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Abstract

Abstract

Better understanding how plants growth is in tune with limiting environment
is fundamental in efforts to improve stress toleraAcabidopsisthalianaprovides a
model system to study the sigimad pathways that transmit signals for stress
adaptation. Drought is one of the most prevalent abiotic stress to consider. | have set
up a screen for stress induced mitogetivated protein kinase signalling pathways
using inducible overexpression of gaif function MAPK kinases (MKKs). Among
the 10ArabidopsisMKKs | have found two; MKK7 and MKK9 that significantly
altered the growth of both roots and shoots including leaves. | have characterised the
expression of these MKKs on the protein level, amditiduction of two downstream
MAPKs, MPK3 and MPKG6. | set up experimental conditions that mimick mild
drought stress using mannitol that limit leaf growth by 50 percent. Using the
estradiol inducible overexpression lines for MKK7 and MKK9, as well astiosat
mutant lines omkk7 mkk9 mpk3 andmpk6l tested the involvement of these MAPK
signalling pathways in tradscing drought stress and thereby regulating cell
proliferation and leaf growth. | used the mitotic cell cycle marker, CycBB41
GUS repoter, flow cytometry and cell size imaging through DIC and confocal
microscopy in these experiments. In paralell to these drought experiments we found
that dark stress also induces the MAPK signalling pathway. To characterise the role
of MKK7, MKK9, MPK6 anrd MPK3 in darkinduced growth arres of leaves, | set up
deetolation experiments and imaged emerging leaves upon transfer to light. | found
that MPKG is involved in the initial leaf growth after dark arrest. This work was later
followed up and led to theoaclusion that the MAPK pathway may regulate auxin
transport. | also set out to investigate whether drought and the MKK7, MKK9
MAPK  signalling might regulate cell proliferation through the
RETINOBLASTOMA RELATED (RBR) protein and E2F transcription factors.
this end, |1 showed that drought stress influence RBR phosphorylation and promotes
RBR interaction with E2FB. | made crosses with the inducible MKK7 and MKK9
lines and the E2FASFP, E2FBGFP to look for the regulation of RBR2FB
interaction when thesMPK pathways are induced. In summary, my research
identified the MKK7 and MKK9 pathways regulate leaf growth and cell
proliferation. Modulating these signalling pathways could help to obtain crops that

better adapt their growth to limiting environmentahdiions.
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Chapter 1. Introduction

Chapter 1: Introduction

1.1Environmental stresses and corresponding si@lling pathways

Plants are sessile in nature that necessits@sitive response and rapid
adaptatiorto changes in environment. Environmental conditions can be used as cues
that direct plant growth, such as nutrient signals, light or gr@vimdenbrinket al,

2014. Other external factors surrounding plants are the various forms of stresses that
limit their growth or endanger their survivalAs a respomse to environmental
conditiors, plants evolved sophisticated perception of the myriads of signals that
elicit intracellular signal transduction mechanisms that function to integrate the
information to select proper adaptive responses. A peatvahechanism of signal
transduction is through protein phosphorylation cascéideayama and Shinozaki,
2010. Signalling mechanisms are connected to stregsonses that involve the
modification of physiological and biochemical mechanisms to enable adaptation and
facilitate plant survival(Xiong et al, 2003. Cellular damage and impaired
physiological functions are induced by environmental stre@segs drought, heat,

low temperaturesingularly or most likely in combinationdarcher, 2008 The
paramount significance of abiotic stresses for cpepformance necessitates the
detailed characterisation of molecular adaptation mechanisms that greaplanto

reset the disturbed homeostatic equilibrium upon stress conditions.

In this contextosmotic stress came inducedby a number of major chatic
factors such as salinity, drought, low or high temperafwt@ch all can result in
cellular turgor loss When osmotic stress persistiis can lead to the membranes to
become disorganizednd proteins may denature resolj in the loss of activity
(Mahajan and Tuteja, 20D5In this condition frequently high levels of reactive
oxygen species (ROS) are produced and more oxidative damage occur subsequently,
hence inhibition of photosynthesid metabolic dysfunction contribute to growth
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Chapter 1. Introduction

perturbances, reduced fertility, afyoo et al, 2013. Howeverthese processesin
be highly variable and can largely vary from species to species the optimum
environments. To a given stress condition one species can be fully resistant while
another largely susceptible dependent onnthudtitude, duration and timing of the
exposurgLarcher, 2003Munns and Tester, 20D8

In our changing climé& environmentit is extremely important to improve
crops resistace by developing resistant varieties for better adaptation. The studies
using the model plantfArabidopsis thaliana (thale cress)provided important
mechanistic insights for the genetic andlecular understandiraf how plants agpt
to stress conditions. This knowledge provides a platform that can be used to improve
stress tolerance in cropArabidopsisbecame the major model organism in plant
biology due to its, short generation time, #mgenome size and simple
transformation method¢Buell and Last, 203,0Koornneef and Meinke, 2010
Additionally, the availability of its genome sequence, large genomic resources and
mutant collection, mak@rabidopsisthe most studied plant speci&pannagkt al,
2011). However, the basic developmental, biotic and abiotic stress tolerance
medanisms have common biological basis. Therefore, the genes and corresponding
functions identified inmArabidopsiscan be directly employed to identify homologous
genes in crop species and use these candidate genes to facilitate breeding for stress
toleranceasit was showrby overexpressinthe maize nuclear transcription factor Y
subunit B2 that was identifiethroughgenetic screening of Arabidopsis for drought
tolerance(Feuilletet al, 2011). However, it must be said that not in all the cases the
identified orthologs may have similar functions in different plant species. The
regulatory mechanisms might have diverged, modified or adapted to distinct
responsegMovahediet al, 201X Rensink and Buell, 2004 The availability of
Arabidopsis genome sequence some 15 years ago provided a large leap for
discovering the molecular details of regulatory mechaniginabidopsis Genome,
2000. The ever expanding number of genome sequsana@lable for manyrops as
well as closely related and evolutionary distant plant species opened the way to
begin exploring howegulatory mechanisms evolved.

Another important factor that facilitated molecular genetic studies in
Arabidopsisis the highly efficient transforation protocols byAgrobacterium
tumefaciensthrough floral dipping(Bent, 200§. This largely underpinned the

functional characterization of sequences of getieoughtransferDNA (T-DNA)

15



Chapter 1. Introduction

insertion mutant librariegKrysan et al, 1999. In addition, other genetic and
molecular toolswere rapidly developedncluding full-length complementary DNA
(cDNA) libraries for gene isolation arfdnctional studies, gene expression profiling
platforms(Rensink and Buell, 20Q04unget al, 2008§.

1.1.1Drought stress

Drought is one of th@rimary factors of crop losses worldwide that leads to
an average reduction of yields for most major croptglédy more than fifty percent
(Bray et al, 2000 Wanget al, 2003. Drought not onlyaffects plant survival but
also impact on all major metabolic and cellular processes and therefore decreases
growth and productivity of plda (Krasensky and Jonak, 2012Zhe influence of
drought on plant survival and growth is largely dependent on the strength and
duration. The molecular networks underlying growth adaptation to drought stress is
much less understood than the drowshtival responsesStress adaptation is highly
complex and dependent on parameters such as stress severity, organ or cell identity,

and developmental stag@3laeys and Inze, 2013

1.1.11 Experimental conditions to study drought responses

To experimentally administer drought stress in a reproducible way is
challenging. A broadly used method is to mimic drought stress by modifying the
osmolarity of the medium plants graw vitro. This can be donby including nor
metabolisable sugar, such as mannitol. The increased osmolarity by mannitol leads
to water deficit of plant tissues and therefore to the loss of water potential. The
effects of water deficit were studied orifeient levels ranging from ephysiology
to cell metabolisn{Shinozaki and Yamagucighinozaki, 1997Chaveset al, 2003.

In droughtconditions that still enable survivajrowth is inhibited(Skirycz
and Inze, 2010 Growth adaptation mechanisms were studied by administering mild
osmotic stress using low concentratio®5-50 mM) of mannitol(Skirycz et al,
20113. The effect of such mild drought stress can be most feasibly followed on leaf
growth. InArabidopsisrosette leaves emerge sequentialgrtime. At emergence
the majority ofleaf cells actively proliferate. Subsequently, cells exit proliferation
and enter into cell expansigindriankajaet al, 2019. In Arabidopsisleaf, this

transition typically happens first at the leaf tip and gradually progresses towards the
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Chapter 1. Introduction

leaf base. Besides there are dispersed meristematic regions surrounding developing
stomata that contribute to leaf growth. How drought affects these two populations of
cels to regulate cell proliferation and exit from proliferation are fundamentally
important to understand growth adaptati@onnelly et al, 1999 Kazamaet al,

201Q Andriankajaet al, 2013. This transition from cell proliferation to cell
expansion is accompanied by a switch from the mitotic cell cycle to
endoreduplication. Drought was shown to impact on this transition as(@eter

and Flannigan, 2001 Because the switch to endoreduplicatioccurs in the G2
phase of the cell cycle, drought might impact at theM52hase transitio(Beemster

et al, 2005. This is indicatedby the expression of natic specific reporter gene;
Cycbl; 1: GUS, which is dowregulated upon drought strg&kiryczet al, 20114.

1.1.2.1 Morphological responses of drought sses

In drought conditionsit is paramount to optimise the use of available water
by adating growth rate and other morphological and physiological properties of
organs and by changes in biomass allocafibarner, 198%. Stress avoidance
includes plenological number of changes in developmental processes that include a
change in stomata density, cuticular resistance, changes in leaf area, orientation and
anatomy of leaves and other orgdh®rgan, 1984 Jones and Corlett, 19pPlants
tolerate drought by maintaining sufficient cell turgor to allow metabolism to

continueunder increasing water defici@lunns, 1988§.

1.1.2.2Cellular and biochemical responses to drought

Metabolic networks are highly dynamic, therefore metabolites can move
between different cellular compartments. However, the signalling processes required
for homeostasis ofdsic cellular and metabolic processes in adverse environments
are just starting to emerg€rameret al, 201). Metabolic adjustments of plants
with different levels of stress talnce is an important mechanism for stress
survival.For example, e of the most studied metabddithatas an osmolytalters
tolerance to osmotic pressure is proli(fezabados and Savoure, 2D1&tress
signalling pathways can modulate biosynthetic pathway activities but the
mechanisms are little understood. Several other questions remain to be addressed
such as how the devg@mental stage of a plant influesdbe metabolic adjustment,

or how survival and growth responses are coordinated.
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1.1.2.3 Abscisic acid is central to stress adaptation

How drought stress or osmotic stress is perceived by plant cells is not fully
understod (Wohlbach et al, 200§. Downstream of signal perception are the
regulatory pathways involved in eliciting the response to environmental stresses such
as draight (Ingram and Bartels, 199&®amanjulu and Bartels, 2002Z'here are two
important branches of droughtess signalling pathways we know about, one being
abscisic acid (ABA) dependent and the other is ABA indepen@mnhozaki and
YamaguchiShinozaki, 200y, ABA is a plant stres hormone, that is a central
integrator of many plant responses to environmental stepseticularly osmotic
stress(Crameret al, 2011 Kim et al, 201Q(Fig 1.1). ABA signalling can be very
rapid without involving transcriptional activity; a good example is the control of
stomatal aperture by ABA through the regulation of ion and water transport
processegKim et al, 2010. The current model of ABA signalling includes three
core components, receptoByraba&tin resistance/Pyrabactiike or regulatory
components of ABA receptdPYR/PYL/RCAR), protein phosphatasesd protein
kinases $ucrose notiermentingtlike kinase 2s;SnRK29. The PYR/PYL/RCAR
proteins were identified as soluble ABA receptors by tvaependent groupg®la et
al., 2009 Parket al, 2009. The 2Gtype protein phosphatases (PP2C) including
ABI1 andABI2, were first identified from the ABAnsensitiveArabidopsismutants
abil-1 and abi2-1, and they act as global negative regulators of ABA signalling
(Leung and Giraudat, 1988SNFZrelated protein kinase 2 (SnRK2) is a family of
protein kinases isolated as ABsttivated protein kinase®oshidaet al, 2002.
Cellular dehydration under water limited conditions induces an increase in
endogenous ABA levels that trigger downstream target genes encoding signalling
factors, transcription factors, metalwlienzymes, among otherramaguchi
Shinozaki and Shinozaki, 2006In the vegetative phase of plant development,
expression of ABAresponsive genes is mainly regulated by bZIP transcription
factors (TFs) known as AREB/ABFs, which act in an AB#&ponsive element
(ABRE) (Fujita et al,, 2005 Kanget al, 2002 Yoshidaet al, 201Q. In contrast, a
dehydration responsive eg&ting elemety DRE/CRT sequence and its DNA binding
ERF/AP2type TFs, DREB1/CBF and DREB2A, are related to the ABA
independent dehydration and temperature responsive path{@msozaki and
YamaguchiShinozaki, 200). Ethylene is also involved in many stress responses

(Stepanova and Alonso, 200Yo00 et al, 2009. Functional analysis of these
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hormone pathways and intricate créakks between the different signalling
pathways during stress adaptation underlies most stress adaptation responses.
Understanding these pathwaig fundamental for deveping strategies for crop
improvement for abiotic stresses and eventually will lead us to develop crop varieties
superior in stress tolerance by genetic manipulafdamaguchiShinozaki and
Shinozaki, 2006

1.1.2.4Effects of drought on leaf growth

As discussed above, one of the earliest events of drought response is the
production of the phytohormone ABA that triggers stomatal closure to reduce
evapotranspiratiorfChaveset al, 2003. Initially, leaf stomatal conductance may
decrease faster than carbon assimilation, leading to increased water use efficiency.
However, even under moderate stress, stomatal closure leads to decreased
intercellular CQ levels causing a reduction in photosynthé€isaves and Oliveira,
2004. Furthermore, drought directly inhibits cell division and expansion thereby
reducing leaf area for photosynthe@#unns, 2002 A recent transcriptionrpfiling
of young growing leaves revealed two main pathways involved in the reduction of
leaf growth in drought condition&Skirycz et al, 20113, a GA-mediatedpathway
through the DELLA transcription factor&Claeyset al, 2012, and a pathway
mediated by the MKK7, MPK3 MAPK signalling pathway (see below). The
reduction in growth may be an adaptive response allowing diversion of energy and
assimilates to drive the various drought tolerance mechanisms. It also limits the leaf
area available for water loss. However, since leaf growth and photosynthesis are the
primary drvers of biomass accumulation, the reduction in leaf area and
photosynthesis has major negative consequences for crop yield. A secondary effect
of drought is oxidative stress. In a field situation, plants are usually subjected to
other stresses accompanyohgught such as heat. Under these conditions, the rate of
reducing power production can overcome the rate of its use by the Calvin cycle
leading to the production dROS which are highly destructive to lipids, nucleic
acids and proteingXiong and Zhu, 2002Xiong et al, 2003. ROS, particuldy
hydrogen peroxidgH,0;), can also function as a signalling molecuédle to
activate MAPK pathways, and thereafyectgrowth responseolcombet and Hirt,
2008.
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1.1.2.5System biology approaésto improve drought tolerance
X The system biology is an area or approach that involves the systematic and
comprehensive molecular analy®f plant responses to abiotic stressh asgene
regulation, protein functions, metabolism that utilise transcriptomics, metabolomics,
proteomis (Fig 1.1). The aim is to connect these molecular changes with cellular,
physiological and plant phenotypes. Thus, in parallel with molecular profiling
platforms it was important to develop methods for high throughput phenotyping at
fully controlled envionmental conditions (phenomics and cellular imaging systems)
(Skirycz and Inze, 20)0The promise of systems biology on one hand is to expand
our current knowledge on the framework of stress signalling pathways and their
connections to diverse reguway mechanisms, while on the other hand it leads to the
discovery of novel stress adaptation mechanisms. System biology approaches can
also help building mechanistic models that predict how molecular changes lead to

physiological stress adaptation respanset modulate plant growth.

System Biology

~

Metabolome

\./

Identification of Candidates genes

Functional characterization of candidate genes

Ascertaining crop species
and status

Drought stress '

Gene selection and
optimization

iy | OPtmzalon
:
S —

Development of
drought-tolerant crops

§

v

Cellular protection,
Signaling transduction, etc.

Acquiring drought
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Decreased osmotic potential (ROE)

Decreased water uptdke (dehydration)

B transductlon
| Protein degradation |

Oxidative stress
Metabolic alteration
Protien synthesis
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Alter gene
expression

Figure 1.1 A scheme ofhow theintegration of stressphysiology, molecularand
systems biologycan contibute to our understanding of stress tolerance
Adapted imaggFuijita et al, 201Q. System biology approaches can be use
identify candidate genes that linked to drought tolerance. The next ¢
functionally characterize these genes to understand their biological role.
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1.2 MAPKSs provide a central signalling mechanism for stress adaptation

1.2.1 Posttranslational modifications and the role of phosphorylation

After biosynthesis, @y proteins undergo chemical modificatgrwhich is
crucial for specific functiog) these modifications are known as pwanslational
protein modifications (PTPBK). PTPMs are key in many biological processes such as
gene expressioregulation(Filipowicz and Hohn, 201)2 proteinprotein interactions
(Duan and Walther, 20} 5signalling and regulatory procesg&geribeet al, 2010,
protein degradatio@Nelson and Millar, 201betc The PTPMs are usually covalent
modifications through enzymatic reactions and their resultefega conformational
changes that regulate the catalytic agtiwf the protein. Wellstudied PTPMs of
eukaryotic cells are: phosphorylation, glycosylation-liiked or Olinked),
ubiquitination, sumoylation, methylation, S-nitrosylation, S-palmitoylation, N-
acetylation N-myristoylation

Phosphorylation is a one tife most studied postanslational modifications,
refers to the enzymatic reaction that results in an addition of phosphate group(s) to a
protein (Hubbard and Cohen, 1993n plants mosphorylation is known to play
importantrole in intracellular signal transduction and is involved in regujatiell
cycle progressiorfGu et al, 1992, differentiation, developmer{Schiefelbein and
Wang, 2013 hormone responséHarut et al, 20149 etc In eukaryotic cells
phosphorylation can occur at the serine (S), threonine (T) or tyrosine (Y) residues.
The enzyme that adds phosphate group to the substrate protein is called protein
kinase. Phosphorylation in several cases aesvdiut sometimes inactivates the
target protein. The phosphate group doisoususallythe adenosine triphosphate
(ATP). Protein phosphorylation is a residle, dephosphorylation ia process in
which the phosphate group is removed from the target. Dppbogdation of
proteins is carried out by protein phosphatases. Dephosphorytasarallyreverses
the effect of phosphorylation. Kinases and phosphatases provide a dynamic
regulation of the phosphorylated proteins within cellfie importance of this
regulatory mechanism is reflected by the large number of genes in eukaryotes that
code for protein kinases and protein phosphatises. There are moomnéthausand
protein kinases that were annotated in Anabidopsisgenome(Bogre, 2007. The
specificity of progin kinases is based on the consensus sequences that located in the

vicinity of the target amino acids. There are kinases that can phosphorylate several
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substrates if they contain similar kinaggecific consensus domairfRust and
Thompson, 201)1 Besides, protein kinasecan phosphorylate more than one target
amino acids on a single protein if it contains more specific consensus domains.
Generally protein kinases can be activated by regulatory substrates through their

regulatory subunits.
1.22 Mitogen activated protein kinases

One of the most expanded family of protein kinases in plants are the
components of the mitogeactivated protein kinase (MPK) cascades, whach
encoded by 120 annotated genesAmabidopsis(Jonaket al, 2002 Doczi et al,

2012. MPK signalling cascades are composed of three main signalling elements
MKK -activating kinase (MKKK), MPKactivating kinase (MK), and the MPK.

The MPK pathway is activated through consecutive phosphorylation events of the
activation loop. Thes&/PK pathways are connected to extracellular signals and
intracellular second messengers and other signalling mechanisms, such as G
protans, but the mechanisms for these are poorly understood in plants (Fig 1.2 A).
The activated MPK phophorylates a variety of cytoplasmic and nuclear substrates,
with possible effects on their localization, activity state, stability, and transcript
levels, ncluding not only transcriptional and translational regulation but through
posttranscriptional regulation such as protpimotein interactiongPopescuet al,

2009; Whitmarsh, 2007Taj et al, 2010Q. The MPK substrates are then involved
numerous essential cellular processes. However, knowlddgéld substates and

how MPK phosphorylation might regulate their activity and function are also rather
limited in plants. MPK signalling cascades foencomplex interconnected network
(Pedley and Martin, 2005 Traditional genetic and biochemical methods have
identified MKKK/MKK/MPK signalling modules wit overlapping roles in
controlling cell division, development, hormone signalling and synthesis, and
response to abiotic stress and pathogens. There are also overlapping functions for the
same MPK signalling module, for example tAeabidopsis MEKK1-MKK4/5-
MPK3/6 module was found to particulate in flagelirediated innate immunity
signalling (Asai et al, 2002 and are involved in a number of other biological
processe during growth and developmeiMakagamiet al, 2005 Takahashet al,

2007. Multiple upstream sighiing components might connect to the same
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downstream MPK. For example tAeabidopsisMKKK20 was found to be involved

in the osmotic stress signal transduction pathway via MPKG6 activity under abiotic
stress treatment as was found based on results ingdiveamkkk20lossof-function
mutant(Kim et al, 20129

8 Arabidopsis
MAPK components
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Figure 1.2 The MAP kinase regulatory pathways.(A) Architectureof MAPK
cascadesand(B) its complexity inArabidopsis Signalsperceivedof environments
stressesat the level ofcell receptors thersignalling mechanisms involving -
proteins, second messengers or other protein kinases activatABtes througt
sequatial phosphorylationcascades MAPK then phosphorylate downstrear
targetse.g. transcription facta that move to the nucleus anbind to a DN/
elemens to initiate transcription In left the number of MAPK signallir
components are indicated at the vasidevels of the MAPK signalling cascade.

1.23 MAPK signalling pathways in Arabidopsis

The mitogeractivated protein (MAP) kirse phosphorylation cascades are
conserved signalling modules in all eukaryotes and known to have pivotal roles to
regulate cell division, cell growth and stress responses in animaigabidopsis
genes encoding 20 MPKs, 10 MAPKKEBable 1.1)and 6080 puative MAPKKKs

23



Chapter 1. Introduction

were identified(Fig 1.2 B) and both MPKs and MKKs have been divided into four
phylogenetic groups designateeDAMAP_Kinase_Group, 2002

MKKKs are serine/threonine kinases that phosphorylate two amino acid in
the S/TX35S/T motif of the MKK activation loofColcombet and Hir 2009. In
turn, MKKs are dual specific kinases that phosphorylateTiheY motif at the
activation loop of MPKs. Lastly, MPK are serine/threonine kinase able to
phosphorylate a wide

range of substrates, including other kinases and/or

transcription fators(Popescuet al, 2009.

Arabidopsis | Gene code Accession No Group References
MAPK K Gene bank protein
Proteins
MKK1 At4g26070 AAB97145 Al (Morris et al, 1997
MKK2 At4g29810 BAA28828 Al (Ichimuraet al, 1998
MKK3 At5g40440 BAA28829 B3 (Ichimuraet al, 1999
(Ichimuraet al, 1999
MKK4 At1g51660 BAA28830 c4 (Renet al, 2002
(Ichimuraet al, 1999
MKK5 At3g21220 BAA28831 c4 (Renet al, 2002
(Hamalet al, 1999
Arabidopsisgenome
MKK6 At5g56580 NP_200469 A6 project
MKK? At1g18350 AAF25995 p7 | Arabidopsisgenome
project
MKK8 | At3g06230 AAF30316 py |Arabidopsisgenome
project
MKK9 At1g73500 AAG30984 p7 | Arabidopsisgenome
project
MKK10 | At1g32320 AAF81327 py | Arabidopsisgenome
project

Table 1.1 Summary and systematic details of MKKs i\rabidopsis

MPK cascades in plants are involved in diverse functions that include plant
adaptation to abiotic stresses such as cold, salt, touch/wind, wounding, heat, UV
radiation, and osmotic shock. Cold and salt stress induces the MHKK? -

MKK4 signalling module and drought and wounding the MKIMPK4 pathway
(Teige et al, 2004 Xing et al, 2007). MPK cascades are also involved in stress
unrelated processes, including growth and development awmdh aignalling.
Reverse genetic analysis identified the regulation of stomata patterning in the

24



Chapter 1. Introduction

epidermis by YODAMKK4/5-MPK3/6 (Mockaitis and Howell, 2000Lukowitz et

al., 2004 Bergmann, 2004 Utilising gene silencing techniques as well as transient
expression in protoplasts or stable transgenic floeboth gairand lossof-function
analysis were also employed to advance our understanditige ccomplexity of
MPK networkand the rolef MAPK cascades in plan{¥ oo and Sheen, 2008

1.23.1 MAPK signalling pathwaysn abiotic stress tolerance

MAPK cascadesn Arabidopsisare also involved in signalling pathways
activated by abiotic stresses such as salt, cold, water stress, oxidative stress and high
temperaturdColcombet and Hirt, 200&inhaet al, 2011). One of the first studies
in this respect showed that under salt and cold stresses, MPK4 and MPKG6 are
phosphorylatd by MKK2, which was shown to be activated by salt, cold, and the
stressinduced MEKK1(Teigeet al, 2009, therefore describing a cascade mediated
by MEKK1-MKK2-MPK4/MPK®6 (Fig 1.3) The MAPKs MPK3 and MPK6 have
been connected to AB#Aediated signalling processes: MPK3 was shown to
participate in ABA and ROS perception during stomatal closurérabidopsis
guard cell§Gudesblakt al, 2007 and a MAPK cascade consisting of MKK1 and
MPK6 mediated the ABAnduced expression ofatalase 1 (CAT1) and 4,
production, in an ABAdependent signalling cascade. In the same study, the
overexpression of MKK1 enhanced drought tolerancArabidopsisplants and the
authors explained the production of®4 as a signal to facilitate stomatal closure or
to further activate MAPKgXing et al, 2009. Oxidative stress activates MPK3,
MPK4 and MPK6 although by different MAPKs pathways. In response @ H
MKK 1 phosphorylates MPK{Teigeet al, 2004 and MPK4 is placed downstream
of MEKK1, which is activated in the presence gfd4and functions as a regulator
of ROS homeostasidNakagamiet al, 2006, therefore describing a B.-induced
MEKK1-MKK1-MPK4 cascadgFig 1.3) The HO,-mediat&l activation of the
MAP3K ANPL1 triggers a phosphorylation cascade that activates MPK3 and MPK®,
and ANP1 activates the expression ofOkregulated genes, demonstrating that
ANP1 functions in HO, mediatedsignal transductioifKovtun et al, 200Q9. MPK3
and MPKG6 are activated by ozonez[Gnd translocated to the nucleus aftey O
treatment, which suggests that MPK3 and MPKG6 are involved in the phosphorylation
of transcription factors that regulates-@sponsive genefAhlfors et al, 2009.

Recently, it was shown that followed by heat activation, AngbidopsisMPKG6
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phosphorylated the heat shogkotein transcription factor 2 (HSFA2)therefore
regulating its nuclear accumulatigivrard et al, 2013. HSFA4A interacts with
MPKS3 and MPKG6 in both yeast and plant cells, and that HSFA4A is a substrate of
MPK3 and MPKa@ain vitro (PerezSalamcet al, 20149.

It is intriguing that MPK3 and MPKG6 were identified as central regulators of
multitudes of stress responses such as plant innate immunity, hypoxia, salt and
osmotic stress responses, which control ctaks between different stresses,
hormonal signals and sewb messengers, such a R@Boillard et al, 2002 Teige
et al, 2004 Changet al, 2012 Rasmussest al, 2019. MAP kinases were reported
to phosphorylate other transcription factors such as WRKY33, involved in regulation
of ethylene biosynthesi&i et al, 2012 or MYB44 which regulates ABA sensitivity
(Nguyen et al.,, 20123. MPK3 and MPKG6 can formn vivo complexes with
ZAT10/STZ regulating plant defence responfddtler et al, 2006 Nguyenet al,

20121, while under salt and osmotic streB4?K6 interacts with and phosphorylates
ZAT6 (Liu et al, 2013. Thus, MPK3 ad MPK6 appear to regulate a wicenge of

biotic and abiotic defence responses mediated by ROS signals, and coordinate the
activity of various transcription factors such as WRKY, MYB, ZAT and HSF, that in

turn control the transcriptioof a large set ofarget genes.
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Figure 1.3 Schematic representation of known abiotic stress induced M/
kinase signalling components in Arabidopsis. Solid arrows indicate
experimentally proven pathways; dashed arrows show postulated connection
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1.23.2 MAPK cascades in cell cycle regulation

In early studies to elucidate the function of MAPK cascades in cell cycle
regulation, synchronized alfalfa and tobacco-BYsuspension culture cells were
used to analyse the expston, activity and localization of MAPKs. Thdedicago
MAPK, MKK3, the tobacco MAPKKK named after tiNicotianaprotein kinase 1
(NPK1) were found to be cell cycle regulatgtardinaleet al, 2002 Nishihamaet
al., 200).

One of the best studied mitotic MAPK signalling pathways is the so called
PQRsignalling cascade that c®ntrolled by theNACK kinesinand targets MAP65
proteins through MPK4 to regulate cytokine@@alderiniet al, 1998 Nishihamaet
al., 200). In accordance, cells in thepk4 mutant show aberrant cytokinesis
Arabidopsis(Kosetsuet al, 2010a Beck et al, 201]). Another pathway involves
MPK3 and MPK®6; single mutants ofipk3or mpkéhave no major developmental
phenotypes or cell division abnormalities, while tn@k3mpk6édouble mutant is
embryo lethalWanget al, 2007). Thus, MPK3 and MPK6 werguggested to have
redundant and dos#ependent functiongXu and Zhang, 20104 In accordance,
MPK3 and MPK6 were shown to have overlapping substrate recog(iftapescLet
al., 2009 Ellis, 2012, and to play multiple roles including photomorphogenesis
(Sethiet al, 2019, specification of cell fate during stomatal developm@®ianget
al., 20079, regulation of cell proliferation and differentiation in anthers and ovules
(Wang et al, 2008, and regulation of cell proliferation during florescence
developmen{Meng et al, 2012. While MPK3 and MPK6 have redundant roles in
some processes, they are not interchangeable in ¢iarget al, 2009. In one of
the pathways, MPK6 is part of theODA and MKK4/MKK5 MAPK signalling
downstream of the ERECTA receptor kinases to regulate meristematic development
and cell proliferation(Meng et al, 2019. The YDA pathway, througMPK®6, also
targets MAPG65 to regulateortical microtubules and cytokinegiSmekaloveet al,
2014. MPKG6 can also repress cell proliferation, as suggested by small seed size and
decreased root growtiate in thempkémutant(LopezBucio et al, 2014.

Stress signals are frequently transmitted through the generatR@%and
MPKG6 provides a pivotalignalling route by targetindjlitrate reductase (NIA2) to
generate niric oxide (NO), which impacts on growth adaptation e.g. root

development irArabidopsis(Wanget al, 2010Q.

27



Chapter 1. Introduction

MAPK signalling is intricately connected with the cytoskeleton, either
directly through the phosphorylation of cytoskeletal proteins, or via interactions with
cytoskeletal scaffolding proteins that may bring MAPKs together with their
actvators, substrates, or components of other path@dgssteret al, 2013. There
are numerous exgrtes in animal and yeast cells for interactions of MAP kinases
with microtubular proteins in response to stress or developmental cues. For example
MAP kinases regulate microtubular dynamics during osmotic stress in yeast cells
(Hagan, 2008

Despite extensive studies of plant MAPKs and their role in development,
only a few MAPK substrates have been identified among microtubular proteins
(Komis et al, 2011 Sasabe and Machida, 2Q12The microtubuleassociated
proteins; MAP651, MAP652 and MAPG653 are the only oneghat were
experimentally shown to be regulated by MAPK signalling in mitotic plant cells.
Phosphorylation of MAP64 by MAP kinase in tobaccoN{cotiana tabacum
regulates phragmoplast expansion through microtubule destabilitgasabest al,

20069. ArabidopsisMAP65-1 is phosphorylated both by MPK4 and by MPK6
vitro (Smertenkoet al, 200§. MAP652 and MAP653 were also shown to be
phosphorylated by MPK@&osetsuet al, 2010a Sasabest al, 201]). MAP651 and
MAPG65-2 have redundant functions #rabidopsiswith MAP65-3 in cytokinesis
(Sasabeet al, 2011)).

1.23.3 MKK7/9-MPK®6 signalling module

In plants MAP kinase pathways have been shown to play a major role in
stress mgnalling (Pitzschkeet al, 2009. The best studied plant MAP kinase is
MPK6 of Arabidopsis which regulates various stress responses such as pathogen
defence(Asai et al, 2002 Meszaroset al, 2009, cold and salt streg3eigeet al,
2009, as well as developmental processes, such as inflorescence and embryo
developmeniBush and Krysan, 200fanget al, 200§ and stomatal patterning
(Wang et al, 200). MPK6 has been implicated in the regulation of ethylene
biosynthesis and gnalling (Hahn and Harter, 2009In addition to this apparent
functional complexityMPKG6 has been assigned as being downstream of at least five
of the tenArabidopsisMAP kinase kinases, belonging to all four phylogenetic MKK
groups(Asai et al, 2002 Meszarost al, 2006 Takahashet al, 2007 Teigeet al,
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2004 Yoo et al, 2008 Zhou et al, 2009, suggesting an elaborate regulatory
network.

MPK®6 has beeshownto be downstream of MKK@Xu et al, 2008 Yoo et
al., 2009, which belongs to group D of plant MAP kinase kinases. MKK9
participates in salt signalling, genetic evidence supports both positiveegiative
regulation of salt tolerance byIKK9 (Alzwiy and Morris, 200J. Furthermore,
similarly to its downstream partner MPK6, MKK9 has been also functionally
as®ciated with both ethylene biosynthesis and signalfig et al, 2008 Yoo et
al., 2008. A dual role in inhibitig polar auxin transport (PAT) and promoting
pathogen defence has been recently unravelled for MKK7, the only other MKK of
group D for which functional evidence is presently avail¢Dia et al, 2006 Zhang
et al, 2007. Furthermore, both MKK7 and MKK9 have negative as well as positive
functions in stomatal cell fate regulatighampardet al, 2009. In light of these
diverse findings a novel, complex regulatory pathway is emerging at theroeuiss
of plant developmental and stress responses, which minimally compirigda<ad/9
and MPKa®6.

1.3 Organ growth and cell cycle werview

Plant sizes are remarkably flexible and altered both by environmental
conditions (see e.g. bonsai plants) and the genetic makeup. Understanding the
molecular regulatory networks underlying plgnbwth and organ size is becoming a
high priority research in plant science. Thus growth is one of the most studied
phenomena in multicellular organisms. Cell proliferation plays a central role for
defining organ sizes ihigher plantsPlant growth can biedeterminate in plants and
this is achieved by maintaining proliferation competence in the meristems that
contain a pool of undifferentiated cells that prolifefdteze and De Veylder, 2006
As cells leave the meristematic zone they stop dividing and they differentiate into
specific tissuegJakoby and Schnittger, 2004Cell division and differentiation are
well co-ordinated events, but the molecular mechanisms that maintain the balance

between these processes are still not well underghdagyar, 2008.
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1.31 Cyclin-dependent kinases (CDKSs)

The regulation of cell cycle is conserved in eukaryotes and centred on the
cyclin dependent kinases (CDKs). In plant®th the CDKs and the associated
cyclins diverge from what we know in yeasdasnimals(Mironov et al, 1999. A-
type CDKs contain a conserved PSTAIRE cydlinding motif and function
throughout the @l cycle, similar to their yeast and mammalian counterparts.-Plant
specific CDKs include the mitotic CDKEBWeingartneret al, 2003. How the
function of tis central cell cycle regulatory mechanism is connected to

environmental signals and developrtad cues is little understood.

1.3.2E2F/RB regulatory mechanisms

1.3.2.1 The Retinoblastoma protein

The major substrate for CDK control is the Retinoblast@nedein (RB) in
animals which is also conserved in plants and known as RETINOBLASTOMA
RELATED (RBR) (Inze and De Veylder2006. In animal cells Rb is a tumour
suppressor which is mostly due to its repressive function on genes involved in cell
proliferation(Figure 1.4A) (Shao and Robbins, 199BR has been studied mostly
in Arabidopsis and it is becoming clear th&s in animal cellsit is a broadly
utilized transcriptional regulator that prové&le convergence point for signaling
pathways to reprogram gene expression not only for the regulation of cell
proliferation, but also for cell differentiation and metabolig@hinnam and
Goodrich, 201} RBR functions as an adaptor protein to dynamically regulate the
assembly or disassembly of protein complexes on distinct batterieaasd.gehese
RBR target genes provide the multiple outputs through which RBR operates and
effect a number of major vyield determingntincluding the timing when
photosynthetic capacity of cells are switched off, the allocation of photosynthates,
the numberof cells produced to build an organ by regulating cell proliferation and
cell proliferation competence (stem cell maintenance, meristem maintenance),
regulating the transition from proliferation to differentiation and promotes cellular
differentiation (Gutzat et al, 2013. How RBR might carry out these multiple

functionsis little understood in plants.
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1.3.2.2 RB interacting proteins

We know that many known RIhteracting proteins are shared between
plants and animals, including the E2F/DP transcription factors, the R1R2R3Myb
proteins that form the scalled DREAM complex(Haga et al, 2007, and
components of chromatin modifiers, such as the polycomb repressive complex
(PRC2) (Gutzat et al, 2012. These complexes are formed to repress gene
expression on specific genes. These components of RB compeseconserved
between plants and animals, but RBR complexes can also have plant specific
componentslt was shown that RBR can be recruited to promoters and regulate
transcription not only through E2Fs, but also througheottranscription factors,
suchasSCARECROW (CruzRamirezet al, 2012.

RB complexes are dynamically formed and interchange. This might be
directed both by the availability of complegraponents and by signaling pathways
that alter the structure and properties of RBR and/or ‘a8#dciated proteins
through posttranslational modification, prevalently by phosphorylgttmro et al,

2012. In agreement, thArabidopsisRBR is the major target for CDKA function
(Nowack et al, 20129. CDKA activity is regulated by the activating CYCDs,
CYCA3s and the CDK inhibitoKip-related proteins (KRP) (Van Leeneet al,
2017). It was found thatrabidopsisRBR is targeted by CYCD3;1/KRP2/CDKA
kinas in vivo (Magyar et al., 2012 RBR is also phosphorylated by a number of
other protein kinases including MAPKSIunro et al, 2012 andS6K1 (Henriqueset
al., 2010.

1.3.2.3 The E2F/RB network

The E2F/RBnetwork is remarkably conserved between the plant and animal
kingdoms E2F and RB homologues have bederitified from the unicellular green
alga Chlamydomonas reinhardtitp the higher plants includingrabidopsis(inze
andDe Veylder, 2008 Interestingly, nearly 25% of th&rabidopsisgenes in total
contain consensus E2F binding element(s) within their promoter region, which is
significantly higher than what was found in the mammalian genome (~2%),
indicating that E2Fsauld play a fundamental role to regulate many aspects of plant
developmen{Vandepoeleet al, 2005. Functional characterization of the plant E2F
and RB homlogues initially focussed on their involvement in cell proliferation

(Gutierrez, 1998 In analogy to animal systems, plant E2Fs have beenfedsas
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transcriptional activators (E2FA and E2FB), or transcriptional repressor (E2FC)
However most of these data were derived from overexpression st(idiagyar,

2008. Genome wide expression profiling has shown that ectopexpoession of

E2FA with the dimerization partner A (DPA) not only leads to transcriptional
activation but also to the transcriptional repression of a largeber of genes,
perhaps indicating that the same E2F/DP complex can be activator on some genes

while repressor on othe(Big 14 A,B) (Vandepoeleet al, 2005).
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(
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The nteractions between E2F and RBptoteins were biochemically
characterised during the development of the first leaf pairérabidopsis by
purifying RBRE2F complexes in a series of-tomunoprecipitation experiments
using speific antibodies against E2Fs, DPs and RBR. These have led to a surprising
finding; the two activator E2Fs; E2FA and E2FB are in complex with RBR in young
leaves full of proliferating cells, while there was hardly any detectable interaction
between these EE2 and RBR when leaf cells exit proliferation and enter into the cell
expansion and differentiation phag&sgure 14A). Thus opposite tthe canonical
model whereby RBRE2F interaction is required folné exit from proliferation, RBR
could function togdter with E2Fs in proliferating cell§Magyar et al, 2012.

Furthermore, it was shown that RBiRteraction with E2FA is not disrupted by
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CDKA phosphorylation upom CYCD3;1 overexpression, but stable, while E2FB
interaction with RBR is sensitive to CYCD3;1 level and disrupted when cells
actively proliferate e.g. in the presence of sucf{Magyaret al, 2012.

The ultimate aim to unravel the ERB regulatory networks is to identify the
key downstream effectors for tli&2F/RBpathway involved in the cell proliferation
and differentiation, build a transcriptional regulgtoretwork and connect these to
upstream signalling mechanisms that influence plant growth in response to

environmental stress conditions.

1.3.3 Endocycle/endoreduplication

Endoreduplicationrepresents extra rounds of DNA synthesis without
intervening miosis leading to increased ploidy levéisigar and OrWeaver, 2001
This modified cell cycle is coming in differentiated but metabolically active cells in
animals, such as in salivary glands or during oogenedisasophilaand placenta
formation in mammal§_eeet al, 2009.

In plants, and specifically ilrabidopsisendocycle is common in leaves,
hypocotyls root hairs and trichomeSypically these cells are differentiated but
continue to rapidly expand. Because polyploidization is prohibitive of fudakr
divisions, exit to endocycle leads to terminal differentiation of the cells. Therefore
the timing of endocycle during organ development is very important determinant of
cell number and final organ sizéBogreet al, 2009. The regulation of endocycle
onset is also conserved in distant eukaryotic such as hubraspphila and
Medicago species. This involves the anaphasemoting complex/cyclosome
(APC/C) activator genesCDH1, FZR and CCS52respectively(Edgar and Or
Weaver, 2001 In Arabidopsis the expression of th€ DH1/FZR orthologous
CCSb52Ais controlled bythe atypcal E2F transcription factor, E2Fe/DERoudolf
et al, 2009. Endoreduplication and mitotic cell cycle progression are connected to
each other. DNA ploidy ineased or decreased with premature or delayed exit from
the cell division program, respectivdlgchnittgeret al, 2002 Dewitte and Murray,
2003 Boudolfet al,, 2004 Verkestet al, 2005 Churchmaret al, 2006.
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Main Aims

Main aims

1. To gain insights into the role of MAPK signalling pathways in regulating plant
growth through the characterisation @frabidopsis lines with inducible

expression of MKK gain of function mutants.

2. Use loss of function MAPK aniflKK lines to connect leaf growth to MAPK

signalling.

3. Connect the E2F/RB regulatory network to MAPK signalling.
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Chapter 2: Materials and methods

All methods are described as accurate as possible and further experimental
detailsare mentioned wherequired in resultsAppendices contaia listof materials
and equipments thatsed in this studyTable A2.1) Protocolsfor preparation of
solutions are described irappendices where indicated. Unless otherwise stated,
standard laboratory chemicals wesepplied by VWR (VWR International)

Therefore most chemicals were used of AnalaR grade.

2.1 Seed collection and storage

Mature plants were loosely wrapped drying bags and watering was
stopped Seeds were released mechanically from siliques, wihilshe bags, via
rubbing and scratching between hands. The bag was snipped at a corner to release
seeds on to a sieve (500 em pore size)
white paper. Sieving was performed32times and the seeds transferred mtpre
labelled 1.5 ml microfuge tube. Seeds were stored at room temperature. Long term

storage of seeds was-20°C.

2.2 In vitro culturing of Arabidopsis

2.2.1 Seed steriligtion

Seed sterilisation was carried out under a laminar flow. The approximate
number of required seeds was placed into a 1.5 ml microfuge tube; if more than ¥ of
the microfuge tube was filled with seeds a subsequent microfuge tube was used. The
seeds were soaked in sterile water for ~5 mins prior to sterilisation. Removal of
waterkolution from the microfuge tube was carried out using a heat sterilised needle

attached to a vacuum pump. Seed sterilization was carried out as follows; 1 minute
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in 100% EtOH, 10 minutes in a 2.5x dilution of commercial thick bleach, ahd 4
times washingwith sterile HO. After removal of bleachseeds were washed with
sterile wateseverakimesto remove residual bleach. Seeds were finally left in sterile
water and stored in +4 °C in the dark.

2.2.2 Culturing media

For the in vitro cultivation of Arabidopsisplants half-strengthgermination
medum (*2 GM), a modifiedversion ofMurashige and Skoog mediu{urashige
and Skoog, 1962vas used containing.2 g/L MS basal salts (Sigmaldrich), 1%
sucrose (Sigmaldrich), 0.8% plant agar (Duchefa),10 ml 2-(N-
morpholino)ethanesulfonic acidMES) buffer (seeTable A2.2 for MES protocol).
The pH of themixture was set to pH 5.8 using KOH. Timeediawas sterilized by
autoclavwng at 120 °C for 15 mins, cooled and poured into square or circular cell

culturePetri dishes.

2.2.3 Stratification of seeds and plating

Seed were plagd using a p1000 Gilson pipette and excess waried under
the laminar flow hood prior tgealing with a micrgoorous tape. Iflifferent lines
were used, pleng multiple lines on a single plate was favoured and sgBeie
disheswerepreferred. Platewith the plated seedsere stratified for at least Jagin
a +4 °C fridge Seedsvere notstratified for a period of more than 3 days.

For chemical induction of transgenlines carrying theestradiolinducible
cDNA constructSee Section2.3.2y ar i ous concentr atlv-ons
b-estradiol (Sigm&Aldrich) was usedEthanol as the solvent was used for control
(mock) treatments

Plates were overlaid with nylon mesBefa) of 20 um pore size to prevent
roots from growing into the mediundepending on the experiment, more than 100
seeds were equally distributed on a square 150 mm plateus genotypesvere
grown together with their corresponding contioé on the same plate. Germination

rate was scored under stereo microscope.
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2.24 Growth conditions

Plants were grownn a controlled environment growth room under white
' i ght, of a f | uReseeld+-2 At e mbskel)tThddraomavds m
kept at 21°C and humidity in the room was kept below 80% and was generally
maintained at 6000%. Respective genotypes/rants were selected in the presence
of Hygromycin (20mg/l) or Norflurazone (50mg/l) depending on the transgenic

construct.

2.3 Arabidopsislines used in this work

2.3.1 Wild type line
Columbia0 (Col0) ecotype was the wild tyd®VT) line and the backgrowl

of every transgenic line used in my work.

2.3.2 b-estradiol induced overexpression ofArabidopsisMKKs

The gainof-function mutant forms (the phosphorylation sites at the
activation loop were mutated to asparagines (E) to mimick the active state) of MKKs
were generated by sitdrected mutagenesis (MKKOF) for all 10Arabidopsis
MKKs. Each MKK thentaggedwith c-myc epitopetagat the Nterminiand inserted
into the expression vector, pPER8GWY Dr Elizateth Hatzimasoura (PhD thesis).
The emyc epitope isderived from the product of the humamgyc geneand widely
usedto tagproteinsfor western blottingThe pER8GW vector was describ@tlio et
al., 2000Q. All these transformed lines 1ArabidopsisMKKs and an unradified
pPER8:GUS (empty vector) transformed to @dlArabidopsiswere provided as
homozygousT 3 selected lines for mérable 2.1) pER8:MKK7 and pER8:MKK9

were used to further extensive studies.

2.33 Promoter-GUS reporter constructs

Two independent ties of MKK7::GUS as well as MKK9::GUS were kindly
provided by Dr. Robert Doczi (Martonvasar, Hungarian Academy of Sciences,
Hungary). The CYCB1;1::GUS line was provided by Dr Peter Doerner, Edinburgh

University (ColonCarmoneet al, 1999.
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2.34 T-DNA insertion lines

The homozygous insertion lines of single mutantk7#KO, mkk9KO and
double mutantankk7/9N5, mkk7/9N3, furthermorethe mpk3KO and mpk6KO
mutants were kindly provided by Dr Aleks#ra Skirycz from Dirk Inze group,
Ghent University, BelgiumAll these mutant lines were derived from the SALK T
DNA collection. Thempk3KO (SALK 151594) andmpk6KO (SALK_073907)
were previously publishe@Vanget al, 2007). The mkkZKO, mkk9KO, mkk7/9
N5, mkk7/9N3 lines were identified bPr AleksandraSkirycz (unpublished)in the
mkk9KO mutant (SALK_071878)the-DNA i nserti on i s in
of theMKK9 (At1g73500) gene. In thekkZKO line (mkk%N5; SALK 009430) the
insertion in the promoter 231 bp upstream of the START codon.nTki&/9N5
double mutantvas produced by crossing thekkZKO and mkk3KO. Besides, Dr
Skirycz was also providednother double mutant linenkk7/9N3, in which the
mkk3KO was crossed with another allele mkk7 (mkkZN3, SALK 129504 The
mkkZN3 line is also a promoter mutant, theDNA is located 459 bp from the
START codon.

2.3.5 Lines with elevated E2Fs or RBRprotein expression

The independent E2FBFP (pE2FBgE2FB::gGFP) lines were previously
generated by Dr Zoltan Magyar in owbbratory via thregvay Gatewaycloning
(Invitrogen unpublished dajaA GFP antibody was used to detect the presence of

the protén in thesdines.

The E2FAGFF Selection -

(PE2FA:gE2R Constructigenoype | "y o, origin Notes
MKKL (1) | PERS:myGOFMKKL | Hygromycin | & Flalzimasourgexpression: ny
MKK1 (2) PER8::my&GOFMKK1 Hygromycin E.ghaézjrrazs;?sureEXpJgf(esci?erla "
MKK2 (1) | PER8:myGOFMKK2 | Hygromycin | = FaizImasourd Expression:
MKK2 (3) pPERS8::my&GOFMKK?2 Hygromycin E.ﬁhaSzjrrplzss?sureExpdr:tS:(i:(t)ga N
MKK3 (4) PER8::my&GOFMKK3 Hygromycin E.ﬁhaézirngzi(i)sureExp(;gfesé?erla N
MKK3 (10) pER8::my&GOFMKK3 Hygromycin E. ﬁhaSz;less,?sureExpdr:tS:(i:(t)Qa N
MKK4 (3) PER8::my&GOFMKK4 Hygromycin E.ﬁhaézjrn;;’;(i)sure Exp;is;sion:
MKK4 (11) pPERS8::my&GOFMKK4 Hygromycin E.ﬁhaézjrngzz(i)sure EXpiiiSion:
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. ; E. Hatzimasourg Expession:
MKKS5 (B1) PER8::my&GOFMKK5 Hygromycin PhD Thesis ot
. ; E. HatzimasourgExpression: n(
MKK®6 (4) PER8::my&GOFMKK6 Hygromycin PhD Thesis detected
. : E. HatzimasourgExpression: n(
MKKG®6 (8) PER8::my&GOFMKK6 Hygromycin PhD Thesis detocted
. . E. Hatzimasourg Expression:
MKK?7 (1) PER8::my&GOFMKK7 Hygromydn PhD Thesis ot
" : E. Hatzimasourg Expression:
MKK7 (2) PER8::my&GOFMKKY Hygromycin PhD Thesis .
. : E. Hatzimasourg Expression ng
MKKS8 (4) PER8::my&GOFMKKS8 Hygromycin PhD Thesis dJetected
. ; E. HazimasouralExpression: n(
MKKS8 (5) PER8::my&GOFMKKS Hygromycin PhD Thesis detected
. : E. Hatzimasourg Expression:
MKK9 (1) PER8::my&OFMKK9 Hygromycin PhD Thesis .
. : E. Hatzimasourg Expression:
MKK9 (2) PER8::my&GOFMKK9 Hygromycin PhD Thesis ot
. ; E. Hatzimasoura|Expression: n(
MKKZ10 (2) PER8::mycGOFMKK10 Hygromycin PhD Thesis Jotocted
. : E. HatzimasourgExpression: n(
MKK10 (3) pPER8::my&GOFMKK10 Hygromycin PhD Thesis dotected
. : E. HatzimasourgExpression: n(
Empty Vector pERS8::GUS Hygromycin PhD Thesis detected
mkk7 T-DNA insertion mutant | Kanamycin Provided by A. -
Skirycz
mkk9 T-DNA insertion mutant | Kanamycin Provided by A. -
Skirycz
mkk7/9N3 Double mutant line Kanamycin Provided by -
Skirycz
mkk7/9N5 Double mutant line Kanamycin Provided by A. -
Skirycz
mpk3 T-DNA insertion mutant | Kanamycin Prowd_ed by A. -
Skirycz
mpk6 T-DNA insertion mutant | Kanamycin Prowd_ed by A. -
Skirycz
MKK7::GUS proMKK7::GUS Kanamycin ProinDdoeCc;iby R. -
MKK9::GUS proMKK9::GUS Kanamycin Prov[i)dOeCdZiby R. -
- - .| (Colon-Carmonal i
CYCB1;1::GUS proCYCB1;1::GUS Kanamycin et al, 1999
E2FA prE2FA82/1GFP Norflurazone (Magyaret al, |Elevated .EZF"
2012 expresion
E2FB prE2FB72/5GFP Norflurazone Provided by Z. |Elevated E2F
Magyar expression
E2FC PrE2FCT7/2GFP Norflurazone | ©rovided by Z. [Elevated E2F
Magyar expression
RB PrRBRGFP Norflurazone Provided by B. | Elevated RBR
Horvath expression

Table 2.1 Listof Arabidopsislines used in this study
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2.4 Analysis of plant growth rates

Eight days after germinationseedlings were transferred ontmedia
supplemented wit25 mM mannitol (SigmaAldrich) or control plates (1/2 GM)y
gently lifting the nylon mesh wh forceps in sterile conditi@n In some ofthe
experimentsthe seedlingwere transferred orley-one.For gowth rate analysis of
seedlingsjmageswere takenwith Nikon D70 camera Alternatively, third pair of
leaves were harvested at different time s after transfer. After clearing with
10®%6 methanol, leaves were mounted in 100% lactic acid on microscopy slides. For
each experiment, 10 to 15 leaves were phofwd with a stereo microscope,
photographs of leaves and drawings were used to measafeahd cell area,
respectively, with ImageJ v1.41o0 (NIH; http://rsb.info.nih.gov/ij/), from which the

cell numbers were calculated (Fig 2.1).

Figutlleedf. surface ar ea me a skuircethueand $s
seedlingakewenedi vidually with the
and used to measure surface area <c
(ht trps:b/./i nf &..ni ha goefine the spatia
selectiordtdwml makse ps xel selecti on

Digital images of seedlings were taken on the Nikon $MWD stereo
microscope equipped with a Nikon DXM1200 camera with the addition of an
external lighting source by using the NIS elements software, NIS Freeware 2.10. For
new | eaves cleared in methanol, the Hoy

cleared ¢éaves as describ¢lasubelelest al, 2005.

2 4.2 Primordia size measurement

Slides were mounted on smal/l drop of
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seedlings translucent) and arranged in a row by using needle and tweezersngbservi

under stereomicroscope open the cotyledon without damaging them, to expose the
primordia, examined under Invert Microsceldé&on Eclipse (Nikon Camera DXM

1200) TE300 DIC/Phase Contrast with 20x magnificatiomnalysedunder the DIC
MicroscopeNikon Optiphot 2 40x, or 20x (or 10x depending on age of seedling).
Photographs were taken using Ndment software (Freeware 2.10), then measured

the area of leaf primordial by using ImageJ with grd# of scale set using a straight

line drawingtooltodr a | i ne of known distance: on
known distance and units of measure were inserted. The pixel value was noted for
future use and the 0G|l obal d tab selected
(Fig 2.1), then analysed the dain excel and plotted them insert the error bar based

on standard erro(SE) and oneway ANOVA performed with T
comparison the mean of eachwoh with mean of every columAn averageof 30

leaf primordia(replicates)were analysed in eaatondition for every line/mutant.
Thewhol e pri mordiads mean was determined I

distal end upper part of the leaf.

2.5 Light-induced derepression of shoot apical meristem

Seeds were plated on culturing media withowrsse and kept in 4°C for 3
days in dark, then exposed to red light pulse for approx. an hour. After, the culturing
plates were wrapped in aluminium foil and keptarkin an LMS cooled incubator
(V) for 3 days (21°C). Three days later, one part of éhelated seedlings were
collected(3 days in dark sample), the rest of the seedlings either kept in the dark for
two more days (5 days in dark sample}ransferred ircontinuous white lightZ00
pumol m2 s1). The light induced seedlingvere collected land 2 days later,
respectively (3 days in dark+1l day in light and 3 days in dark+2 days in light
samples) Dark grown seedlings were collected under green dim light. Seedlings were
used t o -gueauroridase assaly (See Section 2.8) and subsedjtfeméntial

interference contrast (DIC) microscofyikon Optiphot2).

2.6 Flow cytometry

Flow cytometry analysis was used to determine DNA content of cells. Flow

solutions were always stored in +4 °C conditions.
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2.6.1 Harvesting sample

New leaves or cgtedons were harvested from seedlings using rfice
tweezers. The petiole tissue was removed. For plants younger than 7/8 day$old 4
new leaves were harvestetinall leaves were harvested by flattening the seeslling
on the agar, holding out the ctaglons with one tweezer and pinching at the base of
both new leaf pairs with the second tweezer. Upon harvesting leaves were
immediately placed into a circular petri dish (9 cm diameter) containing nuclei
extraction buffer.

2.6.2 Preparation of sample

The Partec kit comprises of two solutions: 1. Nuclei extraction hu¥er
nucleic acidstaining solutionY mg / mdiam&idc2-ghenylindole (DAPI)n 1
mL of 45 mM MgCh 30 mM sodium citrate, 20mM -@-morpholino)
propanesulfonicacid, pH7, and 1%0nX-100 (Galbraith et al., 1983pPne mL of
nucleic acid staining solutiowas addedo the extracted nuclei Flow solutions
were decanted into smaller volumes and placed on ice. Contamination between the
two solutions was avoided and contamination ah@e prep and solution was
particularly carefully avoided. For new leaves younger thd® @lays ~4 drops of
nuclei extraction buffer was used. Samples were not left on the nuclei extraction
buffer for longer than 5mins.

The samples were prepared usindyotiouble edged razor blades, (Boots,
Wilkinson sword or Tesco brands). Leaves were centred on the petri dish with the
nuclei extraction buffer, any excess buffer was run down the sides of the petri dish.
Led tissueswere homogenizedusing a gentle but dn tapping motion, avoiding
tearing of tissue, and rotation of the angles of chopping was necessary. The mid
region of the blade was used to chop larger samples and the ends of the blades were
used to chop very small samples. Samples were chopped uptdgpeared as fine
pieces. Added 1.01.5 ml of DAPI solution with a Gilson pipette. A few drops of
the DAPI solution were run down the used edge of the blade increasing the volume
of the sample. Blade edges were wiped using a tissueset up to fourites but
changed for the different lines.

The sample was pmaixed on the petri dish, by pipetting, and collected into a
plastic cuvette with a fine filter placed on top. Samples remained incubated on ice

prior to running and were left wrapped in foil the +4 °C fridge to be run the
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following day if needed, (samples were left for a maximum of 2 days in +4 °C).

2.6.3 Running of samples
Samples were placed in a plastic seed box on ice to keep cuvettes dry. Upon
turning on the flow cytometerthe cleanng was carried out as follows:
decontamination solution x1; cleaning solution x2; sterile water x1; cleaning solution
x1; final water left running. Water washes were always carried out between samples.
The lower threshold for fluorescence intensity was +8@her threshold at
~999 and the gaiset at ~485. The first peak (2was set at the arbitrary ve of 50
and the second peak Mmat 100 using a flower sample as a control
(endoreduplication does not occur in those samples). With these parameters up to
five pe&s (2n, 4n, 8n, 16n32n could be detected. Samples were run at ~50
cells/second. The gain was readjusted if necessary to meet the 50 and 100 intensity
mark. This was always reconfirmed by a control flower sanifthe nuclei were

analysed with £yFlow flow cytometer with the FloMax Software (Partec).

2.6.4 Data Analysis

Data was presented as peaks using the Flomax program. Data analysis was
also achieved with the use of the Flomax software; values obtained were based on
the area calculations ehch peak via the software indicating the cell distribution as a
percentage of DNA content.

Primarily, anal ysis was <carried out \
(AnalysigPeak Analysis). A minimum of three replicates were used and the data
averagd and pl ottt ed agked ¢d0 0 mnod.peakdhwere e o nl
present , 6cel | cycle analysisd was addit
percentage of cells in G1, S and G2/M phases, where G1 is equivathet2ncell
populationand G2/M is equivalent to the 4gell population and S phase as the
valley of cells in between G1 and G2/M. the data of each phase was written down at
the time of running sample or later by taking screenshot than transferred to notepad
and subsequently agxcel for further analysis such as plotting graphs and performed

statistical tests.
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2.7 Epidermal cell size analysis
The measurement of epidermal cell size of new leave was achieved based on

four replicates of transgenic lines with correspondanig type.

2.7.1 Preparation of samples

Whole seedlings were soaked in absolute methanol for 3@ hours, or
longer until seedlings became clear in colour. Methanol was replaced by lactic acid
permanently. Leaves were pinched at the petiole and placed arr@sooipic slide,

adaxial side up, mounted with lactic acid. A cov@y slas gently placed on top.

2.7.2 Microscope and functions

Images of the adaxial epidermis were taken using a DIC Nikon Opthot
microscope using Nomarski optics, a DXM1200 camerd AlSelements AR
program. Using the x20 magnification half the leaf epidermis was imaged using the
6Grab Large |Imaged tool . The first i mage
and the subsequent image would be right to the previous captured inithgaid of
a twenty five percept transparency func
transparency was manually met. The focus was also adjusted if needed. This process
was repeated until the outer most edge of the leaf was anticipated, the fgllowin
i mage was below (6Meanderd) and moved in
above, until the first image was directly above and again the following image was
below the image capturetdpon completion all images were collaged into a single
image ofhalfthe | eaf epidermis (6Finishod).

2.7.3 Measurement protocol

Epi der mal cel | wall s were mdwaeal |y
(Microsoft), on images from section721. If cell walls were not clear in a particular
region then the region was avoidedsuch a way that the absence of cell walls
would be apparent, this would avoid that area being considered a large cell and being
measured incorrectly. Cell size measurements of epidermal cells were carried out
using the free downlddhadeghl/d i smafgtewa me ho igw
image of a gratitude the scale (see above section)
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2.8b-glucuronidase GUS) assay

Histochemical detection dhe b-glucuonidase (GUSHctivity (Jeffersonet

al., 1987 was performed byollowing a modified protocol olimMur r ay(€ee | ab

Appendices, Table A2.4with MKK7::GUS, MKK9::GUS and Cycbl;1::GUS
repoter lines Seedlings or dissected leavesere harvestednto 2 ml icecold 90%
acetonan 6-well cell culture plates and incubated for 30 mins in +4S@bsequent
steps were carried out in the same ntiteoplates.The samples were washed wizh
ml 70% ethanol 3 times to remove chlorophyll, then 2 times with sodium phosphate
buffer (pH=7.0).After the last wash 2 mt-gluc reaction solutionvas added(see
Appendices, Table A2)Zandvacuum infiltration was performealy usingSpeed vac
for 10 min, as recommended byDonnelly et al, 1999. Subsequently,hie samples
were overnightincubated at 37 °@ the dark.The reaction was stopped laanging
the x-gluc reaction solutiorto the 6 st o p ®n (Florhethanbl: acetic adid
Samples remained in this solution fdrhoursor longeruntil the chlorophyll was
cleared Finally, two washes with 70% ethanol were carried out

2.8.1 Mounting of samples

When samples were used for DIC microscopy the 70% ethanol was replaced
with Hoy er 6 s (s Appdndicesy Table A2.%nd then mounted onto
microscope slidesunder a ste® microscope with the use of fine tweezers.
Addi tional Hoyerdéds solution was added,
placed clear nail polishwas used to seal.iDIC images were takeby Nikon
Optiphot2 microscope

2.9 Confocallaser scanning nicroscopyto study root cells

Cellular organization of the root tipf MKK7 and MKK9 overexpression
lines wereexaminedunder confocal microscopyhe roots ofyoungseedlings were
di pped into 10 eg/ ml propi di umand thehi d e
washed in distilled water to remove the stdifter this, rootsweremounted under a
coverslipand Olympus FV1000 confocal laser scanning miscroscope was aised t
take images of the root tips.
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2.10Protein expressionanalysis: Western blot

Frozen pant samplesveregroundin a mortar and total protein was extracted
with extraction buffer (see Appendices, Table AZ2.d)he extraction were
centrifugedfor 10 minues (13,000rpm, 4°C). The supernatant was transferred to
new tubesProteinconcentrations werguantifiedwith Bradford methodpreparing
reaction mixtures o ¢ | supernatant, 800c¢l di still
dye. The Bradfordreaction mixturesvere mixed welland transferred touvettes for
spectrophotometemeasuremest For b | aextriactiobufferl wasadded
instead ofthe supernatanf he proteinextract wasmixed with 5x SDS loading dye
(0.312mM Tris pH 6.8, glycerol 50%, SDS 10%, 250mM DTT) aoded at 95°C
for 5 minutes For separatior25-50ug proteinextract was loadedin 12% SDS
polyacrylamide gal The separated proteifitom the géwere transferred to a PVDF
membrane Inmobilon, Millipore) by electroblottingSubsequently,hie membranes
were blockedwith 5% skimmed milkin TBS-T buffer (0.05 M TrisHCI, 0.15 M
NaCl pH 7.5 0.01% Tween 2Dfor 1 hourat room temperaturélhe following
antibodies were used for probingorseradish peroxidase conjugatadtic-myc
rabbit polyclonal antibody (Sigmaldrich) dilution: 1:1000,active MAPK Erk1/2,
PhospheSpecificp44/42 MAPK) rabbit antibody (Cellsighang) dilution: 1:10®,
horseradish peroxidase conjugated améibbit (Upstat¢ dilution: 1:10,000
antiAtMPK3 and antiAtMPK6 (Sigmdldrich) dilution: 1;1000) The
chemiluminescent detection of western signals was carried out with SuperSignal
West Pico chemiluminescent substrate (Thermieriific) using Cl-XPosure Film
(Thermo Scientific). For loading control the membranes were stained with 0.1%
(w/v) Coomassie Brilliant Blue (Sigmaldrich) or 0.1% (w/v) Ponceau S (Sigma

Aldrich) in 5% acetic acid solutions.

2.11Genetic crosss oftransgenic lines

I n order to further characterize gene
genetic cr os s elve MKK# avereppeessing linenveaslosse with
the E2FA-GFP and E2PB-GFR72 lines. For the crossingsepals and petalef
immature bud from the maternal plants were carefully remowét a pair of sharp

pointed tweezergherefore the stigma could leasilyaccessedAnthers weraised
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from the paternal plastto rub onto the stigmaf the maternal plantsnder stereo
microscope After successful crossesiliques were developed, later the mature
siliques were collectesh an eppendorf tubd-1 andafter F2 generatiorseedsvere
sown without any selection to reach F3 generafigpically, 40-48 of F3 generation
plantswere generated frorthe crossinggFig 2.2) The seeds of thE3 generation
plants were usefbr the sequentiato-selectionof antibiotic resistahgrowth for the
parental antibiotic resistance markgidorflurazon andHygromycin B, Sigma
Aldrich).

Parental line 1 X Parental line 2
(NorflurazonR) (Hygromycin®)

F1 generation - heterozygous for both alleles

F2 generation - segregating population

|

F3 generation - 40-48 lines were used to find double-homozygous
/N
/
s
7 \\
7 N
I’4

Norflurazon Hygromycin Selection for antibiotics resistant growth

Fi gur®l ®@wchar't of geneat itdhecrgexnxitn ¢
Parent al l ine 2 plants (mother pla
l'ine 1 pphbadanssitatTher presence of b
t hdgdneration by monitoring antibio

2.12 Statistical analysis

Standard deviatio(SD) and standard errd6E)were calculated and inserted
on graphs for all relevant data. Gway analysis of variance ANOVA) was
performed to find out significant differermeon the mean of at least triplicate
sanples.Tukeyd test was used when | compared every mean with every other mean
lusedDunnett 6s mul testggd compar® every mears to @ control
mean
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Chapter 3: Using inducible overexpression of gain of function
MKKs to connect MAPK signalling pathways to leaf and meristem

growth and cell proliferation in Arabidopsis

3.1 Introduction

In response to an upstream signal, a MAPK kinase kinase (MAPKKK) is
activated by phosphorylation and this in turn phosphorylates and activates a MAPK
kinase (MKK), which phosphorylates and activates a MAPK. Active MAPKs
interact with and phosphorylate a wide range of downstream targets to bring about a
specific cellular respons@grodriguezet al, 201Q. This architecture of signalling
pathway relying on phosphorylation cascade is conserved from yeast to plants and
animals. However, mitogeactivated protein kinase (MAPK) cascades have
expanded aosiderably in land plants from a much simpler linear pathway that
existed in the common ancestor of yeast animals and g@o¢ziet al, 2012. The
completion ofArabidopsisgenomesequencing project has revealed the existence of
genes encoding 20 MAP kinases (MAPKs), 10 MAPK kinases (MKKs) and over 60
MAPK kinase kinases (MKKKSs) suggesting that discrete combinations of kinases
could be useddtbring about specific responggshimura, 2002

Specificity in signalling processes might arise from associatioth w
interacting partners, subcellular localization of signalling proteins, scaffolding
proteins that insulate pathways and by modulating signals amplitude and duration
from upstream active kinas€Saito, 2010Wimmer and Baccarini, 201@veckaet
al., 2014 Wortzel and Seger, 2011
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At present the challenge is to determine how the large numbBerabidopsis

MAPK signalling components (around 120) are organised into pathways and

specifically transmit signals to select appropriate cellular respghabke3.1).

Gene Function Reference
MKK1 defence response (Meszarot al, 2009
MKK2 cold stress signalling, (Teigeet al, 2009
salt stress signalling (Meszarot al, 2009
(Calderiniet al, 1998
MKK6 cell division (Soyancet al, 2003
(Meszarost al, 2009
jasmonate signallin (Asaiet al, 2003
MKK3 J th g 9 (Takahasheét al, 2007
pathogemesponse (Docziet al, 2007
(Asaiet al, 2002
MKK4 ston][ﬁta development (Docziet al, 2007
pathogen response (Wanget al. 2007
(Asaiet al, 2002
MKK5 deferceresponse (Renet al, 2002
(Wanget al, 2007
MKK7 systemic acquired resistance (Dai et al, 2009
polar auxin transport (Zhanget al, 2007
. o (MAP_Kinase_Group, 2002
MKK8 not identified (Alzwiy and Morris, 2007
negatve regulatotion of seed germinatic
activation of MPK3/MPK6 (Dai et al, 2009
MKK9 ethylene and camalexin biosynthesis (Zhouet al, 2009
stress response,
senescence
. - (MAP_Kinase_Group, 2002
MKK10 not identified (Alzwiy and Morris, 2007
defence response,
salicylic acid biospthesis, (Teigeet al, 2009
MPK4 ROS homoeostasis (Nakagami et al., 2005)
cold stress signalling (Qiu JL, 2008
salt stress signalling
cold stress signalling .
MPKS5 salt stress signalling (Teigeet al, 2009
(Asaiet al, 2002
ethylene biosynthesis, (Liu and Zhang, 2004
MPK3and pathogen signalling, (Ohashilto and Bergmann, 2@)
MPK®6 stomata development (Docziet al, 2007
jasmonate signalling (Kanaokeet al, 2008
(Lampardet al, 2009

Table 3.1 Overview of known MKK and MPK functions in plants
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To start addressing the functions of plant MAPK pathways, previously in our
laboratory gairof-function (GOF) mutant forms of all the Arabidop8iKK genes
were produced by site directed mutagenesis of the activation loop mimicking
phosphorylation by exchange of phosphoacceptor S/T amino acids to glutamic acid
(see Section 2.3.2). Arabidopsisdmwere generated that expressedMK&-GOF
genes under the control of the estradimlucible promoter of the pER8GW vector
(Zuo and Chua, 20Q(Figure 3.1). The chemical inducible system is a powerful tool
for conditional and experimental induction of specific signalling pathways allow
sensitive and rapid (within 360 mins) induction of genexpression and by using
di f f eestedid corfrentrations, it is possible to some extent to titrate the effect.

These lines have been provided me for my studies.

%,

v
L OLexA-46 & &

HE VP16| hER M HPT :>—I cDNA

Figure 3.1 T-DNA of the pER8B8GW expression vector.The pER8GW s tf
Gateway cloning compatible version of the pER8 vefoo et al, 200Q Shelde
and Roessner, 201.3The PG10 promoter region is continuously expressing
XVE protein. The XVE coding sequence consists of the BEiNiAding domain ¢
LexA bacterial repressor protein (DB LexA), the transcription activation dom
VP16 and the @erminal region of the human estrogen receptor (hER). The HF
resistance gene, encoddése Hygromycin phopshotramshse. The OLexAl€
represent8 copies of the LexA operator sequence fused to a 35S minimal prc
which is |l ocated at the 506 end -lmX the
binding site for the RNA polymerase Il mplex. The attL1 and attL2 are
attachment sites for Gateway clonitig.the presence @Festradio) the XVE protei
is able to bind to the OLexA6 and initiate the transcription of the inserted cC
(RB: right border, LB: left border).

Previously, it was shown that constitutive overexpressiaviKik7 gives rie
to meristemless seedliggwhereas constitutive overexpression MKK9 led to
dwarf plants with asymmetric meristems. Moreover microarrays and the
transcription profiles data showed the major role of MKK7 and MKK9 action in
stress responses, shut downpobtein translation and arrest of cell proliferation
(Elizabeth Hatzimasoura PhD thesis). This suggests MKK7/9 cascades play critical

functions in both cell proliferation argtotein translation.
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3.1.1 Hypothesis
MKK7 and MKK9 and downstream MAPKSs arreatristem and leaf growth.

3.20bjectives

1. Examine the sequence similarities among tharebidopsisMKKSs.

2. Characterise the estradimiducible MKK lines for the inducible expression of
MKKs.

3. Find the activation of downstream MAPKs when GMKK7 and MKK9 are
inducibly overexpressed.

4. Characterise the leaf growth, meristem arrest cellular phenotypes, cell cycle

parameters when MKK7 and MKK9 are inducibly overexpressed.

3.3Results

3.31 Comparison of the 10 MKKs with bioinformatic tools
First | comparedhe 10ArabidopsisMKK proteins by preparing a multiple
sequence alignmentht t p: / / www. ebi . ac). uThkenTloasbs/ ms a/

analysed theiramino acidsequences in the PROSITE protein domaatabdase

http://prosite.expasy.ordor protein motif detectionin al the ten MKKs the MKK

domain was detected, however the MKK4 also containsuac | ear transpor:
(NTF2), which is &dbcahdsefil ahet MEKEKZ peomi

MKK4  MRPIQSPPGVSVPVKSRP RRRPDJ LPLPQRDVSLAVPLPLARG@G------ cg 51
MKK5  MKPIQSPSGVA BPMKNRRKRPDLSLPLPHRDVALAVPLPLPPRS---------- B 46
MKK?7 e MAL\RKRRQIN LRLP----------- VPPLSV---------- - 21
MKK9 - MAL\RERRQLNLRLP----------- LPPISD------------- 21
MKK8 - MVMRDNQFLNLKLEP---- IQAPTTIPPCRF------------- 28
MKK10 ---memeeee- MTL\RERRHQEHILS----------- IPPLI gHG---------- 24
MKK1 ----  MNRGSLCPNRCLP PL- EQSISKFL--------- BB DGDLRVNKD 40
MKK2 - MKKGGFSNNLKAIPVAGEQSITKFLRKGFGSLARS@FK----- DGDLRVNKD 51
MKK6 --- MVKIKSNIKQLKLS\PAQ EgPISSFL --------- TASAFH---- DGDFLLNQK 42
MKK3 --- MAALEEKKKISPLFDAEKG BSESELDPN DYJLLEDGGTVNLLSRSWENFNEL 56
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MKK4
MKKS
MKK7
MKK9
MKK8
MKK10
MKK1
MKK2
MKK6
MKK3

MKK4
MKK5
MKK7
MKK9
MKK8
MKK10
MKK1
MKK2
MKK6
MKK3

MKK4
MKKS
MKK7
MKK9
MKK8
MKK10
MKK1
MKK2
MKK6
MKK3

MKK4
MKK5
MKK7
MKK9
MKK8
MKK10
MKK1
MKK2
MKK6
MKK3

MKK4
MKK5
MKK7
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ECBAFEEGC GABETNINESIEAKNESOLVRGRIGEGAGGTVYKVIHRPSSRLYA|LKVIY 11

S [BBAPASS SAISTNIS --- AAKBLSELERWRIGEGAGGTVYKVIPTSRPFALKVIY 102

- HLPWFSFASSTAPW--- NGIBASDVEK.HVLGRGEGIVYKVHHKTTGEIYALKSN 77
- RRAGIEEESATTTTVAGENGISACREKLNVLGCGNGGIVYKVREKSEIYALKTVN 79
- PIPATKVSA]VSSCAS- NIFSVAN.DRISVL@GNGGTVFKVKDKTTSEIYALKKV85
- TAFSVASSEEEPETE—- PIQILNDLEKLSVLGQEGGTVYKTRHRRIKFALKVLR 80

GIQTVSL [BEPGAPPPIEPLDNQLSLAEVI KIGKGEGNVQLVKHKLTQQFFALKY 100
GVRIISQLEPEVL [BPIKPADDQLSIEDLDM\KVIGKGEGVVQLVQHKWTGQFFALKVIQ1
GLRL [IBDEKQSRBOBKELDFEIJAELLEJVKVIGKGSGGVVQLVRHKWVGKFFARK {02
GLQKCT BSHVD ESEBSETTQCASHEIRVIGAIGSGASVVQRAIHIPNHRILALKKN 115

ok ok * *ek

GNHEETVRRQICREIEILRDVNHPNVVKCHEMFDQREIQVLLEFMDKGSLEGAHV167
GNHEDTVRRQICREIEILRSVDHPNVVKCHDMFDHGEIQVLLEFMDQSLEGAH} 158
GDNPAHIRQLAREMEILRRTOBPEVVRCQGIFEKPIVGEVSILMEYMDGGNLESLREZ6
GDMDPIFTRQLMREMEILRTOBPEVVKCHGIFEKPVVGEVSILMEYMOBRESLRGG 138
ENWDS§--- LREIEILR - MVNSEVAKCHDIFQNPSGEVSILMDYMDLGSLESLRGL38
PNLNTTVT-- - VEADILK- RIESSFIIKCYAVFVSL -- YDLCFVMELMEKGSLHDALL¥83
LNTEESTCRABQELRINL- SSQCPYLVSCYQSFYHNGLVSIILEFMDG@LADLLKK 157
LNIDEAIRKAIAQELKINQ- SSQCPNLVTSYQSFYDNGAISLILEYMDG§LADFLKS 168
MNIQEEIRKQIVQELKINQASSQCPHVVVCYHSFHUNGAFSLVEYMDRBLADVIRQ 160
| - FEREKRQQLLTEIRTLCEAPCHEGLVDFH@BPFDSGQISIALEYMNGGSLADILK\W.74

* . * ke ok ok

--- WKEQQLADLSRQILSGEAH- SRHIVHRDIKPSNLLINSAKNVKIADFGVSRILAQR23
--- WQEQEADLSRQILSGLALH- RRHIVHRDIKPSNLLINSAKNVKIADFGVSRILAQ214
--- VTEKQLAGFSRQILKGLSYL:F6LKI VHRDIKPANLLINSRNEVKIADFGVSKIITR 192
- VTEQKLAGFAKQILKGLEL H- ALKI VHRDIKPANLLINSKNEVKIADFGVSKILVR194
--- VTEKQLALMSRQVLEGHENH- EHKIVHRDIKPANLLRSKEEVKIADFGVSKIVVR194
QQVEBEPMVSSLANRILQGLR Q- KMGNVHGDIKPSNLLINKKGEVKIADFGASRIVAG92
VGKVPENMLSAICKRVLRGEEIHERRIIHRDLKPSNLLINHRGEVKDFGVSKILTS 217
VKAIPDJLSAIFRQVLQGLIYLHHDRHIHRDLKPSNLLINHRGEVKDFGVSTVMTN228
VKTILEPYLAVVCKQVLLGLVYLHNERHNRDIKPSNLLVNHKGEVKISDFGVSASLAZ20
TKKIPEPVLSSLFHKLLQGLELHGVRHVHRDIKPANLLINLKGEPK[JDFGISAGLEN 234

ek ko ke ek kekkekkk . kkekkk k-

EVDPCESVAIIA FMBPERINTDLNQGK--  FDQAGDWSLGVSILEFYLGRFPFPVS279
EMDPCNSSVGTRMVBPERINTDLNHGR--  EDQAGDVWSLGVSILEFYLGRFPFAVEO
SLONCNSIVGTCAYBPERFIB- AAGEN--  BDVEAGDIWSFGVMILELFVGHFPLLPQ47
SLDSCN§VGTCAYBPERFIBEEEGE - D! JAGDIWSFGLMMLELLVGHFPLLPES0
SLNKCNSFVGTFABRERLIBEADGEEDHENVEAGDIWSFGLTMLEILVGYYPMLP253
GGEN-—- GTCAYEPERVDLEKWGFGG EVGFAGDVWSLGVVVLECYBRTKV 246

BSSLANSFV@YPYNBPERIBGSIESNK - SDIWSLGLVLLECATGKHEIPP 268
BAGLANIFVAIYNYNBPERVGNKEGNK-- -  SDIWSLGLVVLECATGKIIAPP 279
SMGQREFVAIYNY NEPERIEGS HDES SDIWSLGMSVLECAIGRREF 271
SMAMCATFVGIMEPERIRN BN SEP-—— ADIWSLGLALFECGTGERPAN 285

*% ******. _*:**:*: :* * :*
--- RQG DWASLMCAICMSQPPEART ABPEFRHFISCCLQREPGKRRSAMQLLQHFI34
--- RQGDWASLMCAICMSQPPEARTASQEFRHFVSCCLQSDPPKRWSAQQLLQHRBI
--- GQRPDWATLMCVVCFGEPPRZREDEFRSFVDCCLRIGSERVIASQLLGHPFL303
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MKK9 --- GQRPDWATLMCAVCFGEPPAZGEEEFRSFVECCLRKDSSKRMPQLLAHPFL 306
(V1 T— DQAAIVCAVCFGEPPKABE(BDDLKSFMDCCLRKKASER ------- 293
MKK10 -~ GDKPDWATLFCAICCNEKVDIFSCSLEFRDFVGRCLEKDWRKRDTVEELLRHSEY

MKK1 EHKKGWSSVYELVDAIVENPPPCAPSBRPEFCSFISQCVQKDPRDRKSAKELLEHKB28
MKK2 NQEFWTSVFELMEAIVDQPPPABBNHPELSSFISTCLQKDPNSRSSAKELMEHPR39
MKK6 EDQQNPPSFYELLAAIVENP@RPEDQHBPEFCSFVSACIQKDPPARSEDLLSHPFI 331

MKK3 EGPVN---  LMLQILDDABPIPPKQEBPEFCSFIDACLQKDPDARIRDQLLSHPFI 339
Ll * ok

MKK4 LRA BPEQONEBPQONLHQLLPPPRASSSSPTT 366
MKK5 LKATGGPN ----- LRQMLPPPRPLPSAS 348
MKK?7 RESL 307
MKK9 REDL 310
MKK8

MKK10 KNR 305
MKK1 KMFEDSDTNLSAYFTDAGSLIPPLAN 354
MKK2 NK [EDYSGINLASEFTDAG@PLALGNLSGTFSV 372
MKK6 KKFEDKDIDLGILVGTLEPPVNYLR 356

MKK3  [IKHEKERVDLATFVQSIFDPTQRLKSDMIETIHYYSEEDGEDDLWHHAKSIETSVES 309

MKK4
MKKS
MKK7
MKK9
MKK8
MKK10
MKK1
MKK2
MKK6

MKKS  FSGKHNTGSTEIFSALSDIRNTEGDLPSEKLVHVVEKLHCKPCGSGGVIRBSFIVG 459

MKK4
MKK5
MKK7 e
MKK9
MKK8
MKK10
MKK1
MKK2
MKK6

MKKS  NQFLICGDGVQAEGLPSFKDLGFDVASRRVGRFQE@BDIESKEFLAKQELYITNL 519

MKK4 -
MKKS -
MKK7 -
MKK9 -
MKK8 -
MKK10 -
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MKK1
MKK2
MKK6
MKK3 D52 0

FigureMulBt i2pl e sequamde aalaiiAy mibe ndvbKpKs i s

prot €imstal W software was used to align

Ar abi d dvAsPi KsK probhetps// www. ebi.ac)uk/ Too

Predicted pomaennokieasd dMKKs are highl

MKK3 a nuclear transport domain (NTF2)
gredédmtg: / / pr o)sTutqeoisecalquraindicates rMPK docking sites
((Doczi et al, 2012), T, S or Y amino acids highlighted with red colour are
predicted phosphorylation sites froifhe Arabidopsis Protein Phosplytation
Database (http://phosphat.uAhohenheim.dg/ ATP binding pocket (boxed) and
protein kinase active sites (underlined) were predicted using the B lnterPro

Protein sequence analysis and classifon tool (http://www.ebi.ac.uk/interpro/).

In their catalytic domain, protein kinases contain two conserved regions that
are essential for their function: the ATP binding site and the protein kinase active
site. By using the EMBIEBI InterPro Proteirsequence analysis and classification
tool (http://www.ebi.ac.uk/interprp{Mitchell et al, 2019, | identifiedthe predicted

conserved regions in the sequence of the 10 Arabidopsis MKK proteins. Inthe N
terminal end of the kinase catalytic domain (which is highlighted with yellow in Fig
3.2), a 23 amino acid region (Fig 3.2, boxed) comprises the ATP bindingfsite
MKKs. The predicted region includes a glycineh stretch close to a lysine residue,
which is directly involved in ATP bindingAt the central part of the catalytic
domain,usingthe InterPro toolt was also predicted a 12 amino at@dgth region
on the MKKs (out of MKK8) that corresponds to the active site of the MKKs (Fig
3.2, underlined). The sequence contains a conserved catalytic aspartic acid residue
that is necessary for the kinase actiyKyightonet al, 1997).

Other important signatures on the MKK proteins are tksat&s, these motifs
are necessary for the interactions with complementary binding motifs that present on
their MAP kinase substrat¢®oczi et al, 2012. | marked all the Bsites that are
located in the Nerminal end of MKKs (Fig3.2 highlighted in turquoise). The
identified D-motifs mainly comprise from one to three positively charged amino
acids (e.g. arginine, lysine) followed by alternating hydrophobic amino acid residues,

such leucinédDocziet al, 2012.
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Finally, | identified predicted phosphorylation sites (serine, threonine,
tyrosine) in the MKKs sequences by using the PhosPhAt 4.0 Phosphorylation site
predictor tool (The Arabidopsis Protein Phosphorylation Database,
http://phosphat.uAhohenheim.dg/Dureket al, 2010.

3.32 Phylogenetic tree of 10 the MKKSs inArabidopsis
To anal yse t he r e |Aa taiba rdisbkKpksp s b @t evie @ &
prepared a pliFyilgogemM@8KKTZT damcecevMEK® protei

showed high degree of similarities, becal

78 MKK7
96 E MKK9
61 MKK8
MKK10
MKK4
100 MKK5
———————— MKK3
00 MKK6&
81 MKK2

—
20

FigumBePhgl ogenetic rel at abn dMKpKp 5 p rbo
MEGA 6 software was used to draw
Maxi mum Parsi mony <clustering with
relationship bef wedemdiHn ep rAortaebii ndso.p s i

Hamel et al., 2006 compared the kinase domains of three plant species
MKKS (Arabidopsis, rice and poplar) and distriedtthem into four clades (Figure
A3.1). Each clades contain both monocots and dicots MKKs, however in a seven
member subgroup within the clade D (the authors called this subgroup as the MKK7
9 clade) no any rice ortholog could be placed (Figure A3.1). Stigroup contains
the Arabidopsis MKK7, MKK8 and MKK?9 and the poplar MKK7, MKK9, MKK411
1 and MKK1Z%2. This subgroup appeared to be evolutionarily distinct from the
monocot MKKs(Hamelet al, 2009.

3.33 Characterisation of b-estradiol induction of pER8::MKK lines
The series of 10 MKKs overexpression transgenic Wmasgenerated in the

background of Columbiwild type. Two independent transgenic lines were deléc
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for eachMKK genes (out of MKK5Rand homozygous lines were produced. | began
characterizing thes@ ER 8 : : MK ko cdniirm ¢he expression of the MKK
proteins, theb-estradiol inducibility of the expression usimgmyc antibody that
detects thec-myc epitope fused at thE-termini of the proteins. Transgenic MKK
lines were grown in2 GM media on platesSevendays after germinatiordég, the
MKK lines were transferred into liquitk GM medium containing 5 pMv-estradiol
and withoutb-estradiol (0.05% thanol as a mock) for 3 hrs induction time. Also
included the negative control empty vec{Bee Section 2.3.2hereafter seedlings
were harvested into liquid NWestern blot was performed with commercially
availablec-myc antibody.The 0 hour sample wasalso harvestedwhich was just
before the treatment (directly harvested from plates). The Western blot results are
shown in Fig 3.4.

Thec-myc antibody recognised two aspecific protein bands of 70 and 35 kDa
that was also present in the negative coraf@mpty vectottransformed line. In the
MKK4(3), MKK4(11) and MKK5(B1) lines thee-myc antibody detected a specific
band of around 65 kDa that showed a largely constitdl¥e expression, was
present in the starting Oh sample as well ashentteatmentvith and withoutb-
estradiol (see predicted molecular sizes of MKK proteins in Table. 3.2pund
estradioldependent expression in the MKK2(1), MKK7(1), MKK7(2), MKK9(1)
and MKK9(2) lines. The induction of MKK7(2) was weaker then MKK7(1) and also
very weak expressioncbud be obser ved-estradioltaidéhounas s e n c e
well. MKK9(2) showed stronger expression than MKK9(1) but was also showed
some weak expression in the absencebadstradiol. | could not detect any
expression of the MKK protein in the MKK1(1), M&L(2), MKK2(5), MKK3(4),

MKK 3(10), MKK6(4), MKK6(8), MKK8(4), MKK8(5), MKK10(2), MKK10(3).

To investigate the possible reason for the constitutive expressMiKK4, |
set up another experiment with the MKK4(3) and MKKA4(11) lines using an
induction timeo f 3 h-estaadidl cobcentration of BV and detected the MKK4
protein through the-myc-epitope(Fig 3.4 dowr). The MKK4(3) was induced nicely
by-eBtradiol, while MKK4(11) was expresse
estradiol (Fig 3.4 lower pangl | decided to focus my further experiments on the
MKK4, MKK7 and MKK9 lines.
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_ Pre_dicted size
s | Zdsa | e
tag (kDa)
MKK1 39.2 54.2
MKK2 39.8 54.8
MKK3 57.5 72.5
MKK4 40.1 55.1
MKK5 37.1 52.1
MKK6 39.8 54.8
MKK7 34.3 49.3
MKK8 325 47.5
MKK9 34.3 49.3
MKK10 34 49

Table 3.2 Predicted molecular weight ofArabidopsis MKK proteins from

https://www.arabidopsis.org/

MKK1(1)| MKK1(2)| MKK2(1)| MKK2(5)| MKK3(4) [MKK3(10) MKK4(3)+MKK4(11) MKK5(B1)| MKK6(4)

p~-+07-+0-+0 -+_0-+0-+0-+‘0- +/0 - +|0 - +
—————— - - — - —— - -- - 4= 70kDa
cmye - 4m 55kDa
— _—— > — T - .- - - ¢=m 35kDa

toadingcontrol E A HBIEEHEEREEI@ NN S EEam T

MKK6(8)| MKK7(1)| MKK7(2)| MKK8(4)| MKKS(5) | MKK9(1) | MKK9(2) [MKK10(2) MKK10(3) empty v.

T

4= 35kDa

loadingcontrol B EN SN SEENAUN NN NENEENENEESCEE

MKK4(3)MKK4(11)
- 4+ -+
i €= 70kDa
=W & sskpa

c-myc

=) 35kDa

loading control ‘ ‘”I. ‘

Figud®wes3t.ern blotesanadysé&€s bbé MKK
| i nTfehsmmyc epi tope tagged MKKs exprec

i nduci bl e promoter in thesewadekony
were treatedesminandisl OMT 0.05% et
harvestedhaur Ot iammed p30i nt s. Then 500

protein extracts were usewdctocpperi i
Note that dMMK&K@431Llansignals were s.
was repeated using 25 bO&gtpadtieli ntor
these two | inregs (see down | a

57



Chapter 3. Restd

334Characterizati on odstradi@dteedtinentng si zes upo
I chosethe homozygous MKK lines that showed estradholucible MKK

protein expression; MKK4(11), MKK7(1), MKK7(2), MKK9(1), MKK9(2) for

further phenotypic investigation. In the initial expeent | studiel the seedling

growth of these lines on plates in the presence and absencee Mf ftradiol (Fig

3.5). The homozygousansgenic MKKlines were grown with negative control WT

Columbia for 7 dag of GM and then transferred onto media contai ng -5 OM b

estradi ol -estadiol fari4tddys Tihe gebmination rate was recorded for

all the lines 36h after the start of the experiment and was similar for all transgenic

lines and the WTRe pr esent ati ve | ma g eestradwothanos h own

visible effect on the growth ofwild type (WT) seedlings, but the growth of

MKK4(11), MKK7(1), MKK7(2), MKK9(1), MKK9(2) were all strongly inhibited

when MKK expr essi @stradioldreaimend. decided to foqusoom b

the two closely rated MKKs, MKK7 and MKK9 in the following experiments.

chose the homozygous lines MKK7 (1) and MKK9 (1) that both show high

exXpr essi on-estnadiol dépenderst asbwell is inducible groathest

phenotype.

MKK4 (11) MKK 7(1) MKK 7(2) MKK 9(1) MKK 9(2)

Figub&r 8wt h i nihfmbvei amsduci bl e MKK
Sevdayswbld typed (Womozygous pERS8
transferred to cult eMfe srierdd dai cslu p(pd &
( mock) Pictures wer € ntdakSécnmad 4. doaayrs:

3.3.5Time-d e p e n destradiol ifduction of MKK7 and MKK®9 lines
Two independent homozygous lines pER8::MKK7(1) and pER8::MKK9(1)
with negative contropER8:GUS were selected for further studies to investigate

time dependent induction omycMKK7 and myc-MKK9 protein expression.
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Because previously we had posi-dstragia inr es ul t
this experiment d eci ded t o -estradeol.TBe.MKK7 cadd MKK9 lines

were grown on2 GM media after 8 dag seedlings were transferred dntGM

media containing 0.t Mb-estradiol and 0.1% ethanol for mock for time course

i nduction 3, 6 and 2-strddiol $0 detdrmine thMCr ans f er
MKK7 and MKK9-MYC protein levels. The Western blot with theanyc antibody

showed a strong induction of boMYC-MKK7 and MYC-MKK9 proteins, both

were high already at the earliest 3h time point, and decreased somewhat at the 6 and
24h time points (Fig 3.6). MKK9 was induced to a somewhat greater level compared

to MKK7 while as expected there was no MKK protein detectgith c-myc

antibody in the empty vector control. Surprisinglydeteced MYC-MKK7 and
MKK9-MYC at the Oh samples. The reason for {0is) expression is not clear (Fig

3.6). Thedetectedmolecular weight of thelYC-MKK7, MYC-MKK9 proteins

werearound65 kDaas seen before (FR)4).

Figur @i eeendepdtcti ons of MOKe ave
seedl i ngesmpotfy dviedds6?s and MKK9 wer eb-
estr@aesatodd) sampl es were Mmawmvedtiank g
| ot 30wiCtgh t ot al protei n negx tarna d tbhoeteg g
i t ope -i nHsutcreadd ieoxlpr essi on of MK Kh70
tradi ol I nduction and gradually
att used as ae sntergadtipiovia e n apxrmitees
e

b
ep
b-e
i t

de cted

s
i
t

3.3.6MKK7 and MKK9 phosphorylated and targeted downstream MPKs
Having seen the estradidependent induction of MKK7(1) and MKK9(1)

lines I next wanted to investigate whether the overexpression of these fgain o
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