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ABSTRACT  

Plants are constantly faced with environmental stresses which trigger morphological, 

physiological, biochemical, and molecular changes that can negatively affect crop 

productivity. Plants detect and respond to these stresses via diverse means including 

signalling pathways such as the Mitogen-activated-protein-kinase (MAPK) networks which 

have shown to play a role in stress signalling, activating many stress-responsive genes 

through the agency of the plant stress hormone, abscisic acid (ABA). The work in this thesis 

examines the role of selected MAPK genes in abiotic and biotic stress, with novel findings 

being made for MPK1 and MPK2. 

It is known that MPK1 and MPK2 genes together with other MAP Kinases play a role in 

pathogen stress resistance and ABA regulation. In this study their additive function in 

enhancing osmotic and pathogen stress tolerance was uncovered. The observed increased 

sensitivity of the mpk1/2 double mutant to exogenous ABA was attributed to the synergistic 

role of MPK1 and MPK2 with MPK2 as the main contributor in the negative regulation of 

the transcription factor ABI4, and also in the suppression of ABA biosynthesis although 

mechanism remains to be defined fully. The results suggest that the high expression of ABI4 

in mpk2 and mpk1/2 mature seeds contributed to low germination under salinity and osmotic 

stresses. It was shown via gene expression of the stress responsive gene RD29A in stressed 

seedlings that the A. thaliana MPK2 gene promotes salt tolerance in seedlings by acting as a 

positive regulator for RD29A. MPK1 however, negatively regulated RD29A under salinity 

stress, and also suppressed the ability of MPK2 to promote RD29A expression in seedlings 

during osmotic stress. It was evident in this study that the same genes played different roles 

under different stress conditions, this was obvious when target genes acted as negative and 

positive regulators of proline and ABA respectively under osmotic stress, but not under salt 

stress. Based on the above findings, coupled with results for protein-protein interactions from 

the Split ubiquitin yeast-2-hybrid assay which identified upstream activators of MPK1 and 

MPK3 as MKK1-, MKK2- MKK3- proteins, and MPK2 as MKK1 protein, it is hypothesised 

that pathogens, salt, and/or osmotic stress may potentially be perceived through MKK1, 

MKK2 and/or MKK3, to activate MPK1, MPK2 and/or MPK3 protein, during stress 

signalling. These stress responses are not governed by simple linear pathways, but are 

networks that might more subtly regulate the plant response to biotic and abiotic stresses. 



Proposed Pathway for Salt and Osmotic Stress During Germination 
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CHAPTER ONE 

1. Introduction 

Plants are essential for our basic needs and for life on the planet. They take in our carbon 

dioxide emissions during photosynthesis and produce oxygen which is a necessity for most 

life. Plants also form a high proportion of food for both humans and animals and are the 

primary producers for most food chains. Plants’ successful development and crop yield 

depend on appropriate environmental conditions at a particular time and place. Unfavourable 

changes in environmental (abiotic) and biological (biotic) factors can therefore cause poor 

development, low productivity and even permanent destruction of plants (Duque et al., 2013)  

Changes in weather patterns due to climate change may lead to extreme temperatures and 

drought which sometimes impacts the resistance of plants to pathogens as well. Soil salinity 

may also occur due to rise in sea levels and excessive irrigation. Additionally, fluctuating 

environmental conditions affect plant development and productivity. This may happen by 

altering the normal distribution of useful and pathogenic microbes, plant-pathogen 

interaction, and hence, disease incidence (Pathak et al., 2018, Suzuki et al., 2014, Juroszek 

et al., 2020).  

Biotic stress factors (predominantly microorganisms) can cause disease in plants. Different 

microbes thrive in distinct habitats based on suitable conditions. Hence pathogen distribution 

is influenced by both climate conditions and host availability. Different conditions such as 

higher temperatures and altered CO2 concentrations can cause microbes to change their local 

prevalence, leading to changes in pathogen biodiversity (Shaw and Osborne, 2011). Climate 

change has been predicted to affect the normal distribution of microbes, as illustrated in a 

review how beneficial microbes move away from the soil surface to escape adverse 

conditions (Classen et al., 2015, Gilman et al., 2010, Adler et al., 2012). 

There are a host of abiotic stress factors that affect plant growth and productivity (He et al., 

2018). However, drought and salinity are the two major factors of focus in this research. 

Water is essential for seed germination and plant development, water uptake is crucial for 

supplying plant nutrients from the soil, therefore, lack of rainfall as a consequence of climate 

change leads to extensive use of underground water for irrigation of crops, as well as for 

human and animal consumption, this subsequently contributes to salt accumulation in the 
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soil. The presence of high salt concentration in the plant’s environment prevents water uptake 

and germination, moreover, excess sodium ions are toxic to the plant cell. Past investigations 

have already estimated 20% of the worlds cultivated land and 33% of irrigated land are 

adversely affected by salinity (Shrivastava and Kumar, 2015), this is detrimental to plant 

development and must be curbed.  

Biotic and abiotic stresses trigger diverse morphological, physiological, biochemical, and 

molecular changes in the plant cell as it tries to adapt. Plants being sessile organisms cannot 

escape from harsh environments. They however possess highly developed and complex 

mechanisms that allow them to either achieve stress tolerance (Mahmood et al., 2019), or 

succumb to the stress leading to the destruction of the plant or reduction in fitness and hence, 

crop yield (Mosa et al., 2017). The latter will lead to lack of food for our growing population. 

This is supported by the results of a 35-year study ending in 2015. It revealed a reduction in 

productivity of two of the most frequently grown staple food crop grains; wheat (Triticum 

aestivum L.) and maize (Zea mays L.). This study also, reported that drought stress, together 

with other co-factors yet to be identified, contributed to 21% and 40% yield reductions 

globally in wheat  and maize respectively (Daryanto et al., 2016). The success of increasing 

crop yield using scientific interventions in the face of continued climate change, relies partly 

on understanding the stress signalling pathways of plants because, to change their physiology 

to counter stress, plants have to perceive stress and pass this information into the cell and the 

nucleus through diverse means, including the pathways that utilise proteins called mitogen 

activated protein kinases (MAPKs) (Lamers et al., 2020).  Much research on different aspects 

of the MAPK pathways has been conducted in the past, because these pathways have been 

linked with biotic and abiotic stress signalling. Early research of plant MAPK signalling has 

been focused on their biotic immunity functions and abiotic stress responses. However, 

considering the complexity of MAPK cascade activation mechanisms, and the crosstalk of 

biotic and abiotic stress responses, there is still much to be discovered. MAPK cascades in 

plants have proven to be vital to fundamental physiological functions involved in 

developmental processes, hormonal responses, cell cycle regulation, biotic and abiotic stress 

signalling, and defence mechanisms (Tena et al., 2001, Arnaud and Hwang, 2015, Smékalová 

et al., 2014). Previous studies suggest a link of the A. thaliana MPK1, MPK2, MPK3 and 

MPK6 proteins with biotic and abiotic stresses (Asai et al., 2002, Teige et al. 2004, Dóczi et. 

al. 2007), but an in-depth understanding of their role is still missing. This research focusses 
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on exploring MAPK-mediated pathogen, salt and osmotic stress response regulation, with 

emphasis on MPK1, MPK2, MPK3 and MPK6 in the MAPK transduction pathway using A. 

thaliana as a model plant. The MPK1 and MPK2 genes have similar nucleotide sequence and 

have been predicted in several studies to be functionally redundant (Kandoth et al., 2007, 

Zhang et al., 2020). The Arabidopsis (A.) thaliana mpk1/mpk2 double mutant was therefore 

included to investigate its role under salt and osmotic stresses. Seeds of mutants for the mkk2 

gene were also used as a positive control as MKK2 is a well described signal transduction 

protein involved in biotic and abiotic stress (Teige et al., 2004).   

 

1.1 Plant Stress 

Plants are continuously affected by their immediate biological and environmental conditions 

either positively or negatively. The exposure of plants to unfavourable biotic and abiotic 

conditions which cause plant damage can be described as plant stress (Mosa et al., 2017). 

Plant stress can result in either a temporary or permanent injury depending on the duration 

of the stress and the response of the plant experiencing it. Stress tolerant plants usually 

experience a temporary injury since they can to respond to restore the plant to normalcy, 

whereas susceptible plants suffer permanent damage and sometimes death because stress 

exposure exceeds their tolerance limit (Verma et al., 2013). 

There are a variety of ways to describe plant stress. It can be termed as either short or long 

term based on its persistence; internal or external based on its origin; positive or negative 

according to the effect; and finally the main two to be discussed in this chapter, biotic or 

abiotic depending on the type of stress factor (Kranner et al., 2010).  

 

1.1.1 Biotic Stress 

Biotic stress based on the definition above can be explained as external stress caused by 

biological or living organisms. These could include pathogenic bacteria, fungi, oomycetes, 

viruses, herbivorous insects, nematodes and larger animals, but also other plants (Kranner et 

al., 2010, Mittler, 2006). While biotic stress caused by microorganisms leads to diseases such 

as plant wilt, leaf spots, root rot, or seed damage, that caused by animals give rise to physical 
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damage such as wounding. Pathogens are a major threat to breeding resistant crops and also 

contribute to about 15% of global crop loses (Onaga and Wydra, 2016). 

Weeds, pose both biotic and abiotic stress factors by competing with plants for nutrient and 

space. Weeds, due to their rapid growth and seed viability easily and rapidly take over the 

plant’s environment and impede plant growth (Trueman, 2019). Parasitic plants, may also 

incur damage by relying on nutrients from the host plant (Smith, 2014). 

Furthermore, insect vectors infect plants with microbes they carry from diseased plants to 

healthy plants, causing severe physical damage to them. Almost every plant part can be 

infected with disease: leaves, stem, bark, and flowers. Over 8000 fungi species are known to 

cause biotic stress in plants. In addition, some 14 bacterial genera which amount to about 100 

species cause economically important diseases in plants (Trueman, 2019, Fester, 2009), 

among which is the Pseudomonas genus which is of interest for this study. 

 

Pseudomonas 

Pseudomonas is a genus of gram-negative, aerobic gamma proteobacteria, which belongs to 

the family Pseudomonadaceae made up of 191 described species (Euzeby, 1997). Members 

of this genus are generally rod-shaped and move with the help of one or more flagella. 

Pseudomonas bacteria are naturally occurring in the environment and are present in soil, rain, 

snow, lakes, and plants. Pseudomonas has also been discovered to play a role in the 

environmental cycle of water through the bioprecipitation process by existing in the 

atmosphere as an ice nucleus  (Morris et al., 2008). Pseudomonas is easily cultured in vitro, 

and is an excellent focus for scientific research owing to the high number of Pseudomonas 

strain genome sequences available; best studied species among them are the opportunistic 

human pathogen P. aeruginosa, the plant pathogen P. syringae, the soil bacterium P. putida, 

and the plant growth-promoting P. fluorescens. Since this research in part targets at 

understanding the role of MPK1, MPK2, and MPK3 during plant response to pathogen stress, 

Pseudomona (P.) syringae, which has been used in several plant-pathogen interaction 

experiments will be discussed briefly.  

Many (57.9%) Pseudomonas spp. are resistant to penicillin and the majority of related beta-

lactam antibiotics (Ryan KJ, 2004). Thus, rifampicin which allows growth of about 17% of 
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Pseudomonas strains including P. syringae tomato (Pst) pv DC3000 was selected purposely 

for this experiment to help ensure the purity of the strain (Hwang et al., 2005).  

P. syringae is a plant pathogen that infects a wide range of species. It exists as over 50 

different pathovars. Pst pv. DC3000 is one of the strains which has been fully sequenced, it 

has been established to cause disease in tomato, A. thaliana, and Nicotiana benthamiana, and 

has proven as an excellent model system for molecular study of plant-pathogen interactions 

(Mansfield (2009).  

P. syringae typically enters plant leaves via wounds, natural opening sites, or stomata and 

multiplies in the intercellular space (apoplast). As a pathogen, P. syringae has been suggested 

to utilise unknown plant-released chemical signals or attractants to find its host to cause 

infection (Hirano and Upper, 2000, Ichinose et al., 2013). It overcomes basal immunity such 

as PAMP-triggered stomata closure, by the release of the phytotoxin coronatine that reopens 

stomata for pathogen invasion (Panchal et al., 2016), coronatine also promotes chlorosis. An 

earlier experiment in tomatoes proposed a similar occurrence where P. syringae  caused 

reopening of stomata by the release of some virulence factors to aid its invasion in plants 

(Melotto et al., 2006).  Other Pseudomonas effectors employed for host colonisation and 

disease development through suppression of PAMP-triggered immunity (PTI) are the type 

III secreted effector (T3Es) proteins. T3Es are injected into the plant cytoplasm from the 

pathogen via the type III secretion system (T3SS). T3Es are designated as Hrp 

(hypersensitive response and pathogenicity) outer proteins (Hops); examples include HopM1 

and HopE1 responsible for further growth of pathogens, and HopG1 which produces disease 

symptoms (Dudnik and Dudler, 2014, Cunnac et al., 2011, Dillon et al., 2019). Studies have 

also shown P. syringae can cause injury similar to that caused at very low temperatures to 

plants at relatively high temperatures of between -5°C to 0°C, by producing ice nucleation 

active (INA) proteins, which cause freezing of water in plants (Maki et al., 1974).  

 

1.1.2 Abiotic Stress 

Abiotic stress can be described as external stress caused by environmental factors over a long 

or short-term period. A plants’ optimum development and productivity rely on the right 

environmental influences. Plants experience abiotic stress when changes in their environment 
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create unfriendly growth conditions. Physical damage or sometimes death of the plant ensues 

if the plant is unable to bear the harsh condition, leading to a reduction in crop yield (Qin et 

al., 2011, Tuteja, 2007, Wang et al., 2003, Lamaoui et al., 2018). Some of these abiotic factors 

include salinity, extreme temperatures, drought, and osmotic stress (Tardieu and Tuberosa, 

2010, Kranner et al., 2010). 

Salinity and drought are two major causes of environmental stresses (Mariani and Ferrante, 

2017), which reduce the availability of water necessary for basic cellular functions and 

maintenance of turgor pressure in plants and may be a cause of toxicity from excess sodium 

ions. Lack of water leads to osmotic stress which induces accumulation of osmoregulators 

like proline to restore osmotic balance  (Ambikapathy et al., 2002), and biosynthesis of 

hormones such as abscisic acid (ABA) to cause stomata closure and induce other protective 

measures such as synthesis of protective proteins. Closed stomata decrease carbon dioxide 

uptake from the atmosphere, this negatively affects plant growth by reducing or preventing 

photosynthesis (Karim, 2007, Shinozaki and Yamaguchi-Shinozaki, 2006). It is estimated 

that salinity will claim more than 50% of agricultural land by 2050 due to effects of climate 

change like over-irrigation, lack of rainfall, and rising sea levels (Wang et al., 2003). 

 

i. Salinity 

Salt stress occurs as a result of excessive use of underground water, poor quality of irrigation 

water, and poor drainage systems (Machado and Serralheiro, 2017). Salinity stress causes 

two key problems in plants: osmotic stress and ionic toxicity (Jan et al., 2017). Under normal 

circumstances, the osmotic pressure in the plant cell is higher than that in soil solution, 

allowing plant cells to take up water and vital minerals from the soil into plant root cells to 

ensure osmotic balance. In contrast, during high salt stress, osmotic pressure in plant cells 

tends to be lower than that in the soil, leading to stomatal closure and reduced cell expansion 

which reduces plant growth within minutes to days of salt exposure. During prolonged (over 

days to weeks) salinity stress moreover, the excess Na+ and Cl−  ions are taken up from the 

soil into the plant due to competition with essential minerals like K+ and Ca2+,  causing ionic 

imbalance and hence cytotoxicity (Isayenkov and Maathuis, 2019, Botella et al., 2005). 

Symptoms of Na+ ion toxicity include necrosis on the margins and tips of leaves, and Cl− ion 

toxicity starts with premature yellowing, resulting in necrotic leaf tips and margins as well. 
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Na+ ions, however, can sometimes substitute K+ ions for the successful activity of some 

enzymes, this is shown in a study that examined the effect of salts on NADH- and NADPH-

dependent activities of pyrroline-5-carboxylate reductase (P5CR: a catalyst of proline 

biosynthesis pathway) in rice and A. thaliana, where the same concentrations NaCl and KCl 

provided similar outcome (Forlani et al., 2015, Giberti et al., 2014).  Cytotoxicity can lead to 

negative effects on cell membrane function, assimilated production, reduced cytosolic 

metabolism, and the production of reactive oxygen species (ROS) which cause irreversible 

cell and tissue damage, and ultimately contributes to reduced growth, fertility, and premature 

senescence (Krasensky and Jonak, 2012, Isayenkov and Maathuis, 2019).  

 

ii. Drought 

Drought occurs as a consequence of many factors including low rainfall, salinity, and extreme 

temperatures, all of which means that the plant cannot obtain sufficient water to function, 

and if water loss through transpiration exceeds uptake through the roots, the plant may wilt 

and die. Though global precipitation has increased, the effects of climate change including 

alterations in rainfall patterns have increased the occurrence of drought since the intervals 

between rainfall occurrence have increased (Jones et al., 2016). Drought affects soil 

microbial activity, soil respiration, fungal properties, and litter decomposition which are all 

useful for making nutrients available for plant development (Kim et al., 2010, Borken et al., 

2006). Drought is one of the most widespread plant stresses which negatively affect the 

quality and quantity of crop yield (Golam et al., 2012). Many plants, especially desert plants, 

have developed mechanisms of resistance to drought, and these mechanisms are classed as 

either avoidance or tolerance strategies. Mechanisms adapted by plants for drought tolerance 

or avoidance could be morphological, physiological or the use of antioxidant defence (Devi 

et al., 2017) to prevent oxidative damage caused by ROS (Mittler, 2002). Some avoidance 

strategies include morphological mechanisms such as the forming of fleshy leaves for water 

storage, and the development of leaves with smaller surface areas which help reduce 

transpiration to avoid the outcome of drought (Eggli and Nyffeler, 2009). Some plants also 

escape drought entirely by the development of a shorter life cycle (Araus, 2002). In addition, 

drought avoidance is achieved by the formation of a branched root system in some plants to 

enhance water uptake (Djibril et al., 2005). In an effort to tolerate drought, xeromorphic 



8 
 

features like leaf shedding and reduced leaf size and number, are also adopted by some plants 

to protect them from losing excess water during a drought. Sclerophylly is another means of 

survival in drought areas, this involves the development of  hard foliage that can shrink 

during drought to resist water loss to improve survival (Devi et al., 2017, Shields, 1950). 

Some physiological mechanisms that occur to minimise damage caused by drought include 

the production of osmolytes like proline for osmotic balance (Wani et al., 2013). 

 

1.2 Plant Defence Mechanisms  

Biotic and abiotic stress factors can cause disease, manifesting as a physiological abnormality 

or significant disruption of the normal health of a plant. Perception of biotic and abiotic 

stresses induce plant inherent defence systems that activate diverse complex signalling 

cascades like the mitogen-activated protein kinase (MAPK) cascades, regulation of ion 

channels, the release of ROS, and production of phytohormones like salicylic acid (SA), 

abscisic acid (ABA), ethylene (ET) and jasmonic acid (JA), as well as pathogen-degrading 

enzymes, and pathogen-related (PR) proteins  (Spoel and Dong, 2008, Fraire-Velázquez et 

al., 2011, AbuQamar et al., 2009, Laloi et al., 2004, Nejat and Mantri, 2017). These stimulate 

downstream transcription factors such as Basic Leucine Zipper Domain (bZIP) to initiate 

basal resistance, and thus, minimising plant damage caused by stress (Fujita et al., 2006) as 

shown in the diagram in Fig. 1.1.  

Plants protect themselves against biotic stress in the first instance by using a non-specific 

basal defence mechanism involving pattern-triggered immunity (PTI). PTI comes about via 

recognition of microbe/pathogen‐associated molecular patterns (MAMPs/PAMPs) like 

flagellin and fungal chitin, and damage‐associated molecular patterns (DAMPs) like plant 

elicitor peptide (Pep) by pattern recognition receptors (PRRs) such as chitin elicitor receptor 

kinase 1 (CERK1) which are located on the host surface (Nejat and Mantri, 2017, Sun et al., 

2013, Saijo and Loo, 2020). Though PTI is primarily known to occur in biotic stress (Bigeard 

et al., 2015), (Saijo and Loo, 2020) have associated it with abiotic stress, suggesting salt and 

osmotic stress could also cause cell wall damage giving rise to DAMPs release which is 

recognised by PRRs. However, the activation of PRRs by abiotic stressors is poorly defined 

due in part to the integration between abiotic and biotic stress response networks  (Saijo and 

Loo, 2020). PTI has therefore been described by some researchers as non-specific stress-
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triggered immunity induced by both biotic and abiotic stresses (Nejat and Mantri, 2017). A 

few investigations have linked PRRs such as CERK1 and Leucine-rich repeat receptor-like 

protein kinase (PEPK1) with salinity stress tolerance. An experiment based on observing 

hypersensitivity of the  cerk1 mutant in  A. thaliana to salt stress proposed salinity stress also 

induces the transcription of the PRR CERK1 to elicit tolerance to salt stress (Espinoza et al., 

2017). Another proposed PEPR1 receptor recognises the hormone-like peptide AtPep3 

known to enhance salinity stress tolerance through the prevention of chlorophyll depletion 

(Nakaminami et al., 2018). The team arrived at this after observing similar reduced 

chlorophyll content in pepr1 mutant plants.  

Successful pathogens produce proteins called effectors to suppress basal plant defence 

mechanisms to aid in the infection of plants (Meng and Zhang, 2013). The P. syringae type 

III-secreted effector (T3E) HopU1 for example, is capable of inhibiting flagellin-induced PTI 

by altering the glycine-rich RNA-binding protein (GRP7) RNA binding function (Fu et al., 

2007). Some pathogens can prevent PAMP/MAMP-induced stomatal closure to allow 

pathogen entry by releasing effectors in the form of a plant hormone-like substance such as 

coronatine, as is seen in P. syringae pv tomato for example (Worley et al., 2013).  

However, if the effectors or virulent factors released by the pathogen are recognised by the 

invaded plant through the agency of resistance (R) genes, this initiates effector triggered 

immunity (ETI), but if these effectors are unrecognised by plant, effector triggered 

susceptibility (ETS) occurs instead (van Schie and Takken, 2014). ETI is the second tier of 

immunity particular to pathogen infection. The timely intervention of ETI is critical in 

preventing infection. This is supported by a study that shows plants’ ability to perceive a 

given effector quickly, either directly or indirectly induces effector-triggered immunity 

(ETI), to achieve disease resistance (Chisholm et al., 2006, Jones and Dangl, 2006). The 

induction of ETI can also prepare the plant to resist future pathogen attacks, this state is called 

Systemic Acquired Resistance (SAR) (Carr et al., 2010). SAR is one of the necessary defence 

traits of plants that depends on several signals including SA accumulation which leads to 

hypersensitive responses to a pathogen (Métraux, 2013). The activation of PTI or ETI 

improves plant disease resistance and curbs pathogen growth.  

In general terms, the plant hormone JA is required to protect plants during necrotrophic 

pathogen and herbivore attacks, whereas SA production provides plant defence during 
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biotrophic pathogen attacks. However, these two hormones interact antagonistically, hence 

SA–mediated defence is suppressed during JA-mediated defence and vice versa in plants 

(Zhang et al., 2017, Costarelli et al., 2020, Lazebnik et al., 2014). This is illustrated by the 

case of coronatine released by P. syringae, coronatine chemically mimics JA, and also 

provokes the stimulation of JA-mediated defence responses by plants, ultimately suppressing 

SA production which is necessary to defend the plant, and thus permitting infection and 

disease by the biotrophic pathogen (Zhang et al., 2017).  

When plants face diverse stresses, their perception and response to these stresses involve the 

adaptation of physiological, cellular, and molecular machineries that appear to overlap 

(Rejeb et al., 2014). As is shown in a study of barley plants, the gene expression profiles of 

drought or salt-stressed plants showed that various genes were differentially regulated in 

response to the different stresses, however, there was a large degree of overlap in the genes 

that were expressed in response to these stresses  (Ozturk et al., 2002). Further, studies over 

the years show that plant response mechanisms to multiple stresses may differ from their 

response to single stresses (Atkinson and Urwin, 2012). It was revealed in 2008 by Yasuda 

et. al. that plants, upon simultaneous exposure to both pathogen and salt stress stimuli, 

become susceptible to the pathogen attack through suppression of an inherent immunity 

system SAR by ABA which accumulates in response to the salt stress. While some 

experiments have shown that plant exposure to both biotic and abiotic stresses cause 

antagonistic response (Yasuda et al., 2008), others argue that response to multiple stresses 

simultaneously could cause an additive increase or decrease in susceptibility via a process 

known as priming (Ton et al., 2009). Nonetheless, no clear understanding of this antagonistic 

and additive response of plants to multiple stresses has been established. The work described 

here will therefore focus on individual stressors and responses in A. thaliana, to investigate 

the involvement of specific MAPK cascade proteins.  
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Figure 1.10 The overall model of plant immunity in response to biotic and abiotic stresses as 

proposed by (Nejat and Mantri, 2017) with modification. In biotic stress, perception of 

pathogen-associated molecular patterns (PAMPs) by surface-localised pattern recognition 

receptors (PRRs) trigger phosphorylation of the RBOHD (respiratory burst oxidase-D) and 

activate the NADPH oxidase RBOHD for rapid production of ROS in calcium-independent 

or -dependent manner, which subsequently trigger mitogen-activated protein kinase (MAPK) 

phosphorylation as a general defence response. MAPK transduce extracellular signals to the 

nucleus leading to activation of transcription factors that regulate immunity gene expression. 

There are antagonistic and synergistic crosstalk between hormone signal transduction 

pathways in response to various attackers. ABA: abscisic acid; SA: salicylic acid; JA: 

jasmonic acid; ET: ethylene (Nejat and Mantri, 2017). In salt and osmotic stress, it is 

proposed that the release of DAMPs due to cell wall damage may also be perceived by PRRs 

for stress response (Saijo and Loo, 2020). The ‘?’ indicates more clarity on this mechanism 

is required. 

 

 

 

? 
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1.3 MAPK Signal Transduction in Plants 

Living organisms have systems that allow them to perceive their environment and stresses. 

Plants have evolved complicated adaptive mechanisms that permits communication between 

cells and their environment to elicit an appropriate response that alter gene expressions to 

enhance physiological functions (Thaler and Bostock, 2004). The process of receiving and 

transmitting stimuli from the environment by cells through a series of molecular events to 

initiate a response is called signal transduction. Generally, three steps are involved in signal 

transduction, they are; the binding of signal molecules to receptors, the transmission of 

physical or chemical signals to the nucleus through a series of molecular events usually 

protein phosphorylation by protein kinases (eg. MAPK), membrane ion channels (eg. Ca2+) 

or guanosine triphosphate (GTP) binding protein which results in cellular response (Mulligan 

et al., 1997). These intracellular and extracellular communications are required for plant 

development and response to biological and environmental cues. The mitogen activated 

protein kinase (MAPK) was focused on for this research. 

The eukaryotic MAPK phosphorylation cascade plays an integral role during signal 

transduction as it relays information from the environment to the nucleus of the cell to ensure 

appropriate responses to biotic and abiotic stresses (Dóczi et al., 2012, Bigeard and Hirt, 

2018). The MAPK cascade comprises at least three components, a MAPK kinase kinase 

(MAPKKK), a MAPK kinase (MAPKK) and a MAPK connected to each other by the event 

of phosphorylation as shown in Fig. 1.20. MAPKs are classified into types A, B, C, and D 

based on phylogenetic association with amino acids (like serine, threonine and/or tyrosine at 

the C-terminal end) and the phosphorylation motif type (either TEY or TDY). Groups A-C 

possess the TEY motif while group D has the TDY motif. TEY and TDY motifs are located 

in the activation loop where protein phosphorylation occurs, usually at the C terminus (Wang 

et al., 2018), and this phosphorylation by an upstream MAP kinase kinase is required for 

maximum activity of MAPK.  MAPK signalling is involved in a host of cellular activities 

during the growth and development of plants, starting from fertilization through to seed 

formation (Duan et al., 2014). When signalling molecules bind surface receptors, specific 

proteins are induced to activate several but specific protein kinases at each level of the 

cascade, depending on the kind of stimuli. Transmission of this information goes through the 

cascade quickly via phosphorylation of downstream substrates by the upstream activated 

components, activating subsequent regulators for transcription and translation. Responses 
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could be cell differentiation, cell division, apoptosis, or physiological adaptation depending 

on the kind of signal (Danquah et al., 2014). Other vital aspects of plant development 

regulated by MAPK signalling are gametogenesis (Guan et al., 2014), embryogenesis 

(Chaiwongsar et al., 2012), morphogenesis, senescence (Zhou et al., 2009), and abscission 

(Meng et al., 2016). MAPK signalling has also been associated with hormones such as 

salicylic acid (SA), jasmonic acid (JA), ethylene (ET), and abscisic acid (ABA). These 

hormones make up a complex network of interconnected endogenous hormones that partly 

control the induction and regulation of plant defences (Pieterse et al., 2009). 

 

 

Figure 1.20: This shows an overview of the MAP kinase signal transduction pathway 

conceived from Danquah et al., 2014. Biotic and/or abiotic stress factors stimulate membrane 

receptors to transmit signal from the environment to the cytosol which activates MAPKKK, 

successively leading to downstream MAPKK and MAPK phosphorylation. The process 

transmits information in a fast manner to prompt subsequent downstream regulators to 

initiate a response.  
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1.3.1 MAPK Signalling in Arabidopsis thaliana 

Arabidopsis thaliana has over 1000 genes encoding protein kinases, it has 20 MAPKs 

(MPKs), 10 MAPKKs (MKKs), and about 80 recognized MAPKKKs (Ichimura et al., 2002, 

Su and Krysan, 2016). Among these 80 putative MAPKKKs, 21 belong to the MEKK-like 

group and the rest belong to the ZIK and Raf-like groups (Jonak et al., 2002). Considering 

the mismatch between the population of MAPKKKs, MAPKKs, and their putative MAPK 

substrates, it can be suggested that several MAPKKKs are capable of activating an individual 

MAPKK. This also implies an individual MAPKK can activate more than one MAPK as a 

substrate in response to a stimulus (Kudoyarova et al., 2015), a pattern that has been observed 

experimentally in many instances, and yet not completely understood. MPK3, MPK4, and 

MPK6 are among the few well-studied MAPKs, and studies have constantly uncovered a 

growing number of downstream MAPK substrates (Popescu et al., 2009, Hoehenwarter et 

al., 2013, Li et al., 2016, Kang et al., 2015, Lampard et al., 2008), suggesting these stress-

responsive MAPKs could have up to one hundred substrates (Kudoyarova et al., 2015).   

Furthermore, the operation of plant MAPK occurs via collaboration between upstream and 

downstream protein components, and specific stress signals stimulate different MAPK 

proteins. Also, the duration of activation of such MAPK proteins differs from protein to 

protein depending on the upstream signal leading to the activation. For example, when 

Pseudomonas aeruginosa flagellin flg22 MAMP is detected by A. thaliana, MPK3, MPK4, 

MPK6, and MPK11 experience a transient activation which last for 15 minutes, unlike 

infection by pathogen effectors such as the AvrRpt2 effector from P. syringae that causes 

activation of MPK3 and MPK6 for several hours (Tsuda et al., 2013). 

 

1.3.2 MAPK Signalling in Biotic Stress  

Plants, unlike vertebrates, possess only innate immunity (Zhang and Zhou, 2010) that 

regulates inducible defences, characterized by their ability to recognize pathogens and to 

respond by inducing a set of sophisticated defences against the intruder (Jones and Dangl, 

2006), Fig. 1.30. Plants sense evolutionarily conserved microbial molecular signatures called 

MAMPs or PAMPs to activate immune responses (Ausubel, 2005, Bittel and Robatzek, 2007, 

Boller and Felix, 2009). Plants respond to pathogen-associated molecular patterns (PAMPs) 
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upon recognition in part by activating MAPK cascade pathways as described in Fig. 1.10. 

One way in which MAPK cascades prevent disease is by promoting stomatal closure, which 

is essential for water regulation but also pathogen entry in plants. This is illustrated by 

(Montillet et al., 2013) in a study that revealed that both AtMPK3 and AtMPK6 are involved 

in the regulation of stomatal closure upon exposure to Pseudomonas strain Pst DC3000 

independently, to minimise bacterial invasion. Another study moreover supported this by 

demonstrating the involvement of MPK3 and MPK6 in stomata closure upon induction by 

flagellin (flg22). The study showed the perception of MAMPs by the guard cells which 

surround each stoma and regulate stomata movement, was vital to control the closing of 

stomata to prevent pathogen entry (Ye and Murata, 2016).  

Several experiments have associated induction of MPK3, MPK4, and MPK6 activity with 

the activation of the MAPK kinase kinase MEKK1 upstream of MKKs during pathogen 

stress. The distinct MKKs involved in these activations nonetheless differ. One study showed 

the flagellin-derived peptide flg22 triggers a strong activation of MPK4 by MKK1/MKK2, 

and MPK3 and MPK6 by MKK4/MKK5 upstream as indicated in the diagram in Fig 1.30 

(Droillard et al., 2004, Pitzschke et al., 2009). This confirms a preceding study which shows 

that perception of the PAMP flagellin by the FLS2 receptor activates MEKK1, which in turn 

activates MKK4 and MKK5, ultimately activating MPK3 and MPK6 in A. thaliana (Asai et 

al., 2002).  

Another investigation also revealed MKK3 as an upstream regulator of the group C MAPKs 

namely MPK1, MPK2, MPK7, and MPK14 during P. syringae infection. In this research 

plants overexpressing MKK3 expressed a higher amount of PR (pathogenesis-related) 

proteins and decreased growth of pathogen while the opposite was true for mkk3 mutant 

plants (Dóczi et al., 2007). It can hence be deduced that MKK3 and the group C MAPKs 

could be in the same pathway during biotic stress signalling.  

There is still much to discover on the role of MPK1 and MPK2 in pathogen stress signalling. 

Studies have associated MPK1 and MPK2 with abiotic stress such as wounding (Ortiz-Masia 

et al., 2007). The role of MPK1 and MPK2 in biotic stress was explored in this thesis since 

not much research has been reported on this.  Additionally, a split ubiquitin yeast-two-hybrid 

method will also be used to establish whether or not there is an interaction between MPK1 
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and MPK2 proteins and other upstream MKKs, especially MKK3 since it has been identified 

in the same pathway as the group C MAPKs.  

 

Figure 1.30: PAMP-induced MAPK cascades in the plant defence to pathogens. PAMP-

triggered activation of MAPK cascades induces the synthesis of PR proteins (e.g. glucanases, 

chitinases), cell wall depositions, stomatal closure, and phytoalexin (e.g. camalexin), giving 

rise to pathogen resistance. Microbial factors inhibiting the signal transduction are shown in 

blue. Activated transcription factors (TF) are shown as semicircles. Unknown receptors and 

MAPK cascade components are indicated by ‘?’ (Pitzschke et al., 2009). 

 

1.3.3 MAPK Signalling in Abiotic Stress  

MAPK cascades have shown to be one of the signalling pathways stimulated by abiotic stress 

factors like cold, salt, touch, wounding, heat, UV, osmotic shock, heavy metals among others 

in numerous species, including A. thaliana. Abiotic stress just like biotic stress impairs the 

growth and development of plants and has complex responses governed by multiple genes 

(Sinha et al., 2011). 
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Several MAPKs have been identified in plants to play roles in abiotic stress. For example 

ZmMPK3, ZmMAPK5, and ZmSIMK1 have been identified in maize to be induced by salt 

stress (Ding et al., 2009, Gu et al., 2010, Wang et al., 2010). Earlier work revealed that 

increased activity of OsMAPK5 after its overexpression in rice transgenic plants led to 

increased tolerance to drought, cold and salt stresses, while its suppression caused increased 

sensitivity to various stresses including salt (Xiong and Yang, 2003). 

So far, research on MAPKs in A. thaliana has mostly focused on MPK3, MPK4, and MPK6 

with limited information on MPK1 and MPK2. Research to date has demonstrated a pathway 

that suggests the following sequence of induction within the MAPK cascade system during 

environmental stress, especially high salinity; MEKK1 as an upstream activator of MKK2 

and the downstream MAPKs MPK4 and MPK6 (Teige et al., 2004).  

MPK3 has been demonstrated to enhance osmotic stress tolerance in an earlier study 

(Droillard et al., 2002), and later confirmed for other abiotic stress responses such as drought, 

high salinity, low temperature, and wounding (Droillard et al., 2002, Gao et al., 2010). The 

association of MPK3 to drought and salinity could be attributed to the fact that lack of water 

leads to disruption of the metabolic balance of cells, subsequently causing osmotic stress 

(Mittler, 2002). MPK6 has also been implicated in salt and osmotic stress signalling. MPK6 

has been suggested as a requirement for the phosphorylation of an A. thaliana zinc finger 

transcription factor called ZAT6 needed to improve seed germination during salt and osmotic 

stresses. (Liu et al., 2013). It is possible other MAPKs like MPK1 and MPK2 work 

simultaneously with MPK6 or individually to restore plants during abiotic stress, therefore, 

the participation of MPK1 and MPK2 in osmotic and salt stresses will be thoroughly 

examined in this study.  

 

1.3.4 Plant Hormones and MAPK Signalling 

Plant hormones, also called phytohormones are biochemical substances that are important 

for plant growth, development, and regulation of response to numerous biotic and abiotic 

stresses. Phytohormones depend on effective transport mechanisms to reach their action sites 

since hormonal action sites may be far from their site of biosynthesis. Numerous classes of 

hormones are produced by plants, major ones include auxins, gibberellins (GA), abscisic acid 
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(ABA), cytokinins (CK), salicylic acid (SA), ethylene (ET), jasmonates (JA), 

brassinosteroids (BR), and hormone-like peptides such as the plant elicitor peptides (Pep) to 

control development and response to abiotic stress (Kim et al., 2021, Smith et al., 2017). 

Phytohormones are inducing agents for diverse stress responses, and ABA is central to most 

abiotic stress responses and was investigated for this research.  

Previous research shows that plant exposure to stress triggers the production of hormones 

such as ethylene, ABA, JA, and SA which are important components of plant defence 

signalling (Broekaert et al., 2006, Browse, 2009, Spoel and Dong, 2012, Vlot et al., 2009). 

These hormones induce the activation of a complex array of defence-related genes,  resulting 

in diverse defence responses including activation of plant MAPK cascades, which have been 

implicated in both the regulation of defence hormone biosynthesis and events downstream 

of hormone sensing (Meng and Zhang, 2013). The mechanism linking hormones and MAPK 

cascades is still unclear and needs more investigation. Previous understanding of the 

association of some plant hormones with MAPK cascades is briefly discussed below. 

 

i. Ethylene (ET) 

Ethylene is a gaseous plant hormone that plays an important role in mediating plant defense 

responses (Tsuchisaka et al., 2009, Broekaert et al., 2006). It is associated with defence 

against necrotrophic pathogens and herbivorous insects. Early researches have shown 

ethylene is produced in high quantity in plants under stresses like pathogen attack and high 

salinity (Shaharoona et al., 2012). A subset of MAPKs, like the tobacco SIPK/Ntf4/WIPK 

and A. thaliana MPK3/MPK6, are known to play key roles in regulating pathogen-induced 

ethylene biosynthesis (Li et al., 2012, Han et al., 2010). Biochemical and genetic analysis in 

A. thaliana has established MPK3 and MPK6 control cellular 1-aminocyclopropane-1-

carboxylic acid synthase (ACS) stability. ACS is an enzyme essential in the ethylene 

biosynthesis process, it accelerates the conversion of AdoMet to 1-aminocyclopropane-1-

carboxylic acid (ACC).   ACS type 1 isoforms ACS2 and ACS6, are substrates of MPK3 and 

MPK6, and phosphorylation of ACS2 and ACS6 by MPK3 and MPK6 increase cellular ACS 

activity and ethylene biosynthesis which is crucial for plant defence. Further studies 

demonstrated another substrate of MPK3/MPK6, known as  WRKY33, also directly activates 

ACS2 and ACS6 (Liu and Zhang, 2004, Han et al., 2010, Li et al., 2012). Additionally, during 
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salinity stress, MKK9 acts as an upstream activator of MPK3 and MPK6 for ethylene 

production (Yoo et al., 2008, Xu et al., 2008). Examination of other MAPKs involved in 

stress signalling may lead to a complete understanding of ethylene biosynthesis and 

signalling.  

 

ii.  Jasmonic Acid (JA) 

Jasmonic acid is an important defence hormone rapidly induced by necrotrophic pathogen 

infection, herbivore attack, and wounding (Browse, 2009, Gfeller et al., 2010). JA is involved 

in A. thaliana pathogen immunity since a high accumulation of JA biosynthetic gene 

transcripts and JA levels are realized in plant leaf exudates under pathogen stress (Truman et 

al. 2007). Many developmental processes such as seed germination, root growth, tuber 

formation, tendril coiling, fruit ripening, leaf senescence, and stomatal opening are also 

regulated by JA.  

Several MAPKs cascades have been identified to be either activated by JA or as inducers of 

JA biosynthesis, MPK1 and MPK2 are examples of such MAPKs. Tomato LeMPK1 and 

LeMPK2 for instance positively regulate JA biosynthesis and signalling pathways, and 

evidence shows that the silencing of both LeMPK1 and LeMPK2 resulted in reduced JA 

accumulation and expression of JA-dependent defence genes (Kandoth et al., 2007). 

Moreover, AtMPK1/2 kinase activity was activated in leaves within 1 hour of JA treatment 

(Ortiz-Masia et al., 2007). And research in rice has also shown that during herbivore attack, 

rice plants with silenced OsMPK3 had reduced JA levels, leading to improved performance 

of herbivore larvae (Wang et al., 2013) and hence wounding of plants. It has been found that 

the AtMKK3-AtMPK6 pathway is induced by JA and also has an important function in JA 

signalling (Takahashi et al., 2007). Prior reports support the relevance of JA production in 

preventing the effects of wounding and herbivore attack. Initial studies have suggested 

wound-induced protein kinase (WIPK) and salicylic acid-induced protein kinase (SIPK) are 

necessary for wounding and herbivore-induced JA production in tobacco (Seo et al., 1999, 

Wu et al., 2007). Other researchers have moreover implicated NtMPK1 in the negative 

regulation of wound response and pathogen attack via JA downregulation. NtMPK1 

suppression was discovered to improve WIPK and SIPK activity and hence, JA production, 

while its overexpression, inactivated WIPK and SIPK, leading to suppression of JA 
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production during lepidopteran herbivore and B. cinerea attack (Oka et al., 2013, Seo et al., 

2007). The above provides evidence that JA production in plants enhances necrotrophic 

pathogen resistance and wounding response and shows the complexity of JA regulation. 

While JA induces expression of some MAPKs such as MPK3 and MPK6 in A. thaliana, it is 

downregulated by other MAPKs like MPK1 in tobacco. The work reported in this thesis will 

therefore explore the role of some MAPKs namely, MPK1, MPK2, and MPK3 in A. thaliana 

during a pathogen stress response. 

 

iii.  Salicylic Acid (SA) 

Salicylic acid is a phenolic compound involved in the regulation of the growth and 

development of plants. SA protects plants against abiotic stresses such as heavy metal ions 

(Zhang et al., 2015), salinity (Khan and Khan, 2014, Nazar et al., 2015), osmotic (Naser Alavi 

et al., 2014), drought (Fayez and Bazaid, 2014), and heat stress (Khan et al., 2013). It 

accomplishes this by its involvement in the regulation of important plant physiological 

processes such as photosynthesis, nitrogen metabolism, proline metabolism, production of 

glycinebetaine (GB), antioxidant defence system, and plant-water relations under stress 

conditions (Khan et al., 2013, Khan and Khan, 2014, Miura and Tada, 2014, Nazar et al., 

2011). For instance, SA was reported to induce major abiotic stress tolerance when it was 

exogenously applied to stressed plants, either through seed soaking, adding to the nutrient 

solution, irrigating, or spraying (Khan and Khan, 2014, Khan et al., 2013, Anwar et al., 2013, 

Palma et al., 2013, Horváth et al., 2007). 

It is additionally involved in the induction of defence-related genes and stress resistance in 

biotic stressed plants (Kumar, 2014). SA plays a critical role in the induction of defence 

responses against biotrophic and hemi-biotrophic pathogens as well as the establishment of 

systemic acquired resistance (SAR) (Grant and Lamb, 2006). SA levels accumulate in tissues 

of plants attacked by pathogens, exogenous applications also result in the induction of  PR 

genes and enhanced resistance to a broad range of pathogens such as B. cinerea and P. 

syringae (Bari and Jones, 2009). Studies unveiled the MPK3/MPK6 cascade to be a positive 

regulator of SA signalling, whereas the MPK4 cascade was argued as a negative regulator, 

(Petersen et al., 2000, Kong et al., 2012). Knowledge of the antagonism between SA and 
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ABA during pathogen stress is relevant for the study of the MAPKs role in ABA-related 

stress responses. 

 

iv. Abscisic Acid (ABA) 

Abscisic acid is a ubiquitous phytohormone that inhibits seed germination and budding. It 

has also been identified as a stress hormone that increases in plants during adverse conditions 

like cold, drought, and high temperatures as well as high salinity. ABA induces many 

physiological processes to help plants resist the effect of stress (Hubbard et al., 2010). For 

example, ABA accumulation in plants during stress such as pathogen infection and drought 

leads to closure of stomata which prevents pathogen invasion and plant water loss 

respectively (Schroeder et al., 2001, Lim et al., 2015). On the other hand, research carried 

out on ABA-deficient tomato mutants showed higher resistance to P. syringae than their 

respective wild-type cultivars due to highly induced salicylic-mediated responses. This is an 

indication that the presence of ABA may impede activities of SA to cause disease 

susceptibility in plants (Thaler and Bostock, 2004). This was a confirmation of an earlier 

study which showed that ABA absence increased the resistance to pathogens upon treatment 

of detached tomato leaves with exogenous ABA, which elevated the susceptibility of wild-

type plants to Botrytis cinerea (Audenaert et al., 2002). The age of the plant has however 

been associated with this antagonistic response recently in an experiment, where SA 

suppression by ABA accumulation, was evident in older rosette leaves, but not in younger 

ones of A. thaliana plants under both biotic and abiotic stresses (Berens et al., 2019). The 

role of ABA in plants during pathogen stress is still unclear, however, its absence leads to 

susceptibility to abiotic stresses (Luna et al., 2011, Berens et al., 2019).  

Drought stress response occurs via both ABA-dependent and -independent signalling 

pathways. During drought, many of the stress-responsive genes have been found to be 

regulated by ABA signalling, but many of these genes do not respond to ABA (Shinozaki 

and Yamaguchi-Shinozaki, 2000, Liu et al., 2018). ABA-dependent signalling has been 

identified to occur via receptors like Pyrabactin Resistance / Pyrabactin resistance-like / 

Regulatory Component (PYR/PYL/RCARs) to inhibit protein phosphatase 2C (PP2C) 

leading to the activation of SnRK2 which initiates the upregulation of downstream ABA-

responsive genes like RD29B (Shinozaki and Yamaguchi-Shinozaki, 2006) via transcription 
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factors (bZIP; AREB/ABF) (Danquah et al., 2015, Yoshida et al., 2014). The ABI5 (Abscisic 

acid insensitive 5) gene is one of the members of the Basic Leucine Zipper Domain (bZIP) 

TFs which is expressed in response to salt stress and is also responsible for inhibition of seed 

germination. Its activity is complex as it is influenced positively by other TFs like ABI3 and 

ABI4 (Skubacz et al., 2016, Bossi et al., 2009, Lopez‐Molina et al., 2002). ABI3 is primarily 

known as a transcription factor particular to seed and works together with ABI5 to promote 

the expression of genes which results in the synthesis of osmotolerant proteins in seeds 

(Lopez-Molina et al., 2001, Lopez‐Molina et al., 2002). Premature germination and 

underdeveloped seeds which are unable to tolerate dehydration are features of lack of ABI3 

(Finkelstein and Rock, 2002). ABI3 is also relevant during the recovery of plants from 

desiccation, it autoregulates itself during desiccation, and its upregulation leads to the 

expression of downstream genes which results in dehydration stress signalling that enhances 

tolerance (Bedi et al., 2016). ABI4 positively regulates ABA signalling to mediate seed 

dormancy and germination (Söderman et al., 2000), and is also involved in response to salt 

stress (Quesada et al., 2000). ABI4 is important for GA/ABA homeostasis and is therefore 

relevant for the regulation of seed germination and development. Overexpression of ABI4 

has been discovered to lead to a low GA/ABA ratio which inhibits germination while low 

transcript and protein levels of ABI4 results in a high GA/ABA ratio that leads to germination 

(Shu et al., 2016). ABA-independent signalling on the other hand upregulates the expression 

of the Dehydration-Responsive Element-Binding protein (DREB) transcription factor which 

binds to downstream genes like RD29A (response-to-dehydration 29A) to improve salt or 

osmotic stress tolerance. The crosstalk existing between ABA-dependent and -independent 

signalling is complicated and has been studied by many researchers (Yoshida et al., 2014). 

RD29A for example has been associated with both ABA-dependent and -independent 

signalling (Chang et al., 2019). Studies by (Zhao et al., 2018) also show how the Pyrabactin 

Resistance-Like PYL receptor inhibits SnRK2s during osmotic stress in A. thaliana in an 

ABA-independent way, while another study shows the PYL4/PYL5 is involved in an ABA-

dependent pathway in response to drought (Liu et al., 2018).  

The dependence of ABA signalling on MAPK module pathways is also of interest. Previous 

investigations by (Hwa and Yang, 2008) showed expression of MKK3, MPK1 and MPK2 

genes in A. thaliana seedlings upon ABA and stress treatments, concluding that MKK3  

mediates ABA signalling in A. thaliana, this study also observed activation of MPK1 and 
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MPK2 kinase by ABA. A later investigation proposed a MAPK pathway for ABA signalling 

that involves the activated MAP3K17 and MAP3K18 stimulating the MAP2K MKK3, which 

eventually activates MAPKs 1/2/7/14 (Danquah et al., 2015). Since MPK1 and MPK2 have 

been implicated in ABA signalling, my research will aim to answer the question of whether 

MPK1 and MPK2 are involved in biosynthesis of ABA during abiotic stress. Furthermore, a 

recent study proposed the involvement of MPK6 in the positive regulation of ABA, while 

negatively regulating proline through the MKK3-MPK6-MYC2 pathway to achieve ABA 

inhibited germination (Verma et al., 2020b).  Endogenous proline and ABA in salt and 

drought-stressed A. thaliana mutant lines will therefore be measured to investigate the roles 

of genes of interest in ABA and proline accumulation during stress.  

 

1.4. Proline  

Proline is an amino acid and osmolyte whose metabolism plays a central role in abiotic stress. 

The accumulation of proline in the vacuole under water stress permits plants to increase 

cellular osmolarity (Verslues and Sharma, 2010), thus exposure of plants to drought and salt 

stress lead to proline accumulation to attain stress tolerance (Chun et al., 2018, Szepesi and 

Szőllősi, 2018, Szabados and Savouré, 2010). Research shows salt-tolerant plants produce 

higher levels of proline than salt-sensitive ones (Hayat et al., 2012, Huang et al., 2013). Both 

ABA-dependent and ABA-independent signalling have been correlated with proline 

accumulation during osmotic stress (Zarattini and Forlani, 2017). A recent study suggested 

ABA acts upstream of proline by regulating proline synthesis-related genes, that aid in 

proline accumulation in the rice Nip cultivar during hypoxic stress, resulting in tolerance 

(Cao et al., 2020). Proline does not only act as a physiological indicator for plant stress and 

an osmolyte for osmotic adjustment, it is also a significant contributor to the stabilization of 

subcellular structures such as membranes and proteins (Hayat et al., 2012, Pervaiz et al., 

2019, Ashraf and Foolad, 2007). 

MAPK cascades have been implicated in proline biosynthesis in plants. Recently, a study has 

shown MKK3-MPK6-MYC2 cascade activation during salt stress negatively regulates 

proline biosynthesis (Verma et al., 2020a), while the same cascade was later found to 

positively regulate the expression of several ABA related genes that inhibit seed germination 
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(Verma et al., 2020b). These two studies suggested the MKK3-MPK6-MYC2 cascade leads 

to antagonism between proline and ABA. 

Though proline is essential for initiating tolerance to abiotic stress; its over-accumulation is 

lethal to the plants (Verma et al., 2020a). It is therefore important to first understand the 

regulation of proline biosynthesis to know the mechanism of stress tolerance. In this study, I 

will explore the impact of some MPKs on proline biosynthesis, by measuring the endogenous 

levels of proline in salt and osmotically stressed mpk mutant A. thaliana plants.   

 

1.5 Overview of Some Techniques Used. 

1.5.1 Quantitative Analysis of ABA  

Phytohormones are naturally occurring plant products that regulate plant developmental 

processes at low concentrations. To better understand the biosynthesis, transport, 

metabolism, and molecular regulatory mechanisms of plant hormones, quantitative analysis 

of plant hormones is essential. Low concentrations and the presence of complex components 

in plant crude extracts are some constraints on plant hormone analysis. However, much 

progress has been reached in the development of extraction, purification, and detection 

techniques over the years. One of such breakthroughs is the solid phase extraction and 

chromatography/mass spectrometry which have been widely used for purification and 

quantitative analysis of plant hormones owing to their high selectivity and sensitivity. 

However, in this research, radioimmunoassay (RIA) was used to measure endogenous ABA 

due to affordability, specificity, and its ability to detect very low concentrations of <0.01 

μg/ml. RIA relies on the competition of radiolabelled hormone with unlabelled hormone in 

the extract or the standards for binding sites on a given amount of antibody for quantification. 

The presence of the unlabelled hormone in extracts competes for binding of the labelled 

hormone, and hence, hormone concentration in an unknown sample is obtained by comparing 

the binding competition observed with that produced by standard solutions containing known 

amounts of hormone. Consequently, the radioactivity measured in precipitated immune 

complexes is inversely proportional to the amount of antigen present in the sample (Yalow, 

1980, Berson and Yalow, 2006). 
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1.5.2 Protein-Protein Interaction (PPI) 

To understand cell responses to extracellular stimuli, researchers have developed several new 

approaches to understanding signal transduction from methods for visualizing signal 

transduction to biochemical analysis.  

Proteins facilitate most biological phenomenon in a cell, including development, cell to cell 

interactions, and metabolic processes. PPIs are physical contacts with molecular docking 

between proteins that occur in a cell or in a living organism in vivo and are fundamental to 

virtually every cellular process. PPIs can be grouped into two depending on their persistence, 

these are termed stable and transient (Snider et al., 2010). While a permanent interaction of 

the protein may result in a stable protein complex, a transient interaction among the proteins 

may form part of a signalling pathway (Munazza Ijaz 2018). 

Protein-protein interactions can be analysed by different methods which may either be in 

vivo, in vitro, or in silico techniques. Examples of in vivo techniques for predicting protein-

protein interaction include: yeast two-hybrid (Y2H) which was used for this study, 

fluorescence resonance energy transfer (FRET), biomolecular fluorescence complementation 

(BiFC), and bioluminescence resonance energy transfer (BRET) (Llères et al., 2007, Xing et 

al., 2016). Examples of in vitro techniques include; Tandem affinity purification (TAP) 

tagging (Rohila et al., 2004), affinity chromatography, coimmunoprecipitation, mass 

spectrometry, and nuclear magnetic resonance (NMR) spectroscopy (Tong et al., 2001).  

 

i. Yeast Two-Hybrid (Y2H)  

The yeast two‐hybrid system is a powerful method used for the analysis of protein‐protein 

interactions in vivo (Fields and Song, 1989, Fields, 2009). Y2H has led to the discovery of 

various interactions of MKKs and MAPKs in different plants. A total of 63 interactive pairs 

of MKKs and MAPKs have been identified in cotton (Zhang et al., 2016). In A. thaliana, 

interactions between various MAPKs and MKKs such as between MPK1 and MKK3, MPK2 

and MKK3/7, MPK3 and MKK4, MPK6 and MKK2/4/5/6 among others were all 

successfully determined using Y2H assay (Lee et al., 2008). 

There are two protein domains involved in the Y2H assay. In the classical Y2H, the first 

domain (also called “bait”), bears the protein of interest (X) which binds to the GAL4 DNA 
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binding domain. The second domain called "prey", binds the proposed interacting protein 

(Y) to the GAL4 activation domain that is involved in the activation of the transcription of 

the specific DNA (Munazza Ijaz, 2018). These two domains are required for the transcription 

of a particular reporter gene but are physically separable since they are not required to be 

present within the same protein to function (Paiano et al., 2019). For the reporter gene to be 

activated, the interacting proteins that are involved in the Y2H assays must be in close 

proximity and transported inside the nucleus (Munazza Ijaz, 2018, Paiano et al., 2019). It is 

limited to the analysis of soluble proteins and cytoplasmic proteins, so for instance membrane 

protein interactions will not be identified (Van Criekinge and Beyaert, 1999). Some other 

limitations include its inability to detect all protein-protein interactions due to its restriction 

to the nucleus. This results in false negatives, and false positives that arise when two proteins 

appear to interact in the assay but have no biologically relevant interaction in vivo (Finley, 

2005). The Y2H is widely used and has similar properties to the split ubiquitin Y2H, 

however, the split ubiquitin yeast two hybrid (SUY2H) method can detect almost all proteins 

and has also successfully been used in the identification of PPIs within the MAPK cascade 

(Xing et al., 2016, Purayannur et al., 2017) and interactome networks of A. thaliana. Hence 

this research utilised SUY2H to identify MPK1, MPK2 and MPK3 protein interactors. 

 

ii.  Split Ubiquitin Yeast Two-Hybrid (SU Y2H) 

The split ubiquitin yeast two-hybrid assay, like a conventional Y2H, relies on separating the 

functional regions of a protein into modular domains, except instead of splitting a 

transcription factor, it uses a split ubiquitin protein. Ubiquitin is a small, highly conserved 

protein that takes part in the cellular signalling pathways leading to the degradation of 

proteins. Normally, the ubiquitin protein covalently attaches to a target protein and marks 

that protein for degradation by the 26S proteasome. Both the N-terminus (Nub) and the C-

terminus (Cub) of the ubiquitin molecule are required to appropriately perform this function. 

However, if the ubiquitin protein is split into two halves, close physical association of these 

two polypeptide halves is adequate to restore their function. This characteristic makes the 

SUY2H method useful for PPI detection. 

In the SUY2H system, the bait protein X is fused to the Cub domain followed by a reporter 

transcription factor (TF) to form a hybrid-protein product X-Cub-TF. The prey Y, which is 
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either a cytosolic or membrane protein, is fused to the NubG mutated domain. Due to the 

replacement of isoleucine (I) with glycine (G) at position 3 of the protein, there is no split 

ubiquitin formation when the Nub and Cub are in contact with each other. However, the 

interaction between the fused X and Y proteins causes the Cub and Nub halves to associate 

to form a split-ubiquitin heterodimer as shown in Fig. 1.40. This split-ubiquitin heterodimer 

is then recognised and cleaved by the ubiquitin specific proteases (UBPs), releasing the TF, 

which enters the nucleus, binds to the lexA-binding site, and activates transcription of 

reporter genes like the lacZ and HIS3 reporter genes. This induces β-galactosidase activity 

and histidine production, respectively. In the presence of X-Gal, yeast cells bearing the 

interacting X and Y proteins can be identified as they turn blue and grow on histidine absent 

agar plates. Yeast cells bearing non-interacting X and Y proteins are incapable of activating 

reporter genes, hence experience no blue colour formation and cannot grow on agar plates 

lacking histidine (Bashline and Gu, 2015, Thaminy et al., 2004). The split ubiquitin Y2H 

offers the merit of being able to measure interactions between insoluble, hydrophobic 

proteins and non-nuclear proteins.  Its employment has led to an interactome network of A. 

thaliana membrane proteins (Lalonde, 2010). It has also aided in a thorough interaction 

analysis between MKKs and MAPKs. In chickpea, for example, a total of 27 interactions of 

varying strengths between MAPKs and MKKs were identified by the SUY2H method 

(Purayannur et al., 2017). The capability to identify almost all PPIs, availability and cost are 

reasons for choosing this method for this study.  
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Figure 1.40: The split ubiquitin system diagram conceived from (Fetchko and Stagljar, 2004). 

(A) When the normal ubiquitin is separated into the Nub and Cub halves, the two halves 

spontaneously re-associate to cause cleaving of the transcription factor (TF) by ubiquitin 

specific proteases (UBPs: scissors). (B) Due to the mutation in the Nub region, no association 

is formed between the Nub and Cub halves, hence there is an absence of cleavage of TF by 

UBPs. (C) When interacting proteins are fused to the Cub and mutated Nub regions, an 

association of X and Y causes the Nub and Cub terminals to associate to initiate cleavage of 

TF by UBPs. Positive interaction results in reporter gene activation. 

 

1.6 Arabidopsis thaliana 

A. thaliana is a small flowering plant with a short life cycle, it is self-pollinating and takes 

about 6-8 weeks from germination to seed development. An individual A. thaliana can 

develop thousands of seeds. The small size of A. thaliana makes it easy to cultivate in a small 

space. Moreover, it has efficient transformation methods utilizing Agrobacterium 

tumefaciens. A. thaliana was the first plant to have its genome completely sequenced, and 

this attribute plus all the above-mentioned make it a popular plant model for scientific 

research. It is widely used in studying plant sciences, including genetics, evolution, 

population genetics, and plant development (Rensink and Buell, 2004, Coelho et al., 2007, 

Platt et al., 2010). It has a small genome of approximately 114.5/125 megabase pairs (Mbp) 

(The Arabidopsis Genome, 2000). Very efficient genetic tools such as loss and gain of 

function mutations, reverse and forward genetics have been developed in A. thaliana over 

the years making it useful in various studies (Bolle et al., 2011). Reverse genetics involves 

the investigation of a phenotype by altering a particular gene while forward genetics studies 

the genetic cause of an abnormal phenotype. The reverse genetics was adapted for my 

investigations since mutant A. thaliana plants were used in the experiments reported here. A. 

thaliana provides the basis for a more comprehensive comparison of conserved genetic 

processes in all eukaryotes, identifying a wide scope of plant-specific gene functions and 

establishing standard ways to identifying genes for crop improvement (Jonak et al., 2002).  
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Figure 1.5: A. thaliana (https://www.arabidopsis.org/portals/education/aboutarabidopsis.jsp)  

 

1.6.1 Seed Germination  

Seed germination is the process where the mature fertilized plant ovary or seed develops into 

a mature plant. The mature seed has a water content of some 10% and during germination, 

this increases to around 90%. Under favourable conditions such as light, temperature, good 

water, and nutrient supply, A. thaliana can germinate within 3-5 days, bolt and flower around 

3-4 weeks, and can be harvested within 8-12 weeks. Seed germination begins the life cycle 

of a plant and is therefore, a crucial part of the plant’s development. There are various stages 

that occur during germination. According to (Boyes et al., 2001), the germination process in 

A. thaliana includes seed imbibition of water within the first 3 days after planting. Radicles, 

hypocotyl, and cotyledons then emerge between 4-6 days. Leaves develop within 10 to 29 

days approximately, flowering follows between 30 to 49 days, and then finally senescence 

and seed harvesting above 48 days, depending on environmental conditions.  

Several hormones have been identified to influence seed germination. ABA inhibits seed 

germination and promotes seed dormancy whereas gibberellins break seed dormancy and 

promote germination. Other phytohormones namely cytokinin, brassinosteroids, and 
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ethylene are also known to promote seed germination (Rashotte et al., 2003, Zhang et al., 

2009, Voegele, 2011, Matilla and Matilla-Vázquez, 2008, Petruzzelli et al., 2000, Rinaldi, 

2000). According to a research by (Gianinetti et al., 2007), endogenous ethylene promotes 

the growth of seedlings, but does not affect seed dormancy or inception of germination.  

However, other researchers argue that ethylene is needed to break seed dormancy to allow 

germination (Corbineau et al., 2014). It is therefore unclear as to whether it is produced as a 

result of germination or is responsible for germination. ABA was used to study the 

involvement of MAPK in germination and during salt and osmotic stress because it has been 

successfully utilised for such investigations (Finkelstein et al., 2002). 

 

1.7 Project Strategy and Aims  

Biotic and abiotic stresses reduce crop productivity; the effects of climate change are 

estimated to exacerbate this problem. Plant breeders and scientists are relying on molecular 

techniques to enhance crop yield by creating stress-resistant plants. Our current 

understanding of biotic and abiotic stresses suggests that MAPKs may be involved, and this 

work aims to substantiate this hypothesis. 

The MAP kinase signal transduction pathways have essential roles in plants to relay 

information from the environment to the nucleus of the cell and ensure appropriate remedial 

responses to biotic and abiotic stresses. This project will rely on reverse genetics to confirm 

or disprove the hypothesis that MPK1, MPK2, MPK3, MPK6 genes are involved in biotic 

(bacteria pathogen) stress, abiotic (salt, drought) stress, and ABA signalling. And that 

upstream MKK1, MKK2 and MKK3 proteins activate identified stress resistant MPKs in 

yeast to confirm the outcome in planta in future investigations. 

A. thaliana mutant lines were analysed for homozygosity by polymerase chain reaction 

(PCR) by identifying T-DNA inserts for the following mutants; mpk1, mpk2, mpk3, mpk6, 

and the double mutant mpk1/2. The choice of the double mutant mpk1/2 is attributed to the 

fact that A. thaliana MPK1 and MPK2 gene and protein sequences are 88.7% and 93.2% 

identical respectively, having 370 and 376 amino acid residues respectively (Mizoguchi et 

al., 1994). The molecular interactions of MAP kinase signalling pathway proteins with other 

proteins were explored using genetic and molecular biological techniques in this research. 
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This project will enhance our basic understanding of plant defence and inform the targeted 

breeding of robust crops for the future.  

Below are the specific objectives for this Ph.D. research: 

• To identify homozygous mutants by screening T-DNA insertion lines (MPK1, MPK2, 

MPK3, and MPK6 genes) in Arabidopsis thaliana.  

• To determine physiological and biochemical responses of homozygous mutants for 

A. thaliana mpk1, mpk2, mpk3, mpk6, and the double mutant mpk1/2 to biotic 

(Pseudomonas syringae) and abiotic (salt and sorbitol-induced osmotic) stresses.  

• To determine the endogenous levels of proline and phytohormone abscisic acid 

(ABA), as well as the role of the ABA in stress responses. 

• To identify interactions between the MAPKs; MPK1, MPK2, and MPK3 with the 

upstream activators MAPKKs; MKK1, MKK2, and MKK3 and also detect other 

interactors of these MPKs. 
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CHAPTER TWO 

2. Materials and Methods 

2.1 Materials 

The suppliers of chemicals, reagents, enzymes, and other materials used in this work are 

shown in Table 2.10 

Table 2.10: The suppliers of chemicals, enzymes, and other materials     

Chemicals, enzymes, and other materials     Suppliers  

Primers Eurofins genomics & SIGMA 

Restriction enzymes, T4 ligase  Thermo Scientific 

PCR reagents Thermo Scientific  

Plasmid DNA & Gel extraction kit GeneJet (Thermo Scientific) 

Murashige and Skoog media Duchefa Biochemie 

LB, YPD, synthetic dropout, Agar, 

Agarose, x-gal 

Melford’s  

ABsolute QPCR SYBR green mix  ABgene 

Herring testes DNA, sorbitol, NaCl Sigma 

Solvent chemicals Fisher Chemicals 

Amino acids  Sigma  

UV transilluminator Jencons-PLS 

Thermal cycler Applied Biosystems Step-one Plus, GeneAmp 

PCR System 2700 

Centrifuge Eppendorf, AllegraTM X-12R and Beckman MSE 

Versatile environmental test chamber Sanyo 

Spectrophotometer  Shimadzu  

Lyotrap freeze-dryer LTE Scientific 

Hydroponic tanks Ikea 

Yeast split ubiquitin Plasmids Dr Igor Stagljar, University of Toronto 

NMY51 Dualsystems Biotech AG 
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Primers designed using Serial Cloner software were all produced by Eurofins genomics 

except for the left border primer (PROK-LB) which was obtained from Sigma. Reagents, 

enzymes, materials, and chemicals were all stored and handled according to the 

recommendation and instructions by manufacturers.  

 

2.2 Centrifugations  

An Eppendorf or MSE centrifuge was used to centrifuge small samples in the 1.5 ml 

Eppendorf tubes. The highest speed for MSE is 13,000 rpm at room temperature. Larger 

volumes (10-50 ml) of the bacteria and yeast cultures were spun down at 3750 rpm using an 

AllegraTM X-12R centrifuge machine at room temperature (RT).  

 

2.3 Storage  

PCR products, genomic DNA, plasmid DNA, and harvested seeds were stored at -20°C. The 

bacterial and yeast strains were stored at –80°C in appropriate media containing 15% (v/v) 

glycerol in a 1:1 ratio. 

 

2.4 Liquid Broth (LB) media and culture conditions  

LB medium (1% (w/v tryptone. 0.5% (w/v) yeast extract and 0.5% (w/v) NaCl, pH 7.2±0.2) 

was used as bacterial medium. Solid LB media was prepared by adding 1.5% (w/v) agar to 

the LB medium. Media and equipment were all sterilised. E. coli was grown at 37°C while 

P. syringae was grown at 28°C. P. syringae DC3000 was grown on LB with 50 µg/ml 

rifampicin (i.e.: 1 ml LB: 1 µl of 50 µg/ml rifampicin). 

 

2.5 Sources of seeds  

All A. thaliana seeds; wild-type Columbia, and the following T-DNA insertion lines: mpk1 

(gene code: AT1G10210, Salk 063847), mpk2 (gene code: AT1G59580, Salk 019507), mpk3 

(gene code: AT3G45640, Salk 151594), mpk6 (gene code: AT2G43790, Salk 073907) and 
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mkk2 (gene code At4g29810) (SAIL 511_H 01) were obtained from the Arabidopsis 

Information Resource (TAIR) at Nottingham Arabidopsis Stock Centre (NASC). The A. 

thaliana wild-type ecotype Columbia was the background for all plant lines used for this 

experiment. 

 

2.6 Plant growth conditions  

 

i. Plant media preparation and growth conditions 

Seeds were planted on plant medium (2.15 g/L Murashige and Skoog salt mixture, 2g/L 4-

morpholine ethane sulfonic acid monohydrate pH 5.6, and 0.8- 1% /L agar) in petri dishes. 

Plates were incubated at 4°C for 2 days to break seed dormancy and then kept in a growth 

chamber at 20°C under an 18h/6h light/dark cycle respectively. 7 days after germination, 

seedlings were transplanted from the petri dish to the mix of compost (John Innes No.2) and 

perlite (3:1 v/v) under the same condition for vegetative and flowering plant growth. A plastic 

lid was used to maintain the required humidity for the early stage of the seedling, usually 

about 24 to 36 hours.  

 

ii. Hoagland nutrient solution for hydroponic growth 

A modified half-strength nutrient solution was prepared. 2 mM MES (2-(N-morpholino) 

ethanesulfonic acid) was first prepared as a buffer by dissolving 3.9 g of MES in 2 L distilled 

water. The solution pH was set at 5.5 using KOH. This mixture was poured into a clean 10 

L container. 3 mM KNO3, 2 mM Ca(NO3)2, 1 mM NH4H2PO4, 0.5 mM MgSO4, 1 µM KCl, 

25 µM H3BO3, 2 µM MnSO4, 0.1 µM CuSO4, 0.1 µM (NH4)6Mo7O24, and 20 µM 

Fe(Na)EDTA were then added and the solution was mixed well and stored in a dark place. 

Plants were grown in a climate-controlled chamber set at 20°C under an 18h/6h light/dark 

cycle respectively. The hydroponic system consisted of  well-spaced 50 well plastic trays 

with a 4.5 L nutrient solution holding capacity, covered with a non-translucent 5-mm-thick 

plastic lid. The nutrient solution was refreshed once a week. 

 



35 
 

2.7 DNA Methods 

2.7.1 Genomic DNA Extraction from Plant Leaf 

Genomic DNA of A. thaliana was extracted in Edward’s extraction buffer (Edwards et al., 

1991). Plant tissue was ground completely in a 1.5 ml microfuge tube using a clean plastic 

pestle. 400 µl of extraction buffer (200 mM Tris-HCl pH 7.5, 250 mM NaCl, 25 mM EDTA, 

and 0.5% SDS) was added, further grinding was done when needed, the sample vortexed and 

centrifuged for 2 mins at 13,000 rpm. 350 µl of supernatant was transferred to a freshly 

labelled tube, the same amount of isopropanol was added to the tube, mixed well, and left on 

ice for 30 mins. The mixture was centrifuged for 5 mins at 13,000 rpm. The supernatant was 

gently poured away, and the tube left to dry. DNA was then dissolved in 100 µl TE buffer 

(10 mM Tris-HCl; 1 mM EDTA, pH 7.5). 5 µl of DNA extract was used as a template for a 

standard PCR total reaction mix of 50 µl. 

 

2.7.2 DNA Amplification by Polymerase Chain Reaction (PCR)  

The amplification of DNA samples for various purposes such as target gene amplification 

from a cDNA, identification of T-DNA insertion, and determination of its correct orientation 

in the recombinant plasmid DNA was performed using a GeneAmp system 2700 thermal 

cycler. The 50 µl reaction mix containing 1 x (Taq DNA Polymerase or Pfu) PCR buffer, 0.2 

pmol each of the forward and reverse primers, 0.2 mM of dNTPs and 0.2 µl of Pfu or Taq 

DNA polymerase was prepared in PCR tube and placed in the thermal cycler to amplify the 

gene of interest. DNA amplification involved the following cycling conditions; an initial 5 

mins of denaturation at 95ºC, followed by 35 cycles of the following; denaturation at 95ºC 

for 30s, annealing at XºC (dependent on the primer sequence) for 30s and extension at 72ºC 

for about Y mins depending on the length of the gene of interest, (1 min per 1000 bp), and a 

final extension at 72 ºC for 5-7 mins. Primers used to amplify target gene and TDNA inserts 

and their melting temperatures are shown in Table 2.20 below. The mkk2 mutant has been 

previously characterized (Qiu et al., 2008). 
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Note: when using primers with tails, a lower temperature was used for the first set of cycles 

until tails were incorporated into the sequence, then a higher temperature was used for the 

second set of cycles which now had incorporated the tails into the sequence.  

 

Table 2.20: Primer sequences and TM for gene confirmation  

Target gene Forward (F), Reverse (R) & left border (LB) Primer 

Sequences (underlined italics nucleotides represent oligo 

tail of restriction enzyme sequence) 

Melting 

temperature 

(Tm/ºC) 

AtMPK1 F (EcoRI) AGAGAATTCATGGCGACTTTGGTTGAT 

R (SalI) AGTGTCGACTCAGAGCTCAGTGTTTAAG 

51.6/65.2 

 54.3/67.2 

AtMPK2 

(2007) 

MPK2F 

(EcoRI) AGAGAATTCATGGCGACTCCTGTTGAT 

 

MPK2R 

(SalI) ACAGTCGACCTCAAAACTCAGAGACCT 

53.8/66.8  

47.5/68.3 

AtMPK3 MPK3F 

(EcoRI) TAGGAATTCATGAACACCGGCGGTGG 

MPK3R 

(SalI) CCTGTCGACCTAACCGTATGTTGGATTG 

57.2/69.4 

49.3/70.1 

AtMPK6 MPK6F 

(SalI) AGAGTCGACATGGACGGTGGTTCAGGTC 

MPK6R  CTATTGCTGATATTCTGGATTGAAAGC 

59.5/73 

 63.7 

TDNA 

insert Left 

Border  

PROK-LB GCGTGGACCGCTTGCTGCAACT 76.3 
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2.7.3 Agarose Gel Preparation 

To prepare a 1% gel, 0.25g of agarose was melted in 25 ml 0.5X TBE (44.5 mM Tris-HCl, 

44.5 mM boric acid, 1 mM EDTA, pH 8.0) buffer in a microwave, 0.5 µg/ml ethidium 

bromide at 10 mg/ml was added to the solution after it cooled down. The mixture was poured 

into a gel-making tray (Cosmo Bio Co., Ltd) with the preferred comb fixed to create wells 

for loading of DNA samples and PCR products and allowed to solidify. 

 

2.7.4 DNA Analysis Using Agarose Gel Electrophoresis 

This aided in visualising amplified DNA either to confirm the presence of the target gene in 

DNA extract and /or to extract and purify amplified DNA from a plasmid containing the gene 

of interest. A 1% agarose gel was used for gel electrophoresis. 6x loading buffer (60% (v/v) 

glycerol, 60 mM EDTA, 0.09% (w/v) bromophenol blue, 0.09% (w/v) xylene cyanol) was 

added to the PCR products to make a final concentration of 1x loading buffer. Electrophoresis 

was carried out in an electrophoresis tank, which was filled with 0.5 x TBE to cover the 

agarose gel. A molecular weight marker (λ/HindIII, giving detectable fragments of 23130, 

9146, 6557, 4361, 2322, 564 bp, and 125 bp as shown in Fig. 2.0) was used to check the size 

of DNA fragment. 2 µl of λ marker (1 µg) was loaded onto the gel as routine. The 

electrophoresis was conducted at 100 V for 15-20 mins. The DNA bands were viewed under 

a UV trans-illuminator, and a photograph was taken with a UVP gel documentation system. 

         

Figure 2.10: The λ HindIII DNA Ladder. 

(https://www.thermofisher.com/order/catalog/p

roduct/SM0101#/SM0101) 
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2.7.5 Gel Extraction and Purification of DNA. 

Extraction and purification of DNA from agarose gels was carried out following the 

manufacturer’s instructions of the GeneJet gel extraction kit. Gel extraction and purification 

were performed once the analysis of gel electrophoresis confirmed the presence of the target 

gene. The DNA fragment seen as an orange band under UV was excised from the agarose 

gel, weighed, and put in a 1.5 ml microcentrifuge tube for the DNA extracted process. DNA 

extract was then stored at -20ºC if not used within few days.  

 

2.7.6 Ligation  

To construct recombinant DNA plasmids, the gene of interest and plasmid vector cleaved at 

compatible restriction enzyme sites were ligated. The reaction mix contained a molar vector 

to insert ratio of 1:3, 2 µl each of PEG 4000 and 10X ligation buffer, and 5 units of T4 ligase 

were added in a final volume of 20 µl. The mixture was incubated at room temperature 

overnight or for at least 2 hours and used for E. coli cell transformation.  

 

2.7.7 Preparation of E. coli Competent Cells  

Competent E.coli cells were prepared using the XL-1 Blue strain (Stratagene) as described 

by (M. Ausubel, 1989). In brief, a single colony of E. coli was inoculated to 10 ml LB at 

37°C on a shaker overnight. 2 ml of the initial culture was used to inoculate 200 ml LB, 

which was put at 37°C on a shaker until moderately turbid (OD 600 0.8, mid-log phase). The 

culture was then chilled on ice within 50 ml centrifuge tubes for 10 min, followed with 10 

mins centrifugation at 4°C and 4000 rpm. The pellets were carefully resuspended in 25 ml 

ice-cold CaCl2 solution (containing 60 mM CaCl2, 15% (v/v) glycerol, 10 mM PIPES at pH 

7.0) and kept on ice for 30 minutes. The solution was then centrifuged for 10 mins at 4°C 

and 4000 rpm. The supernatant was discarded and pellets resuspended in 2 ml ice-cold CaCl2 

solution. 1.5ml of the competent E. coli cells were then aliquoted into 2 ml tubes, and stored 

at -80°C.  
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2.7.8 Transformation of E. coli Cells  

Competent E. coli cells were thawed on ice, 10 µl of ligation mixture was added to the 100 

µl of competent cells in a 1.5 ml microcentrifuge tube, mixed well and gently, and placed on 

ice for 30 mins. The mixture was heat shocked by placing in a water bath at 42ºC for 1 min, 

followed by incubation on ice again for 5 mins. 1 ml of LB medium was added to the cells 

and incubated at 37ºC for 30 mins. The cells were briefly spun down, the supernatant 

discarded leaving about 100 µl, resuspended, and plated directly onto LB media with the 

appropriate antibiotic. Finally, the plates were incubated overnight at 37ºC. The use of 

appropriate antibiotics allows only transformed E. coli cells to grow due to the presence of 

the resistance gene on the plasmid.     

 

2.7.9 Plasmid DNA Extraction 

Single colonies from the plate of transformed cells were individually picked and inoculated 

into 5 ml LB (liquid broth) with the appropriate antibiotic and incubating at 37°C overnight. 

The GeneJET™ Plasmid Miniprep Kit was used following the provided protocol when 

plasmid DNA was required for cloning. An in-house alkaline lysis miniprep was sometimes 

used following the most common procedure (Birnboim and Doly, 1979, Birnboim, 1983) 

described below:  

1.5 ml of saturated media with cells grown overnight was spun for 20 secs in a 

microcentrifuge at maximum speed to pellet. The pellet was then resuspended in 100 µl GTE 

solution (50 mM glucose, 25 mM Tris-Cl, pH 8.0, 10 mM EDTA; 1 µl of a 10 mg/ml RNase 

solution) and allowed to sit for 5 mins at room temperature. 200 µl NaOH/SDS (0.2 M NaOH, 

1% wt/vol SDS) solution was then added, gently mixed, and placed on ice for 5 mins. 

Afterward, 150 µl of 5M potassium acetate solution (pH 4.8) was added, mixed by vortexing 

for 2 secs, and placed on ice for another 5 mins. The solution was centrifuged for 3 mins to 

pellet cell debris and chromosomal DNA. The supernatant was transferred to a fresh tube, 

0.8 ml of 95% ethanol was added and left at room temperature 2 mins to precipitate nucleic 

acids and spun for 1 min at room temperature to pellet plasmid DNA and RNA. The pellet 

was washed with 1 ml of 70% ethanol and left to dry. The pellet was finally resuspended in 
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30 µl TE buffer (10mM Tris, 1mM EDTA). PCR and gel electrophoresis were used to 

confirm the presence of the extracted plasmid DNA.  

 

2.7.10 Restriction Enzyme Digestion 

Restriction enzyme digestion of plasmid DNA was carried out for example to linearize 

circular vectors or confirm the orientation of correct clones. In general, 0.5-2 µg plasmid 

DNA was added to 2 µl 10X appropriate restriction buffer (10% of buffer should be in 

solution), 1 µl enzyme was added (for double digest 1 µl of each of the two enzymes was 

added), and dH2O was added to complete the total volume to 20 µl. The reaction mix was 

incubated at the appropriate temperature for 1-2 hours. In a case where linearized plasmid 

was required to be gel extracted and purified for cloning purposes, a total reaction mix of 50 

µl was prepared. This reaction mix included 2 µl of an appropriate enzyme, 5 µl of 10X 

buffer (10% of buffer should be in solution), 40 µl of plasmid DNA, and water added to a 

total volume of 50 µl mixture. The mixture was incubated at the required temperature for the 

required number of minutes or hours according to the manufacturer’s instructions. The 

restriction enzyme digestion was inactivated at a given temperature for the required period 

as per the manufacturer’s protocol. The digested DNA was analysed by agarose gel 

electrophoresis. Details of all enzymes used are recorded in Table 2.30. 

 

Table 2.30: Restriction enzymes and buffers used for restriction digestion. 

Enzyme  Activation temp. (°C) Deactivation temp. (°C) Buffer  

NcoI 37 65 10X Fast Digest buffer 

BglII  37 None 10X buffer O 

NdeI 37 65 10X buffer O 

SfiI 50 None 10X Fast Digest buffer 
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2.8 Seed Germination and Root Elongation Experiments 

2.8.1 Homozygosity confirmation of Arabidopsis Mutants  

Seedlings were screened to confirm T-DNA insertion using PCR and gel electrophoresis. 

Segregating plants were screened from their F1and F2 generations until homozygous mutant 

plants were obtained. This was done by screening seedlings of each generation of harvested 

seeds, to identify T-DNA insert by PCR using the left border (LB) primer, and either the 

forward or reverse primer depending on the location of the T-DNA insert. The T-DNA insert 

was visible as a band of appropriate size after gel electrophoresis. However, the presence of 

the T-DNA insert in a homozygous state meant no amplification was observed when the 

forward and the reverse primers of the gene in question were used for PCR, and hence no 

band was seen upon running PCR product on a gel. The seeds of the identified homozygous 

plants were later harvested, labelled, and stored for the research. 

 

2.8.2 Germination of Arabidopsis thaliana Under Salt, Osmotic, and ABA Stresses  

This experiment was done to determine the percentage of germination of Arabidopsis 

thaliana on plant media with various concentrations of salt, sorbitol, and ABA. This also 

assisted in the establishment of the concentration of salt and sorbitol to be used in later 

experiments to induce stress in seedlings for the determination of ABA and proline 

accumulation.  The percentage of germination of mpk1, mpk2, mpk1/2, mpk3, and mpk6 

Arabidopsis thaliana mutants were compared to that of the wild-type ecotype Columbia 

seeds at different concentrations of NaCl, KCl, sorbitol, ABA, and a combination of NaCl 

and ABA, and sorbitol and ABA. The mkk2 mutant, a well characterised salt-sensitive line 

(Teige et al., 2004), was used as a control. 

In instances where harvested seeds were used for experiments, they were kept at room 

temperature for at least 3 weeks before being used for experiments to avoid dormancy during 

germination experiments. Seeds were sterilised using 75% ethanol for 1 min, followed by 

several washings with sterile distilled water and drying under sterile conditions in a fume 

hood. 100 seeds for each mutant line and wild-type were placed on individual plates 

containing plant media (section 2.6) with the addition at the following concentrations of 
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sodium chloride and potassium chloride; 0 mM, 100 mM, 150 mM, and 200 mM. The 

concentrations for sorbitol were 0 mM, 200 mM, and 400 Mm, and that of ABA were 0 µM, 

0.5 µM, and 1 µM. For the combined effect of either NaCl or sorbitol and ABA, 1 µM ABA 

in combination with 100 mM NaCl or 200 mM sorbitol was added to plant media. And for 

investigating the role of target genes in ABA biosynthesis, 0.15 mM Na2WO4 (an ABA 

biosynthesis inhibitor (Li et al., 2013) was added to the media, and also in combination with 

150 mM NaCl or 1 µM ABA. These concentrations were selected since the effect of stress 

on the percentage germination of seed lines were easily distinguished at these concentrations. 

Seeds were kept at 4°C for 2 days to break seed dormancy and then incubated at 20°C in a 

growth chamber under an 18h/6h light/dark cycle respectively. Germinating seeds were 

counted from the third day till day 7. Germination was indicated by radicle protrusion as 

shown in Fig. 2.20. Germination percentage was recorded on day 7.  

 

Figure 2.20: Arabidopsis thaliana seed germination evident by radicle protrusion. By day 2 

imbibed seeds had not germinated, day 4 shows emerged radicles, and day 6 shows seedlings 
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with leaves. (Image I shows non-germinated seed; II to IV show emergence of radicle. Blue 

arrow indicates when seeds were considered to have germinated 

(https://www.wur.nl/en/Research-Results/Chair-groups/Plant-Sciences/Laboratory-of-

Plant-Physiology/Wageningen-Seed-Lab.htm)).  

 

2.8.3 Root Elongation Experiment 

Seeds were plated onto plant media, stratified at 4 ᵒC for 2 days, and kept at 20°C in a growth 

chamber under an 18h/6h light/dark cycle respectively. On day four, a 50 ml square plate 

containing the appropriate plant media was divided into top and bottom parts, and 10 

seedlings with approximately the same root length for each genotype were picked and placed 

on control plant media. Each row contained a WT group for easy comparison. A similar 

number was placed on media with 20 µM ABA (for ABA sensitivity test), 200 mM NaCl 

(for salt sensitivity test), and 400 mM sorbitol (for osmotic sensitivity test). Seedlings were 

placed in line and plates kept upright (vertically) in the growth chamber for  one week, after 

which root lengths were measured.  

 

2.9 Salt and Sorbitol Treatments for Proline and ABA Quantification, and Gene 

Expression  

For proline and ABA measurement in stressed plants, two weeks old seedlings growing on 

plant medium were transplanted onto hydroponic tanks containing nutrient solution. The 

nutrient solution was changed weekly and prepared as shown in section 2.6 ii. The 

hydroponic set up included placing tray 1 into tank with nutrient solution, then tray 2 with 

growing cubes (on which seedling was placed) in its pots was place onto Tray 1. Growing 

cubes ensured seedlings well positioned and absorbed nutrients from the solution in the tank, 

see Fig. 2.30. 

Four-week-old Arabidopsis plants (WT col, mpk1, mpk2, mpk1/2, mpk3, mpk6, and mkk2) 

growing hydroponically as shown in Fig. 2.3 were treated with NaCl (salinity stress) and 

sorbitol (osmotic stress). 200 mM NaCl nutrient solution (11.6 g NaCl/L nutrient solution) 

was used for salt treatment, while 400 mM sorbitol (72.867 g D-sorbitol/L nutrient solution) 
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was used to mimic drought stress. Seedlings were transferred to the tanks containing salt and 

sorbitol for stress treatment and kept at 20°C in the growth chamber set at a 16-hour day and 

8-hour night routine. It was to ensured that treatments were administered during the same 

time of day for all replicates. Salt and osmotically stressed plants were taken at 0, 4, 12, and 

24 hours post-stress for proline analysis. Samples for ABA analysis were taken at 0, and 12 

hours post-stress. Samples for ABA-related gene expression analysis were taken at 0, 6, and 

12 hours post-stress. Proline was extracted from 3 individual whole plants, while leaves from 

5-8 plants based on weight were pooled for ABA extraction. 3 technical replicates for each 

genotype at each time point were collected for the treatments. Collected samples were 

weighed, kept in individually labelled microcentrifuge tubes, and stored at -80°C until 

analysis or further preparations like freeze-drying.  

 

Figure 2.30: Hydroponic setup images from 

https://www.greenshorticulture.co.uk/propagation-c21/plugs-substrates-c120/grodan-cubes-

p609 and https://www.amazon.co.uk/hydroponics-indoor-gardening-nursery-

sprout/dp/B01GXEMNWY. 

 

https://www.greenshorticulture.co.uk/propagation-c21/plugs-substrates-c120/grodan-cubes-p609
https://www.greenshorticulture.co.uk/propagation-c21/plugs-substrates-c120/grodan-cubes-p609
https://www.amazon.co.uk/hydroponics-indoor-gardening-nursery-sprout/dp/B01GXEMNWY
https://www.amazon.co.uk/hydroponics-indoor-gardening-nursery-sprout/dp/B01GXEMNWY
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Figure 2.31: Pictures show A) plants growing hydroponically. B) Close up picture of healthy-

looking plants before stress. 

 

2.9.1 Proline Extraction and Quantification 

i. Proline Standard Preparation. 

The same process for proline extraction and measurement was followed in preparing the 

standard curve. 100 ppm of proline was prepared by dissolving 10 mg L-proline in 100 ml 

distilled water. Known concentrations (20, 40, 60, 80, and 100 ppm) were prepared from 

stock. The standards were subjected to quantification as described below and the results used 

to generate the standard curve from which plant endogenous levels of proline could be 

estimated. 

 

ii. Proline Extraction and Quantification in Salt and Osmotically Stressed Plants 

Weighed salt and osmotically stressed plants were removed from -80°C freezer. 100 mg of 

Arabidopsis plant was homogenised in 2 ml 3% sulphosalicylic acid (SAS) solution and 

transferred into a 15 ml test tube with a cap. The mixture was vortexed and centrifuged for 5 

minutes. 500 µl of supernatant was transferred into a fresh tube, 500 µl each of acid ninhydrin 

(NNS stock solution: 1.25 g ninhydrin, 40 ml glacial acetic acid, 60 ml 6 M orthophosphoric 

acid), and glacial acetic acid (GAA) was added and mixed well. The mixture was placed in 

a water bath at 100°C for 30 minutes. Test tubes were removed and immediately placed on 

ice to cool, then afterward at room temperature for about 5 mins 1 ml of toluene was added, 

mixed well, and allowed to separate into two layers. The upper layer was then retained for 
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OD readings at 520 nm to be determined using the spectrophotometer. Endogenous proline 

concentration was then estimated from a standard curve and µmole/gfw was determined 

using the formula below. The data analysis was based on 3 technical replicates which were 

representative of two biological repeats. 

µmole/g FW = 
[(ppm proline / volume of crude extract) x (volume of 3% SAS / sample gfw)]

molecular weight of proline
  

Where; 

ppm = proline concentration for sample determined from proline standard curve 

Molecular weight of proline =115.5µg/µmole 

Volume of crude extract = 0.5 ml 

gfw = gram fresh weight 

 

 

2.9.2 Endogenous ABA Quantification in Salt and Osmotically Stressed Plants 

Leaves of seedlings (500-600 mg) stored at -80°C for ABA analysis were removed from the 

freezer and immediately freeze-dried with Lyotrap freeze-drying machine. Dried samples 

were ground into powder, and dry weight was measured. The samples were sent to Lancaster 

Environment Centre to measure endogenous ABA using the radioimmunoassay (RIA) 

method as described in (Choy et al., 2008). 

 

ABA Extraction and Radioimmunoassay (Choy et al., 2008) 

Ground samples were sent to Lancaster University and the following procedure was carried 

out. The sample was extracted with distilled water at a ratio of 20:1 (water volume: seedling 

dry weight) at 5–10 °C overnight. 50 µl of each sample was incubated for 45 min with 100 

µl of DL-cis, trans-[G-3H] ABA, and 100 µl of MAC 252 monoclonal antibody against (S)-

cis, trans-ABA. 
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The bound complex was washed twice with 100% and then 50% saturated ammonium 

sulphate to precipitate bound ABA. The pellet was resuspended in 100 µl of water with 1.5 

ml of Ecoscint-H scintillation cocktail for counting. A standard curve was made by plotting 

the logit-transformation of the data against the natural logarithm of the amount of unlabelled 

ABA. The radioactive counts were inserted into the standard curve to deduce the 

concentration of endogenous ABA in the samples. All measurements of ABA concentration 

were normalized to the dry weight of seedling tissue (µg ABA g-1 seedling dry weight). For 

each treatment and time point, leaves from 5 to 10 seedlings were pooled as one group 

depending on size in order to obtain about 500 mg fresh weight in each group for three 

technical replicates. Two measurements for each of two technical repeats were averaged. 

 

2.9.3 ABA Related Gene Expression. 

i. Total RNA Extraction from Arabidopsis thaliana Leaves 

This extraction method is a modified version of (Chomczynski and Sacchi, 1987), using 

TRIzol as the extraction reagent. TRIzol is a mixture of phenol and guanidine isothiocyanate 

that can be used to isolate total RNA in a single step. Generally, 400 mg plant leaves were 

homogenized with a pestle and mortar in liquid nitrogen, and 5 ml of TRIzol reagent was 

added immediately and left on the bench for 5 mins. This was to permit the complete 

dissociation of nucleoprotein complexes. The volume of TRIzol was scaled down according 

to the weight of each of the three biological repeats. 1 ml each of the mixture was transferred 

to clean 1.5 ml centrifuge tubes, and 200 µl of chloroform was added to each tube and mixed 

thoroughly using a vortex. This was allowed to sit for 5 mins and the mixture was spun for 

10 minutes at 13000 rpm. Following centrifugation, the mixture separated into a lower, 

phenol-chloroform phase, interphase, and a colourless upper aqueous phase. The RNA 

remains exclusively in the aqueous phase. The top aqueous layer was pipetted carefully 

without disturbing the interphase into a clean tube. An equal volume (~ 500 µl) of 

isopropanol as the aqueous phase was added and mixed well to precipitate RNA. The solution 

was centrifuged for 10 mins at 13000 rpm. The supernatant was carefully discarded and the 

precipitate was washed with 500 µl 70% ethanol and spun for 5 mins. The ethanol was 

carefully discarded, and the tube was allowed to dry. The precipitate was then dissolved in 

100 µl of TE buffer in total for all 5 tubes. 
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ii.  Total RNA Extraction from Arabidopsis thaliana Seeds 

Dry seeds were ground in liquid nitrogen and transferred to a cooled centrifuge tube. 550 µl 

of extraction buffer (0.4 M LiCl, 0.2 M Tris pH 8, 25 mM EDTA, 1% SDS) was added 

immediately, 550 µl of chloroform was then added and vortexed. The mixture was 

centrifuged at max speed for 5 mins. The supernatant was transferred to a fresh tube, then 

500 µl of aqueous phenol was added and vortexed, 200 µl of chloroform was added to the 

mix and spun at maximum speed for 5 mins. The supernatant was again transferred to a new 

tube and 1/3 volume of 8 M LiCl was added and mixed by inverting the tube severally. This 

was left at 4 ᵒC overnight to precipitate and was later centrifuged for 30 mins at 4 ᵒC. The  

pellet was dissolved in 26 µl DEPC (Diethyl pyrocarbonate) water, 3 µl of buffer 10X and 1 

µl of RNase-free DNase 1 (RQ1) was added and incubated at 37 o C for 30 mins. 470 µl DEPC 

water, 7 µl 3 M NaAc (sodium acetate) (pH 5.2), and 250 µl ethanol were added then added, 

mixed thoroughly, and spun for 10 mins to precipitate carbohydrates. The supernatant was 

pipetted into a fresh tube, 43 µl 3 M NaAc (pH 5.2), and 750 µl ethanol was added, mixed 

well, and left at -20 ᵒC for 1 hour. This was then centrifuged for 20 mins at 4 ᵒC. The 

precipitate was washed with 70% ethanol and air-dried to be resuspended in 20 µl TE buffer. 

To ensure a successful RNA extraction process, use sterile tubes and pipette tips, wear gloves 

and clean all equipment and surfaces with RNeasy as required. 

 

iii. RNA Concentration Determination 

The concentration of RNA was estimated by Optical Density (OD) measurements using a 

spectrophotometer. 2 µl RNA was diluted in 400 µl TE buffer (pH=8), this dilution was 

transferred in a quartz cuvette with 5 mm path length. The absorbance of UV light at 260 nm 

and 280 nm was recorded. The ratio of OD260/OD280 above 1.8 indicates the successful 

extraction of pure nucleic acids. To confirm the quality of the RNA, an equal volume of 2x 

RNA loading dye was added to 5µg of extract and heated at 70 ᵒC for 10 mins. This was then 

run on 1% agarose gel for 10 mins and visualised under UV illuminator, the figure in 

appendix 1 depicts a good quality undegraded RNA extract. Once the quality of RNA was 
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determined, the reading of OD260 was used to calculate the concentration. An OD260 reading 

of 1 equals 40 µg/ml RNA.  

 

iv.  Complementary DNA (cDNA) Synthesis 

Before cDNA synthesis, 10 µg of RNA extract was DNase treated with 1 µl each of RQ1 

RNase-free DNase and RNase-Free DNase 10X Reaction Buffer (Promega) in a total volume 

of 10 µl. The mix was incubated at 37ᵒC for 30 mins. 5 µg of the above sample was then used 

as a template for reverse transcription.  

The reaction mix for cDNA synthesis included; 1 µl each of oligo DT, 10 mM dNTPs, RNase 

inhibitor, reverse transcriptase, 4 µl of 5X RT buffer (Bioline), and 3 µM primer mix (reverse 

primers of reference and target genes). The mixture was topped up with nuclease-free water 

to reach a total volume of 20 µl. This reaction mix was incubated for 30 mins at 45ᵒC and 

deactivated at 85ᵒC for 5 mins. cDNA was ready for gene expression analysis by quantitative 

polymerase chain reaction (qPCR). 

 

v.  Real-Time PCR (SYBR Green Detection) 

qPCR was performed with the StepOnePlusTM Real-Time PCR system (Applied 

BiosystemsTM). The comparative method was used with SYBR green (ABgene) as the 

detection dye and UBQ10 as the housekeeping gene. The 20 µl reaction mix comprised 10 

µl SYBR green, 2 µl of 1:5 dilution of cDNA, 1.5 µl each of forward and reverse primers (1 

pmol reference gene, and 10 pmol target gene) and 5 µl of RNase/DNase free water. The 

reaction mix was loaded into a labelled 96 well plate sealed tightly with an optical adhesive 

film, and PCR was run following the cycle condition below; enzyme activation at 95 ᵒC for 

15 mins, followed by 40 cycles of denaturation at 95ᵒ for 15 secs, annealing at 60 ᵒC for 60 

secs. The setup included a heat dissociation for generating a melt curve at the end of the 40 

amplification cycles: denaturation at 0.03 ᵒC/s over a 35 ᵒC temperature gradient from 60 ᵒC 

to 95 ᵒC. 
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2.10 Pseudomonas syringae and Arabidopsis thaliana Interaction 

2.10.1 Growth Condition of Pseudomonas syringae  

The Pst DC3000 strain in glycerol stock stored at -80°C was obtained from the ACCT stock 

centre. It was then thawed on ice and streaked onto solid LB containing rifampicin at 50 µg 

per ml. This was incubated for 2 days at 28°C. A single bacteria colony was then inoculated 

into a liquid LB medium with rifampicin and incubated at 28°C for 8 to 12 hours.  

 

2.10.2 P. syringae Inoculum Preparation 

Cells from cultured P. syringae bacteria were spun down (or scraped off the solid plate to be 

resuspended) and the supernatant discarded for use in the preparation of the inoculum. 

Bacteria were resuspended in sterile water. The Optical Density (OD) of the bacterial cell 

suspension was quantified using a spectrophotometer set at 600 nm (the OD600 of bacteria 

used for infection was approximately 0.2 each time), and 0.05% Silwet L-77 was added as a 

wetting agent.  

 

2.10.3 Syringe Injection Method 

Four to six weeks old healthy A. thaliana plants grown under standard conditions were used. 

Individual leaves were infiltrated using a syringe.  The steps are illustrated below: 

Individual leaves of each plant were considered as independent replicates for pathogen 

inoculation and those of wild-type Columbia were used as control. The leaves were inverted, 

exposing the abaxial (under) side. Leaves of approximately the same size were selected for 

infection to minimise error of different aged leaves since leaves of different ages respond 

differently to pathogen stress. A 1 ml needleless syringe containing prepared bacterial 

inoculum was pressed on leaves releasing inoculum gently to infiltrate the leaf intracellular 

spaces as shown in Fig. 2.40a; damage of the midrib will have detrimental effects on the 

viability of the leaf tissue hence it was ensured the vascular system of the leaf was untouched 

during this process. Only a small amount of inoculum infiltrated the leaf.  Leaf infiltration 

was apparent by water soaking as shown in Fig. 2.40b. The intercellular spaces of the 
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infiltrated leaves were allowed to dry and then the plants were covered with a plastic dome 

to maintain humidity for 2-3 days.  Plants were observed daily and infected leaves were 

collected for analysis after 3 days.                                                             

 

Figure 2.40: The picture shows (a) an illustration of the syringe method of inoculation (b) 

inoculated leaf evident by water soaking. 

2.10.4 Pseudomonas syringae DC3000 Pathogen Enumeration Procedure  

Whole injected leaves were harvested after three days and surface sterilized with 70% ethanol 

solution for 1 minute with a gentle mixing of the solution occasionally. The leaves were then 

removed, blotted dry on paper towels, and then rinsed in sterile distilled water for another 1 

minute. Leaves were removed and blotted dry on paper towels followed by excising of leaf 

discs with a 0.38cm2 cork borer. Three independent leaf samples which were inoculated 

independently were used for each plant to generate statistically analysable data. The leaf disc 

for a single leaf was placed in a 1.5-ml microfuge tube with 100 μl sterile distilled water. The 

leaf discs were thoroughly macerated with a clean plastic pestle until pieces of intact leaf 

tissues were invisible. The pestle was rinsed with 900 μl of water, with the rinse being 

collected in the original sample tube such that the sample was now in a volume of 

approximately 1 ml. Following grinding of the tissue, the mixture was thoroughly vortexed 

to evenly distribute the bacteria within the solution. A 100-μl sample was removed from this 
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10-1 dilution and diluted in another 900 μl sterile distilled water to prepare a serial dilution of 

10-2 for each mutant and wild-type plant samples down to 10-4 which was usually sufficient 

to get countable colonies of the bacterial strain. The sample mixture was plated on the LB 

with rifampicin medium (50 µg/ml). 10 μl aliquots of each of the 1:10 serial dilutions down 

to 10-4 of the independent homogenised leaf disc were spread on plates and allowed to dry 

onto the surface. The plates were incubated at 28°C for approximately 2 days and then the 

dilution factor with well-separated colonies were counted. The cfu/cm2 was determined and 

results were represented in a bar graph. The formula CFU/cm2 = (n X v)/(A X s) was used 

in this calculation. Where (A) represents the area of excised and homogenised leaf, (n) 

represents the number of colonies, (v) represents volume of original suspension, and (s) 

represents the dilution factor at which individual colonies could be counted. 

 

2.11 Yeast methods for detecting protein-protein interactions 

Protein-protein interaction analysis was carried out by utilizing the split-ubiquitin membrane 

yeast two-hybrid system (Snider et al., 2010).  

 

2.11.1 Media Preparations 

Yeast cells were grown using standard microbial techniques and media [Burke et al., 2000]. 

Media designations are as follows: YPD is yeast extract peptone dextrose plus adenine 

medium; For YP-Gal, glucose was replaced with galactose. SD is a Synthetic Defined 

dropout (SD-drop-out) medium. Minimal dropout media are designated by the constituent 

that is omitted (e.g. -leu-trp-his-ade medium media lacks leucine, tryptophan, histidine, and 

adenine). 

 

i.  YPD Media  

1 litre volume of media was prepared by dissolving 10 g yeast extract, 20 g bacteriological 

peptone, 20 g glucose, and 20 g agar (for solid media) in 500ml of distilled H2O. The pH was 
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adjusted to 5.7±0.2, then the solution was topped up to 1 litre, media was autoclaved at 121ºC 

for 15 min.  

 

ii.  -LEU (-L) Media  

500 ml medium was prepared by dissolving 3.34 g yeast nitrogen base, 10 g glucose, 0.345 

g dropout (CSM-LEU), and 10 g agar (for solid media) in 250 ml of distilled water. The pH 

was adjusted to 5.7±0.2, and media was topped up to 500 ml with distilled water and 

autoclaved for 15 mins at 121°C. 

 

iii.  –LEU TRP (-LW) Media  

500 ml medium was prepared by dissolving 3.34 g yeast nitrogen base without amino acids, 

10 g glucose, 50 ml sodium phosphate (sodium phosphate solution was prepared by 

dissolving 7 g sodium phosphate dibasic and 3 g sodium phosphate monobasic in a total 

volume of 100 ml ddH2O and autoclaved), 0.32 g CSM-LEU-TRP drop out, and 10 g agar 

(for solid media) in 250 ml of distilled water. The pH was adjusted to 5.7±0.2, and media 

was topped up to 500 ml and autoclaved for 15 mins at 121°C. 

iv. –LWHA Media  

500ml of media was prepared by dissolving 3.34 g yeast nitrogen base, 10g glucose, 50 ml 

10X –LTHA dropout solution (which comprises 0.2 g arginine, 0.3 g isoleucine, 0.3 g lysine. 

1.5 g methionine, 0.5 g phenylalanine, 2g threonine, 0.3g tyrosine, 0.2 g uracil and 1.5 g 

valine dissolved in 1 L distilled water), and 10 g agar (for solid media) in 250 ml of distilled 

water. The pH was adjusted to 5.7±0.2, and media was topped up to 500 ml and autoclaved 

for 15 mins at 121°C. Note that in cases where 3-AT was added to the solid medium the 

initial volume of ddH2O was reduced and replaced by the equivalent volume of 1 M 3-AT 

solution needed to obtain the desired concentration. The 3-AT solution was added after 

autoclaving, once the medium has cooled to 55 °C. 
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v. –LW-Xgal Media 

Following the same preparation for –LW media, autoclaved media was left to cool down, 

then 200 µl of X-Gal solution (100 mg of 5-Bromo-4-chloro-3-indoyl β-D-galactoside 

dissolved in 1 ml dimethylformamide) was added. The media was kept in a dark place or 

wrapped with aluminium foil to avoid exposure to light. Note that in cases where 3-AT was 

added to the solid medium, the initial volume of ddH2O was reduced and replaced by the 

equivalent volume of 1 M 3-AT solution needed to obtain the desired concentration. The 3-

AT solution was added after autoclaving, once the medium has cooled to 55 °C. The 

appropriate media required to grow and screen Saccharomyces cerevisiae strain and yeast 

plasmids included: nonselective media YPD, other media for a selection of single and double 

transformants which lacked leucine (-LEU), and/or tryptophan (-LEU TRP or -LW). A 

reporter medium lacking histidine and adenine (-LWHA), was used for scoring the 

interaction between the target proteins based on the transcriptional activation of these genes 

by the fragmented transcription factor. 

 

2.11.2 Construction of cDNA Libraries and Library Screening  

cDNA libraries were kindly provided by Ross Alexander, construction of the cDNA libraries 

was done following the process outlined here. mRNA was isolated from 5-day old A. thaliana 

seedlings using the method described in Dutta et al. 2014. Briefly, cDNA was synthesized 

using the Dualsystems Biotech EasyClone cDNA synthesis kit, according to the 

manufacturer’s instructions. mRNA derived from 5-day old A. thaliana seedlings were used 

to direct the synthesis of first-strand cDNA by reverse transcriptase either with a SfiI-oligo-

dT primer 5′- AAGCAGTGGTATCAACGCAGAGTGGCCGAGGCGGCC(T)20VN-3′ or 

SfiI-random primer 5′-AAGCAGTGGTATCAACGCAGAGTGGCCGAGGCGGCC(N)6-

3′ for the oligo-dT primed and random-primed cDNA library construction, respectively. A 

PlugOligo-3M adapter 5′-

AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGCCGGGGG-P-3′ was 

incorporated into the first-strand cDNA per the manufacturer’s instructions (Dual-systems 

Biotech). Following second-strand synthesis, the cDNAs were digested with SfiI and 

consequently size-selected using CHROMASPIN™-400 columns (Clontech) following the 
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manufacturer’s instructions. Fractions containing cDNAs ≥500 kb in length were pooled and 

subcloned into the yeast library plasmid pR3-N and pR3-C for oligo-dT and random-primed 

cDNA libraries, respectively (Dualsystem Biotech). 

To identify further proteins that may be involved in the same signalling pathway as A. 

thaliana MPK1, MPK2, and MPK3, two A. thalaina cDNA libraries; pPR3-N and pPR3-C 

as described above, were obtained from the -80 °C freezer, streaked onto LB containing 

ampicillin (50 µg/ml), and incubated at 37 °C overnight. Grown colonies were scraped off 

plate and cultured into liquid media (LB + Amp) for 12 hours, for plasmid DNA extraction 

as described in section 2.15 above. The concentrations of the extracts were estimated by 

running 2 µl of both Hind lambda marker and extract on 1% agarose gel. 

The yeast-two-hybrid screening method outlined by (Dutta et al., 2014) was followed with 

few adjustments as described below. 

The yeast strain NMY51 bearing the bait vector was transformed with pPR3-N and pPR3-C 

cDNA libraries previously constructed by Ross Alexander. This was grown in Synthetic 

Defined-Leu (SD-L) liquid medium at 28°C for 8 h with shaking. The starter cultures were 

used to inoculate 100 ml of fresh SD-L media and were placed on a shaker overnight, at 

28°C. 50 ml of this culture was collected into 2 separate 50-ml tubes and spun down. 

Collected cells were resuspended in 200 ml of YPD medium. The resulting cultures were 

grown at 28°C on a shaker for 5 hours until OD546 of between 0.4 to 0.6 was attained. The 

cells from the culture were poured into four 50-ml tubes and spun down, harvested cells were 

washed using 30 ml of sterile water. Pelleted cells from two tubes were then pooled into one 

tube, generating two tubes of cells; one to be transformed with pPR3-N cDNA library, and 

the other to be transformed with pPR3-C cDNA library. These yeast-containing bait vector 

cells were finally resuspended in a 600 µl LiOAc/TE master mix (100 mM LiOAc, 1× TE, 

pH 7.5).  

100 µl of salmon sperm DNA (20 mg/ml) and 10 µg of the selected prey library were mixed 

and added to the bait-containing cultures. 2.5 ml of PEG/LiOAc mix (100 mM lithium 

acetate, 40% PEG 3350, 1× TE) was added to the cells and vortexed followed by incubation 

at 28°C for 30 min. Subsequently, 160 µl of filtered DMSO was added to each tube, mixed 

immediately by gentle shaking followed by a 45 min heat shock at 42°C. Cells from each 



56 
 

tube were harvested by centrifugation (700 × g for 2 min) and resuspended in 3 ml of YPD 

medium. The cells were allowed to recover at 28°C for 90 min with slow shaking. Next, cells 

were washed and resuspended in 3 ml of filtered 0.9% NaCl.  

For the determination of transformation efficiency, 90 µl of 1∶10, 1∶100, and 1∶1000 serial 

dilutions in 0.9% NaCl from the cell suspension were plated on an SD medium lacking 

leucine and tryptophan (SD-LW), and incubated at 28°C for 2 days. The rest of the recovered 

cells were plated on 150 mm plates containing SD medium lacking leucine, tryptophan, 

histidine and adenine (SD-LWHA) and incubated for 6 days at 30°C. Colonies on SD-LW 

plates were counted and the total number of transformants were calculated using the formula.  

colony forming units on plate X total suspension volume in µl

volume plated in µl X dilution factor X amount of DNA used in µg
.  

To verify putative interactions between bait proteins and prey proteins from the cDNA 

libraries, positive clones from the screens were re-streaked on SD-LWHA media.  

 

Plasmid Isolation from Yeast, E. coli Transformation and Sequencing 

5- to 10-ml liquid yeast culture was spun at maximum speed time? and the supernatant was 

discarded. Yeast cells were resuspended in 200 µl GTE solution (50 mM glucose, 25 mM 

Tris-Cl, pH 8.0, 10 mM EDTA; 1 µl of a 10 mg/ml RNase solution) and 250 µl of 5% β-

glucuronidase solution was added. The mixture was incubated for 45 mins at 37 ᵒC on a 

shaker. The mixture was sonicated for 30 secs and then lysis buffer was added. Glass beads 

were placed in the mixture and vortexed till the mixture was not almost clear, followed by 

the addition of neutralisation buffer from GeneJet plasmid DNA extraction kit and gentle 

mixing. This was centrifuged for 10 mins at maximum speed and the supernatant was applied 

to GeneJet plasmid minicolumns by centrifugation. Subsequent procedures of washing and 

elution were done following the GeneJet plasmid isolation kit protocol. Plasmid quality and 

concentration were determined using a Nanodrop. The plasmid DNA was then transformed 

into E. coli cells. These cells were then inoculated onto LB plates containing ampicillin for 

transformed colonies to grow. Several bacterial colonies from each transformation containing 

were picked, the plasmid was isolated and then sequenced to identify expressed and 
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functional proteins by comparing sequences with existing proteins on the NCBI protein 

database using BlastN and BlastX. 

 

 

 

2.11.3 Yeast Transformation Procedures 

i. Amplification of Target Genes for Cloning (Bait Construction) 

Following the PCR amplification process in section 2.8, each of the target genes MPK1, 

MPK2, MPK3, and MPK6 were amplified from the MPK1pBinHyg, MPK2pBinHyg, 

MPK3U15193, and MPK6U15582 plasmids respectively, using appropriate primers to allow 

Figure 2.50: The image shows a 

summary of the cDNA library screen 

using the split ubiquitin yeast two-

hybrid method. The prey contains the 

cDNA library construct, and the bait 

is the yeast bearing the protein of 

interest. Selective media –LWHA is 

used to identify colonies bearing 

interacting proteins for plasmid 

isolation and sequencing. 
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easy ligation of amplified DNA and vector. Pfu enzyme and buffer were used in this step 

instead of Taq enzyme. Table 2.40 shows the primer sequences and their corresponding 

melting temperatures. The following conditions were adhered to for DNA amplification; an 

initial 5 mins of denaturation at 94ºC, followed by 35 cycles of the following; denaturation 

at 94ºC for 30s, annealing at 55ºC (for MPK1 and MPK2), 62 ºC (for MPK3 and MPK6) for 

30s and extension at 72ºC for about 2 mins 30 secs, and a final extension at 72 ºC for 7 mins.   

 

ii. Gene Purification, Ligation and Plasmid Isolation 

Amplified DNA was run on 1% agarose gel for visualization under UV. The GeneJet gel 

extraction protocol was followed to purify the target gene to be ligated into a linearized 

AMBVα vector. The ligated plasmid was then transformed into E. coli cells and cultured in 

LB plus kanamycin at 50 µg per ml. Cultures were incubated at 37 ºC overnight. Several 

colonies were then selected and inoculated into both liquid and solid LB media containing 

kanamycin, incubated at 37 ºC overnight, then plasmid was isolated with the use of GeneJet 

miniprep kit. The isolated plasmid was digested with the required restriction enzyme to check 

for colonies with inserts in the correct orientation.  

 

Table 2.40: Primer sequence and Tm for Y2H. 

Primer  Sequences 5’                 3’ Melting 

temperature 

(Tm ºC) 

MPK1-

Nco1-F 

TACCATGGCGACTTTGGTTGAT  58.4 

MPK1-

Nco1-R 

ATCCATGGATGAGCTCAGTGTTTAA 59.7 

MPK2-

Nco1-F 

TACCATGGCGACTCCTGTTGATC 62.4 
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MPK2-

Nco1R 

ATCCATGGATAAACTCAGAGACCTCATTG 63.9 

MPK3-

Nco1F 

TACCATGGAAATGAACACCGGCGGTG 66.4 

MPK3-

Nco1R 

TACCATGGCCGTATGTTGGATTGAGTG 65 

MPK6-

SfiI-F 

ATTAACAAGGCCATTACGGCCAATGGACGGTGGTTCAGGTC 74.4 

MPK6-

SfiI-R 

AACTGATTGGCCGAGGCGGCCCCTTGCTGATATTCTGGATTGAAA >75 

M13 F GTTTTCCCAGTCACGACG 56.1 

M13 R CAGGAAACAGCTATGACC 53.8 

 

iii. Yeast Transformation  

Yeast was transformed using the “PLATE” method (Gietz, 2014). Briefly, PLATE solution 

containing 40% (w/v) PEG (Polyethylene glycol) 3350, 0.1M LiAC, 10mM Tris-HCl at pH 

7.5 and 1mM EDTA at pH 8.0, was freshly prepared and filtered prior to transformation. A 

single colony of desired yeast was cultured in 5ml YPD at 28°C overnight. 1.5 ml of cultured 

yeast was centrifuged at 13,000 rpm for 90 secs and the supernatant discarded. The yeast 

cells were resuspended with 10µl heated salmon sperm DNA (10 µg/µl) and 10 µl (50ng) of 

constructed plasmid DNA bearing the target gene. The mixture of yeast cells and DNA was 

vortexed, and 0.5 ml PLATE and 57µl DMSO were added and mixed well. The mixture was 

incubated at room temperature for 20 mins followed by heat shock at 42°C for 25 mins. The 

mixture was then centrifuged at 13,000 rpm for 90 secs and the supernatant was discarded. 

Cells were resuspended in 1 ml -LEU and incubated at 30°C to allow the recovery of yeast 

cells for 1 hour. The mixture was centrifuged at 13,000 rpm for 90 secs and most of the 

supernatant discarded with 50 µl to 100 µl of the media left to resuspend cells. This cell 

mixture was cultured on –LEU solid media and incubated at 28°C for 3 days when colonies 

formed. Yeast was first transformed with pAMBVα bait plasmids containing one of 4 
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different MAPK genes (MPK 1, 2, 3, and 6,) and –LEU media was used for the selection of 

positive transformants. 

 

iv.  Identification of Self-Activating Transformants 

Auto-activation of the bait constructs was determined by co-expressing each bait with NubI 

‘positive’ and NubG ‘negative’ control prey plasmids.). Each transformed strain was 

inoculated into both –LW and –LWHA media. The expectation is to observe colonies on both 

media, with a lesser number of colonies on –LWHA medium. Only bait strains containing 

NubI ‘positive’ control prey should grow on the interaction selection medium (-LWHA). 

Baits containing NubG ‘negative’ control preys that grow on interaction selection medium 

are said to be ‘self-activating’ and are not suitable for screening.  The percentage growth 

under selection is calculated by dividing the number of colonies on the reporter plate (-

LWHA) X 100%, by number of colonies on the selective plate (-LW) for both NubI and 

NubG transformed baits. A 10% to 100% growth on reporter media should be observed to 

show bait is properly expressed and functional. 

Prey vector containing one of the full-length MKK1 / 2 and 3 sequences were then co-

transformed with strains containing the bait plasmids using the plate method in section 

2.19.2.3. -LW medium was used to select transformants for the presence of both bait and 

prey plasmids after 3 days of growth at 30°C.  

 

v.  Β-Galactosidase Assay  

Positive colonies were picked individually with the tip of a pipette and dissolved in 100 µl 

0.9% NaCl solution. 6 µl each of the serial dilutions (1:10, 1:100, 1:1000, 1:10000, 1:100000) 

were spotted onto transformation selection medium (-LW, to ensure that spotted cells were 

carrying the appropriate plasmid(s) and interaction selection medium (–LWHA and -LW-

Xgal, to select specifically for cells containing interacting bait–prey pairs). Plates were then 

incubated for 4 -6 days at 30°C. 
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CHAPTER THREE 

3. RESULTS 

3.1 Identification and Confirmation of Mutant Seeds by PCR 

To understand the role of MPK1, MPK2, MPK3, and MPK6 genes in salinity and osmotic 

stresses and ABA signalling, A. thaliana plants homozygous for T-DNA inserts in the exons 

of the above mentioned genes were compared with the WT. T-DNA insert mutant seeds 

obtained from the Nottingham Arabidopsis Stock Centre (NASC) were therefore 

screened for the presence of the T-DNA inserts by polymerase chain reaction (PCR).  

 

3.1.1 Confirmation of T-DNA Inserts by PCR 

Seeds of the different lines were planted and allowed to grow until seedlings had large 

enough leaves for DNA to be extracted. Using the extracted genomic DNA as a template, 

the homozygous status of mutants was identified by PCR utilising a pair of gene-specific 

primers; the forward or reverse primer spanning the site of the insertion, and an insert-specific 

left border (LB) primer. After amplification by PCR and running the PCR product via gel 

electrophoresis, mutants bearing the T-DNA insertion exhibited a DNA band of a specific 

size under UV light. The homozygous mutant, however, showed no bands when gene-

specific (forward and reverse) primers were used, due to the presence of the large T-DNA 

insert, hence these are not shown in Fig 3.10. 

To identify mpk1 and mpk2 mutants with T-DNA insertion, the reverse primers MPK1R 

(SalI) and MPK2R (SalI) respectively, and the LB primer (PROK-LB) were used. While for 

mpk3 and mpk6 T-DNA insertion identification, their respective forward primers 

MPK3F(EcoRI) and MPK6F(SalI) and LB primer (PROK-LB) were used. Primer sequences 

are in Table 2.20 of section 2.7.2. Due to the large size of the T-DNA insertion, homozygosity 

is shown by the absence of an amplification product for the wild-type gene in mutant plants 

(i.e.: gene-specific primers produced no bands in mutant plants). It should be noted that  when 

there was amplification for both the gene and the T-DNA insertion which meant 

heterozygosity, seeds were planted to allow for segregation until homozygous seeds were 

obtained. Fig. 3.10 A to D show the presence of the gene of interest in WT using primer pairs 

P1, P2, P3 and P4; and amplified T-DNA insert in the mutants using primer pairs P5, P6, P7 

and P8. Fig. 3.10 E to H show no band when gene-specific primer pairs P1, P2, P3 and P4 
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were used in mutants. No bands were observed when the primer pairs P5, P6, P7 and P8 were 

used to amplify TDNA insert in the WT. All primer pairs are shown in Table 3.10.  

 

Table 3.10: PCR product sizes for T-DNA inserts and corresponding primer pairs  

 

 

 

 

Primer pair: Label Predicted size (bp) 

MPK1F(EcoRI) / MPK1R (SalI): P1 ~1216 

MPK2F(EcoRI) / MPK2R (SalI): P2 ~1142 

MPK3F(EcoRI) / MPK3R(SalI): P3 ~1127 

MPK6F(SalI) / MPK6R: P4 ~2200 

PROK-LB / MPK1R (SalI): P5 ~1300 

PROK-LB / MPK2R (SalI): P6 ~1100 

MPK3F(EcoRI) / PROK-LB: P7 ~1500 

MPK6F(SalI) / PROK-LB: P8 ~1500 



63 
 

 

Figure 3.10: Confirmation of selected mpk A. thaliana mutants’ homozygosity by PCR 

amplification. The last lanes in each of images A, B, C, and D show amplification of T-DNA 

insert for mpk1, mpk2, mpk3, and mpk6 mutant A. thaliana using P5, P6, P7 and P8 primer 

pairs respectively. There were no bands present for mpk1, mpk2, mpk3, and mpk6 mutants 

using gene-specific primer pairs labelled E) P1; F) P2; G) P3; and H) P4  respectively. The 

sample (S3) on image F shows no bands for MPK1 and MPK2 wild type genes, confirming 

S3 as a double mutant for mpk1/2.  

 

3.2 Physiological Response of A. Thaliana Seeds to Stress and ABA 

To determine the role of MPK1, MPK2, MPK3, and MPK6 genes in abiotic stress signalling 

and ABA sensitivity, the response of homozygous A. thaliana mpk1, mpk2, mpk3, mpk6, 

mutants, and the double mutant mpk1/2 to salt, sorbitol (mimicking osmotic stress) and 

exogenous ABA were compared with that of the WT. The mpk1/2 double mutant was also 

investigated as the amino acid sequence of the MPK1 and MPK2 proteins are very similar, 

suggesting the possibility of functional redundancy. The seeds were grown on agar plates 

containing no additives as a control, and different concentrations of NaCl, KCl, sorbitol, and 



64 
 

ABA. Seeds on plates were stratified for 2 days at 4ºC before incubation at 20ºC. 

Additionally, seed germination was observed under a combination of ABA and NaCl or 

sorbitol. Statistical analysis using Chi-square was performed to compare mutants to the WT 

control seeds at various concentrations. Germination percentage of the mkk2 mutant A. 

thaliana seeds was also included as a positive control in this experiment since it had earlier 

been identified as salt-sensitive (Chen et al., 2020, Teige et al., 2004). The experiment was  

conducted with 100 seeds as technical replicates and analysed based on binomial distribution.  

  

3.2.1 A. Thaliana Germination Response to Salt Stress 

Na+ and K+ salts were selected for salinity stress assessment on the selected genotypes and 

compared with the WT. Salinity stress poses two problems, ion toxicity and reduced water 

availability due to high solutes in the plant media (Rahneshan et al., 2018). On media 

containing Na+ and K+ salts, germination was reduced with an increasing salt concentration 

in all lines including the WT. However, seeds on NaCl experienced a higher reduction in 

germination percentage than on KCl at the same concentration. For NaCl, the difference in 

germination percentage between all genotypes was most evident at 150 mM NaCl salt 

concentration, as there was very low or no germination for all lines at 200 mM NaCl, see Fig. 

3.20. The difference in germination percentage between all genotypes growing on KCl 

however, was evident at both 150 mM and 200 mM as shown in Fig. 3.21. 

 

i. NaCl Stress Treatment  

A decline in final germination percentage after one week of incubation for all mutants and 

WT plants grown on NaCl was seen. Upon comparing plants grown on control media (media 

without salts) to those grown on 100 mM NaCl concentration, no difference was observed 

between the germination percentages of WT and mutants, except for the mpk3 and mkk2 

mutants which showed a decline of between 20% to 30%. While statistical analysis shows a 

significant difference between the WT and mkk2 positive control, no significant difference 

was determined between the WT and mpk3. Interestingly, mpk1 seeds tolerated 100 mM 

NaCl better than the WT as its germination was 9% higher than the WT. 
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Differences between the germination percentage of all mutants compared to the WT was 

evident for seeds growing on plates with 150 mM NaCl concentration. The mpk1 and mpk6 

mutants were more tolerant to the salt stress than the other mutants, recording 75% and 43% 

respectively for percentage germination. mpk2, mpk1/2, and mpk3 mutants recorded lower 

germination percentages of 20%, 29%, and 11% respectively (Fig. 3.20). This observation 

suggests that MPK2 and MPK3 genes may have a function in salt tolerance. In addition, no 

redundancy was observed for MPK1 and MPK2 genes, as the mpk1/2 double mutant showed 

similar germination as the mpk2 single mutant. Chi-square and Bonferonni analysis 

confirmed a significant difference (P<0.01) between the WT and all mutants except atmpk1, 

which recorded a higher germination percentage than the WT.  

At 200 mM NaCl concentration, no germination was recorded for the mpk1/2, mpk3, mpk6, 

and mkk2 mutant seeds. Additionally, the WT, mpk1, and mpk2 mutants also recorded very 

low germination percentages of 4%, 5%, and 3% respectively (Fig. 3.20).  

 

 

Figure 3.20: The effect of different NaCl concentrations (0 mM,100 mM, 150 mM and 200 

mM) on percentage germination of A. thaliana seeds; WT, mpk1, mpk2, mpk1/2, mpk3, mpk6, 

and mkk2. Error bars represent standard error of number of seed germination (maximum 

n=100) technical replicates. The data from the technical repeats is representative of 3 
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biological replicates. *P≤0.05 and **P≤0.01 compared to WT as determined by Chi-square 

and Bonferonni correction. 

 

ii. KCl Sensitivity Test 

Germination of WT and mutant seeds on the different concentrations of KCl suggested 

decreasing germination percentage with increasing KCl concentration, but reductions were 

not as high as seen for NaCl, indicative of the additional toxicity imposed by Na+ ions. Fig. 

3.21 shows very little difference for germination percentage at 100 mM for all seeds. Values 

recorded for percentage germination ranged from 99% to 82%. mpk1 and the WT seeds 

maintained higher germination percentages on KCl compared to the mutants which 

experienced a sharp decline in germination at over 150 mM KCl. At 200 mM KCl, A. thaliana 

mpk2, mpk1/2, mpk3, and mpk6 recorded 18%, 6%, 2%, and 3% respectively. Meanwhile the 

WT and mpk1 mutant recorded as high as 59% and 45% respectively. Statistical analysis 

using Chi-square and Bonferonni correction indicated a significant difference (P<0.01) 

between the germination percentages of WT and all mutants except mpk1, on 150 mM and 

200 mM KCl. Moreover, the percentage germination on KCl confirmed MPK1 and MPK2 

are not redundant under salt stress, as the trend was comparable to the results seen for NaCl. 
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Figure 3.21: The effect of different KCl concentrations (0 mM ,100 mM, 150 mM, and 200 

mM) on percentage germination of A. thaliana seeds; WT, mpk1, mpk2, mpk1/2, mpk3, mpk6, 

and mkk2. Error bars represent standard error of number of seed germination (maximum 

n=100) technical replicates. The data from the technical repeats is representative of 3 

biological replicates. *P≤0.05 and **P≤0.01 compared to WT as determined by Chi-square 

and Bonferonni correction. 

 

3.2.2. Arabidopsis thaliana Germination Response to Osmotic Stress 

Varying concentrations of sorbitol were added to plant media to cause osmotic stress and 

simulate the effects of drought. Results of seeds that germinated on media without sorbitol 

and those with 200 mM sorbitol (equivalent in osmotic pressure to 100 mM NaCl, since the 

salt dissociates to 2 ions) indicated insignificant variation as shown in Fig. 3.22 for all, except 

mpk3 which exhibited a decline of 24% in germination relative to the WT. All mutants 

showed a decrease in percentage seed germination as compared to the WT on 400 mM 

sorbitol (osmotically equivalent to 200 mM NaCl). The greatest reduction in germination 

was observed in mpk3 mutants with final germination of 2%, followed closely by mpk1/2 

mutant with 5%. Both mpk1 and mpk2 mutants had a germination percentage of 18%. This 

additive sensitivity of mpk1 and mpk2 mutants to osmotic stress suggests a redundancy of the 

wild-type MPK1 and MPK2 genes. In addition, it was found that the mkk2 mutant is not as 

sensitive to sorbitol-induced osmotic stress as to salinity stress. Chi-square and Bonferonni 

correction indicated a significant difference (P<0.01) between WT and mutants at high 

sorbitol concentration.  
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Figure 3.22: Percentage germination of A. thaliana seeds; WT, mpk1, mpk2, mpk1/2, mpk3, 

mpk6, and mkk2 during osmotic stress using sorbitol concentrations (0 mM, 200 mM, and 

400 mM). Error bars represent standard error of number of seed germination (maximum 

n=100) technical replicates. The data from the technical repeats is representative of 3 

biological replicates. *P≤0.05 and **P≤0.01 compared to the WT as determined by Chi-

square and Bonferonni correction. 

 

3.2.3 Arabidopsis thaliana Germination Response to ABA Treatment 

ABA is a plant hormone that plays a major role in plant development. It is responsible 

for seed dormancy, is strongly implicated in plant stress responses, and is also known 

to both stimulate and inhibit root development, depending on the concentration (Miao 

et al., 2021, Li et al., 2017b). To examine whether the genotypes under study were 

impacted in their response to ABA, this hormone was added to plant media to study 

its effect on germination and root development.  
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i. Germination of A. thaliana Mutant Lines on ABA 

Sterilised seeds of all genotypes (WT, mpk1, mpk2, mpk1/2, mpk3, mpk6, and mkk2) were 

plated on MS media with 0.5 µM and 1 µM of ABA, and MS media without ABA. 

The WT was used as the control. These concentrations were chosen since the same 

concentrations have been shown to cause germination inhibition in previous studies 

(Di Mauro et al., 2012). 

Results from the germination assays showed decreased germination for  all genotypes. 

Comparison of the WT control group with the mutants at 0.5 µM ABA showed a 

significant decrease in germination for the mpk1/2 double mutant only, while mpk1, 

mpk2, and mpk1/2 double mutants had a significantly lower percentage germination 

than the WT on 1 µM ABA-containing media. At both ABA concentrations, the double 

mutant exhibited a higher sensitivity to ABA than the single mutants, indicating they 

were hypersensitive to ABA. However, mpk3, mpk6, and mkk2 showed a higher 

germination percentage than the WT. Chi-square and Bonferroni analysis determined 

significant differences between 0.5 µM ABA treated WT seeds and, mpk1/2 and mpk6 

seeds. With 1 µM ABA treatment, a significant (P≤0.01) difference was seen between 

the WT and mpk1, mpk2, and mpk1/2 mutants, where mpk1, mpk2, mpk1/2 were highly 

sensitive to ABA and mpk6 was not sensitive to ABA. This suggests that the wild-

type MPK1 and MPK2 genes may be additively repressing ABA activity, while the 

MPK6 gene may possibly promote ABA activity and is consistent with a model in 

which osmotic stress drives ABA synthesis. The mpk1 mutant in isolation is however 

similar to the WT in its response to NaCl or KCl, indicating that salt stress and osmotic 

stress are perceived by different receptors and pathways that may in part converge at 

MPK2, and ABA signalling. 
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Figure 3.23: Percentage germination of A. thaliana mutant lines; WT, mpk1, mpk2, mpk1/2, 

mpk3, mpk6, and mkk2 on 0 µM, 0.5 µM, and 1 µM ABA concentrations. Error bars represent 

standard error of number of seed germination (maximum n=100) technical replicates. The 

data from the technical repeats is representative of 2 biological replicates. *P≤0.05 and 

**P≤0.01 compared to the WT as determined by Chi-square and Bonferonni correction. 

 

ii.  Germination of A. thaliana Seeds on Media Containing Combination of 

ABA with NaCl or Sorbitol 

Mutant seeds were initially exposed to a combination of 1 µM ABA and 200 mM NaCl or 

400 mM sorbitol to analyse the possible responses to combined stressors. Germination was 

completely blocked for all lines, including the wild-type at these concentrations, hence, lower 

concentrations of salt and sorbitol were employed for this experiment. When seeds were 

given single treatments with 100 mM NaCl and 200 mM sorbitol, the lowest germination 

percentages recorded were 82% and 72% for mkk2 on salt, and mpk3 on sorbitol respectively 

(Fig. 3.21 & Fig. 3.22). Upon exposure to ABA, germination ranged between 4% for the 

double mutant mpk1/2, to 52% for mpk3 (Fig. 3.23).  If NaCl and sorbitol both function to 

inhibit germination by stimulating ABA synthesis, a further reduction in germination was 

expected under the combined treatment, as the exogenous ABA would add to the pool of 
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endogenous ABA. Alternatively, it might be the case that ABA, NaCl, and sorbitol act 

independently, but have an additive effect.  

The germination data after exposure of seeds to plant media containing a combination 

of ABA and NaCl or sorbitol showed a significant decline in germination for all lines 

compared to the control group. The effect of NaCl and ABA was more profound than that of 

sorbitol and ABA, which is consistent with results observed from the single treatments of 

NaCl and sorbitol as ABA-sorbitol treatment resulted in higher germination than ABA-NaCl 

treatment. As displayed in Fig 3.24, all mutants on the combination of NaCl and ABA had 

very similar germination percentages, in contrast to the results seen for the single stressors in 

isolation, where for example mpk6 had relatively higher germination than WT under both 

100 mM NaCl and ABA.  The lines germinated on the sorbitol and ABA combination showed 

some differences in sensitivity to the double stressors. Under ABA-sorbitol treatments, the 

mpk3 mutants had the least germination of 32%, but mkk2 had no germination under ABA-

NaCl, despite its relative insensitivity to ABA only. Germination on media with 200 mM 

sorbitol and 1 µM ABA was higher (40-80%) for all lines than was the case for media with 

ABA alone (5-50%), this shows osmotic stress does not operate solely through ABA. 

 

Figure 3.24: Percentage germination of A. thaliana mutant lines; WT, mpk1, mpk2, mpk1/2, 

mpk3, mpk6, and mkk2 on media without treatment, 100 mM NaCl + 1 µM ABA, and 200 
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mM sorbitol + 1 µM ABA. Error bars represent standard error of number of seed germination 

(maximum n=100) technical replicates. The data from the technical repeats is representative 

of 2 biological replicates. *P≤0.05 and **P≤0.01 compared to the WT as determined by Chi-

square and Bonferonni correction. 

 

3.2.4 ABA Biosynthesis Inhibition by Sodium Tungstate (Na2WO4) 

Due to the hypersensitivity of single and double mutants of mpk1 and mpk2 seeds to ABA, 

further analysis using Na2WO4 (an ABA biosynthesis inhibitor) was performed to ascertain 

whether MPK1 and MPK2 are involved in either biosynthesis of ABA under stress. A 

previous study has shown under 125 mM NaCl stress, 0.1 mM Na2WO4 could not rescue the 

salt phenotype (Li et al., 2013), hence, 0.15 mM Na2WO4 concentration was used for this 

investigation. mpk1, mpk2, and the mpk1/2 double mutant seeds were exposed to 0.15 mM 

Na2WO4, and a combination of Na2WO4 and 150 mM NaCl, or 1µM ABA.  

The addition of the ABA biosynthesis inhibitor Na2WO4 alone to the MS media had little 

effect on final germination percentage as seen on MS media for the WT, however, the timing 

of germination changed. While germination occurred in all lines on day 3 on MS media, the 

addition of Na2WO4 caused 100% germination within 24 hours for the WT, and on day 2 for 

mutant lines. Moreover, observed decrease in germination percentage for all mutants on 

Na2WO4-induced media compared to germination on MS media was statistically 

insignificant. Interestingly, an increase in germination was observed in WT, mpk1, and to a 

greater degree in mpk2 and mpk1/2 double mutant under salt stress upon addition of Na2WO4. 

This suggests that NaCl stress works through the stimulus of ABA synthesis, and the 

inhibition of ABA production by tungstate promotes seed germination during salt stress, 

especially in the mpk2 and mpk1/2 mutants, which as shown earlier in Fig. 3.20 and also here 

in Fig. 3.25 experienced lower germination under NaCl treatment. Statistical analysis 

comparing the germination on Na2WO4-NaCl and NaCl-containing media (eg. mpk2 on 

Na2WO4-NaCl to mpk2 on NaCl) showed a significant difference (P<0.01) between the two 

treatments for all lines except for mpk1 though there was an increase in germination upon 

addition of Na2WO4. This shows the addition of Na2WO4 under NaCl treatment significantly 

rescued germination in WT, mpk2 and mpk1/2, while slightly increasing germination in mpk1 
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mutants. This suggests MPK2 suppresses ABA synthesis to a much greater degree than 

MPK1 to promote germination under salt treatments. 

The combination of 0.15 mM Na2WO4 and 1 µM exogenous ABA was very similar to what 

was seen with just 1 µM ABA, and no significant difference was seen between these two 

treatments, suggesting all lines were still sensitive to exogenous ABA.  

  

 

Figure 3.25: Percentage germination of Arabidopsis mutant lines; WT, mpk1, mpk2, and 

mpk1/2 on MS; MS + 0.15 mM Na2WO4; MS + 150 mM NaCl; MS + 0.15 mM Na2WO4 + 

150 mM NaCl; MS + 1 µM ABA; and MS + 0.15 mM Na2WO4 + 1 µM ABA. Error bars 

represent standard error of number of seed germination (maximum n=100) technical 

replicates. The data from the technical repeats is representative of 2 biological replicates. 

*P≤0.05 and **P≤0.01 compared germination of the same line on NaCl to NaCl + Na2WO4 

treatments (eg. WT on NaCl to WT on NaCl + Na2WO4) as determined by Chi-square and 

Bonferonni correction. 
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3.2.5 ABA Related Gene Expression in A. thaliana Seeds 

Expression of ABA and stress-related genes; ABI3, ABI4, ABI5, and RD29A in dry seeds of 

WT and the mutant lines were analysed to determine whether expression of the genes under 

study are dependent on the signalling proteins encoded by the mutant genes (Fig 3.26). Seeds 

were studied since the  ABA and stress-related genes are all expressed in seeds  (Skubacz et 

al., 2016, Lopez-Molina et al., 2002). It must be noted that high expression levels do not 

always mean functionality, for example, high expression of ABI4 may not necessarily cause 

dormancy . 

Upon comparing ABI3 expression levels in WT versus the mutant lines, mpk2, mpk1/2 double 

mutant and mpk6 recorded increased expression folds of 1.75, 6.27, and 2.31 respectively in 

dry seeds (Fig 3.26).. Statistical analysis revealed only mpk1/2 double mutant as having a 

significantly (P≤0.01) higher expression than the WT. This suggests that both MPK1 and 

MPK2 are required for the negative regulation of ABI3 expression. 

Results for ABI4 expression shows all mutant seeds had higher ABI4 expression upon 

comparison to the WT. The ABI4 level for the mpk1/2 double mutant was 106 times higher 

than the WT. mpk1, mpk2, mpk3, mpk6 and mkk2 mutants recorded 12.29, 32.75, 3, 14, and 

7.74 fold higher levels of expression than the WT respectively (Fig 3.26). Statistical analysis 

also showed a significant (P≤0.01) difference between the WT and the mpk2 and mpk1/2 

double mutant. This also suggests that MPK1 and MPK2 genes may be synergistic in the 

negative regulation of ABI4, similar to the observation for their response to exogenous ABA. 

High expression of the ABI4 gene is associated with ABA inducible responses such as 

inhibition of germination (Soderman, 2000), which may explain the extreme sensitivity of 

mpk1/2 to sorbitol and ABA. 

ABI5 expression in mpk1, mpk3, mpk6, and mkk2 mutant seeds were 2.87, 1.3, 19.69, and 

2.48 fold higher than the WT, while mpk2 and mpk1/2 recorded 0.53 and 0.09 fold lower than 

the WT (Fig 3.26). There was a significant (P<0.01) difference between the mpk6 mutant and 

the WT, indicating that MPK6 may be a negative regulator of ABI5.  

Expression of RD29A in dry mpk2 and mpk1/2 mutant seeds were 0.13 and 0.01 times lower 

than the WT respectively, while that of mpk1, mpk3, mpk6 and mkk2 mutants were 2.64, 2.62, 

43.19, and 26.51 times higher than that of the WT respectively (Fig 3.26). Statistical analysis 
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showed a significant (P<0.01) difference between the WT and, mpk6 and mkk2 mutant. This 

suggests MPK6 and MKK2 may negatively regulate RD29A expression. 

  

 

Figure 3.26: Fold change (log10) of RD29A, ABI3, ABI4, and ABI5 genes relative to UBQ10 

reference gene, with the WT as the control in unstressed dry seeds of A. thaliana WT, and 

mutant lines mpk1, mpk2, mpk1/mpk2 double mutant, mpk3, mpk6, and mkk2. Expression 

levels based on mean of two biological replicates were statistically compared between WT 

and mutants using one-way ANOVA. Error bars show standard deviation (log10) on means 

of replicates. *P≤0.05 and **P≤0.01. 

 

3.3 Effect of ABA, and Abiotic Stress on A. thaliana Seedlings 

ABA regulates some osmotic stress responses, and exogenous ABA is known to promote 

root growth at low concentrations (0.1 µM) but at higher concentrations (greater than 1 µM) 

will inhibit root elongation (Miao et al., 2021, Li et al., 2017b). In this study the role of 

MAPKs (MPK1, MPK2, MPK3, MPK6, and MKK2) in ABA was of interest, hence the 

sensitivity of mutant seedlings to exogenous ABA was examined. 
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3.3.1 Inhibition of Root Elongation by ABA in Mutant Lines 

Four days old seedlings with approximately the same root length were used for this 

experiment. 8 to 10 seedlings growing on MS media were selected and transferred onto MS 

with DMSO (control), and MS with 20 µM ABA to examine the effect of ABA on root 

development in WT (control), mpk1, mpk2, mpk1/2, mpk3, mpk6, and mkk2 seedlings. Fig. 

3.27 A and B show root development on MS media and general retardation of root elongation 

for all genotypes on ABA respectively. The most affected groups being mpk2 and mpk1/2 

seedlings, which were also seen to experience leaf yellowing, and senescence in mpk1/2. 

Moreover, statistical analysis shows a significant (P<0.01) difference between the ABA 

treated mpk1/2 double mutant and the WT seedlings where the WT developed longer roots 

and healthier leaves than the double mutant on ABA.  The results are also presented 

graphically in Fig 3.28 below. This result shows similarity to what was observed during 

germination under ABA , where  germination was inhibited in mpk1 and mpk2 single and 

double mutants seeds by ABA.  This suggests that MPK1 and MPK2 genes may additively 

be repressing sensitivity to ABA since root lengths were significantly shorter in 

mpk1/2 double mutants when compared to the WT. While the insignificant difference 

between root lengths of the WT and MPK3, MPK6 and MKK2 genes seem to suggest 

they are not required to promote ABA activity in roots.  However, it is proposed based 

on this data that if MPK1 and MPK2 are suppressing ABA activity in the WT, and also in 

mpk3, mpk6, and mkk2 mutants, then the wild-type MPK3, MPK6, and MKK2 genes may 

be involved in enhancing ABA activity. This hypothesis can be tested by exposing seedlings 

overexpressed with MPK3, MPK6 and MKK2 genes to ABA in future studies. 
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Figure 3.27 shows mutants  7 days post transfer growing on A) MS + DMSO (control), and, 

B) MS + 20 µM ABA.  The root lengths were measured in centimetres (cm). 

 

 

Figure 3.28: ABA effect on root elongation of A. thaliana mutant lines; WT, mpk1, mpk2, 

mpk1/2, mpk3, mpk6, and mkk2 on 0 µM and 20 µM ABA concentrations. Error bars 

represent standard deviation of the mean of 8 technical replicates for each group. The data 
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from the technical repeats is representative of 2 biological replicates. *P≤0.05 and **P≤0.01 

as determined by ANOVA and Tukey post hoc test.  

 

3.3.2 Root Growth and Chlorophyll Depletion in Leaves of A. thaliana Seedlings by 

NaCl and Sorbitol 

An experiment set up as described above for the effect of ABA on root development was 

repeated using NaCl (100 mM and 150 mM) and sorbitol (200 mM and 300 mM). 8 to 10 

seedlings growing on MS media were selected and transferred onto MS containing different 

concentrations of NaCl and sorbitol to examine their effect on root development in WT, 

mpk1, mpk2, mpk1/2, mpk3, mpk6, and mkk2 seedlings. Stunted root growth on NaCl was 

observed in all lines including the WT control group. There was no significant difference in 

root length of seedlings growing under both treatments. For sorbitol treatment, there was a 

reduction in root length upon comparison of untreated seedlings and those treated with 

sorbitol, but there was no significant difference seen within the sorbitol treated group. Data 

is represented in Fig. 3.30 below. Furthermore, seedlings growing on NaCl had pale to white 

leaves three days after exposure to 150 mM NaCl. A high level of chlorophyll depletion was 

seen in the mpk1 and mpk2 mutants, while the mpk1/2 double mutant, mkk2, and mpk6 had 

more seedlings with green leaves than the WT as shown in the image below.  This data 

indicates that the response of seedlings to osmotic or salt stress differs from that seen for 

germination, where clear differences were seen, for example in mutant lines mpk1 and mpk2. 

 

 

  

Figure 3.29: Image shows A. thaliana mutant seedlings 3 days post transfer; WT, mpk1, 

mpk2, mpk1/2, mpk3, mpk6, and mkk2; A) on 150 mM NaCl + MS media. B) seedlings 

on 300 mM sorbitol + MS media. 
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Figure 3.30: NaCl and sorbitol effect on root growth of A. thaliana mutant lines; WT, mpk1, 

mpk2, mpk1/2, mpk3, mpk6, and mkk2 on MS, and MS containing either 100/150 mM NaCl, 

or 200/300 mM sorbitol. The untreated samples ("0") represented control samples in common 

with Figure 3.28 and the data are hence the same. Error bars represent standard deviation of 

the mean of 8 replicates for each group. **P≤0.01 as determined by ANOVA and Tukey post 

hoc test.  

 

3.4 Treatment of A. thaliana Plants with NaCl and Sorbitol. 

Four-week-old A. thaliana WT and mutant lines; mpk1, mpk2, mpk1/2, mpk3, and 

mpk6 were exposed to 200 mM NaCl (salt stress) and 400 mM sorbitol (osmotic 

stress). Subsequently, the stress response was determined by measuring the 

endogenous levels of the osmolyte proline and ABA in stressed plants. Phenotypically, 

leaves of all mutant plants under salt stress, as well as the WT, looked healthy even after 12 

hours of NaCl treatment, while those under sorbitol stress looked unhealthy after 12 hours of 

stress (Fig 3.31). Images were taken under different light conditions (lab light and/or day 

light) which may cause some difficulty to easily sight the contrast between salt and sorbitol 

stress effect on leaves, however this was obvious through visual inspection. 
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Figure 3.31: Image shows A) Healthy looking plants 6 hours post-NaCl treatment B) Healthy 

looking plants 12 hours post-NaCl treatment C) Plant leaves begun to shrink 6 hours post 

sorbitol treatment D) withered leaves 12 hours post sorbitol treatment E) unstressed plants. 
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3.4.1 Proline Measurement in Stressed  A. thaliana  

Endogenous proline content was measured to ascertain the role of the MPK genes in 

proline accumulation using WT as the control at each time point. Under both salinity 

and osmotic stresses there was almost no increase of proline at 4 hours of stress, moreover, 

osmotically stressed plants had a minimal increase in proline compared to salt-treated plants. 

Interestingly, a sharp increase in proline level was observed 4 hours post salt stress for all 

lines. A gradual rise was observed post osmotic treatment for WT, mpk2 and mkk2, and a 

sharp increase for mpk1, mpk2, and mpk3 post osmotic stress. On the other hand, mpk6 mutant 

plants had a sharp rise at 12 hours post osmotic treatment. Proline accumulation peaked 

after 24 hours of stress treatment as shown in Figs 3.32a and 3.32b. All mutant lines 

under both stress conditions accumulated greater levels of proline than the WT. 

Proline accumulation under salt treatment was significantly higher for mpk2 and mpk6, 

while all mutants except for mkk2 recorded highly significant accumulation under 

osmotic stress upon comparison with the WT, (Fig. 3.32c). This suggests that wild -

type MPK2 and MPK6 genes may be negative regulators of proline during salt stress, 

whereas wild type MPK1, MPK2, MPK6, and especially MPK3 genes are negative 

regulators of proline accumulation during sorbitol stress. Data was analysed based on 

three technical repeats using one-way ANOVA. 
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Figure 3.32: Graphical representation of means of 3 technical replicates showing rise 

in endogenous proline accumulation per time (hr) in  whole seedling of A. thaliana 

mutant lines and WT; WT (wild-type), mpk1, mpk2, mpk1/2, mpk3, mpk6 and mkk2 a) during 

salt stress; b) during osmotic stress.  
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Figure 3.32c: Endogenous proline accumulation at 0 and 24 hours post salt and 

osmotic stresses in A. thaliana mutant lines; WT, mpk1, mpk2, mpk1/2, mpk3, mpk6, and 

mkk2. Analysis of variance and Tukey post hoc test was performed on 3 technical replicates 

of each treatment, and error bars represent standard deviation. *P≤0.05 and **P≤0.01 as 

determined by ANOVA and Tukey post hoc test.  

 

3.4.2 Endogenous ABA Measurement in Stressed Plants 

Endogenous ABA levels in mutant lines of A. thaliana exposed to NaCl and sorbitol stresses 

were measured by radioimmunoassay at different time points (0 and 12 hours post-stress), 

using WT plants as the control. ABA analysis in unstressed plants revealed a higher 

accumulation of ABA in all mutant lines compared to the WT control. It was then observed 

that under sorbitol stress, endogenous ABA was higher in the WT than all the mutants 

(P≤0.01), with the exception of the mkk2 mutant. The mkk2 mutants moreover maintained 

high ABA levels under salt stress, which was significantly (P≤0.01) different upon 

comparison to the WT. However, there was no statistical difference between ABA 

accumulation in the mutant lines mpk1, mpk2, mpk1/2, mpk3, mpk6, mutants, and the WT 

control, (Fig. 3.33). It is evident from the graph that mpk3 and mkk2 mutants under NaCl 

treatment had increased ABA accumulation by more than twice as much as that of the WT. 
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While statistical analysis showed mkk2 ABA levels as highly significant, no significant 

difference was determined between mpk3 and the WT under salt stress. This results indicates 

that for vegetative plants, ABA accumulation in response to salt stress does not involve 

MPK1 or MPK2 but may be negatively regulated by MPK3 and MKK2. Under osmotic stress, 

ABA accumulation is positively regulated by MPK1, MPK2, MPK3, and MPK6. Moreover, 

unlike observed in salt treated WT and mutant lines, an antagonism of ABA and proline 

synthesis as described by Verma et al. (2020a) for mpk6 was also seen in all mutant lines, 

(except for mkk2) during sorbitol treatment. The time point for determining ABA levels 

during the study was considered as being the reason for no distinguishable difference in ABA 

accumulation under salt stress, however, further quantification of ABA after 6 hours instead 

of the initial 12 hours post salt treatment, yielded a similar trend, albeit with lower ABA 

measurements. The ABA content at the two-time points is shown in appendix 2. 

 

 

Figure 3.33: Endogenous levels of ABA in salt and sorbitol treated seedlings of A. thaliana 

WT, and mutant lines mpk1, mpk2, mpk1/2 double mutant, mpk3, mpk6, and mkk2. Error bars 

show standard deviation on means of two biological replicates. *P≤0.05 and **P≤0.01 as 

determined by ANOVA and Tukey post hoc test.  
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3.4.3 RD29A Gene Expression in Stressed Plants 

Relative expression levels of the abiotic stress-responsive gene RD29A was measured in 4-

weeks-old seedlings treated with NaCl and sorbitol at the time points 0, 6, and 12 hours post-

treatment. The WT A. thaliana plant was used as a control for each treatment and at each 

time point (Fig. 3.34).  

After 6 and 12 hours of NaCl treatment, all genotypes, except mpk1, had slightly reduced 

levels of expressed RD29A gene when compared to the WT. ANOVA and Tukey post hoc 

test on post 6 hours salt-stressed plants showed expressed RD29A in mpk2, mpk1/2, mpk6, 

and mkk2 was significantly (P≤0.01) lower than the WT. RD29A expression post 12 hours of 

salt treatment determined a significance (P≤0.01) between WT control and the mpk1 mutant 

line, where mpk1 mutant plants expressed RD29A at 24.21 folds higher than the WT.  

Similarly, it was observed that the mpk1 mutant under sorbitol stress showed high expression 

of the RD29A gene after 6 hours, and this was maintained post 12 hours of treatment, whereas 

levels of RD29A in remaining genotypes were lower than the WT. Interestingly, RD29A was 

similarly expressed in WT and mpk2 whereas the mpk1/2 double mutant expressed decreased 

RD29A levels. Statistical analysis determined RD29A expression was significantly higher in 

the mpk1 mutant upon comparison to the WT at both 6 hours and 12 hours post sorbitol stress. 

While mpk1/2 and mpk6 mutant lines’ RD29A expression was significantly lower than that 

of the WT post 6 hours and 12 hours respectively. RD29A gene expression in vegetative 

tissues did not appear to correlate with endogenous ABA levels after stress, indicating an 

ABA-independent induction mechanism.  
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Figure 3.34: Fold change (log10) of RD29A gene relative to UBQ10 reference gene, with the 

WT at each time point as the control in A) salt and B) sorbitol treated seedlings of A. thaliana 

WT, and mutant lines mpk1, mpk2, mpk1/2 double mutant, mpk3, mpk6, and mkk2. Statistical 

difference between relative expression of WT and mutants using one-way ANOVA was done 

based on two biological replicates. Error bars show standard deviation (log10) on means of 
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biological replicates. *P≤0.05 and **P≤0.01 as determined by ANOVA and Tukey post hoc 

test.  

 

3.5 Response of A. thaliana to Biotic Stress  

4-week-old WT and mutant seedlings were inoculated with the bacterial pathogen 

Pseudomonas syringae DC3000 using the syringe method as described in section 

2.10.3. All A. thaliana plant lines (WT, mpk1, mpk2, mpk1/2, and mpk3) inoculated 

with P. syringae OD600≈0.2 exhibited leaf yellowing (Fig. 3.35).  

The result of cultured extracts from the homogenised infected leaf showed the WT as 

having the least CFU/cm2 while the mpk1/2 mutant had the highest CFU/cm2 (Fig. 

3.36). Statistical analysis by one-way ANOVA and Tukey test determined a 

significant difference between the susceptibility of WT and mpk1/2 mutant to the 

pathogen. However, there was no significant difference between the WT and, mpk1, 

mpk2 and mpk3 single mutants, nor between the single mutants; mpk1 and mpk2 and 

mpk3. This suggests that the single mutants and the WT are relatively tolerant to P. 

syringae whereas the mpk1/2 double mutant showed susceptibility to the bacteria. The 

mpk1 and mpk2 are suggested to have an additive role since the effect of the bacteria 

on the single mutants was observed to be similar, whereas susceptibility of the  mpk1/2 

double mutant to P. syringae was greater. This work confirms that in addition to the 

role played by MPK1 and MPK2 in abiotic stress, these signalling proteins are also 

involved in biotic stress responses. The analysis was based on 2 biological repeats. 

 

 

 

 

 

 

 

 

Figure 3.35: Image shows A) Healthy A. thaliana before inoculation with 

Pseudomonas syringae; B) 3-days post-inoculation (pi); C) close-up image showing 

A B C 
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leaf yellowing that was observed in all plant lines (WT, mpk1, mpk2, mpk1/2, and 

mpk3). 

 

 

Figure 3.36: P. syringae colony forming units per area of infected leaves of WT (control), 

and mpk1, mpk2, mpk1/2, and mpk3 mutant A. thaliana plants, 3-days post-inoculation (PI). 

The error bars represent standard deviation (SD) based two biological replicates. **P≤0.01 

as determined by ANOVA and Tukey post hoc test.  

 

3.6 Protein-Protein Interaction Using Split Ubiquitin Yeast-2-Hybrid (SU Y2H) 

In this study, two approaches of the SU Y2H were adopted; cDNA libraries constructed as 

described in section 2.11.2 were used to identify unknown interactors. This was followed by 

a targeted approach to confirm the identified interactors of the target proteins (MPK1, MPK2, 

and MPK3). 

Construction of the pAMBV bait plasmid encoding either MPK1, MPK2, or MPK3 protein 

was done. Restriction enzyme digest analysis detected successfully constructed plasmids, 

which were in the preferred orientation. This was observed on a 1% agarose gel as shown in 

Fig. 3.37. After co-expression of the above plasmids with NubI (positive) and NubG 

(negative) control prey plasmids to test for auto-activation, baits were confirmed as suitable 
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for further screening. Transformation of the NMY51 yeast strain-containing bait with either 

pPR3C- or pPR3N-cDNA libraries produced using mRNA from 5-day old A. thaliana 

seedlings aided in the detection of upstream interactors of MPK1, MPK2, and MPK3 

proteins. This was further confirmed through the directed SU Y2H method and β-

galactosidase assay as described in section 2.11.3.  

 

Figure 3.37: Construction of bait plasmids for the SU Y2H assay. M and M’ are λ and 100bp 

DNA markers respectively. 1) Lanes A and B show correct bands respectively for MPK1-

AMBV alpha and MPK2-AMBV alpha plasmids, using BglII enzyme digest. 2) Both lanes 

A and B show correct bands for BglII digested MPK3-AMBV alpha plasmid. 3) Last lane A 

shows correct bands for successfully digested MPK6-AMBV alpha plasmid using SfiI 

enzyme digest. 

 

3.6.1 Library Screen and Selection of Interactors 

Since MPK1, MPK2, and MPK3 were identified as being most relevant for salt and osmotic 

tolerance, I focused on identifying their possible protein interactors. To identify proteins that 

may interact with these kinases, two cDNA libraries, generated by Ross Alexander with 

mRNA isolated from five-day-old A. thaliana seedlings were used. The two A. thaliana 

cDNA libraries were i) a random-primed library producing prey proteins fused to the N-

terminus of NubG (prey-NubG) in the pPR3-C vector and ii) an oligo-dT primed library 

producing prey proteins fused to the C-terminus of NubG (NubG-prey) in the pPR3-N vector.  

Interaction between bait and prey results in Cub and NubG coming together to reform 

ubiquitin, which is followed by cleavage of the TF which moves into the nucleus, activating 

the endogenous reporter genes LacZ and HIS. LacZ activation and HIS synthesis induced β-

galactosidase activity and histidine production, respectively. Hence, yeast cells bearing the 
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interacting proteins could be identified as blue colonies using β-galactosidase assay, and also 

by growth on histidine-absent agar plates using the appropriate selective media. (See Fig 1.40 

in section 1.5.2 and Fig. 2.40 in the chapter 2 for details). NMY51 strains bearing either of 

the following; MPK1-, MPK2- and MPK3-AMBVα bait plasmids were transformed with 

both libraries. Transformation efficiencies of 8.67 X 102 cfu/µg DNA and 1.3 X 103 cfu/ µg 

DNA were obtained for the pPR3-N and pPR3-C libraries. Transformation of baits with the 

cDNA libraries yielded several colonies on plates lacking leucine, tryptophan, histidine, and 

adenine (-LWHA) which were selected for protein interactions based on the activation of 

the ADE2 and HIS3 reporter genes. Positive interactors were selected for further analysis and 

confirmation via the β-galactosidase assay. An example of strong interaction in the form of 

blue colour on –LWxgal medium observed for MPK3-cDNA library transformation is shown 

in the image below (Fig 3.38). Plasmid extracts were obtained from 7, 3, and 5 individual 

colonies from the MPK1-cDNA libraries, MPK2-cDNA libraries, and MPK3-cDNA libraries 

respectively and transformed into E. coli. Sequencing was performed with the ADH promoter 

forward primer (5’-CGTTGTTCCAGAGCTGATGA-3’) for baits transformed with pPR3-C 

libraries, and the T3 primer (5’-GCAATTAACCCTCACTAAAGG-3’) was used for pPR3-

N libraries transformed baits. This identified MKK1, MKK2, and MKK3 as interactors of 

MPK1; MKK1 as an interactor of MPK2 and MPK3, (Table 3.20). It should be noted that 

the chromatographs that revealed the sequences for the MPK2, and two of the MPK3 plasmid 

interactors were of poor quality, but the genes could still be identified as shown in appendix 

3. 

 

Figure 3.38: Image shows individual yeast colonies selected from plates bearing MPK3-

AMBVα bait plasmid transformed with pPR3-C and pPR3-N cDNA libraries growing on A) 

–LWxgal and B)-LWHA. The arrow shows colony (pPR3-N transformed) with strong 

positive interacting proteins which turned blue on A and had better growth than others on B. 
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Table 3.20: Detected activators of MPKs by cDNA library screen and sequencing, (+ sign 

indicates positive interaction). 

Bait Detected proteins from library screening 

 MKK1 MKK2 MKK3 

MPK1 + + + 

MPK2 +   

MPK3 +   

 

 

3.6.2 MPK3 Interacts with MKK1, MKK2, and MKK3 Proteins 

To further confirm the above-identified upstream activators of these MAPK proteins, a more 

targeted approach of SU Y2H was performed. The proteins of interest; MPK1, MPK2, and 

MPK3 (bait) were individually fused to the C-terminal half of ubiquitin (Cub), followed by 

the transcription factor (TF) to construct the bait. The activators identified from the cDNA 

screen; MKK1, MKK2, or MKK3 were then fused to the mutated N-terminal half of ubiquitin 

(NubG). These experiments revealed a new interaction between MPK3 and MKK3, in 

addition to the MKK1 and MKK2 proteins already detected via cDNA library screen; Fig. 

3.39 below shows the order of strongest to weakest interactions, indicated by the intensity of 

blue colour. However, the detected interactions for both MPK1 and MPK2 that were revealed 

through the cDNA library screening were not confirmed by the targeted approach, and hence 

the β-galactosidase assay was not performed. 
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Figure 3.39: Targeted protein-protein interaction detected by the SU Y2H system. Yeast co-

expressing the baits A) MPK1; B) MPK2; and C) MPK3; and preys (NubI: positive control, 

NubG: negative control, and MKK1, MKK2, MKK3 target proteins). -LW medium selects 

colonies bearing both bait and prey, –LWHA showing no growth for the negative control 

NubG, and selects colonies with interacting proteins, and –LW-Xgal medium also selecting 

for protein interaction evident by blue colour formation. 
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CHAPTER FOUR 

4. DISCUSSION 

During biotic and abiotic stresses, in all eukaryotes, the MAPK pathways transfer 

information from the cell surface after perceiving signals to activate cellular responses. 

Downstream of this complex network, transcriptional reprogramming is achieved by 

activating or deactivating required genes to cause the appropriate response. Several genes 

encoding the components of the MAPK pathway have been implicated in signalling 

processes associated with both developmental and stress tolerance or stress resistance in 

plants (Guan et al., 2014, Meng and Zhang, 2013, Taj et al., 2010). These discoveries were 

made through analysing model plant genomes and mutations in key genes to describe their 

vital role in signal transduction.  

Abiotic stresses in particular have been the subject of much research. Both salinity and 

drought stresses lead to dehydration, resulting in hyperosmotic stress which triggers the ABA 

signal transduction pathway (Boudsocq and Laurière, 2005). High levels of ABA in plants 

during pathogen invasion have moreover been found to prevent pathogen entry via stomata 

closure (Bharath et al., 2021). Due to the connection between ABA, and biotic and abiotic 

stresses, this chapter will discuss the role of MAP kinase signalling in these stresses as well 

as their response to ABA.  

As mentioned previously (section 1.3.3),  earlier studies in A. thaliana on the participation 

of MAPKs in stress signalling have revealed a MEKK1-MKK2-MPK4/MPK6 cascade as 

one of the relevant pathways for salinity stress signalling (Teige et al., 2004), and the 

participation of MPK3 and MPK6 in the osmotic stress (Mittler, 2002, Liu et al., 2013) and 

biotic stress responses (Tsuda et al., 2013, Nitta et al., 2014). ABA perception and signalling 

are well studied, and an established signalling pathway of ABA shows a class of ABA 

receptors, namely PYR/PYL/RCAR, initiate ABA signalling which results in activation of 

transcription factors that cause gene expression as a response to abiotic stress and are also 

involved in physiological responses such as stomatal closure. The ABA signalling pathway 

as described in section 1.3.4 iv, is controlled by phosphorylation of the sucrose 

nonfermenting-1-related protein kinase 2 (SnRK2) via receptors (PYR/PYL/RCARs) which 

occurs due to inhibition PP2C that usually target SnRK2s (Fig. 4.10) and other kinases. 
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SnRK2s are grouped into three subclasses involved in both ABA-dependent and –

independent signalling (Fàbregas et al., 2020, Lozano-Juste et al., 2020, Umezawa et al., 

2013, Fujita et al., 2013). Studies have shown that during ABA and/or osmotic stresses, the 

Raf‐type MAPKKK can phosphorylate and activate SnRK2s (Chen et al., 2021). Several 

investigations have also identified activation of gene expression or kinase activity of a 

number of MAP kinase pathway genes and proteins by ABA. These include AtMPK1, 

AtMPK2 (Umezawa et al., 2013, Hwa and Yang, 2008, Ortiz-Masia et al., 2007), AtMPK3 

(Lu et al., 2002, Wang et al., 2011), AtMKK9 (Menges et al., 2008), and the upstream 

activators AtMAPKKK17, AtMAPKKK18 (Menges et al., 2008, Wang et al., 2011), among 

others. 

 

  

 

In this study, A. thaliana plants with T-DNA insertion mutants in the MPK1, MPK2, MPK3, 

and MPK6 genes were used to provide further evidence of their involvement in abiotic and 

biotic stress signalling, and ABA responses. These were achieved through phenotypic, 

physiological, and gene expression profiles carried out on the above-mentioned mutant lines 

and also, on the mpk1/2 double mutants. Genes with similarities in their protein sequences 

such as MKK1 and MKK2 have been reported to play redundant roles in stress response and 

development (Qiu et al., 2008, Kong et al., 2012). The MPK1 and MPK2 genes have about 

Figure 4.10: ABA signalling pathway 

conceived from (Fujita et al., 2013, 

(Fernando and Schroeder, 2016). In the 

presence of ABA, PYR/PYL/RCARs 

receptors bind to ABA inhibiting PP2C 

to prevent dephosphorylation of 

SnRK2s. Hence activated SnRK2s 

phosphorylates the appropriate bZIP 

TFs, inducing the expression of ABA-

responsive genes. Blunt arrow means 

inhibition. 
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90% similarity in their protein sequence (Mizoguchi et al., 1994), appendix 4, hence their 

possible redundant roles were of importance for this study.  

The hypothesis that MAPKs (specifically MPK1, MPK2 and MPK3) may be involved in 

stress signalling was demonstrated in this study, the main findings include; 

1. The enhancement of salt tolerance during germination by MPK2 gene. This is 

suspected to be due to the observed elevated ABI4 levels in mpk2 and mpk1/2 double 

mutant seeds, Fig. 3.26, which indicate negative regulation of ABI4 possibly led to 

low ABA accumulation in WT seeds even before stress initiation. Endogenous ABA 

was however not measured in this experiment.  

2. The redundant functions of MPK1 and MPK2 genes in enhancing osmotic, pathogen 

and exogenous ABA stress tolerance based on phenotypic and/or physiological 

studies.  

3. The positive regulation of RD29A by MPK2 under both salt and osmotic stresses 

while MPK1 negatively regulates RD29A under salt stress and suppresses MPK2 

under osmotic stress. 

4. The identification of upstream interactors of MPK1, MPK2 and MPK3 proteins via 

targeted and non-targeted approach of PPI. 

Details of the accepted hypothesis based on the findings are discussed below in this chapter. 

 

4.1 Sensitivity of A. thaliana Seeds to Salt, Osmotic, and ABA Stresses 

Simple germination assays can be used to understand the physiological processes underlying 

germination and dormancy. They can also be used to investigate genetic and environmentally 

induced differences between plant species, seed storage, or preparation methods that 

maximize germination percentage, and to identify post sowing physical and chemical 

environmental factors that maximize germination percentage (McNair et al., 2012). The 

germination assay was thus adapted to studying phenotypic differences between mutant lines 

and WT plants under salt and osmotic stresses, as well as their response to ABA. Through 

germination experiments, I have shown the sensitivity of mpk2 and mpk3 mutants to salt 

(particularly NaCl, Fig. 3.20), and mpk1, mpk2, mpk1/2, and mpk3 to sorbitol-induced 

osmotic stress (Fig. 3.22), and of mpk1, mpk2, and mpk1/2 to exogenous ABA (Fig. 3.23). A 
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synergistic role (i.e. an effect that exceeds the combined function of both genes) for MPK1 

and MPK2 during sorbitol-induced osmotic stress and sensing of ABA has also been 

uncovered, but this was not the case for NaCl stress, which points to a difference in 

mechanism for salt and osmotic stress responses. This results revealed MPK1 and MPK2 may 

also be repressors of ABA activity during germination and root development as both mpk1 

and mpk2 mutants were sensitive to ABA while the mpk1/2 double mutant was hypersensitive 

to ABA. It was observed that mpk6 mutant seeds though also sensitive to salt and osmotic 

stress, were better adapted to these stresses when compared to mpk1/2, mpk2, and mpk3, 

except at a very high concentration of 200 mM salt. 

 

4.1.1 MPK2, MPK3, MPK6, and MKK2 Promote Salt Tolerance 

Findings by (Teige et al., 2004), revealed that MPK3 and MPK6 promote salt stress 

resistance. Additional studies by (Kim et al., 2011, Kim et al., 2012), showed that salt-

induced stress causes phosphorylation of MPK3 by MKK4 and activation of MPK6 by 

MKKK20. In this research, it was confirmed that MPK3 and MPK6 genes are involved in the 

positively regulation of salt stress tolerance, MPK2 gene was also identified as contributing 

to salt tolerance in this work. 

In the salt stress experiments, germination of both WT and mpk mutant seeds was inhibited 

to different extents, although overall, NaCl inhibited germination to a greater extent than KCl 

at the same concentrations, this can be attributable to the toxicity of Na+ ions (Pardo and 

Quintero, 2002). The mkk2 mutant was used as a positive control in these experiments due 

to its high sensitivity to salt stress (Teige et al., 2004).  Slightly enhanced germination was 

recorded for the mutant mpk1 on salt, especially for those germinating on NaCl (Fig. 3.20), 

while the opposite was true for mpk2, mpk3, mpk6, and the double mutant mpk1/2. The lower 

germination observed in these mutant lines suggests that MPK2, MPK3, MPK6, and MKK2 

genes are required for salt tolerance. Although (Mizoguchi et al., 1996), has previously 

shown by Northern blot analysis that expression of MPK1 mRNA was slightly increased 

following high salt stress in 4 to 5-week old A. thaliana plants, my work suggests MPK1 is 

not needed for salt stress tolerance during germination, considering germination of the mpk1 

mutant was barely affected by salt compared to the WT (Fig. 3.20). The MPK1 mRNA 

expression observed in Mizoguchi and team’s work possibly did not result in functional 
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MPK1, and hence could play no role in salt stress tolerance as seen in my work. Another 

reason moreover, could be that at different developmental stages of a plant under stress, the 

same genes may produce different responses (Skirycz et al., 2010). In the future, 

determination of MPK1 mRNA and protein accumulation at the different developmental 

stages will provide information on the appropriate stage for exogenous administration of 

compounds to induce stress tolerance as concluded in a review by (Farooq et al., 2009). 

Skirycz and team showed via transcript profiling of A. thaliana leaf primordia, expanding 

and mature leaves under osmotic stress that few genes were expressed in all three stages 

while many diverse genes were regulated at the different developmental stages (Skirycz et 

al., 2010). MPK1 protein expression levels in seeds will give clarity to  In addition to a 

previous observation in A. thaliana that MPK1 and MPK2 were activated by wounding 

(Ortiz-Masia et al., 2007), this research has also implicated salt tolerance as a novel function 

of MPK2.  

Consistent with earlier findings (Mizoguchi et al., 1994, Teige et al., 2004, Kim et al., 2011), 

it has also been demonstrated in Fig. 3.20 that MPK3 is required for salt stress tolerance. The 

relevance of MPK6 for salt stress, agrees with the research by (Abulfaraj, 2020), however, 

mpk6 seed germination under salt stress was higher compared with mpk1/2, mpk2, and mpk3 

(except at a higher concentration of 200 mM salt). This indicates that regulation of stress 

through the different MAPK pathways differ in their relative contributions to stress tolerance. 

Whether this is because the different MPK proteins work through different pathways or act 

cooperatively and additively in the same pathway is not clear but might be explored in future 

work by analysis of double or triple mutants (for example mpk1/mpk2/mpk6). The 

contribution of MKK2 to salt tolerance, confirms earlier work by (Teige et al., 2004), who 

recognized that the MKK2 pathway facilitates salt and cold tolerance via the activation of 

MPK4 and MPK6 proteins, which is why the mkk2 mutant was used as a positive control in 

these experiments. 

 

4.1.2 Leaf yellowing in NaCl treated seedlings 

Though sodium is not essential for plants, it can sometimes replace potassium ions to regulate 

the opening and closing of stomata which controls internal water content (Robinson et al., 

1997). Chloride ions are used in small quantities to aid in photosynthesis, osmosis, and 
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maintenance of ionic balance within plant cells. A high level of NaCl however, can lead to 

ion toxicity which causes premature yellowing and senescence in plant leaves (Haddad and 

Mazzafera, 1999). Leaf yellowing is a morphological indicator of senescence or stress, which 

is due to loss of chlorophyll (Thakur et al., 2016), and low cytokinin levels (Hönig et al., 

2018), accumulation of ethylene and salicylic acid have also been associated with leaf 

yellowing and promotion of senescence (Yu et al., 2021, Wang et al., 2021). Senescence was 

identified in ethylene-treated plants while prevention of its biosynthesis resulted in delayed 

senescence (Guo and Gan, 2005). Leaf senescence is a normal phenomenon that occurs 

during the last phase of a plant’s development. Premature senescence is nonetheless 

detrimental to plant development and crop yield, hence, its prevention is essential for plant 

health.  

While studying the effect of NaCl on root development, stunted growth and pale leaves were 

observed in all one-week-old seedlings exposed to high NaCl (200 mM). This changed the 

focus from root growth to leaf yellowing. The observed stunted growth is attributed to 

reduced photosynthesis which may be caused by yellowing of leaves as a result of decreased 

chlorophyll, and also stomata closure which occurs since high solutes in media or soil cause 

water deficiency. This was evident as seedlings developed better, and had greener leaves 

under lower NaCl concentration (100 mM) than on higher salt concentration (not shown in 

thesis).  Similar to the WT plants, the mpk1 and mpk2 seedlings were sensitive to 150 mM 

NaCl while the mpk3 mutant showed moderate yellowing (Fig. 3.29A). Interestingly, fewer 

seedlings of the double mutant mpk1/2, mpk6, and mkk2 exhibited pale leaves when 

compared to the WT. It was recently shown in a study that MPK1 and MPK2 are required for 

SA-mediated leaf senescence through the MKK4/5-MPK1/2 pathway. In that same 

experiment, delayed senescence was seen in the mpk1/2 double mutant (Zhang et al., 2020) 

as was observed in my study. As shown in Fig. 3.29A, leaf senescence occurred faster in 

mpk1 and mpk2 single mutants than in the WT. This seems to suggest that MPK1 and MPK2 

genes additively inhibit leaf yellowing. If this was true, the absence of both just as in the 

mpk1/2 double mutant should have resulted in senescence even faster, yet, senescence in the 

mpk1/2 mutant was greatly reduced than was seen even in the WT.  This suggests that while 

both MPK1 and MPK2 are required for senescence, the absence of either MPK1 or MPK2 

increases the rate at which senescence occurs, and the absence of both inhibits leaf yellowing 
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during salt stress. In effect, both MPK1 and MPK2 genes may be required for the regulation 

of leaf senescence.  

Similar to mpk1/2, the mpk6 mutant showed leaf yellowing in only one out of 10 seedlings 

under salt stress. This confirms a report by (Zhou et al., 2009), which identified MPK6 as a 

positive regulator of leaf senescence via the MKK9-MPK3/MPK6 pathway, which had 

previously been shown to participate in ethylene biosynthesis (Xu et al., 2008). However, the 

inclusion of MPK3 in addition to MPK6 as a requirement for leaf senescence in this pathway 

(MKK9-MPK3/MPK6) contradicts results from exposure of mpk3 mutants to salt in my 

experiments. A higher number of senescent leaves were seen for mpk3 than for mpk6 mutant 

seedlings exposed to salt in my experiment, this suggested that MPK3, although required for 

salt tolerance, may likely be a negative regulator, or may not be involved in leaf senescence 

caused by salt stress, unlike MPK6 which was clearly identified as a positive regulator for 

leaf yellowing. Interestingly, the mkk9 mutant has previously been detected as salt insensitive 

upon treatment with 150 mM NaCl (Alzwiy and Morris, 2007), while mpk3 mutants in my 

experiment showed higher sensitivity to the same salt concentration than was observed in the 

mpk6 mutants. It is, therefore, possible that activation of MPK3 by MKK9 does not relate to 

salt stress, and MPK3 may not be a positive promoter of senescence despite its involvement 

in high salt tolerance. Further experiments to measure ethylene production or the physiology 

of double mutants with for example etr1, an ethylene insensitive mutant, would be 

instructive. 

 

4.1.3 MPK1, MPK2, and MPK3 Promote Osmotic Stress Tolerance 

Germination of the different A. thaliana lines on sorbitol was carried out to mimic drought 

stress. A similar response of the mutant lines to both salt and sorbitol treatment was expected 

since they both cause osmotic stress. However, in contrast to the relative insensitivity of mpk1 

mutants to salt-induced stress (a component of which is osmotic stress), high sensitivity to 

sorbitol-induced osmotic stress was observed for mpk1 mutant seeds. Since salt stress causes 

both osmotic stress and ion toxicity (Zhu, 2002), even lower germination was expected in 

mpk1 mutants under high salinity than under osmotic stress, but this was not the case. Though 

it is unclear how the salt-stressed mpk1 mutants germinated better than the osmotically- stress 

ones, it is suggested that osmotic and ionic stress may be activating different pathway(s) in 
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mpk1 mutants that results in the promotion of resistance to salinity stress but susceptibility 

to osmotic stress.  

All mutants tested recorded significantly lower germination than the WT when germinated 

on sorbitol, and the associated genes are therefore proposed to be relevant for osmotic stress 

tolerance, the higher susceptibility of mpk1/2 and mpk3 mutants to osmotic stress was very 

pronounced, indicating MPK1 and MPK2 additively, and MPK3 are imperative for 

germination during sorbitol-induced osmotic stress. Unlike for salt-treated mpk1 and mpk2 

mutant seeds, germination percentages in mpk1 and mpk2 mutants were similar, while that 

of the double mutant mpk1/2 was much lower, indicating the function of MPK1 and MPK2 

may be additive under sorbitol-induced osmotic stress. This shows that the same genes may 

respond differently based on the origin of stress and suggests that the pathways that perceive 

the stress and feed this information to MPK proteins are different for salt and for pure osmotic 

stress. Previous studies have shown via analysis of gene expression that the activity of both 

MPK1 and MPK2 genes are induced by ABA accumulation under osmotic stress (Danquah 

et al., 2015, de Zelicourt et al., 2016). The kinase activities of MPK1 and MPK2 are also 

induced by ABA (Hwa and Yang, 2008, Ortiz-Masia et al 2007, Umezawa et al 2013). In 

addition to the synergistic effect of MPK1 and MPK2 seen in sorbitol-induced osmotic stress 

tolerance in this study, both mpk1 and mpk2 single and the double mutants showed high 

sensitivity to ABA as discussed below in section 4.1.3. The evidence from the germination 

assay, ABA biosynthesis inhibition by sodium tungstate and sensitivity to ABA, collectively 

suggest that the involvement of both MPK1 and MPK2 proteins in sorbitol-induced osmotic 

stress responses may rely on ABA. However, the response to salt stress in germination, as 

noted above, differs, in that mpk1 mutants are relatively tolerant to salt, contrast to mpk2, 

suggesting that the role of ABA in salt stress is differently controlled than for pure osmotic 

stress. The tolerance of MPK3 to osmotic stress is also in line with earlier research in 

tomatoes in which overexpression of the AtMPK3 homologue SlMPK3 increased germination 

and improved seedling development during drought (Muhammad et al., 2019). Other studies 

have also shown a vital role of MPK3 in salt-induced osmotic stress tolerance (Kim et al., 

2011).  Though this work shows germination in mpk3 mutant seeds was more inhibited under 

sorbitol-induced osmotic stress than salt-induced stress (at the same osmolarity), it is clear 

that both stress forms gave rise to germination inhibition to a greater degree. It is therefore 

proposed that the MPK3 gene enhances both salt- and sorbitol-induced stress tolerance. 
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4.1.4 MPK1 and MPK2 Repress ABA Biosynthesis to Promote Seed Germination and Root 

Elongation 

ABA is a plant hormone that regulates the activity of plant physiological and developmental 

processes under both normal and stress conditions. ABA inhibits seed germination and 

regulates root development during salt, drought, and dehydration stress to attain tolerance 

(Fernando and Schroeder, 2016). Hence, studying the effect that ABA has on germination 

and root elongation of the mutants provides some insight into their gene functions and role 

in ABA signalling or synthesis.  

It was observed that mpk1, mpk2, and mpk1/2 were significantly more susceptible to ABA 

than the WT control during germination and seedling root growth. Moreover, the double 

mutants mpk1/2 had greater sensitivity to ABA than the single mutants, recording the least 

germination percentage and the smallest root length. This suggests that the role of MPK1 and 

MPK2 are likely to be additive in the ABA response. This work supports previous 

experiments carried out both in planta and in yeast which identified an ABA‐activated MAPK 

cascade, in which the MAP2K MKK3 was activated by upstream MAP3Ks MAP3K17/18 to 

activate the four group C MAPKs, MPK1/2/7/14 (Danquah et al., 2015, de Zelicourt et al., 

2016).  

Further investigations were carried out using sodium tungstate (Na2WO4), an ABA 

biosynthesis inhibitor, to investigate the possible involvement of MPK1 and MPK2 in ABA 

biosynthesis. The results supported the supposition that MPK2 is involved in ABA 

biosynthesis during salt-induced stress. The addition of Na2WO4 to media containing salt 

promoted the germination of salt-sensitive mutant seeds of mpk2, presumably via inhibition 

of ABA biosynthesis as shown in a schematic model in Fig. 4.20.  
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Figure 4.20: A schematic model showing on the left side reduced germination in salt treated 

WT (wild type) and mpk1, mpk2, mpk1/2, mpk3 and mpk6 mutant seeds. And on the right 

side increased germination as a result of the addition of sodium tungstate (Na2WO4), an ABA 

biosynthesis inhibitor to salt induced MS media. Though increased germination was seen in 

all seeds, significantly enhanced germination was only seen within the mpk2 and mpk1/2 

double mutants as is detailed in section 3.24 and Fig. 3.25. 

 

The increased germination of the salt-sensitive mutant seeds mpk2 and mpk1/2 upon adding 

Na2WO4 as observed in Fig. 3.25, suggests that in WT seeds, MPK2 is required to repress 

ABA synthesis in order to promote germination under salt stress. Adding Na2WO4 to salt-

containing plant media increased the germination percentage of mpk1 mutant seeds by just 

10%, while increases of 54% and 58% were observed for mpk2 and mpk1/2 double mutants, 

indicating that the MPK2 gene plays a major role in ABA suppression during salt stress, 

Fig.3.25. It will be interesting to see the outcome of the effect of Na2WO4 on sorbitol stress 

in the future. Considering both MPK1 and MPK2 genes were identified to play similar roles 

under sorbitol stress, it appears that both may equally be essential for regulating ABA during 

sorbitol-induced osmotic stress tolerance. Moreover, the activity of the above-mentioned 

genes may depend on the kind of stress signal (salt or osmotic) that is perceived, if this 
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hypothesis proves to be correct.  It is proposed, based on the outcome from this work, that 

although both MPK1 and MPK2 genes contribute to the suppression of ABA biosynthesis to 

achieve germination, the MPK2 gene does so to a much greater degree, but confirmation of 

this via quantification of endogenous ABA in seeds of the WT, mpk1, mpk2 and mpk1/2 

mutant lines will need to be performed in future experiments. Also, the results shown here 

suggest MPK1 and MPK2 as being synergistic in repressing ABA biosynthesis to achieve 

germination and root elongation in the absence of stress, but this suppression of ABA activity 

may rely on one or both genes depending on the kind of stress.  

The effect of ABA on mpk3, mpk6, and mkk2 mutants on the other hand showed similar 

germination percentages and root lengths to the WT on 20 µM ABA-containing plant media. 

The similar sensitivity of the mpk3, mpk6, and mkk2 roots to ABA upon comparison with the 

WT, suggests these genes are not required to perceive ABA. However, an earlier study by 

(Li et al., 2017a), showed insensitivity of both mpk3 and mpk6 A. thaliana mutants to 50 µM 

exogenous ABA during root growth suggesting their relevance for ABA sensing. Moreover,  

another study on the effects of ABA on germination revealed that a pathway consisting of 

MKK3-MPK6-MYC2  acts as a positive regulator for the ABA response (Verma et al., 

2020b).  Though no significant differences were observed in my experiments, unlike the work 

by (Li et al., 2017a), mpk3 and mpk6 mutants had slightly longer roots than the WT following 

ABA treatment. The lower concentration of ABA (20 µM) used in my work may in part 

explain the insignificant difference since a higher concentration of 50 µM ABA was used in 

the experiment by (Li et al., 2017a). The results from this study, suggests MPK3 and MPK6 

are not required to sense ABA, but based on the effect of a higher ABA concentration on root 

elongation of mpk3 and mpk6 mutants in the earlier experiment by (Li et al., 2017a), further 

experiments using MPK3 and MPK6 overexpressing plants need to be conducted to confirm 

the precise role these genes play in ABA sensing.  

MKK2, on the contrary, has previously been shown to have no involvement in ABA 

signalling, as it did not interact with any of the upstream MAP3Ks (MAPKKK17/18) known 

to mediate ABA signalling (Danquah et al., 2015). Though some information exists for the 

response of mkk2 mutants to ABA, it is yet to be implicated directly in ABA signalling.  

Some experimental errors may have been introduced that need consideration in subsequent 

studies of this nature. As described in section 2.8.3, dividing the plate into top and bottom 
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rows may have introduced an error since there is a tendency of uneven plant media content 

(i.e. nutrient and ABA) distribution when plates were positioned vertically, which may have 

affected the growth of roots on media. Additionally, it is obvious from Fig. 3.27 that seedlings 

were placed too close to each other, this may have caused crowding that led to reduced space 

and limited absorption of nutrients by roots for optimum root growth. This in the future can 

be corrected by having seedlings well-spaced on same row to ensure equal availability of 

nutrients and administered treatment. It should also be noted that for accuracy, it will be best 

to measure the added root length from the time of exposure to treatment, rather than the total 

length including that of before treatment as was done for this experiment. 

 

4.1.5 Effect of Combinations of ABA and NaCl or Sorbitol on Germination. 

The combined effect of ABA and NaCl stress resulted in a reduced germination percentage 

compared to that seen in single treatments for WT, mpk3, mpk6, and particularly for mkk2, 

but the other lines (mpk1, mpk2, and mpk1/2) showed the same effect as for 1 µM ABA alone. 

For ABA and sorbitol treatment, the combined treatment gave lower percentage germination 

than was seen for sorbitol alone at 200 mM, but germination was higher for WT, mpk1, mpk2, 

mpk1/2 than seen for ABA alone, suggesting that the effect of sorbitol in some way 

counteracts the effect of ABA in these lines. The disparity in the germination percentages 

observed for the combined effect of either salt or sorbitol and ABA treatments cannot be 

explained easily. The possible reason however is the added ion toxicity that accompanies 

NaCl stress (Rahneshan et al., 2018). Previous discoveries also propose that plants treat 

combined stress conditions as a completely new experience and respond differently, unlike 

the additive response expected (Mittler, 2006), this could be another probable cause. My 

findings align with work performed by (Lee et al., 2016), in their study with A. thaliana 

(ecotype Col-0) they revealed that the combined impact of NaCl and ABA may result in a 

synergistic response such as the enhanced expression of RD29A. An enhanced combined 

effect was also observed in this study when germination occurred for mkk2 under ABA 

treatment but not under 100 mM NaCl plus 1 µM ABA treatment. It was moreover intriguing 

to observe no additive role for MPK1 and MPK2 under the ABA-sorbitol combined treatment 

as seen with the sorbitol treatment alone. This suggests that plants consider combined stresses 

as a totally new condition causing an entirely different response.  
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4.2 Abiotic Stress Response 

Proline accumulation is one of the many physiological responses plants have to osmotic stress 

caused by environmental changes (Meena et al., 2019). It is beneficial for stress adaptation, 

as it acts as an osmolyte to maintain osmotic balance and cell turgor during osmotic stress. 

Little is known about the signalling pathways that lead to the regulation of proline though a 

lot is known about its biosynthesis (Hayat et al., 2012).  

Previous studies have found a connection between proline and ABA (Zarattini and Forlani, 

2017),  They demonstrated that the MKK3-MPK6-MYC2 cascade negatively regulated 

proline production with the same pathway also positively regulating ABA biosynthesis and 

signalling   (Verma et al., 2020a, Verma et al., 2020b). In this work, treatment of four-week-

old A. thaliana plants with nutrient solution containing high concentrations of NaCl (200 

mM) and sorbitol (400 mM) revealed that accumulation of the osmoprotectant proline and 

the hormone ABA could be achieved within 4 ≤ 24 hours. Discussed below are these results 

which suggest that MAPK signalling components may play diverse roles under different 

stress conditions, and work together with osmolytes like proline and phytohormones like 

ABA in a complex manner to achieve either tolerance or susceptibility to stress. 

 

4.2.1. MPK2 and MPK6 Regulate Proline and ABA 

Endogenous levels of proline and ABA in stressed mpk mutant seedlings can give some 

insight into the role of these genes in stress adaptation. Although seedlings of all mutant lines 

had raised levels of proline after salt and sorbitol treatments, only mpk2 and mpk6 

accumulated statistically significantly higher proline levels under salt stress. Increased 

endogenous proline in these mutants indicates that MPK2 and MPK6 may have a role as 

negative regulators upon exposure to salt. During sorbitol stress, all mutants except mkk2 

showed significantly greater proline levels when compared to the WT control, suggesting 

that all the mutants except MKK2, negatively regulate proline production during osmotic 

stress. Moreover, although similar proline levels were realised in the mpk1 and mpk2 single 

mutants, the relatively lower proline accumulation in the mpk1/2 double mutant compared to 

the mpk1 and mpk2 single mutants suggests that under sorbitol-induced osmotic stress, MPK1 

and MPK2 do not additively repress proline. Since proline accumulation is known to protect 
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plants against abiotic stress, it is hypothesised that proline accumulation is suppressed by 

MPK2 and MPK6 genes during salt stress, and by MPK1, MPK2, MPK3, and MPK6 during 

osmotic stress, which in turn is indicative of different upstream sensing pathways. 

Quantification of proline levels in plants overexpressing the above genes will help confirm 

this in the future. 

Interestingly, MKK2 was identified as a negative regulator for ABA accumulation under salt 

stress, suggesting the high ABA levels observed in the salt-stressed mkk2 mutants, may have 

caused hypersensitivity to salt. However, high ABA accumulation is rather associated with 

salt insensitivity, but the mkk2 mutant is hypersensitive to salt, and, MKK2 is known to confer 

salt stress tolerance as shown by (Teige et al., 2004), in a study where plants overexpressed 

with MKK2 had enhanced expression of stress-induced marker genes. Moreover, work by  

(Chen et al., 2020), also found upregulation of LeMKK2 under salt stress, as well as reduced 

mortality of A. thaliana plants overexpressed with LeMKK2 during salt stress. Based on a 

previous study, MKK2 does not participate in ABA stress signalling since MKK2 did not 

phosphorylate any of the MPKs in the proposed ABA signalling cascade MAP3K17/18–

MKK3–MPK1/2/7/14 (Danquah et al., 2015). Findings from my work, however, show high 

ABA levels in mkk2 stressed plants which identify MKK2 to be involved in the negative 

regulation of ABA accumulation. Hence, the ability of MKK2 to confer salt tolerance may 

possibly be via ABA-independent signalling. Unlike under salt stress, ABA accumulation in 

all mutants, except for mkk2, was significantly lower than that of the WT under sorbitol-

induced osmotic stress. This indicates that under sorbitol stress, MPK1, MPK2, MPK3, and 

MPK6 positively regulate the buildup of endogenous ABA, whereas MKK2 prevents ABA 

accumulation. 

From results shown in this thesis, endogenous proline was significantly elevated in stressed 

seedlings for all mutants except for mkk2, whereas increases in endogenous ABA were 

significantly smaller when compared to the WT, again except for mkk2 during sorbitol-

induced osmotic stress. These findings suggest MPK1, MPK2, MPK3, and MPK6 act as 

negative regulators of proline production, and positive regulators of ABA synthesis under 

osmotic stress, proposing their involvement in ABA-dependent osmotic stress signalling. 

Since proline is an active agent in protecting plants against osmotic stresses, it is curious that 

the same genes involved in osmotic stress tolerance are also downregulating proline while 

enhancing ABA production. It can be said based on this observation that the identified genes 
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promote osmotic stress tolerance in an ABA-dependent manner rather than rely on the 

osmolyte proline. However, it is important to note proline homeostasis is regulated by 

hormones including ABA, and sugars (Kavi Kishor and Sreenivasulu, 2014), and hence the 

outcome from this study could be a result of proline synthesis and degradation rather than 

just downregulation of it during stress. The mechanism behind this is worth exploring. 

Recently, a study unraveled the pathway responsible for positive regulation of ABA synthesis 

(MKK3-MPK6-MYC2) and suggested that this pathway is also a negative regulator for 

proline biosynthesis through the repression of P5CS1 upon salt treatment (Verma et al., 

2020a). It was intriguing to observe this antagonism under sorbitol-induced osmotic stress 

for all lines, except for mkk2, but not during salt stress as expected. While there was no 

statistically significant difference between ABA content in the WT and mpk6 seedlings, 

accumulated proline was significantly higher in mpk6 than in the WT. This confirms the 

negative regulation of proline by MPK6 under salt stress, but no involvement of MPK6 in 

ABA biosynthesis. The disparity in the response of the same lines to the salt- and sorbitol-

induced osmotic stresses moreover, could be due to the fact that salt stress leads to osmotic 

stress via different mechanisms such as Na+ and Cl- accumulation, compounded with the loss 

of membrane integrity and stomatal closure caused by osmotic stress, to affect the production 

of different hormones and osmolytes to achieve tolerance (Forni et al., 2017).  

It was also interesting to note that during the germination assay, the WT and mpk1 mutant 

seeds showed relatively high resistance to salt, while mpk2 and mpk1/2 mutants were 

hypersensitive, yet, endogenous proline and ABA in salt-stressed plants minimally increased 

in these mutants (mpk1, mpk2, and mpk1/2). It may be that this is due to the fact that responses 

to stress vary at different developmental stages, as shown in an experiment on how adaptation 

to osmotic stress depends on the leaf developmental stage (Skirycz et al., 2010). It will be of 

interest to explore this further in the future since several studies (Hayat et al., 2012, Huang 

et al., 2013, Fernando and Schroeder, 2016) showed increased proline and ABA levels are 

expected in salt-tolerant plants. Future experiments will include measuring endogenous 

proline in MPK1-overexpressing plants, expression of genes (eg.; P5CS2: Delta-1-pyrroline-

5-carboxylate synthase 2) which encode enzymes for proline metabolism, and ABA 

quantification in seeds of these mutant lines. This will confirm if WT and mpk1 mutant seeds 

produced high proline to achieve salt tolerance in order to improve germination.  
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4.3 Gene expression 

4.3.1 High Expression of AB13 and ABI4 in mpk1/2 Double Mutant Seeds Suggest a 

Synergistic Role in the Suppression of ABA. 

ABI3, ABI4, and ABI5 are ABA-associated transcription factors which regulate the 

expression of genes essential for ABA-mediated seed developmental processes (Zinsmeister 

et al., 2016). The results obtained during the germination assays showing salt and sorbitol 

sensitivity prompted the measuring of expression of ABA-associated transcription factor 

genes such as ABI3, ABI4, and ABI5 and also the abiotic stress-responsive gene RD29A 

(Response-to-dehydration 29A). This was done in unstressed seeds to determine the role of 

these genes in ABA-induced germination inhibition under abiotic stress. The results revealed 

that ABI3 and ABI4 were highly expressed in unstressed dry seeds of the mpk1/2 double 

mutant, much more so than in the single mutants. This is an indication that both MPK1 and 

MPK2 genes are required for the downregulation of both ABI3 and ABI4 and hence, ABA 

signalling to inhibit germination. Expression of ABI4 was statistically higher in dry seeds of 

mpk2 single and mpk1/2 mutants, but not in mpk1 mutants, indicating that the MPK2 gene’s 

contribution to the suppression of ABI4 is higher than that of MPK1, and may successfully 

repress ABI4 without aid from MPK1, however, the repression of ABI3 expression can only 

be achieved in the presence of both MPK1 and MPK2. MPK1 and MPK2 in previous studies 

were found to be induced by ABA (Danquah et al., 2015, Matsuoka et al., 2018), additionally, 

findings based on my work show MPK1 and MPK2 participate in the expression of ABA 

signalling genes and presumably, ABA signalling. It is known that high expression levels of 

ABI3 and ABI4 genes can cause inhibition of seed germination (Eisner et al., 2020), and 

therefore highly expressed ABA signalling genes in seeds (Fig.3.26) even before the 

initiation of stress can be a contributing factor to the reduced germination seen in the mpk2 

and mpk1/2 double mutants during abiotic stress (Fig. 3.20; Fig. 3.22). Furthermore, the 

absence of ABI3 has previously been associated with premature germination and under-

development of seeds (Finkelstein and Rock, 2002). These phenotypes were not observed in 

the mutants under investigation, however, the mpk1 mutants germinated quickly, but the 

mature plants were relatively infertile and ended up producing very few seeds compared to 

the WT. It is unlikely that these observed phenotypes in the mpk1 mutant seeds are due to 

ABI3 since ABI3 expression was only slightly higher in mpk1 seeds than in the WT.  
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The mpk6 mutants expressed high levels of ABI5 (Fig. 3.26). In A. thaliana, ABI5 has been 

associated with ABA-induced growth arrest under harsh conditions after germination, it does 

this by initiating dehydration tolerance in germinated seeds. It is also known to be involved 

in processes such as light integration and ABA signalling during germination and seedling 

growth, but limited information is available for its role in seed maturation (Lopez-Molina et 

al., 2001, Maia et al., 2014, Tang et al., 2013, Lee et al., 2012). Taking this information into 

account, the increased expression of ABI5 in mpk6 mutants could have (caused the slight 

resistance to induced salt and sorbitol stresses, leading to better germination than perceived 

in other mutants) contributed to the reduced germination percentage during salt and osmotic 

stresses. This suggests MPK6 suppresses ABI5 expression in mature seeds for optimum 

germination to be achieved.  

In unstressed dry seeds, high expression levels of the abiotic stress marker RD29A were seen 

in mpk6 and mkk2 mutants (Fig. 3.26). This however cannot be related to germination as the 

sensitivity of mpk6 and mkk2 mutants differed greatly. For instance, while mpk6 mutants 

were only slightly sensitive to salt, mkk2 mutants were hypersensitive to salt stress. This is 

an indication that these mutants responded differently under the same stress and therefore are 

likely to be expressing RD29A via different routes. Furthermore, RD29A has been linked with 

both ABA-dependent and –independent signalling, and MPK6 has moreover been implicated 

in ABA signalling (Verma et al., 2020b), whereas no research so far has found any 

dependence of MKK2 on ABA signalling. Previous studies to implicate MKK2 in ABA 

signalling found no activation of MKK2 by the upstream regulators MAPKKK17/18, 

suggesting MKK2 has no role in ABA signalling (Danquah et al., 2014). It is therefore 

possible the involvement of MPK6 and MKK2 in RD29A expression is ABA-dependent and 

ABA-independent respectively.  

 

4.3.2 MPK1 and MPK2 Regulate RD29A Under Abiotic Stress 

Response-to-dehydration 29A (RD29A) is expressed in plants upon exposure to dehydration 

and helps the plant to recover rapidly during stress. Both salt and sorbitol stresses cause 

dehydration due to the presence of high solutes and hence measuring RD29A during these 

stresses was a useful means to determine the functions of genes of interest in plants. 
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It was intriguing to uncover the dynamics of ABA accumulation and the responsive gene, 

RD29A in mutant plants during salt and osmotic stresses. While there were no significant 

changes in ABA accumulation for all mpk mutant plants, RD29A was highly expressed in 

mpk1 mutants under both salt and sorbitol stresses. The function of MPK1 and MPK2 under 

salt and osmotic stress clearly differed, MPK1 was identified as an RD29A repressor while 

MPK2 promoted RD29A expression under both stresses. This can be deduced because the 

expression was enhanced in the mpk1 mutant and reduced in the mpk2 mutant. However, 

under osmotic stress, the expression of RD29A in the WT and mpk2 were similar, yet that of 

the mpk1/2 double mutant was low. This suggested that in the presence of both MPK1 and 

MPK2 genes as seen in the WT, MPK1 impeded MPK2’s ability to promote RD29A 

expression. A previous study by (Hua et al., 2006) after observing phosphorylation of MPK1 

and MPK2 proteins by MKK1, MKK2, and MKK3 proteins, proposed MPK1 and MPK2 

among other MPK proteins as likely candidates for the activation of RD29A pathway by 

AtMKK1, AtMKK2, and AtMKK3 in NaCl and osmotic stresses. Consistent with this, 

findings from gene expression experiments performed in this study suggest MPK1 and MPK2 

are involved in the negative and positive regulation of RD29A expression respectively, during 

stress. Moreover, MPK6 was also detected as a positive regulator of RD29A under both 

stresses. The negative regulation of RD29A by the MPK1 gene could explain why mpk1 

mutants germinated better than the other mutants under salt and sorbitol stresses. Since the 

MPK1 gene was absent, the MPK2 signalling gene could promote RD29A for rapid recovery 

of seeds to dehydration for germination to occur. Measuring the expressed levels of RD29A 

in stressed mutant seeds will in the future provide some clarity to this. 

 

4.4 MPK1 and MPK2 Additively Suppress Plant Susceptibility to Pseudomonas syringae  

The involvement of MPK1 and MPK2 genes in abiotic stress led to investigating their role in 

biotic stress response. The findings after infecting mutant lines mpk1, mpk2, mpk1/2, mpk3, 

and the WT control with P. syringae identified the double mutant mpk1/2 were significantly 

susceptible to P. syringae, unlike the other mutants. Earlier studies have identified that MPK3 

and MPK6 expression is activated by the bacteria P. syringae to effect resistance (Tsuda et 

al., 2013, Nitta et al., 2014), the synergistic role of MPK1 and MPK2 is however novel. This 

research revealed no significant difference between the WT and the mpk1 and mpk2 single 
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mutants yet results on their double mutant suggest their relevance to P. syringae resistance. 

It is suggested that the MPK1 and MPK2  genes are redundant as hypothesised by (Nitta et 

al., 2014), and are also both required to optimise resistance to P. syringae, hence, can be said 

to be synergistic.  Infected mpk1 and mpk2 plants were slightly susceptible to P. syringae 

infection in the absence of the other while showing high susceptibility in the absence of both. 

The increased susceptibility in the absence of both MPK1 and MPK2 genes, demonstrates 

both genes are relevant to achieving optimal pathogen stress resistance. It is therefore 

proposed that MPK1 and MPK2 during P. syringae infection can substitute each other, and 

additionally, work together to enhance resistance to P. syringae. MPK1 has previously been 

identified in pathogen stress resistance together with MPK11 and MPK13 using the α-p44/42-

ERK antibody (Nitta et al., 2014). Moreover, phosphorylation of MKK3 during P. syringae 

infection, and further activation of MPK1, MPK2, MPK7, and MPK14 by MKK3 was found 

by (Dóczi et al., 2007), suggesting the possible participation of the above stated MPKs in 

pathogen stress signalling.  Based on findings from my study, MPK3 did not prove as 

important for pathogen resistance since CFU/cm2 of the mpk3 mutant was similar to that of 

the WT. However, conclusions cannot be drawn from this experiment only. It will be 

appropriate to conduct further investigations including but not limited to the use of 

overexpressed MPK plants, as well quantifying via gene expression pathogen related genes 

in mutant, wild type, and overexpressed MPK plants to understand the mechanism involved 

is required.  

A recent review by (Sharma et al., 2020) outlined how the perception of a pathogen activates 

MEKK1 to trigger two independent pathways involved in pathogen stress response; one is 

MKK1/2 phosphorylation of MPK4 leading to the expression of JA responsive gene to reduce 

SA conjugates levels, resulting in suppression of PR responsive gene expressions through 

phytoalexin biosynthesis for disease susceptibility. The other module results in plant 

immunity via activation of MKK4/5 to phosphorylate MPK3 which eventually affects the 

expression of defence responsive genes through WRKY22/29 activation. Furthermore, the 

perception of a pathogen by plants that causes activation of ACS2/6 by MPK3 has been found 

to cause expression of ethylene-responsive genes, ethylene is known to be responsible for 

plant immunity. MPK3/MPK6 also phosphorylates WRKY33 (Li et al., 2012) and ERF6 to 

promote secondary metabolite biosynthesis, all of which promote pathogen resistance (Meng 

et al., 2013), Fig. 4.30.. This shows stress signalling does not occur through a linear pathway 
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but involves a network. The mechanism behind the irrelevance of MPK3 and the additive 

role of MPK1 and MPK2 are still unclear, hence, further investigations which include but 

not limited to hormones (such as ABA, ethylene and SA) regulation, MPK1, MPK2, and 

MPK3 protein levels determination, as well as their expression, and the role of other 

transcription factors during pathogen infection are required to confirm my findings. 

 

Figure 4.30: Activation of MAPK signalling cascade upon pathogen perception. Pathogen 

recognition by membrane bound receptors activates MAPK signalling cascade by activating 

the upstream MAPKKK. Activation of MEKK1 branches into activation of two main 

modules to MAPK signalling. MKK1/2 phosphorylates MPK4, causing JA responsive gene 

expression and decrease in levels of SA conjugates. This module initiates phytoalexin 

biosynthesis but represses expression of PR responsive genes. Activation of MPK3 by 

MEKK4/5 results in expression of defence responsive genes via WRKY22/29 activation. 

MPK3 stimulates ACS2/6 to promote expression of ethylene responsive genes. MPK3 also 

phosphorylates WRKY33 and ERF6 to promote secondary metabolite biosynthesis. 

Adjustment of these MAPK signalling modules may results in plant immunity against 

pathogen infection (Sharma et al., 2020). 
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4.5 Upstream Interactors of MPK1, MPK2, and MPK3 

In the present study, screening of A. thaliana cDNA libraries using the SU Y2H method led 

to the identification of upstream MKK activators of MPK1, MPK2, and MPK3. In summary, 

the MKK1, MKK2, and MKK3 proteins were found to interact with MPK3 via both the 

SUY2H cDNA library screening and by a more targeted method. Through the cDNA library 

screening MKK1, MKK2, and MKK3 were also identified as activators of MPK1, and 

MKK1 was detected to interact with MPK2. These two approaches were adopted since one 

method has never been sufficient in identifying PPIs. Moreover, MAPKs are mostly involved 

in regulative PPIs and biochemical cascades, they tend to have increased sensitivity to 

regulatory stimuli and signalling events and are difficult to detect due to their transient nature 

(Syafrizayanti Betzen, Hoheisel, & Kastelic, 2014). In-planta experiments were not 

performed in this research, and hence the relation of any of the outcomes from this study to 

stress needs to be confirmed. 

 

4.5.1 MPK1, MPK2, and MPK3 Activation by MKKs 

A central part of detecting relevant proteins and their interaction networks in plants is through 

analysis of protein-protein interactions (PPIs). PPIs deliver critical understandings into the 

regulation of plant developmental processes and the interactions of plants with their 

surroundings. Due to the dynamic nature and characteristics of interactions, it is vital to use 

diverse methods during the identification of proteins for more comprehensive results (Struk 

et al., 2019), hence, the use of both the cDNA library screen and the more targeted approach 

of SU Y2H.  

Extensive research has previously been performed on three of the MAPK genes; MPK3, 

MPK4, and MPK6, but limited information is available for the remaining seventeen (Lin et 

al., 2021). The main interest of this work was in discovering interactors of MPK1 and MPK2 

proteins. The data gathered serving as the foundation for further investigation into their 

functions and elucidation of the regulatory network involved in biotic and environmental 

stress signalling. An approach similar to work by Song et al. (2018), was adopted, they 

detected a strong interaction between MKK2 and MPK4 in yeast after confirming increased 

levels of MKK2 and MPK4 in the salt-treated horticultural plant Chrysanthemum morifolium. 

They suggested CmMKK2 phosphorylates CmMPK4 to achieve salt tolerance in C. 
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morifolium. PPI was therefore performed in yeast to identify upstream activators of the 

MAPK proteins of interest. Identified interactions will therefore lead to a hypothetical 

pathway for further studies in-planta to determine the pathway for stress signalling. 

Preliminary screening of A. thaliana cDNA libraries showed interactions between MPK1 and 

MKK1, MKK2 and MKK3; MPK2 with MKK1; and MPK3 with MKK1 and MKK2 when 

both the MPKs (bait) and pPR3C/N-cDNA libraries (prey) were co-expressed in yeast. The 

more targeted SU Y2H assay, on the other hand, could not confirm any interactions for MPK1 

and MPK2. However, the targeted approach confirmed MKK1, and further recognized 

MKK2 and MKK3 as interactors of MPK3. Research has shown that a combination of 

different PPI identification approaches is essential to obtaining all specific PPI aspects such 

as localization, lifetime, affinity, modification and interaction mode (Struk et al., 2019). 

Additionally, detection of short lived interactions is challenging. MAPK proteins are protein-

modifying enzymes known to have short lived interactions with their substrates since the 

interaction proteins continuously associate and dissociate from each other (Ferro & 

Trabalzini, 2013, Nooren & Thornton, 2003). Though the methods developed for PPI 

detection so far, including Y2H provide quality data, they fall short in detecting transient 

interactions. This could have contributed to the inability of the targeted approach to validate 

some of the cDNA library screen. MKK3 has been linked in the past with the activation of 

group C MAPKs MPK1, MPK2, MPK7, and MPK14, and the promotion of pathogen stress 

tolerance by the increased expression of PR genes in plants overexpressed with MKK3 genes 

(Dóczi et al., 2007, Nitta et al., 2014). Based on this previous work, the PPI experiment 

shown in this study, and results from the P. syringae – A. thaliana interaction which showed 

high susceptibility of mpk1/2 double mutant to the pathogen infection, it is hypothesized that 

the presence and perception of P. syringae cause activation of the MKK3-MPK1/2/3 cascade 

(Fig. 4.40).  
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Figure 4.40: Hypothetical pathway for P. syringae signalling based on split ubiquitin data. 

Perception of the pathogen triggers MKK3 leading to activation of MPK1, and potentially 

MPK2 to additively stimulate effectors and mediators to optimise tolerance. It is proposed 

that the additive role of MPK1 and MPK2 in regulating downstream processes may be mostly 

overlapping with some different. Broken arrows represent possible activation and unbroken 

indicate activation occurrence. 

 

Moreover, MKK3 was also found in a previous study to activate MPK1 and MPK2 during 

ABA signalling (Danquah et al., 2015). As shown in the SU Y2H experiment, positive 

interactions between MKK3, and the MPK1 and MPK3 proteins occurred. Additionally, 

other studies have identified an interaction of MKK3 with MPK2 (Lee et al., 2008), 

predicting they may be involved in the same pathway for stress signalling. My work reveals 

interaction occurred in yeast between MPK1 but not MPK2 and MKK3 though both MPK1 

and MPK2 genes were synergistic in both P. syringae resistance and ABA biosynthesis. It is 

easy to conclude based on this result that MPK2 is not activated by MKK3 since work by 

(Dóczi et al., 2007) discovered that activation of two MPK proteins by the same stimulus 
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does not guarantee their phosphorylation by the same MKK protein. This was best 

demonstrated in their study when activation of both MPK6 and MPK7 by H2O2 was observed, 

but only the latter had greater phosphorylation by MKK3. However, it is possible that each 

of the different experimental approaches employed may have peculiar limitations which 

could have resulted in different outcomes as expounded in a review by (Struk et al., 2019), 

and also because interactions that participate in signalling are often transient and hard to spot 

(Struk et al., 2019, Munazza Ijaz, 2018).  In an unpublished research in our laboratory using 

Y2H and β-galactosidase filter assay to study interactions between A. thaliana MPKs and 

MKKs for example, different outcomes were arrived at depending on whether MPKs were 

fused to the Gal4 DNA binding domain, or MKKs were fused to the DNA binding domain.  

Prior investigations have shown that phosphorylation of AtMPK1 and AtMPK2 by MKK1, 

MKK2, and MKK3 is involved in salt- and drought-induced activation of the RD29A 

promoter (Hua et al., 2006). Based on the work by (Hua et al., 2006) as seen in section 4.3.2, 

I hypothesis a negative role for MPK1, and a positive role for MPK2 in the regulation of 

RD29A expression under salt and osmotic stress, and that these may be mediated via 

MKK1/2/3 (Fig. 4.50), since SU Y2H experiments performed in this research identified 

interactions between MPK1 and MKK1/2/3 proteins, as well as between MPK2 and MKK1 

protein.  
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Figure 4.50: Proposed pathway for RD29A regulation in stressed seedlings. Perception of 

salt and osmotic stress leads to inhibition of RD29A expression via of MKK1/2/3-MPK1 

cascade, while the MKK1/2/3-MPK2 cascade results in enhancement of RD29A under salt 

stress. Osmotic stress inhibits MPK2, and ultimately RD29A via the MKK1/2/3-MPK1 

cascade. Broken arrows represent possible activation, an unbroken arrow indicates activation 

occurrence, and a blunt arrow indicates inhibition.  

Again, the detection of interactions between MKK1, MKK2, MKK3, and MPK3, and also 

between MKK1 and MPK2, suggest MPK3 may rely on upstream MKK1, MKK2, and / or 

MKK3 for activation, whereas MPK2 perhaps also relies on MKK1. Consistent with the 

determination of MPK2 and MPK6 as salt-tolerant, is a recent study carried out in the leaves 

of wild barley. Two MAPK pathways, the MEKK1-MKK2-MPK4/6 module, and the 

MEKK17/18-MKK3-MPK1/2/7/14 module were identified for salt stress signalling in barley 

(Abulfaraj, 2020). Though interaction between A. thaliana MKK3 and MPK2 proteins was 

unsuccessful in my SU Y2H experiment, unpublished work previously performed in our lab, 

as well as an earlier study that investigated MKK-MPK interactions via Y2H assay has shown 

positive MKK3-MPK2 interaction (Lee et al., 2008). The in-planta work of Lee and team 

identified that the relationship between MKK3 and its downstream substrates relied on the 
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kind of stimuli (Dóczi et al., 2007). The MKK3 module above is therefore proposed for 

MPK2 and MPK3 salt and osmotic stress signalling (Fig. 4.40). Furthermore, the outcome of 

the SU Y2H experiment performed in this study showed an interaction between MKK1 and 

MPK2, suggesting their possible involvement in the same signalling pathway. In addition, 

the MKK2/MKK3-MPK3 and MKK3-MPK2 pathways are known to lead to salt tolerance 

based on earlier investigations (Hwa and Yang, 2008, Song et al., 2018, Lee et al., 2008). 

Yet, it is unclear if the MKK1-MPK2/MPK3 pathway also leads to salt stress tolerance, due 

to the contradicting results from past studies. Some works have suggested that MKK1 plays 

no role in salt stress (Teige et al., 2004, Asai et al., 2002), whereas other work has shown 

that the absence of MKK1 resulted in high seed germination and tolerance to salt stress in 

both seeds and adult A. thaliana plants (Conroy et al., 2013), proposing mkk1 mutants as 

insensitive to salt, and MKK1 enhance susceptibility to same.  It is possible that activation 

of MPK2 and MPK3 by MKK1 occur under either salt or different stimuli. Future 

experiments will therefore include mkk1 mutants to study possible phenotypes under salt and 

osmotic stresses in order to confirm the stress factor that causes the activation of MPK2 and 

MPK3 through MKK1 in vivo and in-planta based on the hypothesised pathway (Fig. 4.60). 

As these experiments were carried out in yeast, it cannot be likened to what occurs in plants, 

hence, in-planta experiments will confirm these hypothesised pathways under stress 

conditions in future work. Additionally, it is recommended that further investigations be done 

to validate the detected interactions in this study; MKK1/2/3-MPK1/3 and MKK1-MPK2. 
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Figure 4.60: Hypothetical pathway for salt and osmotic stress signalling in seeds. Osmotic 

stress tolerance during germination may be achieved via the MKK1/MKK3-MPK2 and/or 

the MKK1/2/3-MPK1/3 cascades. Moreover, it is stipulated that the negative regulation of 

ABI4 in seeds by MPK1 and MPK2 may improve tolerance to osmotic stress that leads to 

germination in the WT seeds. Under salt stress however, MPK1 is not required in the cascade 

for tolerance since mpk1 mutant seeds germinated as well as the WT under salt stress. This 

diagram shows a simple linear pathway, but may involve networks yet to be investigated that 

might more subtly regulate the plant response to stresses. Broken arrows represent possible 

activation, and unbroken arrows indicate activation occurrence, and Blunt arrows indicate 

inhibition. 

 

4.6 Conclusion and Recommendations 

Although this research has added to the complexity of the already existing questions on the 

mechanism for stress signalling via the MAPKs and phytohormone ABA, it has uncovered 

novel, and distinct roles for MPK1, MPK2, and MPK3 in abiotic and biotic stress signalling 

which will serve as a foundation for further research. Among these novel discoveries is the 
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involvement of the MPK2 gene in the promotion of germination under both salt and osmotic 

stresses via suppression of ABA biosynthesis, the additive role of MPK1 and MPK2 genes 

in pathogen tolerance, osmotic stress resistance, and exogenous ABA sensitivity. The latter 

which is likely due to the identified synergistic role of MPK1 and MPK2 in the negative 

regulation of ABI4.  

From this investigation, we discovered A. thaliana MPK1 and MPK2, though very similar in 

sequence, respond differently based on the kind of stimulus (salinity, osmotic stress, 

hormone, pathogen) to express different genes either additively or individually to produce 

varying reactions. For example, mpk1 mutants showed no sensitivity to salt but were sensitive 

to sorbitol. Furthermore, while salinity stress showed no additive role for MPK1 and MPK2 

genes, the same genes proved synergistic under sorbitol-induced osmotic stress, as well as 

redundant and additive under pathogen stress. It is also proposed that MPK1 and MPK2 

additively function via ABA or otherwise to promote osmotic stress tolerance based on data 

from the expression of ABA-related genes (ABI3, ABI4, ABI5, and RD29A). Also observed 

was the hypersensitivity of mpk1/2 double mutant to both sorbitol-induced osmotic stress, 

and exogenous ABA. Interestingly, MPK1 and MPK2 were involved in the negative and 

positive regulation of RD29A expression respectively during abiotic stress, but MPK1 under 

osmotic stress inhibited the ability of MPK2 to promote RD29A expression. 

Recommendations for future studies include:  

1. Inclusion of analysis of plants bearing overexpressed genes to better understand roles 

in biotic and abiotic stress signalling. Future experiments such as sensitivity tests and 

gene expression would help validate their identified functions. MPK1 and MPK2 

based on preliminary findings in this research play a redundant and additive role in 

pathogen stress resistance, and suppress ABA activity, while MPK2 and MPK3 were 

discovered to enhance salinity and osmotic stress tolerance, thus experiments using 

plants overexpressed with these genes will help confirm this in the future.  

2. Measurement of endogenous ABA in mature seeds of mpk1, mpk2, and mpk1/2 

mutants to confirm the function of target genes in ABA accumulation. 

3. Further identification of downstream transcription factors for MAPKs and 

investigations into PPIs both in vivo (BiFC) and in planta (Co-IP) for validation of 
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detected interactions in this research to complete the signalling pathway for salinity 

and osmotic stress signalling. 

4. Determination of triggers (either salt, osmotic stress, and/or pathogen) particular to 

the identified MKK-MPK cascades via sensitivity tests and gene expression 

experiments using plants overexpressed with MKK target genes. 

The above will help enhance our knowledge of the functions of the genes studied in this 

research to improve crop productivity and food security. 
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Appendix 1: Plant RNA extract on separated on agarose gel as described in sections……. 
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Appendix 2: A comparison of endogenous levels of ABA in 6 hours post- and 12 hours post-

salt treated seedlings of A. thaliana WT, and mutant lines mpk1, mpk2, mpk1/mpk2 double 

mutant, mpk3, mpk6, and mkk2. As summarised in section…… 

 

 

 

 

 

Appendix 3: Subject Sequences 

 

I. MKK1 
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TGGAACGTTTAAAGATGGAGATCTTCGAGTGAACAAAGATGGAATCCAGACCG

TGTCTCTGTCCGAACCAGGAGCTCCAC 

CTCCTATTGAGCCATTGGACAACCAATTGAGTTTGGCAGATTTAGAAGTGATCA

AAGTCATTGGCAAAGGAAGTAGTGGT 

AATGTCCAGTTGGTCAAACACAAACTCACTCAACAGTTTTTCGCTCTTAAGGTC

ATTCAATTGAACACAGAAGAATCAAC 

ATGTCGGGCGATTTCTCAGGAGCTGAGAATAAACTTGAGCTCGCAATGTCCAT

ATCTTGTCTCATGTTATCAATCTTTCT 

ACCACAACGGTCTTGTTTCAATCATATTGGAATTCATGGATGGTGGATCCCTTG

CAGACTTGTTAAAGAAAGTCGGAAAA 

GTTCCTGAAAACATGCTATCTGCCATCTGCAAGCGAGTTCTTCGAGGTCTTTGT

TATATTCATCATGAGAGGCGAATCAT 

TCATCGGGACTTAAAGCCTTCAAACTTGCTAATCAATCATAGAGGTGAAGTCA

AGATCACAGACTTTGGTGTCAGCAAGA 

TCTTGACAAGCACAAGTAGTCTTGCTAATTCTTTCGTGGGCACATACCCTTATA

TGTCTCCAGAGAGAATCAGCGGGAGT 

TTGTACAGTAACAAGAGCGATATTTGGAGCTTGGGACTGGTTTTGCTCGAATGT

GCAACGGGTAAATTCCCGTATACTCC 

TCCAGAACACAAGAAAGGATGGAGTAGCGTGTACGAGCTTGTGGACGCCATTG

TTGAAAACCCGCCTCCTTGTGCACCTT 

CCAATCTCTTTTCTCCAGAGTTTTGCTCCTTCATCTCGCAATGTGTACAAAAAGA

TCCAAGGGACAGAAAATCAGCAAAG 

GAGCTTCTGGAACACAAGTTCGTAAAGATGTTTGAAGATTCGGATACAAATCT

CTCGGCTTACTTCACCGACGCAGGATC 

TTTGATTCCCCCACTTGCTAACTAG 

 

II. MKK2 

ATGAAGAAAGGTGGATTCAGCAATAATCTCAAGCTCGCAATTCCTGTTGCTGG

CGAGCAATCCATCACCAAATTCCTGAC 

TCAAAGCGGTACGTTTAAGGATGGAGATCTACGTGTTAACAAGGATGGAGTTC

GAATCATTTCTCAATTGGAGCCTGAAG 

TCCTGTCTCCAATTAAGCCAGCTGATGATCAGCTGAGCTTGTCGGATTTGGATA

TGGTTAAAGTCATTGGCAAAGGAAGT 

AGTGGTGTTGTTCAGCTGGTTCAACACAAATGGACTGGCCAATTTTTCGCCTTG

AAGGTCATTCAACTAAATATTGATGA 

AGCAATTCGCAAGGCAATTGCACAAGAGCTCAAAATAAATCAATCGTCACAGT

GTCCAAATCTTGTTACCTCGTACCAGT 

CATTTTATGACAATGGCGCAATCTCACTAATCTTGGAGTACATGGACGGAGGAT

CTCTAGCAGACTTTCTCAAGTCAGTT 

AAAGCCATCCCTGACTCCTATCTTTCTGCCATCTTTAGACAAGTGCTTCAAGGA

TTAATCTATCTTCATCACGATAGGCA 
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TATCATCCATCGTGACTTGAAACCATCCAATCTGTTGATCAACCACAGAGGAGA

AGTCAAAATAACTGACTTTGGTGTGA 

GTACCGTTATGACAAACACCGCAGGTTTAGCAAACACATTTGTGGGGACTTAC

AATTATATGTCTCCAGAGAGAATCGTT 

GGAAACAAGTACGGAAATAAAAGTGATATATGGAGCTTGGGTTTAGTAGTACT

CGAATGTGCAACAGGAAAGTTCCCTTA 

TGCACCTCCGAATCAAGAGGAAACATGGACCAGTGTTTTCGAGTTGATGGAAG

CCATTGTTGACCAACCGCCACCCGCTC 

TTCCTTCAGGAAATTTCTCCCCTGAGTTATCCTCATTCATCTCCACATGTTTGCA

GAAGGAGCCCAACAGTCGAAGCTCT 

GCAAAGGAACTGATGGAACATCCTTTCTTGAACAAATACGACTACTCGGGGAT

CAATCTCGCGTCCTACTTCACAGATGC 

AGGATCGCCACTTGCAACACTTGGGAACCTGTCTGGTACGTTCTCCGTGTAA 

 

III. MKK3 

ATGGCGGCATTGGAGGAGCTAAAGAAGAAGCTGTCTCCATTGTTTGATGCTGA

GAAGGGTTTTTCTTCATCTTCATCTTT 

GGATCCAAACGATTCATATTTATTATCTGATGGTGGGACTGTGAATTTACTTAG

TAGATCATATGGAGTTTATAATTTTA 

ACGAGCTCGGGTTACAAAAATGTACATCTTCTCATGTGGATGAGTCTGAAAGTT

CCGAGACGACGTATCAATGTGCTTCT 

CACGAAATGCGGGTTTTTGGAGCTATAGGAAGCGGAGCTAGCAGCGTTGTTCA

ACGAGCTATTCATATCCCTAATCATAG 

AATTTTAGCGTTGAAGAAGATTAATATCTTTGAAAGGGAGAAAAGGCAGCAAT

TGCTTACAGAGATACGGACATTGTGTG 

AAGCTCCTTGTCATGAAGGACTTGTGGATTTTCACGGAGCGTTTTATAGTCCAG

ACTCGGGACAAATCAGCATAGCTCTT 

GAATATATGAATGGAGGATCTCTTGCTGATATTTTAAAAGTAACAAAGAAGAT

ACCTGAGCCGGTTCTTTCATCATTGTT 

CCACAAACTTTTGCAAGGATTGAGCTACTTGCATGGAGTGAGACATCTTGTTCA

TAGAGACATTAAACCTGCTAATTTGC 

TTATAAATCTCAAAGGGGAACCGAAGATAACCGATTTTGGCATAAGTGCTGGC

CTTGAGAATTCAATGGCTATGTGTGCT 

ACTTTTGTTGGAACTGTCACCTACATGTCACCAGAGAGGATAAGGAATGACAG

TTATTCTTATCCAGCTGATATATGGAG 

CCTTGGTCTCGCTCTTTTTGAATGCGGCACTGGAGAGTTTCCGTATATAGCTAA

TGAAGGGCCTGTTAATCTTATGTTGC 

AGATATTGGATGATCCTTCACCAACACCACCAAAACAAGAATTCTCACCAGAG

TTCTGTTCCTTCATTGATGCTTGCCTC 

CAGAAGGATCCAGATGCTCGACCAACAGCTGACCAGCTCTTGTCACACCCTTTT

ATTACAAAACACGAGAAGGAAAGAGT 
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AGATTTGGCGACTTTTGTTCAAAGCATCTTTGATCCAACTCAGAGATTGAAAGA

TTTAGCTGATATGCTCACCATACATT 

ATTACTCCCTCTTTGATGGATTTGATGATCTTTGGCACCACGCAAAATCGCTCT

ACACTGAAACTTCAGTTTTCAGTTTC 

TCTGGGAAACATAACACAGGATCAACTGAAATCTTCTCAGCATTATCAGACATT

CGTAACACATTAACAGGAGATTTACC 

GAGTGAGAAACTTGTTCATGTCGTTGAGAAGCTTCATTGCAAACCTTGCGGCAG

TGGTGGAGTCATAATTCGTGCTGTTG 

GATCGTTTATTGTTGGAAATCAGTTTCTGATCTGTGGTGATGGAGTCCAAGCAG

AAGGGCTTCCGAGTTTCAAAGATCTT 

GGCTTCGATGTCGCAAGTAGACGTGTTGGCCGATTTCAAGAACAGTTTGTTGTT

GAATCTGGTGATCTTATTGGAAAGTA 

TTTTCTTGCTAAGCAAGAGCTTTATATTACAAACTTAGATTAG 

 

 

Appendix 3A: Sequences as a result of MPK1-cDNA library screen  

 

 

I. Sequence from clone 1, blue nucleotides match subject sequence of MKK2 1-866 

bp with 4 gaps and 99% identity. 

 

NNNAACCGAAACTTTTTCCTTCCTTCATTCACGCACACTACTCTCTAATG

AGCAACGGTATACGGCCTTCCTTCCAGTTACTTGAATTTGAAATAAAAA

AAAGTTTGCTGTCTTGCTATCAAGTATAAATAGACCTGCAATTATTAATC

TTTTGTTTCCTCGTCATTGTTCTCGTTCCCTTTCTTCCTTGTTTCTTTTTCT

GCACAATATTTCAAGCTATACCAAGCATACAATCAACTCACTAGTGGAT

CCAAACAGTCGAAGCTCTGCAAAGGAACTGATGGAACATCCTTTCTTGA

ACAAATACGACTACTCGGGGATCAATCTCGCGTCCTACTTCACAGATGC

AGGATCGCCACTTGCAACACTTGGGAACCTGTCTGGTACGTTCTCCGTGT

GGATCCATGAAGAAAGGTGGATTCAGCAATAATCTCAAGCTCGCAATTC

CTGTTGCTGGCGAGCAATCCATCACCAAATTCCTGACTCAAAGCGGTAC

GTTTAAGGATGGAGATCTACGTGTTAACAAGGATGGAGTTCGAATCATT

TCTCAATTGGAGCCTGAAGTCCTGTCTCCAATTAAGCCAGCTGATGATC

AGCTGAGCTTGTCGGATTTGGATATGGTTAAAGTCATTGGCAAAGGAAG

TAGTGGTGTTGTTCAGCTGGTTCAACACAAATGGACTGGCCAATTTTTCG

CCTTGAAGGTCATTCAACTAAATATTGATGAAGCAATTCGCAAGGCAAT

TGCACAAGAGCTCAAAATAAATCAATCGTCACAGTGTCCAAATCTTGTT

ACCTCGTACCAGTCATTTTATGACAATGGCGCAATCTCACTAATCTTGGA

GTACATGGACGGAGGATCTCTAGCAGACTTTCTCAAGTCAGTTAAAGCC

ATCCCTGACTCCTATCTTTCTGCCATCTTTAGACAAGTGCTTCAAGGATT

AATCTATCTTCATCACGATAGGCATATCATCCATCGTGACTTGAAACCAT

CCAATCTGTTGATCAACCACAGAGGAGAAGTCAAAATAACTGACTTTGG
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TGTGAGTACCGTTATGACAAACACCGCAGGTTTAGCAAACACATTTGTG

GGGACTTACAATTATATGTCTCCAGAGAGAATCGTTGGAAACAAGTACG

GAAATAAAGTGATANATGGAGCTTGGGTTTAGTAGTACTCGAATGNGCA

ACAGGAAAGTTCCCTTATGCACCTCCGAATCAGAAGAAACATGGACCAG

TGTTTTCAATTGATGGAAGCCTTGTTGACCA 

 

 

Graphic Summary  

 
 

 

II.  Sequence from clone 2, blue nucleotides match subject sequence of MKK1 1-

1050 bp with 15 gaps and 98% identity.  

CCCAANNCGAAACTTTTTCCTTCCTTCATTCACGCACACTACTCTCTAAT

GAGCAACGGTATACGGCCTTCCTTCCAGTTACTTGAATTTGAAATAAAA

AAAAGTTTGCTGTCTTGCTATCAAGTATAAATAGACCTGCAATTATTAAT

CTTTTGTTTCCTCGTCATTGTTCTCGTTCCCTTTCTTCCTTGTTTCTTTTTC

TGCACAATATTTCAAGCTATACCAAGCATACAATCAACTCACTAGTATG

AACAGAGGAAGCTTATGCCCTAATCCCATCTGTCTCCCTCCTCTTGAGCA

ATCCATCTCCAAATTCTTAACACAGAGTGGAACGTTTAAAGATGGAGAT

CTTCGAGTGAACAAAGATGGAATCCAGACCGTGTCTCTGTCCGAACCAG

GAGCTCCACCTCCTATTGAGCCATTGGACAACCAATTGAGTTTGGCAGA

TTTAGAAGTGATCAAAGTCATTGGCAAAGGAAGTAGTGGTAATGTCCAG

TTGGTCAAACACAAACTCACTCAACAGTTTTTCGCTCTTAAGGTCATTCA

ATTGAACACAGAAGAATCAACATGTCGGGCGATTTCTCAGGAGCTGAGA

ATAAACTTGAGCTCGCAATGTCCATATCTTGTCTCATGTTATCAATCTTT

CTACCACAACGGTCTTGTTTCAATCATATTGGAATTCATGGATGGTGGAT

CCCTTGCAGACTTGTTAAAGAAAGTCGGAAAAGTTCCTGAAAACATGCT

ATCTGCCATCTGCAAGCGAGTTCTTCGAGGTCTTTGTTATATTCATCATG

AGAGGCGAATCATTCATCGGGACTTAAAGCCTTCAAACTTGCTAATCAA

TCATAGAGGTGAAGTCAAGATCACAGACTTTGGTGTCAGCAAGATCTTG

ACAAGCACAAGTAGTCTTGCTAATTCTTTCGTGGGCACATACCCTTATAT

GTCTCCAGAGAGAATCAGCGGGAGTTTGTACAGTAACAAGAGCGATATT

TGGAGCTTGGGACTGGTTTTGCTCGAATGTGCAACGGGTAAATTCCCGT

ATACTCCTCCAGAACACAAGAAAGGATGGAGTAGCGTGTACGAGCTTGT

GGACGCCATTGTTGAAAACCCGCCTCCTTGTGCACCTTCCAATCTCTTTT

CTCCAGAGTTTGCTCCTTCATCTCGCATGTGTACAAAAGATCCAGGGGA

CGAAAATCAGCAAGGACTTCTGGAACCAAGTTCGTAAGAAGTTTGAAG
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ATCGGAAACAATCCTNGGCTACTTNCCGACCNGGATCTTGATTCCCNCT

T 

 

Graphic Summary 

 
 

 

III. Sequence from clone 3, blue nucleotides match subject sequence of MKK2 1-896 

bp with 7 gaps and 97% identity.  

NNNAACACNAACTTTTTCCTTCCTTCATTCACGCACACTACTCTCTAATG

AGCAACGGTATACGGCCTTCCTTCCAGTTACTTGAATTTGAAATAAAAA

AAAGTTTGCTGTCTTGCTATCAAGTATAAATAGACCTGCAATTATTAATC

TTTTGTTTCCTCGTCATTGTTCTCGTTCCCTTTCTTCCTTGTTTCTTTTTCT

GCACAATATTTCAAGCTATACCAAGCATACAATCAACTCACTAGTGGAT

CCAAACAGTCGAAGCTCTGCAAAGGAACTGATGGAACATCCTTTCTTGA

ACAAATACGACTACTCGGGGATCAATCTCGCGTCCTACTTCACAGATGC

AGGATCGCCACTTGCAACACTTGGGAACCTGTCTGGTACGTTCTCCGTGT

GGATCCATGAAGAAAGGTGGATTCAGCAATAATCTCAAGCTCGCAATTC

CTGTTGCTGGCGAGCAATCCATCACCAAATTCCTGACTCAAAGCGGTAC

GTTTAAGGATGGAGATCTACGTGTTAACAAGGATGGAGTTCGAATCATT

TCTCAATTGGAGCCTGAAGTCCTGTCTCCAATTAAGCCAGCTGATGATC

AGCTGAGCTTGTCGGATTTGGATATGGTTAAAGTCATTGGCAAAGGAAG

TAGTGGTGTTGTTCAGCTGGTTCAACACAAATGGACTGGCCAATTTTTCG

CCTTGAAGGTCATTCAACTAAATATTGATGAAGCAATTCGCAAGGCAAT

TGCACAAGAGCTCAAAATAAATCAATCGTCACAGTGTCCAAATCTTGTT

ACCTCGTACCAGTCATTTTATGACAATGGCGCAATCTCACTAATCTTGGA

GTACATGGACGGAGGATCTCTAGCAGACTTTCTCAAGTCAGTTAAAGCC

ATCCCTGACTCCTATCTTTCTGCCATCTTTAGACAAGTGCTTCAAGGATT

AATCTATCTTCATCACGATAGGCATATCATCCATCGTGACTTGAAACCAT

CCAATCTGTTGATCAACCACAGAGGAGAAGTCAAAATAACTGACTTTGG

TGTGAGTACCGTTATGACAAACACCGCAGGTTTAGCAAACACATTTGTG

GGGACTTACAATTATATGTCTCCAGAGAGAATCGTTGGAAACAGTACGG

AAATAANGTGATNNATGGAGCTTGGGTTTAGTAGTACTCAANGTGCAAC

AGGAAAGTTCCCTTATGCACCTCGAATCAGAGGAANCTGGACCANNGTT

TTCAATTGAGGAAACCATTGTTGACAACCGCACCCCGNCTTCCTNAGGA

AATTTT 

 

Graphic Summary 
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IV. Sequence from clone 4, blue nucleotides match subject sequence of MKK3 1-

1048 bp with 18 gaps and 98% identity.  (MKK3) 

 

CCCAANNCGAACTTTTTCCTTCCTTCATTCACGCACACTACTCTCTAATG

AGCAACGGTATACGGCCTTCCTTCCAGTTACTTGAATTTGAAATAAAAA

AAAGTTTGCTGTCTTGCTATCAAGTATAAATAGACCTGCAATTATTAATC

TTTTGTTTCCTCGTCATTGTTCTCGTTCCCTTTCTTCCTTGTTTCTTTTTCT

GCACAATATTTCAAGCTATACCAAGCATACAATCAACTCACTAGTATGG

CGGCATTGGAGGAGCTAAAGAAGAAGCTGTCTCCATTGTTTGATGCTGA

GAAGGGTTTTTCTTCATCTTCATCTTTGGATCCAAACGATTCATATTTATT

ATCTGATGGTGGGACTGTGAATTTACTTAGTAGATCATATGGAGTTTATA

ATTTTAACGAGCTCGGGTTACAAAAATGTACATCTTCTCATGTGGATGA

GTCTGAAAGTTCCGAGACGACGTATCAATGTGCTTCTCACGAAATGCGG

GTTTTTGGAGCTATAGGAAGCGGAGCTAGCAGCGTTGTTCAACGAGCTA

TTCATATCCCTAATCATAGAATTTTAGCGTTGAAGAAGATTAATATCTTT

GAAAGGGAGAAAAGGCAGCAATTGCTTACAGAGATACGGACATTGTGT

GAAGCTCCTTGTCATGAAGGACTTGTGGATTTTCACGGAGCGTTTTATAG

TCCAGACTCGGGACAAATCAGCATAGCTCTTGAATATATGAATGGAGGA

TCTCTTGCTGATATTTTAAAAGTAACAAAGAAGATACCTGAGCCGGTTC

TTTCATCATTGTTCCACAAACTTTTGCAAGGATTGAGCTACTTGCATGGA

GTGAGACATCTTGTTCATAGAGACATTAAACCTGCTAATTTGCTTATAAA

TCTCAAAGGGGAACCGAAGATAACCGATTTTGGCATAAGTGCTGGCATT

GAGAATTCAATGGCTATGTGTGCTACTTTTGTTGGAACTGTCACCTACAT

GTCACCAGAGAGGATAAGGAATGACAGTTATTCTTATCCAGCTGATATA

TGGAGCCTTGGTCTCGCTCTTTTTGAATGCGGCACTGGAGAGTTCCGTAT

ATAGCTAATGAAGGGCCTGTTAATCTTATGTTGCAGATTNGGATGATCC

TTCACAACACACCAAACAGAATTCTCACCAGAGTTCTGTTCCTTCATGAT

GCTGCCTCCAAAGGATCCAAAGCTCGACCAAAGCTGACNGCCTTGTCAA

CCCTTTATTACAAAACCAGAAAGAAAGATAAATTTGGNACTT 

 

 

Graphic Summary  
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V. Sequence from clone 5, blue nucleotides match subject sequence of MKK2 1-893 

bp with 22 gaps and 96% identity.  

CCCCAACACGAAACTTTTTTCCTTCCTTCATTCACGCACACTACTCTCTA

ATGAGCAACGGTATACGGCCTTCCTTCCAGTTACTTGAATTTGAAATAA

AAAAAAGTTTGCTGTCTTGCTATCAAGTATAAATAGACCTGCAATTATT

AATCTTTTGTTTCCTCGTCATTGTTCTCGTTCCCTTTCTTCCTTGTTTCTTT

TTCTGCACAATATTTCAAGCTATACCAAGCATACAATCAACTCACTAGT

GGATCCAAACAGTCGAAGCTCTGCAAAGGAACTGATGGAACATCCTTTC

TTGAACAAATACGACTACTCGGGGATCAATCTCGCGTCCTACTTCACAG

ATGCAGGATCGCCACTTGCAACACTTGGGAACCTGTCTGGTACGTTCTC

CGTGTGGATCCATGAAGAAAGGTGGATTCAGCAATAATCTCAAGCTCGC

AATTCCTGTTGCTGGCGAGCAATCCATCACCAAATTCCTGACTCAAAGC

GGTACGTTTAAGGATGGAGATCTACGTGTTAACAAGGATGGAGTTCGAA

TCATTTCTCAATTGGAGCCTGAAGTCCTGTCTCCAATTAAGCCAGCTGAT

GATCAGCTGAGCTTGTCGGATTTGGATATGGTTAAAGTCATTGGCAAAG

GAAGTAGTGGTGTTGTTCAGCTGGTTCAACACAAATGGACTGGCCAATT

TTTCGCCTTGAAGGTCATTCAACTAAATATTGATGAAGCAATTCGCAAG

GCAATTGCACAAGAGCTCAAAATAAATCAATCGTCACAGTGTCCAAATC

TTGTTACCTCGTACCAGTCATTTTATGACAATGGCGCAATCTCACTAATC

TTGGAGTACATGGACGGAGGATCTCTAGCAGACTTTCTCAAGTCAGTTA

AAGCCATCCCTGACTCCTATCTTTCTGCCATCTTTAGACAAGTGCTTCAA

GGATTAATCTATCTTCATCACGATAGGCATATCATCCATCGTGACTTGAA

ACCATCCAATCTGTTGATCAACCACAGAGGAGAAGTCAAATAACTGACT

TTGGTGTGAGTACCGTATGACAAACACCGCAGGTTAGCAAACACATTTG

TGGGGACTTACAATTATATGTCTCCAGAGAGATCGTTGGAAACAGTACG

GAAATAAANTGATNATGGAGCTTGGGTTAGTAATACCCAATGGGCAAA

AGGAAATTCCNTATGCCCTCCCAATCAGAGAAAANGGACCAGGTTTTCA

ATTTAAGGAANCCTTGTTGACAACCGCNNCCGCCTTCCTTCGGAAA 
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VI. Sequence from clone 6, blue nucleotides match subject sequence of MKK2 1-656 

bp with 57 gaps and 87% identity.  

 

TCAACCAGGAACTTTTGTCTTCCTTGATTGCGAGCACGCTACTCTCTAAT

GAGCAGCGGGATACGNNNCTGTCCTTTCCAGGTTACTTGAATGGGAAAT

AAAAAAAAGTTTGATGTCTTGCTATCGAGTATAAATAGACCTGGAATTA

TAGAATCTTTTGTTTCCTCGGCATTGTTCTCGTTCCCTTTCTTCCTTGTTTC

TTTTTCTGCACAATATTTCAAGCTATACCCAAAGCGGTAGCAATGAAAC

ATCACGTAGGTGGATCCAAAGAGTCGAAGCTCTGCAGAGGAACTGATG

GAGCACCCTTTCTTGNAACAAATACGACTACNTCGGAGGATCGAAGCTG

CGCGTCCTACTTCACAGATGCGGGATCGCCACTTGCAACACTTGGGAAC

CTGTCTGGTACGTTCTCCGTGTGGATCCATGAACGAATGGTGGATTCAG

CAATAATCTCAAGCTCGCAATTCCTGTTGCTGGCGAGCAATCCATCACC

AGATTCCTGACTCAAAGCGGTNNCGTTTAAGGATGGAGATCTACGTGTT

AACAAGGATGGAGTTCGAATCATTTCTCAGTTGGAGCCTGAAATCCTGT

CTCCAATTAAGCCAGCTGATGATCAGCTGAGCTTGTCGGATTTGGATAT

GGTTAAAGTCATTGGCCAAGGAAGTAGGGGTGTTGTTCAGCTGGTTCAA

CACAAATGGACTGGCCAATTTTTCTCCTTGGAGGTCATTCAACTAAATAT

TGATGAAGCAATTCACAAGGCGATTGCACGACTAGCTCAGAATAGATCA

ATCGANNACAGTGTCCAAAATCCTTGGTTACCTCGTACCAGTTCATTTTG

TGACAATGGCGCAATCTCACTAANNCTGGCGAGTACATGGGACGGGAA

GGATCCTCAACAAAGACTTTTGTCAAGGTCAGCTTAAAAGCNNGTCCCC

TGGACTCCCTAATCTTTTCTGGCCATCTTTTAGAACGAGGTGCCTTCCAN

GGGATTAAATCTCATCCTGCATCAACGATAGGGCATATTCATCCAATCG

TGGACTTTGGAAACCGATCCGAATCGGGTTGGATCAANGGCCGGGAGG

CAGAATTCCAAAATAACGTGAACTTTGGGTGGTAAATTACCGGTTATGA

ACAAAAAANCGG 

 

 

 

 

 

 

 

 

Graphic Summary 
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VII. Sequence from clone 7 (poor sequence: no match) 

 

GAGGCATCCTACTTTGTTCCATCGTTGTTTGGGCCACCCTCCAGGACGAC

GGTACGGATAACGGCCTTCCTTCCAATTCCGGGAAAAACTTTTAAGAAG

CTGTGGTTTTTTTGTGATAAAATATCTTTATACCTGTTTTTCAGCTTTATT

TTAAAAAAAAAATGGAAAAATTCGAATTTTTCCTTCTAAAAATTTTCCTT

TTGAGATTTAAAAAAATCTTTTAAAAAAAGAAGAAAATATTTGAAAAAA

TAACAATTTTTCAGACCTTTTTCGATTTTGTTTCGTCAGCGCGCCCGTAC

CGGCCCATCAATTCTATTTACCGGGTACTGTGGTTCAGTATCGAACAACT

AAACCGAGGCTCCATGAAAATTCGACGTCTCCGGAGTCTTTTCAAGAAC

ATGCTGGCTGAGTGGATCCTCGGATCCTTCTTCATCATCATCCAACGGTG

CATTATTCCCAAAATCAGCCCAATTATGATTGCTGACTGTATCTCTGATC

CTCTCCAAGGAAGTATCAGTTCCAGTGAAATATTCTTGAAGCTCTTGAG

ATAATTGACTATCAAATGATGGAGAGAGTCCGAGAGTTGGAGAATATA

AATTTTGAGGAGGATCTGCGTTGTGGGATAAGGTGCAAGGCATTGGATG

ATGCGGTCCTGCTATTGCCATTAGTACTCATGCCATTGAAGGTCCCTGAA

GAGACGGTTAATAAATATTCATTAATGACTGGAAGGCGATAGCCCCCGT

CATTAGACAAATATCCGCCCGAATAGT 

 

 

 

Appendix 1B: Sequences as a result of MPK2-cDNA library screen 

 

I. Sequence from clone 1 (poor sequence: no match) 

 

AGGACCTAAATTTGTGCCATCGTTGTTCGGGCCCCCCCTCGAGGACGAA

GTACGGATAACGGCCTTCCTTAAATTTCCGGGAAAAACTATTAAGAAAC

TTTAGTTTTTTTGTGAAAAAATATCTTTATACCTTTTTTTCTTCTTTTTTTT

AAAAAAAAAAAGGAAAAATGCTTATTTTTCCCTCTGAAAATTTTTTTTTT

GAAATTTAAAAAAATCTTTAAAAAAAAGAAGAAAATCTTTGAAGAAAT

AACAATTTTTCAGACCTTTTTCCATTTTTTTTCCCCAGCGCGCCCGTACCG

GCTATCAAATCCATTTACCGGGTACAGTTGTTCATTATGAAACAACTCAT

CGGAGGCTCCATGAAACTTCGACGTCTCCGGAGCTTTTTCAAGAACCTG

CTGGATGAGTGGATCCTCGGATCCTTCTTCATCATGGGAAATGGTACATT
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ATTCCCAAAATCCTCCCAATTATTATTACCGACTGTCTCTCTGAAACTCT

CCAATGTCTCTCACTTCCTTGACTTTTCTTGATGTTTTTGAAATAATTGAA

AATCAAATGATGGAGAAAGTCCCAGAGTAAGATTATATCTATTTTGACG

AGGATCTGCGTTGGTGGATGAGGTGTAAGTCTTTAGATGAGGCTGATCT

TTT 

 

 

II. Sequence from clone 2 (poor sequence: MKK1 50.88% identification in 

database). Blue nucleotides match subject sequence of MKK1 143-627 bp with 

17 gaps and 71% identity. 

 

AAACCCAAAAAACTTTTTTCTTCGTTCTTCCGCCACTATTCTCTAAGGAG

CAACGGTATACGGCCTTCCTTCCAGTTACTTGAATTTGAAATAAAAAAA

AGTTGGCGGCCTTGCTATCAAGTATAAATAGACCTGCAATTATTAATCTT

TTGTTTCCTCGTCATGGTTCTCGTTCCCTTTCTTCCTTGTTTCTTTTTCTGC

ACAATATTTCAAGCTATACCAAGCATACAATCAACTCACTAGTGGGAAC

AAAGGATCCTAGCGCCCTAATCGAACTGATGTCCCTCCCCTTCATGAAC

GGTCTCACTACTCGGGTATCAATCTCAACGTTTACTTCTGGATGCGGGAT

CGGGACTTGGATGGAATGGAAACCTGGCCGGTACCCGAACCGAGAGCA

CCCCCGCCTAAGGGGCGATTGGACAACCAATTCAGTTTGGCAAATCCAG

AAGTGATCAAGCTATTTGGCAAAGGAAGTATTGGTAAGGTCCGTTGGTC

AAGGACGAACACCCACCGGAGTTGTACGCTCTATGGTCATTCTTTTGAA

CACGAACAAGCAATCTTTCCGCCGATTTCCCGGAGCGAGGACTAAACTT

GATGTCGAATGTCATATCTTGACACAGATTAACAAAGTATTTACCGCAG

TGGTCCGGTTGCATCACATTGTAAGCCAGGCCAATTTTTCTCCCTTGAAA

GACCATGTAAAAAAAAATCGAAGAAATTCCTGACAAGGTGCTATCTCGC

CCGTCGCAAAAAAAATTCTTCCAGCGTCATTTGTTCTATTCCTTGTTCCC

CGCTCATTCTTTCTTGGGGACTTGGAGGCCTTCCTCCTTGCTTTTCGAGT

ATAGGAGGAGACGACATCATCCCAGACTTTTG 

 

Graphic Summary  

 
 

 

III. Sequence from clone 3 (poor sequence: MKK1 50.88% identification in 

database). Blue nucleotides match subject sequence of MKK1 20-679 bp with 27 

gaps and 75% identity. 
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AAACACTAAACTTTGTTGCTTTCTTTGTTCCCGCCCACTATTCTCTAATG

AGCAACGGAATACGGCCTTCCTTCAGTTACTTGAGTTTGAAATAAAAAA

AAGTTTGCTGTCTTGCTATCAGGTATAAAAAGACCTGCAATTATAAATCT

TTTGTTTCCTCGTCATTGTTCTCGTTCCCTTTCTTCCTTGTTTCTTTTTCTG

CACAATATTTCAAGCTATACCAAGCATACAATCAACTCACTAGTGGATC

CAAAGAATCCTAAGGCCCTAATCCAACTGGTGGCCCTCCTCTTGATGAT

CGGTCCCAAAATTCTAACATCGAGTGAAACGTTTAACAATGGAAATCTC

CGATGGACTTGCAATGGATGGAAACGGTGCCCCTGTCCAAACCGGAACC

TCCACCTCCTATGGTCCATTGAACAACCAATTGAGTTGGGCATATTTAAA

TGTGATCAAATATTTGCCAAAGGAGTTATGGTTAAGGTCCGTTTGGCCA

AGGACAAACTCCCTCAGGAGTTTTCCGCTCTTAAGGTCATTCTATTGAAA

TCGAAAAATTCAAAATGTCGGCGAATTTCCCAGGACCTGAAATTAACTT

GGATTTCGAATGTCATATCTTTTGTCACATGTTATCAATGTATTAAACCG

CCGTGGTCTGTGTTTCTCACATAATAAAAACTCGGGCGATGGAGTATCC

TTTGCAGACATGAAACAAAAATATCAGAAGAGTATCTGAAAACACGAT

CTCTGCCATCTGCAAGAGAGTTCTTCGAGGTATTTGTCATATTCATGATG

CGAGGCTGATCCATCATCGGGACTTGGAGTCATCCTACTTGCCTAATGA

GAAAGGGGGGGAAGTATAGATCACAAACTTTGCAAGCAGCTAAAGATT

GACAAGGACAATCATTCTTGTTCATATCTTTCGAGGTCCCTCCCATTGAT

TATCCCCCG 

 

Graphic Summary  

 

 

 
 

 

 

 

 

 

 

 

Appendix 1C: Sequences as a result of MPK3-cDNA library screen 
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I. Sequence from clone 1, blue nucleotides match subject sequence of MKK1 1-

1058 bp with 14 gaps and 98% identity.  

 

NNTNAACACGAAACTTTTTCCTTCCTTCATTCACGCACACTACTCTCTAA

TGAGCAACGGTATACGGCCTTCCTTCCAGTTACTTGAATTTGAAATAAA

AAAAAGTTTGCTGTCTTGCTATCAAGTATAAATAGACCTGCAATTATTA

ATCTTTTGTTTCCTCGTCATTGTTCTCGTTCCCTTTCTTCCTTGTTTCTTTT

TCTGCACAATATTTCAAGCTATACCAAGCATACAATCAACTCACTAGTA

TGAACAGAGGAAGCTTATGCCCTAATCCCATCTGTCTCCCTCCTCTTGAG

CAATCCATCTCCAAATTCTTAACACAGAGTGGAACGTTTAAAGATGGAG

ATCTTCGAGTGAACAAAGATGGAATCCAGACCGTGTCTCTGTCCGAACC

AGGAGCTCCACCTCCTATTGAGCCATTGGACAACCAATTGAGTTTGGCA

GATTTAGAAGTGATCAAAGTCATTGGCAAAGGAAGTAGTGGTAATGTCC

AGTTGGTCAAACACAAACTCACTCAACAGTTTTTCGCTCTTAAGGTCATT

CAATTGAACACAGAAGAATCAACATGTCGGGCGATTTCTCAGGAGCTGA

GAATAAACTTGAGCTCGCAATGTCCATATCTTGTCTCATGTTATCAATCT

TTCTACCACAACGGTCTTGTTTCAATCATATTGGAATTCATGGATGGTGG

ATCCCTTGCAGACTTGTTAAAGAAAGTCGGAAAAGTTCCTGAAAACATG

CTATCTGCCATCTGCAAGCGAGTTCTTCGAGGTCTTTGTTATATTCATCA

TGAGAGGCGAATCATTCATCGGGACTTAAAGCCTTCAAACTTGCTAATC

AATCATAGAGGTGAAGTCAAGATCACAGACTTTGGTGTCAGCAAGATCT

TGACAAGCACAAGTAGTCTTGCTAATTCTTTCGTGGGCACATACCCTTAT

ATGTCTCCAGAGAGAATCAGCGGGAGTTTGTACAGTAACAAGAGCGAT

ATTTGGAGCTTGGGACTGGTTTTGCTCGAATGTGCAACGGGTAAATTCC

CGTATACTCCTCCAGAACACAAGAAAGGATGGAGTAGCGTGTACGAGCT

TGTGGACGCCATTGTTGAAAACCCGCCTCCTTGTGCACCTTCCAATCTCT

TTTCTCCAGAGTTTGCTCCTTCATCTCGCATGTGTACAAAAGATCCAGGG

ACAGAAATCAGCAAAGGNCTTCTGGAACCAAGTTCGTAAAGAGGTTGA

AGATCGGAAANAANTCTTNGGCTTACTTNCCGANCCAGGATCTTGATCC

CCCCTTGCA 

 

Graphic Summary  

 
 

 

II. Sequence from clone 2, blue nucleotides match subject sequence of MKK1 1-

1049 bp with 11 gaps and 98% identity.   

 



166 
 

CCTCAACCGAAACTTTTTCCTTCCTTCATTCACGCACACTACTCTCTAAT

GAGCAACGGTATACGGCCTTCCTTCCAGTTACTTGAATTTGAAATAAAA

AAAAGTTTGCTGTCTTGCTATCAAGTATAAATAGACCTGCAATTATTAAT

CTTTTGTTTCCTCGTCATTGTTCTCGTTCCCTTTCTTCCTTGTTTCTTTTTC

TGCACAATATTTCAAGCTATACCAAGCATACAATCAACTCACTAGTATG

AACAGAGGAAGCTTATGCCCTAATCCCATCTGTCTCCCTCCTCTTGAGCA

ATCCATCTCCAAATTCTTAACACAGAGTGGAACGTTTAAAGATGGAGAT

CTTCGAGTGAACAAAGATGGAATCCAGACCGTGTCTCTGTCCGAACCAG

GAGCTCCACCTCCTATTGAGCCATTGGACAACCAATTGAGTTTGGCAGA

TTTAGAAGTGATCAAAGTCATTGGCAAAGGAAGTAGTGGTAATGTCCAG

TTGGTCAAACACAAACTCACTCAACAGTTTTTCGCTCTTAAGGTCATTCA

ATTGAACACAGAAGAATCAACATGTCGGGCGATTTCTCAGGAGCTGAGA

ATAAACTTGAGCTCGCAATGTCCATATCTTGTCTCATGTTATCAATCTTT

CTACCACAACGGTCTTGTTTCAATCATATTGGAATTCATGGATGGTGGAT

CCCTTGCAGACTTGTTAAAGAAAGTCGGAAAAGTTCCTGAAAACATGCT

ATCTGCCATCTGCAAGCGAGTTCTTCGAGGTCTTTGTTATATTCATCATG

AGAGGCGAATCATTCATCGGGACTTAAAGCCTTCAAACTTGCTAATCAA

TCATAGAGGTGAAGTCAAGATCACAGACTTTGGTGTCAGCAAGATCTTG

ACAAGCACAAGTAGTCTTGCTAATTCTTTCGTGGGCACATACCCTTATAT

GTCTCCAGAGAGAATCAGCGGGAGTTTGTACAGTAACAAGAGCGATATT

TGGAGCTTGGGACTGGTTTTGCTCGAATGTGCAACGGGTAAATTCCCGT

ATACTCCTCCAGAACACAAGAAAGGATGGAGTAGCGTGTACGAGCTTGT

GGACGCCATTGTTGAAAACCCGCCTCCTTGTGCACCTTCCAATCTCTTTT

CTCCAGAGTTTGCTCCTTCATCTCGCAATGTGTACAAAAAGATCCAGGG

ANNNAAAATCAGCAAAGGACTTCTGGAACNCAGTTCGTAAGATGTTGA

AAATCCGANACAATTNCTCGGCTNATTNCCGANCCAGGATTTTGATTCC 

 

Graphic Summary  

 

 
 

 

 

 

III. Sequence from clone 3, blue nucleotides match subject sequence of MKK1 1-

1052 bp with 18 gaps and 98% identity.   
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CCCCAACCGAAACTTTTTCCTTCCTTCATTCACGCACACTACTCTCTAAT

GAGCAACGGTATACGGCCTTCCTTCCAGTTACTTGAATTTGAAATAAAA

AAAAGTTTGCTGTCTTGCTATCAAGTATAAATAGACCTGCAATTATTAAT

CTTTTGTTTCCTCGTCATTGTTCTCGTTCCCTTTCTTCCTTGTTTCTTTTTC

TGCACAATATTTCAAGCTATACCAAGCATACAATCAACTCACTAGTATG

AACAGAGGAAGCTTATGCCCTAATCCCATCTGTCTCCCTCCTCTTGAGCA

ATCCATCTCCAAATTCTTAACACAGAGTGGAACGTTTAAAGATGGAGAT

CTTCGAGTGAACAAAGATGGAATCCAGACCGTGTCTCTGTCCGAACCAG

GAGCTCCACCTCCTATTGAGCCATTGGACAACCAATTGAGTTTGGCAGA

TTTAGAAGTGATCAAAGTCATTGGCAAAGGAAGTAGTGGTAATGTCCAG

TTGGTCAAACACAAACTCACTCAACAGTTTTTCGCTCTTAAGGTCATTCA

ATTGAACACAGAAGAATCAACATGTCGGGCGATTTCTCAGGAGCTGAGA

ATAAACTTGAGCTCGCAATGTCCATATCTTGTCTCATGTTATCAATCTTT

CTACCACAACGGTCTTGTTTCAATCATATTGGAATTCATGGATGGTGGAT

CCCTTGCAGACTTGTTAAAGAAAGTCGGAAAAGTTCCTGAAAACATGCT

ATCTGCCATCTGCAAGCGAGTTCTTCGAGGTCTTTGTTATATTCATCATG

AGAGGCGAATCATTCATCGGGACTTAAAGCCTTCAAACTTGCTAATCAA

TCATAGAGGTGAAGTCAAGATCACAGACTTTGGTGTCAGCAAGATCTTG

ACAAGCACAAGTAGTCTTGCTAATTCTTTCGTGGGCACATACCCTTATAT

GTCTCCAGAGAGAATCAGCGGGAGTTTGTACAGTAACAAGAGCGATATT

TGGAGCTTGGGACTGGTTTTGCTCGAATGTGCAACGGGTAAATTCCCGT

ATACTCCTCCAGAACACAAGAAAGGATGGAGTAGCGTGTACGAGCTTGT

GGACGCATTGTTGAAAACCCGCCTCCTTGTGCACCTTCAATCTCTTTTCT

CCAGAGTTTGCTCCTTCATCTCGCATGTGTACAAAAGATCCAGGGACGA

AAATCAGCAAGGACTTCTGGAACCAAGTTCGAAGAAGTTTGAAGATCCG

AACCAATCTTCGGTTATTTCCCGACCNCGGANTTTGATTCCCCCTTGTAA

AACCATTTTACCCAAAAAGTTCCAAA 

 

Graphic Summary  

 

 
 

 

 

 

IV. Sequence from clone 4 (matched yeast vector) 

 



168 
 

CCCAAACCGAAACTTTTTCCTTCCTTCNTTTCACGCACACTACTCTCTAA

TGAGCAACGGGATACGGCCTTCCTTCCAGTTACTTGAATTTGAAATAAA

AAAAAGTTTGCTGTCTTGCTATCAAGTATAAATAGACCTGCAATTATTA

ATCTTTTGTTTCCTCGTCATTGTTCTCGTTCCCTTTCTTCCTTGTTTCTTTT

TCTGCACAATATTTCAAGCTATACCAAGCATACAATCAACTCACTAGTG

GATCCAAACAATCGAAGCTCTGCAAAGGAACTGATGGACCTCCTTTTCT

TGAACAAATACCACTACTCGGAGGATCAATCGCACGTCCTACTTCTCAG

AAGCAGGATCGCCGCTTGCATGAGTTGGGAACCTGTCTGGTACGTTCTC

CGTGTGGATCCCTGACTAATGGTGGATTCAGACAATAATCTCAAGCTCG

CAATTCCTGTTGCTGGCGAGCAATCCATCACCGGATTCCTGACTCAAAG

CGGTACGTTCAAGAGATGGACATCTTCGTGTTATCAACGATGGAATTCG

AATTATTTTTCAATTGGAGCATGAAATCCTGTCTCCAATTANGCCAGATG

AGGATCTGCTGAGCTTGTCGGATTTGGATATGGTTAACGTCAGTGGTCA

AGGAATTAATGGTAGTTGGTTCATGCTGGCCTCACACACTTGATGNGAT

CTGGGCGCATANNTTGTTTNNTCCCCTTNNGANNGGNNCTATTGGCCAA

AACCTAAGAAAAATAAGT 

 

V. Sequence from clone 5 (matched cloning vector) 

 

AAACTGGACNTCATTTGGGCGAGCGTTGGTTGGTGGATCAAGCCCACGC

GTAGGCAATCCTCGAGCAGATCCGCCAGGCGTGTATATATAGCGTGGAT

GGCCAGGCAACTTTAGTGCTGACACATACAGGCATATATATATGTGTGC

GACGACACATGATCATATGGCATGCATGTGCTCTGTATGTATATAAAAC

TCTTGTTTTCTTCTTTTCTCTAAATATTCTTTCCTTATACATTAGGACCTTT

GCAGCATAAATTACTATACTTCTATAGACACACAAACACAAATACACAC

ACTAATCTAGAACTAGTATGCAGATTTTCGTCAAGACTTTGACCGGTAA

AACCGGAACATTGGAAGTTGAATCTTCCGATACCATCGACAACGTTAAG

TCGAAAATTCAAGACAAGGAAGGAATCCCTGGTGGTCCATACCCATACG

ATGTTCCAGATTACGCTGGATCCAAGCAGTGGTATCAACGCAGAGTGGC

CATTACGGCCCGGGAAAAAACATGTCGGCCGCCTCGGCCTCTCGAGAAT

TCGATATCAAGCTTATCGATACCGTCGACCATGTCGGGGGGGATCCCTC

CAGATCAACAAAGATTGATCTTTGCCGGTAAGCAGCTAGAAGACGGTAG

AACGCTGTCTGATTACAACATTCAGAAGGAGTCCACCTTACATCTTGTG

CTAAGGCTAAGAGGTGGTATGCACAGATCAGCTTGCGGCCGCATGAAA

GCGTTAACGGCCAGGCAACAAGAGGTGTTTGATCTCATCCGTGATCACA

TCAGCCAGACAGGTATGCCGCCGACGCGTGCGGAAATCGCGCAGCGTTT

GGGGTTCCGTTCCCCAAACGCGGCTGAAGAACATCTGAAGGCGCTGGCA

CGCAAAGGCGTTATTGAAATTGTTTCCGGCGCATCACGCGGGATCCGTC

TGTTGCAGGAAGAGGAAGAAGGGTTGCCGCTGGTAGGTCGTGTGGCTGC

CGGTGAACCACTTCTGGCGCAACAGCATATTGAAGGTCATTATCAGGTC

GACCCTTCCTTATTCAAGCCGAATGCTGATTTCCTGCTGCGCGTCAGCGG

GATGTCGATGAAAGATATCGGCATTATGGATGGTGACTTGCTGGCAGTG
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CATAAAACTCAGGATGTACGTAACGGTCAGGTCGTTGTCGCACGTATTG

ATGACGAATTACCGTTAAGGGCCTGAAAAACAGGGCAATAAAGTCGAC

TGTTGCCAGAAAAAACNAGTTTAAACCAATTGTCGTAGATCCTCNTCAN

CAANCTTCCCNTTGAAGGGNNGGCGGTGGGGTTTTC 

 

 

Note: All graphic summary representations are from Blast, 

https://blast.ncbi.nlm.nih.gov/Blast.cgi 

 

 

Appendix 4: A. thaliana MPK1 and MPK2 protein sequence alignment - MULTALIN 
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