). Our data revealed that SA and FB1 treatment
enhanced the expression of LeMPK3 and their defense response marker genes at the
transcriptional level. We found that this increase of LeMPK3 and SA or FB1 defense
response genes was not affected by an ERK inhibitor, suggesting that LeMPK3, which is
an ERK-type MAPK, may not be involved in SA-induced PR1 and FB1-induiced PDF1.2
expression. Also, our data have shown that SA and FB1 stimulated cell death and the
ERK inhibitor could reverse the cell death induced by SA and FB1. In this project we
have introduced mutations into LeMPK3 key phosphorylation motif TEY to create an
activated LeMPK3 via PCR-directed mutagenesis. We generated a full length
LeMPK3MUT. The mutation will be confirmed by sequencing.
We reported that LeMPK3 is up-regulated by SA and FB1, but it was only
examined at mRNA level. Future studies will test whether the phosphorylation of
LeMPK3 proteins at the conserved TEY motif is enhanced by SA and FB1 via
immunoblotting (using anti-phospho-p44/42 MAP kinase (Erk1/2) antibody) to detect the
dual phosphorylation on T and Y residues. It is hoped that our study will help us in the
development of strategies to enhance plant disease resistance.
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APPENDIX
Appendix 1: ScanSite Database Analysis of Arabidopsis AtMPK3 Protein.
Basophilic serine/threonine kinase group (Baso_ST_kin)
PKC delta
Site

Score

Percentile

T87

0.3664 0.061 %

Gene Card PRKCD
Sequence

SA

AAGACAGTTCAGTGA

0.258

PKC delta
Site

Score

Percentile

T795

0.3664 0.061 %

Gene Card PRKCD
Sequence

SA

AACATTATTCATAGG

0.377

PKC delta
Site

Score

Percentile

T852

0.3542 0.043 %

Gene Card PRKCD
Sequence

SA

AATCTGATCTCGGTT

0.137

Acidophilic serine/threonine kinase group (Acid_ST_kin)
Casein Kinase 1
Site

Score

Percentile

180

0.3741 0.175 %

Gene Card CSNK1G2
Sequence

SA

TGTTTGGTCTGTTGG

0.248
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Appendix 2: ScanSite Database Analysis of Arabidopsis AtMPK6 Protein.
Src homology 3 group (SH3)
Gene Card SRC

Src SH3
Site

Score Percentile

Sequence

SA

P303

0.3977 0.100 %

KRYIRQLPPYPRQSI 1.896
Gene Card GRB2

Grb2 SH3
Site

Score Percentile

Sequence

SA

P303

0.4547 0.159 %

KRYIRQLPPYPRQSI 1.896
Gene Card PIK3R1

p85 SH3 mode1
9Site

Score Percentile

Sequence

SA

P303

0.4818 0.102 %

KRYIRQLPPYPRQSI 1.896

Basophilic serine/threonine kinase group (Baso_ST_kin)
Gene Card PRKACG

Protein Kinase A
Site

Score Percentile

Sequence

SA

T338

0.2943 0.085 %

FDPRRRITVLDALAH 0.464
Gene Card PRKAA1

AMP_Kinase
Site

Score Percentile

Sequence

S215

0.5250 0.127 %

FGLARVTSESDFMTE 1.275
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SA

Appendix 3: ScanSite Database Analysis of Arabidopsis AtNDPK Protein.
Src homology 2 group (SH2)
Gene Card PLCG1

PLCg C-terminal SH2
Site

Score Percentile

Sequence

SA

Y87

0.3758 0.153 %

MEDVEETYIMVKPDG 0.462

Basophilic serine/threonine kinase group (Baso_ST_kin)
Gene Card CLK2

Clk2 Kinase
Site

Score Percentile

Sequence

SA

S65

0.4261 0.055 %

RRRLRASSSAESGIF

0.97
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Appendix4: Analysis of Solanum lycopersicum PR1.
A

B

Figure 1: A. The co-expression analysis of Solanum lycopersicum PR1 gene; B.
Description of the most correlated genes to PR1 (top 50).
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Figure 2: Medium stringency ScanSite Motif scan output for Solanum lycopersicum PR1
protein sequence indicating a potential SH2 binding site and lipid binding PH domain.
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Src homology 2 group (SH2)
Gene Card NCK1

Nck SH2
Site

Score Percentile

Sequence

SA

Y148

0.5017 0.998 %

WYFITCNYDPPGNWR 1.283

Lipid binding group (Lip_bind)
Gene Card PIP3-E

PIP3-binding PH

Figure 3: ScanSite database analysis of Solanum lycopersicum PR1 protein.
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Figure 4: Expression levels of PR1 in different tissues of Solanum lycopersicum.
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Figure 5: Overall expression of PR1 across different stages of development.
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Figure 6: PR1 expression level in Solanum lycopersicum leaves exposed to elicitor EIX.
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Figure 7: PR1 expression level in Solanum lycopersicum leaves exposed to different
stresses.
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Figure 8: Effect of pathogens on PR1 expression level in Solanum lycopersicum leaves.

102

Appendix 5: Analysis of Solanum lycopersicum PDF1.2.
A

B

Figure 1: A. The co-expression analysis of Solanum lycopersicum PDF1.2 gene; B.
Description of the most correlated genes to PDF1.2 (top 50).
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Figure 2: High stringency ScanSite Motif scan output for Solanum lycopersicum PDF1.2
protein sequence indicating multiple protein phosphorylation sites.
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Basophilic serine/threonine kinase group (Baso_ST_kin)
Gene Card PRKCD

PKC delta
Site

Score Percentile

Sequence

SA

T341

0.3542 0.043 %

AAACTAGTCATGGTC 0.258
Gene Card PRKCD

PKC delta
Site

Score Percentile

Sequence

SA

T366

0.3764 0.085 %

TATGCAATTATGGTG 0.710
Gene Card PRKCD

PKC delta
Site

Score Percentile

Sequence

T53

0.3848 0.113 %

ATGCTTGTCATGGCT 0.369
Gene Card PRKCD

PKC delta
Site

Score Percentile

SA

Sequence

SA

Figure 3: ScanSite Database Analysis of Solanum lycopersicum PDF1.2 protein.
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Figure 4: Expression levels of PDF1.2 in different tissues of Solanum lycopersicum.
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Figure 5: Overall expression of PDF1.2 across different stages of development.

107

Figure 6: PDF1.2 expression level in Solanum lycopersicum leaves exposed to different
types of stress.
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Figure 7: PDF1.2 expression level in Solanum lycopersicum leaves exposed to a variety
of pathogenic organisms.
109

Figure 8: Effect of elicitor EIX on PDF1.2 expression level in Solanum lycopersicum
leaves.
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