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Abstract 

Magnesium (Mg2+) is an essential nutrient for all life on earth. Mg2+ is required 

for the activity of a large number of enzymes, as well as for the structure of DNA, 

RNA, proteins and biological membranes. Mg2+ is also necessary for the activity of 

adenosine triphosphate (ATP) and is especially important for reactions producing and 

consuming this energy-currency. Despite the downstream symptoms of  

Mg2+-deficiency (MgD) within plants being relatively well-known, knowledge about 

the initial symptoms of MgD, plant perception of MgD and regulatory mechanisms 

involved is lacking. This project therefore aims to elucidate the symptoms of and 

responses to MgD, using both forward and reverse genetic approaches. 

A high-throughput method of inducing MgD was established and compared to 

methods used previously. In conjunction with the genetically-encoded, ratiometric 

sensors ATeam 1.03-nD/nA and pHusion, this method was used to show that levels 

of the Mg2+-ATP-complex, as well as cytoplasmic and apoplastic pH, increase in leaves 

of Arabidopsis seedlings under MgD. An alternative model of the events occurring 

during MgD was generated. Additionally, the Mg2+-sensitive FRET-sensor MARIO was 

functionally expressed in A. thaliana. 

The MRS2-family makes up the most important family of Mg2+-specific transport 

proteins in plants, but knowledge around their subcellular localisation and regulatory 

mechanisms is incomplete. Fluorescently-tagged expression constructs were used to 

provide additional data on the subcellular localisation and functional relevance of the 

family members MRS2-3 and MRS2-4. 

RNA-sequencing on A. thaliana exposed to MgD was used to find potential MgD 

reporter genes. Transcriptional MgD reporter plants were generated and used to 

carry out a forward genetic screen with the aim of finding genes involved in the 

response to MgD. Putative Mg2+-mutants were identified. Although mutant 

phenotypes could not be unambiguously attributed to individual mutations, lists of 

genetic variants potentially causative of mutant phenotypes are given.  
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άAnd then is heard no more. It is a tale 

Told by an idiot, full of sound and fury, 

Signifying nothing.έ 

- Macbeth 

 

Macbeth by William Shakespeare  
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1.1 The magnesium ion 

1.1.1 Chemical properties of magnesium 

Magnesium is a chemical element with an atomic number of 12, meaning that its 

nucleus contains twelve protons. Magnesium occurs on earth almost exclusively as 

one of its three stable isotopes; 24Mg makes up 79% of Mg on earth, 25Mg makes up 

10%, and 26Mg makes up 11%, giving magnesium an average atomic weight between 

24.304 and 24.307 [1]. Magnesium, in its elemental form, has twelve electrons.  

This means that, according to the Aufbau principle, electron-shells 1s, 2s, 2p and 3s 

are filled in a neutral magnesium-atom, making magnesium an alkaline earth 

element. As such, magnesium has a relatively low electronegativity value of 1.31 on 

the Pauling scale [2]Σ ǊŜŦƭŜŎǘƛǾŜ ƻŦ ƛǘǎ ǘŜƴŘŜƴŎȅ ǘƻ ǎƘŜŘ ƛǘǎ ǘǿƻ άƻǳǘŜǊƳƻǎǘέ ŜƭŜŎǘǊƻƴǎΣ 

reaching a favourable energetic state in which its first two electron-shells are filled. 

Therefore, magnesium occurs almost exclusively as a divalent cation (Mg2+) in nature, 

including in biological systems [3].  

Mg2+ is set apart from other ions by its small ionic radius; among biologically-

relevant cations, only Ni2+ and Mo4+ are smaller. Yet, Mg2+ has the largest hydrated 

radius of any cation. The water molecules in the hydrated shell of this ion are very 

tightly bound, as seen by the slow water exchange rate displayed by Mg2+, orders of 

magnitude below that of Ca2+, Na+ and K+ (Table 1.1) [3]. More accurately, Mg2+ 

obtains its first hydrated shell by forming a complex with six water-molecules, 

Mg(H2O)62+, which then becomes surrounded by a secondary hydrated shell of 

somewhat less tightly-bound water molecules. The first hydrated shell exhibits a 

sixfold, octahedral geometry, which is the coordination geometry almost universally 

adopted by Mg2+-complexes, and exchange of water-molecules within this shell is 

comparatively slow [4, 5] (see Table 1.1).  
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Table 1.1 ï Key properties of cations common in biological systems, compared 

Ion Na+ K+ Ca2+ Mg2+ 

Ionic radius (Å)a 0.95 1.38 0.99 0.65 

Hydrated radius (Å) 2.75 2.32 2.95 4.76 

Ionic Volume (Å3) 3.6 11.0 4.1 1.2 

Hydrated Volume (Å3) 88.3 52.5 108 453 

Coordination number 6 6-8 6-8 6 

Water exchange rateb (s-1) 8 x 108 109 3 x 108 105 

a ï Ionic radii and volumes from Diebler et al. [6] and Eigen [7]. b ï Solvent exchange 

rates from Diebler et al. [6]. Adapted from Maguire and Cowan [3]. 

1.1.2 Biological roles of magnesium 

Mg2+ can interact with biological molecules in two distinct ways. Inner-sphere 

interactions occur when Mg2+ ions form complexes with a ligand directly, with the 

ligand displacing one of the six water-molecules of the inner shell surrounding Mg2+ 

in solution. Outer-sphere interactions occur when the magnesium hexahydrate 

complex contacts a ligand indirectly, via the water-molecules of the inner shell  

[8-10]. Inner-sphere interactions therefore represent the formation of a true 

complex between Mg2+ and the ligand of interest, whereas outer-sphere interactions 

are predominantly ionic in nature, with the Mg(H2O)62+-complex neutralising 

negative charges present on the other ligand. While most metal ions only participate 

in catalysis via inner-sphere interactions exclusively, both of these modes of 

interaction are utilized during Mg2+-mediated catalysis; indeed, Mg2+-ions are often 

supplied by the substrate during catalytic reactions, rather than being tightly bound 

by the enzyme [3, 11]. 

Mg2+ has a very low tendency to form complexes with proteins, compared to 

transition metals like copper, zinc or iron, according to the Irving-Williams series [12]. 

Many Mg2+-dependent enzymes exhibit higher affinities for other metals, but the 

relatively high concentrations of free Mg2+ within living cells enable preferential 

binding to Mg2+ to take place in those cases [8]. Due to this abundance and mobility, 

Mg2+ is often found in ionic interactions.  
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In accordance with this, one of its most important roles in biological systems is to 

form outer-sphere interactions with nucleotides, such as ATP, interacting with the 

negatively charged phosphate-groups. In this capacity, Mg2+ acts as a Lewis acid, 

drawing electron density towards itself and facilitating hydrolysis of the bound 

nucleotide. Mg2+ therefore facilitates the splitting of phosphate-ester bonds, 

meaning that its role with regards to nucleoside triphosphates is not just that of a 

chelator, but also of a catalyst [3, 13]. Due to this, biological processes involving 

nucleic acids are inherently dependent on Mg2+. Indeed, up to 50% of cytosolic Mg2+ 

is bound to ATP [3], and around 90% of all ATP and ADP is bound to Mg2+ at any point 

[14, 15].  

The concentrations of ATP, ADP, AMP and (free) Mg2+ are intimately linked via 

the reaction catalysed by adenylate kinase (AK) [16]. Figure 1.1 outlines the reaction 

catalysed by AK and associated ion-exchange processes. The ratio of magnesium-

bound and free nucleotides is dependent on concentrations of free Mg2+, or [Mg2+]. 

ATP, or nucleotide triphosphates, have the highest tendency to bind Mg2+, followed 

by nucleotide diphosphates like ADP and trailed by nucleotide monophosphates like 

AMP. At normal, physiological levels of [Mg2+], almost all ATP is bound to Mg2+, about 

70% of ADP is Mg2+-bound, but ŀƭƳƻǎǘ ŀƭƭ !at ƛǎ ƛƴ ƛǘǎ άŦǊŜŜέ ŦƻǊƳ [16, 17]. Although 

MgATP ƎŜƴŜǊŀƭƭȅ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ άŀŎǘƛǾŜέ ŦƻǊƳ ƻŦ !¢tΣ ŀƴŘ MgADP that of ADP, and 

rates of many enzymatic reactions respond to the MgATP/MgADP-ratio in practice, 

free ATP, ADP and AMP can represent allosteric modulators of enzymes, especially 

for kinase-type phosphotransferases, and sometimes also substrates in themselves 

[16, 17]. Since Ca2+ ions also show affinity for nucleotides, binding to nucleotides also 

links concentrations of [Mg2+] and free Ca2+ ([Ca2+]), which means that changes in 

[Mg2+]-levels will also influence [Ca2+]-levels and Ca2+-dependent enzymes, and vice 

versa [18]. Further, pH can influence the AK-reaction and shift its equilibrium, and is 

therefore also linked to concentrations of [Mg2+], [Ca2+], and nucleotides [16]. This 

relationship gives a basis for [Mg2+]-levels to influence virtually all parts of cellular 

metabolism, and therefore the potential for Mg2+ to act as a cellular signal or a 

master regulator of metabolism [17]. Since AK exists in every living organism [19], 

this relationship likely exists across all life as well. 
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Figure 1.1 - The adenylate kinase (AK) reaction and ion balance.  

AK catalyses the conversion of free AMP and MgATP to MgADP and free ADP. The 

Affinity of ADP for Mg2+ is lower than that of ATP, which means that Mg2+ is released 

when cellular energy is low, and conversely Mg2+ is required to maintain a high cellular 

energy-level. Ca2+ is also more tightly bound by ATP, which means that when this 

reaction is displaced to the right, Ca2+ is released as well. Adapted from Igamberdiev 

and Hill [18] 

The rigid, clearly-defined coordination geometry adopted by Mg2+ makes it 

suitable for stabilizing the structure of RNA and DNA molecules, even when involved 

in outer-sphere interactions, as exemplified by its role in ribosome assembly [9] and 

maintenance of DNA structure [20]. Mg2+ is a necessary cofactor for most reactions 

involving DNA processing [20]. In fact, Mg2+ is the most common metal cofactor 

across known enzymatic reactions in general, and is commonly used in ligases, 

transferases, lyases and hydrolases [13, 21]. It is uncommon in oxidoreductases, 

since it cannot directly participate in these reactions due to its redox-stability. Mg2+ 

ƛǎ ƻŦǘŜƴ ƴŜŎŜǎǎŀǊȅ ǘƻ άƭƻŎƪέ ƴǳŎƭŜƻǘƛŘŜǎ and other ligands in active sites of enzymes. 

At times, the ability of Mg2+ to tightly bind water-molecules is instrumental in 

delivering catalytic water molecules to active sites [3, 10].   
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1.1.3 Magnesium in human nutrition 

Mg2+ is the second most abundant cation in vertebrate cells, second only to K+, 

and the most abundant divalent cation [22]. The biological roles of Mg2+, as outlined 

in the previous section, are reflected in the clinical symptoms of Mg2+-deficiency 

(MgD). MgD is associated with severe health problems, many of which can ultimately 

be attributed to disrupted energy metabolism. Among these are diseases of the 

cardiovascular system, such as cardiac arrhythmias, tachycardia, coronary artery 

disease and even heart failure and sudden cardiac death [23, 24]. This is not only due 

to the role of Mg2+ in correct muscle function and energy-supply to the heart [25, 26], 

but also due to the effects of MgD on levels of potassium and calcium [23, 24]. MgD 

can lead to the formation of calcium deposits in the kidneys and arteries [27], leading 

to other electrolyte abnormalities, enhanced lipid deposition in arteries, and 

promoting atherosclerosis and cardiac necrosis [28]. Indeed, appropriate serum Mg2+ 

levels have been associated with a 40% reduction in the risk of sudden cardiac death 

[29]. MgD is also associated with type type 2 diabetes mellitus. In this case, MgD 

represents a risk factor for this disease, and Mg2+ supplementation can alleviate 

symptoms [24, 29]. This is thought to be due to the insulin-sensitizing effects of Mg2+, 

enhancing the insulin-dependent uptake of glucose [30], as well as anti-inflammatory 

effects of Mg2+, mediated by a reduction of Ca2+-uptake into adipocytes [31]. Other 

diseases associated with MgD in humans are hypertension [23], osteoporosis [24], 

migraines and headaches [24, 32]. Even mild, sub-clinical MgD has been suggested 

to contribute to these conditions in the long-term, despite the difficulties associated 

with diagnosis of MgD. 

In humans, hypomagnesemia is sometimes thought to be present when total 

serum levels of the ion are below 0.7 mM [33], although this might not be the optimal 

way to estimate Mg2+-levels. Most Mg2+ in humans and other animals is not present 

in the bloodstream, but is made up by intracellular Mg2+, which is difficult to measure 

[23]. Intracellular Mg2+ and serum Mg2+ do not always correlate well, which makes it 

hard to relate Mg2+-levels to disease outcomes [34].  

In one study, the prevalence of hypomagnesemia in the general population was 

estimated at 2,5-15%, but the authors suggest this to be an underdiagnosis [33]. 
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More modern ways to assess Mg2+ status of patients are available, such as 

magnesium loading tests, which assess the retention of a given dose of Mg2+, but 

these are not yet routinely used [23, 24]. 

Nevertheless, the dietary requirements of this essential nutrient have been 

estimated. The recommended daily allowance for Mg2+ is 400-420 mg per day for 

adult men, and 310-320 mg per day for adult women over 30 years in the USA 

(source: National Institute of Health, NIH). In the United Kingdom, 300 mg are 

recommended for men, and 270 mg for women (source: National Health Service, 

NHS). Both of these recommendations might be too low to provide optimal health 

and longevity in practice, however, since ancestral diets have been estimated to have 

provided around 600 mg Mg2+ per day, and this is likely to be the level of intake 

humans are truly adapted to [35]. Even with these comparatively low intake 

recommendations, studies carried out across many countries have concluded that 

the recommended intake is not being met for a large percentage of the population 

[33, 36-38], prompting researchers to call for more routine tests of Mg2+-status, 

measures to increase Mg2+-intake across the population, and even classification of 

the problem as a health crisis [23, 24, 29]. 

Humans acquire most bioavailable dietary Mg2+ from plant-based foods [39]. 

There is strong evidence from the Broadbalk Experiment, the oldest continuous 

agricultural experiment in the world, that nutrient-contents of cereals have suffered 

since the Green Revolution and the drastic yield increases associated with it, even 

though soil content of nutrients has generally increased since then [40], which is 

ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άŘƛƭǳǘƛƻƴ ŜŦŦŜŎǘέΦ {ŜƭŜŎǘƛǾŜ ōǊŜŜŘƛƴƎ ŦƻǊ ƛƴŎǊŜŀǎŜŘ ȅƛŜƭŘǎ ŀƴŘ ŦŀǎǘŜǊ 

growth is thought to have led to reduced content of essential nutrients. The overall 

decrease in micronutrient concentration in wheat was determined to be between 20 

and 30 percent, which is concerning considering a significant portion of the 

micronutrient intake of people is from cereals [40]. Other studies diagnose a similar 

decrease in wheat [41], and in fruits and vegetables [42].  

  



 

8 
 

Another review by Marles [43] asserts that no general decline in soil [micro]nutrient 

content can be said to have occurred over the last decades, with fertilisation 

practices generally being successful in restoring nutrient levels over time. While 

conceding that a certain decline in nutrient-levels of foods has occurred in new,  

high-yielding varieties of fruits and vegetables compared to older ones due to the 

dilution effect, this review makes the case that the new levels are still within the 

natural range of variation for the crops in question, and that a well-balanced,  

high-quality diet will still supply all the nutrients necessary [43]. However, this does 

not address the basic problem, which is that many people currently do not achieve 

the recommended intake of micronutrients. Changes in diets and in the varieties of 

crops grown could reduce the incidence of MgD in humans; however, there are 

limitations to this approach. Unwillingness to grow varieties with lower yield 

potential, or dietary habits, such as the tendency towards consumption of processed 

foods in the developed world, make it unlikely that these changes will be 

implemented successfully soon [29]. Additionally, it is difficult to say how far the 

dilution effect will influence nutrient-contents of future fast-growing, high-yielding, 

aesthetically pleasing or otherwise altered varieties of crops. 

While supplementation with Mg2+ can increase the total dietary intake to 

acceptable levels and be beneficial for clinical outcomes, and should likely be 

adopted as widely as possible [32, 44-47], this approach relies on compliance by the 

population; not only do people have to be educated about their needs, supplements 

also have to be produced, then purchased and taken by each individual. Nutritional 

supplements vary widely in quality, may not contain the optimal form of the nutrient 

and not be properly bio-available, and there is therefore a risk of over-and 

underdosing. Trying to acquire optimal amounts of not just a few, but as many 

nutrients as possible through this approach can become increasingly cumbersome. 

As such, it would be more favourable to produce food that contains necessary levels 

of essential nutrients on its own. If even the more popular and affordable types of 

food were nutritionally more complete, human health would likely improve without 

a socioeconomic bias towards those with the means or time to come up with a highly 

optimized diet or supplement regime. 
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Increasing the Mg2+-content of crop plants, especially cereals, could bring great 

benefits for human health and well-being. Therefore, it appears that crop 

biofortification efforts are necessary, or at least desirable, to decrease the incidence 

of hypomagnesaemia and other nutrient deficiencies. However, to be able to 

increase the nutrient content of crops, it is necessary to first understand how 

nutrient uptake and storage are achieved and regulated. Both the content of Mg2+ 

and its bioavailability should be increased without disrupting other biological 

processes in crops, and ideally without decreasing yields. 

1.2 Magnesium in plants 

1.2.1 Plant-specific functions of magnesium 

An important role for Mg2+, specifically in plants, is as the central ion of 

chlorophyll. While in leaves, up to 75% of cellular Mg2+ can be involved in protein 

synthesis directly or indirectly, roughly another 15-20% is associated with chlorophyll 

[48, 49], where it is chelated by a chlorin ring and bound tightly. Without the central 

Mg2+-ion, light capture and subsequent photosynthesis are not possible. Mg2+ is also 

required for carbon fixation from CO2 in plants. Ribulose-1,5-bisphosphate-

carboxylase (RuBisCo) requires Mg2+ to bind to the enzyme before the substrate, 

ribulose-1,5-bisphosphate, can be effectively bound in the correct orientation  

[50, 51]. Phosphoenolpyruvate (PEP) carboxylase, present in C4 plants like maize, 

requires Mg2+ for a similar reason [52, 53]. Additionally, multiple enzymes further 

downstream in the Calvin Cycle require Mg2+ [54].  

Mg2+ is also especially important in the export of sucrose from source tissues, 

i.e., leaves, likely due to the problems associated with cellular energy levels under 

Mg2+ deficiency [55, 56] (see Section 1.2.3). Figure 1.2 gives a summary of some of 

the cellular processes Mg2+ is involved in in plants.  
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Figure 1.2 - Functions of magnesium in physiological processes in plants  

Mg2+ is crucial for the energy-metabolism of all living cells, since it chelates and 

activates ATP and other nucleotides. This makes it especially important in glycolysis, 

oxidative phosphorylation, protein synthesis and associated processes. Mg2+ is also 

required for stabilisation of the structures of DNA, RNA and proteins. In plants, this 

ion is required for both the light and the dark reactions of photosynthesis, since it is 

the central ion of chlorophyll on the one hand, and required for the activity of RuBisCo, 

PEP carboxylase and other enzymes of the Calvin cycle on the other hand. Finally, 

Mg2+ is required for the export of photosynthetic metabolites from leaves.  

Reprinted from Seminars in Cell and Developmental Biology, Vol. 74, February 2018, 

Chen et al. [57], ñFunctional dissection and transport mechanism of magnesium in 

plantsò, 142-152, © 2018, with permission from Elsevier. 
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1.2.2 Soil chemistry of magnesium 

Mg2+ ƛǎ ǘƘŜ ŜƛƎƘǘƘ Ƴƻǎǘ ŎƻƳƳƻƴ ŜƭŜƳŜƴǘ ƛƴ ǘƘŜ ŜŀǊǘƘΩǎ ŎǊǳǎǘΣ ƳŀƪƛƴƎ ǳǇ ŀōƻǳǘ 

2% of it, and is abundant in most soils [3]. However, although the ion is very mobile 

once in solution, most of this Mg2+ is firmly incorporated into the crystal lattice of 

minerals, and is not available for uptake by plants and other organisms [58]. The 

actual availability of Mg2+ depends on several factors: the content of the ion in the 

soil and the forms in which it is present, i.e., the minerals making up the soil;  

the characteristics influencing release through weathering, such as grain size of soil 

contents and ambient temperature; the pH of the soil solution; the presence of other 

ions; and factors removing Mg2+ from the soil solution, such as uptake by organisms 

and leaching from the soil [58].  

Mg2+-containing minerals tend to weather into clay, and cation exchange sites 

present on clay particles can bind exchangeable Mg2+ relatively well. Therefore,  

clay-rich soils tend to be Mg2+-sufficient, whereas sandy soils provide little Mg2+ and 

leach this ion easily, often providing insufficient quantities [59]. Coarse soils generally 

lead to lower exchangeable Mg2+-levels, due to lower weathering rates and lower 

water retention [60]. As a result of the characteristics of the Mg2+-ion outlined in 

Section 1.1, such as its small ionic radius and large hydrated shell, Mg2+ only binds 

weakly to negatively-charged soil particles and cell walls, which means that it can be 

leached from the soil easily by excess water [61]. 

Soil pH is especially important for available Mg2+, since low pH increases 

weathering rates as well as improving the solubility of Mg2+-ions directly. On the 

other hand, the saturation of ion binding-sites with protons and the presence of 

aluminium-ions (Al3+) reduce the effective Mg2+-availability at lower pH-values [58]. 

Al3+ is insoluble at high pH, since it tends to precipitate as a hydroxide, but under 

acidic conditions, presence of Al3+-ions can lead to inhibition of important  

Mg2+-transport systems [62-64]. Additionally, Al3+ can replace Mg2+ in active sites of 

enzymes due to its similar size, inactivating them, meaning that Al3+ and  

Mg2+ compete across multiple levels [65]. The optimal pH for Mg2+-uptake therefore 

likely lies between 5.5 and 6.5 [66].  
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The presence of excessive amounts of other cations can be detrimental to  

Mg2+-uptake, since Na+, K+, NH4
+ and Ca2+ can all compete with Mg2+ for uptake by 

the plant [61, 67]. K+ and/or NH4
+ are sometimes applied in excess in agricultural 

systems, meaning that uneven fertilisation can lead to Mg2+-deficiencies in crop 

plants [67]. Salinisation, leading to the presence of excess Na+-ions in the soil, is a 

significant and growing problem [68]. It is caused both by natural processes, such as 

weathering of rocks and rainfall, and by irrigation, especially when carried out in an 

inefficient manner [69]. Increasing salinisation can indirectly reduce availability of 

Mg2+ in affected soils, reducing plant tolerance to light and heat [58]. Since hot 

climates with high light intensities are most in need of irrigation, these are most at 

risk from associated secondary salinisation [69], potentially affecting yields in these 

regions. 

1.2.3 Importance of magnesium in agriculture 

Exchangeable Mg2+-levels in soil solutions around the globe are estimated to 

generally be between 125 µM and 8.5 mM [66]. Although this is generally considered 

sufficient for the growth of plants, including crop species, it has been suggested that 

the rate at which these levels are replenished are often not sufficient to support 

growth of high-yielding crops over long periods of time, requiring application of Mg2+ 

fertilizers [58, 67].  

Mg2+ Ƙŀǎ ōŜŜƴ ŎƻƴǎƛŘŜǊŜŘ ŀ άŦƻǊƎƻǘǘŜƴ ŜƭŜƳŜƴǘ ƛƴ ŎǊƻǇ ǇǊƻŘǳŎǘƛƻƴέ [49], and 

significant yield gains could be achieved simply by recognizing the importance of this 

ion and the fact that deficiencies are not always visible. This is exemplified by a  

meta-analysis by Wang et al. [70]. The analysis was carried out on 570 paired 

observations from 99 different studies on the impact of Mg2+ fertilisation on crop 

productivity. Mg2+ fertilisation was found to increase yield in almost all cases, across 

different crops, soil types, and fertilisation regimes. The mean increase in yield was 

8.5%, with the highest effect on yield of fruits (12.5%), followed by grasses, tobacco, 

tubers, vegetables, cereals, oil crops, and tea (Figure 1.3 A).  
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Figure 1.3 - Effect of Mg2+ fertilisation on yield for different crops and soils 

A ï Effects of Mg2+ fertilisation on different crops B ï Effects on crops grown on 

different soils or under different fertilizer application regimes. Data points are given 

as mean values, with confidence intervals. Brackets next to each crop or condition 

give the number of observations used. Soil ex-Mg: Soil exchangeable magnesium; 

MgO rate: total application of MgO per soil area; Mg-R: rapidly released magnesium 

fertilizer types; Mg-S: slowly released magnesium fertilizer types. Adapted from Wang 

et al. [70]. 

The highest impact of Mg2+ fertilisation was achieved on soils of low Mg2+-content or 

pH, as expected, and there was generally no further increase in yield when more than 

100 kg.ha-1 fertilizer was applied (Figure 1.3 B). The agronomic effectiveness (AE) of 

fertilizers is measured as the mass increase in yield per mass of fertilizer applied, in 

kg.kg-1. In this study, the AE for Mg2+ fertilizers, on average, was found to be several 

times higher than for phosphorus, nitrogen or potassium fertilizers, with an average 

of 34.4 kg.kg-1, and values as high as 73.7 kg.kg-1 for vegetable crops. The results of 

this study have been validated since then [71, 72]. This study therefore 

comprehensively demonstrates the importance of Mg2+ within the agricultural 

setting and the value that can be generated when taking it into account.  
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Putting these findings into practice and tailoring Mg2+-application to crop species, 

soil conditions, etc., potentially paired with improved systems for monitoring soil ion 

content and crop Mg2+ status, could significantly improve the productivity and 

sustainability of agriculture. 

 

Figure 1.4 - Predicted concentrations of available Mg2+ in topsoils across 

England and Wales 

Two datasets from national-scale soil sampling initiatives [73, 74] were combined to 

produce a statistical model of Mg2+-concentrations across the country. Coordinates 

are relative to the origin of the British national grid, in metres. From Lark et al. [75]. 

While the previous study focuses strictly on input and output, Hauer-Jakli and 

Tränkner (2019) present a meta-analysis focused on reaching a consensus with 

respect to the Mg2+-concentrations plant species require within their tissues, as well 

as with respect to the physiological consequences of MgD [76]. An analysis of the 

available literature showed that across studies, MgD significantly and consistently 

reduced both biomass accumulation and photosynthetic rate.  
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More importantly though, the available data was used to correlate growth of many 

different plant species with the internal Mg2+-concentration. Concentrations of Mg2+ 

required for optimal plant growth and yield formation were estimated, and found to 

be between 0.1% and 0.2% of leaf dry weight for many important crop species, such 

as potato, wheat, barley and sorghum, but up to 0.35% for some species, such as 

sunflower or tomato. Critical concentrations for CO2 assimilation were generally 

higher, indicating that the capability for CO2 assimilation is not always the limiting 

factor for plant growth. These threshold concentrations were found to be remarkably 

similar across studies for most species. Once a reference concentration has been 

established for a species, therefore, it could be used to diagnose the Mg2+-status 

across growth-stages and -conditions.  

When choosing the right type of fertilizer, the above-mentioned factors should 

be considered, to provide crops with adequate levels of Mg2+ while causing minimal 

leaching of ions into the groundwater. To avoid waste and damage to the 

environment, further research into the design and production of tailored Mg2+ 

fertilizers is needed. Additionally, more efficient ways of determining site- and  

crop-specific requirements of this ion are needed to prescribe the ideal site-specific  

Mg2+-supply plan [58, 67]. One site-specific map of soil Mg2+-availability has been 

generated recently for England and Wales [75], based on two soil surveys: the 

representative soil sampling scheme [73] and the national soil inventory [74]. 

Sophisticated statistical methods make it possible to combine data from multiple soil 

sampling initiatives and generate a detailed map of predicted Mg2+-availability within 

soils, including the probability of suboptimal Mg2+-supply in any given location, which 

can be used to inform fertilizer use and/or choices of planted crops (Figure 1.4). With 

the advent of other techniques that are now being applied to the measurement of 

Mg2+- and Ca2+-concentrations in soils, such as gamma-ray spectrometry [77, 78], 

proximal soil sensing electromagnetic induction [77], apparent electrical conductivity 

measurements [79], and visible and near infrared spectroscopy [80], there is 

potential for true precision agriculture. Greater abundance of precise and accurate 

maps, combined with the advent of machine learning [81] could lead to refined and 

improved large-scale maps similar to that presented by Lark et al.  
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1.2.4 Magnesium deficiency in plants 

Plants, including A. thaliana, maintain cellular Mg2+-concentrations within a 

tight, specific range, and Arabidopsis thaliana is no exception. These concentrations 

vary between different cellular compartments, plant species, and cell types, and 

therefore any values reported only represent rough estimates. There must also be a 

distinction between free Mg2+, i.e. [Mg2+], and total Mg2+, since [Mg2+] usually only 

makes up about 5-10% of the total Mg2+ in a cell, with the rest bound to enzymes, 

nucleotides or other partners [3, 82]. Further, concentrations of Mg2+ and [Mg2+] will 

vary dynamically in practice, especially in chloroplasts and mitochondria, where their 

concentrations depend on photosynthetic and general metabolic activity at the time 

[16, 83]. That being said, concentrations are lowest in the cytosol, at 0.2-0.4 mM 

[Mg2+] [15, 61, 83], and somewhat higher in the mitochondria (0.2-0.5 mM [Mg2+] 

[61], or 2-4 mM total Mg2+ [15]) and chloroplasts (1-5 mM [Mg2+] in the stroma,  

30-50 mM in the lumen [61, 84]), while metabolically-inactive Mg2+ is stored in the 

vacuole (5-80 mM total Mg2+[61]). Many of the estimations of Mg2+-concentrations 

have been carried out using calculations based on measurements of ATP- and  

ADP-concentrations [83, 85], although some have been obtained using fluorescent 

probes [84]. Many improvements on these values are conceivable, such as direct 

observations of Mg2+, more dynamic in vivo measurements, observations across 

more species and conditions, etc.  

To achieve and maintain Mg2+-concentrations, plants generally require about 

1.5-3.5 g Mg2+ per kg fresh weight for optimal growth [66, 76]. When plants become 

Mg2+-deficient, young mature leaves are affected first, which sets apart MgD from 

other nutrient deficiencies. The first physiological process that seems to be affected 

is the export of sugar metabolites from source tissues, which manifests as 

accumulation of soluble sugars and starch in leaves. This has been observed 

consistently across multiple species, such as Arabidopsis [86, 87], sugar beet [56],  

V. faba (broad bean) [88], and rice [89]. The upstream causes of this have not been 

proven conclusively; however, several hypotheses have been put forward.  
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It has been proposed that structural damage to phloem tissues could be the cause; 

that reduced sink strength could impact export of sugar metabolites; or that phloem 

loading is impaired under MgD [90].  

According to the third hypothesis, impairment of sucrose export is caused by 

reduced effectiveness of H+/sucrose symporters involved in apoplastic phloem 

loading [90]. These transporters are responsible for the import of sucrose into the 

companion cells of sieve elements in many plant species, and they rely on  

proton-motive force (PMF) to accomplish this [91]. This PMF is generated in large 

part by the PM H+ ATPase [92], which requires MgATP to function. Under  

MgD-conditions, it stands to reason that [Mg2+] in the cytoplasm would be reduced, 

and therefore also MgATP-concentrations, which would lead to partial membrane 

depolarization, therefore reducing the capacity to export sucrose into the phloem 

[90]. If a strong PMF is required for proper sucrose export, even a comparatively 

small change in the pH-differential could lead to a large impairment in sucrose 

export. Figure 1.5 illustrates this process for sugar beet, in which BvSUT1 is the 

H+/sucrose symporter. Both Vicia faba and Arabidopsis thaliana rely on apoplastic 

phloem loading as their primary sucrose export mechanism as well, meaning that 

they are likely subject to the same mechanism. In Arabidopsis, AtSUC2 appears to be 

the primary H+/sucrose symporter involved in phloem loading [93, 94], although 

other members of the SUC family also participate in this process [95]. 

Reduced phloem export currently seems to be the most probable cause for the 

sucrose accumulation observed, for multiple reasons. MgD led to greatly reduced 

concentrations of sucrose, as well as ions, in the phloem sap of Vicia faba, while 

sucrose concentrations in leaves were increased, indicating that export of 

metabolites, and not sink strength, is impaired [88]. In this case, sucrose export could 

also be restored within 12h of Mg2+ resupply; if damage to phloem tissues was the 

cause for reduced sucrose export, restoration would likely proceed less quickly. 

Additionally, expression of the BvSUT1 H+/sucrose symporter could be shown to be 

increased in response to MgD in sugar beet [56].  
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Figure 1.5 - The influence of MgD on phloem loading of sucrose [in sugar beet] 

The BvSUT1 transporter is responsible for phloem loading of sucrose in sugar beet, 

whereas AtSUC2 is responsible in A. thaliana. These transporters rely on the PMF 

generated by the PM H+ ATPase, which in turn depends on MgATP-levels. Under 

MgD (right), MgATP-levels are reduced, therefore the PM proton gradient is reduced, 

which impairs sucrose import into companion cells and therefore export from source 

tissues. Reprinted by permission from Springer Nature: Springer Plant and Soil 

Verbruggen et al. [90], © Springer Nature Switzerland AG, 2013 

Regardless of the reasons for impaired sucrose export from source tissues, this 

effect of MgD appears to be the cause of most of the other downstream effects 

observed. One of these is a reduction of chlorophyll concentrations under MgD  

[86, 96, 97]. Downregulation of expression of components of the photosynthetic 

machinery due to negative feedbackςinhibition has been observed under MgD; 

specifically, Cab2 (Chlorophyll a/b binding protein 2), shows reduced abundance 

under MgD [86, 87].  
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Accumulation of sucrose and other metabolites also leads to accumulation of 

reducing equivalents in the electron transport chain of photosynthesis itself [97]. 

Excess light energy then results in production of reactive oxygen species (ROS), 

damaging the photosynthetic apparatus further [49, 58]. This makes Mg2+-starved 

plants sensitive to light, which is illustrated by high light intensities rapidly leading to 

chlorosis in leaves of low-Mg2+-stressed plants, while low light produces this 

response much more slowly [98]. Another mechanism by which reduced chlorophyll 

abundance can occur is chlorophyll degradation associated with re-mobilisation of 

Mg2+-ions; this has been shown to occur in rice, where expression of OsSGR, encoding 

a Mg2+ de-chelatase, responds specifically to MgD, although the response can be 

enhanced by the presence of ROS [96]. The associated chlorophyll degradation 

reduces the amount of ROS generated under MgD and makes Mg2+ available for 

other metabolic functions. Nutrient relocation under MgD has also been 

demonstrated in Arabidopsis, although the molecular players involved are unclear 

[87]. Therefore, chlorophyll becomes degraded under MgD, although it is not certain 

how much of this is due to mechanisms inducing Mg2+-recovery and relocalisation, 

and how much due to photodamage to the molecule [99]. Since degradation of 

chlorophyll in plants with disturbed Mg2+-homeostasis is dependent on the levels of 

light experienced by the plants, at least some of the degradation is the result of 

photodamage [100], and the example from rice shows that at least some species are 

capable of actively degrading chlorophyll and remobilizing Mg2+. 

In summary, it can be said that impaired sucrose export is the most obvious and 

universal symptom of MgD, and the earliest symptom that has been confirmed and 

characterized properly. Other symptoms, such as ROS evolution and reduced 

chlorophyll abundance, occur further downstream, and most likely as a direct result 

of impaired sucrose export. With the help of publications documenting the 

emergence of symptoms of MgD over time [56, 86, 87, 97], we can therefore create 

a simplified diagram illustrating the effects of MgD on plants (Figure 1.6).  
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Figure 1.6 - Physiological symptoms of MgD, ordered by time of emergence 

Results from multiple, similar studies were combined to obtain a more complete and 

robust picture [56, 86, 87, 97]. In all cases, plants were grown hydroponically under 

Mg2+-replete conditions; at day 0, nutrient solution was exchanged for Mg2+-free 

medium, and symptoms were observed. The red arrow on the right-hand side 

indicates time after withdrawal; symptoms further down occur later in time. Blue 

arrows indicate a confirmed or hypothesized causal connection between symptoms. 

1 - Reduced uptake of Mg2+ from the medium. 2 - Impaired sucrose export from source 

tissues. 3 - Mg2+ remobilization by chlorophyll degradation. 4 - Various metabolic 

impairments and/or growth adaptations. 5 - Accumulation of reducing equivalents due 

to feedback-inhibition. 6 - Transcriptional feedback-inhibition of chlorophyll synthesis. 

7 - Reduced sucrose supply to sink tissues. 8 - Excess light energy absorbed by 

photosystems. 9 - Reduced carbon fixation. 10 - ROS-mediated damage to 

chlorophyll. 11 - Reduced carbon fixation. 
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1.2.5 Mg2+-sensing in plants 

Changes in the Arabidopsis transcriptome in response to low Mg2+ have been 

described [101-105], and some of these changes take place as soon as several hours 

after onset of low-Mg2+ exposure [101]. Regardless, virtually nothing is known about 

how plants perceive low Mg2+, and what signalling-processes are initiated in 

response. Transcriptional marker genes that react specifically to MgD have not been 

robustly identified so far, although attempts have been made [105].  

The development of root hairs can be influenced by low Mg2+-availability [106]. 

It appears that ROS and Ca2+-signals lead to increased number and length of root 

hairs under low Mg2+, whereas toxic levels of magnesium cause reduced root hair 

development. Ethylene and Nitrous Oxide (NO) act upstream of auxin to regulate 

increased root hair development under low Mg2+ [107]. Even in this case, though, the 

upstream sensing- and signalling-factors are unknown, and it is not certain whether 

the response is directly caused by low abundance of Mg2+ and not mediated via its 

antagonistic relationship with Ca2+, the concentration of which can influence the 

effect of Mg2+-supply on root hair development [106]. There are also changes in root 

system architecture in response to MgD [108], but even less is known about the 

mechanism behind this adaptation.  

Some of the best candidates for potential Mg2+-sensing proteins are EF-hand 

motif containing proteins. This motif forms a helix-loop-helix structure with the 

ability to bind a single, divalent cation; in Arabidopsis, up to 250 proteins containing 

this motif have been identified [109]. EF-hand proteins are usually considered  

Ca2+-binding, and often Ca2+-sensing, proteins, and many of them have been 

functionally characterized, confirming this function. However, at least some EF-hand 

proteins are also able to bind other divalent cations, specifically Zn2+, Cu2+, and also 

Mg2+ [110]. Even though the affinity of these proteins for Ca2+ is far greater than 

Mg2+, the concentration of Mg2+ is about three orders of magnitude greater than that 

of Ca2+ under normal conditions, and it is estimated that for many EF-hand proteins, 

a portion of the binding-sites are occupied by Mg2+ in the resting state.   
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The conformation of EF-hands in their Mg2+-bound form is thought to be different 

than their Ca2+-bound form; Grabarek et al. therefore propose that Mg2+ stabilizes 

ǘƘŜ άƻŦŦέ ǎǘŀǘŜ ƻŦ 9C-hand proteins, and that MgD might cause excessive activation 

of the associated signalling processes [110]. While this is consistent with the 

antagonistic effect of Ca2+ and Mg2+, the different structure creates an opportunity 

for the Mg2+-bound forms of these proteins to initiate signalling-processes of their 

own in theory, and there is certainly a possibility for EF-hand motifs which primarily 

bind and sense Mg2+ to exist. Calmodulin-like 36, an EF-hand protein from A. thaliana, 

is thought to have two sites capable of binding Ca2+ or Mg2+, both of which can 

stabilize the folded state [111].  

Calcineurin B-like (CBL) proteins represent a subfamily of EF-hand proteins 

unique to plants; their primary functions are to sense Ca2+ and interact with and 

regulate CBL-interacting protein kinases (CIPKs) [112]. Tang et al. identified two CBLs, 

CBL2 and -3, which are important in plant tolerance to high Mg2+ concentrations.  

cbl2 cbl3 mutants accumulate less Mg2+ in roots and shoots, accumulate less Ca2+ in 

shoots, and exhibit reduced growth under high Mg2+ or high Ca2+. It was determined 

that CBL2 and CBL3 regulate Mg2+ sequestration into vacuoles [113]. While it is not 

certain whether this mechanism is mediated by Ca2+-sensing or Mg2+-sensing by CBL2 

and -3, it nevertheless establishes a role for EF-hand proteins in the regulation of 

Mg2+-homeostasis in plants, while once again highlighting the antagonistic 

relationship between Ca2+ and Mg2+. Another set of candidates for Mg2+-sensing and 

-signalling proteins is found among Mg2+-transporters, as will be outlined in 

subsequent sections.  
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1.3 Magnesium transport 

1.3.1 Magnesium uptake in plants 

Movement of Mg2+ from the soil solution to plant roots mostly proceeds via  

mass flow, e.g., the transpiration stream moving ions with it, and via diffusion. 

Uptake of Mg2+ at the root cell plasma membrane is passive, ions moving from 

solutions of higher concentration to those of lower concentration driven by the 

electrochemical gradient. While ions can move into the root via the apoplastic 

pathway at first, they are eventually taken up into cells, proceeding via the symplastic 

pathway, to bypass the cell wall Casparian Strip. For Mg2+, initial uptake into roots 

generally seems to take place in the direction of the electrochemical gradient, 

through channels embedded in the plasma membrane [57, 61]. Mathematically, 

uptake via diffusion can be modelled using the Nernst equation to estimate the 

reversal potential across the plasma membrane: 

Ὁ
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EMg2+ is the Nernst potential (e.g., the equilibrium- or reversal potential), across 

the plasma membrane, R is the universal gas constant, T is the temperature in Kelvin, 

z is the charge of the ion, and F is the Faraday constant. We can set T = 298.15 K, i.e., 

25°C, for the sake of the calculation. Further, R = 8.314 J.mol-1, z = 2 for Mg2+, and  

F = 96,485.333 C.mol-1. We can further assume that only free Mg2+ can participate in 

the establishment of this potential, so using the typical cytosolic concentrations of 

0.2-0.4 mM described earlier for Mg2+
in, as well as the typical concentrations of Mg2+ 

in soil solutions, 0.125-8.5 mM for Mg2+
out, the calculated reversal potentials range 

from -14.9 mV (0.125 mM out, 0.4 mM in) to 48.1 mV (8.5 mM out, 0.2 mM in). 

Cations will tend to move passively into a cell as long as the actual membrane 

potential is greater than the reversal potential for the ion, and since the membrane 

potential of plant cells is usually below -100 mV, Mg2+should indeed move into the 

cell passively under this range of conditions. Even assuming exchangeable free Mg2+ 

to be lower than the total Mg2+ in soil solution, as well as competition from other 

ions (see Section 1.2.1), Mg2+ will likely move into root cells readily in most cases.  
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Whether this movement and the ability of the soil to replenish Mg2+ in soil solution 

is sufficient to enable optimal plant growth is still questionable, however, and is likely 

not always the case. 

Knowledge of Mg2+-transport from root to shoot is limited, especially compared 

to what is known about transport of other ions, such as iron and zinc [114]. To reach 

the shoot, ions must first enter the symplastic pathway to bypass the Casparian strip, 

before being loaded into the xylem-stream, generally against the prevailing 

electrochemical gradient. This seems to hold true for Mg2+ [61]. In rice, Tanoi et al. 

identified a saturable and a linear component of the process of Mg2+-loading into the 

xylem stream, which likely equates to one or more άhigh-ŀŦŦƛƴƛǘȅέ transport 

system(s), such as ion carriers, making up most of the transport at low 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΣ ŀƴŘ ƻƴŜ ƻǊ ƳƻǊŜ άƭƻǿ-ŀŦŦƛƴƛǘȅέ ǘǊŀƴǎǇƻǊǘ ǎȅǎǘŜƳόǎύΣ ǎǳŎƘ ŀǎ ƛƻƴ 

channels, which are primarily active at high concentrations [115]. Both of these 

processes could be inhibited by the uncoupling agent dinitrophenol, which inhibits 

energy-consuming processes. Both of these components are dependent on cellular 

energy-charge, therefore, likely the membrane potential across the plasma 

membrane. 

Once Mg2+ has been loaded into the xylem, it is transported shootward via the 

transpiration stream, then it must be unloaded in order to reach shoot tissues. Ions 

then move to various plant organs in the shoot. Often, plants have to compensate 

for varying transpiration rates of different organs and match the ion demands in each 

organ. For example, young leaves and reproductive organs have low transpiration 

rates, but a high demand for ions [66]. Plants therefore must have mechanisms for 

redistribution of ions between different organs, which must involve regulation of ion-

transporters. The phloem-stream generally moves from source organs in the shoots 

to sink organs, carrying sugars and other metabolites, but also ions. Mg2+ is a phloem-

mobile element and as such the phloem is important in its transport and 

redistribution as well [48].  
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1.3.2 Known magnesium transporters 

The uptake of Mg2+ into plants, and the distribution between plant tissues, must 

take place via transport proteins. Transporter regulation is very likely to be a target 

for the Mg2+-sensing and -signalling network, or potentially a starting-point, if they 

are themselves regulated directly by Mg2+. Understanding the mechanisms of action 

and regulation of Mg2+-transport systems could therefore represent a crucial step in 

unravelling this network. Several proteins or protein-families with the ability to 

transport Mg2+ have been identified so far, although their importance in  

Mg2+-transport in vivo is often unclear.  

The first Mg2+ transport-system from plants to be cloned and functionally 

characterized was the Mg2+/H+-exchanger MHX [116]. This protein is expressed in 

roots and shoots, and localizes to the tonoplast, where it exchanges protons with 

Mg2+, Zn2+ and Fe2+ [114, 116]. Since it is strongly expressed in vascular tissues of 

shoots and roots, this protein might be involved in indirectly controlling xylem 

loading or retrieval of these ions [116]. Transgenic tobacco plants overexpressing this 

transporter are sensitive to elevated levels of Zn2+, Cd2+ and Mg2+ in the growth 

medium, although the shoot concentrations of these ions remain unchanged  

[61, 116]. AtMHX is nevertheless strongly expressed in Mg2+-hyperaccumulators like 

A. halleri, indicating a possible role in vacuolar sequestration of Mg2+ [61]. 

Since Mg2+-uptake into roots is thought to be mainly passive, a significant 

amount could occur through non-selective channels such as the root cation channel 

rca, located in the plasma membrane of root cells and permeable to many different 

types of cations [114]. Another non-selective transporter which might be involved in 

Mg2+-homeostasis is cyclic nucleotide-gated channel 10 (CNGC10). This channel 

transports K+, Ca2+ and Mg2+ [117, 118], and is expressed in the root stele and the 

mesophyll parenchyma, the cell-type accumulating the highest vacuolar 

concentration of Mg2+ [61, 119]. Arabidopsis RNAi-lines for CNGC10 showed reduced 

root influx and shoot levels of Mg2+ and Ca2+, implying this protein in root uptake and 

long-distance transport of these ions [117].  
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More recently, metal tolerance protein 10 (MTP10) has been implicated in long-

distance transport of Mg2+, with mtp10 mutants being sensitive to high  

Mg2+-concentrations and their growth being restored by concomitantly increased 

Ca2+-supply [120]. The phenotype is notably similar to that of the cbl2 cbl3 double 

mutant described by Tang et al. [113], and indeed, quantitative real-time polymerase 

chain reaction (qRT-PCR) analysis carried out by Ge et al. revealed that the expression 

of CBL2, CBL3, and several of the CIPKs they were found to interact with (CIPK9, -23 

and -26) was altered in the mtp10 mutant under normal Mg2+-supply, high Mg2+, or 

both. Interestingly, the expression of other Mg2+-transporters, namely MRS2-1, 

MRS2-2, MRS2-4, MRS2-11, and MHX, was altered as well. MTP10 was also found to 

interact with CIPK7 and -26 in yeast two-hybrid and bimolecular fluorescence 

complementation assays [120]. The authors did not test interaction with other CIPKs, 

which means it is possible that this transporter indeed interacts with CIPK3, -9, -23 

and/or -26 in vivo and therefore represents the target of the regulation of Mg2+-

homeostasis by CBL2 and CBL3, which could represent the beginning of an emerging 

Mg2+-homeostasis network. 

The most well-described family of Mg2+-transporters in plants, however, is the 

MRS2-family [57, 114], which will be described in the subsequent sections. 

1.3.3 The CorA/MRS2/MGT-superfamily of magnesium transporters 

The first member of this family was identified after screening a cDNA library for 

genes restoring the ability of a yeast alr1 alr2 ς mutant to grow on media containing 

4 mM Mg2+, with the rest of the family identified via sequence similarity [121]. 

Plant MRS2-family proteins are members of the CorA/MRS2/Alr superfamily, also 

termed 2-TM-GxN-type proteins for their two transmembrane helices and the 

conserved GxN-motif (most commonly GMN) present in all family members [122]. 

This superfamily includes CorA from prokaryotes; Mrs2p, as well as Alr1p and -2p 

from yeast, MRS2s from plants, and various other members [122]. Despite their low 

sequence similarity, the members of the superfamily can complement phenotypes 

ŎŀǳǎŜŘ ōȅ ŜŀŎƘ ƻǘƘŜǊΩǎ ŀōǎŜƴŎŜ even over wide phylogenetic distances, implying a 

degree of functional conservation [62, 121].   
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The CorA protein, named for its identification during a cobalt resistance screen, is 

present in roughly 50% of all the prokaryote genomes sequenced so far, and is 

thought to usually represent the most important Mg2+-uptake system where it is 

present [122]. 

Members of the CorA family usually transport Mg2+ and Co2+, sometimes with 

higher affinity for Co2+, but other members of the superfamily have been found to 

transport other ions, such as Zn2+ [123]. The structure of CorA was the first to be 

determined [124-126], and it has become a model for the entire superfamily. The 

protein was found in the plasma membrane as a homopentamer, with two  

alpha-helices crossing the membrane per subunit. The first of the two helices in the 

sequence, termed TM1, mainly forms the pore, which is about 55 Å long, and 

ōŜǘǿŜŜƴ ¢aм ŀƴŘ ¢aн ƭƛŜǎ ŀ ǎƘƻǊǘ άŜȄǘǊŀŎŜƭƭǳƭŀǊ ƭƻƻǇέΣ ǿƛǘƘ ŀ ŎƻƴǎŜǊǾŜŘ GxN-motif 

close to the beginning of the sequence [127]. This extracellular loop, especially the 

GxN motif, which is conserved across the entire superfamily, is heavily implied in 

establishing speciŦƛŎƛǘȅ ŀƴŘ άŎƻƴŎŜƴǘǊŀǘƛƴƎέ ƛƻƴǎ ŀǊƻǳƴŘ ǘƘŜ ǇƻǊŜ ŜƴǘǊŀƴŎŜ [123]. 

When this motif is mutated, transport capability of the protein is abolished [127]. It 

appears that the extracellular loops of the subunits come together to form a 

άǎŜƭŜŎǘƛǾƛǘȅ ŦƛƭǘŜǊέΣ ŀƭƭƻǿƛƴƎ ŀŎŎŜǎǎ ƻƴƭȅ ŦƻǊ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ ƛƻƴόǎύΣ ƳŀƪƛƴƎ ǳǎŜ ƻŦ ǘƘŜ 

ionic radius and hydration chemistry of the target ion(s) to establish selectivity [123]. 

{ƻƳŜǿƘŀǘ ŦǳǊǘƘŜǊ Řƻǿƴ ǘƘŜ ǇƻǊŜ ƭƛŜǎ ŀ άƘȅŘǊƻǇƘƻōƛŎ ƎŀǘŜέ ŦƻǊƳŜŘ ōȅ ǎǇŜŎƛŦƛŎ 

residues along TM1, which prevents access when the channel is closed [123].  

Figure 1.7 shows the structure of the CorA-protein, with the selectivity filter and the 

hydrophobic gate visualized in C and D. 

The CorA-molecule also possesses intracellular regulatory subunits. When the 

structure of CorA was first determined, it was noted that electron densities between 

specific residues pointed towards Mg2+- or Co2+-ions being chelated by these 

residues, between the individual subunits of the complex. It was speculated that the 

complex becomes locked in a closed state upon binding Mg2+ (or possibly Co2+), with 

the channel opening when intracellular concentrations of the ion(s) are too low  

[124-126].  
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Figure 1.7 - Structure of the bacterial CorA channel and function of the 

individual parts 

A ï Structure of the homopentameric native Thermotoga maritima CorA-channel 

(TmCorA), with the dimensions of the complex and the individual domains shown. 

Adapted from Payandeh et al. [124]. B ï Structure of one monomer of the TmCorA 

complex, with the secondary structural elements numbered. Parts in yellow and red 

represents the intracellular regulatory domain. Adapted from Lunin et al. [125].  

C ï Arrangement of the helices making up the pore of the CorA-complex (e.g. TM1) 

in TmCorA and Methanococcus jannaschii CorA (MjCorA), with the dimensions of the 

pore outlined (yellow net), and important residues along the pore marked in the 

structure, as well as the GMN motif. D ï Model of the selectivity filter formed by the 

GMN motifs within the extracellular loop of CorA. E ï Model of the hydrophobic gate 

within the pore of CorA. C, D and E ï From Payandeh et al. [123]. Purple spheres 

represent Mg2+-ions at their potential binding-sites within the molecule. 

After initial difficulties in crystallising the channel in the Mg2+-free state,  

high-quality cryo-electron microscopy images of both open and closed states could 

be obtained. It was confirmed that the Mg2+-free state represents a less rigid, 

asymmetric state, instead of the fivefold rotationally symmetric closed state. CorA is 

therefore subject to an interesting regulatory mechanism, which seems to prevent 

intracellular Mg2+-concentrations from increasing above required concentrations 

without the need for additional regulatory proteins [128]. The channel has now been 

increasingly well-characterized [129], and this gating-mechanism is well-established 

[130]. Indeed, the conformational change the Mg2+-sensing domain of CorA 

undergoes upon binding Mg2+ has been used to create the Mg2+-sensitive Förster 

resonance energy transfer (FRET) sensor MARIO [131].  
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Mrs2p is one out of two Mg2+-channels present in the inner mitochondrial 

membrane of yeast, with the other being Lpe10p. Mrs2p was named for the  

RNA-splicing defects with respect to type II introns in mitochondria observed in 

mutants, which was later identified to be due to Mg2+-deficiency within mitochondria 

in mrs2ɲ mutants. Both proteins, as well the plasma-membrane Mg2+-channels Alr1p 

and -2p from yeast, are homologues of CorA, and members of the CorA/MRS2/Alr 

superfamily [122]. Unlike CorA, Mrs2p was not found to transport Co2+, but rather to 

be selective for Mg2+, with some Ni2+-transport capability and potent transport 

inhibition by cobalt hexammine (III) [132, 133]. Even though the sequence of Mrs2p 

only bears low similarity to CorA, determination of the protein structure revealed 

major similarities between the two proteins [134] (Figure 1.8). The regulatory 

domain was found to adopt a somewhat different fold, but the Mg2+-binding/sensing 

site is present. It is made up by Asp97 and Glu270 in the sequence of MRS2p, which 

are equivalent to Asp89 and Asp253 in the sequence of TmCorA (Figure 1.8 B). The 

hydrophobic gate is made up of Met309 and Leu313, and the GMN-motif is present 

in the equivalent position [134]. Additionally, single-channel patch-clamp 

experiments could show that Mrs2p is a high-conductance Mg2+-channel like CorA 

[132]. The transport activity of this protein is also regulated by intracellular  

Mg2+-concentrations, with the open probability of the channel dropping drastically 

at internal Mg2+-concentrations of 1 mM compared to 0 mM.  
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Figure 1.8 -Comparison between CorA-homologues from bacteria and yeast.  

A ï Comparison between the structures of Thermotoga maritima CorA (Tm-CorA, 

right) and the N-terminal fragment of Mrs2p (Mrs2p48-308, left). B ï Left: Superposition 

of the structures of TmCorA (cyan) and MRS2p (blue), with the Mg2+-binding residues 

highlighted. Right: The putative Mg2+-binding pocket in Mrs2p, with the regulatory 

domains from two different subunits, highlighting the way the Mg2+-ion is bound 

between two subunits. Adapted from Khan et al. [134]  
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1.3.4 MRS2/MGT magnesium transporters in A. thaliana 

The plant MRS2-family was discovered independently by Li et al. [121] and 

Schock et al. [135]. Due to this, two different nomenclatures were adopted, with 

members being characterized as MRS2-1 to MRS2-11 [135], but also as MGT1 to 

MGT10 (MGT for magnesium transporter) [121]. Table 1.2 gives their names in both 

systems, as well as the genomic locus, for each family member. Since then, members 

of the MRS2 family have been functionally characterized in Arabidopsis  

[119, 136-140], and, more recently, in maize [141-143], rice [144-147], B. napus 

[148], banana [149], pear [150], the Malvaceae family [151], and Saccharum [152], 

among others.  

Table 1.2 - The MRS2 family of Mg2+-transporters in A.thaliana 

MRS2 name MGT name genomic locus 
subgroup 

/ clade 

subcellular 

localisation 

MRS2-1 MGT2 AT1G16010 I / B Tonoplast [119] 

MRS2-2 MGT9 AT5G64560 III / E PM [153] 

MRS2-3 MGT4 AT3G19640 I / C ER [154] 

MRS2-4 MGT6 AT3G58970 II / D 

Chloroplasts [155] / 

PM [138, 153] /  

ER [103] 

MRS2-5 MGT3 AT2G03620 I / B Tonoplast [119] 

MRS2-6 MGT5 AT4G28580 II / D 

Mitochondria [156] / 

PM [153] 

MRS2-7 MGT7 AT5G09690 III / E ER [136] 

MRS2-8 MGT8 AT5G09720 III / E Unclear 

MRS2-9 - AT5G09710 - - 

MRS2-10 MGT1 AT1G80900 I / B PM [119, 121] 

MRS2-11 MGT10 AT5G22830 IV / A Chloroplast [139, 157] 

Name of each MRS2 family member present in A. thaliana, equivalent MGT name, 

and genomic locus are given, as well as data on membership in subgroups based on 

Lie et al. [121] and Gebert et al. [136] and putative subcellular localisation of each 

member.  
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In the Columbia (Col-0) accession of A. thaliana, only nine members of the MRS2 

family are functional. AtMRS2-8 contains a naturally-occurring frame-shift mutation 

in Col-0, but is functional in Landsberg erecta (Ler-0). AtMRS2-9 lacks the GMN motif 

and is thought to be non-functional in both Col-0 and Ler-0 [136]. Besides these 

variations, AtMRS2-7, MRS2-8 and MRS2-9 show large degrees of sequence 

similarity, and they are part of the same gene cluster, pointing to a recent gene 

duplication. Since different members of this subset are functional in different  

A. thaliana accessions, they potentially represent an interesting target for studies of 

ecotype variation.  

All functional MRS2s from Col-0 have been shown to complement the yeast 

mrs2-mutant to various degrees [135, 136]. For individual members of the family, 

Mg2+ transport capability could be confirmed in yeast [121, 138, 157], as well as 

Salmonella mutants [140, 156] and more recently in proteoliposomes [63, 158, 159]. 

The transporters in question were found to also transport Ni2+, although with 

reduced affinity; in fact, their ability to transport Mg2+ was first shown by observing 

inhibition of 63Ni2+-tracer uptake by added Mg2+ [121, 138, 140]. They were not found 

to transport any metals tested in these assays aside from Mg2+ at their 

physiologically-relevant concentrations. AtMRS2s are therefore likely Mg2+- specific 

transporters in their natural state, although some members were later found to be 

permeable to Al3+ [63]. Based on their transport activity and the ability to function in 

reconstituted proteoliposomes, AtMRS2s are most likely Mg2+-channels, passively 

transporting Mg2+ across biological membranes, although some of their homologues 

from prokaryotes have been reported to be proton-metal symporters [129]. AtMRS2 

Mg2+-transport is generally strongly inhibited by Al3+, which has a similar ionic radius 

to Mg2+ and therefore competes for uptake [65, 160]. Both proteoliposomes and E. 

coli TM2 Mg2+-uptake mutants were recently used to demonstrate that MRS2-1 and 

MRS2-10 show large differences in terms of aluminium-sensitivity, despite their high 

sequence identity of around 88% [63]. MRS2-1 is not permeable to Al3+, unlike MRS2-

10, and its Mg2+ transport activity is only inhibited by very high concentrations of Al3+, 

whereas MRS2-10 is highly sensitive to this ion, showing that sequence similarity is 

not always indicative of transport activity, and additional experiments may be 

required to assess Al3+-sensitivity of other family members.  
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Arabidopsis MRS2s can be divided into four subgroups, labelled I to IV [121], or 

five clades, labelled A to E [136], based on sequence homology (Table 1.2). The only 

difference between the two classifications is that in the latter, MRS2-3 is in its own 

group, easily justified by it being the only member lacking introns in its gene model. 

Additionally, MRS2-1, -5, and -10 appear to be functionally redundant [137], 

supporting their membership in the same, distinct group, whereas MRS2-3 knockout 

causes severe fertility phenotypes [154]. 

MRS2s were found to be expressed in various tissues and developmental stages 

[136]. The individual members also appear to localize to different subcellular 

membranes [103, 119, 136, 138, 139, 153, 154, 156, 157] (Table 1.2), presumably 

controlling the Mg2+-concentrations in different subcellular compartments. Every 

major subcellular compartment is represented in the list, with several family 

members being attributed to multiple membranes by different authors, and 

membership in different phylogenetic clades not correlating with localisation to a 

specific compartment / membrane. 

The concrete physiological functions exhibited by Arabidopsis MRS2s are diverse. 

Many MRS2 family members are crucial for normal fertility, specifically for pollen 

development, with knockout of MRS2-2 [140], MRS2-3 [154] and MRS2-6 [156], 

members of three different clades, all causing pollen defects and therefore partial or 

complete male sterility. All of these transporters were found to be expressed in the 

male reproductive tissues, either at different stages of development or within 

different substructures [136, 153, 161], indicating that they are most likely 

responsible for translocation of Mg2+ into pollen and associated tissues (Figure 1.9). 

Interestingly, not only increased Mg2+ supply can restore fertility in mrs2-6 mutants 

[153], but also slower growth, either due to a short-day growth regime, or even due 

to additionally knockout of MRS2-4 [161], indicating that import of Mg2+ is slowed, 

but not abolished in these mutants.  
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Figure 1.9 - MRS2-mediated Mg2+-transport to pollen. 

Model of Mg2+-translocation from filament to pollen within Arabidopsis male 

reproductive tissues, mediated by MRS2 family transporters; based on spatial and 

temporal expression data, as well as phenotypes observed for mrs2 knockout 

mutants. Adapted from Xu et al. [161] 

MRS2-1 and MRS2-5 appear to be important for sequestration of Mg2+ into 

vacuoles of leaf mesophyll cells of Arabidopsis [119]. Although the transcript 

abundance of MRS2s generally does not change with varying Mg2+-supply [102], 

transcript abundance was correlated with leaf Mg2+ concentrations across 23 

Arabidopsis ecotypes, and both proteins were targeted to the tonoplast membrane 

[119]. MRS2-10, the third member of clade B, appears to be localized to the plasma 

membrane [119, 121] of various cell types throughout development [136], 

potentially having changed its localisation comparatively recently in evolutionary 

history [137].  
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Although single knockouts of clade B MRS2s do not cause appreciable macroscopic 

phenotypes, multiple knockouts lead to sensitivity to low Mg2+-concentrations, 

implying importance of clade B MRS2s in Mg2+-uptake and -transport, as well as 

functional redundancy [137]. These plants were also found to be sensitive to  

Cd2+-toxicity, highlighting the interplay between Mg2+ and Cd2+ [162]. 

Two further MRS2 family members appear to be involved in Mg2+-uptake and 

translocation from root to shoot: MRS2-4 and MRS2-7. Knockout of MRS2-7, a  

clade E MRS2, was shown to cause sensitivity to low concentrations of Mg2+ during 

early attempts to characterize the family and was found to be localized within the 

endoplasmic reticulum (ER) [136]. This family member appears to exhibit a complex 

expression pattern. Mao et al., [163] characterize the gene as a low-affinity Mg2+-

transporter and identify two splice isoforms, only one of which was found to 

transport Mg2+. These results were recently strengthened further, when a mutant 

arising from a forward genetic screen for seedlings with impaired Mg2+-homeostasis 

was found to harbour a mutation in SMU1, a splice factor [164]. Although the splicing 

process was found to be independent of Mg2+-concentrations, these findings 

highlight the possibility for post-transcriptional regulation of Mg2+-transport 

processes. Currently, the gene model of MRS2-7 registered on TAIR 

(www.arabidopsis.org) contains 10 introns and 13 splice isoforms. 

MRS2-4 is the most well-characterized member of the MRS2 family in A. thaliana. 

MRS2-4 is a member of clade D, like MRS2-6, but while MRS2-6 expression appears 

to be restricted to male reproductive tissues, the expression of MRS2-4 is far less 

restricted, and symptoms caused by knockout of this gene are far more universal. 

mrs2-4 plants were originally found to be sensitive to both low concentrations of 

Mg2+, and to exhibit lower internal Mg2+-concentrations, as demonstrated using RNAi 

lines. This indicates that MRS2-4 could be responsible for Mg2+-uptake in Arabidopsis 

roots, especially under low external concentrations, which is consistent with its 

putative role as a high-affinity Mg2+-uptake system [138]. This study also assigned a 

plasma membrane localisation to this protein, as demonstrated via a GFP fusion 

construct, expressed in mesophyll protoplasts. Before this, Gebert et al. assigned a 

chloroplast localisation to MRS2-4 [136], after a study of chloroplast membrane 

proteins by Froehlich et al., [155].  



 

37 
 

Oda et al. [103] identified an mrs2-4 mutant from a forward genetic screen for plants 

impaired in Mg2+-homeostasis, which was determined to be sensitive to high and low 

Mg2+-concentrations. Further, the transcriptomic profile of mrs2-4 plants at  

Mg2+-replete conditions was similar to that of wild-type (WT) plants experiencing 

MgD. The authors determined GFP-fused MRS2-4 to be localized to the ER. 

Newer research, in addition to confirming earlier findings, has further elucidated 

a dual role for this channel in roots and shoots [165]. mrs2-4 plants were shown to 

contain less Mg2+ under both high and low Mg2+-concentrations. During  

grafting-experiments, when mrs2-4 roots were grafted with WT shoots, roots 

exhibited lower Mg2+-concentrations than WT roots under low external Mg2+. 

Additionally, mrs2-4 shoots grafted onto WT roots exhibited reduced Mg2+-levels 

under high external Mg2+, indicating that this transporter could fulfil an additional 

role in long-distance Mg2+-transport through the xylem, either in xylem loading or 

unloading. mrs2-4 shoots with WT roots generally exhibited stronger phenotypes 

than mrs2-4 Ǌƻƻǘǎ ǿƛǘƘ ²¢ ǎƘƻƻǘǎΣ ƛƳǇƭȅƛƴƎ ǘƘƛǎ ǘǊŀƴǎǇƻǊǘŜǊΩǎ ǊƻƭŜǎ ƛƴ ǎƘƻƻǘ ǘƛǎǎǳŜǎ 

are as crucial as in root tissues, if not more so. Mg2+-sequestration, which appears to 

occur mostly in vacuoles of leaf mesophyll cells in Arabidopsis [119], likely becomes 

impaired in absence of MRS2-4, resulting in increased sensitivity to Mg2+ toxicity. 

Finally, both in the study by Yan et al. and by Oda et al., mrs2-4 mrs2-7 double 

mutants were generated and found to exhibit more severe symptoms than either 

single mutant, with impaired growth even under Mg2+-replete conditions [103, 165]. 

Both transporters therefore seem to mediate a significant portion of Arabidopsis 

Mg2+-uptake individually, possibly acting synergistically or interacting in some way. 

Work by Ogura et al. further solidified MRS2-4 and MRS2-7 as important mediators 

of Mg2+-uptake in Arabidopsis roots. When A. thaliana were grown on low  

Mg2+-concentrations for 24 hours and then transferred to replete Mg2+, rates of 

Mg2+-uptake were initially high, but dropped as soon as 5 minutes after transfer 

[166]. In mrs2-4 and mrs2-7 mutants, the initially high rate of uptake was not 

observed, with low Mg2+-conditioned mrs2-4 and mrs2-7 plants taking up Mg2+ at 

similar rates to WT or mutant plants without low Mg2+ adaptation. Therefore, MRS2-

4 and MRS2-7 are both crucial for Mg2+-uptake when concentrations are low, and it 

appears that this uptake can be regulated across very short spans of time. 
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In summary, the MRS2 family is responsible for much of the Mg2+ transport in  

A. thaliana, with individual members specialized to act in different organs, 

subcellular membranes, and concentration-ranges.  

1.3.5 Plant MRS2s as Mg2+-gated Mg2+-channels 

Since both the prokaryotic and yeast homologues of plant MRS2s appear to be 

regulated by external Mg2+-concentrations, it would not be particularly surprising if 

this regulatory mechanism was found in the members of the superfamily from plants 

as well. Indeed, despite the sequence identity between the AtMRS2s and yeast 

Mrs2p being around 20% (source: www.uniport.org/blast), and that between CorAs 

and AtMRS2s being even lower, the predicted structure of AtMRS2s is very similar to 

that of CorA (and Mrs2p) [167] (Figure 1.10 A). The hydrophobic and  

negatively-charged residues along the pore, which are likely essential for ion-

conduction and specificity, seem to be especially conserved, together with the  

GMN-motif and several others [167]. Schmitz et al. state that the residues 

responsible for ion-sensing and closing of the pore in CorA are not conserved in 

AtMRS2s, after performing sequence alignments between CorA and AtMRS2s [167]. 

However, this might be an oversight. Alignment of the sequence of Mrs2p, instead 

of CorA, to AtMRS2-4 reveals that that the residues hypothesized to participate in 

Mg2+-sensing in Mrs2p, Asp97 and Glu270 [134] (Figure 1.8 B), are present in  

MRS2-4. They can also be seen in other plant homologues, and several residues 

around them are identical or highly conserved (Figure 1.10 C). Those residues 

forming the hydrophobic gate appear to be conserved as well, although M309 in 

Mrs2p is replaced by an isoleucine residue (I368) in AtMRS2-4. Therefore, contrary 

to the results from Schmitz et al., it appears likely that at least some of the plant 

MRS2-channels are subject to the same regulatory mechanism as other members of 

the superfamily. It stands to reason that a regulatory mechanism must exist, given 

that there should be a strong electrochemical force driving Mg2+ into plant cells under 

most conditions (see Section 1.3.1), especially at the root-soil interface, which would 

suggest that plasma membrane Mg2+-channels would have to remain closed, or 

otherwise inactive, some of the time. 
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The results from Ogura et al. [166] also point towards a gating mechanism in 

plant MRS2s, since Mg2+-transport mediated by MRS2-4 and MRS2-7 was seen to be 

completely suppressed within 5 minutes of exposure to Mg2+-replete conditions. 

Although it is possible that this reduction in uptake is due to partial saturation of the 

intracellular space with Mg2+, and therefore equilibration of concentrations inside 

and outside the root, the fact that the portion of total Mg2+-uptake showing this rapid 

change was entirely dependent on MRS2-4 and MRS2-7 implies that these channels 

represent a significant amount of total Mg2+-uptake by the root within the first five 

minutes, then almost none after that. This pattern would be consistent with the 

action of a Mg2+-gated Mg2+-channel, with few other kinds of regulation able to 

explain a change in conductance of this magnitude and on this timescale. 

Another interesting feature of AtMRS2s is the presence of additional structural 

elements not found in their homologues from unicellular organisms. The plant family 

of these channels possesses a large insertion between the sixth and seventh -hhelix 

ƛƴ ǘƘŜ ǇǊƻǘŜƛƴ ǎǘǊǳŎǘǳǊŜΣ ǘŜǊƳŜŘ ǘƘŜ άʰсō-ƘŜƭƛȄέ όFigure 1.10 B & C), and others 

around helices four and five. These insertions have variable lengths and sequences 

ƛƴ ǘƘŜ ŘƛŦŦŜǊŜƴǘ !ǘaw{нǎΣ ŀƴŘ ǘƘŜȅ ƻŎŎǳǊ ōŜŦƻǊŜ ŀƴŘ ŀŦǘŜǊ ǘƘŜ άǿƛƭƭƻǿ ƘŜƭƛŎŜǎέ 

characteristic of this superfamily, and likely crucial for the opening and closing of the 

channel [167]. In one experiment, generation of insertions and deletions within 

helices five and seven in yeast Mrs2p led to protein variants with an impaired ability 

to close at high Mg2+-levels [132]. Since different cellular compartments exhibit 

different concentrations of Mg2+, it would be tempting to assume that the insertions 

in the plant homologues produce channels closing at different concentrations, 

establishing and maintaining variable concentrations in this way. Other functions for 

these structures cannot be excluded, of course, including roles in protein-protein 

interactions. The anomalous h6b-helix and the h 4- 5h linker region in plant MRS2s, 

absent in their homologues, might play a role in signalling processes not required in 

single-celled organisms, opening the possibility for another low- Mg2+ signalling 

network based on protein-protein interactions. As such, plant MRS2-transporters 

represent one of the best targets for further research efforts in the field, and their 

functional characterisation from multiple perspectives should receive focussed 

attention. 



 

40 
 

 

  



 

41 
 

Figure 1.10 - Comparison of the structure and sequence of A. thaliana MRS2s 

with their homologues 

A ï The structure of the TmCorA-monomer compared to the predicted structure of 

the AtMRS2-7 monomer. Conserved basic side-chains are highlighted in blue, and 

conserved acidic side-chains in red. Secondary structure elements and sequence 

motifs are highlighted. B ï Sequence elements in AtMRS2-4 compared to CorA. 

Variations are highlighted as curved lines or with curly brackets, including the  

ñŬ6b-helixò-insertion in AtMRS2s. A & B ï Adapted from Schmitz et al., 2013 [167]. 

C - Sequence alignment of ScMRS2 and AtMRS2-4, from a BLAST-search on 

www.uniprot.org/blast. Conserved sequence elements are highlighted, as well as the 

large ñŬ6b-helixò insertion.  

http://www.uniprot.org/blast
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1.4 Genetically-encoded ratiometric sensors with potential 

uses in research on Mg2+-homeostasis 

1.4.1 Methods for tracking Mg2+-concentrations within cells and tissues 

A significant obstacle for further research into Mg2+-homeostasis in plants is the 

difficulty of measuring internal Mg2+-concentrations with suitable resolution. The 

standard method for measuring Mg2+-concentrations within plant tissues is 

inductively coupled plasma ς optical emission spectrometry (ICP-OES) or ς mass 

spectrometry (ICP-MS); however, this method cannot usually achieve resolutions 

beyond the organ-level, i.e., root vs. shoot or leaf vs. stem. To resolve ion distribution 

between tissues, or between individual cells, higher-resolution techniques are 

needed, such as synchrotron X-Ray fluorescence [168], X-ray microanalysis [119], or 

indirect measurement via nuclear magnetic resonance spectroscopy for the 

phosphorus in nucleotides (31P-NMR) [169]. These techniques are expensive, time-

consuming, and not always available, however, as they require specialist equipment. 

Another major drawback is the fact that the number of observations is limited due 

to the destructive nature of these techniques, which means that each sample can 

only be analysed once, which makes it difficult to follow biological processes. 

Another approach for determining cellular and sub-cellular Mg2+-concentrations 

is the use of fluorescent chemosensors, development of which has progressed at a 

rapid rate within the last years. Liu et al. list a vast number of such compounds that 

have become available [169]. SBL-3, developed by Yu et al., stands out as a probe 

that has been developed for, Arabidopsis, although sub-cellular resolutions have not 

been achieved yet [170]. Ion-sensitive dyes, however, still have significant 

drawbacks. Samples must be stained with the dye in question before imaging can 

take place, which may expose samples to unnatural conditions and alter tissue 

physiology before measurements can be taken. Samples will usually be completely 

permeated by the dye, which makes it difficult to isolate signals from individual 

tissues or cell types during the experiment. Similarly, it is difficult to direct dyes to 

individual subcellular compartments to achieve sub-cellular resolution, although 

ways have been found [171].  
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Förster resonance energy transfer (FRET) is based on the ability of energy 

transfer to take place between a donor fluorophore and an acceptor fluorophore by 

nonradiative dipole-dipole coupling. This energy transfer can only occur if the donor 

emission spectrum overlaps with the acceptor absorption spectrum, and if the two 

molecules are sufficiently close together in space, with the likelihood of transfer 

decaying with the sixth power of distance [172]. This essentially enables small 

differences in the distance between fluorophores to be measured by exciting the 

donor fluorophore and measuring the emission from the donor and acceptor 

fluorophore; the ratio between the two intensities will change depending on the 

inter-fluorophore distance. Therefore, if the distance between fluorophores is 

dependent on another factor, then that factor can be measured by proxy.  

Since measurements are ratiometric, expression-levels and most kinds of artefacts 

do not influence measurements, as long as appropriate controls and corrections are 

used. FRET sensors for use in biological systems are generally based on two 

fluorescent proteins, most often a form of cyan fluorescent protein (CFP) as the 

donor fluorophore and yellow fluorescent protein (YFP) as the acceptor fluorophore, 

which are linked by a protein known to change its conformation upon binding a ligand 

of interest. These FRET-sensors based on proteins can be genetically-encoded, which 

means that different promoters and targeting sequences can be used to elicit specific 

expression in different cell types and sub-cellular compartments. Additionally, 

measurements are non-destructive and can be carried out continuously, allowing 

biological processes to be followed in real time at high resolution [173]. FRET sensors 

have been used in plants for more than 20 years [174, 175], and have been used to 

elucidate various biological processes, but FRET sensors with the ability to sense Mg2+ 

have only become available comparatively recently, and have not seen widespread 

application [176]. 

The MagFRET series of sensors have been developed based on the high-affinity 

Mg2+-binding domain of human centrin 3; various mutations in the protein sequence 

have allowed the creation of sensors with a range of affinities for Mg2+, enabling 

measurements of a large range of Mg2+-concentrations in theory [177]. MagFRET has 

been used to study the effects of lactate application on metabolism in animal cells 

recently [178], but has not been applied within plants to date. 



 

44 
 

More recently, another novel FRET sensor capable of reporting changes in 

intracellular Mg2+-concentrations has been developed; MARIO is based on the  

Mg2+-binding domain from the CorA Mg2+-channel from E. coli, which has been 

truncated and some point mutations introduced into the sequence. It shows a higher 

affinity for Ca2+ than Mg2+, but since intracellular calcium-concentrations are orders 

of magnitude below those of magnesium, it reports specifically on magnesium at 

physiological ion-concentrations [131]. It has initially been used in human cells to 

discover a transient rise in free magnesium within the cytosol during mitotic 

chromosome-condensation, the first measurement of Mg2+-concentrations in live 

cells by genetically-encoded biosensors [179], and has been used in Drosophila since 

then [180].  

MARIO and/or MagFRET can likely be functionally expressed in plant cells and be 

used to report on changes in Mg2+-concentrations under different conditions or 

between different cells in real time, which could greatly simplify the study of  

Mg2+-homeostasis. 

1.4.2 Genetically-encoded, ratiometric sensors have the potential to 

elucidate the symptoms of MgD 

As outlined in Section 1.2.4, the early symptoms of MgD are not properly 

understood. Both the reduction in MgATP-levels and PM pH-differentials are 

currently only hypothetical, and modern tools are needed to investigate them with 

sufficient accuracy and resolution. 

ATeam, a series of FRET-sensors reporting on MgATP-concentrations, is based on 

ǘƘŜ ʶ ǎǳōǳƴƛǘ ƻŦ Bacillus subtilis ATP synthase, fused to monomeric super-enhanced 

cyan fluorescent protein (mseCFP) and circularly-permuted monomeric venus, a 

yellow fluorescent protein (YFP) variant [181]. One of the derivatives of ATeam, 

ATeam1.03-nD/nA, which shows a Kd of 0.74 mM for MgATP, has been used to report 

on ATP-levels in A. thaliana, revealing differences in cytoplasmic ATP-concentrations 

within young seedlings [182], and giving insights into chloroplastic ATP dynamics 

[183]. Since this sensor has already been used within Arabidopsis, it should be 

possible to use it to investigate changes in MgATP-levels under MgD. 
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The reduction in the PMF thought to cause the impaired sucrose export observed 

under MgD (see Section 1.2.4) can likely be investigated using genetically-encoded, 

ratiometric sensors as well. Many genetically-encoded pH sensors have been 

developed, and have been used to gain insight into biological processes. Some  

FRET-based sensors exist among them, but most commonly, these sensors make use 

of the ability of some GFP derivatives to change their absorbance and emission 

spectrum based on their protonation state. These mutated fluorescent proteins can 

reversibly transition between a neutral and an anionic form of the central 

chromophore. During this, their fluorescence, measured as emission at one specific 

wavelength range, will change according to external pH. Therefore, many GFP 

variants can be used as intensiometric pH sensors [184]. One such protein is ecliptic 

pHluorin, a GFP mutant that loses fluorescence at lower pH values, being completely 

non-ŦƭǳƻǊŜǎŎŜƴǘ ŀǘ ƛǘǎ άƴƻǊƳŀƭέ ŜȄŎƛǘation and emission wavelengths at pH 6 or lower 

[185]. Intensiometric sensors, however, can only be used to determine changes or 

differences in pH; since the observed intensity is based on protein expression, 

photobleaching, autofluorescence and absorption of emitted light by surrounding 

tissues, among other things. These problems can be mostly eliminated by creating a 

ratiometric sensor. Ratiometric pHluorin was constructed by introducing further 

mutations into the protein, causing excitation intensity at 395 nm to increase at 

higher pH, and excitation intensity at 475 nm to decrease  [184]. A ratiometric sensor 

can also be created by fusing a second, pH-insensitive fluorophore with a different 

excitation and/or emission maximum to the pH-sensitive fluorophore; pHusion was 

created by fusing the pH-sensitive eGFP to the pH-insensitive mRFP [186]. 

Ratiometric pHluorin has been used to estimate pH gradients across the plasma 

membrane of Arabidopsis roots [187]. It is therefore likely that significant changes to 

the membrane potential caused by MgD could be tested using ratiometric pH 

sensors.  
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1.5 Objectives 

1.5.1 Aims of this project 

The importance of Mg2+ in both human and animal nutrition and agriculture is 

becoming more and more clear. Unfortunately, there are knowledge gaps with 

respect to Mg2+-sensing and -signalling, Mg2+-transport and its regulation, and the 

effects of MgD that need to be addressed. Knowledge about these processes is 

ultimately necessary to advance efforts in biofortification, yield improvement 

through improved crop- and soil-management, as well as crop improvement through 

selective breeding and/or transgenic approaches. 

The three most viable options available for gaining novel insight into  

Mg2+-homeostasis in plants are as follows: Bioinformatic methods could reveal 

patterns in gene expression leading to identification of the missing factors [188]. 

Non-specific, high-throughput methods such as forwards genetic screens could 

reveal the missing factors [103, 164]. Work on the function and regulation of  

Mg2+-transporters could reveal interaction-partners either regulating or being 

regulated by them [120].  

The aim of this project is to address each of these options to some degree. The 

project aims to first establish a firm basis for further research on the symptoms of 

MgD by establishing a robust, well-defined, high-throughput pipeline for induction 

of MgD in A. thaliana. This method is then utilized to carry out a forward genetic 

screen for genes involved in or responding to MgD. Further, the physiological role 

and subcellular localisation of several MRS2 Mg2+-transporters in Arabidopsis are 

investigated.  
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1.5.2 Overview of thesis contents 

Chapter 3: An investigation of the physiological consequences of magnesium-

deficiency in A. thaliana 

A literature search for available, published transcriptomic datasets including data 

on Arabidopsis thaliana exposed to MgD was carried out. These datasets were 

compared to find putative MgD reporter genes. Then, to determine whether MgD 

could be induced in A. thaliana by growing plants on low-Mg2+ media for two weeks, 

the expression of putative MgD marker genes was compared between A. thaliana 

seedlings transferred to low-Mg2+ media and those grown on low Mg2+ continuously. 

Growth of plants on different concentrations of Mg2+ was characterized, and 

physiological symptoms of MgD were determined for plants grown on continuous 

low Mg2+. Symptoms were compared to those reported in the literature, and a 

relationship between medium Mg2+-concentrations and observed symptoms was 

established.  

Additionally, the early, hypothesized symptoms of MgD were investigated using 

genetically-encoded, ratiometric sensors. The MARIO FRET-sensor was cloned and 

transgenic A. thaliana expressing the sensor generated. The MgATP FRET-sensor 

ATeam, as well as the ratiometric pH-sensor pHusion, were used to investigate 

changes in cytosolic MgATP-concentrations and cytosolic and apoplastic pH under 

MgD, respectively. The results generated were compared to the model of events 

taking place under MgD described in Figure 1.5 and Figure 1.6.  
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Chapter 4: The localisation and physiological role of MRS2 magnesium transporters 

in A. thaliana 

SALK T-DNA insertion lines carrying T-DNA insertions in all MRS2s functional in  

A. thaliana ecotype Col-0 were obtained, and presence of T-DNA insertions within 

each was confirmed by PCR. Visual growth phenotypes and fertility phenotypes were 

established for each line used. To investigate sub-cellular localisation and tissue 

distribution of select MRS2 family members, mrs2 mutant lines found to exhibit 

suitable phenotypes were transformed with expression constructs containing the 

respective MRS2 sequence, fused to GFP. Expression of the transgene and 

complementation of mutant phenotypes was tested for each line. Then, confocal 

laser-scanning microscopy was used to investigate the sub-cellular localisation of the 

GFP-tagged MRS2 in each of the transgenic lines found to express the transgene.  
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Chapter 5: A forward genetic screen for factors involved in magnesium homeostasis 

To carry out a luciferase (LUC) reporter-based forward genetic screen for genes 

involved in Mg2+-homeostasis, RNA-sequencing was carried out using RNA from  

A. thaliana seedlings grown on media containing different concentrations of Mg2+. 

Lists of up- and downregulated transcripts were compared to previously-published 

transcriptomic datasets including data on gene expression under MgD.  

Candidate genes with the potential to be robustly and specifically upregulated 

under MgD were chosen, and their promoters were cloned from Col-0 genomic DNA 

(gDNA) before being fused to the LUC open reading frame (ORF). Candidates that 

were cloned successfully were transformed into A. thaliana. Reporter expression was 

tested for plants grown on different Mg2+-concentrations, and under several other 

stress conditions. 

Seeds of LUC reporter plants were mutagenized using ethyl methanesulphonate 

(EMS) to generate a mutagenized screening population. M2 seedlings were screened 

for loss of reporter expression and increased reporter expression. Candidates found 

to exhibit altered reporter expression were carried forward. Identification of 

causative mutations in each mutant line was carried out according to the 

MutMap/LumiMap pipeline [189, 190].  
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1.5.3 Contributions to thesis 

All experiments were carried out by me, Siegfried Leher (S.L.), except for cloning 

of the MARIO construct for Arabidopsis expression, which was carried out by 

Tantawat Nardwattanawong (T.N.), who was a year-in-industry student at John Innes 

Centre (JIC, Norwich, UK) at the time. ICP-OES analysis was performed by technical 

staff at University of East Anglia (Norwich, UK). All contributions by collaborators with 

respect to plant material, DNA primers and data analysis are acknowledged fully and 

appropriately in Chapter 2 of this thesis.  
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Chapter 2: Materials and Methods 
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All chemicals were purchased from Sigma-Aldrich® (subsidiary of Merck KGaA©, 

Germany), unless otherwise stated. Where chemicals were purchased from Sigma-

Aldrich, only catalogue numbers are given. 

 

Data analysis was carried out in RStudio (v. 2021.09.1), based on R (v. 4.1.2), and all 

Graphs were produced in RStudio using the ggplot2 package, unless otherwise 

stated. Figures were assembled in Adobe illustrator v. 25.3.2. 

 

All DNA Primers were purchased from Eurofins Genomics GmbH (Ebersberg, 

Germany).  
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2.1 Plant maintenance and growth media 

2.1.1 Arabidopsis lines used in this work 

Table 2.1 describes the individual A. thaliana lines used in this work, including 

where each line was obtained from and any publications describing initial creation 

and/or use of the respective line. All Arabidopsis lines used were in the Columbia-0 

(Col-0) background.  

2.1.2 Growth conditions for Arabidopsis on agar plates 

Seeds were surface-sterilized in 1.5 mL Eppendorf tubes by adding 1.4 mL of a 

solution of 62.5% (v/v) EtOH, 37.5% (v/v) dH2O, and 7.5 mg.mL-1 dichloroisocyanuric 

acid (DCICA) (35915-50G), and shaking for 15 min at 150 rpm. Following this, seeds 

were immersed in 1 mL 70% (v/v) EtOH twice, for one minute each time, then washed 

three times with ddH2O. Seeds were then suspended in 1 mL ddH2O and stratified for 

at least 48 h at 4°C before use. Seeds were placed on agar plates containing an 

appropriate medium, then sealed using micropore tape (R&L Slaughter Ltd., Basildon, 

England), before being placed in a controlled environment room (CER).  

Temperature in the CER was maintained at approximately 22°C, with a 

ǇƘƻǘƻǇŜǊƛƻŘ ƻŦ мс Ƙ ƭƛƎƘǘ όҒмлл ˃ƳƻƭΦƳ-2s-1) and 8 h dark. Plants were used at 

different stages of growth, as stated. In each case, the age is given as days after 

germination (DAG), assuming two days between plating of seeds and germination 

(i.e., the day seeds are plated is -2 DAG).  
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Table 2.1 ² Arabidopsis  lines used in this work.  

Line Mutation in a Construct b Source c Reference 

Col-0 - - C.S. - 

SALK_006797C / 

mrs2-1 

AT1G16010 / 

MRS2-1/MGT2 
- NASC [191] 

SALK_080443 / 

mrs2-3 1 

AT3G19640 / 

MRS2-3/MGT4 
- NASC [191] 

SALK_201976C / 

mrs2-3 2 

AT3G19640 / 

MRS2-3/MGT4 
- NASC [191] 

SALK_203866C / 

mrs2-4 1 

AT3G58970 / 

MRS2-4/MGT6 
- NASC [191] 

SALK_145997 / 

mrs2-4 2 

AT3G58970 / 

MRS2-4/MGT6 
- NASC [191] 

SALK_105475C / 

mrs2-5 

AT2G03620 / 

MRS2-5/MGT3 
- NASC [191] 

SALK_127086C / 

mrs2-7 

AT5G09690 / 

MRS2-7/MGT7 
- NASC [191] 

SALK_006528C / 

mrs2-10 1 

AT1G80900 / 

MRS2-10/MGT1 
- NASC [191] 

SALK_100361C / 

mrs2-10 2 

AT1G80900 / 

MRS2-10/MGT1 
- NASC [191] 

mrs2-1 mrs2-5 

mrs2-10 2 / TKO 

MRS2-1, MRS2-5, 

MRS2-10 
- V.K. [137] 

mrs2-3 1 + 5-1 
AT3G19640 / 

MRS2-3/MGT4 

pMRS2-3:: 

MRS2-3::eGFP 
S.L. - 

mrs2-3 1 + 6-4 
AT3G19640 / 

MRS2-3/MGT4 

pMRS2-3:: 

MRS2-3::eGFP 
S.L. - 

mrs2-3 2 + 1-4 
AT3G19640 / 

MRS2-3/MGT4 

pMRS2-3:: 

MRS2-3::eGFP 
S.L. - 

mrs2-4 1 + 3-4 
AT3G58970 / 

MRS2-4/MGT6 

pMRS2-4:: 

MRS2-4::GFP 
S.L. - 

mrs2-4 2 + 3-4 
AT3G58970 / 

MRS2-4/MGT6 

pMRS2-4:: 

MRS2-4::GFP 
S.L. - 

cATeam 1.1 - 
p35S::ATeam 

1.03-nD/nA 
M.S. [182] 
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Line Mutation ina Constructb Sourcec Reference 

cpATeam 1.1 - 
p35S::TkTp:: 

ATeam1.03-nD/nA 
M.S. [182] 

cPhusion - 
p35S:: mRFP1ς

eGFP 
J.J. [186] 

aPhusion - 
p35S::chit:: 

mRFP1ςeGFP 
J.J. [186] 

mrs2-4 1 + 

cpMARIO 

AT3G58970 / 

MRS2-4/MGT6 

p35S::ʍ:: 

6xHis::RbcS::MARIO 
T.N. - 

pAAA::LUC - pAT2G18193::LUC S.L. - 

pPER70::LUC - pPER70::LUC S.L. - 

pDTX3::LUC - pDTX3::LUC S.L. - 

SALK_082081C / 

mrs2-2 

AT5G64560 / 

MRS2-2/MGT9 
- NASC [191] 

SALK_037061C / 

mrs2-6 

AT4G28580 / 

MRS2-6/MGT5 
- NASC [191] 

SALK_028422C / 

mrs2-11 

AT5G22830 / 

MRS2-11/MGT10 
- NASC [191] 

a ² Arabidopsis gene identifier, as well as gene name of any genes mutated in the line 

in question. b ² Transgenic construct present in the line in question, if any. c ² Source 

of each individual line; ¯S.L.° denotes lines that were generated during the project, 

SALK lines were purchased from the Nottingham Arabidopsis Stock Centre  

(NASC, Nottingham, UK), other names indicate gifts from other researchers.  

C.S.: Camilla Stanton (JIC, Norwich); V.K.: Volker Knoop (Universität Bonn, Germany); 

T.N.: Tantawat Nardwattanawong (JIC, Norwich); M.S.: Markus Schwarzländer 

(Universität Münster, Germany); J.J.: Joshua Joyce (JIC, Norwich).  
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2.1.3 Media used for plant growth 

The standard growth medium used in this work was similar to that used by 

Hermans et al. [101, 102], adapted for use on agar plates by adding 1% (w/v) agar 

and 0.5% (w/v) sucrose, henceforth referred to as Hermans-medium, (HM). Where 

necessary, the Mg2+-concentration in plates used for experiments was decreased by 

reducing the amount of MgSO4 added to the medium, to achieve the theoretical 

concentration specified, while adding an amount of Na2SO4 equal to the amount of 

MgSO4 left out to keep the concentration of SO4
2- and the osmotic potential 

consistent. Where the Mg2+-concentration was increŀǎŜŘ ŀōƻǾŜ мллл ˃aΣ ǘƘŜ 

amount of Mg2+ ŜȄŎŜŜŘƛƴƎ мллл ˃a ǿŀǎ ŀŘŘŜŘ ŀǎ aƎ/ƭ2. For specific experiments, 

other changes were made to this medium to induce deficiency or excess conditions 

for various nutrients. Table 2.2 gives the composition of HM, along with all changes 

made over the course of the experimental work.  

For selection of transformants during the establishment of transgenic lines, as 

well as for some microscopy experiments, 0.25x Murashige and Skoog (MS) medium 

was used (M0221.0050, Duchefa Biochemie, Haarlem, Netherlands) [192].  

Experiments using HM were carried out using chelator-washed agar (see Section 

2.1.3), unless otherwise specified. Most experiments were carried out using 100 mm 

square petri dishes (R & L Slaughter Ltd.), but in some cases, 120 mm square petri 

dishes were used (Scientific Laboratory Supplies Ltd., Nottingham, UK), as a result of 

a temporary supply shortage affecting availability of 100 mm square petri dishes.  
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Table 2.2 ï Media used throughout this work 

Compound 
Concentration added to medium [µM] 

Standard Low PO4
3- High Ca2+ Salt Stress Low K+ 

Ca(NO3)2 1000     

MgSO4 1000     

K2SO4 880    0 

KH2PO4 250 10   2.5 

FeNa(EDTA) 20     

NaCl 2000   58,000  

H3BO3 10     

ZnSO4 1     

CuSO4 0.1     

MnSO4 1     

(NH4)6Mo7O24 0.01     

Sucrose 0.50%     

Na2SO4 0    880 

CaCl2 0  24,000   

NaH2PO4 0    247.5 

KCl 0 240    

Composition of the standard growth medium used throughout this work (Adapted from 

Hermans et al., 2010a [101]), as well as changes made to induce various stress 

conditions. Empty cells in columns denote amounts being unchanged from the 

standard medium.  
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2.1.4 Preparation of chelator-washed agar 

For most experiments, including those aiming to induce nutrient deficiencies, 

agar was purified using an EDTA-washing procedure adapted from [193], removing 

metal ions contained in standard agar preparations. In a 2 L Erlenmeyer flask, 50 g 

Type A agar (A4550-500G) were washed three times for 5 h with 1 L of a 50 mM 

EDTA-solution (VWR International, Radnor, U.S.A.), pH 7.5, while stirring on a 

magnetic stirrer. Agar was then washed six times with dH2O for 1.5 h each time, with 

stirring. Between each and after the final wash, agar was filtered using Miracloth 

(Merck Millipore Ltd., Watford, UK). The agar was then partially dried at room 

temperature for at least one day, before being used to make media. 

To confirm the effectiveness of this procedure, ion concentrations within the 

plates produced were measured. Agar plates made with washed Type A agar, 

unwashed Type A agar, high gel-strength agar (HGA agar, A9799-500G), as well as 

nutrient solutions without agar were submitted to inductively coupled plasma ς 

optical emission spectrometry (ICP-OES) analysis (Section 2.5.1). The results are 

shown in Figure 2.1 and summarized in Table 2.3. Raw values are shown in  

Appendix B, Table S2.1. 

As can be seen from Figure 2.1 and Table 2.3, concentrations of sodium, calcium 

and phosphorus in plates made with washed agar appear similar to  

nutrient-solutions without any added agar, as does the concentration of Mg2+ at low 

concentrations of added Mg2+, indicating near-complete removal of ions during the 

wash-procedure. At higher added Mg2+-concentrations, apparent concentrations in 

plates made with washed agar are lower than in pure nutrient solutions as a result 

of water remaining in the agar from the wash-procedure and diluting the medium, 

as can be seen from the slightly shallower slope in Figure 2.1 A. Besides introducing 

large amounts of sodium and phosphorus, although not calcium, use of unwashed 

agar shifts the added Mg2+/measured Mg2+ - curve upwards, by introducing around 

ол ˃a aƎ2+, as calculated from the ordinate intercept of the linear regression curve 

in Figure 2.1 A and shown in Table 2.3. Although there are significant differences 

between theoretical/added Mg2+ and apparent/measured Mg2+, for ease of use, 

added Mg2+ is used when describing experiments going forward.  
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Figure 2.1 ï Effective concentrations of ions in nutrient solutions and agar 

plates made using different types of agar. 

A ï Relationship between theoretical, added Mg2+-concentration and measured  

Mg2+-concentration in plates made with different types of agar. Four to five ICP-OES 

measurements per agar type were made, at different theoretical Mg2+-concentrations, 

for each set. Trendlines represent best-fit first-order linear regression lines for each 

type of agar. B, C, D ï Concentrations of other ions across plates made with different 

types of agar. Measurements from A were combined into one set for each type; error 

bars represent standard error. Washed: Type A agar, subjected to an EDTA-washing 

procedure. HGA: High gel-strength agar. Unwashed: Type A agar, used unaltered. 

None: Nutrient solutions made without added agar. 

 

 

 

 

 

Table 2.3 ï Relationship between theoretical and apparent Mg-concentrations 

in media using different forms of Agar. 

Type of agar Residual Mg2+ [µM]a Slope [µM.µM-1]b R2 [ ] p-value [ ] 

None 4.82 ± 0.291 0.721 ± 0.000580 1.000 6.48 x 10-7 

Washed 3.46 ± 0.778 0.672 ± 0.00155 1.000 5.35 x 10-6 

Unwashed 30.5 ± 15.0 0.758 ± 0.0237 0.9971 6.67 x 10-5 

HGA 37.2 ± 4.85 0.726 ± 0.00968 0.9996 1.78 x 10-4 

Values shown give characteristics of the linear regression lines from Figure. 2.1 A. 

The apparent Mg2+-concentration for a given type of agar and concentration of added 

Mg2+ can be calculated as y = a + b * x; where y is the apparent Mg2+-concentration; 

a, the y-intercept, is the residual amount of Mg2+ in the medium from contaminations 

in the agar, water and stock solutions; x is the theoretical concentration of Mg2+ added 

via stock solutions; and b is the ñslopeò, i.e., the conversion factor between theoretical, 

(added) and apparent (measured) Mg2+-concentration for each type of agar.  

Washed: Type A agar, subjected to the EDTA-washing procedure. HGA: High gel-

strength agar. Unwashed: Type A agar, unaltered. None: Nutrient solutions made 

without added agar.  
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2.1.5 Growth conditions for Arabidopsis on soil 

For collection of seeds and DNA-samples from leaves, plants were grown on 

άWƻƘƴ LƴƴŜǎ Cн {ǘŀǊǘŜǊ Ҍ DǊƛǘέΣ ŎƻƴǎƛǎǘƛƴƎ ƻŦ фл҈ όǿκǿύ ǇŜŀǘΣ мл҈ όǿκǿύ ƎǊƛǘΣ  

4 kg.m-3 dolomitic limestone and 1.2 kg.m-3 Osmocote Start fertilizer (ICL Specialty 

Fertilizers, Ipswich, UK). Sensitive plants, such as EMS mutants, were grown on 

ά[ŜǾƛƴƎǘƻƴ Cн {ǘŀǊǘŜǊέ ǿƛǘƘ ŀŘŘŜŘ ƛƴǎŜŎǘƛŎƛŘŜΣ ŎƻƴǎƛǎǘƛƴƎ ƻŦ млл҈ ǇŜŀǘ ŀƴŘ лΦну ƎΦ[-1 

Exemptor® chloronicotinyl insecticide (Bayer CropScience Ltd., St. Louis, USA).  

Plants were grown in 24-cell trays of pots, with each pot measuring 5 x 5 x 5 cm, in a 

long day CER maintained at approximately 22°C with a photoperiod of 16 h light (90 

˃ƳƻƭΦƳ-2s-1) and 8 h dark. 

 

2.2 Arabidopsis growth phenotyping  

2.2.1 Determination of shoot weights 

Arabidopsis seedlings were grown vertically on 100 mm square agar plates 

containing HM with different concentrations of Mg2+ until 14 DAG. At this point, 

shoots were separated from roots using forceps, and shoots were gently blotted dry 

twice between two sheets of absorbent paper. Shoots were then weighed on an 

analytical laboratory balance (Mettler AE 240, Mettler-Toledo Ltd., Leicester, UK) to 

an accuracy of 0.1 mg.  

For the experiment in Figure 3.5 and 3.6, Chapter 3 as well as Figure 4.3 and 4.4, 

Chapter 4, seedlings were grown on HM, using washed agar. Individual seedlings 

were weighed, before calculating the average shoot weight for each concentration 

and genotype; 260 Col-0 seedlings, 207 mrs2-4 1 seedlings and 223 mrs2-7 seedlings, 

respectively, were analysed, distributed across three independent biological 

replicates. For the experiment in Figure 4.5, seedlings were grown on HM using 

unwashed agar. Seedlings were weighed individually, before calculating the average 

shoot weight for each concentration and genotype. Between 48 and 77 seedlings per 

independent replicate and genotype were analysed, for each of seven genotypes 

(Col-0, mrs2-3 1, mrs2-3 2, mrs2-4 1, mrs2-10 1, mrs2-10 2, TKO).  
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For the experiments in Figure 4.7, seedlings were grown on HM using unwashed 

agar. In this case, all seedlings from one plate were weighed together and the 

average shoot weight for each plate calculated, then the total number of plates was 

used to calculate the average shoot weight across plates. three to six plates were 

analysed per genotype, concentration and replicate, containing three to six seedlings 

each. The first experiment contained six genotypes (Col-0, mrs2-3 1, mrs2-3 2, mrs2-

3 1 + 5-1, mrs2-3 1 + 6-4, mrs2-3 2 + 1-4), and the second experiment contained five 

genotypes (Col-0, mrs2-4 1, mrs2-4 2, mrs2-4 1 + 3-4, mrs2-4 2 + 3-4). Both 

experiments were carried out over three independent biological replicates.  

In all cases, significant differences between mean values across genotypes and 

Mg2+-concentrations were determined using two-way analysis of variance (ANOVA) 

with Tukey honestly significant difference (HSD) test. 

2.2.2 Root measurements 

Arabidopsis seedlings were grown vertically on 100 mm square agar plates 

containing HM with different concentrations of Mg2+, until 10 DAG. At this point, 

plates were scanned using an Epson Perfection V550 Photo scanner (Epson, Suwa, 

Japan), with a scan definition of 300 dpi. Images were analysed in ImageJ  

(National Institutes of Health, USA) v.2.1.0. The number of lateral roots per plant was 

counted visually, and the length of main roots was measured using the NeuronJ© 

plugin (Erik Meijering), v. 1.4.3. Root measurements were taken for the experiment 

in Figures 3.5 and 3.6, Chapter 3 and the experiment in Figures 4.3 and 4.4,  

Chapter 4, with numbers of seedlings and replicates, as well as genotypes used as 

described in Section 2.2.1. 

For main root length, significant differences across genotypes and  

Mg2+-concentrations were determined using two-way ANOVA and Tukey HSD test. 

For numbers of lateral roots, a Kruskal-Wallis test [194], followed by a Dunn test [195] 

for multiple comparisons were used.  
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2.3 DNA methods 

2.3.1 DNA Extraction 

Samples of leaves from plants grown on soil according to Section 2.1.5, or of 

whole plants grown on agar plates according to Section 2.1.2, not exceeding 300 mg 

fresh weight, were taken, transferred to 2 mL Eppendorf tubes, frozen in liquid 

nitrogen and initially stored at -70°C.  Before DNA extraction, samples were 

homogenized using a TissueLyser LT (Qiagen GmbH, Hilden, Germany), pre-cooled 

with liquid nitrogen. Samples were shaken at 50 Hz for one minute, twice, after 

adding one stainless steel ball bearing (3 mm, M31G100, Simply Bearings Ltd., UK)  

to each tube. Homogenized samples were then άvortexedέ with 400 µL extraction 

buffer, consisting of 5 M urea, 0.3 M NaCl, 20 mM EDTA, 0.05 M tris 

(tris(hydroxymethyl) aminomethane) (B2005, Melford Laboratories Ltd., Chelsworth, 

UK), 2%(w/v) sodium lauryl sarcosinate (L9159-50G), 0.5% (w/v) sodium dodecyl 

sulphate (L4390-100G), 5% (w/v) phenol (P4557-400ML), and incubated for 5 min at 

room temperature. Then, 400 µL of a 25 : 24 : 1 mixture of phenol, choroform and 

isoamylalcohol, prepared from phenol and chloroform : isoamylalcohol 24 : 1  

(C0549-1PT) was added. Samples were centrifuged for 20 min at 10,000 g, before 

transferring the aqueous phase (500 µL) to new 1.5 mL Eppendorf tubes, adding  

400 µL isopropanol and centrifuging for another 20 min at 10,000 g, producing a DNA 

pellet. Remaining isopropanol was discarded and the pellet washed twice with  

500 µL 70% (v/v) EtOH, then the pellet was left to dry and DNA dissolved in 50 µL 

ddH2O or low TE buffer (10 mM tris, 0.1 mM EDTA), pH 7.5. DNA quality and 

conŎŜƴǘǊŀǘƛƻƴ ǿŜǊŜ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ŀ bŀƴƻŘǊƻǇϰ hƴŜ Microvolume UV-Vis 

Spectrophotometer (Thermo-Fisher Scientific Inc., Waltham, U.S.A.). 
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2.3.2 Genotyping by PCR 

Genotyping of plants was carried out by polymerase chain reaction (PCR) using 

GoTaq® DNA Polymerase (Promega Co., Madison, USA). Each reaction contained  

2 mM MgCl2, 0.2 mM of all DNA trinucleotides, 0.8 µM of each primer used, green 

GoTaq® buffer to a concentration of 1x, and 100-500 ng template genomic DNA 

(gDNA). 0.15 µL polymerase were added for 25 µL reactions, and 0.3 µL polymerase 

for 50 µL reactions. PCR was carried out in a Mastercycler® pro thermocycler 

(Eppendorf, Hamburg, Germany). Reactions were carried out as Touchdown (TD) 

PCR. Conditions were as follows: 95°C for 2 min; followed by five cycles of 95°C for 

20 s, 60°C, decreasing by 1°C with each cycle, for 20 s, and 72°C for 2 min; followed 

by 30 cycles of 95°C for 20 s, 54°C for 20 s, 72°C for 2 min; and a final step of 72°C for 

5 min.  

aƻǎǘ ƎŜƴƻǘȅǇƛƴƎ t/wǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ŀǎ άǘƘǊŜŜ-ǇǊƛƳŜǊ t/wǎέΤ ǘƘǊŜŜ ǇǊƛƳŜǊǎ 

were added to each reaction mixture, giving PCR products of different sizes 

depending on whether the line in question contained the transfer DNA (T-DNA) 

insertion or construct in question or not, or both products in the case of plants 

heterozygous for T-DNA insertions. Table 2.4 gives the primers that were used for 

genotyping. LBb1.3-Ext was used in all reactions for genotyping SALK T-DNA insertion 

lines, in addition to the primers given for the respective line. Lines containing  

GFP-tagged insertions were genotyped once using the same primers as for the 

respective SALK line, and once with the primers given for the line in addition to the 

άDCt wŜǾΦ нέ ǇǊƛƳŜǊ όTable 2.4). Lines containing MARIO and ATeam constructs were 

genotyped together, including Col-0 plants as negative control, using the same 

primers, since both constructs contain sequences encoding both YFP and CFP. 

Constructs present in each line were distinguished via the sizes of the produced  

PCR-products.  
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Table 2.4 ï Primers used for DNA genotyping in this work. 

Mutant line 

/Transgene 
Primer name {ŜǉǳŜƴŎŜ όрΩ ǘƻ оΩύ 

All SALK lines LBb1.3-Ext. ATTTTGCCGATTTCGGAACCAC 

TKO (mrs2-1) 
006797_LP AGAGCAGGCTTGTAGCACTGAC 

006797_RP CCATCTGAATGCACCTGGCTG 

mrs2-2 
006797_LP_X AGAGCAGGCTTGTAGCACTGAC 

006797_RP CCATCTGAATGCACCTGGCTG 

mrs2-3 1 & 2 
080443_LP GCATCTCTCAAAGACTGACGTG 

080443_RP GATTCATTTGGACTGTGATTGGAGG 

mrs2-4 1 & 2 
203866C_LP CATGCAACTGGATGGAATGCG 

145997_RP CAAGTGGCACATGGTTTGTAAGAGAG 

TKO (mrs2-5) 
105475_LP CGCCTTCAATCAAACCACAACCT 

105475_RP TGCTCAGAGTGTTATCAACAACGAC 

mrs2-6 
037061_LP GCTAGCCCGTGTACAAAAGG 

037061_RP GCCGTTGAAGATTTGGTTGG 

mrs2-7 
90559_LP ACTTTTTCTGATTCCAACTGGG 

90559_RP TGAGGGGTACCATCTTCTTCAC 

mrs2-10 1 
006528C_LP AAACTTGGTGGTGAGAGGAAAC 

006528C_RP GCAGGATCGTCTTTCAAATACC 

mrs2-10 2 & TKO 
100361C_LP GCGGTTTAATCACCTGCAACTC 

100361C_RP TGTCTTCACAGAGGCATGAGT 

mrs2-11 
028042_LP AATGTTTCGCCAAGTCTCCG 

028042_RP GGCCAAACCAACCTCTAGTTC 

ATeam and MARIO 

MARIO seq1 AGAGCGCCTCGTCGTAC 

MARIO_seq3 GTGACCACCCTGACCTGG 

MARIO_seq4 GTAGCCCAGGGTGGTCAC 

Both GFP Constructs GFP Rev. 2 ATTTTGCCGATTTCGGAACCAC 

Mutant line/transgene ï Mutant line(s) or transgenic construct(s) the primers given 

were used with. 
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2.3.3 DNA Sequencing 

DNA sequencing was carried out using the LightRun tube service offered by 

Eurofins Genomics GmbH. Primers used for DNA sequencing are listed in Table 2.5.  

Table 2.5 ï Primers used for DNA sequencing in this work. 

Insertion/Construct Primer name {ŜǉǳŜƴŎŜ όрΩ ǘƻ оΩύ 

All SALK line insertions LBb1.3-ext ATTTTGCCGATTTCGGAACCAC 

mrs2-1 & TKO 006797_LP AGAGCAGGCTTGTAGCACTGAC 

mrs2-3 1 
080443_LP GCATCTCTCAAAGACTGACGTG 

080443_RP GATTCATTTGGACTGTGATTGGAGG 

mrs2-3 2 
201976_LP TGTCGCATTGCCACAAATCT 

201976_RP CGACATGTTTCTCTCACCGAAG 

mrs2-4 1 203866C_LP CATGCAACTGGATGGAATGCG 

mrs2-4 2 
145997_LP CGCTTGCTAGCTCGTGTACAAAAG 

145997_RP CAAGTGGCACATGGTTTGTAAGAGAG 

mrs2-10 1 
006528_LP AAACTTGGTGGTGAGAGGAAAC 

006528_RP GCAGGATCGTCTTTCAAATACC 

mrs2-10 2 & TKO 100361C_LP GCGGTTTAATCACCTGCAACTC 

TKO 

105475_RP TGCTCAGAGTGTTATCAACAACGAC 

006797_LP AGAGCAGGCTTGTAGCACTGAC 

006797_RP CCATCTGAATGCACCTGGCTG 

All Gateway Constructs 
pDONR F AACGCTAGCATGGATCTC 

pDONR R AGCTGGATGGCAAATAATG 

pAAA::LUC 
pAAA 1 GCCTGAACGAACAACATAC 

pAAA 2 GAGCATCTTTATTGGTAAGC 

pPER70::LUC 

pPER70 1 GAGTTGGATCAGAAACCG 

pPER70 2 GTATTTTCATACTCCCTCTG 

pPER70 3 CCTAAACTAGTCAGGATGG 

pPER70 4 CGTCCCGTTACAACATC 

pDTX3::LUC 

pMATE 1 AATTGGTAACTCGATAGCG 

pMATE 2 AGTATTAAAGGTTCACCCG 

pMATE 3 TGCTCTTTAAGGCACTAAG 

Luciferase Constructs QLUC R CGATAAATAACGCGCCCA 

L0 GoldenGate 

fragments 

T7 TAATACGACTCACTATAGGG 

SP6 ATTTAGGTGACACTATAG 
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Insertion/Construct Primer name {ŜǉǳŜƴŎŜ όрΩ ǘƻ оΩύ 

pMRS2-4:: 

MRS2-4::eGFP 

M13 fwd. GTAAAACGACGGCCAGT 

M13 rev. ACAGGAAACAGCTATGACC 

MRS2-4 (TK) 1 CTCTGTGCTGTGAATCGG 

MRS2-4(TK) 2 CTACGTTTTGTTTCCAACC 

MRS2-4 1 TGGGCTTATCTAGTTGGG 

MRS2-4 2 GCTAGGCTGTGGATGAG 

MRS2-4 3 ACTAAGAATGTCAGCACTG 

MRS2-4 4 TACCATGTCCATTGTATAGC 

MRS2-4 5 AGAACGGCATCAAGGTG 

pMRS2-3::MRS2-3::eGFP 

MRS2-3 1 CCAATATGAGTTCGTCAGG 

MRS2-3 2 CATTCCTCAGCTGCTCG 

MRS2-3 3 GTCTCCTTTTGTTTGTGC 

MRS2-3 4 GCTGGTTGCAATAACTGG 

MRS2-3 5 GCAGATCGATGGTATACTG 

MRS2-3 6 TGACCACCCTGACCTAC 

Insertion/Construct ï T-DNA insertion flanking region or DNA construct sequenced 

using the respective primers. Primers ñpDONR Fò, ñpDONR Rò and ñQLUC Rò were 

provided by Camilla Stanton; Primers ñT7ò and ñSP6ò were provided by Marco Dóario 

(both John Innes Centre, Norwich). 
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2.3.4 Whole-genome sequencing  

Whole-genome sequencing (WGS) was carried out using the short-read  

non-human WGS service by GENEWIZ Germany GmbH (Leipzig, Germany).  

Samples consisted of genomic DNA from 21 ς 36 individual seedlings from 

segregating F2 populations (see Section 5.2.5, Chapter 5), selected for increased 

luciferase expression according to Section 2.7.2. Selected seedlings were pooled, 

producing nine samples derived from mutant lines and one control, consisting of 20 

seedlings of the unaltered parent line pAAA::LUC. Then, DNA was extracted from the 

samples according to Section 2.3.1Φ 5b! ǉǳŀƴǘƛǘȅ ǿŀǎ ŀǎǎŜǎǎŜŘ ǳǎƛƴƎ ŀ vǳōƛǘϰ 

Fluorometer (Thermo Fisher Scientific), before submitting the samples for analysis. 

Sequencing was carried out using an Illumina platform with a 2x 150 bp  

paired-end setup. The raw sequencing data were processed by Genewiz, removing 

adapter sequences using the Trimmomatic v0.36 package [196], then reads were 

aligned to the TAIR10 reference genome for Col-0 using the Burrows-Wheeler aligner 

(BWA) [197]. SNPs and indels were detected using the SamTools [198] and VarScan 

[199] packages, then pairwise comparisons between each sample and the control 

were carried out.  
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2.4 RNA methods and Real-Time PCR 

2.4.1 RNA extraction 

Arabidopsis seedlings were grown on 100 mm square Agar plates according to 

Section 2.1.2, then shoots were separated from roots using forceps, sampling shoots 

and/or roots. Up to 100 mg fresh weight were transferred into 2 mL RNAse and 

DNAse ς free Eppendorf tubes for each sample, pooling parts from multiple 

seedlings. Samples were then flash-frozen in liquid nitrogen and stored at -70°C until 

use. Before RNA extraction, samples were homogenized using a TissueLyser LT 

(Qiagen GmbH), pre-cooled with liquid nitrogen. Samples were shaken twice at 50 Hz 

for one minute after adding a single stainless steel ball bearing (3 mm, M31G100, 

Simply Bearings Ltd., UK) to each tube. RNA-extraction was carried out using the 

RNEasy® Plant Mini Kit (Qiagen GmbH), according to the manufacǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

The optional on-column DNAse-digestion step using the RNAse-free DNAse set 

(Qiagen GmbH) described in the RNEasy mini handbook was carried out at the 

relevant point in the procedure. RNA quality and concentration were determined 

using ŀ bŀƴƻŘǊƻǇϰ hƴŜ Microvolume UV-Vis Spectrophotometer (Thermo-Fisher 

Scientific Inc.). 

2.4.2 cDNA synthesis 

Ŏ5b! ǎȅƴǘƘŜǎƛǎ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ƛƴ нл ˃[ ǊŜŀŎǘƛƻƴǎ ǳǎƛƴƎ ǘƘŜ Dƻ{ŎǊƛǇǘϰ wŜǾŜǊǎŜ 

Transcription System (Promega) according to the ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ ǳǎƛƴƎ 

oligo(dT)15 ǇǊƛƳŜǊΣ ǿƛǘƘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ рлл ˃Ǝ ǘƻǘŀƭ wb! ǇŜǊ ǊŜŀŎǘƛƻƴ ŀƴŘ ŀ Ŧƛƴŀƭ 

concentration of 2.5 mM MgCl2. Reactions were carried out in a Mastercycler® pro 

ǘƘŜǊƳƻŎȅŎƭŜǊ ό9ǇǇŜƴŘƻǊŦύΦ ! άƴƻ ǘŜƳǇƭŀǘŜ ŎƻƴǘǊƻƭέ όb¢/ύ ŀƴŘ ŀ άƴƻ ǊŜǾŜǊǎŜ 

ǘǊŀƴǎŎǊƛǇǘŀǎŜέ όbw¢ύ ŎƻƴǘǊƻƭ ǊŜŀŎǘƛƻƴ ǿŜǊŜ ƛƴŎƭǳŘŜŘ ŀǎ ƴŜƎŀǘƛǾŜ ŎƻƴǘǊƻƭǎΦ Ŏ5b! ǿŀǎ 

ŘƛƭǳǘŜŘ мΥмл ǘƻ ƎƛǾŜ ŀ Ŧƛƴŀƭ ǾƻƭǳƳŜ ƻŦ нлл ˃[ ŀƴŘ ǎǘƻǊŜŘ ŀǘ -20°C.  
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2.4.3 Quantitative reverse transcription PCR 

Real-time quantitative reverse transcription PCR (qRT-PCR) was carried out as  

мл ˃[ ǊŜŀŎǘƛƻƴǎ ƛƴ [ƛƎƘǘŎȅŎƭŜǊϯ пул оуп-well plates (Roche Diagnostics, Burgess Hill, 

¦YύΣ ǳǎƛƴƎ ŘƛƭǳǘŜŘ Ŏ5b!ǎ ŀƴŘ {¸.wϯ DǊŜŜƴ WǳƳǇǎǘŀǊǘϰ Taq ReadyMixϰ όS4438). Each  

мл ˃[ ǊŜŀŎǘƛƻƴ ŎƻƴǘŀƛƴŜŘ р ˃[ {¸.w DǊŜŜƴΣ лΦр ˃[ ƻŦ ŜŀŎƘ ǇǊƛƳŜǊ ŀǘ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ 

ƻŦ мл ˃aΣ м ˃[ ŘŘI2h ŀƴŘ о ˃[ Ŏ5b!Σ ǇǊŜǇŀǊŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ Section 2.4.2. Primers 

used in qRT-PCR analysis are shown in Table 2.6.  

All primer-pairs used for qRT-PCR were validated by testing the primer efficiency 

before use. To do this, cDNA from samples to be used with the primer pair was mixed 

in equal parts, before creating four serial tenfold dilutions (1 : 10, 1 : 100, 1 : 1000,  

м Υ мл лллύΦ нл ˃[ ǉw¢-PCRs were set up for each primer-pair with each dilution of 

cDNA-mix, including undiluted cDNA-mix, according to the protocol above, in a  

96-well plate (Scientific Laboratory Supplies Ltd.), in triplicate, giving fifteen reactions 

per primer, over five dilutions of cDNA. Primers for the same experiment were tested 

together on the same 96-well plate, if possible, together with three replicates of both 

NTC and NRT negative controls. Reactions were then carried out in a Bio-Rad CFX96 

real-time PCR detection system (Bio-Rad Laboratories, Inc., Hercules, USA). The PCR 

program used was as follows: 94°C for 2 min; followed by 40 cycles of 94°C for 20 s, 

59°C for 20 s, 72°C for 20 s, and a plate-read step; 30 s at 50°C, then a melt-curve 

from 65°C to 95°C, at 0.5°C intervals. Primer efficiency was evaluated by taking the 

arithmetic mean of Ct values given by the thermocycler for each set of technical 

replicates, excluding up to one obvious outlier per set of three replicates, then 

plotting the mean Ct values against the decadic logarithm of the quantity of cDNA 

(undiluted cDNA = 1.0). The primer efficiency (in %) was calculated as:  

ὉὪὪὭὧὭὩὲὧώ Ϸ  ρπ ρ ρzππ 

where S is the slope of the plot. Primers with efficiencies between 90 % and 110 

% were used for subsequent qRT-PCR experiments, whereas primers with efficiencies 

outside of this range were rejected. 
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When setting up qRT-PCR reactions, all solutions except cDNA were pre-mixed in 

screw-ŎŀǇ ǘǳōŜǎΣ ŀǎ άtǊƛƳŜǊ-ƳƛȄŜǎέΣ ŎƻƴǘŀƛƴƛƴƎ ŀǇǇǊƻǇǊƛŀǘŜ ŀƳƻǳƴǘǎ ƻŦ ǇǊƛƳŜǊǎΣ 

ddH2O, and SYBR Green, for all reactions using one set of primers at one time. 

Required amounts of cDNA were dispensed into wells of a fully skirted 96-well qPCR 

plate (Scientific Laboratory Supplies Ltd.). Both these solutions were then supplied to 

a Biomek NXP Span-8 automated liquid handling system (Beckman Coulter Life 

SciencesΣ LƴŘƛŀƴŀǇƻƭƛǎΣ ¦{!ύΣ ŀǳǘƻƳŀǘƛŎŀƭƭȅ ŘƛǎǇŜƴǎƛƴƎ т ˃[ άtǊƛƳŜǊ-ƳƛȄέ ŀƴŘ о ˃[ 

cDNA into the required wells of the 384-well plate. qRT-PCR reactions were then 

carried out in a LightCycler® 480 System (Roche diagnostics); the protocol used was 

the same as for the primer-efficiency tests (see above). 

Each reaction was carried out in triplicate (technical replicates), and each plate 

contained samples from three independent biological replicates. All reactions 

pertaining to one experiment were carried out on the same plate, and each 

experiment included two reference transcripts, ACTIN2/AT3G18780 and 

EF1a/AT1G07940, as well as NTC and NRT negative controls. The PCR protocol used 

was the same as for primer efficiency reactions (see above).  

When analysing the data, the mean Ct value out of two or three technical 

replicates (up to one obvious outlier was excluded from three original technical 

replicates) was calculated, then the expression for each biological replicate, relative 

to ACTIN2 (Erel) was calculated as: 

Ὁ ς  

The arithmetic mean and standard error of relative expression values between 

biological replicates for each sample was calculated, then mean and standard error 

for each gene were normalized to the relative expression of the respective gene at 

the control concentration or in ǘƘŜ ŎƻƴǘǊƻƭ ƎŜƴƻǘȅǇŜ όɲɲ/t). Significant differences 

across measurements were determined using two-way ANOVA, followed by Tukey 

HSD test.  
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Table 2.6 ï Primers used for qRT-PCR in this work. 

Gene Name Primer name {ŜǉǳŜƴŎŜ όрΩ ǘƻ оΩύ 

ACT2/AT3G18780 
Actin2 F GATGAGGCAGGTCCAGGAATC 

Actin2 R GTTTGTCACACACAAGTGCATC 

EF1a/AT1G07940 
EF1a F TGGTTGTTTGTGTTACCGCTTCG 

EF1a R CACCTCCGATCAAGAACCCAATTC 

AAA/AT2G18193 
AAA_Tr_F TGCTGAAGTGAGAGATAGGGAAGC 

AAA_Tr_R TCCCTGATAGAGTCACCTTTCCC 

PER70/AT5G64110 
PER70_Tr_F CACGTGACTTCGTCCATTTGGC 

PER70_Tr_R AGAAATTCGGCCATCGAGTCTCC 

DTX3/AT2G04050 
MATE_Tr_F ATGTGAGGTACTCCAGCTCCTG 

MATE_Tr_R ATAGCCACCATTCTAGGCAAACC 

MRS2-3/AT3G19640 
MRS2-3_Tr_F CCGTCTCCTTCACTATTTGCATTTCTTTC 

MRS2-3_Tr_R AAGCAAGAAGGAAACTATGCAATTTGCTC 

MRS2-4/AT3G58970 
MRS2-4_Tr_F CGCAGAGACATTGTTGGCCAGC 

MRS2-4_Tr_R GAGCCTAGCAGCTTCTTCCACC 

19650/AT3G19650 
19650_F TCATGAGACCACCAAAGCAGCTC 

19650_R ACTTCTCCACGATCCTCTCACAG 

LUC a 
luc_Tr_F_2 GATGTACACGTTCGTCACATCTCATC 

luc_Tr_R_2 CAGTGCAATTGTCTTGTCCCTATCG 

PPR/AT2G20720 
PPR F CTTCTCTCACGCTCTCCAGGTATC 

PPR R ACACCACCAACTTTAGCAGCCAAG 

ACA1/AT1G27770 
ACA1 F ATCAGCCTGCCTCACTGGAAAC 

ACA1 R TTCATCAGGTCGTCCTGTGGTG 

DTX4/AT2G04070 
MEP F GTCTTCTGTCAAGCAGTTCTTCCG 

MEP R TAGCCACCATTCTAGGCAAAGC 

Gene Name ï Designated name and/or and gene identifier of genes transcript levels 

of which were quantified using the respective primers. a ï the firefly luciferase 

transcript, from the LUC transgene.  
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2.5 Biochemical and histochemical assays 

2.5.1 Agar-equilibration and ICP-OES 

To determine concentrations of ions within agar plates, plates in question were 

cut into pieces measuring about 0.5 cm x 2 cm, using a scalpel. Segments were 

transferred into 15 ml falcon-tubes, pre-weighed (w1) on an analytical laboratory 

balance (Mettler AE 240, Mettler-Toledo Ltd.). Tubes were weighed again (w2), then 

ddH2O was added to each tube to a total volume of about 15 mL, and tubes were 

weighed a third time (w3). Nutrient solutions without agar, prepared separately, 

were sampled at the same time to serve as controls. Both the tubes with agar 

segments and water and the tubes with nutrient solutions were stored at 4°C for at 

least three days to allow ion-concentrations to equilibrate between agar and water, 

then the supernatant was separated from the agar-pieces in the sample tubes by 

centrifugation, followed by decanting.  

All samples were submitted for ICP-h9{ ŀƴŀƭȅǎƛǎ ǘƻ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ 9ŀǎǘ !ƴƎƭƛŀΩǎ 

Science Analytical Facility, and analysed for concentrations of magnesium, 

potassium, sodium, calcium, and phosphorus. For samples from agar plates, 

concentrations within agar plates were calculated as follows: 

ὧ  ὧ ᶻ
ύ ύ

ύ ύ
 

With capp being the apparent ion-concentration within the agar plates in question and 

cM being the concentration measured in the sample during ICP-OES. 

For Mg2+-concentrations across different types of agar, a linear model relating 

added to measured Mg2+-concentrations was created for each agar, and a two-way 

ANOVA was used to establish significant differences between agars. For 

concentrations of other ions, measurements across different Mg2+-concentrations 

for each type of agar were combined, mean values and standard errors calculated, 

then significant differences between them established using two-way ANOVAs and 

Tukey HSD tests.  
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нΦрΦн {ǘŀǊŎƘ ǎǘŀƛƴƛƴƎ ǳǎƛƴƎ [ǳƎƻƭΩǎ ǎƻƭǳǘƛƻƴ 

To visualize accumulation of starch in leaves of A. thaliana at different  

Mg2+-concentrations, a protocol adapted from Feike et al., 2016 [200] was used. 

Seedlings grown on agar plates according to Section 2.1.2, using washed agar, were 

harvested at the end of the dark period, i.e., 06:00. For seedlings grown on agar 

plates containing sucrose, this was carried out at 14 DAG, whereas for seedlings 

grown on plates without sucrose, the time-point chosen was 17 DAG. Four to six 

seedlings from each Mg2+-concentration were chosen at random, shoots were 

separated from roots using forceps, then shoots were immersed in around 12 mL 

80% (v/v) EtOH in falcon tubes and incubated at 80°C for 2 h to remove chlorophyll. 

De-stained shoots were washed three times in ddH2O for 5 min on a rotary shaker, 

ǎƘŀƪƛƴƎ ŀǘ ол ǊǇƳΣ ǘƘŜƴ ƛƳƳŜǊǎŜŘ ƛƴ [ǳƎƻƭΩǎ ǎƻƭǳǘƛƻƴ όL6146-1L) for at least 6 h with 

shaking to visualize Starch within rosettes. Shoots were then washed three times in 

ddH2O for 5 min again, before individual shoots were transferred to a sheet of paper, 

arranged such that each leaf was unfurled and visible, and blotted dry with absorbent 

paper. Images of each rosette were taken using a ZEISS Axio Zoom.V16 stereo 

fluorescence microscope (Carl Zeiss AG, Jena, Germany), using the bright-field 

(colour) setting, a Plan-NEOFLUAR Z 1x objective and an Axiocam 512 colour camera 

(Carl Zeiss AG), generating three-channel images.  

To quantify differences in starch accumulation at different Mg2+-concentrations, 

three independent replicates were carried out for each experiment, with four to five 

seedlings imaged per Mg2+-concentration and replicate. Images obtained as specified 

above were imported into ImageJ v. 2.1.0. For each seedling, leaves were numbered 

according to the order of emergence, from one to eight, then the outline of each leaf 

was traced and the average colour intensity on the red channel over the area of the 

ƭŜŀŦ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘƘŜ άƳŜŀǎǳǊŜέ ŦǳƴŎǘƛƻƴΦ A generalized linear model of the 

relationship between colour intensity and Mg2+-concentration, grouped by leaf 

number, was generated. A two-way ANOVA was used to determine significant 

differences within the model.  
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2.5.3 ROS imaging using fluorescent ROS-sensitive probes 

To visualize ROS accumulation in leaves of seedlings grown at different  

Mg2+-concentrations, a protocol adapted from Peng et al. [96] was used. Seedlings 

grown on agar plates according to Section 2.1.2, using washed agar, until 14 DAG, 

were harvested around the middle of the light period, i.e., 14:00. Seedlings, chosen 

ŀǘ ǊŀƴŘƻƳΣ ǿŜǊŜ ǊŜƳƻǾŜŘ ŦǊƻƳ ǇƭŀǘŜǎ ŀƴŘ ƛƳƳŜǊǎŜŘ ƛƴ ŀ ǎƻƭǳǘƛƻƴ ƻŦ ŜƛǘƘŜǊ мл ˃a  

5-(and-6)-chloromethyl-нΩΣтΩ-dichlorodihydrofluorescein diacetate acetyl ester  

(CM-H25/C5!ύΣ ƻǊ пл ˃a ŘƛƘȅŘǊƻŜǘƘƛŘƛƴŜ (DHE) (both Thermo-Fisher Scientific) in 50 

mM phosphate buffer, pH 7.4. Seedlings were incubated in the staining solution for 

30 min at room temperature, then de-stained by washing three times in phosphate 

buffer for 1-3 min with shaking. Leaves 4, 5 and/or 6 were removed from the washed 

seedlings and placed on a microscope slide, immersed in phosphate buffer, then 

images were taken on a Zeiss LSM 780 confocal laser-scanning microscope (Carl Zeiss 

AG), using an EC Plan-Neofluar 20x objective with a numerical aperture (NA) of 0.5. 

Excitation wavelength was 488 nm and emission at 517-540 nm for CM-H2DCFDA. 

Excitation at 514 nm and emission at 520-580 nm for DHE. A chlorophyll channel was 

included in both cases, with emission recorded at 660-700 nm. Other settings were 

as described in Section 2.6.3. Unstained leaves were used as negative control, 

whereas leaves from seedlings sprayed with a solution of 20 ˃a !ƴǘƛƳȅŎƛƴ !  

(A8674-25MG) in 0.1% (v/v) Tween® 20 (P9416-50ML) 2 h before harvesting were 

used as a positive control. 

To quantify differences in ROS accumulation across seedlings grown at different 

Mg2+-concentrations, three replicates of the above experiment were carried out, 

with four to five images per Mg2+-concentration (and control) and replicate. Images 

were imported into ImageJ v. 2.1.0. For each image, chlorophyll fluorescence was 

used to judge the area that was sufficiently in focus, then that area was traced and 

the average intensity on the channel used for the respective dye was measured. 

Mean and standard error for average fluorescence across samples were calculated 

for each sample type, then significant differences between fluorescence after growth 

ƻƴ мллл ˃a aƎ2+ and all other sample types were determined using two-way ANOVA 

followed by Tukey HSD test.  
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2.5.4 Chlorophyll quantification 

To determine concentrations of chlorophyll in Arabidopsis shoots, seedlings 

grown on agar plates according to Section 2.1.2 until 14 DAG were harvested, 

separating shoots from roots using forceps. Shoots were gently blotted dry between 

two sheets of absorbent paper, twice, then weighed on an analytical laboratory 

balance (Mettler AE 240, Mettler-Toledo Ltd.) to an accuracy of 0.1 mg (m1).  

20-50 mg fresh weight per sample, from shoots chosen at random, were transferred 

to a 2 mL Eppendorf tube and flash-frozen in liquid nitrogen. Samples were 

homogenized using a TissueLyser LT (Qiagen GmbH), pre-cooled with liquid nitrogen, 

after adding a 3 mm stainless steel ball bearing (Simply Bearings Ltd.) to each tube, 

then exactly 2 mL methanol was dispensed into each sample tube, and samples were 

incubated at 30°C for 30 min while shaking at 300 rpm. Samples were centrifuged at 

10 000 rpm for 1 min, then put on ice, protected from light, until measurements were 

taken. Absorbance of each sample was measured on an MBA 2000 

spectrophotometer (Perkin-Elmer, Waltham, U.S.A.) at 650 nm (A650) and 665 nm 

(A665ύΦ /ƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ŎƘƭƻǊƻǇƘȅƭƭ ǿƛǘƘƛƴ ǘƘŜ ǎŀƳǇƭŜǎ ό/Ƙƭύ ƛƴ ˃ƎΦƳƎ-1 was 

calculated as follows: 

ὅὬὰ
ὃ ςzςȢυ ὃ τz ςz

ά
  

Two or three samples were analysed per condition and replicate, over three 

independent replicates, with seedlings grown on plates containing 60 mM NaCl 

acting as positive control. To determine significant differences between conditions, 

ǇŀƛǊŜŘ {ǘǳŘŜƴǘΩǎ ¢-tests were carried out. 

2.5.5 Quantitative and ratiometric ATP-assay 

ATP-levels within leaf samples, and ATP/ADP ratios within the same, were 

determined using the ATP/ADP ratio assay kit from Sigma-Aldrich (MAK135-1KIT). 

Arabidopsis seedlings (Col-0) were grown on agar plates containing HM with different 

concentrations of Mg2+ according to Section 2.1.2, using washed agar, either until  

14 DAG on plates containing sucrose, or until 17 DAG on plates without sucrose. 
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Leaves 4,5 and/or 6 were removed from randomly chosen seedlings using forceps, 

then blotted dry between two sheets of absorbent paper, twice.  

Leaves were weighed on an analytical laboratory balance (Mettler AE 240, Mettler-

Toledo Ltd.) to an accuracy of 0.1 mg, and 10-50 mg leaf material per sample were 

transferred into 2 mL Eppendorf tubes and flash-frozen in liquid nitrogen. Samples 

were homogenized using a TissueLyser LT (Qiagen GmbH), pre-cooled with liquid 

nitrogen, after adding a 3 mm stainless steel ball bearing (Simply Bearings Ltd.) to 

ŜŀŎƘ ǘǳōŜΣ ǘƘŜƴ млл ˃[ лΦрȄ ŀǎǎŀȅ ōǳŦŦŜǊ όƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ƪƛǘΣ ŘƛƭǳǘŜŘ ǿƛǘƘ ŘŘI2O) 

were added to each sample. Samples were shaken, then centrifuged at 10,000 g for 

2 min to clarify the extracts. Extracts were used in the assay according to the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ! ǿƘƛǘŜΣ Ŧǳƭƭȅ ǎƪƛǊǘŜŘ фс-well plate (bǳƴŎϰ  

Cфс aƛŎǊƻ²Ŝƭƭϰ, Thermo-Fisher Scientific) was used to conduct the assay, and a 

CLARIOStar® plate reader (BMG Labtech, Ortenberg, Germany) was used to take the 

required measurements. 

ATP/ADP ς ratios for each sample were calculated as described in the MAK135 

assay kit user manual. Mean values and standard error were calculated for each 

combination of plant part (leaves and roots) and Mg2+-concentration, then two-way 

ANOVAs, followed by Tukey HSD test, were used to determine significant differences 

between different Mg2+-concentrations for each plant part. To quantify ATP-

concentrations in addition to obtaining the ATP/ADP ratio for the samples tested 

while accounting for background absorbance, a calibration-curve of luminescence 

versus ATP-concentration was generated via standard addition. One sample was 

chosen, and solutions of ATP (A7699-1G) were added to achieve final concentrations 

of 200 nM, 40 nM, and 8 nM added ATP. During data analysis, a linear regression line 

constructed from these standards and the unaltered sample allowed calculation of 

ATP-concentrations within the samples analysed. ATP- and ADP-concentrations 

determined during the assay were converted to concentrations within the initial 

samples, then mean values and standard error were calculated for each combination 

of plant part (leaves and roots) and Mg2+-concentration. Two-way ANOVAs, followed 

by Tukey HSD test, were used to determine significant differences between different 

Mg2+-concentrations for each plant part. 
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2.6 Microscopy and light-based methods 

2.6.1 Luciferase imaging on agar plates 

To quantify expression of luciferase in Arabidopsis seedlings across different 

genotypes or nutrient conditions, seedlings were grown on agar plates of HM using 

washed agar according to Section 2.1.2. Either 20 seedlings were placed on each 

plate when 100 mm square agar plates were used, or 32 seedlings per plate on  

120 mm square plates, in two evenly spaced rows of seedlings. Around mid-day on 

the final day of the growth period, plates were removed from the growth room, and 

seedlings were sprayed with a solution of 1 mM luciferin (Carbosynth Ltd., UK) and 

10 mM MgCl2, while still on the plates, taking care to achieve complete coverage of 

shoot tissues. Plates were incubated for 10 min in the dark, then images were taken 

using a NightOwl II LB 983 in vivo imaging system (Berthold Technologies GmbH &  

Co KG, Germany).  

To acquire the luminescence image, an exposure time of 30 s was used, with a 

peak emission wavelength of 560 nm, x-binning and y-binning of 1, with cosmic 

suppression and background suppression enabled. The photo the luminescence 

image was overlayed on was acquired with an exposure time of 0.1 s and 10% 

illumination intensity. 

2.6.2 Fluorescence microscopy 

For several experiments, fluorescence microscopy was used to detect expression 

of fluorescent proteins within transgenic lines of A. thaliana. An Axio Zoom.V16 

stereo fluorescence microscope (Carl Zeiss AG) was used for this purpose, with light 

provided by an X-Cite XYLIS Broad Spectrum LED Illumination System (Excelitas 

Technologies Corp., Mississauga, Canada), and light filters included with the 

microscope used to set appropriate wavelengths for fluorophores imaged. For eGFP, 

an excitation wavelength of 488 nm and an emission wavelength of 509 nm were 

used; for CFP, excitation and emission wavelengths of 434 and 474 nm were used; 

for YFP, 514 and 526 nm.  
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Images were taken using an ORCA-Flash4.0 V3 Digital CMOS camera (Hanamatsu 

Photonics K.K., Hanamatsu, Japan). Generally, seedlings were grown on agar plates 

according to Section 2.1.2 and left on plates during the imaging process, but in some 

cases, leaves from plants grown on soil according to Section 2.1.5 were used.  

2.6.3 Confocal microscopy 

All confocal microscopy was carried out on a Zeiss LSM 780 confocal  

laser-scanning microscope (Carl Zeiss AG). The acquisition software used was ZEN 

2012 SP5 (Black); excitation light was provided by a 25 mW Argon Ion laser (excitation 

lines: 458 nm, 488 nm, 514 nm). A pinhole size of 1 AU was used for all experiments, 

a pixel dwell time of 1.6 µs, and 4-line averaging for all images representing 

experimental output. A 32-channel GaAsP PMT array and transmitted light PMT were 

used as detectors.  

Confocal microscopy was used to attempt to establish the subcellular localisation 

of MRS2-3-GFP and MRS2-4-GFP in transgenic lines expressing the respective 

constructs, and therefore the localisation of the respective protein. For this purpose, 

seedlings of mrs2-4 1 + 3-4 were primarily used, and the plasma membrane (PM) 

ǎǘŀƛƴ Caϰп-64 ((N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl) 

Hexatri-enyl) Pyridinium Dibromide), Thermo-Fisher Scientific) was used to visualize 

the PM of seedlings used in experiments. Seedlings to be imaged were immersed in 

a solution of 0.7 µg.mL-1 FM4-64 for 15 min while being kept on ice, then washed 

three times in HM liquid medium containing 50 µM Mg2+. 

Images in Figure 4.11 A were obtained using an EC Plan-Neofluar 20x air 

objective with an NA of 0.5; images in Figure 4.11 B were obtained using a  

C-Apochromat 40x water immersion objective with NA of 1.2. In this case, a Z-Stack 

was taken, with a voxel size of 5 nm (x/y) and 63 nm (z), 36 slices tall, sufficient for 

deconvolution analysis. A corresponding image of a slide of нрл ƴƳ ¢ŜǘǊŀǎǇŜŎƪϰ 

ƳƛŎǊƻǎǇƘŜǊŜǎ ƛƴ tǊƻ[ƻƴƎϰ 5ƛŀƳƻƴŘ ŀƴǘƛŦŀŘŜ Ƴƻǳƴǘŀƴǘ όōƻǘƘ ¢ƘŜǊƳƻ-Fisher 

Scientific) was taken, to enable chromatic aberration to be corrected by channel 

alignment. An excitation wavelength of 488 nm was used, and emission was detected 

at 515-525 nm for GFP (900 V gain) and at 600-срл ƴƳ ŦƻǊ Caϰп-64 (250 V gain). 



 

82 
 

Deconvolution analysis and channel alignment were carried out in Huygens essential 

v.19.10 (Scientific Volume Imaging, Hilversum, Netherlands). For deconvolution, a 

CMLE algorithm was used, with 30 iterations. Channel intensities were adjusted 

manually. 

Images in Figure 4.12 and Figure 4.13 were obtained using a C-Apochromat 40x 

water immersion objective with NA 1.2. In this case, original images were obtained 

as lambda-stacks, with 9.6 nm per slice. Individual images were obtained of Col-0 

seedlings, (background autofluorescence only), as well as Col-0 seedlings stained 

ǿƛǘƘ Caϰп-64 (FM4-64 only) and unstained mrs2-4 1 + 3-4 (GFP only). Spectra for 

each of these fluorophores were saved. Images shown are the result of  

lambda-stacks of mrs2-4 1 + 3-4 seedlings, stained with FM4-64, subjected to the 

linear unmixing algorithm included with the ZEN black software, resolving lambda-

stacks into multi-ŎƘŀƴƴŜƭ ƛƳŀƎŜǎ ǿƛǘƘ ƻƴŜ ŎƘŀƴƴŜƭ ŦƻǊ Caϰп-64, GFP, 

autofluorescence and residuals. channel intensities were adjusted manually. 

2.6.4 Plate-reader ς based ratiometric assays 

Plate-reader ς based assays on Arabidopsis leaves were adapted from  

De Col et al. [182]. Seedlings were grown on agar plates containing different 

concentrations of Mg2+, according to Section 2.1.2, either until 14 DAG on plates 

containing sucrose, or until 17 DAG on plates without sucrose. For leaf 

measurements, leaves 4, 5 and/or 6 were removed from randomly chosen seedlings 

ǳǎƛƴƎ ŦƻǊŎŜǇǎΣ ǘƘŜƴ ŦƭƻŀǘŜŘ ƻƴ олл ˃[ ƭƛǉǳƛŘ Ia ƻŦ ǘƘe same Mg2+-concentration the 

seedlings were grown on, in wells of a clear flat-bottom 96-well plate (Greiner 

CELLSTAR® 96 well, M0812). Between one and three leaves were placed per well, 

depending on leaf size, to keep total leaf area per well consistent. For root 

measurements, entire root systems from one or two seedlings were submerged in 

олл ˃[ ƭƛǉǳƛŘ Ia ƛƴ ǿŜƭƭǎ ƻŦ ǘƘŜ ǎŀƳŜ ǇƭŀǘŜΦ aŜŀǎǳǊŜƳŜƴǘǎ ǿŜǊŜ ǘŀƪŜƴ ǳǎƛƴƎ ŀ 

CLARIOStar® plate reader (BMG Labtech), at a focal height of 12 mm, with the 

internal temperature kept at 25°C. Wavelength and gain settings for fluorophores 

used are given in Table 2.7.  
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Measurements for all fluorophores used in the assay were carried out in sequence, 

for all wells in the plate each time. All sample readings were subjected to background 

correction, subtracting the average fluorescence intensity measured from four wells 

with leaves or roots of Col-0 seedlings grown under the same conditions as the 

sample seedlings. 

To analyse the data, background-corrected emission values for each fluorophore 

and well were retrieved, then the YFP/CFP ς ratio was calculated as the output of the 

experiment for ATeam, and the GFP/RFP ς ratio for both pHusion lines. Three 

independent biological replicates of the experiment were carried out, with four 

technical replicates per concentration, reporter line, plant part and replicate. All 

measurements for each biological replicate were carried out on the same plate. 

Mean values of fluorescence ratios for each concentration and part were calculated, 

then mixed-effect linear models were generated for the relationship of fluorescence 

ratio to Mg2+-concentration and plant part for each reporter. Two-way ANOVAs were 

applied within each model to determine significant differences between  

Mg2+-concentrations. Additionally, apparent pH-gradients between cytoplasm and 

apoplast were calculated by subtracting fluorescence ratios of aPHusion from 

fluorescence ratios of cPHusion. 

Table 2.7 ï Settings for detection of fluorescence intensities for all fluorophores 

used in plate-reader experiments. 

Fluorophore Excitation [nm] Emission [nm] Gain setting [] 

CFP 435 ± 10  483 ± 9 1600 

YFP a 435 ± 10  539 ± 7 1600 

GFP 480 ± 8 525 ± 13 1600 

RFP 558 ± 8 615 ± 8 2500 

CFP and YFP readings were used to determine FRET ratios for ATeam samples. 

GFP and RFP readings were used to determine GFP/RFP ratios for pHusion 

samples. a ï to obtain the YFP reading, the excitation wavelength for CFP was used, 

therefore the output is the YFP fluorescence generated through FRET only.  
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Before carrying out the assay, the experimental approach was validated by 

determining the strength of the signal for each fluorophore, compared to the 

background signal. Additionally, since transfer of samples to the 96-well plate was 

time-consuming and had to be carried out under ambient light conditions, it was 

determined whether (further) incubation of finished plates changed the readings 

observed. Finally, although only fully-grown true leaves were considered for the 

assay (leaves 3 through 6), it was not clear whether different leaves would give 

different values in the assay.  

To address all these issues, an experiment was carried out comparing FRET ratios 

observed for leaves 3 oǊ п ŀƴŘ р ƻǊ сΣ ŦǊƻƳ ǎŜŜŘƭƛƴƎǎ ƎǊƻǿƴ ƻƴ мр ŀƴŘ рл ˃a aƎ2+, 

for both cATeam and cpATeam. Readings were taken immediately after the 96-well 

plate was set up, as well as every 30 minutes during the next two hours of incubation. 

Results are summarized in Appendix A, Figure S2.1. Readings observed for cpATeam 

were similar to background readings, indicating that this line was not suitable for use 

in this assay. For cATeam, observed signals for both shoots and roots were 

sufficiently strong. FRET ratios observed for leaves 3 or 4 and leaves 5 or 6 were 

similar; accordingly, no differentiation was made between leaves 3 through 6 in 

subsequent experiments. Readings did not change during additional incubation time, 

indicating that time required to set up the experiment likely did not pose a problem 

and additional incubation was not detrimental to the experiment.  

To determine functionality of the MARIO Mg2+-FRET-sensor, expressed in A. 

thalianaΣ ƛƴ ǇǊƛƴŎƛǇƭŜΣ ŀ άŎǊǳǎƘŜŘ ƭŜŀŦ ŀǎǎŀȅέΣ ŀŘŀǇǘŜŘ ŦǊƻƳ Figure S3 and Method S8 

in Wagner et al., [201], was carried out. Leaves from 5-week-old A. thaliana, both 

Col-0 and mrs2-4 1 + cpMARIO, grown on soil according to Section 2.1.5, were 

collected, placed in pre-weighed 2 mL Eppendorf tubes, then tubes were weighed 

again and flash-frozen in liquid nitrogen. Weighing was carried out on an analytical 

laboratory balance (Mettler AE 240, Mettler-Toledo Ltd.) to an accuracy of 0.1 mg. 

Samples were homogenized using a TissueLyser LT (Qiagen GmbH), pre-cooled with 

liquid nitrogen, after adding a 3 mm stainless steel ball bearing (Simply Bearings Ltd.) 

to each tube, then 500 µL extraction buffer per 100 mg plant material were added, 

tubes shaken vigorously, and extracts clarified by centrifugation at 10 000 g for 4 min.   
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Extraction buffer contained 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulphonic 

acid (HEPES, H3375-500G), 100 mM NaCl, 1 mM EDTA, set to pH 7.5. 30 µL of this 

cleared cell extract were then added to 220 µL Assay buffer (100 mM HEPES, 100 mM 

NaCl, 1 mM EDTA, pH 7.5) in wells of a clear, flat-bottom 96-well plate (Greiner 

CELLSTAR® 96 well, M0812). 50 µL of solutions containing various concentrations of 

MgCl2 were then added to the wells of the plate, to achieve final concentrations of 

MgCl2 of 0, 1, 5, 10, 25, 50 and 100 mM, then emission values for the CFP and YFP 

settings from Table 2.7 were measured using a CLARIOStar® plate reader, at a focal 

height of 11.5 mm, internal temperature 25°C. All readings from mrs2-4 1 + cpMARIO 

wells were background-corrected by subtracting the equivalent reading from wells 

with Col-0 leaf extract; all readings were carried out as three technical replicates. 

Average fluorescence ratios (YFP/CFP) and standard errors were calculated for each 

Mg2+-concentration, then values were plotted in a scatterplot.  
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2.7 Generation of transgenic A. thaliana 

2.7.1 PCR amplification of DNA fragments for cloning 

DNA fragments for cloning were obtained from PCR reactions using Q5® High-

Fidelity DNA Polymerase (New England Biolabs Inc., Ipswich, U.S.A.). Each 50 µL PCR 

reaction contained 10 µL Q5® reaction buffer, 1 mM additional MgCl2 (3 mM total 

Mg2+), 0.2 mM of each DNA trinucleotide, 0.8 µM of each primer, 10 µL Q5® High GC 

enhancer, 0.5 µL Q5® DNA polymerase, template DNA, and ddH2O to a final volume 

of 50 µL. Where gDNA or cDNA was used as a template, about 100 ng DNA were 

added; when using plasmid DNA, 10-50 ng were added. PCRs were carried out in a 

Mastercycler® pro thermocycler (Eppendorf). Reactions were run as TD-PCRs. The 

PCR program used was as follows: 2 min at 98°C; followed by five cycles of 98°C for 

15 s, 68°C, decreasing by 1°C each cycle, for 25 s, 72°C for 2 min; followed by 30 cycles 

of 98°C for 15 s, 62°C for 25 s, 72°C for 2 min; ending with a final amplification at 72°C 

for 2 min. The entire PCR reaction was then loaded into one well of a 1% (w/v) 

agarose gel (A20080, Melford Laboratories Ltd., UK) with 5 µg.mL-1 Ethidium bromide 

(E1510-10ML). Sizes of DNA bands were verified, then the correctly sized band for 

each reaction was excized and DNA extracted using the QIAquick gel extraction kit 

όvƛŀƎŜƴύΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎΦ /ƻƴŎŜƴǘǊŀǘƛƻƴ ŀƴŘ ǇǳǊƛǘȅ ƻŦ 

extracted DNA was measuǊŜŘ ǳǎƛƴƎ ŀ bŀƴƻŘǊƻǇϰ hƴŜ Microvolume UV-Vis 

Spectrophotometer (Thermo-Fisher Scientific). 

2.7.2 Golden Gate assembly 

Golden-Gate assembly was used to produce the GFP-tagged MRS2 constructs 

and the MARIO plant expression constructs used in this work.  

To generate MRS2 constructs, necessary DNA fragments were amplified from 

genomic DNA extracted from Col-0 seedlings according to Section 2.3.1, using the 

PCR protocol described in Section 2.7.1. Primers used and fragments amplified are 

listed in Table 2.8.  
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After gel extraction, purified DNA-fragments were ligated into the pGEM® vector 

using the pGEM® T easy vector system kit (A1360, Promega) according to the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ, resultƛƴƎ ƛƴ άƭŜǾŜƭ лέ ƳƻŘǳƭŜǎ ŦƻǊ DƻƭŘŜƴ DŀǘŜ ŀǎǎŜƳōƭȅΦ 

.ŜŦƻǊŜ ǳǎŜ ǿƛǘƘ ǘƘŜ ƪƛǘΣ 5b! ŦǊŀƎƳŜƴǘǎ ǿŜǊŜ ǎǳōƧŜŎǘŜŘ ǘƻ ŀƴ ά!-ǘŀƛƭƛƴƎέ ǇǊƻŎŜŘǳǊŜΣ 

adding a single A overhang to both ends of the fragment. Roughly 200 ng of the DNA 

fragment were added to a 10 µL reaction containing 1 µL GoTaq® buffer, 0.1 µL 

GoTaq® DNA polymerase, and 0.5 mM dATP. 

1 µL of the finished reaction-mixture after ligation into pGEM was used to 

transform E. coli and recover plasmid DNA according to Section 2.7.4. Resulting DNA 

was subjected to restriction-digestion according to Section 2.7.5, and plasmids 

passing this step were sequenced according to Section 2.3.3. Fragments giving the 

expected sequence were used in the Golden Gate DNA assembly protocol to create 

άƭŜǾŜƭ мέ ŎƻƴǎǘǊǳŎǘǎ ŦƻǊ Arabidopsis expression. pMRS2-3::MRS2-3::GFP was 

assembled from pMRS2-3, MRS2-3 F1, MRS2-3 F2, eGFP and tMRS2-3;  

pMRS2-4::MRS2-4::GFP was assembled from pMRS2-4, MRS2-4, eGFP and tMRS2-4; 

pMRS2-10::MRS2-10::GFP was assembled from pMRS2-10, MRS2-10 F1, MRS2-10 F2, 

eGFP and tMRS2-10 (see Table 2.8). The eGFP fragment, in the pGEM® vector, with 

DD¢D ŀƴŘ !!D/ ƻǾŜǊƘŀƴƎǎΣ ǿŀǎ ƎŜƴŜǊƻǳǎƭȅ ǇǊƻǾƛŘŜŘ ōȅ aŀǊŎƻ 5Ω!Ǌƛƻ όWƻƘƴ LƴƴŜǎ 

Centre, Norwich). All constructs were assembled into the pICSL86900OD vector 

backbone. Each expression vector was assembled in a 15 µL reaction containing  

100 ng of all required modules, 1.5 µL 10x bovine serum albumin (New England 

Biolabs), 1 µL BsaI-HFv2 enzyme (New England Biolabs), 1 µL T4 DNA ligase (Thermo-

Fisher Scientific), and ddH2O to a final volume of 15 µL. The reactions were carried 

out in a Mastercycler® pro thermocycler (Eppendorf). The protocol was as follows: 

35 cycles of 37°C for 3 min and 16°C for 4 min; then one step of 50°C for 5 min and 

80°C for 5 min. 1 µL of each reaction-mixture was used to transform E. coli and 

plasmid DNA recovered according to Section 2.7.4. Purified plasmids were subjected 

to restriction digestion according to Section 2.7.5, and those showing the correct 

pattern of bands were used to transform A. tumefaciens according to Section 2.7.6.  
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Table 2.8 ï Level 0 modules created during Golden Gate cloning of MRS2::GFP 

constructs, and primers used to amplify them from genomic DNA. 

Fragment 
Primer 

name 
Sequence 

Product 

size [bp] 

pMRS2-3 

p2-3 F X A GGAG 
CCTGATCACAATCATCAAACCAAGGC 1125 

p2-3 R X A CATT 
CGCTTATGATTGTTGTGATCAGAGAGAG 

MRS2-3 F1 
2-3 F X T AATG AGAGGAGCTAGACCCGATG 

400 
2-3 F1 R X A AGGG TGAAACCGAAGGATCCTTG 

MRS2-3 F2 
2-3 F2 F X A CCCT TTATTGATGAG 

1770 
2-3 R X T CACC TTCAAGAAGGCGCTTGTACTTGC 

tMRS2-3 
t2-3 F X A GCTT 

GTCGACCAACAACATATTGGGAGAG 452 
t2-3 R X A AGCG CGCCTCGTCGACATGTTTCTCTC 

pMRS2-4 
p2-4 F X A GGAG GCTTGTGATTGCATTTCTCGGG 

1528 
p2-4 R X T CATG GATTCCAGCCACGAAACAA 

MRS2-4 
2-4 F X T CATG GGGAAGGGCCCCTTATC 

1499 
2-4 R X T CACC TGAGCCTAGCAGCTTCTTCCAC 

tMRS2-4 
t2-4 F X A GCTT 

CTCCCTCTCTCTTACAAACCATGTG 839 
t2-4 R X A AGCG 

CTAATTGGAAGAAAGTTCTCGATCTAC 

pMRS2-10 
p2-10 F X A GGAG 

CGCACGTTGTTGTCACCTATACTC 807 

p2-10 R X A CATT 
GTTGCCAATCTCCAGATACTACAAAAC 

MRS2-10 F1 
2-10 F X T AATG TCTGAACTCAAAGAGCGTTTGC 

163 
2-10 F1 R X C TTCT TGAGGCCCAAAACATCAACTC 

MRS2-10 F2 

2-10 F2 F X A AGAA GCGTGGAC 
1456 

2-10 R X T CACC 
CAGAGGCATGAGTCTTCTACGTTTG 

tMRS2-10 
t2-10 F X A GCTT 

AGACATAACTACCCTGACACGTAGAC 403 
t2-10 R X A AGCG 

CCACTTGGATGGAGACTCTAGTCAAC 

X = GT GGTCTC, two bases to serve as a spacer and the BsaI restriction enzyme 

recognition site, present on every primer to allow Golden Gate assembly to proceed. 

Bases in bold represent the 4-base overhang which enables ligation during Golden 

Gate assembly. 
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Table 2.9 ï Level 0 modules created during Golden Gate cloning of MARIO 

expression vectors and primers used to amplify the required DNA fragments. 

Fragment 
Primer 

name 
Sequence 

Product 

size [bp] 

MARIO 

F1 

Mario F GT GAAGAC GGCTCAAAT 
GAGCTCGGATCCCATGGTGAGCAAGG  

M F1 R GT GAAGAC AA GCCGATGC 
TTCGATATCTTCCAGTTCCGGGCGGGTTGC 

MARIO 

F2 

M F2 F GT GAAGAC GGCGGCACG TTTCTTTGA 
AGATGACGACGGCCTGCATGATCACTCC  

Mario R GT GAAGAC GGCTCGAAGC 
GGATATCTGCAGAATTCTTACTCGATG 

Work carried out by Tantawat Nardwattanawong in cooperation with Mark Youles. 

Underlined parts of sequences represent the BpiI recognition sequence, parts in bold 

represent sequences aligning to template DNA. 

Table 2.10 ï Additional level 0 modules used during Golden Gate cloning of 

MARIO expression vectors. 

Module name Fragment identity Overhangs όрΩ κ оΩύ 

pICH41373 CaMV 35S promoter GGAG/TACT 

pAGM1479 TMV ʍ enhancer, 6x His tag TACT/AAGT 

pAGM5331 TMV ʍ enhancer, SV40 NLS TACT/AAGT 

pAGM5355 
TMV ʍ enhancer, RbcS 

chloroplast targeting signal 
TACT/AAGT 

pICH41414 35S terminator GCTT/CGCT 

All modules were obtained from TSL Synbio, courtesy of Mark Youles.  

The MARIO constructs for Arabidopsis expression were generated by Tantawat 

Nardwattanawong in collaboration with Mark Youles (The Sainsbury Laboratory, 

Norwich, UK). The MARIO sequence was obtained as the MARIO/pcDNA3 plasmid, 

purchased from addgene (www.addgene.org), and the required DNA fragments were 

amplified by PCR using the primers listed in Table 2.9. Fragments were initially ligated 

into the pUAP1 plasmid via a Golden Gate assembly, using the same protocol as 

above, but using the BpiI restriction enzyme (New England Biolabs), creating level 0 

modules. After E. coli transformation, plasmid purification, restriction digestion and 

DNA sequencing, level 0 modules were used in Golden Gate assembly reactions with 

BsaI, carried out as described above, to create level 1 Arabidopsis expression vectors. 
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Additional level 0 modules were obtained from TSL Synbio, and therefore represent 

gifts from Mark Youles. These are listed in Table 2.10. Each reaction contained 

pICSL86900OD, pICH41373, MARIO F1, MARIO F2, and pICH41414. One reaction was 

carried out with pAGM1479, pAGM5331, and pAGM5355 each, creating expression 

vectors targeting the protein to the cytoplasm, nucleus and chloroplasts, 

respectively. 1 µL of each reaction-mixture was used to transform E. coli and plasmid 

DNA recovered according to Section 2.7.4. Purified plasmids were subjected to 

restriction digestion according to Section 2.7.5, and those showing the correct 

pattern of bands were used to transform A. tumefaciens according to Section 2.6.6. 

нΦтΦо DŀǘŜǿŀȅϰ-cloning 

To generate MgD-responsive reporter plants used in Chapter 5, promoter-

regions of putative MgD-responsive genes, identified after RNA-sequencing  

(see Section 2.8 and Section 5.2.1, Chapter 5) were cloned and used to generate 

expression-cassettes in which the respective promoter was fused to the firefly 

luciferase open reading frame (ORF).  

Promoter regions of three chosen candidate genes were amplified by PCR 

according to Section 2.7.1 from Col-0 genomic DNA extracted according to  

Section 2.3.1. Primers used for each promoter are listed in Table 2.11.  

Promoter fragments successfully extracted in the previous step were integrated 

into the pDONR207 entry vector by using BP Clonase II enzyme mix (11789100, 

Thermo Fisher Scientific) ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ м ҡ[ ƻŦ ǘƘŜ 

finished reaction-mixture was used to transform E. coli according to Section 2.7.4. 

For each promoter fragment, four different colonies of E. coli thus transformed were 

selected for plasmid extraction. Resulting DNA was subjected to restriction-digestion 

according to Section 2.7.5Σ ŀƴŘ ǇƭŀǎƳƛŘǎ άǇŀǎǎƛƴƎέ ǘƘƛǎ ǎǘŜǇ ǿŜǊŜ ǎŜǉǳŜƴŎŜŘ 

according to Section 2.3.3.  
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One entry vector construct giving the expected sequence per promoter fragment 

was ligated into the pGW_LUC destination vector in an LR reaction using LR Clonase 

II enzyme mix (11791020, Thermo Fisher Scientific) ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

specifications. 1 µL of the finished reaction-mixture was used to transform E. coli 

according to Section 2.7.4. Four colonies per construct were subjected to restriction-

digestion and DNA sequencing as in the previous step. Plasmids showing the 

expected sequence were used to transform A. tumefaciens according to  

Section 2.7.6.  

Table 2.11 ï Primers used during Gateway-cloning of putative Mg2+-responsive 

promoters 

Fragment 
Primer 

name 
Sequence 

Product 

size [bp] 

pAAA 
pAAA-F attB1-TCTGGTATCAAAGTTTGGTCCTTTTCC 

1416 
pAAA-R attB2-GTGTCGGCTGAAGTAAAAAATTTCCG 

pPER70 
pPER70-F attB1-TCGTGAAAATTCTCTGGTCTAACTGCC 

3061 
pPER70-R attB2-GGGTTTCTTCTTAGTTTTTAACCAAATGGTG 

pDTX3 
pDTX3-F attB1-TCCCAGATATGGAGGAATGATGATGATG 

2754 
pDTX3-R attB2-GTGTTGTCCTTCCTAATGTTGAAAGC 

attB1 = GGGGACAAGTTTGTACAAAAAAGCAGGCT 

attB2 = GGGGACCACTTTGTACAAGAAAGCTGGGT 

2.7.4 Transformation of Escherichia coli and plasmid purification 

Transformation of plasmids into E. coli was achieved by heat shock treatment. 

{ǘŜƭƭŀǊϰ ŎƻƳǇŜǘŜƴǘ ŎŜƭƭǎ ό¢ŀYŀwŀ .ƛƻ LƴŎΦΣ YǳǎŀǘǎǳΣ WŀǇŀƴύ ǿŜǊŜ ǳǎŜŘΣ ƛƴ ŀƭƛǉǳƻts of 

нр ˃[Φ м ǘƻ н ˃[ ǊŜŀŎǘƛƻƴ-mixture from golden-gate or gateway cloning (Sections 2.7.1 

and 2.7.2Σ ǊŜǎǇŜŎǘƛǾŜƭȅύ ǿŜǊŜ ŀŘŘŜŘ ǘƻ нр ˃[ {ǘŜƭƭŀǊϰ ŎŜƭƭǎΣ ƛƴ ŀ мΦр Ƴ[ 9ǇǇŜƴŘƻǊŦ 

tube, kept on ice. The mixture was kept on ice for another 20 min, then heat-shocked 

ŀǘ пнϲ/ ŦƻǊ сл ǎΣ ŦƻƭƭƻǿŜŘ ōȅ ŀƴƻǘƘŜǊ н Ƴƛƴ ƻƴ ƛŎŜΦ ¢ƘŜƴΣ нрл ˃[ liquid super optimal 

broth with catabolite repression (SOC) medium was added, and cells incubated at 

37°C for 1 h.  
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The mixture was streaked out onto round agar plates of lysogeny broth (LB) medium, 

containing the appropriate antibiotic, as specified in Table 2.12 (bacterial resistance), 

as well as 200 µg.mL-1 X-Gal (5-Bromo-4-Chloro-3-LƴŘƻƭȅƭ ʲ-D-Galactopyranoside, 

Thermo-Fisher Scientific) and 1mM IPTG (Isopropyl ß-D-1-thiogalactopyranoside, 

Thermo-Fisher Scientific) to enable blue-white screening. For each transformation, 

ƻƴŜ ǇƭŀǘŜ ǿŀǎ ǎǘǊŜŀƪŜŘ ǿƛǘƘ нлл ˃[ ŎŜƭƭ ǎǳǎǇŜƴǎƛon, and one plate was streaked with 

рл ˃[ ƻŦ ǘƘŜ ǎŀƳŜΤ ǿƛǘƘ ŜŀŎƘ ǎŜǘ ƻŦ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴǎΣ ŀ ǇƻǎƛǘƛǾŜ ŎƻƴǘǊƻƭ ǿƛǘƘ ǘƘŜ 

pUC19 plasmid, and a negative control with ddH2O were included. Plates were 

incubated at 37°C overnight, then four single, white colonies were picked from either 

plate using a sterile toothpick, and used to inoculate 10 mL aliquots of LB medium, 

which were incubated at 37°C overnight once again, before being subjected to 

plasmid extraction using the QIAprep® Spin Miniprep Kit (Qiagen). 

2.7.5 Restriction digestion  

For restriction digestion, a combination of BsaI-HFv2, BpiI, BamHI, HindIII, and/or 

9Ŏƻонм όƭŀǘǘŜǊ ǘƘǊŜŜ !ƴȊŀϰΣ ¢ƘŜǊƳƻ-Fisher Scientific) restriction enzymes was used, 

depending on the plasmid in question. Enzymes were chosen such that the reaction, 

for the correct plasmid, would produce three to seven DNA fragments of different 

sizes, each longer than 200 bp. Each reaction was carried out as a 20 µL reaction, 

using either 2 µL Anza buffer (10x) or 2 µL CutSmart Buffer (10x), 1 µg plasmid DNA, 

20 U of the restriction enzyme(s) in question, and ddH2O to a final volume of 20 µL. 

Each reaction was incubated at 37°C for 1 h, before the entire reaction was loaded 

into a 1% (w/v) agarose-gel (Melford Laboratories) with 5 µg.mL-1 ethidium bromide 

(E1510-10ML), separated by electrophoresis, and bands visualized. 
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Table 2.12 ï Antibiotics used during selection of transformants  

Plasmid 

backbone 

Bacterial resistance /  

working concentration 

Plant resistance /  

working concentration 

pGEM® 
Ampicillin (AmpR) 

100 µg.mL-1 
- 

pDONR207 
Gentamycin (GmR) 

20 µg.mL-1 
- 

pUAP1 
Chloramphenicol (CmR) 

50 µg.mL-1 
- 

pGW_LUC 
Kanamycin (KanR) 

50 µg.mL-1 

BASTA® (BlpR) 

20 µg.mL-1 

pICSL86900OD 
Kanamycin (KanR) 

50 µg.mL-1 

Kanamycin (KanR) 

50 µg.mL-1 

Antibiotics for both bacteria and plants are given, by plasmid backbone used, 

including working concentrations. 

2.7.6 Electroporation of Agrobacterium tumefaciens (A. tumefaciens) 

A. tumefaciens used in the course of this project were of strain AGL1, carrying 

the pSOUP helper plasmid. One aliquot was initially received as a gift from Mark 

Smedley (John Innes Centre, Norwich); subsequent aliquots were produced as 

follows: 

A 10 mL aliquot of LB medium containing 50 µg.mL-1 rifampicin and 10 µg.mL-1 

gentamycin was inoculated with A. tumefaciens AGL1 (pSOUP) and incubated at 28°C 

for 48 h. 5 mL of this culture were used to inoculate 500 mL of LB containing  

50 µg.mL-1 rifampicin and 10 µg.mL-1 gentamycin, which was incubated at 28°C with 

shaking until the optical density at 600 nm (OD600) reached 0.5 ς 1. The entire culture 

was then centrifuged at 4000 g for 15 min at 4°C, before re-suspending the cells in 

500 mL of an ice-cold solution of 1 mM HEPES in dH2O, pH 7.0. Centrifugation was 

repeated, followed by resuspension in 250 mL HEPES buffer and another similar 

centrifugation-step. Next, cells were resuspended in 200 mL 10% (v/v) glycerol, 

centrifuged again, then resuspended in 1.5 mL 10 % (v/v) glycerol. This suspension 

was divided into 40 µL aliquots and flash-frozen in liquid nitrogen, then stored at  

-70°C until use. 
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Transformation of expression vectors into A. tumefaciens was achieved via 

electroporation. 40 µL aliquots of Agrobacterium from the above protocol were 

mixed with 5 ς 100 ng of purified plasmid DNA from Section 2.7.4, chilled on ice for 

5 min, before being transferred into 0.1 cm electroporation cuvettes (1652083, 

.ƛƻwŀŘύΦ 9ƭŜŎǘǊƻǇƻǊŀǘƛƻƴ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ŀ DŜƴŜ tǳƭǎŜǊϰ ŜƭŜŎǘǊƻǇƻǊŀǘion 

ǎȅǎǘŜƳ ό.ƛƻǊŀŘύ ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŎƻƴŘƛǘƛƻƴǎΥ нр ˃CΣ нΦп ƪ±Σ нлл ʍΦ м Ƴ[ ƻŦ {h/ 

medium was added immediately afterwards; the mixture was then incubated with 

shaking for 2 h (250 rpm) at 28°C. 200 µL and 50 µL of the cell suspension, 

respectively, were ǘƘŜƴ ǎǇǊŜŀŘ ƻƴǘƻ ǘǿƻ [. ŀƎŀǊ ǇƭŀǘŜǎ ŎƻƴǘŀƛƴƛƴƎ рл ˃ƎΦƳ[-1 

ǊƛŦŀƳǇƛŎƛƴΣ млл ˃ƎΦƳ[-1 carbenicillin, 10 µg.mL-1 gentamycin, and the antibiotic 

suitable for selection for the vector backbone used in the transformed construct  

(see Table 2.12). Plates were then incubated for 2 d at 28°C, before single colonies 

were selected for use in A. thaliana transformation according to Section 2.7.7. 

2.7.7 Floral dipping of A. thaliana and T1 transformant selection 

Transformation of Arabidopsis was carried out via the floral dip method [202].  

A. thaliana to be transformed were grown on soil according to Section 2.1.5 until bolt 

formation. The primary bolt was cut back, followed by growth for another five to 

seven days, to encourage secondary bolt formation. Three days before 

ǘǊŀƴǎŦƻǊƳŀǘƛƻƴΣ ŀ мл Ƴ[ ŀƭƛǉǳƻǘ ƻŦ [. ƳŜŘƛǳƳ ŎƻƴǘŀƛƴƛƴƎ рл ˃ƎΦƳ[-1 rifampicin,  

млл ˃ƎΦƳ[-1 carbenicillin, 10 µg.mL-1 gentamycin, and the antibiotic according to 

Table 2.12, was inoculated with A. tumefaciens containing the desired expression 

vector (Section 2.7.6), incubated for two days at 28°C with shaking, then used to 

inoculate 500 mL of LB medium containing the same antibiotics. This culture was 

incubated overnight at 28°C with shaking, until the OD600 was between 0.8 and 1.2. 

Then, cells were pelleted by centrifugation at 3000 g for 20 min, before being 

resuspended in 400 mL of a solution of 500 µL.L-1 Silwet L-77 (306302161, Fisher 

Scientific) and 5% (m/v) sucrose in ddH2O. All siliques already formed on the chosen 

Arabidopsis plants were removed, then aerial parts of the plants were submerged in 

the Agrobacterium cell suspension for 2-3 min with gentle agitation.  
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Plants were then placed in autoclave bags and kept in the dark overnight, before 

being transferred back to the CER under standard growth conditions until seeds were 

ready to collect. Seeds successfully transformed with the chosen DNA construct were 

then selected according to Section 2.7.8 below. 

2.7.8 Selection of homozygous transformant lines 

To distinguish successfully transformed individuals expressing the DNA construct 

in question from untransformed individuals, seeds of A. thaliana from Section 2.3.7 

(T1 seeds) were surface-sterilized in 1.5 mL Eppendorf tubes by adding 1.4 mL of a 

solution of 62.5% (v/v) EtOH, 37.5% (v/v) dH2O, and 7.5 mg.mL-1 DCICA and shaking 

for 20 min at 250 rpm. Following this, seeds were immersed in 1 mL 100% EtOH three 

more times for one minute each time, then seeds were transferred onto sterile filter 

paper and left to dry for 20 min. Then, seeds were sprinkled onto 100 mm square 

plates of 0.25x MS medium containing the appropriate antibiotic to select for the 

construct used to transform the plants in the previous step, according to the cloning 

vector used (see Table 2.12). Roughly 1000 seeds were applied per plate. Plates were 

sealed and placed in a CER maintained according to Section 2.1.2. After at least seven 

days of growth (7 DAG), seedlings growing notably better than surrounding 

individuals were transferred to soil, grown to maturity, allowed to self-fertilize, and 

seeds collected from each individual plant. No fewer than 20 plants were selected 

for each construct transformed at this stage.  

Seeds from T1 individuals, e.g., T2 seeds, were sterilized according to  

Section 2.1.2 and placed onto 100 mm square agar plates of 0.25x MS medium again, 

generally in two rows of ten seeds. Seeds were placed on plates containing the same 

antibiotic as in the previous step, as well as antibiotic-free plates, in parallel.  

Then, seedlings were counted for both resistance to the respective antibiotic, as well 

as expression of the respective construct (luciferase expression according to  

Section 2.6.1, or fluorescent protein expression according to Section 2.6.2). Numbers 

for both resistance and transgene expression were subjected to a chi-squared test 

against an expected ratio 75% of plants resistant and expressing the transgene, 

respectively.  
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hƴƭȅ άƭƛƴŜǎέ όōŀǘŎƘŜǎ ƻŦ ǎŜŜŘǎ ŦǊƻƳ ƻƴŜ ƛƴŘƛǾƛŘǳŀƭύ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘƛǎ ǇŀǘǘŜǊƴ 

were carried forward, with several individuals put to soil and allowed to self-fertilize 

in each case. At least five lines per construct transformed were carried forward at 

this stage. 

T3 seeds were subjected to the same process as T2 seeds, however, in this case, 

only lines showing 100% antibiotic resistance and transgene expression were 

selected and carried forward, i.e., lines homozygous for the transgene.  

2.7.9 Crossing of Arabidopsis  

Plants to be crossed were grown on soil according to Section 2.1.5, until buds 

and flowers were both present on plants of both genotypes to be crossed. Then, for 

the genotype chosen to be the female part of the cross, two buds per stalk were 

selected, with at least three stalks included for each cross to be made. Any siliques 

present on the selected stalk, as well as any fully developed flowers and surplus buds 

were removed, leaving only the chosen buds. Chosen stalks were marked using a 

small bit of micropore tape and care was taken to keep them from coming into 

contact with remaining flowers on the same plant going forward. Then, using forceps 

with sharp, pointed tips, buds were teased apart, and petals, sepals and stamens 

were removed, leaving only female reproductive tissues. Once completed, fully 

developed flowers without visibly emerging, fertilized siliques were removed from 

the plant(s) chosen to be the male part of the cross, and their stamens were brought 

into contact with female reproductive tissues on chosen, dissected buds. Three to 

five flowers from the male counterpart in the cross were brushed against each 

dissected bud of the female counterpart, with one flower being used to pollinate 

multiple buds.  

Once siliques developed from dissected and fertilized buds, these seeds were 

collected separately from other seeds from the same plant.  
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2.8 EMS mutagenesis and mutant screening 

2.8.1 EMS mutagenesis 

Seeds from multiple individuals of a homozygous luciferase reporter-line 

(pAAA::LUC 2-4-X), previously tested for retention of luciferase expression and BASTA 

resistance, were pooled together, making up approximately 0.5 mL of seeds. Seeds 

were transferred to a 50 mL Falcon tube, then soaked in 20 mL 0.1% (w/v) KCl 

solution overnight. The solution was decanted and replaced with 20 mL 0.1 M 

phosphate buffer, pH 7. Using a syringe and needle, a volume of EMS (Sigma-Aldrich, 

Cat. No. M0880-1G) sufficient to reach a concentration of 65 mM was then added. 

The tube was sealed with parafilm, then gently rocked for 6 h at room temperature. 

After this, the seeds were washed twice with 20 mL 0.1 M sodium thiosulphate 

(72049-250G), then twice with distilled water. Then, the seeds, now considered M1 

seeds, were transferred onto filter paper and left to dry, after which they were 

sprinkled thinly onto a total of 20 1L soil trays.  

2.8.2 Growth of M1 plants and pooling 

Over the course of their growth, trays were thinned out three times, each time 

removing excess seedlings from the trays until individuals were no longer touching, 

to allow for uninhibited growth. removed seedlings were discarded, and remaining 

plants were allowed to grow to maturity and self-fertilize. At this stage, seeds were 

ŎƻƭƭŜŎǘŜŘ ŦƻǊ ǊƻǳƎƘƭȅ ǘŜƴ ƛƴŘƛǾƛŘǳŀƭǎ ŀǘ ŀ ǘƛƳŜΣ ŀǎ άǇƻƻƭǎέ ƻŦ ǎŜŜŘǎ όaн ǎŜŜŘǎύΦ A total 

of 50 pools were generated.  
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2.8.3 Estimation of seed viability and frequency of mutations 

M2 seeds from pools 1-16 from the previous section were mixed in roughly equal 

proportions, then they were sterilized, plated and grown according to Section 2.1.2. 

Seeds were placed on agar plates in 3 evenly-spaced rows of 23 seeds each, for 69 

seeds per plate. A total of 2070 M2 seeds and 276 seeds of pAAA::LUC 2-п όάǇŀǊŜƴǘ 

ƭƛƴŜέύ ǿŜǊŜ used. At 10 DAG, seedlings that failed to germinate and number of 

seedlings exhibiting white or pale-ƎǊŜŜƴ ŎƻƭƻǊŀǘƛƻƴ όάŀƭōƛƴƻ Ƴǳǘŀƴǘǎέύ ǿŜǊŜ ŎƻǳƴǘŜŘΦ 

Germination rate and frequency of albino mutants were determined for both M2 

seeds and pAAA::LUC 2-4 seeds. 

 

2.9 RNA-sequencing 

2.9.1 Sample preparation for RNA-sequencing 

Samples of RNA submitted for RNA-sequencing (RNAseq) were obtained by 

growing A. thaliana on agar plates containing HM made with washed agar and 

containing different concentrations of Mg2+ (15, 50, 150, 250 and 1000 µM added 

Mg2+) according to Section 2.1.2, until 14 DAG. Shoots of plants were sampled and 

RNA-extractions carried out according to Section 2.4.1. Three biological replicates of 

the experiment were carried out, resulting in 15 samples of RNA, three per 

concentration tested. Immediately after RNA-extraction, the obtained RNA was split 

into two aliquots, with one being flash-frozen and stored at -70°C immediately.  

Lƴ ŀŘŘƛǘƛƻƴ ǘƻ bŀƴƻŘǊƻǇϰ ŀƴŀƭȅǎƛǎΣ ǘƘŜ ŀƭƛǉǳƻǘ ƭŜŦǘ ōŜƘƛƴŘ ǿŀǎ ǘŜǎǘŜŘ ŦƻǊ wb! 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǳǎƛƴƎ ŀ vǳōƛǘϰ CƭǳƻǊƻƳŜǘŜǊ ŀƴŘ ǘƘŜ vǳōƛǘϰ wbA high sensitivity kit 

(Thermo Fisher Scientific); integrity of the RNA was tested using a 2100 Bioanalyzer 

system with the RNA 6000 Nano kit (Agilent Technologies Inc., Santa Clara, U.S.A.).   
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2.9.2 RNA-sequencing and initial data analysis 

RNA-sequencing was carried out by Novogene Co., Ltd. (Beijing, China), using 

their whole transcriptome sequencing service. Quality control was carried out on 

ǎŀƳǇƭŜǎ ǳǇƻƴ ǊŜŎŜƛǇǘΣ Ǿƛŀ bŀƴƻŘǊƻǇϰ ŀƴŘ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎΣ ŦƻƭƭƻǿŜŘ ōȅ 

mRNA enrichment using oligo(dT) beads. cDNA synthesis was carried out using 

random DNA hexamers and reverse transcriptase. After first-strand synthesis, the 

second strand was generated by nick-translation using a custom second-strand 

synthesis buffer (Illumina) with dNTPs, RNase H and E. coli polymerase I. DNA 

purification, terminal repair, A-tailing, ligation of sequencing adapters, size selection 

and PCR enrichment was used to generate the final sequencing library. Library 

concentration was quantified using a Qubit 2.0 fluorometer before checking insert 

size on a 2100 Bioanalyzer and quantifying to greater accuracy by qRT-PCR  

(library activity >2 nM). Sequencing was carried out on an Illumina platform, with a 

2x 150 bp paired-end setup. Error rate for each base was assessed, GC and AT content 

calculated, reads were filtered to remove adapter sequences or uncertain reads.  

Raw reads were then aligned to the TAIR10 reference genome using the  

TopHat v2.0.12 package. HTSeq v0.6.1 was used to calculate expression levels of 

genes, as FPKM values (fragments per kilobase per million reads). Gene expression 

levels across the genome at different conditions were assessed using FPKM 

distribution plots and violin plots, and correlation between samples was assessed 

ǳǎƛƴƎ tŜǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜnt. DESeq v1.10.1 software [203] was used to 

assess differential gene expression across Mg2+-concentrations, generating fold-

changes in expression and p-values for each transcript in the analysis. Volcano-plots 

were generated to assess differentially expressed genes (DEGs), then DEGs were 

subjected to hierarchical clustering by expression-profile. Gene ontology (GO) 

analysis [204] was carried out using the GOSeq package [205], release 2.12, and bar 

charts for enriched GO terms in each sample were generated. Kyoto encyclopedia of 

genes and genomes (KEGG) analysis was carried out using KOBAS v2.0 [206].  

Wherever applicable, false discovery rate (FDR) p-value cut-offs of p < 0.05 were 

used.  
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2.10 Bioinformatic methods 

2.10.1 Comparing existing MgD transcriptomic data 

A literature search was carried out for existing, published transcriptomic data 

sets containing expression data from A. thaliana exposed to MgD conditions. Five 

different data sets were found ([101], [102], [103], [104], [105]), and data 

downloaded. These data sets were obtained using different conditions and methods, 

as summarized in Table 3.1. 

Gene lists including expression for all genes were first trimmed to include only 

genes with differential expression. For data from Kamiya et al. [105], a list of 

differential expression values was given for all transcriptomes tested. Since no FDR 

p-values were given, transcripts with expression increased more than five-fold at low 

Mg2+ were included in the analysis (1165 transcripts). For Niu et al. [104] Expression 

levels (FPKM values) for all transcripts in the genome were given, for multiple 

combinations of conditions and two samples each. Expression-ǾŀƭǳŜǎ ŦƻǊ άŀƳōƛŜƴǘ 

CO2, control Mg2+Σ ǎƘƻƻǘǎέ ŀƴŘ άŀƳōƛŜƴǘ /h2, low Mg2+Σ ǎƘƻƻǘǎέ ǿŜǊŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ 

analysis. The arithmetic mean between the two samples given for each condition was 

calculated, then transcripts for which expression was not detected at low Mg2+  

(0.0 FPKM) were excluded from the analysis. Fold-change in expression was 

calculated by dividing the expression under control Mg2+ by expression under low 

Mg2+. Since no FDR p-values were available, all transcripts showing more than five-

fold increase in expression were included in the analysis (3626 transcripts).  

For Hermans et al., 2010 ([101], [102]), Table S3, provided with the supplementary 

data in both cases, included data on differentially-expressed genes in young mature 

leaves. Since stringent selection-criteria with FDR < 0.001 were already applied, all 

transcript showing more than a two-fold increase in expression in young mature 

leaves at any of the time-points tested, but reduced expression at none of the time-

points tested, were included in the analysis (3618 transcripts for long-term MgD, 329 

transcripts for short-term MgD). For data from Oda et al. [103]Σ ǘƘŜ ƭƛǎǘ ά²ƛƭŘ ǘȅǇŜ 

(Ctrl vs. -ύέ ƛƴŎƭǳŘŜŘ ƻƴƭȅ ƎŜƴŜǎ ŘƛŦŦŜǊŜƴǘƛŀƭƭȅ ŜȄǇǊŜǎǎŜŘ ƛƴ /ƻƭ-0 plants at low Mg2+ 

(q-value < 0.05).  
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10 genes showed reduced expression under MgD and were excluded; otherwise, the 

list was used as given (389 transcripts). All five lists of genes were imported into 

RStudio, creating a data frame encompassing all five gene lists. A custom script was 

created in collaboration with Marco Fioratti (John Innes Centre, Norwich), allowing 

comparison oŦ ŀ άǉǳŜǊȅέ ƭƛǎǘ ƻŦ ƎŜƴŜ ƛŘŜƴǘƛŦƛŜǊǎ ǘƻ ǘƘŜ Řŀǘŀ ŦǊŀƳŜ ŀƴŘ ŘŜǘŜǊƳƛƴŀǘƛƻƴ 

of any transcriptomic data sets each member of the query was present in.  

Venn-Diagrams were created using the ggVennDiagram package [207]; colours were 

assigned manually after export of the created figures using Inkscape V. 1.1. 

2.10.2 Additional analysis of WGS data and discovery of causal mutations 

The comparison files received from Genewiz contained a large amount of  

false-positives due to low coverage of the control genome (pAAA::LUC). Raw data 

were therefore re-analysed with assistance from Burkhard Steuernagel at the JIC 

bioinformatics platform. Sequence data from samples was individually mapped to 

the TAIR10 Col-0 reference genome, downloaded from ftp.arabidopsis.org. Mapping 

was performed with BWA, v.0.7.17-r1188 [197].  

Mapping was sorted and converted to mpileup format using SamTools v.1.10 [198]. 

Mapping and sorting were performed using default parameters. Conversion to 

mpileup format was done using parameters -B and -Q 0. 

A custom program implemented in Java was used to find single nucleotide 

variations (SNVs) that could have originated from the mutant screen or from the 

back-crossing procedure. SNVs present in the control were considered noise and 

discarded from further analysis. Positions in the genome with an SNV in more than 

two mutants were also considered noise, since a random mutation occurring in two 

independent mutants is highly unlikely (except for MgMt-2 and MgMt-3, as well as 

MgMt-9 and MgMt-10, respectively, which were from the same pools of M2 seeds). 

Each observed SNV was, in addition to its allele frequency in the sample, enriched 

with information on its presence within the exon of a gene or in a promotor region, 

i.e., within 3 kb of a gene start codon. For each mutant, an output table was 

generated to support manual inspection using IGV. 
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Lists of variants and their frequencies within the sequenced DNA were obtained. 

These lists were validated manually. Mutations occurring at a frequency below 90% 

in the sequenced DNA, as well as those predicted to lie within introns, intergenic 

regions (not within 3 kb of a transcriptional start site), or within or close to genes 

ŀƴƴƻǘŀǘŜŘ ŀǎ άǘǊŀƴǎǇƻǎŀōƭŜ ŜƭŜƳŜƴǘ ƎŜƴŜέ ƻƴƭȅΣ ǿŜǊŜ Ŝxcluded from the analysis. 

Remaining variants were considered potentially causative, and for these, the amino 

acid change the respective mutation would cause was determined. Functional 

information on genes that were likely to be affected by the mutation was obtained 

from the Arabidopsis information resource (TAIR, https://www.arabidopsis.org/), the 

Uniprot database (https://www.uniprot.org/), as well as any associated publications. 

2.10.3 Construction of a phylogenetic tree for the BCS1-clade of AAA 

ATPases in A. thaliana 

The phylogenetic tree was constructed using the MEGA software, version 10.1.7, 

according to the method outlined by Hall [208]. The sequences used were chosen 

manually, including all BCS1-ŎƭŀŘŜ !!! !¢tŀǎŜǎ ǿƛǘƘ άǊŜǾƛŜǿŜŘέ ǇǊƻǘŜƛƴ ǎŜǉǳŜƴŎŜǎ 

in the UniprotKB Database (https://www.uniprot.org/uniprot/ ), as well as 

AtFtsH2/VAR2 (At2g30950) and AtAPP1 (At5g53540), which were included as an 

outgroup. One sequence, from AT3G45210, was excluded, since the sequence of this 

protein was identical to that of BCS1 itself, and the sequence registered for this locus 

identifier on TAIR was different, indicating that this entry is erroneous. The MUSCLE 

algorithm was used to align the sequences. The alignment was also checked using 

the GUIDANCE algorithm (guidance.tau.ac.il), which gave a GUIDANCE alignment 

score of 0.808. 

The evolutionary history was inferred using the Neighbor-Joining method. The 

άW¢¢ Ҍ D Ҍ Cέ ƳƻŘŜƭ όWƻƴŜǎ-Taylor-Thornton model including Frequency information, 

with rates among sites Gamma-distributed) was used to produce the tree. The 

evolutionary distances were computed using the Poisson correction method. All 

ambiguous positions were removed for each sequence pair (pairwise deletion 

option). 500 bootstrapping iterations of the algorithm were run. Once the tree was 

calculated, it was rooted on the branch leading to AtFtsH2 and APP1.  
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Chapter 3: An Investigation of the 

Physiological Consequences of 

Magnesium-Deficiency in A. thaliana 
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3.1 Introduction 

3.1.1 Important gaps in the magnesium homeostasis network 

As outlined in the Introduction (Chapter 1, Section 1.2.5), knowledge pertaining 

to Mg2+-sensing, and the regulation of Mg2+-homeostasis is extremely limited. 

Although some candidates, such as EF-hand proteins and MRS2 Mg2+-transporters, 

have emerged, reliable MgD marker genes have proven to be exceedingly elusive 

[105, 188]. It is possible that Mg2+ is sensed indirectly; for example, Mg2+ can 

influence transcription to regulate gene expression, as has been demonstrated in 

prokaryotes [209-211], but in any case, a mechanism must exist to explain the often 

rapid and large-scale transcriptional and physiological changes observed under MgD.  

Mg2+-transporters are likely subject to regulatory mechanisms as well, either being 

regulated by upstream factors or participating in Mg2+-sensing and -signalling 

themselves (see Chapter 1, Section 1.3). This work therefore aims to gain further 

insight into the processes governing uptake and distribution of Mg2+. 

3.1.2 Forward genetic screens can reveal members of nutrient homeostasis 

networks in A. thaliana 

The presence of other yet undiscovered Mg2+-sensing proteins and specific 

marker genes cannot be excluded. As such, large-scale, broad approaches might yet 

reveal one or more of the central elements of Mg2+-homeostasis. Forward genetic 

screens represent one such method.  

In a forward genetic screen, a parent population is treated with a mutagen, which 

produces mutations distributed across the genome at random. The parent 

population is then self-fertilized (in the case of a polyploid organism), leading to a 

screening population in which both dominant and recessive mutations can be 

revealed by testing offspring for alterations in a phenotype or characteristic of 

interest.  
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As such, a forward genetic screen can reveal a gene associated with a process 

with little prior knowledge about the process and without introducing bias, if the 

screen is properly set up and carried out. Forward genetic screens have successfully 

revealed members of nutrient homeostasis networks with respect to other ions in 

the past, including potassium (K+) [212], nitrogen (N) [213] and iron (Fe) [214, 215].  

Although a forward genetic screen for Mg2+-related genes in plants has been 

carried out before and has produced interesting results, the mutants identified by 

this screen and characterized so far have been shown to be an mrs2-4 mutant [103] 

and a mutant in smu1, a gene which encodes a splicing factor required for correct 

splicing of MRS2-7 [164]. This screen was carried out on a growth medium low in 

Mg2+ while also containing excess Ca2+ to mitigate the problem of introducing  

Mg2+-levels sufficient for plant growth with the agar used to solidify the medium, and 

candidate mutants were identified by visual inspection [103]. This screen revealed 

genes that are important for growth under these conditions and upstream factors 

necessary for their correct expression, but since the SMU1-mediated splicing of 

MRS2-7 appears to be independent of exogenous Mg2+-levels [164], it failed to reveal 

true regulatory factors. Similarly, forward genetic screens for altered ion-

accumulation in A. thaliana [216, 217] and Brassica rapa [218] have led to the 

identification of mutants with altered Mg2+-concentrations; in both of these cases, 

the identified mutants are defective in formation of the Casparian strip, the 

endodermal diffusion barrier normally responsible for preventing the flow of water 

and solutes into the stele of the root of vascular plants. While these results have 

great implications for research on Casparian strip formation and could aid 

biofortification efforts [218], they have not [yet] revealed Mg2+-sensing or -signalling 

factors. 

The main difference between the forward genetic screens outlined in the 

previous paragraph and those that have successfully identified members of other 

mineral nutrient homeostasis networks is the use of a transcriptional reporter. In a 

reporter-based screen, the mutagenized population contains a transgene consisting 

of a promoter which is known to regulate expression according to the condition of 

interest, which is fused to the coding sequence (CDS) of an easily-detectable 

reporter, such as a fluorescent protein or firefly luciferase (LUC).  
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During screening of the mutagenized population, plants with altered reporter 

expression, either unexpectedly high or low, are selected. Mutated plants that do not 

show the differential expression of the reporter may contain a defect in a part of the 

signalling-mechanism normally regulating expression, or be unable to establish 

normal homeostasis due to a mutation in a crucial component, such as an ion 

transporter.  

Since a reporter-based screen does not rely on mutants showing visual or 

physiological changes, it is more likely to reveal mutations causing relatively subtle 

changes. Additionally, if the promoter has been chosen properly, i.e., if it is part of a 

signalling network, mutations in upstream regulatory factors can be identified 

through their effects on reporter expression. As such, a screen utilising a 

transcriptional reporter will be more effective at identifying Mg2+-sensing or  

-signalling factors, as well as having the potential to reveal transporters and other 

factors influencing Mg2+-homeostasis which have not been identified so far. 

3.1.3 Prerequisites for carrying out a reporter-based forward genetic screen 

Several decisions must be made before setting up a forward genetic screen using 

a transcriptional reporter, particularly the choice of the reporter gene, i.e., the 

promoter to be used for the reporter construct, and the choice of screening 

conditions. 

It is necessary to find a candidate gene showing differential regulation under the 

conditions in question relative to control conditions; in this case when plants 

experience MgD compared to Mg2+-replete conditions. The differential regulation 

must be as specific to these conditions as possible, since otherwise the screen could 

identify genes regulating a pleiotropic response. For example, Mg2+-deficiency leads 

to production of ROS (see Chapter 1, Section 1.2.4), and while it is possible that ROS 

are one of the prime factors eliciting and modulating low-Mg2+-responses, it is also 

possible that the responses are mostly independent of one another. In this case, the 

screen could primarily identify components of the ROS-signalling pathway. This 

makes it necessary to evaluate potential candidate genes carefully.   
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Although there are several transcriptomic datasets of good quality obtained from 

plants exposed to MgD [101-105], the search for genes with MgD-specific 

upregulation has been unsuccessful [105]. To find a suitable candidate for the 

reporter, it was therefore necessary to generate additional data by carrying out 

RNAseq on Arabidopsis grown under the specific conditions used for the screen. 

These RNAseq data can be compared to previously-generated, published data to 

further confirm the findings. A good candidate gene should be part of a universal 

MgD-response, i.e., it should be upregulated whenever plants experience MgD;  

it should therefore be present in sets of genes upregulated under MgD even if the 

exact conditions used to obtain these sets were different. Then, the expression of the 

reporter gene or construct needs to be evaluated under various different stress 

conditions to ensure the specificity of the response. 

To carry out a forward genetic screen, it is necessary to grow large numbers of 

plants, which means that the use of younger and smaller plants is favourable. 

However, the symptoms of MgD in Arabidopsis have previously been elucidated and 

defined primarily in mature plants, usually five weeks old at the start of experiments 

[86, 101, 102, 162]. Additionally, these plants were grown hydroponically and MgD 

was induced by exchanging the nutrient solution for one without added Mg2+, termed 

άaƎ2+ ǿƛǘƘŘǊŀǿŀƭέΤ ǎȅǎǘŜƳǎ ǎǳŎƘ ŀǎ ǘƘƛǎ ŀǊŜ ƴƻǘ ǎǳƛǘŀōƭŜ ŦƻǊ ƭŀǊƎŜ-scale screening. 

Withdrawal of Mg2+ from the medium is not feasible during a large-scale screen 

utilising younger plants, especially since chelating agents specific for Mg2+-ions are 

not available. It was found necessary to grow plants used for screening on medium 

containing one specific concentration of Mg2+. A screen for loss of reporter 

expression, specifically, would have to be carried out on a concentration suitable for 

inducing the symptoms of MgD without excessive effects on plant growth. 

Additionally, on a Mg2+-concentration barely sufficient for plant growth, even small 

disruptions would lead to increased reporter expression; a screen for induction of 

reporter expression in these conditions could therefore identify factors subtly 

influencing Mg2+-homeostasis that could not be found so far. Both of these 

concentrations will have to be determined first however, which necessitates an 

investigation of the physiological symptoms of MgD in A. thaliana.  
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To define the symptoms experienced by younger plants grown on agar plates 

containing one specific Mg2+-concentration, symptoms should be confirmed with 

methods similar to those used in the past. Then, new methods can be used to 

investigate parts of the response that have only been hypothesized. This work lays 

the foundation for the forward genetic screen, but also for further progress in 

elucidating the symptoms of MgD in plants. 

3.1.4 Knowledge gaps regarding the symptoms of MgD in A. thaliana 

The physiological consequences of MgD have been well documented  

[56, 86, 96, 97, 162, 219-221] (see Chapter 1, Section 1.2.4). Figure 3.1 shows a 

model for the series of symptoms of MgD experienced over time, assuming that the 

inhibition of sucrose export from source leaves is caused by reduction in  

sucrose/H+-symporter activity, as well as the assays used to establish them. However, 

not eǾŜǊȅ ǎǘŜǇ ƛƴ ǘƘƛǎ άǇŀǘƘǿŀȅέ Ƙŀǎ ōŜŜƴ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ŎƻƴŦƛǊƳŜŘ ǘƻ ŀ ǎŀǘƛǎŦŀŎǘƻǊȅ 

degree, and individual steps await clarification. Additionally, until recently [87], 

symptoms had been established in mature plants, and they have been investigated 

almost exclusively in plants exposed to Mg2+ withdrawal.  

Growth assays are featured in almost every study involving MgD, and while they 

are easy to carry out, they give no information on the molecular processes taking 

place to cause the reduction in growth or change in biomass allocation. Nevertheless, 

establishing the point at which plant growth suffers represents an important step in 

defining the effects of any stress condition.  

Starch accumulation is usually measured using iodine staining, as well as 

photometric assays measuring sugar content [56, 86, 97]. Together, this provides 

spatial and quantitative information, making this a well-established part of the 

response.  
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The increase in ROS concentrations, and resulting increase in activities of 

antioxidant enzymes, is usually determined photometrically as well [96, 221, 222], 

and the results are mostly consistent across the literature [76], but these assays are 

carried out on homogenized tissues. Recently, fluorescent ROS-sensitive probes have 

been used to good effect [96], but more data on the nature and distribution of ROS 

could be valuable.  

 

 

Figure 3.1 - Physiological symptoms of MgD, in "causal" order, along with 

assays used to test for each. 

Starting with ñLow medium Mg2+ò at the top, each box indicates one symptom, each 

of which is thought to cause the next one in the sequence, as indicated by the blue, 

solid arrows. Black, interrupted arrows indicate assays used to confirm or measure 

each of the disturbances. Red text indicates symptoms that have not been tested or 

confirmed yet. Brackets around ñICP-OESò indicate that this assay is not suited to 

confirming this symptom.  
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Spectrophotometric chlorophyll assays are commonly performed and simple to 

carry out, and show reduced chlorophyll content in Mg2+-deficient leaves  

[86, 96, 97, 219]. Chlorophyll-content can also be determined by measuring 

chlorophyll fluorescence, which has been used as well [96, 97, 100, 221]. More 

importantly though, more sophisticated measurements can be used to gain deeper 

insights into the disruptions to photosynthesis. Photosynthetic electron-transport 

can be examined by measuring fluorescence transients of the photosystems; this 

method has determined impairments of photosynthetic electron-flow during MgD 

independently of the abundance of chlorophyll. This impairment is likely to precede 

reductions in chlorophyll abundance in time during MgD. This kind of study is 

technically complex, however, and seems to have been carried out for MgD only once 

[97]. More recently, this type of technique has been used to elucidate the exact 

effects of phosphate-deficiency on the electron transport chain [223]. The results 

from these two studies appear very similar, and could indicate that MgD and 

ǇƘƻǎǇƘŀǘŜ ŘŜŦƛŎƛŜƴŎȅ ǎƘŀǊŜ ǘƘŜƛǊ ǇǊƛƳŀǊȅ ƳƻƭŜŎǳƭŀǊ άǘŀǊƎŜǘέΥ !¢t ǎȅƴǘƘŀǎŜ ŀƴŘ ǘƘŜ 

electron transport chain. However, more evidence is needed to support this 

hypothesis. 

ICP-OES or ICP-MS are often used to confirm a reduction in Mg2+-abundance in 

plant tissues exposed to MgD [86, 96, 97, 221]. However, Mg2+-pools within 

organelles are much larger than the cytoplasmic pool [61], and this technique lacks 

the ability to distinguish between the two. There are no data on [Mg2+] within the 

cytosol or specific organelles under MgD. Assessing the concentration of MgATP, 

thought to be a crucial step in the occurrence of the symptoms of MgD, is even more 

difficult, and data are similarly lacking. Therefore, while the downstream symptoms 

of MgD are well-characterized, the initial steps thought to cause these symptoms are 

not sufficiently understood, and new tools are needed in order to improve this 

situation. 
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To test the model of MgD from Figure 3.1, it is necessary to ascertain whether 

cytoplasmic Mg2+, and subsequently cytoplasmic MgATP, is reduced to a significant 

degree in leaf cells before the onset of other symptoms. It would be necessary to 

create a time-course of intracellular concentrations of these metabolites, or to define 

their concentrations over a range of external Mg2+-concentrations. A plethora of dyes 

are available which can report on Mg2+-concentrations [169], but it is difficult to 

introduce them into cells in physiologically-relevant states, as well as to control their 

subcellular localisations, and there are no such dyes for MgATP. As outlined in 

Chapter 1, Section 1.4, genetically encoded, ratiometric sensors for Mg2+ and MgATP 

likely offer the best chance for the proper characterisation of the first steps of the 

MgD causal chain, since they can offer the necessary specificity for subcellular 

compartments, as well as enable a sufficient number of observations to be made to 

achieve the sample size and/or temporal resolution required. Similarly, the 

hypothesized reduction in the PM pH differential can be investigated using 

ratiometric pH sensors present on both sides of the PM. 

3.1.5 Aims of this chapter 

The aim of the experiments described in this chapter was to first establish a 

protocol for reliably inducing variable levels of MgD in A. thaliana seedlings grown 

on agar plates by varying the concentration of Mg2+ added to the medium, then to 

use ǘƘƛǎ ǇǊƻǘƻŎƻƭ ǘƻ ŀŘǾŀƴŎŜ ƪƴƻǿƭŜŘƎŜ ƻŦ ǘƘŜ άŜŀǊƭȅέ ǎȅƳǇǘƻƳǎ ƻŦ aƎ5Φ  

Sections 3.2.1 and 3.2.2 of this chapter lay the foundation for the reporter-based, 

forward genetic screen described in Chapter 5 by establishing said protocol and 

confirming that the symptoms of MgD induced are similar to those previously 

described. Section 3.2.3 describes the generation of an Arabidopsis line expressing 

the Mg2+-responsive FRET-sensor MARIO, as well as in vitro validation of MARIO 

function. Results of evaluation of cytoplasmic MgATP-levels, as well as cytoplasmic 

and apoplastic pH using the genetically-encoded ratiometric sensors ATeam and 

pHusion are described in Section 3.2.4.  
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3.2 Results 

3.2.1 Expression of putative MgD marker genes can be induced by 

continuous growth on low Mg2+ 

The most efficient way to establish the possibility of inducing MgD in Arabidopsis 

seedlings grown on low Mg2+ continuously, as opposed to transfer to low Mg2+, was 

to compare the expression of genes known to show increased expression under MgD. 

Since there are no known specific and sensitive reporter genes for MgD, a literature 

search for transcriptomic datasets including data from plants exposed to low Mg2+ 

was carried out. This search returned five datasets associated with recent 

publications. The conditions used to grow the plants in question and to induce MgD 

in each of these studies varied widely, as shown in Table 3.1.  

Table 3.1 ï Existing A. thaliana transcriptomic data sets including data on gene 

expression under MgD used over the course of this project 

Reference Conditions Mg2+-stress Age [DAG] Method Name 

Hermans et al., 

2010b [102] 
Hydroponic 

Withdrawal  

(7 d) 
42 Microarray A 

Kamiya  

et al. [105] 
Hydroponic 

Continuous  

(15 µM) 
14 Microarray B 

Niu et al. [104] Hydroponic 
Withdrawal  

(7 d) 
42 RNAseq C 

Oda et al. [103] Agar plates 
Continuous  

(0 µMa) 
14 RNAseq D 

Hermans et al., 

2010a [101] 
Hydroponic 

Withdrawal  

(4-28 h) 
35/36 Microarray E 

Conditions ï Conditions used to grow the plants in question. Mg2+-stress ï Type of 

Mg2+-stress applied to plants, either continuous growth on low Mg2+ or withdrawal of 

Mg2+ from the medium at a certain point. Age ï Age at which plants were harvested 

before transcriptome data were obtained. Method ï Method by which transcriptome 

data was obtained. a ï Plants were grown on agar plates containing 1.5% (w/v) 

purified agar; effective Mg2+-concentration was therefore greater than 0 µM.  
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Lists of differentially expressed genes (DEGs) associated with each of the 

publications in Table 3.1 were downloaded and trimmed to include only genes 

expression of which was significantly induced by MgD (either adjusted p-value < 0.05 

or > 5-fold increase in expression where p-values were not available  

(see Chapter 2, Section 2.10.1). This gave lists of 3618 genes (Hermans et al., 2010a, 

A in Table 3.1); 1165 genes (Kamiya et al., B); 3626 genes (Niu et al., C); 389 genes 

(Oda et al., D); and 329 genes (Hermans et al., 2010b, E), respectively. To determine 

genes likely to be useful as MgD reporters, these lists were combined, and genes 

appearing in multiple lists were determined. Of the 6398 individual genes appearing 

in at least one of the lists generated, 4435 genes (69.3%) were present in one of the 

datasets only, 1349 genes (21.1%) were present in two sets, 476 genes (7.4%) were 

present in three sets, 127 genes (2.0%) were present in four sets, and 11 genes (0.2%) 

were present in all five of the transcriptomic datasets compared. Table 3.2 gives the 

11 genes present in all five of the datasets. 

From the available descriptions and functional annotations of the genes 

appearing in Table 3.2, it appears that a significant portion of these genes are either 

general stress-responsive or involved in the response to ROS-stress, one of the 

downstream symptoms of MgD (entries # 1, 4, 5 and 18). Two are thought to respond 

to or bind Ca2+ (# 6 and 10), and two appear to be involved in responses to biotic 

stress (# 4 and 10). Of special interest are three poorly annotated genes, two putative 

P-loop NTPases and one EF-hand protein (# 6, 7 and 9). Entries # 6 and 7 appear to 

be primarily expressed in senescing leaves, but # 9 seems to be expressed in most 

tissues, according to the Klepikova atlas [224]. Nevertheless, none of these genes 

were deemed sufficiently likely to respond specifically to MgD to be used as 

candidate MgD reporter genes, since even entry # 9 is known to respond to many 

biotic stresses, as well as cold and UV-B exposure according to the Arabidopsis eFP 

browser [225]. Therefore, the search was broadened to include genes present in 

fewer than five of the examined datasets.  
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Table 3.2 ï Genes upregulated in all MgD transcriptomic datasets analysed. 

# 
Locus 

Identifier 
Gene Description Gene Symbol 

1 AT1G13340 
Regulator of Vps4 activity in the MVB 

pathway protein. 
IST1-LIKE 6 (ISTL6) 

2 AT1G15520 
PM ABC transporter, involved in ABA 

transport and resistance to lead. 

ATP-BINDING CASS. 

G40 (ABCG40) 

3 AT1G21240 
Encodes a wall-associated kinase. The 

mRNA is cell-to-cell mobile. 

WALL ASSOCIATED 

KINASE 3 (WAK3) 

4 AT2G29350 
Senescence associated, resistance to 

fungal pathogens. Induced by ROS. 

SENESCENCE-ASS. 

GENE 13 (SAG13) 

5 AT2G29460 
Tau class of glutathione S transferases. 

Role in degradation of H2O2 to H2O. 

GSH S-TRANSF. TAU 

4 (GSTU4) 

6 AT3G01830 
Calcium-binding EF-hand family 

protein. 
- 

7 AT3G28580 
P-loop containing nucleoside 

triphosphate hydrolases superfamily. 
- 

8 AT4G39670 
Member of the glycolipid transfer 

protein superfamily. 

PHOSPHOLIPASE-

LIKE PROTEIN (GLTP) 

9 AT5G17760 
P-loop containing nucleoside 

triphosphate hydrolases superfamily. 
- 

10 AT5G26920 
Calmodulin binding is dependent on 

Ca2+. Inducible by bacterial pathogens 

CAM-BINDING PR. 

60-LIKE G (CBP60G) 

11 AT5G62480 
Encodes glutathione transferase 

belonging to the tau class of GSTs. 

GSH S-TRANSF. TAU 

9 (GSTU9) 

Genes upregulated by MgD treatments from each of the datasets given in Table 3.1 

were combined and number of occurrences for each gene was determined. 18 genes 

occurred in all of the datasets and are given here, together with gene description and 

primary gene symbols as obtained from TAIR (www.arabidopsis.org). 
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To visualize the overlap between the transcriptomic datasets from Table 3.1, a 

Venn-diagram was created from the first four gene lists, shown in Figure 3.2. The 

short-term dataset (E) was excluded to keep the diagram simple, since it is the 

smallest and least relevant to the methodology of a mutant screen. In this analysis, 

84 genes appear in all four included datasets. List C, the largest, contains many 

unique genes (2047), likely including many false-positives, whereas for the smallest 

list, that of Oda et al., around 25% of the total number of genes are present in all the 

other lists as well, despite being the only experiment carried out on agar plates rather 

than in hydroponic culture.  

When choosing putative MgD marker genes for qPCR analysis, not only 

occurrence in multiple transcriptomic datasets was considered, but also absolute 

expression, fold upregulation, putative functions and whether the respective 

candidate had been used previously. Table 3.3 shows all transcripts used in the 

analysis, including reference transcripts. ACT2 and EF1a were used as references 

according to Czechowski et al. [226]. MRS2-4 was included in the analysis to confirm 

whether the transcript level changes under MgD condition, since recent results 

indicate this might be the case [138], contrary to previous results [101, 102]. 

PPR/AT2G20720 was included after noticing an abundance of pentatricopeptide 

repeat family proteins in the transcriptomic data, as well as due to its strong increase 

in expression in many of the datasets (63-fold in Hermans et al., 2010b/A). 

DTX4/AT2G04070 was included due to its implied function during chlorophyll 

degradation, strong upregulation, and similarity to DTX3 highlighted in  

Kamiya et al./B.   
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Figure 3.2 ï Venn-diagram giving overlap between four of the transcriptomic 

datasets described in Table 3.1 

Each ellipse denotes one dataset from Table 3.1, according to letters from the ñNameò 

column. Hermans et al., 2010a [101] (E) was excluded since it was the only  

ñshort-termò dataset, and to keep the diagram easy to view. Shading of each area 

correspond to number of datasets overlapping to give the set of genes represented 

by the area, with darker areas containing genes represented in more datasets. 

Numbers give the number of genes in the subset. 
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Table 3.3 ï Transcripts included in qRT-PCR analysis  

Gene symbol Locus identifier Gene Description Datasets a 

ACT2 AT3G18780 
Encodes a constitutively 

expressed actin 
0 

EF1a AT1G07940 
GTP binding Elongation factor Tu 

family protein 
2 

MRS2-4 / 

MGT6 
AT3G58970 

Transmembrane magnesium 

transporter 
0 

PPR AT2G20720 
Pentatricopeptide repeat (PPR) 

superfamily protein 
4 

ACA1 AT1G27770 
Encodes a chloroplast envelope 

Ca2+-ATPase  
3 

DTX4 AT2G04070 
Xenobiotic detoxification by 

transmembrane export  
4 

qRT-PCR analysis was carried out to detect effects of MgD on a transcriptional level 

in Arabidopsis exposed to low Mg2+. ACT2 and EF1a were used as reference 

transcripts. Gene descriptions were obtained from TAIR. a ï Number of transcriptomic 

datasets from Table 3.1 in which expression of the respective transcript is 

upregulated. 

To compare the effects of MgD induced by transfer to low Mg2+ to those induced 

by continuous growth on low Mg2+ in Arabidopsis seedlings, two different 

experiments were carried out; in both case, agar used to solidify the plates was 

subjected to an EDTA-wash procedure, removing contaminating ions and ensuring 

that MgD could be induced (see Section 2.1.4). 

For the transfer-experiment, Col-0 seedlings were grown on agar plates 

containing Hermans-medium (HM, see Chapter 2, Section 2.1.3) supplemented with 

sufficient Mg2+ όмллл ˃aύ ǳƴǘƛƭ мп 5!DΣ ǘƘŜƴ transferred to Mg2+-replete plates 

όŎƻƴǘǊƻƭύΣ ǇƭŀǘŜǎ ŎƻƴǘŀƛƴƛƴƎ Ia ǿƛǘƘ л ˃a aƎ2+ (-Mg) or HM containing 60 mM NaCl 

(+NaCl). The salt-stress condition was included to test whether genes in the assay 

were generally stress-responsive. Seedlings were harvested three days and seven 

days post-transfer, then expression of the genes in Table 3.3 was quantified in both 

roots and shoots via qRT-PCR. Figure S3.1 gives results of the experiment for roots, 

and Figure 3.3 those for shoots.  
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Figure 3.3 ï Relative expression of candidate MgD-responsive genes in shoots 

of seedlings after transfer to low Mg2+ or excess NaCl.  

Col-0 seedlings were grown on Mg2+-replete plates until 14 DAG, then transferred to 

plates without added Mg2+ (- Mg), with 60 mM NaCl (+ NaCl) or 1000 µM Mg2+. Gene 

expression in shoots of seedlings after 3 days (A) and 7 days (B) was determined by 

qRT-PCR. Expression levels for all transcripts were normalized to expression of 

ACTIN2 and expression of the respective transcripts at 1000 ɛM according to the 

ȹȹCT method. The dimensions of the Y-Axis in B are scaled to match the square root 

of the associated values. Columns represent mean values (± SEM) from three 

independent experiments, each carried out as three technical replicates. Symbols 

above error bars denote significant differences between expression on 1000 µM Mg2+ 

and the respective condition, as determined by a two-way ANOVA followed by Tukey 

HSD post-hoc test (ǐ - p < 0.1; * - p < 0.05; ** - p < 0.01; *** - p < 0.001).  
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For the experiment on continuously low Mg2+, seedlings were grown on plates of 

ǿŀǎƘŜŘ !ƎŀǊ ŎƻƴǘŀƛƴƛƴƎ лΣ мрΣ рлΣ мрлΣ нрл ƻǊ мллл ˃a aƎ2+ until 14 DAG, then gene 

ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ǘŜǎǘŜŘ ƛƴ ǎƘƻƻǘǎ ƻƴƭȅΦ {ŜŜŘƭƛƴƎǎ ŦǊƻƳ л ˃a aƎ2+ could not be 

included in the analysis since seedlings were extremely stunted at this concentration 

and not enough biomass was available to extract RNA. Results for all other 

concentrations are summarized in Figure 3.4.  

 

Figure 3.4 - Relative expression of candidate MgD-responsive genes in shoots 

of seedlings after growth on different concentrations of Mg2+.  

Col-0 seedlings were grown on agar plates containing different amounts of Mg2+ until 

14 DAG. Gene expression for candidate genes from Table 3.3 was determined by 

qRT-PCR. Expression levels for all transcripts were normalized to expression of 

ACTIN2 and expression of the respective transcripts at 1000 ɛM according to the 

ȹȹCT method. The dimensions of the Y-Axis are scaled to match the square root of 

the associated values. Columns represent mean values (± SEM) from three 

independent experiments, each carried out as three technical replicates. Symbols 

above error bars denote significant differences between expression on 1000 µM Mg2+ 

and the respective concentration, as determined by a two-way ANOVA followed by 

Tukey HSD post-hoc test (ǐ - p < 0.1; * - p < 0.05; ** - p < 0.01; *** - p < 0.001).
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In both experiments, expression of the two reference transcripts did not vary relative 

to each other at any of the conditions, indicating that they represented suitable 

references. Expression of MRS2-4 or ACA1 did not change significantly in either of 

the conditions tested; however, expression of both PPR and DTX4 was significantly 

increased both after transfer to low-Mg2+ media or after growth on plates with  

15 µM added Mg2+. The two treatments therefore seemed to cause similar effects. 

Although the magnitude of the increase in expression observed for DTX4 and PPR in 

shoots was greater after transfer to low-Mg2+ media, the variation in expression was 

smaller for the continuous experiment.  

3.2.2 Continuous, moderate Mg2+-deficiency elicits previously established 

symptoms of MgD 

The physiological symptoms experienced by plants grown on individual  

Mg2+-concentrations continuously were tested and compared to those reported 

previously and outlined in Section 3.1.4. 

First, growth of seedlings on different concentrations of Mg2+ was tested. Col-0 

seedlings were grown on agar plates containing washed agar and  

Mg2+-ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ млллΣ нрлΣ мрлΣ рлΣ мр ŀƴŘ л ˃a ǳƴǘƛƭ мп 5!DΣ ǘƘŜƴ ŀǾŜǊŀƎŜ 

shoot weight was quantified for each concentration. Additionally, main root length 

and number of lateral roots per plant were determined at 10 DAG. Results are shown 

in Figure 3.5. Both shoot weight and main root length increased significantly at lower, 

but sufficient Mg2+-concentrations (Figure 3.5 A & BύΦ !ǘ мр ˃a aƎ2+, the number of 

ƭŀǘŜǊŀƭ Ǌƻƻǘǎ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭƻǿŜǊ ǘƘŀƴ ŀǘ мллл ˃a aƎ2+ (Figure 3.5 C) and the 

ǎƘƻƻǘ ǿŜƛƎƘǘ ǿŀǎ ǎƭƛƎƘǘƭȅ ŘŜŎǊŜŀǎŜŘΦ !ǘ л ˃a aƎ2+, induction of lateral roots was 

nearly completely abolished and shoot weight never exceeded 1 mg, but main root 

length was not significantly reduced. To quantify the reduction of lateral root 

numbers at lower Mg2+ the number of lateral roots per plant was divided by the 

length of the main root for each concentration, giving the number of lateral roots per 

mm main root (Figure 3.6). This revealed a consistent trend, with lateral roots per 

mm decreasing with decreasing medium Mg2+, despite seedlings showing higher 

shoot weights and main root lengths at the intermediate concentrations tested.  
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Figure 3.5 ï Growth of A. thaliana seedlings on different Mg2+-concentrations. 

Seedlings of Col-0 were grown on agar plates containing HM made with washed agar, 

with different concentrations of added Mg2+, until 14 DAG; various characteristics of 

the seedlings were determined. A ï Mean shoot fresh weights of seedlings at  

14 DAG. B ï Main root length of seedlings at 10 DAG. C ï Boxplot of numbers of 

lateral roots per plant at 10 DAG. Columns in A and  B represent mean values  

(± SEM); Significant differences were determined using a two-way ANOVA followed 

by Tukey HSD post-hoc test. Boxes in C represent first and third quartile, while the 

median is shown as a horizontal line. Significant differences between conditions in C 

were determined by a Dunn test, followed by a Kruskal-Wallis test. All data are from 

three independent replicates. Symbols above data for each condition denote 

significant differences between values observed on 1000 µM Mg2+ and the respective 

concentration (ǐ - p < 0.1; * - p < 0.05; ** - p < 0.01; *** - p < 0.001). 
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Figure 3.6 ï Lateral roots per mm main root length for A. thaliana grown on 

different Mg2+-concentrations. 

Seedlings of Col-0 were grown on agar plates containing HM made with washed agar, 

with different concentrations of added Mg2+. At 10 DAG, length of the main root and 

number of lateral roots for each seedling were determined. The number of lateral 

roots was divided by the length of the main root, and values plotted grouped by 

concentration. Columns represent mean values (± SEM) from three independent 

biological replicates. Significant differences between conditions were determined by 

two-way ANOVA followed by Tukey HSD. Symbols above error bars denote 

significant differences between values observed on 1000 µM Mg2+ and the respective 

concentration (ǐ - p < 0.1; * - p < 0.05; ** - p < 0.01; *** - p < 0.001).  
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The next symptom tested was starch accumulation in leaves of plants exposed 

to MgD. Seedlings were grown on plates containing different Mg2+-concentrations 

until 14 DAG, as before. Since no significant overall growth impairment could be seen 

ŀǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŀōƻǾŜ рл ˃a aƎ2+Σ ŀƴŘ л ˃a caused stunted growth to the point 

of preventing seedlings from being used in experiments, concentrations of 1000, 50, 

мр ŀƴŘ тΦр ˃a ŀŘŘŜŘ aƎ2+ were chosen for this experiment. At 14 DAG, seedlings 

were harvested at the end of the dark period. Under normal conditions, little starch 

is present in leaves at this time, having been consumed during the dark period. Starch 

present in shoots was visualizeŘ ōȅ ǎǘŀƛƴƛƴƎ ǿƛǘƘ [ǳƎƻƭΩǎ ǎƻƭǳǘƛƻƴΤ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ 

images of stained seedlings are shown in Figure 3.7 A. Additionally, starch levels were 

quantified by numbering leaves in order of emergence (as shown in Figure 3.7 A) and 

measuring the average colour intensity over the entire area of each leaf of the 

stained plants on the red channel of the three-channel images taken (Figure 3.7 B). 

The red channel was chosen because blue coloration reduces the detected intensity 

of red light the most.  

As can be seen from both the images and graphs, increased starch-accumulation 

ƛǎ ƴƻǘ ŘŜǘŜŎǘŀōƭŜ ŀǘ рл ˃a aƎ2+ or above, but can be seen for the two lowest 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΦ !ǘ мр ˃a aƎ2+, starch accumulation is significant in leaves 1 through 

рΣ ǘƘŜ ƻƭŘŜǎǘ ƭŜŀǾŜǎΦ !ǘ тΦр ˃a aƎ2+, significant staining can be seen in leaves 1 

through 7, which most likely equates to all fully-expanded leaves, i.e., all true source 

tissues.  
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Figure 3.7 - Starch staining of plants grown on different Mg2+-concentrations. 

A. thaliana (Col-0) seedlings were grown on agar plates containing HM made with 

washed agar, with different concentrations of added Mg2+, until 14 DAG, before being 

subjected to a starch staining protocol using Lugolôs solution. A ï Representative 

image of a stained seedling from each concentration tested. Leaves are numbered 

according to order of emergence. B ï Images of seedlings were analysed by 

measuring the average colour intensity over the area of each leaf on the red channel 

of the image. Mean and confidence intervals for each leaf are displayed, from a 

mixed-effect linear model generated using the data. Data are from three independent 

replicates of 3-4 plants per concentration. Lower values indicate darker areas. 

To confirm the presence of increased levels of reactive oxygen species (ROS) in 

leaves of A. thaliana under MgD, seedlings grown in the same way as for detection 

of starch accumulation were treated with two different ROS-sensitive probes:  

CM-H2DCFDA, a general ROS-sensitive probe, and DHE, a superoxide-specific probe. 

These cell-permeable dyes exhibit increased fluorescence upon encountering either 

any ROS species or superoxide (O2
-), respectively. In both cases, shoots were 

immersed in a solution containing the respective dye, then images of representative 

areas of stained leaves were taken on a confocal laser-scanning microscope. Average 

fluorescence intensity across the in-focus area of the image was measured and 

analysed. Unstained seedlings were used as negative control, and seedlings exposed 

to the ROS-stress inducing chemical Antimycin A (AA) were used as positive control. 

Results are summarized in Figure 3.8. For both CM-H2DCFDA (Figure 3.8 A) and DHE 

(B), significant differences in measured fluorescence intensity ǊŜƭŀǘƛǾŜ ǘƻ мллл ˃a 

Mg2+, and therefore ROS accumulation, could be seen for seedlings grown on  

тΦр ˃a aƎ2+, as well as for the positive control. Results show a higher statistical 

significance, bigger difference in fluorescence intensity, and greater similarity to the 

positive control for DHE, suggesting that superoxide is the primary ROS species 

present in seedlings exposed to MgD. 
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Figure 3.8 ï ROS levels in plants grown on different Mg2+-concentrations. 

A. thaliana (Col-0) seedlings were grown on agar plates containing HM made with 

washed agar, with different concentrations of added Mg2+ (X-Axis, concentrations in 

ɛM), until 14 DAG, before being stained with the fluorescent ROS-sensitive probes 

CM-H2DCFDA (A) or DHE (B). Fluorescence intensities were recorded; columns 

represent mean values (± SEM) from three independent replicates of 4-5 leaves per 

replicate and concentration. AA ï Seedlings were sprayed with a solution containing 

20 µM Antimycin A (AA) before being stained, for use as a positive control. Significant 

differences between conditions were determined by two-way ANOVA followed by 

Tukey HSD. Symbols above error bars denote significant differences between values 

observed on 1000 µM Mg2+ and the respective condition (ǐ - p < 0.1; * - p < 0.05;  

** - p < 0.01; *** - p < 0.001).  
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Finally, to confirm the reduction in chlorophyll concentrations reported 

previously for plants exposed to MgD, seedlings grown as before were harvested and 

subjected to a chlorophyll extraction protocol. Concentrations of chlorophyll in 

resulting solutions were measured by spectrophotometry, and concentrations in 

fresh leaf tissue calculated for seedlings from each of the Mg2+-concentrations used. 

Seedlings exposed to salt stress were used as a positive control. Results are shown in 

Figure 3.9. A significant reduction in chlorophyll concentrations can be seen for 

ǎŜŜŘƭƛƴƎǎ ƎǊƻǿƴ ƻƴ тΦр ˃a aƎ2+, as well as those under salt stress (60 mM NaCl). 

 

Figure 3.9 ï Chlorophyll levels in plants from different Mg2+-concentrations. 

A. thaliana (Col-0) seedlings were grown on agar plates containing HM made with 

washed agar, with different concentrations of added Mg2+ (X-Axis, concentrations in 

ɛM), until 14 DAG, before chlorophyll was extracted from shoots and quantified by 

spectrophotometry. Plants grown on 60 mM NaCl were included as a positive control. 

Columns represent mean values (± SEM) from three independent replicates. 

Significant differences between conditions were determined by two-way ANOVA 

followed by Tukey HSD. Symbols above error bars denote significant differences 

between values observed on 1000 µM Mg2+ and the respective condition (ǐ - p < 0.1; 

* - p < 0.05; ** - p < 0.01; *** - p < 0.001). 
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3.2.3 MARIO can be functionally expressed in A. thaliana and used to  

report on Mg2+-concentrations 

To confirm the reductions of [Mg2+] in plants grown on low-Mg2+ media reported 

in the literature, as well as to investigate spatial and temporal dynamics of [Mg2+], 

the Mg2+-sensitive FRET sensor MARIO had to be expressed in A. thaliana. A plasmid 

containing the MARIO CDS was obtained and used to create several genetic 

constructs, designed to induce strong MARIO expression and target the protein to 

different subcellular compartments: the cytoplasm, chloroplasts, and nucleus, 

respectively, as outlined in Figure 3.10 (work performed by T.N.). Next, Col-0, mrs2-

4 1 and mrs2-4 2 plants were transformed with each of the constructs via floral dip. 

After transformant selection, expression of the reporter within transformants was 

tested via fluorescence microscopy, but expression could only be detected in one 

transformant out of 108 individuals tested (see Table 3.4), an instance of mrs2-4 1 + 

cpMARIO (chloroplastically-targeted MARIO). MARIO expression in this line was 

detected in both cotyledons and true leaves, and within roots to a lesser degree. 

However, transgene expression was inconsistent (Figure 3.11). Although small foci of 

fluorescence indicate correct chloroplast targeting in some areas, larger fluorescent 

areas show that expression in this individual is not always restricted to plastids, 

indicating mis-targeting of the protein. Genotyping of six different transformants by 

PCR showed that all individuals tested contained the MARIO CDS, indicating that 

while the transgene was present in these lines, MARIO protein was not being 

expressed. Growth of mrs2-4 1 + cpMARIO on soil appeared similar to the parent line, 

mrs2-4 1, although rosette size may be slightly reduced (Figure S3.2).   
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Figure 3.10 ï Structure of MARIO constructs used to transform A. thaliana 

To obtain each of the constructs used, one of the sequences given was inserted 

between the cauliflower mosaic virus (CaMV) 35S promoter and the MARIO CDS, 

giving different (theoretical) subcellular localizations. Experiment conceived by S.L. 

and carried out by T.N. ɋ ï Tobacco mosaic virus omega enhancer. 6x His ï A tag 

sequence consisting of 6 Histidine bases, amenable to purification by affinity 

chromatography. SV40 NLS ï Nuclear localisation signal (NLS) from simian 

vacuolating virus 40 (SV40). RbcS CTP ï Rice Rubisco small subunit (RbcS) 

chloroplast targeting peptide (CTP). LB ï A. tumefaciens left border (LB) sequence. 

RB ï A. tumefaciens right border (RB) sequence. 

Table 3.4 - Number of transformants tested for MARIO expression for each 

background transformed and targeting sequence used. 

Background Target 
Individuals tested 

(Number showing expression) 

Col-0 

Cytoplasm (cyMARIO) 22 (0) 

Chloroplast (cpMARIO) 9 (0) 

Nucleus (nMARIO) 19 (0) 

mrs2-4 1 

Cytoplasm (cyMARIO) 8 (0) 

Chloroplast (cpMARIO) 4 (1) 

Nucleus (nMARIO) 19 (0) 

mrs2-4 2 

Cytoplasm (cyMARIO) 10 (0) 

Chloroplast (cpMARIO) 2 (0) 

Nucleus (nMARIO) 15(0) 

All All 108 (1) 

A. thaliana of the Col-0, mrs2-4 1 and mrs2-4 2 backgrounds were transformed with 

MARIO expression constructs designed to direct the protein to the cytoplasm 

(cyMARIO), chloroplast (cpMARIO) and nucleus (nMARIO). Transformants  

were selected on agar plates containing Kanamycin, put to soil, then  

protein expression was tested by fluorescence microscopy. Only one transformant 

(mrs2-4 1 + cpMARIO 1) was found to express the protein.  
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Figure 3.11 ï MARIO expression in mrs2-4 1 + cpMARIO 

MARIO expression was detected in cotyledons via fluorescence microscopy. CFP 

expression was detected using an excitation wavelength of 434 nm and emission 

wavelength of 474 nm. For YFP, 514 and 526 nm were used, respectively. Each 

image was acquired separately, in sequence, before being merged in ImageJ.   
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Because only a single transformant line expressing MARIO was available, which 

was in a mutant background and showing inconsistent reporter expression, no in vivo 

experiments were possible. However, it was possible to validate functionality of the 

reporter, as expressed in A. thaliana, in a proof-of-concept experiment adapted from 

Wagner et al. [201]. Leaves of two individual mrs2-4 1 + cpMARIO plants were 

therefore harvested and protein-extracts prepared. After addition of different 

concentrations of MgCl2 to clarified protein extracts, FRET ratios exhibited by the 

extracts were measured; results are summarized in Figure 3.12. A clear correlation 

between added Mg2+ and FRET ratio could be seen, indicating that the reporter is 

functioning correctly. although there are noticeable differences between the two 

biological replicates, especially for the raw FRET values (YFP/CFP ratio,  

Figure 3.12 A), these differences are much smaller when normalized values are used 

(ɲR/R0, B). Variation between technical replicates for the same individual/extract 

was small.  
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Figure 3.12 ï FRET ratio exhibited by MARIO at different Mg2+-concentrations. 

A ï FRET ratios recorded for each concentration. B ï FRET ratios, normalized to the 

ratio observed at 0 mM added Mg2+ (ȹR / R0). True leaves from A. thaliana expressing 

the MARIO FRET sensor were ground and whole-leaf extracts prepared. After adding 

various concentrations of MgCl2 to the extracts, FRET ratios (YFP/CFP emission after 

excitation of CFP) for each Mg2+-concentration were measured. Data-points 

represent mean values (± SEM) from three technical replicates carried out on protein 

extracts from two different individual plants (black and green data points). The X-Axis 

has been scaled to match the square root of the associated values.   
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3.2.4 Mg2+-deficiency may lead to altered ATP-levels and pH in A. thaliana 

To measure changes in MgATP2--levels in plants exposed to MgD, A. thaliana 

expressing the MgATP2--sensitive FRET sensor ATeam1.03-nD/nA in the cytoplasm 

and chloroplasts, referred to as cATeam and cpATeam, respectively, described in  

De Col et al. [182], were obtained, courtesy of the Schwarzländer lab at Universität 

Münster, Germany. Additionally, to measure changes in intracellular and 

extracellular pH under MgD, A. thaliana expressing the pHusion pH-sensor in the 

cytoplasm and apoplasm, termed cpHusion and apHusion, respectively [186], were 

received courtesy of Joshua Joyce at John Innes Centre. cATeam, cpHusion and 

apHusion plants, but not cpATeam plants, showed sufficiently strong fluorescence 

signals to be used in a plate-reader based assay reporting on cytoplasmic  

MgATP2--concentration, cytoplasmic and apoplastic pH simultaneously  

(see Chapter 2, Section 2.6.4).  

Seedlings of cATeam, cpHusion and apHusion, as well as Col-0, were grown on 

ŀƎŀǊ ǇƭŀǘŜǎ ŎƻƴǘŀƛƴƛƴƎ ŜƛǘƘŜǊ млллΣ рл ƻǊ мр ˃a aƎ2+, as before. At 14 DAG, randomly 

chosen leaves and roots were excised and placed in the wells of a 96-well plate. 

Emission values for CFP and YFP after CFP excitation (ATeam FRET response), as well 

as GFP and RFP after excitation of the respective fluorophore (pHusion) were 

measured. All emission values were corrected against the background of Col-0 leaves 

or roots from plants grown under the same conditions and excited in the same way. 

YFP/CFP ratios (ATeam) and GFP/RFP ratios (pHusion) were then calculated, and 

ratios compared between plants grown on different Mg2+-concentrations. Results are 

summarized in Figure 3.13.  

The apparent MgATP-ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƛƴ ƭŜŀǾŜǎ ƻŦ Ǉƭŀƴǘǎ ƎǊƻǿƴ ŀǘ мр ˃a aƎ2+, as 

ǊŜǇƻǊǘŜŘ ōȅ Ŏ!¢ŜŀƳΣ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ǘƘŀƴ ŦƻǊ Ǉƭŀƴǘǎ ƎǊƻǿƴ ŀǘ мллл ˃a aƎ2+ 

(Figure 3.13 A). This represented a genuine FRET response, with average YFP 

ŦƭǳƻǊŜǎŎŜƴŎŜ ŀŎǊƻǎǎ ǎŀƳǇƭŜǎ ƘƛƎƘŜǊ ŀƴŘ /Ct ŦƭǳƻǊŜǎŎŜƴŎŜ ƭƻǿŜǊ ŀǘ мр ˃a aƎ2+. The 

ŀǇǇŀǊŜƴǘ ŎȅǘƻǇƭŀǎƳƛŎ ǇI ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ŀǘ мр ˃a aƎ2+, in both leaves and 

roots (B), while the leaf apoplastic pH, but not the root apoplastic pH, was increased 

relative to control (C).   
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Figure 3.13 - Results of the plate-reader assay including ATeam and pHusion 

A ï FRET ratios (YFP/CFP after CFP excitation) for ATeam at different  

Mg2+-concentrations. B ï GFP/RFP ratios recorded for cpHusion. C ï GFP/RFP ratios 

for apHusion. Seedlings of Col-0, cATeam, cpHusion and apHusion were grown on 

agar plates containing HM with different concentrations of added Mg2+, with 0.5% 

(w/v) sucrose, until 14 DAG, before leaves and roots were transferred to the wells of 

a 96-well plate, filled with liquid HM. Emission values were recorded according to 

Chapter 2, Section 2.6.4, then emission ratios were calculated. A mixed-effect linear 

model was generated for the emission-ratio over different concentrations and plant 

parts. Data points represent mean values and confidence intervals for each 

concentration, from three independent replicates, with three technical replicates each.   
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Figure 3.14 ï Apparent pH differential across the PM  

A ï apparent pH differential within leaves. B ï Apparent pH differential within roots. 

Seedlings of Col-0, cATeam, cpHusion and apHusion were grown on agar plates 

containing HM with different concentrations of added Mg2+, until 14 DAG, before 

leaves and roots were transferred to the wells of a 96-well plate, filled with liquid HM. 

Emission values were recorded according to Chapter 2, Section 2.6.4, then emission 

ratios were calculated. For each concentration, GFP/RFP ratios recorded for 

apHusion were subtracted from those recorded for cpHusion, to obtain the apparent 

pH differential across the PM. A mixed-effect linear model was generated for the 

differential of emission-ratio over different concentrations. Data points represent 

mean values and confidence intervals for each concentration, from three independent 

replicates, with three technical replicates each.   
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To determine whether the pH differential across the PM changes under MgD, 

apparent pH (GFP/RFP ratio) recorded for apHusion was subtracted from the value 

recorded for cpHusion at the same Mg2+-concentration, giving the apparent pH 

differential across the PM. Results are shown in Figure 3.14. No significant difference 

for different concentrations could be seen in leaves (Figure 3.14 A) since apparent 

pH in both the cytoplasm and apoplasm was higher under MgD (Figure 3.13 B & C). 

Within roots however, a significant increase in the pH-differential was seen  

(Figure 3.14 B). Cytoplasmic pH was significantly higher and apoplastic pH was lower. 

Since these results contradicted the model of how impaired sucrose export may 

arise under MgD (see Chapter 1, Section 1.2.4), additional scrutiny was applied to 

the way plants were grown for experiment. Previously, all media used for plant 

growth contained 0.5% (w/v) sucrose, standard practice in A. thaliana culture on 

solid media. However, since supplying sucrose to the roots may interfere with the 

impaired sucrose export from source tissues occurring as a result of MgD, it was 

rationalized that some of the previous experiments would have to be repeated 

without added sucrose. The starch staining experiment summarized in Figure 3.7 was 

carried out on Col-0 seedlings grown on agar plates with HM containing no sucrose, 

with Mg2+-ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ млллΣ рлΣ пл ŀƴŘ мр ˃aΦ DǊƻǿǘƘ ǘƛƳŜ ǿŀǎ ŀŘƧǳǎǘŜŘ ǘƻ 

17 DAG to account for the fact that plant growth is slower without added sucrose. 

Two biological replicates of the staining-procedure were carried out; results are 

shown in Figure S3.3. Results were similar to those from the assay carried out on 

Ǉƭŀƴǘǎ ƎǊƻǿƴ ƻƴ ƳŜŘƛŀ ǿƛǘƘ ǎǳŎǊƻǎŜΣ ǿƛǘƘ ǎŜŜŘƭƛƴƎǎ ƎǊƻǿƴ ƻƴ мр ˃a aƎ2+ showing 

noticeable staining across all but the youngest, developing leaves, while seedlings 

from other concentrations showed little to no staining.  

Next, the plate-reader experiment with cATeam, cpHusion and apHusion was 

repeated for plants grown without sucrose, until 17 DAG. Once again, leaves and 

shoots of seedlings grown on media containing 1000, 50 and 15 ˃a aƎ2+ were 

excised and placed in the wells of a 96-well plate, before emission ratios were 

measured and compared. Results are summarized in Figure 3.15 and Figure 3.16. The 

apparent MgATP-concentration reported by ATeam was again significantly higher for 

seedlings grown on 15 ˃a aƎ2+ than for those grown on 1000 ˃a aƎ2+, while 

apparent cytoplasmic pH increased more noticeably, both at 50 and 15 ˃a aƎ2+.  
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Figure 3.15 - Plate-reader assay results for plants grown without sucrose 

A ï FRET ratios (YFP/CFP after CFP excitation) for ATeam, at different  

Mg2+-concentrations. B ï GFP/RFP ratios recorded for cpHusion. C ï GFP/RFP ratios 

recorded for apHusion. Seedlings of Col-0, cATeam, cpHusion and apHusion were 

grown on agar plates with different concentrations of added Mg2+, without added 

sucrose, until 17 DAG, before leaves and roots were separated and transferred to the 

wells of a 96-well plate, filled with liquid HM of the same composition. Emission values 

were recorded, then emission ratios were calculated. A mixed-effect linear model was 

generated for the emission-ratio over different concentrations and plant parts. Data 

points represent mean values and confidence intervals for each concentration, from 

three independent replicates, with three technical replicates each.   



 

140 
 

 

Figure 3.16 - Apparent pH differential across the PM  

A ï apparent pH differentials within leaves. B ï Apparent pH differentials within roots. 

Seedlings of Col-0, cATeam, cpHusion and apHusion were grown on agar plates with 

different concentrations of added Mg2+, without added sucrose, until 17 DAG, before 

leaves and roots were separated and transferred to the wells of a 96-well plate, filled 

with liquid HM of the same composition. Emission values were recorded. For each 

concentration, GFP/RFP ratios recorded for apHusion were subtracted from those 

recorded for cpHusion, to obtain the apparent pH differential across the PM. A  

mixed-effect linear model was generated for the difference of emission-ratio over 

different concentrations. Data points represent mean values and confidence intervals 

for each concentration, from three independent replicates, with three technical 

replicates each.  
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Apparent apoplastic pH was significantly higher in leaves and roots grown on  

15 ˃ a aƎ2+ without sucrose (Figure 3.15 C). This is the only qualitative difference 

observed between the experiments with and without sucrose; for plants grown with 

sucrose, a non-significant slight decrease in root apoplastic pH was observed (Figure 

3.13 C).  

Although both the apparent cytoplasmic and apoplastic pH increased during the 

sucrose-free experiment, a significant increase in the apparent pH-differential across 

the PM was seen for both the leaves and roots (Figure 3.16), while for the experiment 

with sucrose, only the root pH-differential was increased significantly, although an 

upwards trend could be seen in leaves (Figure 3.14). 

Finally, since ratiometric sensors rarely allow determination of absolute 

concentrations of metabolites, and since ATeam specifically has been shown to be 

sensitive to changes in pH [182], it was deemed necessary to validate the results of 

the plate-reader assays with an independent experiment. Samples of leaves and 

roots from seedlings grown together with those used for the plate-reader 

experiment had been taken, and these samples were used in a bioluminescent  

ATP-assay based on firefly luciferase. Cell extracts were prepared for one sample per 

biological replicate of the plate-reader experiment, both with and without sucrose, 

and subjected to intensiometric determination of ATP-concentrations within the 

original tissue (Figure 3.17 A) and ratiometric determination of ATP/ADP-ratios 

within the samples (Figure 3.17 B). Both for plants grown on media with and without 

sucrose, a significant increase in absolute ATP-concentration could be seen on  

15 ˃a aƎ2+. Additionally, ATP/ADP ratios were significantly increased on 50 and  

15 ˃a aƎ2+ without sucrose, while a noticeable, but non-significant increase was 

observed at those Mg2+-concentrations with sucrose. Although this assay reports on 

different parameters than the plate reader assay (MgATP versus ATP or ATP/ADP 

ratio) and more replicates should be performed, these results nevertheless confirm 

those obtained from the plate-reader assay.  
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Figure 3.17 ï Results of an ATP-Assay carried out on leaves 

Samples of leaves from A. thaliana grown for plate-reader assays were taken before 

the plate-reader assays were carried out. Leaf samples were flash-frozen and later 

used to carry out a luciferase-based, bioluminescent ATP-assay.  

A ï ATP-concentrations in leaves, calculated from luminescence intensities after 

constructing a calibration curve using standard addition. B ï ATP/ADP ratios in 

leaves. Columns represent mean values (± SEM) from three independent biological 

replicates. Significant differences were determined two-way ANOVA followed by 

Tukey HSD. Symbols above error bars denote significant differences between values 

observed on 1000 µM Mg2+ and the respective condition (ǐ - p < 0.1; * - p < 0.05;  

** - p < 0.01; *** - p < 0.001).  
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3.3 Discussion 

3.3.1 Symptoms of MgD appear to be consistent across method and age 

The results shown here demonstrate that the symptoms of MgD observed 

previously within mature Arabidopsis transferred to Mg2+-free medium in hydroponic 

culture apply to two-week-old seedlings grown continuously on agar plates 

containing low-Mg2+ medium. It also appears that increasing the severity of MgD by 

adding less Mg2+ to media has the same effect as longer withdrawal times, i.e., more 

severe MgD ǇǊƻŘǳŎŜǎ ǎȅƳǇǘƻƳǎ ŦǳǊǘƘŜǊ Řƻǿƴ ƛƴ ǘƘŜ άǇŀǘƘǿŀȅέ όFigure 3.1) 

regardless of the method used. As outlined in Figure 3.1 and Chapter 1, Section 1.2.4, 

previous data from time-course experiments suggests that starch accumulation 

occurs first (after whole-tissue Mg2+-concentrations drops), followed by reduced 

growth, ROS evolution, and reduced chlorophyll abundance [90]. In accordance with 

this, starch accumulation was observed when seedlings were grown on 15 µM Mg2+ 

or lower (Figure 3.7), whereas increases in ROS abundance (Figure 3.8), reductions 

in chlorophyll abundance (Figure 3.9) and reductions in shoot weights (Figure 3.5 A) 

were only observed on 7.5 or 0 µM added Mg2+, respectively. Additionally, although 

the number of transcripts tested was small, expression of the same transcripts was 

induced after transfer to low Mg2+ and after continuous growth on low (15 µM) Mg2+, 

again indicating that the two methods produce similar results. The Venn-Diagram in 

Figure 3.2 appears to indicate the same, since the level of overlap between datasets 

does not appear greater between datasets obtained using a similar method. The 

datasets from Hermans et al. [227] and Niu et al. [104], i.e., the two datasets 

obtained after withdrawing Mg2+ from the medium later on, at over 3600 DEGs each, 

are far larger than those by Kamiya et al. [105] and Oda et al. [103], i.e., the datasets 

obtained after growth on one Mg2+-concentration continuously, which only contain 

1165 and 389 genes, respectively. This could indicate that transfer to an almost 

completely Mg2+-free medium causes greater effects on the transcriptome than 

continuous growth on a moderately low Mg2+-concentration, but may also reflect the 

influence of age (14 DAG vs. 42 DAG at harvest). Since many of the genes in the two 

άǘǊŀƴǎŦŜǊέ ŘŀǘŀǎŜǘǎ ŀǊŜ ǳƴƛǉǳŜ ǘƻ ŜŀŎƘΣ ǘhese genes may also reflect false-positives.  
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¢ƘŜ ǘǿƻ άŎƻƴǘƛƴǳƻǳǎέ ŘŀǘŀǎŜǘǎ ǎƘŀǊŜ ƭƛǘǘƭŜ ƻǾŜǊƭŀǇ ōŜǎƛŘŜǎ ǘƘŜ уп ƎŜƴŜǎ ǎƘŀǊŜŘ 

between all four datasets, each sharing a relatively large, but separate, portion of 

their total number of genes with one or both oŦ ǘƘŜ ǘǿƻ άǿƛǘƘŘǊŀǿŀƭέ ǎŜǘǎ  

(Figure 3.2). 

It appears that continuous growth on agar plates containing moderately low 

Mg2+ represents a valid method for inducing MgD in A. thaliana. Going forward,  

15 µM added Mg2+ will be used as a low-Mg2+ concentration that clearly elicits the 

ŎƘŀǊŀŎǘŜǊƛǎǘƛŎΣ άŜŀǊƭȅέ ǎȅƳǇǘƻƳǎ ƻŦ aƎ5 ǿƘƛƭŜ ƻƴƭȅ ƘŀǾƛƴƎ ŀ ƳƛƴƻǊ ŜŦŦŜŎǘ ƻƴ ƎǊƻǿǘƘΣ 

which equates to the condition used to select for loss of reporter expression during 

the genetic screen At this concentration, starch accumulation is observed, but not 

ROS evolution or reduced chlorophyll abundance. In the same way, 50 µM added 

Mg2+ ǿŀǎ ǎŜƭŜŎǘŜŘ ŀǎ ŀ άǇǊŜ-aƎ5έ ŎƻƴŘƛǘƛƻƴΣ ǿƘƛŎƘ ŘƻŜǎ ƴƻǘ ȅŜǘ ŜƭƛŎƛǘ ŘŜǘǊƛƳŜƴǘŀƭ 

effects on plant growth or physiology, equating to the condition used to select for 

άǇǊŜƳŀǘǳǊŜƭȅέ ƛƴŘǳŎŜŘ ǊŜǇƻǊǘŜǊ ŜȄǇǊŜǎǎƛƻƴ ŘǳǊƛƴƎ ǘƘŜ ǎŎǊŜŜƴΦ 

3.3.2 The reduction of lateral root growth under low Mg2+ likely represents 

an environmental adaptation 

Interestingly, the number of lateral roots per seedling was reduced significantly 

on 15 µM Mg2+ (Figure 3.5 C), when shoot weights were not yet significantly reduced. 

Upon calculating the number of lateral roots per main root length, a significant 

difference could be seen on 50 µM Mg2+ or below (Figure 3.6), making this the 

earliest physiological change observed in this series of experiments. In fact, the 

number of lateral roots per main root length determined in this experiment seems 

to follow an inverse correlation with the Mg2+-concentration used even at higher 

concentrations, despite shoot fresh weights and main root lengths increasing 

between 1000 and 50 µM added Mg2+. Since these Mg2+-concentrations are 

obviously sufficient for Arabidopsis growth, this indicates a genuine adaptive 

response rather than a growth impairment.  
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The reduction of lateral root numbers in low external Mg2+-concentrations has 

been observed previously in Col-0 by Cristescu et al. [228], and further characterized 

by Niu et al., [229]. Xiao et al., [108] investigated this response across A. thaliana 

ecotypes, and could confirm its presence across all accessions tested, although some 

show it less strongly. As outlined in Chapter 1, Section 1.2.1, Mg2+ is a soil-mobile 

element, and therefore likely does not usually form horizontal concentration-

differences. At the same time, it is easily leached to deeper soil strata, which might 

explain the presence of such an adaptation. Therefore, while this is not a new finding, 

it nevertheless further confirms that the results of these experiments are in line with 

previous findings. 

3.3.3 MARIO can significantly improve understanding of Mg2+-homeostasis 

As outlined previously, the inability to track concentrations of Mg2+, and 

especially those of [Mg2+], across cells and tissues presents a significant obstacle to 

the advancement of knowledge regarding Mg2+-homeostasis. The difficulties 

associated with distinguishing between the different Mg2+-pools within cells are 

especially troublesome in this context, since a decrease in total cell or tissue Mg2+ 

could be entirely explained by a decrease in Mg2+-stores, without any impact on 

cytosolic and organellar Mg2+-pools involved in cellular functions.  

Genetically-encoded, ratiometric sensors, if properly expressed and calibrated, could 

solve this problem almost entirely.  

No MARIO-expressing line suitable for in vivo experiments could be generated in 

this work. Only less than 1% of all transformants tested showed detectable levels of 

sensor expression, despite all individuals tested containing the MARIO CDS. All the 

MARIO ŎƻƴǎǘǊǳŎǘǎ ǳǎŜŘ ǘƘŜ ор{ ǇǊƻƳƻǘŜǊΣ ǿƘƛŎƘ ƛǎ ƪƴƻǿƴ ǘƻ ōŜ ŀ άǎǘǊƻƴƎέ ǇǊƻƳƻǘŜǊ 

ƛƴŘǳŎƛƴƎ ƘƛƎƘ ƭŜǾŜƭǎ ƻŦ ŜȄǇǊŜǎǎƛƻƴΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ¢a± ʍ ŜƴƘŀƴŎŜǊΦ ¦ǎŜ ƻŦ ǎǘǊƻƴƎ 

promoters is known to cause silencing of transgenes, especially when foreign 

sequences are introduced [230]. Further, the relatively bright fluorescence present 

across entire cells in mrs2-4 1 + cpMARIO (Figure 3.11) is likely caused by excessive 

expression of the protein, leading to accumulation in the endomembrane system or 

the cytoplasm, rather than exclusively within chloroplasts.  
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The fact that some cells do show expression in discrete individual foci, presumably 

representing chloroplasts, indicates that transgene expression is lower in these cells, 

enabling the protein to be localized correctly. It is therefore likely that the MARIO 

transgene was subject to post-transcriptional cis-inactivation, completely preventing 

expression at detectable levels in all but one individual, with the remaining one 

subject to partial silencing of the transgene. It should be possible to prevent this issue 

ƛƴ ǘƘŜ ŦǳǘǳǊŜ ōȅ ǳǎƛƴƎ άǿŜŀƪŜǊέ ǇǊƻƳƻǘŜǊǎΣ ǇƻǘŜƴǘƛŀƭƭȅ Ǉƭŀƴǘ-native promoter 

sequences. Additionally, the MARIO sequence, which was used in its unchanged form 

in this work, could be codon-optimized for Arabidopsis expression, reducing the risk 

of the CDS being recognized as foreign genetic material, and/or the post-

transcriptional gene silencing-deficient rdr6 line of A. thaliana [231] could be 

transformed instead of WT plants. 

Maeshima et al. [131] report that MARIO, expressed in human-derived Henrietta 

Lacks (HeLa) cells shows an apparent Kd of 7.2 mM for Mg2+, with a dynamic range of 

153% observed for the YFP/CFP FRET ratio. The data shown in Figure 3.12 indicate 

that under the conditions used here, the apparent Kd of the sensor for Mg2+ is  

2-5 mM, with more data required to establish a more accurate value. Although this 

value only represents added Mg2+, with some additional Mg2+ present from the initial 

leaf tissue used to prepare the cell extract, the plant material was diluted roughly  

60-fold before the start of the experiment, and as such should only represent a 

negligible amount of Mg2+. During the experiment, 10 mM EDTA was added to one 

of the samples, which further reduced the FRET ratio by 0.04 compared to 0 mM 

Mg2+ (data not shown), showing that the residual Mg2+ did have a small, but 

appreciable effect. It nevertheless appears that the Kd of MARIO, as expressed in  

A. thaliana, is lower than when expressed in HeLa cells. Including these data, the 

dynamic range of the sensor was estimated to be 50-55% under these conditions, 

which is only roughly 1/3 of the dynamic range measured by Maeshima et al. Both 

differences could have multiple explanations. It is possible that the mis-expression 

and mis-targeting of the sensor observed in mrs2-4 1 + cpMARIO (Figure 3.11) lead 

to a significant portion of the sensor being retained in the ER. Oxidising conditions in 

the ER can lead to the formation of sensor aggregates, which can restrict dynamic 

range and lead to altered apparent Kd [232].  
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Similar problems could be caused by the conditions present in plant cells compared 

to human cells, or by the buffer used in the experiment in this work. Regardless, the 

data here presented show that the sensor can be functionally expressed in  

A. thaliana. Calibration of the sensor should be repeated once the problems around 

mis-expression and gene silencing have been solved. According to the data in  

Figure 3.12, sub-millimolar Mg2+-concentrations can be distinguished using MARIO, 

which should make it possible to measure changes in both cytoplasmic and organellar 

[Mg2+] using this sensor in its current form in the future. 

3.3.4 ATP-levels and PM pH-differentials appear to increase, not decrease, 

under MgD 

The results generated here using ATeam indicate that cytoplasmic MgATP-levels 

are higher in plants grown under MgD, regardless of whether sucrose is added to the 

growth media. Further, results obtained using pHusion indicate that leaf cytoplasmic 

and apoplastic pH, and root cytoplasmic pH, are higher under MgD in both cases, 

whereas root apoplastic pH is higher under MgD only on sucrose-free media  

(Figure 3.13 & 3.15). The apparent pH differential across the PM, calculated from the 

pHusion GFP/RFP ratios recorded for the cytoplasm and the apoplast, is higher under 

MgD in roots of Arabidopsis grown on plates with sucrose, and higher in leaves and 

roots of those grown on plates without sucrose. Results obtained using genetically-

encoded ratiometric sensors should always be treated with caution, however, since 

emission and absorption values can be influenced by an array of factors. In this case, 

the most obvious factor, specifically in leaves, is the contribution of leaf pigments to 

the changes in emission ratios recorded. Although all emission-values were subjected 

to background-corrections by subtracting emission values recorded for WT leaves 

and roots, these can only account for autofluorescence. Background correction of 

this nature cannot account for differential absorption of fluorescence emission from 

the two fluorophores used to calculate emission ratios, for example. Figure 3.18 

shows the absorption-spectrum of the most common pigments in leaves; the two 

forms of chlorophyll, chlorophyll a and b, as well as carotenoids, with the excitation 

and emission wavelengths used in the plate-reader experiment marked. 
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Figure 3.18 - Influence of common leaf pigments on data collected during the 

plate-reader assay. Spectra taken from Gouveia-Neto et al. [233] 

Absorption spectra of chlorophyll a, chlorophyll b and carotenoids, compared to 

excitation and absorption wavelengths used in the plate-reader assay. Placements 

and thicknesses of the coloured columns over the spectra represent the actual ranges 

of wavelengths used according to the instrument settings. A - ATeam excitation.  

B - CFP fluorescence and GFP excitation. C - GFP emission. D - YFP emission.  

E - RFP excitation. F - RFP fluorescence. 

During measurements of FRET ratios, only the donor fluorophore is excited, 

which then may pass the excitation energy on to the second fluorophore. For ATeam, 

only CFP is excited (A in Figure 3.18). Changes in leaf pigment levels would therefore 

not differentially affect excitation of CFP and YFP. However, while YFP fluorescence 

is outside the absorption-range for chlorophyll a and b, as well as for carotenoids  

(D in Figure 3.18), CFP fluorescence (B) overlaps with the largest peak of chlorophyll 

b absorption, as well as absorption from carotenoids. The GFP excitation band is in 

the same range, while GFP fluorescence (C) could be influenced by carotenoid levels 

as well, but not by chlorophyll levels. On the other hand, neither RFP excitation (E), 

nor RFP fluorescence (F) appears to overlap with significant absorption peaks for the 

pigments considered here. Going by this, an increase in the levels of chlorophyll b or 

carotenoids in the leaves tested could reduce the recorded CFP fluorescence 

intensity while having little influence on YFP fluorescence, and therefore conceivably 

lead to the increase in YFP/RFP ratio observed under MgD. 
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However, the same increase would lead to a reduction in the GFP/RFP ratio observed, 

since both wavelengths used to excite and emitted from GFP would be absorbed to 

a higher degree. Since both fluorescence ratios increase under MgD, it seems unlikely 

that a change in levels of these pigments could be responsible for the changes 

observed. Additionally, levels of chlorophyll were unchanged under these conditions 

(Figure 3.9ύΣ ŀƴŘ ŘŜŎǊŜŀǎŜŘ ŀǘ тΦр ˃a aƎ2+.  

Another important consideration with respect to ATeam is pH itself. During 

development of the sensor for use in plants, in vitro experiments showed that this 

sensor appears to be pH-sensitive, with a large increase in YFP/CFP ratio observed 

between pH 7 and 7.5, although this increase could be due to the pH-dependence of 

the stability of the MgATP-complex itself [182]. Since an increase in apparent 

cytosolic pH was observed in leaves together with the increase in YFP/CFP-ratio, we 

cannot exclude the possibility that the increase in pH could be responsible for the 

increase in apparent MgATP-levels. However, in roots, an increase in cytosolic pH 

was observed while ATeam FRET ratios remained similar.  

The results of the luciferase-based ATP-assay summarized in Figure 3.17 lend 

further support to the findings from the plate-reader assay, even though this assay 

technically measures ATP-levels and ATP/ADP ratios rather than MgATP-levels. The 

reaction of firefly luciferase is dependent on MgATP as well in theory [234], but since 

sufficient amounts of Mg2+ are supplied with the assay buffer, only  

ATP-concentrations are measured in practice. Although the assay carried out here 

suffers from a lack of technical replicates for each sample, values obtained for  

ATP-levels in Mg2+-replete seedlings are not too dissimilar to those expected or 

previously measured, although ATP/ADP-levels are somewhat low [235, 236]. Mean 

ATP-ƭŜǾŜƭǎ ŀǘ мр ˃a aƎ2+ were approximately three-ŦƻƭŘ ǊŜƭŀǘƛǾŜ ǘƻ мллл ˃a aƎ2+ 

for seedlings grown without sucrose, and around five-fold for seedlings grown with 

sucrose, which seems extremely high. While some of this increase can be explained 

by the increase in ATP/ADP ratios observed at these concentrations, a full 

explanation for this change would require either ATP/AMP-levels to be drastically 

increased under MgD as well, or the total nucleotide pool to be increased.  
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The measurement of PM pH-differential by subtracting GFP/RFP ratios recorded 

for apHusion from those recorded for cpHusion also suffers from several problems. 

First, this method relies on the emission ratios for these two reporters to be changing 

with pH on the same scale, and in a linear manner. Since both reporters are the same 

protein, these proteins are relatively stable and insensitive to external influences, 

and the reporting pH-range is relatively wide, this should not pose a significant 

problem in itself [186]. Nevertheless, the measurements carried out here would 

benefit greatly from calibration of the sensor, which could allow actual pH-values to 

ōŜ ǊŜǇƻǊǘŜŘ ǊŀǘƘŜǊ ǘƘŀƴ άǊŀǿέ ŦƭǳƻǊŜǎŎŜƴŎŜ ǊŀǘƛƻǎΦ Lƴ ǘƘƛǎ ŎŀǎŜΣ ǘƘŜ ŦŜŀǎƛōƛƭƛǘȅ ƻŦ 

measured pH values under all conditions could be assessed, and the size of the PM 

pH-differential under different conditions could be determined, rather than just 

differences in it. Unfortunately, the time limitations of this project did not permit a 

full calibration. The apoplastic version of pHusion also suffers from additional 

problems; apHusion tends to be retained in the ER, especially within roots [186], 

which can lead to inaccurate results. Additionally, this protein could diffuse too far 

from the plasma membrane to be useful for reporting on the PM pH differential. 

Recently, both of these problems have been lessened through the development of 

membrane-anchored versions of apHusion [237] and ratiometric pHluorin [187]. Use 

of these new sensors could doubtless improve the accuracy of the results. 

Nevertheless, the changes in GFP/RFP ratios, and their differences, recorded here 

appear too substantial to be entirely attributed to inaccuracies and artifacts.  

Therefore, despite the problems associated with the assays and tools used, the 

results obtained here suggest that there is a genuine increase in both cellular energy-

charge and PM pH differential in leaves of Arabidopsis grown on low-Mg2+ media for 

two weeks.  
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3.3.5 An alternative model of sucrose accumulation under MgD 

My results disagree with the model put forward in Chapter 1, Section 1.2.4, 

which assumes that both cytoplasmic MgATP-levels and PM pH-differentials 

decrease under MgD. This attractive hypothesis focusses on the role of the BvSUT1 

H+/sucrose symporter, which relies on proton-motive force across the PM to import 

sucrose into companion cells [90]. The results obtained here therefore initially seem 

difficult to explain; however, there is an additional family of sucrose transporters that 

is crucial for sucrose export in A. thaliana: the SWEET family. AtSWEET11 and 

AtSWEET12 are responsible for sucrose efflux from mesophyll cells into the 

apoplastic space, which precedes the import of sucrose back into phloem companion 

cells [95]. SWEET transporters were not well-described when the previous model of 

MgD was proposed; in the figure describing that model, sucrose efflux transporters 

ŀǊŜ ƳŀǊƪŜŘ ǿƛǘƘ ŀ άΚέ [90] (see Figure 1.5). However, since then, knowledge about 

this family has grown considerably. 

sweet11 sweet12 knockout mutants exhibit reduced root growth on media not 

supplied with sucrose, reduced carbon content in root exudates, as well as starch 

accumulation in the oldest leaves [238]. The pattern of starch accumulation exhibited 

by these mutants appears similar to that observed in seedlings exposed to MgD 

(Figure 3.19). SWEETs are considered sucrose channels, mediating passive efflux of 

sucrose into the apoplastic space [95, 239]. Experiments in heterologous systems 

show that they can mediate bidirectional sucrose transport, with little affinity for 

glucose [238]. Their activity can still be modulated and controlled, however, as 

phosphorylation has been shown to be able to increase their transport activity under 

drought stress [240]. It is therefore possible that inhibition of sucrose export through 

SWEET transporters, not sucrose import through SUC transporters, is the cause of 

the sucrose accumulation observed under MgD.  
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Figure 3.19 ï Starch accumulation in seedlings grown under MgD is similar to 

sweet11 sweet12 mutants 

A ï Starch accumulation in seedlings after two weeks of growth on agar plates 

containing media with different amounts of added Mg2+, visualized by starch staining 

using Lugolôs solution. B ï Starch accumulation in leaves of sweet11 sweet12 double 

mutants and WT plants after growth on soil for three and a half weeks, visualized by 

starch staining using Lugolôs solution. From Chen et al. [238]. 

If this is the case, or sucrose transport is inhibited at a yet earlier step in the 

process, the transport of sucrose and H+ through SUC H+/sucrose symporters would 

be impossible, abolishing the associated membrane depolarization, and reducing the 

amount of MgATP consumed by the PM H+ ATPase in re-building the proton-motive 

force. This could lead to accumulation of MgATP and increase in the PM  

pH-differential. Additionally, accumulating sucrose could prompt both accumulation 

of ATP, no longer consumed in the production of sugars, as well as excessive 

accumulation of starch, both due to the failure to export sucrose and the need to 

remove excess sugars from solution.  
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This alternative model of the causes of starch accumulation, outlined in  

Figure 3.20, can therefore explain the results observed here, although further work 

is required to test and refine this model further. Specifically, the mechanism by which 

the activity of SWEET transporters could be inhibited need to be elucidated. 

Many experiments using currently-available methods could be used to test this 

new model. A time-course of ATP-levels, MgATP-levels and pH in leaves after  

Mg2+-withdrawal, for example, carried out using the assays developed and used here, 

could provide additional evidence. Activity of SWEET transporters at different  

Mg2+-levels could be tested in vitro, while protein abundance and presence of post-

translational modifications of SWEET transporters could be tested in plants exposed 

to MgD. Additionally, the abundance of sucrose within the cytoplasm, compared to 

that within the apoplastic space, could be compared, potentially by using  

sucrose-sensitive FRET sensors, which are now available [241]. If the previous model 

is accurate, sucrose would be accumulated in the apoplast first, and in the cytoplasm 

of cells only as a consequence of this, while with this model, sucrose accumulation 

would take place in the cytoplasm, while apoplastic sucrose-concentrations would 

be decreased.  
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Figure 3.20 ï An alternative model of the causes of sucrose accumulation in 

leaves of Arabidopsis 

Under Mg2+-replete conditions, sucrose is produced in leaves through the  

energy-consuming processes of the light and dark reactions of photosynthesis. 

Sucrose is transported through the mesophyll via the symplastic pathway, then 

exported into the apoplast through SWEET transporters in vascular parenchyma 

cells. Sucrose enters phloem companion cells via SUC H+/sucrose symporters by 

using the PM pH-differential generated by the PM H+ ATPase, among others, before 

being transported to sink tissues through the phloem. Under MgD, the activity of 

SWEET transporters is inhibited, which makes import of sucrose via SUC transporters 

impossible. This prevents the reduction of the PM proton-motive force by H+/sucrose 

symport, which reduces the amount of MgATP consumed by the PM H+ ATPase. 

Accumulation of sucrose in mesophyll and vascular parenchyma cells leads to 

accumulation of starch. Feedback-inhibition on further production of starch leads to 

the accumulation of energy currencies in cells in the form of ATP, among others. 

Green arrows in the above diagram represent processes functioning properly, while 

red arrows represent inhibited processes. Blue or black ellipses represent membrane 

(transport) proteins, and green ellipses represent chloroplasts.  
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Chapter 4: The Localisation and 

Physiological Role of MRS2 Magnesium 

Transporters in A. thaliana 
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4.1 Introduction 

4.1.1 Knowledge gaps with respect to MRS2 transporters in A. thaliana 

As outlined in Chapter 1, Section 1.3, the CorA/MRS2/Alr1 superfamily is the 

most extensive family of Mg2+-transporters identified to date, and members are 

found across all kingdoms of life [127]. Many of their members within plants are 

essential for plant growth and functioning. In addition to this, they may exhibit a 

unique regulatory mechanism, changing their open probability in direct response to 

changes in internal Mg2+-concentrations (see Chapter 1, Section 1.3.5). Therefore, 

they may not only be subject to regulation by other proteins in response to MgD, but 

they may also take part in Mg2+-sensing and -signalling themselves, essentially 

functioning as transceptors. However, knowledge gaps and inconsistencies in the 

data on MRS2 family members in A. thaliana make further progress difficult. 

The quality of the data on the subcellular localisation of MRS2s from different 

publications is often suboptimal, in many cases stemming from transformation of 

protoplasts [119, 138, 154, 157, 242] or transient transformation of  

Nicotiana benthamiana [136, 153]. Few studies report results from viable A. thaliana, 

stably transformed with GFP fusion constructs [121, 156], and even fewer show even 

partial complementation of mutant phenotypes in these lines first [103]. In some 

cases, individual reports actively contradict each other (see Table 1.2). Considering 

the known problems interfering with the determination of protein localisations in 

this way, with up to 39% of localisation data from fluorescently tagged proteins 

disagreeing with data from mass spectrometry assays [243], much of this data seems 

unconvincing. Of course, it is possible for proteins to exhibit different subcellular 

localisations in different tissues or at different stages of development, but neither 

can this be shown using protoplasts or transient transformation assays, nor is it 

acknowledged by most authors; usually, one localisation is given for each MRS2 by 

each author, even if conflicting data exist.  
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In order to establish the localisation of these transporters more securely, 

phenotypes of mrs2 mutant lines should be complemented by the respective 

MRS2::GFP fusion protein, demonstrating that the GFP-fused protein is functional 

and correctly targeted. Then, the localisation of GFP can be determined across 

different developmental stages and plant parts. Alternatively, or additionally, 

localisations could be asserted through other experiments, such as membrane 

fractionation followed by pull-down or mass spectrometry. 

Another important knowledge gap exists with respect to regulation of MRS2s. As 

outlined above, these channels could have the ability to respond directly to  

Mg2+-concentrations, but this is not the only way transporters can be regulated, or 

participate in regulatory networks. Changes in gene expression levels, either on the 

level of transcription or translation, or re-localisation of the protein under certain 

conditions, as for the IRT1 iron transporter [244], are all possible. Most studies report 

that the expression of MRS2-family genes does not depend on external levels of Mg2+ 

or duration of Mg2+-stress experienced by plants  

[61, 102, 136]. However, Mao et al. report that the expression of MRS2-4 is increased 

rapidly after transfer of plants to low-Mg2+ plates, specifically in roots, with the 

expression dropping to normal levels after one week [138], suggesting changes in 

expression-patterns might be very specific, possibly evading detection so far. These 

changes in transcript levels could not be confirmed by other authors [166]. Data on 

protein-level expression of MRS2s is exceedingly rare, making it impossible to 

exclude the possibility of post-transcriptional regulation of gene levels, such as 

changes to splicing, translation, post-translational modifications or degradation. It is 

not known whether Arabidopsis MRS2s interact with other proteins, besides the 

apparent ability to form heterodimers with other members of the family [167], 

despite the possibility of conformational changes triggering signalling events, as 

ƻǳǘƭƛƴŜŘ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎ ǎŜŎǘƛƻƴΣ ǿƘƛŎƘ ǿƻǳƭŘ ōŜ ǊŜƳƛƴƛǎŎŜƴǘ ƻŦ bw¢мΦмΩǎ ŦǳƴŎǘƛƻn as 

a transceptor [245]. 

In summary, although the phenotypes caused by knockout (KO) of MRS2s have 

been relatively well characterized, current knowledge about their molecular 

functioning and their place in the wider Mg2+-homeostasis network is lacking.  
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4.1.2 Aims of this chapter 

To address some of the knowledge gaps outlined in the previous section, it is 

necessary to fully complement Arabidopsis mrs2 mutants with fluorescently-tagged 

MRS2 proteins, generating stable transformants. These can then be used to 

investigate not only the subcellular localisation of the respective MRS2 family 

members, but also any changes in protein localisation, in real time.  

The first part of this chapter describes the generation and characterisation of 

homozygous T-DNA insertion mutants for all functional MRS2 family members in the 

Col-0 accession. The second part describes the generation of GFP-fused expression 

constructs for a subgroup of MRS2s, transformation of the respective mutants, and 

assessment of complementation in transformant lines. In the third part, subcellular 

localisation of MRS2-3::GFP and MRS2-4::GFP is assessed via confocal microscopy. 

The overall aim was to conclusively confirm the subcellular localisations and/or 

tissue-level expression patterns of as many MRS2 family members as possible, as well 

as to lay the foundations for experiments investigating dynamic changes in 

subcellular localisation, protein-level expression and protein-protein interactions.  



 

159 
 

4.2 Results 

4.2.1 Disruption of MRS2s causes growth impairments of varying severity 

To investigate the roles of MRS2s in Mg2+-homeostasis in A. thaliana further, as 

well as clarify their subcellular localisation, mrs2 mutants were obtained. Arabidopsis 

lines with T-DNA insertions (SALK lines) within each true MRS2 gene in Col-0, were 

obtained from the Nottingham Arabidopsis Stock Centre (NASC). Obtained lines are 

described in Table 4.1. Additionally, an mrs2-1/5/10 triple knockout line (TKO) was 

received courtesy of the Knoop lab at Universität Bonn in Germany. All of these lines 

were subjected to genotyping by PCR (see Chapter 2, Section 2.3.2) and were found 

to contain T-DNA insertions in the correct MRS2. Each line not found to be 

homozygous already was self-fertilized and homozygous offspring selected.  

During initial growth for seed bulking, none or very few seeds could be obtained 

for mrs2-2 (SALK_082081C), mrs2-6 (SALK_037061C), and mrs2-11 (SALK_028422C). 

These lines were therefore not carried forward, due to the difficulty associated with 

using them. For mrs2-1 (SALK_006797C), mrs2-5 (SALK_105475C), mrs2-7 

(SALK_127086C), and mrs2-10 (SALK_006528C and SALK_100361C), no difference in 

growth compared to WT plants could be seen. mrs2-3 1 and mrs2-3 2 (SALK_080443 

and SALK_201976C, respectively) initially showed highly variable phenotypes, with 

some individuals growing extremely slowly and/or yielding few to no seeds. After 

propagation for two and three generations respectively, lines consistently showing 

slightly delayed growth and normal seed development were obtained.  

mrs2-4 1 and mrs2-4 2 (SALK_203866C and SALK_145997, respectively) both 

produced smaller plants at every stage of growth, with rosette leaves that tended to 

curl downward both in the direction of base-to-tip and side-to-side, with fewer seeds 

produced than for WT plants. Finally, TKO tended to grow more slowly than WT 

plants, producing fewer, shorter bolts and fewer flowers. Figure 4.1 and Figure S4.1 

show images of representative individuals of some of the lines used going forward, 

after five weeks of growth on soil.  
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Table 4.1 - mrs2 mutant lines used in this work 

Name MRS2  SALK identifier Observed phenotype 

mrs2-1 MRS2-1 SALK_006797C Wild-type 

mrs2-2 MRS2-2 SALK_082081C Normal growth, almost fully sterile 

mrs2-3 1 MRS2-3 SALK_080443 Slow growth 

mrs2-3 2 MRS2-3 SALK_201976C Slow growth 

mrs2-4 1 MRS2-4 SALK_203866C Small, curled leaves, fewer seeds 

mrs2-4 2 MRS2-4 SALK_145997 Small, curled leaves, fewer seeds 

mrs2-5 MRS2-5 SALK_105475C Wild-type 

mrs2-6 MRS2-6 SALK_037061C Normal growth, sterile 

mrs2-7 MRS2-7 SALK_127086C Wild-type 

mrs2-10 1 MRS2-10 SALK_006528C Wild-type 

mrs2-10 2 MRS2-10 SALK_100361C Wild-type 

mrs2-11 MRS2-11 SALK_028422C Early leaf senescence, few seeds 

Names given to lines used, MRS2 family member disrupted in each line, SALK 

identifiers for each, as well as phenotypes observed during initial growth on soil. 

At this stage, five MRS2s and their mutant lines were selected for further 

characterisation. The mrs2-2, mrs2-6, and mrs2-11 lines did not produce enough 

seed to be used further. The mrs2-1 and mrs2-5 lines were abandoned since KO of 

these genes did not cause noticeable phenotypes. mrs2-7 was abandoned because 

10 introns and 13 splice variants were reported on TAIR, making successful gene 

cloning and complementation of the observed phenotypes unlikely. mrs2-10 single 

mutants were retained alongside TKO, with the intention to complement the 

phenotype in TKO by re-introducing MRS2-10. The mrs2-4 and mrs2-3 mutant lines 

were retained since they showed appreciable phenotypes. Next, the exact locations 

of the T-DNA insertions present in the genomes of those mrs2 lines carried forward 

were determined. This was achieved by carrying out Sanger-sequencing on DNA 

fragments amplified from mrs2 genomic DNA using the same primers used for initial 

genotyping (see Chapter 2, Section 2.3.3,). Results are visualized in Figure 4.2.  

Aside from mrs2-4 2, which carries a T-DNA insertion not described on TAIR, 

although previously reported [103], insertions were found in the described locations. 

Since insertions found in mrs2-3 ƭƛƴŜǎ ƭƛŜ ƛƴ ǘƘŜ оΩ ¦¢w ƻŦ MRS2-3, these may 

represent partial KO lines.  
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Figure 4.1 ï Growth of mrs2 mutants on soil  

mrs2 mutant lines were maintained on soil for five weeks, before aerial parts of 

representative individuals were removed, and images taken. A ï Col-0,  

B ï mrs2-3 1, C ï mrs2-3 2, D ï mrs2-4 1, E ï mrs2-4 2, F ï TKO. 

 

Figure 4.2 ï Exact locations of T-DNA insertions present in mrs2 mutant lines 

used in this work. 

Representative gene models of MRS2s of interest are shown, giving the relative 

length of untranslated regions, introns and exons. Vertical lines with arrows give the 

location of the T-DNA insertion present in the line(s) given. Locations were 

ascertained by Sanger-sequencing using the LBb1.3-Ext primer, which anneals to the 

T-DNA insertion. TKO - Triple knock-out (mrs2-1 mrs2-5 mrs2-10). 
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Figure 4.3 ï Growth of WT Arabidopsis and mrs2 mutants on media containing 

different Mg2+-concentrations. 

Seedlings of Col-0, mrs2-4 2 and mrs2-7 were grown on agar plates containing  

HM made with washed agar, with different concentrations of added Mg2+, until  

14 DAG; various characteristics of the seedlings were determined. A ï Mean shoot 

fresh weights of seedlings at 14 DAG. B ï Main root length of seedlings at 10 DAG. 

C ïnumbers of lateral roots per plant at 10 DAG. Columns in A and  B represent 

mean values (± SEM); Significant differences were determined using a two-way 

ANOVA followed by Tukeyôs HSD post-hoc test. Boxes in C represent first and third 

quartile, while the median is shown as a horizontal line. Significant differences 

between conditions in C were determined by a Dunn test, followed by a Kruskal-Wallis 

test. All data are from three independent replicates. Symbols above error bars denote 

significant differences between values observed for the respective line and Col-0 for 

the same Mg2+ concentration (ǐ - p < 0.1; * - p < 0.05; ** - p < 0.01; *** - p < 0.001). 

To quantify the observed phenotypes, relevant mrs2 lines were grown on agar 

plates and shoot weight, main root length and number of lateral roots per seedling 

measured. First, mrs2-4 2 and mrs2-7 were grown alongside Col-0 on plates 

containing different concentrations of Mg2+. mrs2-4 2 was found to show growth 

impairments at much higher Mg2+-concentrations than Col-0, with shoot weight 

ōŜƛƴƎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊŜŘǳŎŜŘ ŀǘ ƻǊ ōŜƭƻǿ мрл ˃a ǊŜƭŀǘƛǾŜ ǘƻ /ƻƭ-0 (Figure 4.3 A). Main 

root length was lower than for Col-0 at all concentrations; values followed a similar 

trend to that of WT plants, although they also started to decrease at higher 

concentrations (Figure 4.3 B). Numbers of lateral roots per plant were similar at  

мллл ˃a aƎ2+Σ ōǳǘ ŘŜŎǊŜŀǎŜŘ ŀǘ нрл ˃a ŀƴŘ ōŜƭƻǿ όFigure 4.3 C). The number of 

lateral roots per mm main root length showed the same trend as for Col-0, but the 

decrease observed for Col-0 on lower Mg2+ could be seen at much higher 

concentrations (Figure 4.4). For mrs2-7, reduced growth was only observed within a 

narrow range of concentrations, and reductions were comparatively small. Mean 

ǎƘƻƻǘ ǿŜƛƎƘǘ ǿŀǎ ƻƴƭȅ ǊŜŘǳŎŜŘ ƻƴ мр ˃a aƎ2+, as was the number of lateral roots 

per plant and the number of lateral roots per mm main root; main root length was 

only decreased relative to Col-л ƻƴ л ˃a aƎ2+ (Figure 4.3 and 4.4).   
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Figure 4.4 - Lateral roots per mm main root length for WT Arabidopsis and mrs2 

mutants grown on different Mg2+-concentrations. 

Seedlings of Col-0, mrs2-4 2 and mrs2-7 were grown on agar plates containing  

HM made with washed agar, with different concentrations of added Mg2+. At 10 DAG, 

length of the main root and number of lateral roots for each seedling were determined. 

The number of lateral roots was divided by the length of the main root, and values 

plotted grouped by concentration Columns represent mean values  

(± SEM) from three independent biological replicates. Significant differences between 

conditions were determined by two-way ANOVA followed by Tukeyôs HSD Symbols 

above error bars denote significant differences between values observed for the 

respective line and Col-0 for the same Mg2+ concentration (ǐ - p < 0.1; * - p < 0.05;  

** - p < 0.01; *** - p < 0.001).  
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It was deemed that phenotypes of remaining lines could be characterized by 

growing them on three different concentrations of Mg2+ only. A concentration of  

млл ˃a ŀŘŘŜŘ aƎ2+ ǿŀǎ ŎƘƻǎŜƴ ŀǎ ǘƘŜ άƭƻǿ aƎ2+έ ŎƻƴŘƛǘƛƻƴΣ ǿƘŜǊŜŀǎ мл Ƴa aƎ2+ 

was used to test growth on excess Mg2+. Results are summarized in Figure 4.5. Both  

mrs2-3 mutant lines were found to accumulate significantly less biomass than WT on  

1 mM Mg2+, although only one of them (mrs2-3 2) also produced smaller seedlings 

on low Mg2+. Seedlings of mrs2-4 1 were significantly smaller under all conditions, 

although the growth impairment on low and high Mg2+ was much more pronounced 

than on standard Mg2+. Meanwhile, mrs2-10 1 showed significantly reduced growth 

on standard Mg2+ and increased growth on excess Mg2+, while mrs2-10 2 did not; TKO 

showed growth impairment on low and standard Mg2+ and increased growth on 

excess Mg2+.Although mrs2-10 lines did not yield a consistent phenotype, TKO did 

differ significantly from WT plants in its growth. The TKO phenotype could likely be 

at least partially complemented by an MRS2-10 transgene, since mrs2-1 mrs2-5 

mutant lines were previously found to show no obvious phenotypic differences from 

WT plants [136, 137]. It was therefore decided that the mrs2-3, mrs2-4 and TKO lines 

were suitable for complementation with GFP-tagged expression constructs and 

subsequent localisation analysis.  
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Figure 4.5 - Growth of WT Arabidopsis and mrs2 mutants on different  

Mg2+-concentrations. 

Seedlings of Col-0 and various mrs2 mutants were grown on agar plates containing 

HM made with unwashed agar, with different concentrations of added Mg2+.  

At 14 DAG, shoot weight was determined for each seedling. Columns represent mean 

values (± SEM) from three independent biological replicates. Significant differences 

between conditions were determined by two-way ANOVA followed by Tukeyôs HSD. 

Symbols above error bars denote significant differences between values observed for 

the respective line and Col-0 for the same Mg2+ concentration (ǐ - p < 0.1; * - p < 0.05; 

** - p < 0.01; *** - p < 0.001). TKO - Triple knock-out (mrs2-1 mrs2-5 mrs2-10).  
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4.2.2 The phenotypes present in mrs2-3 and mrs2-4 can be partially 

complemented by GFP-tagged expression constructs 

To determine the subcellular localisations of MRS2-3, MRS2-4 and MRS2-10, 

GFP-tagged expression constructs were introduced into the respective mutant lines. 

Cloning and transformation of mrs2 mutant lines was carried out according to 

Chapter 2, Section 2.7. Coding sequences for each chosen MRS2 family member were 

amplified from cDNA prepared from WT seedlings, while promoter and terminator 

regions were amplified from genomic DNA, with sequences chosen being roughly 

equivalent to the sequences in the gene models from TAIR. For MRS2-3, the 

promoter region consisted of the 1151 bp immediately before the start codon; for 

MRS2-4, the length was 905 bp; for MRS2-10, 832 bp. pMRS2-3::MRS2-3::eGFP and 

pMRS2-10::MRS2-10::eGFP were cloned successfully, but for pMRS2-4::MRS2-

4::eGFP, the correct sequence could not be obtained. Instead, the pMDC107 plasmid, 

containing the genomic sequence of MRS2-4, including the 2.5 kb upstream of the 

start codon, was obtained courtesy of Takehiro Kamiya at the University of Tokyo 

[103]. For each of the three plasmids used, transformants exhibiting the correct 

antibiotic resistance could be obtained. However, while GFP expression could be 

seen in mrs2-3 and mrs2-4 plants transformed with the respective MRS2::GFP 

constructs (referred to as mrs2-3 + and mrs2-4 +, respectively) (Figure 4.6), no GFP 

fluorescence could be detected in any of the individuals transformed with  

pMRS2-10::MRS2-10::eGFP.  

Next, homozygous transformant lines showing uniform transgene expression 

were raised for mrs2-3 + and mrs2-4 +, resulting in the lines mrs2-3 1 + 6-4,  

mrs2-3 2 + 1-4, mrs2-4 1 + 3-4 and mrs2-4 2 + 3-4. To determine whether the 

previously observed phenotypes were complemented by introduction of the 

transgenes, two phenotyping experiments were carried out, comparing growth of 

WT plants to mutant lines and transformed mutant lines. The experimental 

ŎƻƴŘƛǘƛƻƴǎ ǿŜǊŜ ǎƛƳƛƭŀǊ ǘƻ ǘƘƻǎŜ ǳǎŜŘ ǇǊŜǾƛƻǳǎƭȅΣ ƘƻǿŜǾŜǊΣ ǘƘŜ άŜȄŎŜǎǎ aƎ2+έ 

condition was changed to 5 mM Mg2+ instead of 10 mM, since 10 mM MgCl caused 

excessive growth impairment in WT plants. Results of the complementation 

experiments are shown in Figure 4.7.  
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Additionally, growth of the lines in question on soil was compared and images of 

plants taken, which are shown in Figure 4.8 and Figure 4.9. 

 

Figure 4.6 ï GFP expression in mrs2 lines transformed with GFP-tagged MRS2 

constructs 

Seedlings of Col-0 and transformed lines were grown under the same conditions and 

images taken using a fluorescence microscope. BF images and images of GFP 

fluorescence were taken separately using the same conditions and merged.  

A ï Col-0 (left) compared to mrs2-3 1 + 6-4. B ï Col-0 (left) compared to  

mrs2-4 2 + 3-4.  
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Figure 4.7 ï Growth of mrs2 mutant lines and lines transformed with GFP 

tagged MRS2 constructs on different Mg2+-concentrations 

Seedlings of Col-0, mrs2 mutants and transformed lines, were grown on agar plates 

containing HM made with unwashed agar, with different concentrations of added 

Mg2+. At 14 DAG, shoot weight was determined for all seedlings from one plate at a 

time and average shoot weights determined. A ï mrs2-3 mutants and transformants. 

B ï mrs2-4 mutants and transformants. Columns represent mean values (± SEM) 

from three independent biological replicates. Significant differences between 

conditions were determined by two-way ANOVA followed by Tukeyôs HSD. Symbols 

above error bars denote significant differences between values observed for the 

respective line and Col-0 for the same Mg2+ concentration; brackets represent 

pairwise comparisons between mutant lines and transformed lines (ǐ - p < 0.1;  

* - p < 0.05; ** - p < 0.01; *** - p < 0.001).  
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Both mrs2-3 and mrs2-3 + seedlings accumulated less biomass than WT seedlings 

under all conditions tested, however, on low and standard Mg2+, transformed lines 

were significantly larger than mutant lines, implying that introduction of the 

transgene had beneficial effects on the mutants, likely by partially complementing 

the mrs2-3 phenotype. On excess Mg2+, both transformant lines were smaller than 

the respective mutant lines, although these differences were not statistically 

significant (Figure 4.7 A). After five weeks of growth on soil, mrs2-3 + lines appeared 

to be smaller than both mrs2-3 and WT plants as well, implying a detrimental effect 

of the transgene under certain conditions or at certain points in development. 

Despite this, both the mutant and transformed lines developed fully, were fertile, 

reached similar sizes at maturity, and produced roughly the same number of seeds 

as WT plants (Figure 4.8). 

As can be seen in Figure 4.7 B, mrs2-4 lines behaved similarly in this experiment 

as in the previous phenotyping experiments, with reduced shoot fresh weight at all 

Mg2+-concentrations, but most significant reductions at low and excess Mg2+, with 

mutant shoots less than 1/3 the weight of WT shoots under both of these conditions. 

While mrs2-4 + shoots were still significantly smaller than WT shoots on low and 

excess Mg2+Σ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ²¢ ŀƴŘ ǘǊŀƴǎŦƻǊƳŜŘ ƭƛƴŜǎΩ ǎƘƻƻǘ ŦǊŜǎƘ ǿŜƛƎƘǘǎ 

was not significant at standard Mg2+. Both mrs2-4 + lines produced shoots of roughly 

three times the weight of the respective mrs2-4 lines, closer to WT plants than the 

mutant plants the lines were derived from. Therefore, based on measurement of 

shoot biomass, complementation can be considered nearly complete. Similarly, 

mrs2-4 + lines developed much better than mrs2-4 lines on soil, with larger rosettes 

ŀƴŘ ōƻƭǘǎΣ ŀǎ ǿŜƭƭ ŀǎ ƳƻǊŜ ǎŜŜŘǎ ǇǊƻŘǳŎŜŘΦ wƻǎŜǘǘŜ ƭŜŀǾŜǎ ǿŜǊŜ ƴƻ ƭƻƴƎŜǊ άŎǳǊƭŜŘέ 

as in the mutant lines. Compared to WT plants, mrs2-4 + lines developed slightly 

more and longer bolts, but slightly fewer and/or smaller rosette leaves than Col-0 

(Figure 4.9). 
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Figure 4.8 ï Growth of mrs2-3 and mrs2-3 + lines on soil 

Plants were maintained on soil for five weeks, before aerial parts of representative 

individuals were removed, and images taken. A ï Col-0, B ï mrs2-3 1, C ï mrs2-3 2, 

D ï mrs2-3 1 + 5-1, E ï mrs2-3 1 + 6-4, F ï mrs2-3 2 + 1-4.  
























































































































































































































































































