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Abstract

Plants, as sessile organisms, need to grow while withstanding many environmental challenges.
To give this capability, various cellular signal transduction systems are necessary for sensing
changes in the environment and transmitting these signals to other components of the cell. One of
the major mechanisms used for such signal transmission consists of mitogen-activated protein
kinase (MAPK) cascades.

MAPK cascades form an important signal transduction system in all eukaryotic organisms. In
Arabidopsis thaliana, 20 MAPKs (MPKs) have been found, which belong to two sub-types: the
TEY sub-type (MPK Groups A, B, and C) and the TDY sub-type (MPK Group D). Very little is
known about the biological roles of Group D MPKs, but the expression of one group D MPK,
MPK20, is correlated across many microarray experiments with expression of primary cell wall
cellulose synthase (CesA) genes — CesAl, 3, and 6 [1]. This suggests that MPK20 may be
involved in primary cell wall synthesis or associated biochemical processes. According to data in
the MIND 0.5 database (Membrane-protein Interaction Network Database 0.5), MPK20 interacts
with AtPIN1. As auxin is important for cell wall loosening and cell expansion, such an
association with an auxin transporter could indicate that MPK20 plays a role in auxin signaling

pathways, especially those that affect cell walls.

In this study, the biological function of MPK20 has been explored by reverse genetics and
phenotype assays. The mpk20 knock out (KO) lines display shorter hypocotyls and shorter
primary roots compared with wild type (WT). However, these growth differences are small,
although statistically significant. As MPK18, MPK19 and MPK20 are close homologues, double
and triple KO mutants were built and analyzed. The loss-of-function mutants do not display any
detectable auxin-related phenotype, nor do they differ from WT plants with respect to responses
to other plant hormones tested except in their response to exogenous GA application. Attempts
were made to purify a recombinant protein of MPK20 but these were unsuccessful. To explain
the results of these experiments, models of MPK20 biological function, and of its interactions
with the MPK20 paralogues, MPK18 and MPK19, have been proposed.
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1 Introduction

Plants, as sessile organisms, have evolved the capacity to grow and reproduce in the face of many
environmental challenges, ranging from UV irradiation, drought and extreme temperature to
attacks by herbivores and microbial pathogens. Long-term reproductive success thus depends on
a plant’s ability to constantly monitor its environment, to integrate these inputs and use them to
assess the potential impact of environmental changes, and finally to mobilize appropriate cellular
and tissue responses. This requirement has led to the evolution of complex signal detecting and
processing systems that connect perceived environmental cues to fine-tuned changes in
metabolism, protein activity and transcriptional programming. These signal transduction systems
involve an array of mediators, including ion fluxes, phytohormone levels, and post-translational

protein modifications, such as mitogen-activated protein kinase (MAPK) cascades.

In plants, MAPK cascades are best known for their involvement in responses to endogenous and
environmental signals. Signaling through some MAPK cascades can be triggered by endogenous
stimuli such as plant hormones, and/or by external stress stimuli such as temperature extremes,
drought, changes in osmotic pressure, pathogen infection, wounding, and ozone challenge. The
canonical MAPK cascade module involves members of three PK families: MPK kinase kinases
(MAPKKKS), MPK kinases (MAPKKs, MEKs, MKKs) and MAPKs (MPKs). However, none of
these signaling response pathways has been completely characterized in plants, and only a small
number of kinases within these three MAPK cascade families have been well studied.

1.1 Protein phosphorylation/dephosphorylation

Protein phosphorylation catalyzed by protein kinases (PKs) is a particularly important
mechanism for rapidly altering protein functionality. Addition of one or more phospho-groups to
a given protein has the potential to alter its stability, catalytic activity, sub-cellular location,
and/or interactions with other proteins, and these phosphorylation-driven changes can influence a
wide range of downstream processes. In the event that the initial trigger for such a protein

phosphorylation event is the detection of an environmental change, these kinase-catalyzed



change(s) link detection of the cue with cellular responses, and thus define a signal transduction
pathway. In addition, since an activated PK acts catalytically, it can rapidly phosphorylate many
target molecules, thereby amplifying the initial signal. In many cases, the activated kinase may
also phosphorylate a range of targets simultaneously, which allows the transduced signal to be

channeled to multiple downstream outputs.

Given the versatility of protein phosphorylation as a mechanism for transmitting signaling
information, it is not surprising that an estimated 40-50% of cellular eukaryotic proteins are
predicted to exist in at least one phosphorylated isoform at some point in their lifetime [2-4]. The
phosphorylated isoform is believed to have a specific function, distinct from the
unphosphorylated form, and it is typically expected to be expressed differently during
development, compared with the original protein. Some proteins even have multiple
phosphorylated isoforms. For instance, in mammalian retina, NRL (Neural Retina Leucine) can
be phosphorylated to as many as six different isoforms [5]. These distinct isoforms may be
produced by one or multiple PKs. Enzymes are usually highly specific for their substrates, but the
majority of PKs tested appear to be able to phosphorylate multiple different substrates. This
could explain why the variety of PKs in the cell is much lower than that of predicted
phosphorylated protein isoforms. This catalytic promiscuity and network complexity also greatly

increases the difficulty for us to identify each pathway in which specific PKs might be involved.

1.2 The biological function of AtMAPKSs

1.2.1 MPKs in Arabidopsis

Within the PK super-family, the members of the highly conserved MAPK cascades have been
intensively studied in many eukaryotic organisms, particularly mammals, yeast and nematodes.
MICROTUBULE ASSOCIATED PROTEIN-2 (MAP2) KINASE was the first MAPK to be
identified. It was isolated and characterized from animal cells in 1986 [6]. Since that time, many

more MAPKSs have been characterized, and found to contribute to processes such as nerve growth,



osmotic stress responses, cell division, epidermal cell growth and other physiological,

developmental and hormonal responses in animals, yeast and plants.

Although the structures of these kinases are highly conserved among species, their functions vary
significantly. Plant genomes are particularly rich in PKs of various classes; indeed,
approximately 3% of the Arabidopsis thaliana genome is estimated to encode members of the PK
super-family. In plants, members of putative MAPK cascades seem to be involved in the
responses to biotic and abiotic stress signaling (pathogen infection, drought, salinity, ozone),
intracellular signaling of plant hormones, and wound signaling [7]. However, none of these
signaling pathways has been completely characterized, and only a subset of the Arabidopsis
MAPKKKs, MKKs and MPKs have been identified so far as potential players.

MAPKKKS represent the first signaling PK gene family in the cascade. MAPKKKSs activate
MKKSs by phosphorylating the conserved serine and/or threonine residues in their activation loop
(T-loop). According to previous studies, the genome of Arabidopsis encodes over 60 MAPKKKSs
[7], and their primary structures are more varied than the structures of MPKs or MKKSs. Plant
MAPKKKSs can be separated into three groups, and each group can be further categorized into a
few subgroups. Group A MAPKKKSs share the typical kinase domain of classical mammalian
MAPKKKSs, while Group B and Group C MAPKKKSs are more closely related to the human PK,
RAF kinase. As these RAF-like MAPKKKS in plants have not been characterized biochemically,
the nomenclature of plant MAPKKKSs has not been decided yet, and the accurate membership of
the AtMAPKKK gene family still needs to be fully determined.

Several studies have found that various AtMAPKKKSs are responsive to stresses. For example,
Arabidopsis NPK1-like protein kinases (ANPs) participate in a H>O»-responsive signaling
pathway [8]; the expression of AtIMAPKKKZ1 is increased when the plant is treated with cold, salt
stress or touch [9]; and EThylene-Resistant 1 (ETR1) and Constitutive Triple-Response 1 (CTR1)

kinases are involved in ethylene signaling pathways [10].

MKKs provide the linkage between MPKs and MAPKKKSs in the cascade. Generally,
MAPKKKs can only phosphorylate MKKSs, rather than directly phosphorylating a MPK,

although there is at least one exception to this rule. It has been reported that MPK4 interacts



physically with MEKKZ1, and can be activated by MEKKZ1 in protoplasts after H.O treatment [11,
12]. In addition, MPK4 interacts with MEKK2 in Y2H assays, and it also phosphorylated by
recombinant MEKK2 in vitro [13]. Generally, however, MKKs are considered essential for
passing the signal from MAPKKKSs towards MPKs.

Twenty-one plant MKKs have been identified experimentally, including ten encoded in the
Arabidopsis genome [7], and almost all possess a conserved S/TxxxS/T phosphorylation target
sequence. The exception appears to be AtMKK10, which does not have three amino acids
between the two S/T phosphorylation sites. The N-terminal extension of plant MKK proteins
typically contains a cluster of basic [K/R] residues N-terminal to a hydrophobic [L/I] site, and
this is part of the putative ‘MPK docking site’ that is thought to mediate the physical interaction
of MKKs with their MPK substrates.

Based on amino acid sequence alignment, the MKK gene family has been classified into four
groups (A-D) [7]. Group A and Group C MKKs seem to be primarily associated with stress-
response pathways. For example, in Group A, MKK2 is activated by stress stimuli such as
bacterial elicitor, cold and high salinity [14-16]. In Group C, MKK4 and MKKS5 show similar
responsiveness towards abiotic stress, but also mediate biotic stress responses such as pathogen

challenge and ROS accumulation [17, 18].

The MKKSs of Group B have somewhat unusual structures compared with other MKK groups, in
that there is a Nuclear Transport Factor 2 (NTF2)-like domain in the C-terminal extension.
Among the Group D MKKs, MKK?7 seems to help regulate polar auxin transport [19], while
MKK9 was found to be involved in regulation of seedling stress tolerance and phytoalexin
accumulation in Arabidopsis [20]. However, the biological roles of some MKKs, notably MKK8

and MKKJ10, are still essentially unknown.

The MPKs are the terminal PKs in MAPK cascades. MPKs are phosphorylated by MKKs and
dephosphorylated by MAP kinase phosphatases (MKPs). Interestingly, all plant MPKs belong to
the mammalian ERK subfamily of MAPKSs (Figure 1.1), and no homologues of the other classes
of mammalian stress-activated protein kinases (SAPKS), such as c-jun N-terminal kinase (JNK)

or p38 kinase, have been detected in plant genomes.



Figure 1.1: 3D protein structure of ERK1-a and AtMPKG6.

a) ERK1-a protein structure [21]
b) AtMPKG®6 protein structure simulation by SWISS-MODEL [22-25]

The white circle shows the position of the TEY motif.

1.2.2 Group A-C MPKs

All MAPK proteins have in common eleven subdomains characteristic for serine/threonine
protein kinases. As a general rule, MPKs are activated by dual phosphorylation of specific Thr
and Tyr residues in a TXY motif located in the MPK catalytic activation loop near the 8" domain
(Figure 1.3 & 1.4). Based on amino acid sequence alignment, plant MPKs can be defined as
belonging to four groups, among which two subtypes are found: the TEY subtype and the TDY
subtype. Groups A, B and C have a TEY motif at the phosphorylation site, while Group D MPKs
have a TDY motif.



TEY
Eika2 | —
TC‘:Y
paped) | —
TlTY

273 | —————

TEY

Conventional MAPKs
A

-

ERKS | R — — JAD J

Figure 1.2: Schematic representation of the human MPKs protein domains.

These MPKs all have kinase domains, which contain different TxY motifs. TAD represents the
transactivation domain; NLS represents the nuclear localization sequence [26].

A few of the 20 MPKs in Arabidopsis have been studied intensively, but the functions of most of
the others are not well understood. MPK3 and MPKG6 are both members of the plant Group A
MPKs and their biological functions are at least partially redundant. It has been reported that
these two MPKSs are involved in various biological processes, such as pathogen defense, abiotic
stress-induced responses and stomatal development [17, 27-35]. Another Group A MPK,
AtMPK10, has been found to physically interact with AtMKK2. In addition, the cotyledons of
mpk10 and mkk2 ko mutants have reduced vein complexity, a phenotype that can be reversed
through application of a polar auxin transport (PAT) inhibitor. This suggests that AtMPK10
might be involved in control of venation development by influencing PAT efficiency [36].

The most extensively studied MPK in Group B MPKs is MPK4. This MPK has been reported to
be involved in regulating cold, drought and salt resistance [35, 37-42], microtubule bundling in
cytokinesis [43, 44], and pathogen resistance [13, 14, 45-47]. AtMPK11 is a close paralogue of
MPK4; it interacts with AtMKKG6 in yeast two-hybrid (Y2H) assays [42, 48] and has been
reported to be involved in pathogen defense and perhaps embryo or seed development, both
functions of which MPK4 is also involved [49]. AtMPK12 is localized in guard cells and
regulates stomatal closure in response to ABA and H.O; treatment [50, 51]. AtMPK5 activates

WRKY 62, whose expression is induced by jasmonic acid (JA) and salicylic acid (SA) treatment



[52, 53]. Finally, AtMPK13, which also interacts with AtMKKG®, is involved in lateral root

formation [42].

There is not much information published about the functions of Group C MPKs. The activities of
AtMPK1 and AtMPK2 have been found to be up-regulated in response to wounding, JA, ABA,
and HxO- stress [7]. AtMPK7 and AtMPK14 were not phosphorylated by any AtMKKSs in vivo
(Nicotiana benthamiana leaves) [54], but GhMPK7 (a group C MPK homologue in Gossypium
hirsutum) has been reported to be involved in a SA-regulated pathogen resistance pathway [55].
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The red letters are Arabidopsis MPKs. Other species acronym before the protein name: As, Avena
sativa; At, Arabidopsis thaliana; Ca, Capsicum annuum; Car, Cicer arietinum; Ee, Euphorbia esula,
Ib, Ipomoea batatas; Ms, Medicago sativa; Nt, Nicotiana tabacum; Os, Oryza sativa; Pa, prunus

armeniaca.
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1.2.3 Group D MPKs

The Group D AtMPKSs, consisting of MPKS8, 9, 15, 16, 17, 18, 19 and 20, possess unique
structural features, including a -TDY- phosphorylation site, instead of -TEY-, and extended N-
and C- termini. Very little is known about the biological roles of the Group D MPKs.

In rice, the expression of OsMPK12 (OsBWMK1) transcripts is increased by wounding and by
fungal infection [56], while the expression of OsMPK8 (OsWJUMKU1) is increased by treatment
with heavy metals or ABA, and by pathogen attack [57]. Within 24h of fungal challenge,
expression of OsMPK7, 12 and 15 transcripts increases. Expression of these three MPKSs is also
increased by JA treatment. According to quantitative real-time PCR (gQRT-PCR) analysis,
OsMPK12 expression is increased by ABA treatment, whereas gene expression of OsMPK12, 13
and 17 is increased by treatment with the ethylene precursor, 1-aminocyclopropane-I-carboxylic
acid (ACC). In addition, expression of OsMPK12, and 13 is increased by SA treatment [58].

In alfalfa, the expression pattern of PrTDY1:GUS suggests that TDY1 might function in root and
nodule development, and its expression is also induced in response to wound stress [59]. In
tobacco, NTF6 (a putative homolog of AtMPK16) functions in cell division via a proposed
NPK1/MEK1/NTF6 cascade [60]. In maize, expression of ZmMPK17 is influenced by various
stresses, as determined by Northern blot analyses, and its C-terminal domain was shown to be
essential for its nuclear localization [61]. GhMPK16 is the first group D MAPK gene to be
identified in cotton. Ectopic expression of a GhMPK16-GFP construct showed that GhMPK16 is
likely localized to the nucleus. Various abiotic and biotic stresses can induce expression of
GhMPKZ16, based on the results of an RNA blot assay [55].

1.2.4 Previous research on MPK20

Among the Arabidopsis Group D MPKs, MPK20 is of particular interest because its expression
is correlated across many microarray experiments with expression of genes involved in primary
cell wall biosynthesis, including the “primary cell wall CesAs”, CesA 1, 3 and 6 [62]. Since
MAPKSs post-translationally modify other proteins (enzymes, structural proteins, transcription
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factors, etc.), this observation implies that MPK20 phosphorylation of one or more target proteins
could play an important role in formation/extension of the cell wall, or in closely associated

processes, such as cell division.

Directed yeast 2-hybrid analysis showed that MPK20 can physically interact with MKKO9, and in
vitro phosphorylation assays using recombinant proteins showed that a ‘constitutively active’
form of MKKO is able to phosphorylate, and activate, MPK20 [48]. However, the in planta
targets of MPK20 remain unknown, and exactly how MPK20 might be involved in primary cell

wall biogenesis is also unclear, although a number of possibilities can be considered.

Two primary cell wall CesAs, including CesA3, possess canonical MAPK phosphorylation target
sites (PXS/TP), which might indicate that MAPK-catalyzed phosphorylation influences the
function of these enzymes. However, in exploratory experiments, crude recombinant MPK20
does not appear to be able to phosphorylate recombinant CesA3 in vitro, although this needs to
be confirmed (Dr. Albert Cairo, unpublished data). Since the CesA3 protein has also been shown
in phosphoproteomic profiling studies to be phosphorylated on multiple sites, including non-
MAPK target sites [63], it is possible that MAPK-catalyzed phosphorylation can only occur after

prior phosphorylation at one or more other sites.

Data deposited in MINDO.5 (Membrane-protein Interaction Network Database 0.5) also shows
that MPK20 physically interacts with AtPIN1 in the mbSUS assay system (Mating-based split-
ubiquitin system). AtPIN1 has multiple phosphorylation sites according to phosphoproteomics
analysis; it is phosphorylated by AtPINOID [64], and the PIN1 protein also has multiple potential
MAPK substrate motifs (T/SP). These observations suggest that MPK20 might influence one or
more auxin-related pathways via phosphorylation of AtPIN1 [65].

Rice possesses multiple paralogous forms of MPK20 [66]. Recently, OsSWRKY30 was shown to
interact with OsMPK20-4/0sMPK20-5 in Y2H assays [67]. Expression of OsWRKY30, which
contains two WRKY domains and is a member of Group la of the rice WRKY family, is rapidly
induced by SA, JA and pathogen (M. grisea) infection. The authors suggest that the OsMPK?20-
4/5 isoforms may be involved in a JA or SA pathway by regulating OsWRKY 30 phosphorylation.
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An Arabidopsis mpk20 KO mutant appears to grow and develop normally (see Results), but since
MPK20, MPK19 and MPK18 are close paralogues (Figure 1.5), they may share some functional
redundancy, which can make analysis of single knock-out mutant phenotypes problematic.
However, unlike MPK20, MPK19 expression is correlated more closely with floral development
than with primary cell wall formation (personal communication: Marcus Samuel, U. Calgary),
suggesting that at least these two paralogous MPKs have diverged functionally since their
ancestral duplication. MPK18 and 19 are even more closely related, but can still be functionally
distinguished at some level, since whereas MPK18 interacts with the MAPK phosphatase, PHS1,
in Y2H assays, MPK19 does not [48]. PHS1 was also shown to be able to de-phosphorylate
recombinant MPK18 in vitro [68], but its activity against MPK19 or MPK20 has not been tested.
Interestingly, PHS1 has recently been shown to possess protein kinase activity against specific

cytoskeletal proteins [69], as well as its cognate phosphatase activity.
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Figure 1.5: Alignment of MPK18, 19 and 20 amino acid sequences.
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The sequences were aligned via Clustal X. The three MPK amino acid sequences are the same up to the

440%™ amino acid.

MPK18, 19 and 20 are paralogues, since their amino acid sequences are highly similar to each other
(analysis in Clustal X). The alignment shows that most part of the three MPKs have the same amino acids,
whereas the C-terminals are divergent.

1.2.5 MPKZ20 and plant primary cell walls

The plant cell wall is essential for resisting turgor pressure. There are two types of plant cell
walls: primary cell walls and secondary cell walls. In the primary cell wall, the basic structural
component is a polymer of glucose residues called cellulose, a composite of paracrystalline -
1,4-glucan chains. Cellulose polymers form linear chains that are hydrogen-bonded side by side
to create linear, semi-crystalline structures named cellulose microfibrils [70]. Cellulose is
synthesized by the cellulose synthase complex (CSC), which has a rosette-like structure at the
plasma membrane and extends into cytoplasm, and is associated with cellulose chains. These
chains bind together to form the cellulose microfibril [71]. Freeze fracture studies revealed that
the rosette has a six-lobed structure [72, 73]. By using co-immunoprecipitation, it was confirmed
that the primary cell wall CSC contains three CesA subunits — CesAl, 3 and 6 [74]. Among them,
CesAl and 3 show unique functions, as knock out mutations of these genes are gametophytic
lethal [75]. In contrast, CesA6 mutants only have mild phenotypes, such as a short root and

hypocotyl [76].

Previous studies showed that MPK20 may be involved in primary cell wall-associated
biochemical processes. According to data from several hundred microarray experiments, MPK20
expression is correlated with the expression of AtCesAl, 3 and 6, the putative primary cell wall
CesAs (Figure 1.6). Moreover, in the ATTED gene co-expression database [77-79], expression of
four genes is directly correlated with expression of MPK20: COB (At5g60920, COBRA,
extracellular glycosyl-phosphatidylinositol-anchored protein family), RSW1 (At4G32410,
Cellulose synthase 1), SRF3 (At4g03390, STRUBBELIG-receptor family 3), and BIM1
(At5g08130, basic helix-loop-helix DNA-binding superfamily protein) (Figure 1.7).
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Figure 1.6: Top 22 genes that are co-regulated with CesAl, 3, and 6 [62].
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Figure 1.7: Co-expression network around MPK20 (ATTED database).

The developmental pattern of MPK20 gene expression also seems to support the hypothesis that
MPK20 is somehow involved in primary cell wall formation. The e-FP browser [80] information
shows that, although the MPK20 gene is generally expressed in all plant growth stages and
tissues, it is somewhat more highly expressed in the hypocotyl and root in Arabidopsis seedlings
(Figure 1.8). The results of a previous Arabidopsis inflorescence stem gene expression profiling
study conducted in our lab (Hall, unpublished data), on the other hand, showed that the

expression of MPK20 does not vary very much between stem tissues of different growth stages:
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young stage, maximum growth-rate stage, cessation stage and post-cessation stage. This could
indicate that MPK20 may be involved in primary cell wall biosynthesis predominantly during the
seedling stage.

Two studies in poplar have provided additional indications that MPK20 might be important in
cell wall development. By analyzing the correlations between a range of phenotypic traits and
occurrence of genome sequence polymorphisms (especially SNPs (Single nucleotide
polymorphisms)), a correlation was found between three SNPs for the poplar MPK20 homologue
and the insoluble lignin content of the wood (Douglas and Mansfield, unpublished data).
Moreover, the expression of the poplar MPK20 gene is down-regulated when the xylem tissue
develops into tension wood (Sundberg, unpublished data). These clues are consistent with a
hypothesis in which MPK20 gene expression decreases as secondary cell wall formation occurs,

and the cell is no longer actively synthesizing a primary cell wall.

1.3 Project objectives

Although group D has many MPK members, very little is known about the role of this group of
MPKs in Arabidopsis. A number of previous studies have indicated that MPK20 might
participate in cell wall formation and/or associated pathways, especially in Arabidopsis seedlings.
In my studies, | focused on finding the biological function of MPK20 in Arabidopsis, using
predominantly a reverse genetics strategy, and driven by the hypothesis that MPK20 is involved
in a primary cell wall metabolic pathway. As well as examining the single mutants for MPK18,
19 and 20, the phenotypes of mpk18 mpk20, mpk19 mpk20 and mpk18 mpk1l9 double KO
mutants were also explored, to try to circumvent potential redundancy of MPK function among
MPK18, MPK19 and MPK20. In addition, the hormone responsiveness of mpk20 mutants was
investigated, since several MPKs work in phytohormone-related pathways, and AtPIN1, for
example, might be a substrate of MPK20. Finally, an attempt was made to prepare purified
recombinant MPK20 protein so as to be able to test whether MPK20 interacts with and/or

phosphorylates AtPIN1 in vitro.
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Figure 1.8: e-FP browser information about MPK20 expression pattern (e-FP browser).
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2 Materials and methods

2.1 Plant materials

Ecotype Col-0 (Columbia-0) was used as the control (WT) line. The knock out mutants of
MPK20, (mpk20-2 and mpk20-3), and the knock out mutant of MPK19, mpk19-3, were provided
by Dr. Marcus Samuel (University of Calgary). These three mutants are all T-DNA insertion
mutants in the Col-0 ecotype background, but the mpk20 mutants are SALK lines whereas the
mpk19 mutant is a SAIL line. Another T-DNA insertion mutant mpk20-1 (SALK_036317) was
ordered from ABRC (Arabidopsis Biological Resource Center). The knock out mutant of MPK18,

mpk18-1, is a SALK line mutant and was previously used in our lab [68].

2.2 Plant growth conditions

For all experiments, Arabidopsis seeds were first treated by gas sterilization as described in [81].
Briefly, this involved putting two beakers in a sealable container, each beaker containing 100mL
undiluted commercial bleach, and slowly adding 3mL HCL to each beaker. About 0.3mL
Arabidopsis seeds from each line were put into a 1.5mL microtube. The microtube was left
uncapped and placed horizontally in the container, which was sealed for 2h-4h depending on the

number of seeds.

After being stratified at 4 <C for 2 days, the sterilized seeds were germinated on Y2-strength
Murashige and Skoog (MS) medium plates (2.2 g/L 1/2 MS salts, 0.25 g/L MES, and 8 g/L agar,
pH 5.7) in the growth room at 22-24 <C under 16h/8h photo-period, with constant white light.
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2.3 DNA extraction and Polymerase Chain Reaction (PCR) for genotyping

For genomic DNA extraction, 100 mg 7d-old seedlings were ground into powder in liquid
nitrogen. DNA extraction buffer (400 uL) (200 mM Tris-HCI, pH 7.5, 250 mM NacCl, 25 mM
EDTA, 0.5% SDS) was added to the homogenized powder and stirred briefly as it thawed.. After
centrifugation at 13,000 rpm 7500 g for 1 min, 400 pL isopropanol was added to the supernatant
for DNA precipitation. After further centrifugation at 13,000 rpm for 5 min, the precipitate was
washed with 700 pL 70% ethanol and re-centrifuged at 13,000 rpm for 5 min. After removing the
ethanol supernatant and allowing any residual ethanol to completely evaporate by standing at
room temperature, 40 L. dH>O was added for DNA resuspension.

For genotyping, 4 pL of this DNA solution was used as template, together with the primer sets
listed in Table 2.1. All primers were obtained from IDT. The PCR product was later run on a 1%
agarose gel (adding 0.5g agarose into 50mL TAE (Tris-Acetate-EDTA)).

Primers mpk20-1.F and primer Lbb1 were used to confirm whether mpk20-1 contains a T-DNA
insertion, while primer mpk20-1.F and primer mpk20-1.R were used to amplify the full MPK20
gene sequence. When DNA from Col-0 genotype plants was used as the template in PCR, the
former primer combination produced no band in the DNA gel, whereas the latter primer set
showed a clear band at the expected molecular mass. If the mpk20-1 line produces a normal
MPK20 gene amplicon, it must lack a T-DNA insertion, and this line will have a functional
MPK20 mRNA sequence; i.e. it will not be an mpk20 ko mutant (Figure 3.2b).

For checking the absence of MPK20 transcripts in mpk20-2 plants, the combination of primer
mpk20.M1 and Lbb1 was used to confirm the T-DNA insertion, and the combination of primers
mpk20.M1 and mpk20.R1 was used to check the absence of MPK20 full-length gene sequence.
To confirm that mpk20-3 is an mpk20 ko mutant, primer mpk20.F1 and primer Lbb1 were used to
check the T-DNA insertion, while primer mpk20.F1 and primer mpk20-3.R were used to amplify
the MPK20 gene sequence.
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Primers RP and Lbbl were used to genotype plants grown from homozygous mpk18-1
(SALK_069399) seeds, while the combination of primers Lbl and mpk19R2 were used to
genotype the mpk19-3 (SAIL_544_G10) seedlings.

For collecting PCR product from agarose gels, the UV-illuminated band was cut from the agarose
gel and extracted by using the QIAquick Gel Extraction Kit (Cat # 28706, QIAGEN).

For gene sequencing, 100ng of gel extraction product was sent to IDT for gene sequencing.

2.4 RNA extraction and semi-guantitative reverse-transcription PCR (SQ RT-PCR)

For total RNA extraction, 14d-old seedlings (1g) were ground into powder in liquid nitrogen.
Trizol reagent (ImL) was added to the frozen powder and allowed to stand for 5 min at room
temperature. After 200 uL chloroform was added for partitioning RNA into the aqueous phase,
the 1.5 mL centrifuge tube was shaken briskly for 5 sec. After standing at room temperature for
another 2 min, the tube was centrifuged at 13,000 rpm for 15 min at 4 <C. After the aqueous
phase was transferred to a new tube, 500 puL isopropanol was added for RNA precipitation and
the tube was allowed to stand for 10 min at room temperature. After centrifugation at 13,000 rpm
for 15 min at 4 <C, the RNA pellet was washed with 75% ethanol and the tube was centrifuged
again at 9000 rpm for 5 min at 4 <C. After the ethanol supernatant was removed and residual
solvent had completely evaporated, the pellet was re-suspended in 20-30 puL
diethylpyrocarbonate (DEPC)-treated dH>O (autoclaved with 0.05% DEPC and allowed to stand
for 24h before being used).

For RT-PCR, 1 pg total RNA was used for synthesizing cDNA by using the SuperScript® Il
Reverse Transcriptase Kit (Cat # 18064-014, Invitrogen). For SQ (semi-quantitative) RT-PCR,
0.5ul cDNA was used as template, together with the primer sets listed in Table 2.2.

Even if mpk20 ko plants have the T-DNA insertion interrupting the normal MPK20 gene
sequence, SQ RT-PCR is necessary to confirm that no MPK20 RNA is being transcribed in
mpk20 ko plants. Thus, the primer combination of mpk20.MF1 and mpk20.MR1 was used to
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check if the total RNA from mpk20 ko plants (mpk20-1, mpk20-2, and mpk20-3) contains mpk20
MRNA sequence or not. Two other primers sets were used for this purpose, as well: mpk20.MF1
plus mpk20.R1, and mpk20.F1 plus mpk20.MR1 (Figure 3.2c).

For confirming the status of mpk18 and 19 ko mutants, two sets of primer were used: mpk18F
and mpk18R for checking MPK18 cDNA; whereas mpk19F and mpk19R were used for
amplifying MPK19 cDNA.

2.5 ProMPK20::GUS lines

There have been no formal studies of the MPK20 promoter, so to obtain an MPK20 promoter, a 2
Kbp region upstream of the transcriptional start codon of the MPK20 open reading frame was
usedfor constructing a ProMPK20::GUS plasmid. The cloned promoter fragment was inserted
into the pMDC162 vector by Gateway cloning: the promoter fragment was first amplified from
Arabidopsis genomic DNA by using primer set MPK20promoter.F.1
(AAAAAGCAGGCTATTT-TTGAGAGCTTATATGATCC) and MPK20promoter.R.1
(AGAAAGCTGGGTCGTGAC-TCAATTGAAACACAG). This PCR product (1 pL) was used
as template and amplified by primer set attB1 (CAAGTTTGTACAAAAAAGCAG) and attB2
(CCACTTTGTACAAGAAAGCTG) by PCR. The resulting PCR product was cloned into
pDONR™221 by BP reaction, and then an LR reaction was performed for transferring MPK20
promoter fragment into pMDC162.

The pMDC162/ProMPK20 construct was transformed into Col-0 plants (T1), and the T2 plants
were genotyped by PCR for selection of homozygous lines. Selected homozygous T3 seedlings
were used for GUS staining by immersion in X-Gal staining buffer (5-bromo-4-chloro-3-indolyl-
B- D-glucuronide cyclohexylammonium salt, 50 mM phosphate buffer, 5 mM Ka/KsFeCN, 0.1%
Triton X-100, pH 7) at 37 <C for 1-2h. The stained samples were held at 4<C overnight, washed

in 96% ethanol and examined on a Zeiss Axioplan Fluorescence Microscope.
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2.6 Recombinant protein expression in E. coli

A full-length MPK20 cDNA was cloned into either the pGEX4T-1, pET-28 or pEXP1-DEST
vectors, and the resulting plasmid DNA was transformed into One Shot® BL21 (DE3) cells.
After selecting the cells on LB plates containing the appropriate antibiotics (kanamycin for pET-
28; ampicillin for pGEX4T-1 and pEXP1-DEST), a colony was picked and incubated in 5mL LB
+ appropriate antibiotics at 37 <C overnight. A 1mL aliquot from this culture was used to
inoculate a 250mL flask containing 50mL LB medium plus antibiotics. This flask was placed on
a 37 <C gyratory shaker for 3 to 5 hours, until the ODeoo Of the culture was around 0.4 ~ 0.6 OD.
The culture was then treated with IPTG (0.5mM final concentration) to induce expression of the

cloned gene in the bacterial cells, and the flask was incubated further on a 22 <C shaker overnight.

For analyzing the size of the extracting protein, SDS-PAGE (sodium dodecyl sulfate -
polyacrylamide gel electrophoresis) was performed. A combination of 10 mL 10% resolving gel
(4 mL H20, 3.3 mL 30% acrylamide mix, 2.5 mL 1.5M pH8.8 Tris-Cl, 0.1 mL 10% SDS, 0.1 mL
10% ammonium persulfate and 4 uL TEMED (tetramethylethylenediamine)) and 6 mL 5%
stocking gel (4.1 mL H20, 1 mL 30% acrylamide mix, 0.75 mL 1M pH6.8 Tris-Cl, 0.06 mL 10%
SDS, 0.06 10% ammonium persulfate and 6 uL TEMED) was used in the system.

The crude protein extract (2 uL) was mixed with 8 pL protein loading dye in one tube and held in
boiling water for 10 min. After loading the gel, it was run at 14 mA until the loading dye ran out

from the bottom.

For Coomassie Blue staining, the SDS-PAGE gel was immersed in Coomassie staining (500 mL
H20, 100 mL glacial acid, 400 mL methanol, and 1 g Coomassie R250 dye) buffer for 1 hour at
RT. The gel was subsequently washed at least three times (until clear) by using destaining buffer
(300 mL ethanol, 600 mL H,O and 100 mL acetic acid).

For western blotting, the SDS-PAGE gel and the PVDF (polyvinylidene difluoride) membrane
were clamped together and run in transfer buffer (700 mL H20O, 200 mL methanol, 100 mL 10X
transforming buffer (144 g glycine, 30.2 g Tris base and 900 mL H:0)) at 100 V, 4 °C for one

hour. The membrane was then immersed in a skim milk buffer (50 mL PBST (Phosphate

22



Buffered Saline Tween - 20) and 2.5 g skim milk powder) to block cross-reaction and shaken for
1 hour at RT. It was then transferred into blocking buffer containing 0.1% of the appropriate
antibody for the vector epitope tag, and shaken overnight at 4 °C. After washing the membrane in
PBST, it was immersed in milk buffer containing 0.02% the secondary (anti-mouse) antibody and
shaken for 1 hour at RT. The membrane was then washed with PBST four times and placed in
PBS. Antibodies bound to the membrane were detected by using Novex® ECL
Chemiluminescent Substrate (Cat # WP20005, Invitrogen)

Table 2.1Primers used in genotyping

primer name  primer sequence

mpk20-1.F GGGTTGTTTTTTTGGATCACAG

mpk20-1.R CGCCTAATGAAGGATCAATG

LBbl GCGTGGACCGCTTGCTGCAAC

mpk20.M1 GGAGTATAGGCTGCATTTTTGC

mpk20.R1 TGAAAGCCCAGCTTAGGTGG

mpk20.F1 GCACATTATGCTTCCTCCTTCACGA

mpk20-3.R TGAATGCAACCCTTGCCAATCCA

RP GATCAAAAGCATTATGCTGCC
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primer name

primer sequence

LP TTTTGGTGTGCCAAGAAGATC
LB1 GCCTTTTCAGAAATGGATAAATAGCCT
TGCTTCC
MPK19.F TACGACAGTCTTTTGGACGG
MPK19.R.1 TAGGATATAGAAAACTTGAGCC
Table 2.2Primers used in SQ-RT-PCR
primer name  primer sequence
mpk20.MF1 CCACCGAGACCTGAAACCA
mpk20.MR1 CGGTCACTGATGTTTTCGGC
MPK18F ATGCAACAAAATCAAGTGAAG
MPK18R CTATGATGCTGCGCTGTAAC
MPK19.F TACGACAGTCTTTTGGACGG
MPK19.R.2 GGTTTGGCAGAGTTGCATTG
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primer name

primer sequence

ACT.R

ACT2.F

AGCAAGGTCAAGACGGAGGATG

TCTTCCGCTCTTTCTTTCCAAGC
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3 Results

3.1 Gene expression pattern of MPK20 in Arabidopsis seedlings

The hypothesis that MPK20 is associated in some fashion with cell wall-related processes could
mean that this relationship is true for a very restricted set of circumstances, spatially or
temporally (e.g. cellulose synthesis within a specific tissue or at a specific stage of development).
Alternatively, the relationship might hold true much more broadly across the plant and its
growth/development. In the first case, | would predict that the expression of the MPK20 gene
would be similarly restricted, but in the second scenario, | would predict that the gene would be
far more generally expressed. To test these hypotheses, | examined the expression pattern of the
MPK20 promoter in Arabidopsis seedlings by using transgenic Arabidopsis lines expressing a
GUS reporter construct driven by a 2kb MPK20 promoter.

The GUS staining pattern of these transformed Arabidopsis seedlings showed that the MPK20
promoter was active in true leaves, cotyledons, hypocotyl, primary root tips, sites of emerging
lateral roots, and in lateral root tips (Figure 3.1). While staining was more intense in the vascular
strands than in ground tissue, the overall pattern confirmed that the MPK20 gene is widely
expressed through all organs of Arabidopsis seedlings, including roots and hypocotyl.
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Figure 3.1: Expression pattern of the MPK20 promoter in transgenic Arabidopsis seedlings.
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Four homozygous transgenic Arabidopsis lines expressing a ProMPK20::GUS construct were selected for
GUS staining (L2, L5, L7 and L8). These lines were grown on 1/2MS plates for 10 days and the whole
seedlings were then stained.

3.2  Selecting mpk20 ko mutants

For the MPK20 gene, there were three putative T-DNA insertion mutant lines available in the
public Arabidopsis mutant collections (mpk20-1 SALK_ 036317, mpk20-2 SALK_ 148463, and
mpk20-3 SALK_146654), but these each needed to be examined for their true mutant status, and
for their homozygosity. Several primers were therefore designed for selecting mpk20 ko mutants

by PCR-based genotyping (Figure 3.2a).

The gel image of PCR-based genotyping shows that mpk20-1 contains the T-DNA insertion and
does not have the normal MPK20 gene sequence (Figure 3.2b). However, mpk20-1 plants still
appear to produce mpk20 mRNA, according to the SQ RT-PCR results (Figure 3.2c). | therefore
concluded that, mpk20-1 is not an mpk20 ko mutant. The genotyping results and the gene
sequencing results confirmed that mpk20-2 contains the T-DNA insertion after the 3300" bp and
that mpk20-3 contains the T-DNA insertion after the 813™ bp. Moreover, neither of the two
mutants has the normal MPK20 gene sequence or mpk20 mRNA sequence (Figure 3.2).
Consequently, from the three T-DNA insertion mutants tested, two MPK20 knock out mutants
were finally selected for further research: mpk20-2 (SALK_148463) and mpk20-3
(SALK_146654) (Figure 3.2).
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C) MPK20 M F1 & MPK20 M R1

ACT2

d)

3160 3170 3180 3190 3200 3210 3220 3230 3240

MPK20 DNA (3160) AGATGTAGCCATCAACATAGACAACAACCCGTTTATCATGGCTAGAACGGGAATGAACAAAGCCGARAACATCAGIGACCG
mpk20-2 sequencing (208) AGATGIAGCCATCAACATAGACAACAACCCGTTTATCATGGCTAGAACGGGAATGAACARAGCCGARAACATCAGTGACCS
Section 41

3241 3250 3260 3270 3280 3290 3300 3310 3321

MPK20 DNA (3241) GATCATAATCGACACARATCTGTTACAGGCAACTGCCGGAATAGGAGT CGCAGCGGCAGCT — == ———— GCAGCAGCTGCTC

kaZO'Z Sequencing (289) GATCATAATCGACACAAATCTGTTACAGGCNANNNNCGGAATAGGAGTCGCAGCGGCAACTTAATAACNCNNEJNNNNNNN:I

€)

730 740 750 760 770 780 790 800 810

MPK20 DNA (730) TCAAGTTATTAAAGCCAATGATGATITGACTAGAGAGCATTACCAGTITITTCCTIGTATCAGTTATTGCGTGCACTGAAGTA
mpk20_3 sequencing (701) TCAAGTTATTAAAGCCAATGATGATTTGACTAGAGAGCATTACCAGTTTTTCCTIGTATCAGTTATTGCGTGCACTGAAGTA
Section 11

811 820 830 840 850 860 870 880 891

MPK20 DNA (811) CATTCACA----CAGGTAGTCTIITICTITIGGTCTICTCITTATCCGGCATCTAGCAATAGTCTTITTICATCTITCAARTCTC

mpk20_3 Sequencing (782) CATATTANTGACCAGTAACACATTGACGCTTAGACAA-CTTAATAACACATTGCGGAC--GT-TTTTAATGTACTGGGGTG

Figure 3.2: Identification of mpk20 ko mutants.

Gene model of MPK20 and the T-DNA insertion position within three mpk20 mutants. Arrows show

the relative position of the various PCR primers.

Genotyping results for three mutants indicate that all three lines are homozygous T-DNA insertion

SQ RT-PCR results for three mutants indicate that mpk20-2 and mpk20-3 are totally mpk20 knock out

mutants.
Alignment of the MPK20 DNA and the MPK2(0 gene sequencing result for mpk20-2; the two

sequences were the same up until bp 3300.
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e) Alignment of the MPK20 DNA and the MPK20 gene sequencing result for mpk20-3; the two

sequences were the same up to bp 813.

3.3 The germination rate of mpk20 ko mutants

Since the two mpk20 ko mutants selected for further study did not have any obvious growth or
morphology phenotypes when germinated on 1/2MS medium or grown in soil, compared to Col-
0 plants, a more detailed examination of their developmental traits was carried out. One of the
traits that was of potential interest was the rate of hypocotyl elongation in dark-grown mpk20
seedlings, since this process requires rapid deposition and extension of primary cell walls. If
MPK20 were involved in primary cell wall metabolism in Arabidopsis seedlings, | could

envision that loss-of-function at the MPK20 locus might affect this hypocotyl extension.

However, simply measuring the hypocotyl length at a particular time-point post-germination can
produce inaccurate results if the mutant seeds do not germinate at the same rate as WT (Col-0)
seeds. Seed germination is influenced by a number of factors, most notably the phytohormone,
ABA. High concentrations of ABA inhibit radicle growth during seed germination (Figure 3.3)
[82], and several MPKs (such as MPK3, 4, and 6) are essential for ABA signaling in Arabidopsis
[15, 35, 83, 84]. Exploration of the germination behavior of mpk20 ko mutants could therefore

also reveal whether MPK20 is involved in ABA signaling.

Testa Rupture Radicle
\ l ABA \ Cotyledons
4J—>

—
Testa rupture

Figure 3.3: ABA inhibits radicle growth during seed germination of Brassica napus [82].

Radicle growth

After comparing the germination timing of the two mpk20 mutants with WT seeds, | confirmed

that there was no significant difference between the germination rates of the seeds of all three
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lines on 1/2MS plates, after 48-hour-stratification (Figure 3.4). Since the mpk20 ko mutants do

not display an abnormal germination phenotype, | concluded that it would be reasonable to

directly compare their dark-grown hypocotyl extension rates after dark germination. The absence

of a significant impact of the mpk20 mutations on the germination rates also suggested that

MPK20 is not required for any ABA-related signaling pathway during seed germination.
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Figure 3.4: The germination rate of Col 0 and mpk20 ko mutants at different times after 48 hours

stratification.
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The seeds for the three lines (Col 0, mpk20-2 and mpk20-3) were planted together on one 1/2MS Petri dish
and stratified for 48 hours. The plate was then transferred to the growth room at 22-24 <C under 16h
photoperiod constant white light, and germination was scored at various time-points after transfer. A seed
was counted as germinated when the emerging radicle protruded a distance at least equivalent to the seed
length. Each plate contained 50 seeds from each line, two plates were scored in each experiment, and three
independent experiments were performed (300 seeds from each line in total). By t-test analysis (0.05 p
value cut-off), the seed germination rate of the two mpk20 mutants did not differ significantly from that of
Col-0 seeds.

3.4 Hypocotyl elongation of dark-grown etiolated mpk20 ko mutants

As shown in the promoter-reporter experiments, the MPK20 promoter is active in the hypocotyl,
and expression of MPK20 transcripts seems to be associated with primary cell wall biosynthesis.

I therefore wanted to examine the hypocotyl extension phenotypes of plants lacking MPK20.

Arabidopsis seedling hypocotyls remain relatively short when the seedlings are grown in light,
compared with those grown in the dark. However, this difference in hypocotyl dimensions is not
the result of production of extra cells during dark growth; indeed the full complement of cells
making up the hypocotyl is initially established through cell proliferation during embryogenesis.
After seed germination, any elongation of the hypocotyl, in light or dark, is accomplished
primarily through the expansion of these initial cells [85-88]. Since dark-grown hypocotyls are
much longer, and therefore more easily measured, | grew the mutant and WT seedlings in the
dark in order to collect data on their hypocotyl extension growth.

To more carefully monitor the changes in the seedlings, the hypocotyl length was measured at
different time points (Figure 3.6). The plates of germinating seeds were positioned so that the
surface of the growth medium was 75 degrees off the horizontal, which allowed the hypocotyls to
grow free of the medium. The plates were kept in the dark until 3d, 4d, 5d or 7d after sowing, and
at each time-point the length of each seedling hypocotyl was measured by capturing a digital
image of a lateral view of the seedling, and measuring the hypocotyl length using Image J
software (Figure 3.5) [89].
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Figure 3.5: Hypocotyl elongation of dark-grown 5-day-old etiolated Col 0 and mpk20 ko mutants.

The hypocotyls of Col0, mpk20-2, and mpk20-3 seedlings are labeled as “Col”, “2”, and “3”, respectively.
The red lines show the lengths of the hypocotyl that were used for measuring and further statistical

analysis.
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Figure 3.6: Hypocotyl elongation of dark-grown etiolated Col 0 and mpk20 ko mutants.

The seedlings were grown in the dark on 1/2MS plates for 3d, 4d, 5d or 7d at 22-24<C before the
measurement. Each bar in the figure represents the average hypocotyl length of approximately 100 seeds
from each line, which were collected at four different time-points. At each time-point, three plates of
seedlings were measured. Each plate contained 10 seeds of Col-0, 10 seeds of mpk20-2 and 10 seeds of
mpk20-3.

The length of mpk20-3 hypocotyls is the same as that of Col 0 hypocotyls except at 7 days (significance
assessed through t-test analysis, 0.05 p-value cut-off). However, mpk20-2 seedlings consistently have
shorter hypocotyls than mpk20-3 or WT seedlings. The “*” mark indicates values statistically different

from Col-0 (by t test analysis, 0.05 p value cut-off) and error bars indicate SD (standard deviation).

Although both mpk20-2 and mpk20-3 mutants lack MPK20 mRNA transcripts, the average
hypocotyl length in the two mutant lines was different over the period of the hypocotyl dark-
growth experiments. The hypocotyl elongation of mpk20-2 was shorter than WT, while that of
mpk20-3 was essentially the same as WT. When comparing only mpk20-2 and mpk20-3, their
hypocotyl lengths were not significantly different for 3, 4 or 5d-old seedlings, but for the 7d-old
seedlings, mpk20-3 hypocotyls were significantly longer than those of mpk20-2. Since both
mutants are supposed to represent complete loss-of-function genotypes, the reasons for the
differences between the mpk20-2 and 20-3 seedlings are unclear. It is possible that one or both of
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the mutants have multiple T-DNA insertions in their genomic DNA, with the additional insertion
events having an impact on hypocotyl extension. Testing this hypothesis would require further
line purification and analysis. In view of the small size of the observed differences in the

hypocotyl extension phenotype, such an effort was not considered to be justified.

3.5 Root elongation is suppressed in one mpk20 ko mutant

As MPK20 might be involved in cell wall-associated mechanisms in Arabidopsis seedlings, the
primary root elongation rates of Col-0, mpk20-2 and mpk20-3 seedlings were compared. To avoid
the effects resulting from individual variation in germination time-point, the differences between
root lengths of 3-day-old and 7-day-old seedlings were measured. These are plotted in Figure 3.6
as blue bars. Similarly, the differences between 3-day-old seedling root length, and 14-day-old
seedling root length are plotted as red bars.

The results showed that the average primary root length of mpk20-2 seedlings is shorter than that
of Col-0 seedlings, whereas mpk20-3 plants have the same root length on average as Col-0 plants.
The different behavior of the two mpk20 ko mutants is reminiscent of the results of the hypocotyl
elongation experiment (Section 3.4), except that, in this case, the root lengths of mpk20-2 and
mpk20-3 plants are statistically different from each other (Figure 3.7). Again, the basis of this
difference in mutant phenotype is unclear, but the possibility remains that one or both T-DNA

mutant lines could be carrying multiple insertions.
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Figure 3.7: The primary root growth of mpk20 ko mutants and Col 0.

The primary root extension after the third day of growth was measured at the 7" day and 14™ day. Root
length was calculated from the results of three independent experiments using approximately 90 seedlings
from each line. In each experiment, two plates of seedlings were scored. Ten seeds from each line were
planted on the same 1/2MS plates and stratified for 48 hours. The plates were then positioned vertically in
the growth room at 22-24 <C under a 16h/8h photo-period. Each experiment consists of three plates. The
root length of mpk20-2 is significantly shorter than that of Col 0 and mpk20-3. Moreover, there is also a
statistically significant difference between mpk20-2 and mpk20-3. The “*” mark indicates values
statistically different from Col-0 (by t test analysis, 0.05 p value cut-off) and error bars indicate SD
(standard deviation).

3.6  Building mpk18, mpk19 and mpk20 double mutants

Since neither of the mpk20 ko mutants has a strong phenotype in plant growth, primary root
elongation or hypocotyl elongation, we must consider the possibility of protein functional
redundancy. According to the Arabidopsis MPK phylogenetic tree (Figure 1.1 & 1.2), MPK18,
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MPK19 and MPK20 are closely related paralogues; i.e. their amino acid sequences are almost
identical, based on Clustal X analysis (Figure 1.3). Therefore, MPK18 and MPK19 are both
candidate proteins which could potentially have some degree of redundant function with MPK20.

To test this idea, | first needed to confirm that mpk18-1 (SALK 069399) and mpk19-3
(SAIL_544 G10) are knock-out mutants, and then these two lines were each crossed with each
other, and with one or both of the mpk20 knock-out mutants (Figure 3.8). Various double mutant
homozygous progeny were selected by PCR using the primer combinations described above, and
are referred to as mpk18-1 mpk19-3, mpk20-2 mpk19-3, mpk20-3 mpk19-3, and mpk20-2 mpk18-
1.
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Figure 3.8: Structures of the MPK18 and MPK19 genes in Arabidopsis.

a) Gene models of MPK18 andMPK19, and the T-DNA insertion position within the single mutants.
Arrows show the relative place of the primers used for genotyping and SQ RT-PCR.

b) SQ RT-PCR results for the mpkl8 and mpk19 mutants indicate that they are total knock-out mutants.

3.7 The phenotype of mpk18, mpk19, and mpk20 double mutants

As individual differences in germination rate could affect the results of other growth experiments,
the germination rates of all single and double mutants were tested from Oh to 108h (Figure 3.9).
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The germination rates of the single and double mutants were generally not significantly different
from that of Col 0, except in the case of the mpk20-2 mpk18-1 double mutant which had lower
germination at the 30h and 36h time points. Since only one line of each double mutant was
examined, this apparent difference in the mpk20-2 mpk18-1 germination phenotype needs to be

confirmed though selection and testing of additional double mutant lines.

100%

90%
(7]
©
980%
(7]
270%
©
£ *
£ 60%
: /
b 50% / =—col =—-mpk20-2
[J]
Y4 o)
2404’ / —A—mpk20-3 —=>=mpk18-1
830%
@ —#=mpk19-3 ~®-mpk18-1 mpk19-3 L5
>20%
() |
I / mpk20-2 mpk19-3 L2 mpk20-3 mpk19-3 L3

10% ,

0% = —— mpk20-2 mpk18-1 L5 | |
0 12 24 36 48 60 72 84 96 108 (h)

Figure 3.9: The germination rates of Col 0 and mpk18, 19, 20 single and double mutants at different
time points.

Three independent experiments were performed, and each time two 1/2MS petri dishes were each sown
with 50 seeds from each line. All the seeds were stratified for 48 hours before transferring the plates to the
growth room at 22-24 <T under 16h/8h photo-period. By t-test analysis (0.05 p value cut-off), only mpk18-

cexkrr

1 mpk20-2 germinated more slowly, whereas the other lines germinated simultaneously. The mark
indicates that the result is statistically different from the value for Col-0 seeds (by t test analysis, 0.05 p

value cut-off).
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As shown previously, mpk20-2 seedlings have slightly shorter primary roots, and shorter
hypocotyls when grown in the dark (Section 3.4 and 3.5). | therefore examined these two traits in
all the double mutants, as well. The hypocotyl length was only measured in dark-grown 5d-old-
seedlings, since both mpk20-2 and mpk20-3 seedlings were previously found to have shorter

hypocotyls than Col-0 seedlings at that particular time point.

In this experiment, | found that all four single mutants had shorter hypocotyls compared with Col
0 (Figure 3.10). On the other hand, the hypocotyls of the mpk20-3 mpk19-3 and mpk20-2 mpk19-
3 double mutants were not significantly different in length from each other, and both had
hypocotyls that were longer than those of the single mutants. However, when compared with Col
0 hypocotyls, the mpk20-3 mpk19-3 hypocotyl length was the same as Col 0, whereas mpk20-2
mpk19-3 hypocotyls were significantly longer. This is similar to the situation | observed in the
mpk20 ko mutant hypocotyl experiments, in that only mpk20-2 shows significant differences in

traits compared with Col 0, whereas mpk20-3 behaves the same as wild type.

Wild-type hypocotyl length was observed in dark-grown mpk18-1 mpk19-3 mutant seedlings as
well, but mpk20-2 mpk18-1 seedlings had shorter hypocotyls. However, this latter result might be
caused by the slower germination observed in this double mutant (Figure 3.9). Therefore the true
hypocotyl growth rate of mpk20-2 mpk18-1 seedlings could differ less from the control than the
present data might imply. A more detailed analysis of the hypocotyl growth patterns in Col0 and
the mutants is shown in Figure 3.10b. These histograms show that Col-0 and three double
mutants share same hypocotyl length distribution, whereas the hypocotyl length distribution of
three single mutants is different from Col-0.

40



the length of hypocotyl/mm

*
1 , * * " *

10

8

6

4

2

0 -~ ‘ ‘ ‘ \ \ \ \ \

Col-0 mpk20- mpk20- mpk18- mpk19- mpk20- mpk18- mpk20- mpk20-
2 3 1 3 2 1 2 3
mpk19- mpk19- mpk18- mpk19-
312 3L5 115 313

0.5
0.4
0.3
0.2
0.1

b) Col-0 mpk20-2
0.5
0.4
0.3
0.2
0.1 I:I:I:II
e e L m 0 -
1234567 8 9101112131415 1234567 8 9101112131415

41



mpk20-3

0.5
0.4

0.3

0.2

0.1

1234567 8 9101112131415

mpk19-3

0.5
0.4

0.3

0.2

0.1

AP_#T-JJT[I:IZIZIT:

1234567 8 9101112131415

mpk18-1 mpk19-3 L5

0.5

0.4
0.3

0.2

0.1

0 -

1234567 8 9101112131415

0.5
0.4
0.3
0.2
0.1

0.5
0.4
0.3
0.2
0.1

0.5
0.4
0.3
0.2
0.1

mpk18-1

1234567 8 9101112131415

mpk20-2 mpk19-3 L2

1234567 8 9101112131415

mpk20-3 mpk19-3 L3

1234567 8 9101112131415

Figure 3.10: Hypocotyl elongation of dark-grown seedlings of Col 0, mpk18, 19 and 20 ko mutants
and their double mutants

a) The length of 5-day-old dark-grown seedling hypocotyls. The labeling of mpk20-2 mpk19-3 L2 refers

to line 2 of the mpk20-2 mpkl9-3 double mutant. The “*” mark indicates that the result is statistically

different from the value for Col-0 seeds (by t test analysis, 0.05 p value cut-off).

b) Histograms of hypocotyl length of the different lines. The Y axis represents the percentage of

seedlings; the X axis represents the length of the hypocotyl.
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The hypocotyl length of the seedlings was measured after growing in the dark for 5 days. The seedlings of
Col 0, two single mutants and their double mutant were grown on the same Petri dish in order to create an
identical growth environment. By t-test analysis, mpk20-2, mpk20-3, mpk18-1, mpk19-3 and mpk20-2
mpk18-1 seedlings have shorter hypocotyls, whereas mpk20-3 mpk19-3 has longer hypocotyls, compared
with Col 0. The data were collected from 120 seedlings of each line, from six independent experiments.

I next examined the primary root growth phenotype of the various mutant combinations.
However, since these experiments were designed to test for possible functional redundancy, and
mpk20-3 seedlings had previously been shown to have the same root length as Col 0 seedlings
(i.e. no phenotypic difference), the mpk20-3 and mpk20-3 mpk19-3 mutants were not included in

this experiment.

| found that none of the mpk18-1, mpk19-3, or the mpk18-1 mpk19-3 double mutant had a root
elongation deficiency phenotype (Figure 3.11). This result would suggest that these two genes
(MPK18 and 19) are not involved in primary root growth in Arabidopsis seedlings. Interestingly,
however, mpk20-2 seedlings were found to have shorter roots than either the mpk20-2 mpk18-1
or mpk20-2 mpk19-3 double mutants. In fact, mpk20-2 mpk19-3 is the only mutant genotype
whose root length was longer than that of Col 0. This apparent complementarity might indicate
that the presence of MPK18 and/or MPK19 in mpk20-2 plants results in a shorter root length
phenotype, which in turn could mean that these three genes might all be participating in the root

development process in Arabidopsis seedlings.

43



40

35

by

mpk202 mpk18 1 mpk19 -3 mpk20 -2 mpkl8-1 mpk20 2
mpk19-3  mpkl19-3  mpkl18-1

The length of root {cm)

Figure 3.11: The primary root elongation of Col 0, mpk18, 19 and 20 ko mutants and their double
mutants.

The root length was measured in six individual experiments using approximately 90 seeds from each line.
Five seeds from Col 0, 5 seeds from single mutants (for instance mpk20-2 and mpk18-1) and 15 seeds from
each double mutant (for instance mpk20-2 mpk18-1) were planted on the same 1/2MS petri dish in each
experiment. Compared with Col 0 root length, the root length of mpk20-2 is shorter, whereas the others are
basically the same as Col 0, except for mpk20-2 mpk19-3, which has slightly longer roots than Col-0. The
“*” mark indicates that the result is statistically different from the value for Col-0 seeds (by t test analysis,
0.05 p value cut-off).

3.8 The phenotype of the triple mutant.

To help further evaluate whether functional redundancy might be obscuring deficiency
phenotypes in the mpk18, mpk19 and mpk20 mutants, | crossed mpk20-2 mpk19-3 plants with
mpk18-1 mpk19-3 plants and selected homozygous lines of the mpk18 mpk19 mpk20 triple
mutant from among the progeny for phenotype analysis. After genotyping and SQ RT-PCR, two
triple mutant lines were identified and then analyzed: mpk20-2 mpk18-1 mpk19-3 (L4) and
mpk20-2 mpk18-1 mpk19-3 (L6).
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First, the germination rates of all three single mutants and the triple mutant lines were tested from
Oh to 108h. Although the germination rates of the triple mutant lines were significantly lower
than that of Col O up to the 60-hour time point, this difference disappeared after the 72-hour time
point (Figure 3.12).
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Figure 3.12: The seed germination rate of Col 0 and various mpk18, 19 and 20 mutants at different
time points.

Forty seeds from each line were planted on a 1/2MS Petri dish and stratified for 48 hours before being
placed in germination conditions. Two dishes were used per experiment and two independent experiments
were carried out. By t-test analysis (0.05 p value cut-off), at the 48-hour time point and 60-hour time point
the germination rates of the two triple mutant lines (mpk20-2 mpk18-1 mpk19-3 L4 and mpk20-2 mpk18-1
mpk19-3 L6) were lower than that of Col 0. The “*” mark indicates that the result is statistically different

from the value for Col-0 seeds (by t test analysis, 0.05 p value cut-off).
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Primary root extension in seedlings of two triple mutant lines was also reduced compared to that
of Col-0, mpk18-1, or mpk19-3 seedlings (Figure 3.13). Although the root length attained by 7-
day-old triple mutant seedlings was shorter than that of mpk20-2 seedlings, the primary root
extension of 14-day-old mpk20-2 mpk18-1 mpk19-3 L6 seedlings was the same as that of mpk20-
2 whereas L4 roots were still shorter than those of mpk20-2. There is no statistically significant

difference between the two triple mutants’ root lengths at either time point.
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Figure 3.13: The primary root growth of Col0 and mpk18/19/20 triple mutants.

The results were obtained from three experiments. In each experiment, two plates of seedlings were

measured. Each plate contained 10 seeds from a triple mutant and 5 seeds from other lines. Since the
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germination rates of the different lines were the same after the 72-hour time point, the length of root
extension was measured from the 3-day growth point to the length achieved in 7-day-old or 14-day-old
seedlings. The blue bars represent the root extension from the 3' day till the 7™ day, whereas the red bars
show the root extension between the 3 day and the 14" day. According to t-test analysis (0.05 p value
cut-off), the root extension values for the mpk20-2, mpk20-2 mpk18-1 mpk19-3 L4 and mpk20-2 mpk18-1
mpk19-3 L6 mutants were significantly different from that of Col 0. The “*” mark indicates that the result
is statistically different from the value for Col-0 seeds (by t test analysis, 0.05 p value cut-off).

3.9 Phenotype of mpk20 ko mutants under different hormone treatments.

According to the data in the MIND 0.5 database, derived from a survey using a mating-based
split ubiquitin protein-protein interaction assay system, MPK20 interacts with PIN1. AtPIN1
helps regulate polar auxin transport in Arabidopsis, and auxin is known to inhibit primary root
growth and stimulate lateral root formation [90]. In the context of my hypothesis that MPK20 is
involved in primary cell wall synthesis or associated biochemical processes, this evidence for
PIN1-MPK20 association led me to test the behavior of the mpk20 ko lines when treated with
different IAA concentrations (Figure 3.14). Without auxin treatment, the primary root length of
mpk20-2 seedlings is shorter than that of Col 0, whereas the root length of mpk20-3 is the same as
that of Col 0. The root lengths of all three genotypes are reduced when the seedlings are grown in
higher concentrations of 1AA, but their relative growth responses are unaffected; i.e. the mpk20

mutants respond in the same manner as Col 0 plants under different IAA treatment regimes.
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Figure 3.14: The primary root growth of Col 0 and two mpk20 ko mutants in response to different
concentrations of IAA.

The root growth measurements were obtained from three independent experiments, each of which
involved ~ 75 seeds from each genotype treated with each IAA concentration. The seeds were planted on
1/2MS plates, held in the dark at 4°C for 48 hours and then grown under a 16h/8h photo-period at 22°C for
2 days. The seedlings were then transplanted to 1/2MS plates supplemented with different concentrations
of IAA. Since the IAA was dissolved in ethanol, the negative control 1/2MS+0.00M 1AA plates also
contained 0.1% ethanol. The “*” mark indicates that the result is statistically different from the value for
Col-0 seeds (by t test analysis, 0.05 p value cut-off).
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Since PIN2 has been reported to act as a root gravitropism control protein [91], | next tested the
gravity-response of mpk20 mutant roots. When 1| rotated by 90°the growth plates on which
seedlings of different genotypes were growing, | observed that mpk20 mutants display the same
growth response to this change in the gravity vector as did Col 0 seedlings, whereas the positive
control pin2 (eirl) ko mutants showed a severe gravitropism deficiency phenotype both before
and after the re-orientation of the plates (Figure 3.15).

Figure 3.15: The gravitropic response assay for mpk20 ko mutants.

The seeds were stratified in the dark at 4°C for 48 hours before being grown vertically at 22°C under
16h/8h photo-period on 1/2MS plates. Two independent experiments were performed, and in each
experiments one 1/2MS plate, containing five seeds from each line was assayed. After 6 days, the plates
were turned clockwise 90°. “WT” represents the Col 0 seedlings, “EIR1” represents pin2 seedlings, “1”

represents mpk20-1 mutant, “2” represents mpk20-2 mutants, “3” represents mpk20-3 mutant, and “8”
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represents mpk18-1 mutants. The positive control pin2 seedlings display a gravitropism deficiency

phenotype before and after turning the plate, while other mutants behave the same as Col 0.

Since high concentrations of either 2,4-D (2,4-dichlorophenoxyacetic acid) or IAA inhibit the
expansion of the cotyledon [92-94], a process that requires cell wall synthesis/extension, the
cotyledon expansion of mpk20 ko mutants was measured and compared with that of Col 0
seedlings. The cotyledons of mpk20-2 seedlings are already smaller than those of either Col 0 or
mpk20-3 after growing on 1/2MS plates for 5 days (Figure 3.16a). At that point, half of the
seedlings were moved from 1/2MS plates to 1/2MS plates with additional IAA or 2,4-D. By t test
(0.05 p value cut-off), the cotyledon expansion of Col 0 and mpk20-3 is significantly inhibited by
treatment with 1AA, whereas expansion of mpk20-2 cotyledons is unaffected (Figure 3.16b). In
response to exogenous 2,4-D treatment, cotyledon expansion of both Col 0 and the two mpk20 ko

mutants was inhibited to a similar degree (Figure 3.16c).
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Figure 3.16: The cotyledon expansion of Col 0 and mpk20 ko mutants in response to different
concentrations of 1AA or 2,4-D.
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a) The seeds were planted on 1/2MS plates, stratified at 4°C for 48 hours and grown in 22°C under
16h/8h photoperiod for 5 days. The cotyledons were photographed and the cotyledon area was

measured by using Image J software. The data were collected from three independent experiments

ek

each of which contained 120 seedlings from each genotype. The mark indicates that the result is

statistically different from the value for Col-0 seeds (by t test analysis, 0.05 p value cut-off).

b) After 5 days growth on 1/2MS, the seedlings were transplanted to 1/2MS + OuM IAA (containing
0.1% ethanol) or 1/2MS + 1uM IAA. Three independent experiments were performed. The results
show the average cotyledon area of 30 seedlings each from Col 0 plants and mpk20 ko mutants under
different concentration of IAA. The “*” mark indicates that the result is statistically different from the

value for Col-0 seeds (by t test analysis, 0.05 p value cut-off).

c) After 5 days growth on 1/2MS, the seedlings were transplanted to 1/2MS + 0.1% ethanol or 1/2MS +
1uM 2,4-D. The graphs show the cotyledon area of 30 seedlings of each line as assessed in three
independent experiments. The “*” mark indicates that the result is statistically different from the

value for Col-0 seeds (by t test analysis, 0.05 p value cut-off).

It has been reported that not only the homeostasis but also the crosstalk of phytohormones is
important in MPK-regulated plant development, stress response and disease resistance [95-97].
Therefore, the responsiveness of the mpk20 mutants to other exogenous hormone conditions was

also examined.

1-Aminocyclopropane-1-carboxylic acid (ACC) is an ethylene precursor [98], and when
exogenous ACC is added to growth media it effectively mimics endogenous ethylene production.
It has been reported that application of ACC inhibits hypocotyl elongation in dark-grown
seedlings of Arabidopsis [99, 100]. Application of brassinazole (BRZ), a brassinosteroid
biosynthesis inhibitor, also leads to shorter etiolated hypocotyls in Arabidopsis [101]. When |
examined the response of dark-grown wild type and mpk20 mutant seedlings to ACC and BRZ
application, | found that while hypocotyl extension of Col 0 and the two mpk20 mutants is
reduced by these treatments, there is no obvious difference in the response of the mpk20 mutants,

relative to the Col O response (Figure 3.17 & Figure 3.18).

51



16

the length of hypocotyl (mm)

OuM ACC 0. 5uM ACC 5uM ACC 10uM ACC 50uM ACC 100uM ACC
Bcol Mmpk20-2 Mmpk20-3

Figure 3.17: Hypocotyl elongation of Col-0 and mpk20 ko mutants in response to different
concentrations of ACC.

The seeds of the different genotypes were planted on 1/2MS plates, stratified at 4°C for 48 hours, and then
grown in 22°C for 1 day under a 16h/8h photo-period. They were then transplanted to % MS plates
supplemented with different concentrations of ACC and grown in the dark for 5 days. The negative control
(1/2MS + OpM ACC) contained 0.1% ethanol, since the ACC was dissolved in ethanol. The data were
collected from four independent experiments and each bar represents the average hypocotyl length for
approximately 80 seeds. The “*” mark indicates that the result is statistically different from the value for
Col-0 seeds (by t test analysis, 0.05 p value cut-off).
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Figure 3.18: The hypocotyl elongation of Col-0 and mpk20 ko mutants in response to different
concentrations of BRZ.
The seeds were stratified at 4°C for 48 hours on 1/2MS plates, grown at 22°C for 1 day under 16h/8h

photo-period, and then were transplanted tol/2 MS plates supplemented with different concentrations of
BRZ and grown tilted in the dark for 5 days. The blank control group was grown on 1/2MS plates
containing 1% dimethyl sulfoxide (DMSO), since the BRZ was dissolved in DMSO. Two independent
experiments were performed and 30 seedlings were measured for each line at each BRZ concentration.
The “*” mark indicates that the result is statistically different from the value for Col-0 seeds (by t test
analysis, 0.05 p value cut-off).

Another hormone that has been implicated in cell wall formation is gibberellic acid (GA), which
acts through a family of signaling proteins called DELLA proteins. RGA (REPRESSOR OF gal-
3) is one such DELLA protein. Plants transformed with a GFP-tagged form of RGA
(PRGA:GFP-RGA) display a fluorescent signal in their root cell nuclei, and this signal rapidly
disappears after treating the plants with exogenous GA [102], indicating that GA can induce the
destabilization of RGA. However, if the pPRGA:GFP-RGA plants are also expressing an AtPIN1-
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RNAI construct they show no GA-mediated disappearance of GFP-RGA. This result suggests
that AtPIN1 (or associated auxin transport patterns) promote the disappearance of RGA when
GA concentrations rise in the plants [102]. Bearing in mind the predicted association of MPK20
with PIN1, | wanted to test the responsiveness of the mpk20 mutants to GA. The hypocotyl
elongation of Col 0 and the two mpk20 ko mutants was therefore measured in dark growth
conditions in the presence of either exogenous GAs or paclobutrazol (PAC), which is a GA
biosynthesis inhibitor [42]. The hypocotyl length of Col-0 seedlings increased 5% on GA plates,
relative to untreated seedlings, and decreased 66% on PAC plates. In comparison, the hypocotyl
length of mpk20-2 seedlings increased 15% on GA plates, relative to the untreated seedlings, and
decreased 62% on PAC plates. The mpk20-3 seedlings, however, behaved similarly to Col-0
seedlings, with a 7% increase in hypocotyl length in response to GA and a 63% reduction in

extension in response to PAC treatment (Figure 3.19).

m1/2MS
B GA
= PAC

the length of hypocotyl (mm)

col mpk20-2 mpk20-3

Figure 3.19: Hypocotyl elongation of dark-grown Col 0 and mpk20 ko mutants treated with 10pM
GA; or 1pM PAC.
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The seeds were planted on 1/2MS plates, stratified at 4°C for 48 hours, and grown at 22°C for 1 day under
a 16h/8h photo-period. They were then transplanted to 1/2MS plates, 1/2MS + 10M GA; plates or 1/2MS
+ 1M PAC plates, and held in dark for 5 days. The control 1/2MS plates contained 0.1% ethanol, as the
PAC was dissolved in ethanol. The “*” mark indicates that the result is statistically different from the

value for Col-0 seeds (by t test analysis, 0.05 p value cut-off).

3.10 Purification of recombinant MPK20 protein

In order to test the ability of MPK20 to phosphorylate possible target proteins in vitro, such as
PINZ1, I tried to prepare a recombinant version of the kinase by expressing a chimeric MPK20-
GST construct in E. coli. The cDNA of MPK20 was first cloned into three different bacterial
expression vectors: pGEX4T-1, pET-28 and pEXP1-DEST, and these constructs were
transformed into One Shot® BL21 (DE3) E. coli cells. Despite adjusting the IPTG (isopropyl B-
D-1-thiogalactopyranoside) inducer concentration (0.1pM, 0.25pM, 0.5pM, 0.75pM, or 1.0pM),
the incubation temperature (16° C, 22° C, or 37° C) and the period of induction (2h, 5h, or 16h),
no convincing evidence of induction of MPK20 expression could be obtained when examining

the bacterial protein extracts on PAGE gels and staining with Coomassie Blue (Figure 3.19).

I also attempted to obtain transient ectopic expression of GFP or RFP-tagged MPK20 in planta
by infiltrating leaves of Nicotiana benthamiana with the MPK20 cDNA cloned into either the
pEG102, pEG103 or pEG203 vectors. No GFP/RFP signal was observed in the infiltrated leaf
tissue when examined by confocal microscopy. In addition, Dr. A. Tauxin was unable to obtain
expression of MPK20 protein in the Pichia yeast expression system (co-operative work with Dr.

Tauxin in Dr. Harry Brumer’s laboratory, MSL).
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Figure 3.20: No induction of MPK20-GST or MPK?20-Hisz accumulation could be detected in
bacterial cells after adding IPTG and fractionating the cell extracts by PAGE and Coomassie Blue
staining.

The bacterial cultures were harvested after 16 hours IPTG incubation in 22°C. The MPK20 predicted
molecular mass is 69KD, therefore MPK20-GST in pGEX4T-1/MPK20 should run around 95KD, whereas
the MPK20-His in pET28/MPK20 should be around 69KD. “Before” represent the expressed proteins

detected before adding IPTG, “1.0uM” represents adding 1.0uM IPTG, “0.75uM” represents adding
0.75uM TPTG, and “0.5uM” represents adding 0.5M IPTG.
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4 Discussion

4,1 Role of MPK20 in hypocotyl and root elongation in Arabidopsis seedlings

Previous studies led me to hypothesize that MPK20 might be somehow involved in primary cell
wall metabolism. For instance, MPK20 is co-expressed with primary cell wall cellulose synthases
CesAl, 3 and 6 [62], and the expression of CesAl is directly correlated with MPK20 expression
in the ATTED co-expression database [77, 79]. To test this hypothesis, | conducted a reverse
genetics analysis of MPK20, and of some of its most closely related homologues within the

Group D MPKs, focusing on traits related to plant primary cell wall biosynthesis.

For the reverse genetics analysis, | was initially able to obtain three mpk20 ko mutants (mpk20-1,
mpk20-2 and mpk20-3) that could potentially be loss-of-function alleles. | found that the dark-
grown mpk20-2 mutant hypocotyl is approximately 15% shorter than the Col 0 plant hypocotyl,
whereas the mpk20-3 mutant hypocotyl is approximately 10% shorter than Col 0 (Figure 3.5).
When comparing primary root elongation rates among the mutants and Col 0 plants, the mpk20-2
root is about 10% shorter than the Col O root in my assays, whereas the mpk20-3 root is
essentially the same as that of Col 0 (Figure 3.6). These results suggest that, although both
mpk20-2 and mpk20-3 plants lack MPK20 transcripts, the mpk20-2 genotype shows a stronger

deficit in primary cell wall elongation.

There are two possible explanations for this pattern of allele-specific responses; one is that
knocking out MPK20 in Arabidopsis has no effect on plant growth, whereas one or more other T-
DNA insertions in the mpk20-2 genome could be resulting in decreased hypocotyl elongation.
Another possibility is that the T-DNA insertion in MPK20 locus does affect elongation, but
possible additional T-DNA insertions in one or both ko mutants are having counteracting effects

that influence the outcome of the MPK20 insertion.

The magnitude of the apparent growth deficiency observed in the mpk20 mutants is small. It has
been reported, for example, that the dark-grown prcl mutant (CesA6 ko mutant) hypocotyl is 75%
shorter than the Col 0 hypocotyl, while its root length is about 50% shorter than Col 0 [76]. In
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contrast, the mpk20 ko mutants in my study do not show a similar magnitude difference in either
hypocotyl extension or root extension growth. This might indicate that MPK20 does not play a
central role in these tissue elongation processes. On the other hand, since MPK20 has two close
paralogues, MPK18 and MPK19, the redundant function of these three proteins might be
suppressing the effect of losing MPK20 in Arabidopsis. Therefore the various double knock out
mutants and the triple knock out mutant of MPK18, MPK19 and MPK20 were generated and

examined.

If functional redundancy between some or all of these paralogous genes is suppressing the loss-
of-function phenotype of mpk20 seedlings, | would anticipate that a more severe phenotype
would appear in the double/triple mutant genotypes. Instead, when | measured the hypocotyl
extension in dark-grown seedlings of mpk20, mpk18, mpk19 and their double mutants (Figure
3.10), | observed that, while all the single mutants have a shorter hypocotyl than the Col 0
seedlings, the hypocotyls of the various double mutants are as long as those of Col 0 plants. | can
propose two models to address this apparent contradiction, as follows. Note that, since the mpk20
mpk18 double mutant seems to germinate later than the other genotypes (Figure 3.9), this growth
delay is likely to have affected the measurement of hypocotyl elongation in this double mutant.
Comparison of hypocotyl extension in mpk20 mpk18 double mutant with other genotypes is

therefore not justified at this point, and | have excluded MPK18 from my models.

My first model hypothesizes that putative substrate X is needed for cell elongation, and the un-
phosphorylated form of X has substantial basal activity (which we can call 100%) (Figure 4.2a).
If substrate X is phosphorylated on site ‘A’ by MPK20, this results in a modest increase in its
activity/function. This would be the situation for the WT plant, and we can call this slightly
enhanced activity of substrate X 120%. The mpk20-2 plants will therefore have only basal
activity of the putative substrate X (i.e. 100%).

If phospho-substrate X is phosphorylated on a second site (‘B’) by MPK19, this counteracts the
stimulatory effect of site ‘A’ phosphorylation by MPK20, and returns the doubly phospho-
substrate X to a basal activity state (~100%).
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If MPK19 is absent (in the mpk19 ko lines) and MPK20 is present, substrate X will have 120%
activity. If MPK20 and 19 are both absent, the substrate should have 100% activity.

Another possibility is that the two MPKs each target different substrates (A and B), each of
which inhibits hypocotyl elongation through a separate mechanism, but which interact with each
other as phospho-forms to form a non-functional P-A + P-B complex. In this scenario, normal
hypocotyl extension results when this non-functional complex is present. Therefore, when
knocking out both MPKs, the levels of the two non-phosphorylated substrates both increase,
which leads to a normal hypocotyl extension. When we knock out only MPK20, the amount of its
substrate (A) increases. This results in MPK19’s substrate (B) only being able to form a non-
functional complex with part of the pool of A, while the remaining A continues to function as a
hypocotyl elongation inhibitor, which leads to a shorter hypocotyl. (Figure 4.2b).
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Figure 4.1: Two models of possible relationships between MPK19 and MPK20 in hypocotyl
elongation process.

In the primary root growth experiment, mpk18-1, mpk19-3, mpk18 mpk19, mpk20-2 mpk18 and
mpk20-2 mpk19 mutant all have normal root lengths, while mpk20-2 has shorter root length than
Col plants. Compared with the root length of mpk20-2, the roots of mpk20-2 mpk18-1 and
mpk20-2 mpk19-3 are statistically longer. It seems that the absence of MPK18 or MPK19
increases the root length of mpk20-2. The possible explanations are that MPK20 may inhibit the
upstream activator(s) of MPK18/MPK19, or may directly inhibit MPK18/MPK19, one or both of
which normally act as a negative regulator in the root elongation process. Neither the mpk18 nor
mpk19 ko mutant has a shorter root than Col 0, however, although this might reflect the
redundant function of these two MPKSs. The mpk18 mpk19 double mutant should be built and

examined in the future for more clues.

Later, I found that the root of mpk18 mpk19 mpk20 triple ko mutant is shorter than the Col root,
and is even shorter than the mpk20-2 root (about 65% of the Col root length). This suggests that
the presence of MPK18 and MPK19 in the mpk20 ko mutant still contributes to root growth.
Therefore my model should be altered as shown in figure 4.2. In Col 0 plants, the root elongation
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pathway is positively regulated mainly by MPK20 and partly by MPK18/19. In addition, the
activities/functions of MPK18 and MPK19 are suppressed by MPK20 in this pathway. Therefore,
the root elongation pathway in mpk18 or mpk19 ko mutants is still regulated by MPK20 which
results in normal root length. In the mpk20 ko mutant, the MPK18/MPK19-related root
elongation pathway is no longer inhibited by MPK20 and partly rescues the phenotype of
shortened roots. To test this hypothesis, we could re-transform the triple mutant with a MPK20
over-expression construct (e.g. 35S::MPK20) and to see whether the root of the resulting plant is

longer than the Col 0 root.

Root Elongation

Figure 4.2: A model for the possible relationship of the three MPKs (MPK18, 19 and 20) in the
primary root growth process.

It is possible that MPK20 is capable of directly phosphorylating MPK18 and MPK19, since
multiple MPK phosphorylation motifs (T/SP) are observed when the three MPK protein
sequences are aligned, as shown in Figure 4.3. Moreover, in the AtPIN (Arabidopsis thaliana
protein interaction network) database, MPK18 is predicted to interact with MPK20 [103].

61



However, further experiments, such as in vitro kinase assays with recombinant proteins, would

be necessary to strengthen these suggested models.
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Figure 4.3: The alignment of MPK18, MPK19 and MPK20 protein sequences (analysis by Clustal X).
The black boxes show the possible MPK phosphorylation sites.

4.2 MPKZ20 as a negative requlator in a GA signaling pathway

As several MPKs are involved in phytohormone signaling, and AtPIN1 is predicted to serve as a
potential substrate for MPK20, the behavior of mpk20 mutants when treated with different plant
hormones was examined, but the only suggestion of a potential role for MPK20 in hormone
responses was found in the context of GA signaling.
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The hypocotyl of etiolated mpk20-2 seedlings is shorter than that of Col 0 (WT) seedlings on
1/2MS plates, but longer than WT on 1/2MS+GA; plates and 1/2MS+PAC (a GA biosynthesis
inhibitor) plates (Figure 3.18). In mpk20-2 and mpk20-3, the percentage increase in hypocotyl
elongation induced by adding GAsis less than the increased amount of Col. In the meanwhile, the
PAC-induced reduction in mpk20 ko mutants root length is less than that of Col 0. Thus, mpk20
ko mutants seem more sensitive to GA3 than Col 0 seedlings. It should be mentioned that the
change in hypocotyl elongation in mpk20-3 in response to altered GA concentration is not as
significant as that of mpk20-2. These results are consistent with the differences observed between
the 20-2 and 20-3 mutants in hypocotyl extension and root growth assays. My preliminary
examination of the relationship between GA and these MPKs at least suggests that MPK20 may
somehow be acting as a negative regulator in GA signaling pathways (Figure4.4). However
further analysis is required to confirm this possibility. For instance, it might be informative to
measure the hypocotyl elongation of mpk20 ko seedlings grown under a 16h/8h photo-period via

microscope.

GA

Hypocotyl
elongation

Figure 4.4: The model shows that MPK20 normally promotes hypocotyl elongation, while negatively
regulating a GA-related hypocotyl elongation pathway.
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4.3 The possible substrates of MPK20

Previous research has suggested that AtPIN1 may be a potential substrate of MPK20 (Frommer
Group, www.associomics.org). As | did not succeed to purify the recombinant protein of MPK20,
I was unable to establish whether or not AtPIN1 is a substrate of MPK20 via in vitro kinase assay.
As another approach to identifying possible substrates of MPK20, we used an in silico kinase
substrate prediction service from Kinexus [104]. Their prediction methodology is based on
sequence databases in which they align 488 human protein kinase catalytic domain sequences
with 10,000 known kinase-substrate phospho-site pairs. The amino acid sequence of the MPK20
catalytic domain was aligned with the PK database by using Kinexus’ algorithms, which
generated a frequency matrix of predicted phosphorylation-site amino acid sequences for
potential MPK20 substrates. The most probable amino acid sequence around a MPK20
phosphorylation site is predicted to be: wwrdFPdSPyc(w)wt(w)yw. The capitalized residues have
a high probability of being correctly predicted, while the lower case residues have a lower
probability.

Some elements of this predicted sequence are not surprising since the MPK phosphorylation site
motif is known to be -PXS/TP-. | next compared the sequence generated by this Kinexus
prediction with the amino acid sequences of a number of candidate proteins, including not only
AtPIN1, but also AtCesAl, AtCesA3, AtCesA6, MPK18, MPK19 and even MPK20, the last of
which has been found to be capable of auto-phosphorylation [105]. This in silico analysis showed
that all seven of these proteins have at least one peptide sequence that is very similar to the
Kinexus-predicted MPK20 substrate peptide sequence (Figure 4.5). However, further protein-
protein interaction experiments and protein phosphorylation analysis would be required to

determine whether these predictions are meaningful.
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MPK20 peptide substrate Amino acid group MPK20 peptide substrate Amino acid group

wwrdFPdSPyc(w)wt(wjyw 1 1 431 13212 21 1 2121 wwrdFPdSPycw)wt(wljyw 1 1 43 1 1321221 1 2,121
AtCESA1 SCOREAtMPK18 SCORE
RFRRHRGSPRVEGDE 4 144441214 1 3 1 3 3 & ARVAFNDTPTTVFWT 1411123212 2 1 1 1228
VEKRFGQSPVFIAAT 1344112211 1 1 1 1 2 9 GSFFSKYTPAIDVWS 1211242211 1 3 1 125
TVSGEIRTPDTQSVR 2121314213 2 2 2 14 6 LTDLLGTPKSETIS 1123111214 2 3 2 1229
PIPSSRLTPYRWVII 1112241212 1 1 1 11 9 FDPKDRPTPAEALAD 1314341211 3 1 1 1335
GWTMQDGTPWPGNNT 1121231211 1 1 2 22 8 YFRSAVSSPHCYFRP 2142112214 2 2 1 4159
LLGRQNRTFTIVIVW 1114224212 1 1 1 11 9 QNPVHQFSPTEPPAA 2211421212 3 1 1 1168
SDRNAISSPYIDPRQ 2342112212 1 3 1 4238
AtMPK19
AtCESA3 ARVSFNDTPTTVFWT 1411223212 2 1 11238
RYKRLKGSPAIPGDK 4 244141211 1 1 1 3 4 7 GSFCSKYTPAIDIWS 1212242211 1 3 1 125
YSSDVNQSPNRRIVD 2223122212 4 4 1 13 6 UTDLLGTPKSETIA 1123111214 2 3 2 1110
SGEFSAASPERLSVS 2131211213 4 1 2 12 6 VLPPQTISPNCFFHP 1111221212 2 1 1 412¢8
GWVMQDGTPWPGNNT 1111231211 1 1 2 2228
GGVPPSATPENLLKE 1111121213 2 1 1 419 AtMPK20
LMGRQNRTPTIVWVW 1114224212 1 1 1 11 9 ARVAFNDTPTTIFWT 1411123212 2 1 11259
LMTDLLGTPSLDTIS 1123111212 1 3 2 1210
AtCESAE GSFYSKYTPAIDIWS 1212242211 1 3 1 125
GWRSVYCTPKLAAFK 11421222141 1 1 1429
GWTMQDGTPWPGNSV 1121231211 1 1 1 337 AtPIN1
RFKRLKGSPRVEGDE 4 144141214 1 3 1 33 7 VKWWKIFTPDQCSGI 1411411213 2 2 2 117
EGKPSGLSPVDVFVS 3141211211 3 1 1 1 2 7 RSQGLSATPRPSNLT 4 221121214 1 2 2 125
GGMARNASPACLLKE 1111421211 2 1 1 4 3 7 LQSSRNPTPRGSSFN 1222421214 1 4 4 12 4
LEKKFGQSPVFVASA 1344112211 1 1 1 2111 VFGSKGPTPRPSNYE 1112411214 1 2 2 23328
APNPGMFSPNTGGGG 1121111212 2 1 1 1111
FVWSSSASPVSDVFG 1112221211 2 3 1 117

Figure 4.5: Analysis of the peptide sequence in potential substrates of MPK20

In “Amino acid group” row, “1” represents nonpolar side-chain amino acids, “2” represents polar side-
chain amino acids, “3” represents electrically charged side-chain (acidic) amino acids, and “4” represents
electrically charged side-chains (basic) amino acids. The “score” rows show the number of amino acids
that belong to the same group as the Kinexus-predicted MPK20 peptide substrate (positive matches are

highlighted in yellow in the figure).

4.4 Conclusions

The work in this thesis mainly focuses on the examination of possible biological functions of a
Group D MAPK, MPKZ20, in Arabidopsis seedlings. The results indicate that MPK20 probably
plays a role in hypocotyl and root growth, and may be also involved in GA-mediated growth. To
try to gain a better understanding of MPK20’s functions, the mpk20 ko mutant was examined
with or without the presence of the close paralogues of MPK20, namely, -- MPK18 and MPK19.
Intricate interactions between these three MPKs were observed, which do not seem to be
explained by any simple relationship model. The results are consistent with a close but not

identical functional relationship between MPK20 and its two paralogues, MPK18 and MPK19.
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Further work is required in order to confirm the conjectures proposed in this chapter, and to
pinpoint the redundant, as well as the unique, parts of the each of these Group D MPKs’

functions.
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Appendix

1. Protein sequences alignment by using Clustal X

By the late 1990s, Clustal X was already able to sufficiently align medium-sized data sets. The
alignment results are high quantity and do not need to be edited manually very often[106]. Later,
by the appearance of BALIBASE (the first custom made benchmark test set) and T-Coffee code,
it is possible to accurately make alignments of very divergent proteins [107, 108]. Due to the
increasing computer speeds and the appearance of MAFFT (Multiple Alignment using Fast
Fourier Transform) and MUSCLE (Multiple Sequence Comparison by Log-Expectation), the
alignment process has become extremely fast and it is possible to conduct alignments of
thousands of sequences [109, 110]. Now, by using the newest version of Clustal X, the alignment
of larger data sets is allowed, the speed of aligning is increased, and the accuracy of the

alignment is increased.
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