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Abstract

Magnesium (Mg') is an essentiaiutrient for all life on earthMg?* is required

for the activity of a large number of enzymes, as well as for the structure of DNA,
RNA proteinsand biological membranes. Mgis alsonecessanyfor the activity of
adenosne triphosphate (ATP) and is especially important for reactions producing and
consuming this energgurrency. Despite the downstream symptoms of
Mg?*-deficiency (MgD) within plants being relatively watiown, knowledge about

the initial symptoms of MgDplant perception ofMgD 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 highthroughput method of inducing Mgivas establishel and compared to
methods used previouslyn conjunction with the geneticallgncoded, ratiometric
sensors ATeam 1.68/nA and pHusionthis methodwasused to showthat levels
of the Mg*-ATRcomplex as well as cytoplasmic and apoplastic pH, increateaves
of Arabidopsisseedlings undeMgD. An alternative model of the events occurring
during MgDwasgenerated Additionally the Mg?*-sensitive FRESensor MARIO was

functionally expressdin A. thaliana

The MRS2amily makes up the most importantifaly of Mg*-specific transport
proteins in plants, but knowledge around their subcellular localisation and regulatory
mechanisms i;icomplete Fluorescenthtagged expression construatgere used to
provide additional data on the subcellulacalisation and functional relevance of the

family members MRS2 and MRS2.

RNAsequencing orA. thalianaexposed to MgQvasused to find potential MgD
reporter genes. Transcriptional MgD reporter plamisre generated and used to
carry out a forward geetic screen with the aim of finding genes involved in the
response to MgD. Putative Mgmutants were identified. Although mutant
phenotypes could not benambiguoushattributed to individual mutatiors, lists of

genetic variants potentially causative miutant phenotypesare given



0ANd then is heard no more. It is a tale
Told by an idiot, full of sound and fury,
Signifying nothing.
- Macbeth

Macbethby William Shakespeare
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Chapterl: Introduction



1.1 The magnesiumion

1.1.1Chemical properties of magnesium

Magnesium ist chemical elemenwith anatomic number of 12meaning that its
nucleus contains twelvprotons. Magnesium occurs on earth almost exclusively as
one of its three stable isotope$'Mg makes up79%of Mg on earth?®Mg makes up
10%, and®™Mg makes up 11%jiving magnesium an average atomic weight between
24.304 and 24.3071]. Magnesium, in its elemental form, has twelve electrons.
This means that, according to the Aufbau principle, elecsballs 1s, 2s, 2p and 3s
are filled in a neutral magnesiuatom, making magnesiumnaalkaline earth
element As such, magnesium has a relatively low electronegativity value of 1.31 on
the PaulingscalR]z NB ¥t SOGAGBS 2F Ada (GSyRSyoOe (2 &K

w»
Pl

reaching a favourable energetic state in which its first two elecBballs are filled
Therefore, magnesiumccurs almost exclusively as a divalent cafidg?*) in nature,
including in biological systenp3].

Mg?* is set apart from other ions by its small ionic radius; among biologically
relevant cations only N?#* and Md** are smaller.Yet,Mg?*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 displayedg*, orders of
magnituce belowthat of C&*, Na and K (Table 1.1 [3]. More accurately Mg?*
obtains its first hydrated shell by forming a complex with six watetecules,
Mg(HO)X?*, which then becomes surrounded by a secondary hydrated shell of
somewhatless tighly-bound water molecules. The first hydrated shell exhibits a
sixfold,octahedralgeometry, which is the coordination geometry almost universally
adopted by Mg*-complexes and exchange of watenoleculeswithin this shell is

comparatively slow4, 5] (seeTable 1.1).



Table 1.17 Key properties of cations common in biological systems, compared

lon Na* K ca* Mg2* ‘
lonic radius (A3 0.95 1.38 0.99 0.65
Hydrated radius (A) 2.75 2.32 2.95 4.76
lonic Volume (&) 3.6 11.0 4.1 1.2
Hydrated Volume (& 88.3 52.5 108 453
Coordination number 6 6-8 6-8 6
Water exchange rate(s) | 8 x 16 10° 3x16G 10°

a i lonic radii and volumes from Diebler et al. [6] and Eigen [7]. b T Solvent exchange

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

1.1.2Biological roles of magnesium

Mg?* can interact with biological molecules in two distinct walymer-sphere
interactionsoccur whenMg?* ions form complexes with a ligand directly, with the
ligand displacing one of the six watelecules of the inner shell surrounding Mg
in solution. Outersphere interactions occur when the magnesium hexahydrate
complex contacts a ligand indirectly, via the wameolecules of the inner shell
[8-10]. Innersphere interactions therefore represent the formation of a true
complex between M and the ligand of interest, whereas outsphere interactions
are predomirantly ionic in nature, with the Mg@H.O)?*-complex neutralising
negative charges present on the other ligak¢hile most metal ions only participate
in catalysis via innesphere interactionsexclusively both of these modes of
interaction areutilized during Mg*-mediated catalysisindeed, Mg*ions are often
supplied by the substrate during catalytic reactions, rather than being tightly bound
by the enzymd3, 11].

Mg?* has a very low tendency to form complexes with proteins, compared to
transition metals like copper, zinc or iron, according to thetpWilliams serie§12].
Many Mg?*-dependent enzymes exhibit higher affinities for other metals, but the
relatively high concentrations of free Nfgwithin living cells enable preferential
binding to Md™ to take place in those cas§g]. Due to thisabundance and mobility

Mg?*is often found in ionic interactions.



In accordance with this, one of its most important roles in biological systems is to
form outer-sphere interactions wh nucleotides, such as ATiRteractingwith the
negatively charged phosphatgroups.In this capacity, Mg acts as a Lewiscid,
drawing electron density towards itself and facilitating hydrolysis of the bound
nucleotide. Mg@* therefore facilitates the splitting of phosphateester bonds,
meaning that its role with regards to nucleoside triphosphates is not just that of a
chelator, but also of a catalyq3, 13]. Due to this, biological processes involving
nucleic acids are inherently dependemt Mg?*. Indeed, yp to 50% of cytosolic Mg
is bound to ATI3], and around 90% of all ABRJADP is bound to Mgat any point
[14, 15].

The concentrations of ATP, ADP, AMP drek) Mg+ are intimately linked via
the reaction catalysed by adenylate kinase (). Figure 1.loutlines the reaction
catalysed by AK and associated-exchange processe$he ratio of magnesium
bound and free nucleotides is dependent on concentrations of freé*Myg [Md].
ATP, or nucleotide triphosphates, have the highest tendency to bird, ¥tdlowed
by nucleotde diphosphates like ADP and trailed by nucleotide monophosphates like
AMP. Anormal, physiological levels of [¥fj almost all ATP is bound to Ktgabout
70% of ADP MIg?-bound,butl £ Y2ad € f ! at [154&7.Atjoughia aFNBSE
MgATFH SY SN} f £ @8 NBLINBASYy(a KJADBP that DADPZBAE F2 N 2 7
rates of many enzymatic reactiomsspond to the MgATP/MgADMtio in practice,
free ATP, ADP and AMP can represent allosteric modulators of enzgspesially
for kinasetype phosphotransferasesind sometimes also substrates in themselves
[16, 17]. Since CHions also sbw affinity for nucleotides, inding to nucleotides also
links concentrations ofMg?] and free C#& ([C&"]), which means that changes in
[Mg?*]-levels will also influencfC&]-levels and Ca-dependent enzymes, and vice
versa[18]. Further, pH can influence the AKaction and shift its equilibrium, and is
therefore also linked to concentrations of [t [C&*], and nucleotide§16]. This
relationship gives a basis for [Mgrlevels to influence virtually all parts of cellular
metabolism and therefore the potential for Mg to act as a cellular signal or a
master regulator of metabolisrifil7]. SinceAK exists in every living organigt®],

this relationship likely exists across all life as well.



AK
MgATP + AMP, <> MgADP + ADP
A

v 3. Mg2+ h Mg2+

ATP; ADP
~ Ca?* A S car

CaATP CaADP

free

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 Mg?* is lower than that of ATP, which means that Mg?* is released
when cellular energy is low, and conversely Mg?* is required to maintain a high cellular
energy-level. Ca?" is also more tightly bound by ATP, which means that when this
reaction is displaced to the right, Ca?" is released as well. Adapted from Igamberdiev
and Hill [18]

The rigid, clearhgdefined coordination geometry adopted by Kfgmakes it
suitable for stabilizing the structure of RNA and DNA molecalesywhen involved
in outer-sphere interactionsas exemplified by its role in ribosome assen{Blyand
maintenance of DNA structuf@0]. Mg?* is a necessary cofactor for most reactions
involving DNA processin@Q]. In fact, Mg* is the most common metal cofactor
across known enzymatic reactions in gengrahd is cormonly used inligases,
transferases, lyases and hydroladd8, 21]. It isuncommon in oxidoreductases
since it cannot directly participate ihese reactionslue to its redoxstability. Mg?*
Ad 2FG4GSy ySOSaal Midothe? ligands® adtive siteg azénzygesii A RS &
At times, the ability ofMg?* to tightly bind watermolecules is instrumental in

delivering catalytic water molecules to active sif8sl10Q].



1.1.3Magnesium in human nutrition

Mg?*is the second most abundagation in vertebrate cellssecond only to K
andthe most abundant divalent catiof22]. Thebiological roles of M#, as outlined
in the previous section, are reflected in thdinical symptoms of Md-deficiency
(MgD).MgDis associated with severe health problemmnyof which can ultimately
be attributed to disrupted energy metabolismmong thes are diseases of the
cardiovascular system, such eardiac arrhythmiastachycardia, coronary artery
diseaseand even heart failure and sudden cardiac dg&tB) 24]. This is not only due
to the role of Mg*in corect muscle function andnergysupply to the hearf25, 26],
but also due tahe effects of MgD on levels of potassium and calcjag)24]. MgD
can lead to the formation of calcium deposits in the kidneys and artgidsleading
to other electolyte abnormalities, enhanced lipid deposition in arteries, and
promoting atherosclerosis and cardiac necr¢28). Indeed, appropriate serum Mg
levels have been associated with a 40% reduction in the risk of sudden cardiac death
[29]. MgD s also associated with typgpe 2 diabetes mellitusin this case, MgD
represents a risk factor for this disease, adig®* supplementation can alleviate
symptomg[24, 29]. This isthought to be due to the insulisensitizing effects of Mg
enhancing the insulidependent uptake of gluco480], as well aanti-inflammatory
effects of M@*, mediated by a reduction of €auptake intoadipocytes[31]. Other
diseases associated with MgD in humans laypertension[23], osteoporosig24],
migraines and headachgg4, 32]. Even mild subclinicalMgD has been suggested
to contribute to these conditions in the lontgrm, despite the difficulties associated
with diagnosis of MgD

In humans, hypomagrsemia is sometimes thought to be present when total
serum levels of the ion are below (M [33], although this might not be the optimal
wayto estimate Md@*-levels.Most Mg*in humans and other animals is not present
in the bloodstream, but is made up by intracellulag?*, which igdifficult to measure
[23]. IntracellularMg?* and serum M§" do not always correlate welivhich makes it
hard to relate Mg*levels to disease outcom¢34].
In one study, the prevalence of hypomagnesemia in the general population was

estimated at 2,515%, butthe authors suggesthis to be an underdiagnosig83).
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More modern ways to assesMg?* status of patients are available, such as
magnesium loading tests, which assess the retention of a given dose %f bty
these are not yet routinely us€@3, 24].

Neverthekss the dietary requirements of this essential nutrient have been
estimated. Theecommendeddaily allowance for Mg* is 400-420 mgper day for
adult men, and 30-320 mg per day for adult women over 30 yeais the USA
(source: National Institute of Health, NIH) In the United Kingdom, 300 mg are
recommended for men, and 270 mg for womé&ource:National Health Srvice,
NHS) Both of these recommendations might ba&o low to provide optimal health
and longevity in practicehowever, sincancestral diets have been estimated to have
provided around 600 mg Mgper day, anchis is likely to be thdevel of intake
humans are truly adapted td35]. Even with these comparatively low intake
recommendationsstudies 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 toatl for more routine tests of Mg-status,
measures to increasklg?*-intake across the populatip and even classification of
the problem as a health cridig3, 24, 29].

Humans acquire most bioavailable dietary #from plantbased foodg39).
There is strong evidence from the Broadb&kperiment, the oldest continuous
agricultural experiment in the world, that nutriefiontents of cereals have suffered
since the Green Revolution and the drastic yield increases associated with it, even
though soil content of nutrients has generally ieased since thefd0], which is
NEFSNNBR (2 da (GKS GaRAfdziA2y STFSOGéd { Sf
growth isthought 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 & peopleisfrom cereald40]. Other studies diagnose a similar

decrease in wheg®1], and in fruits ad vegetableg42].



Another review by Marleg43] assets 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 nutrlemels over time. While
conceding that a certain decline in nutrieleivels of foods has occurred in new,
highvyielding varieties of fruits and vegetables compared to older ones due to the
dilution effect, this review makes the case that the new levets il within the
natural range of variation for the crops in questjoand that a weklbalanced,
high-quality diet will still supply all the nutrients necess§g]. However, thigloes

not address the basic problem, which is that many peapieentlydo not achieve

the recommended intake of micronutrients. Changes in diets and in the varieties of
crops grown could reduce the incidence of MgD in humdmtsvever, there are
limitations to this approach Unwillingness to grow varieties with lower vyield
potential, or dietary habits, such as the tendency towards consumption of processed
foods in the developed worldmake it unlikely that these changes will be
implemented successfullyoon [29]. Additionally, it is difficult to say how far the
dilution effect will influence nutrientontents of future fasgrowing, highyielding,
aesthetically pleasing or othervésaltered varieties of crops.

While supplementation with Mg can increase the total dietary intake to
acceptable levels and be beneficial for clinical outcomamsd should likely be
adoptedas widely as possib[82, 44-47], this approach relies on compliandy the
populatiory not only do people have to keducated about their needsupplements
alsohave to be producedhen purchased and taken byach individualNutritional
supplements vary widely in quality, may not contain the optimal form of the nutrient
and not be properly bicavailable, and there igherefore a risk of oveand
underdosing.Trying to acquire optimaamounts of not just a few, but as many
nutrients as possible through this approach can become increasingly cumbersome.
As suchit would be morefavourable to produce food that contains cessary levels
of essential nutrients on its owrlf eventhe more popular and affordable types of
food werenutritionally more complete, human health would likely improve without
asocioeconomic bias towards those with the means or timedme up with aighly

optimized diet or supplement regime.



Increasing the M&j-content of crop plants, especially cereatsuld bring great
benefits for human health and welbeing. Therefore, it appears that crop
biofortification efforts are necessary, or at least dabie, to decrease the incidence
of hypomagnesaemiand other nutrient deficiencies However, to be able to
increase the nutrient content of crops, it is necessary to first understand how
nutrient uptake and storageare achievedand regulated Both the cotent of Mg?*
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 Plantspecific functions ofmagnesium

An important role for Mg, specifically in plants, is as the central ion of
chlorophyll. While in leaves, up to 75% of cellular’Mzan be involved in protein
synthesis directly or indirectly, roughly another26% is associated with chlorophyll
[48, 49, where itis chelated by a chlorin rirend boundtightly. Without the central
Mg?*ion, light capture and subsequephotosynthesisare not possil#. Mg?*is also
required for carbon fixation from GCOin plants Ribulosel,5bisphosphate
carboxylasg(RuBisCojequires M@* to bind to the enzymebefore the substrate,
ribulose1l,5-bisphosphate can be effectively boundn the correct orientation
[50, 51]. PhosphoenolpyruvatéPEP)arboxylasgepresent in C4 plants like maize
requires M@* for a similar reasoii52, 53]. Additionally, nultiple enzymes further
downstream in the Calvin Cydlequire Mg+ [54].

Mg?* 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
Mg?* deficiency[55, 56] (seeSection 1.2.3. Figurel.2 gives a summary of some of

the cellular processes Mtjis involved in in plants.
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Figure 1.2 - Functions of magnesium in physiological processes in plants

Mg?* 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. Mg?* 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,
Mg?* 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], fFunctional dissection and transport mechanism of magnesium in
plantsg 142-152, © 2018, with permission from Elsevier.
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1.2.2 Soil chemistry of magnesium

Mg#Ad GKS SAIKGIK Y2ad O02YY2y StSYSyid Ay
2% of it, and is abundant in most sdi®. However, although the ion is very mobile
once in solution, most of this Mgis firmly incorporated into the crystal lattice of
minerals, and is not available for uptake by plants and other organjS8js The
actual availability of M&j depends on several factarthe content of the ion in the
soil and the forms in which it is preserite.,, the minerals making up the spil
the characteristics influencing release through weathering, such as grain size of soll
contentsandambient temperaturethe pH of the soil solutiojthe presence of other
ions;and factors removing Mg from the soil solution, such as uptake by organisms
and leaching from the sdibg].

Mg?*-containing minerals tend to weather into clay, aodtion exchange sites
present on clay particlesan bind exchangeabl®lg®* relatively well Therefore,
clayrich soistend tobe Mg*-sufficient, whereas sandy soils provide litkfg?* and
leach this ion easily, often providing insufficient quantified]. Coarse soils generally
lead tolower exchangeable Mglevels, due to lower weathering rates ataver
water retention[60]. As a result of the characteristics the Mg?*-ion outlined in
Section 1.1, such as its small ionic radius and large hydrateell Mg?* only binds
weakly to negativekgharged soil particles and cell walls, which metrat it can be
leached from the soil easilyy excessvater [61].

Soil pH is especiallyimportant for available Mg, since low pH increases
weathering rates as well as improving the solubility ofMgns directly.On the
other hand, he saturation of ion bindingites with protons and the presence of
aluminium-ions (AF*) reduce the effective Mgj-availability at lower pH/aues[58].
AP*is insoluble at high pH, since it tends to precipitate as a hydroxide, aeru
acidic conditions, presence of 3Alons canlead to inhibition of important
Mg?*transport systemg$62-64]. Additionally, A" can replace M in activesites of
enzymes due to its similar size inactivating them meaning that A¥ and
Mg?* competeacross multiple level5]. The optimal pH for Mg*-uptaketherefore

likely lies between 5.5 and 6[66].
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The presence ofexcessive amounts dafther cationscan be detrimental to
Mg?*-uptake sinceNa’, K, NH* and C&' can all compete with Mg for uptake by
the plant[61, 67]. K"and/or NH" are sometines applied in excess agricultural
systems meaning that uneverertilisation can lead to Mg-deficiencies in crop
plants[67]. Salingation, leading to the presence of excess*iMms in the soil, is a
significant and growing problef®§]. 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 saligation can indrectly reduce availability of
Mg?* in affected soils, reducing plant tolerance to light and hi&]. Since hot
climates with high light irgnsities are most in need of irrigation, these are most at
risk from associated secondasglinistion [69], potentially affecting yields in these

regions.
1.2.3 Importance of magnesium in agriculture

Exchangeable Mglevels in soil solutions around the globe are estimated to
generallybe between 125uM and 8.5 mM66]. Although this is generalgonsidered
sufficient for the growth of plants, including crgpeciesit has been suggested that
the rate at which these levels are replenished are often swificient to support
growth of highyielding crops over long periods of time, requiring application of‘Mg
fertilizers [58, 67].

Mg# Kl a 06SSy O2yaARSNBR I aF2N®RgEadSy St SYSy
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 exedpby a
meta-analysis by Wangt al. [70]. The analysis was carried out on 570 paire
observations from 99 different studies on the impact of fgrtilisation on crop
productivity. Mg* fertilisation was found to increase yield in almost all cases, across
different crops, soil types, ani@rtilisation regimes. The mean increase in yielas
8.5%, with the highest effect on yield of fruits (12.5%), followed by grasses, tobacco,

tubers, vegetables, cereals, oil crops, and fegre 13 A).
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Figure 1.3 - Effect of Mg?* fertilisation on yield for different crops and soils

A 1 Effects of Mg?* fertilisation on different crops B i 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

etal. [70].

The highest impact of Mgfertilisation was achieved on soils of low Mgontent or

pH, as expected, and there was generally no further increase in yield when more than
100 kghat fertilizer was appliedFigure 13 B). The agronomic effectiveness (AE) of
fertilizers is measured as the mass increase in yield per mdsstitizer applied, in
kgkg?. In this study, the AE for Mtfertilizers, on average, was found to be several
times higher than for phosphorus, nitgen or potassiunfertilizers, with an average

of 34.4 kgkg?, and values as high as 73.7kkg for vegetable crops. The results of
this study have been validated since thdi@l, 72]. This study therefore
comprehensively demonstrates the importance of Mgvithin the agricultural

setting and the value that can be generated when taking it into actoun
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Putting these findings into practice and tailoring #¥gpplication to crop species,
soil conditions, etc., potentially paired with improved systems for monitoring soil ion
content and crop M status, could significantly improve the productivity and

sustainability of agriculture.
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Figure 1.4 - Predicted concentrations of available Mg?* in topsoils across
England and Wales

Two datasets from national-scale soil sampling initiatives [73, 74] were combined to
produce a statistical model of Mg?*-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, Haladti and
Trankner (2019) present a metmalysis focused on reaching a consensus with
respect to the Mg*-concentrations plant species require within their tissues, as wel
as with respect to the physiological consequences of NP An analysis of the
available literature showed that across studies, MgD significantly and consistently

reduced both biomass accunation 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 Mconcentration. Concentrations of Mg
required for optimal plant growth and yield formation weestimated, 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 £a@ssimilation wee generally
higher, indicating that the capability for @@ssimilation 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 concentra®iden
established for a species, therefore, it could be used to diagnose tifé-svijus
across growtkstages andconditions.

When choosing the right type dértilizer, the abovementioned factors should
be considered, to provide crops with adequateéls of Mg while causing minimal
leaching of ions into the groundwaterTo avoidwaste and damage to the
environment, further research into the design and production of tailored g
fertilizers is needed Additionally, nore efficient ways of determingp site and
crop-specific requirements of this ion are needed to prescribe the idealspézific
Mg?*-supply plan[58, 67]. One sitespecific mapof soil Mg?*-availabilityhas been
generated recently forEngland and Walefr5], based ontwo soil surveys: the
representative soil sampling schem¢73] and the national soil inventoryf74].
Sophisticated statistical methods make it possible to combine data fromptesoil
sampling initiatives and generate a detailed map@dictedMg?*-availability within
soils, including the probability sfiboptimal M@*supply in any given locatiowhich
can be used to inforrfertilizer use and/orchoices of planted crop&igure 14). With
the advent ofother techniquesthat are now being applied tthe measurement of
Mg?* and C&*-concentrations in soilssuch asgammaray spectrometry{77, 78],
proximal soil sensing electromagnetic induct[@id], apparent electrical conductivity
measurements[79], and visible and near infraredpectroscopy[80], there is
potential fortrue precision agricultureGeater abundance oprecise and accurate
maps combined withthe advent of machine learnin@1] could lead torefined and

improved largescale mapsimilar to that presented by Lagk al.
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1.2.4 Magnesium deftiency inplants

Plants includingA. thaliana maintain cellular Mg-concentrations within a
tight, specificange andArabidopsis thalian#s no exceptionThese concentrations
vary between different cellular compartments, plant speciaad cell types, and
therefore any values reported only represent rough estimafdésere must also be a
distinction between free Mg, i.e. [Mg?*], and total Mg*, since[Mg?*] usually only
makes up about 80% of the total Mg in a cell, with the rest bountb enzymes,
nucleotides or other partnerfs, 82]. Further,concentrations of M¢f and [M¢*] will
vary dynamically in practice, especially in chloroplasts and mitochondria, where their
concentrations depend ophotosynthetic andyeneral metabolic activity at the time
[16, 83]. That being said,ancentrations are lowest in the cytosol, at @28 mM
[Mg?*] [15, 61, 83], and somewhat higher in the mitochondria (6025 mM[Mg?]
[61], or 24 mM total Mg*[15]) and chloroplasts ¢6 mM [Mg?*] in the stroma,
30-50 mM in the lumer{61, 84]), while metabolicalijnactive Mg* is stored in the
vacuole (580 mM total Mg*[61]). Many of the estimations of M¢tconcentrations
have been carried out using calculations based on measurements of aktP
ADRconcentrationg[83, 85], although some have been obtained using fluorescent
probes[84]. Many improvements on these values are ceivable such as direct
observations of Mff, more dynamicin vivo measurements, observations across
more species and conditionstc.

To achieve and maintain Mgconcentrations, plants genally require about
1.53.5 g Md@* per kg fresh weight for optimal growft6, 76]. When plants become
Mg?*-deficient, young mature leaves are affected finstich sets apart MgD from
other nutrient deficienciesThe first physiological process that seems to be affected
is the export of sugar metabolites from source tissueghich maifests as
accumulation of soluble sugars and starch in leaves. This has been observed
consistently acrossultiple species such asArabidopsig86, 87], sugarbeet [56],

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

proven conclusivelhhowever,several hypotheses have been gatward.
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It has been proposed thadtructural damage tghloem tissues could be the cause;
that reduced sink strengtbould impact export ofugar metabolites; or that phloem
loading is impaired under Mg[90].

According to tle third hypothesis,impairment of sucrose export isaused by
reduced effectiveness oH'/sucrose gmporters involved in apoplastiqgohloem
loading[90]. These transporters are responsible for tiraport of sucrose intathe
companion cells of sieve efeents in many plant specigsand they rely on
proton-motive force(PMF)to accomplish thig91]. This PMF is generateth large
part by the PM H" ATPase[92], which reuires MgATP to functionUnder
MgD-conditions,it stands to reason thgiMg?*] in the cytoplasm would be reduced,
and therefore also MgATF&oncentrations, which would lead to partial membrane
depolarization, thereforaeducing thecapacity to export suose into the phloem
[90]. If a strongPMFis required for proper sucrose export, even a comparatively
small change in theH-differential could lead to a large impairment in sucrose
export. Figure 15 illustrates thisprocessfor sugarbeet, in which BvSUTL1 is the
H/sucrose symporterBoth Vicia fabaand Arabidopsis thalianaely onapoplastic
phloem loading as their primary sucrose export mechanism as mekhning that
they are likely subject to the same mechanismArabidopsisAt3JC2 appears to be
the primary H/sucrose symporter involved in phloem loadif@3, 94], although
other members of the&SUCGamily also participate in this proce$385].

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 safiad faba while
sucrose concenttions in leaves were increased, indicating that export of
metabolites, and not sink strength, is impair@®8]. In this case, sucrose export could
also be restored within 12h of Mgresupply; if damage to phloem tissuess the
cause for reduced sucrose export, restoration would likely proceed less quickly.
Additionally, expression of the BvSUT1sHcrose symporter could be shown to be

increased in response to MgD in sugaet [56].
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Figure 1.5 - The influence of MgD on phloem loading of sucrose [in sugar beet]
The BvSUTL1 transporter is responsible for phloem loading of sucrose in sugar beet,
whereas AtSUC?2 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 ahe reasons for impaired sucrose export from source tissues, this
effect of MgD appears to be the causembst ofthe other downstream effects
observed One of these is a reduction of chlorophyll concentratiamsder MgD
[86, 96, 97]. Downregulation ofexpression oftomponents of the photosynthetic
machinery due to negative feedbagkhibition 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 aleads to accumulation of
reducing equivalents in the electron transport chaihphotosynthesistself [97].
Excess light energy then results production ofreactive oxygen specieiRQ3$
damaging the photosynthetic apparatus furthgt9, 58]. Thismakes Mg*starved
plants sensitive to lighwhichis illustrated by high light intensities rapidly leading to
chlorosis in leaves of loMg?*-stressed plants, while low light produces this
response much more slow|98]. Another mechanism bwhich reduced chlorophyli
abundance can occur chlorophyll degradatiorassociated with renobilisation of
Mg?*ions; this has been shown to occur in rice, whexpression 0©OsSGRencoding

a Mg* de-chelatase, responds specificatty MgD, although the response can be
enhanced by the presence of RQ(&6]. The associated chlorophyll degradation
reduces the amount of ROS generat@dder MgD ad makes Mg available for
other metabolic functions. Nutrient relocation under MgD has also been
demonstrated inArabidopsis although the molecular players involved araclear
[87]. Therefore chlorophyll becomes degraded undeigD, although it is not certain
how much of this is due to mechanisms inducing?Mgcovery and relocalisatign
and how much due to photodamage to the molec(i8®]. Sincedegradation of
chlorophyll in plants with disturbed Mgthomeostasis is dependent on the levels of
light experienced by the plants, at least some of the degradation is the result of
photodamagd100, andthe example from rice shows that at least some speares
capable of actively degrading chlorophyll andabilizing Mg*.

In summaryijt can be said that impaired sucrose export is the most obvious and
universal symptom of MgD, and the earlissgimptom that has beenonfirmed and
characterzed properly. Other symptoms, such &0S evolution and reduced
chlorophyllabundance, occur further dovatream and most likely as a direct result
of impaired sucrose exportWith the help of publications documenting the
emergence of symptoms of MgD over tirfi5, 86, 87, 97], we can therefore create

a simplified diagram illustrating the effects of Mgb plants(Figure 1..
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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
Mg?*-replete conditions; at day 0, nutrient solution was exchanged for Mg?*-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 Mg?* from the medium. 2 - Impaired sucrose export from source
tissues. 3 - Mg?* 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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1.25 Mg?*-sensing in plants

Changes in theArabidopsigranscriptome in response to low Mghave been
described101-105], and some of these changes take plaa® soon as several hours
after onset oflow-Mg?* exposureg[101]. Regardlessyirtually nothing is known about
how plants perceive low Mg and what signallingrocesses are initiated in
responseTranscriptional marker gendisat react specifically to MgD have not been
robustly identifiedso far, althogh attempts have been madé05|.

The development of root hairsan be influencedy low Mg*availability[106].

It appears that ROS and %Gaignals lead to increased number and length of root
hairs under low Mg, 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 kA§107]. Even in this case, though, the
upstream sensingand signallingactors are unknown, and it is not certain whether
the response is directly caused by low abundance of*Mgd notmediated viaits
antagonistic relationshigvith C&*, the concentration of which can influence the
effect of Mg*-supply on root hair developmer106]. There are also changes in root
system architeaire in response to MgP108], but even less is known about the
mechanism behind this adaptation.

Some of the best candidates fpotential Mg?*-sensing proteins are Hfand
motif containing proteins. This motif forms a helskoop-helix structure with the
ability to bind a single, divalent catipim Arabidopsisup to 250 proteins containing
this motif have been identified109. EFhand proteins areusually considered
C&*binding, and often Ca&sensing, proteinsand many of them have been
functionally charactared, confirming this function. Howeveat least somé=Fhand
proteinsare also able to bind other dilent cations specifically Zft, Ci#*, and also
Mg?* [110]. Even though the affinity of these proteins for?Ce far greater than
Mg?*, the concentration of Mg is about three orders of magnitude greater than that
of C&* under normalconditions, and it is estimated that fonany EFhand proteins,

a portion of thebindingsites are occupied by Muin the resting state.
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The conformation of ERands in their Mg-bound form is thought to be different
than their Ca*-bound form Grabareket al. therefore propose that MgJ stabilzes
0§KS a2 7T ¥ éhandlirdtein§ andl fhat BIgD might cause excessive activation
of the associated signalling process|gd(. While this is consistent i the
antagonistic effecbf C&*and Mg, the different structurecreates an opportunity
for the Mg?*-bound forns of these proteingo initiate signallingprocesses of their
ownin theory, and thee is certainly a possibility f&Fhand motifswhich pimarily
bind and sense Mgto exist.Calmodulinlike 36, an EfRand protein fromA. thaliana
is thought to have two sites capable of binding?Car M¢?*, both of which can
stabilize the folded stat§l11].

Calcineurin Blike (CBL) proteinsepresent a subfamily of EH¥and proteins
unique to plants their primary functionsare to sense C& and interact with and
regulateCBLinteracting protein kinases (CIPIKE} 2. Tanget al. identified twoCBLs,
CBL2 and3, which are important in plant tolerance to high Mgoncentrations.
cbl2 cbl3mutants accumulate less Mtjin roots and shootsaccumulate less C&n
shoots, ancexhibit reduced growth under high Mbor high C#&'. It wasdetermined
that CBL2 and CBL3 regulate?Vgpquestration intovacuoleg113. While it is not
certain whether this mechanism is mediated by &ensing oMg?*-sensing by CBL2
and -3, it nevertheless establishes a role for-E&nd proteins in the regulation of
Mg?*-homeostasis in plants while once again highlighting eh antagonistic
relationship between Caand Mg*. Another set of candidates for Mggsensing and
-signalling proteinsis found among Mg*transporters as will be outlined in

subsequent sections
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1.3 Magnesiumtransport

1.3.1Magnesium uptake irplants

Movement of Mg?* from the soil solutionto plant roots mostly proceeds via
mass flow, e.g., the transpiration streamoving ions with it and via diffusion
Uptake of Md@* at the root cell plasma membrane is passii@s moving from
solutions of gher concentration to those of lower concentratiahriven by the
electrochemical gradientWhile ions can move into the root via the apoplastic
pathway at first, they are eventually taken up into cgdisgceeding vidhe symplastic
pathway, tobypassthe cell wallCasparian Strip. For Miyinitial uptake into roots
generally seems tdake place in the direction ofthe electrochemical gradient,
through channels embedded in the plasma membrgbé 61]. Mathematically,
uptake via diffusioncan be modelled using the Neinsquation to estimate the
reversal potential across the plasma membrane:

Y Y i D "Q

© a 0O 0'Q

Bug2+is the Nernst potential (e.g., the equilibriurar reversal potential), across
the plasma membrane, R is the universal gas consfaist the temperature in Kelvin,
z is the charge of the ioandF is the Faraday constant. We can setZB8.15 Kij.e,,
25°C, for the sake of the calculation. Further=R.314 Jnol?, z=2 for Mg*, and
F=96,485.333 @nol!. We can further assuenthat only free Mg can participate in
the establishment of this potential, so using the typical cytosolic concentrations of
0.2-0.4mM described earlier for Mgn, as well as the typical concentrations of #g
in soil solutions, 0.128.5mM for Mg?*ut, the calculated reversal potentials range
from -14.9mV (0.125mM out, 0.4mM in) to 48.1 mV (8.5nM out, 0.2mM in).
Cations will tend to move passively into a cell as long as the actual membrane
potential is greater than the reversal potential foretion, and since the membrane
potential of plant cells is usuallelow -100 mV, Mg‘should indeed move into the
cell passively under this range of conditioRsen assumingxchangeabldree Mg?*
to be lower thanthe total Mg?* in soil solution as well & competition from other

ions (seeXection 1.2.1, Mg?* will likely move into root cells readily most cases.
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Whether this movemenand the ability of the soil to replenish ¥fgn soil solution
is sufficiento enable optimal plant growtfs still questionablehowever andis likely
not always the case

Knowledgeof Mg?*-transport from root to shoot is limited, especially compared
to what is knowrabout transport of other ions, such as iron and 4iht4]. To reach
the shoot, ionsnustfirst enter thesymplastic pathway tbypass theCasparian strip,
before being loaded into the xylemstream, generally against the prevailing
electrochemical gradientThisseems tohold true forMg?* [61]. In rice, Tanoiet al.
identified a saturable and a linear componefitthe process ofMg?*-loading into the
xylem stream, which likely equates tone or more chighl ¥ T A yaRspait €
system(s), such as ion carriermjaking up most of the transportat low
O2yOSYUNIY A2y as HyRFAYWMSIGZNIIN2ZNB LIBANB G aeaidSyd
channels, which are primarily active at high concentratiphs5. Both of these
processes could be inhibited by the uncoupling agéinttrophenol, which inhibits
energyconsumingprocessesBoth of these components are dependent callular
energycharge, therefore, likelythe membrane potential across the plasma
membrane.

Once M@" has been loaded into the xylem, it is transportgldbotwardvia the
transpiration stream, then it must be unloaded in order to reabloot tissueslons
then move to various plant organs in the shoot. Oftptants have to compensate
for varying transpiration rates of different organs and match the ion demaneéach
organ.For example, young leaves and reproductive organs have low transpiration
rates, but a high demand for iorj66]. Plantstherefore must have mechanisms for
redistribution of ions between different organ@hich must involve regulation ain-
transporters The phloerrstream generally moves from source organs in the shoots
to sink organs, carrying sugars and other metabolite$ also ions. M¢f is a phloem
mobile element and as such the phloem is important in its transport and

redistribution as wel[48].
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1.3.2Known magnesium transporters

The uptake of Mff into plants, and the distribution between plant tissues, must
take place via transpogtroteins Transporter regulatioms very likely tdoe a farget
for the Mg*-sensing andsignalling networkor potentially a startingpoint, if they
arethemselves regulated directly by ¥MgUnderstanding the mechanisms of action
and regulation of Méf-transport systems could therefore represent a crucial step
unravelling this network. Several proteins or protéamilies with the ability to
transport Mg* have been identified so far, although their importance in
Mg?*transportin vivois often unclear.

The first M@* transportsystem from plants to be ced and functionally
characteized was the Mg'/H*-exchanger MHX116]. This protein is expressed in
roots and shoots, and lodaés to the tonoplast, whee it exchanges protons with
Mg?*, Zr#t and Fé* [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 rérieval of these ion§116). Transgenic tobacco plants overexpressing this
transporter are sensitive to elevated levels of?ZrC&* and Mg" in the growth
medium, although the shoot concentrations of these ions remain unchanged
[61, 116]. AtMHX imeverthelessstrongly expressed in Mghyperaccumulators like
A. hallerj indicating a possible role in vacuolar sequestration of'j&1].

Since Mg™-uptake into roots is thought to be mainly passive, a significant
amount could occur through neselective channslsuch as theoot cation channel
rca, located in the plasma membrane of root cells and permeable to many different
types of cationg114]. Anothernon-selectivetransporter which might be involved in
Mg?*-homeostasis iscyclic nucleotidegated channel 10(CNGC10). This channel
transports K, C&" and Mg+ [117, 11§, and is expressed in the root stele and the
mesophyll parenchyma, the cayijpe accumulating tb highest vacuolar
concentration of Mg*[61, 119. ArabidopsisRNAilines for CNGC10 showed reduced
root influx and shoot levels of Mtiand C&*, implying this protein in root uptake and

long-distance transport of these iorj17].
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More recently metal tolerance protein 1MTPLO) has been implicated in loRg
distance transport of Mg, with mtpl0 mutants being sensitive to high
Mg?*-concentrationsand their growth being restored by concomitantly increased
C&*-supply[120. The phenotypds notably similar to that of thebl2 chl3double
mutant described by Targt al. [113], and indeedguantitativereaktime polymerase
chain reaction(RFPCRanalysis carried out by &t al. revealed that the expression
of CBL2CBL3and several of th€IPK theywere found to interact with(CIPK9-23
and-26) was alteredn the mtp10 mutant under normal Mg*-supply, high Mé¢f, or
both. Interestingly, the expression of other Kfgransporters, namelyMR2-1,
MRS22, MRS24, MRS211, andMHX was alteredas wellMTP10 waslsofound to
interact with CIPK7 and26 in yeast twoehybrid and bimolecularfluorescence
complementation assay420. The authorsdid nottest interaction withother CIPKs,
which means it is possible that this transporter indeeteéracts with CIPK39, -23
and/or -26 in vivoand thereforerepresents the target of the regulation of Nfg
homeostasis by CBL2 and CBAfichcouldrepresent the beginning of an emerging
Mg?*-homeostasis network

The most weldescribed family of Mg-transporters in plantshowever, is the

MRS2family [57, 114], which will be described in thaubsequent sections.
1.3.3The CorA/MRS2/MGEBuperfamily of magnesium transporters

The firstmember ofthis family was identified after screening a cDNA library for
genes restoring the ability of a yeadtl alr2¢ mutant to grow on media containing
4 mM Mg?*, with the rest of the family identified via sequence similafitg1].

Plant MRS2amily proteins are members of the CAMRS2AIr superfamily, also
termed 2TM-GxNtype proteinsfor their two transmembrane heles and the
conserved GxMnotif (most commonly GMN) present in all family membEr22).
This superfamily includes CorA from prokaryotes; Mrspwell asAlrlp and -2p
from yeast, MRS2s from plantndvarious other member§l22]. Despite their low
sequence similarity, the members of the superfamily can complerpéehotypes
Ol dzZaSR o0& S Ofkeveravé SidkphylogedeticSligtanSes, implying a

degree of functional conservatide2, 121].
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The CorA protein, named for its identification during a cobalt rescdascreen, is
present in roughly 50% of all the prokaryote genomes sequenced so far, and is
thought to usually represent the most important KMeuptake system where it is
present[122].

Members of the CorA family usually transport Mgnd C3*, sometimes with
higher affinity for C&', but other memberof the superfamilyhave been found to
transport other ions, such as Zr{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 ashamopentamer, with two
alphahelices crossing the membrane per subunit. The first of the two helices in the
sequence, termed TM1, mainly foethe pore, which is about 5# long, and
0SG6SSy ¢am FyR ¢an tASa | &K2&NmMaSEG NI O
close to the beginning of the sequenfE7]. This extracellular loop, especially the
GxN motif, which is conserved across the entire superfamily, is heavily implied in
establishing spe@iA OAG& | YR GO2yOSY (NI GAYyJRI. A2y a |
When this motif is mutated, transport capability of the protein is abolisfi&ty]. It
appears that the extracellular loops of the subunits come together to form a
GaSt SOUADGAGE FTAEGUSNES Ffft2gAy3 | O0Saa 2y
ionic radius and hydratioohemistry of the target ion(s) to establish selectiyit3].
{2YS6KIG FdzZNIKSNJ R2gy GKS LBRNB tASa | &
residues along TM1, which prevents access when the chasnelosed[123.
Figure 17 shows the structure of the Cosgrotein, with the selectivity filter and the
hydrophobic gatevisualizel in CandD.

The CorAmolecule also possesses intracellular fegory subunits. When the
structure of CorA was first determined, it was noted that electron densities between
specific residues pointed towards Ktg or Co*ions being chelated by these
residues, between the individual subunits of the complex. It was@péed that the
complex becomes locked in a closed state upon bindingf §ég possibly C8), 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 T 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 i 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 1 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 i Model of the selectivity filter formed by the
GMN maotifs within the extracellular loop of CorA. E i Model of the hydrophobic gate
within the pore of CorA. C, D and E i From Payandeh et al. [123]. Purple spheres
represent Mg?*-ions at their potential binding-sites within the molecule.

After initial difficulties in crystallising the channel in the Mfyee state,
high-quality crycelectron microscopy images of both open and closed states could
be obtained. It was confirmed that the Migfree 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 seen@déwent
intracellular Mg?*-concentrationsfrom increasingabove required concentrations
without the need foradditional regulatory proteingl28]. The channel has now been
increasingly weltharacteized [129], and thisgatingmechanism is welkstablished
[130. Indeed, the conformational changethe Mg?*-sensing domain of CorA
undergoes upon bindinlg>* hasbeen used to create the Mi-sensitiveForster

resonance energy transfer (FREensoMARIQ131].
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Mrs2p is one out of two Mg-channels present in the inner mitochondrial
membrane ofyeast with the other being LpelOp. M2p was namedfor the
RNAsplicingdefects with respect totype Il introns in mitochondia observed in
mutants, which was later identified to be due to Rgleficiencywithin mitochondria
in mrs2n mutants. Both proteinsas welithe plasmamembrane Mg*-channels Alrfh
and -2p from yeast,are homologues of CorA, and members of the CBIRS2AIr
superfamily{122]. Unlike CorA, Mrs2p was not found to transpor£Cbut rather to
be selective for M§f, with some Ni*-transport capability and potentransport
inhibition by cobalthexammine (111}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 proteingl34] (Fgure 18). Theregulatory
domain was found to adopt a somewhat different fold, but the’Mginding/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 TmCwd 18 B). The
hydrophobic gate is made up of Met309 and Leu313, and the &M is present
in the equivalent position[134]. Additionally, singlehannel patckclamp
experiments cald show that Mrs2p is a higtonductance M¢f-channel like CorA
[132. The transport activity of this protein ialso regulated by intracellular
Mg?*-concentrations, with the open probability of the channel dropping drastically

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

A T Comparison between the structures of Thermotoga maritima CorA (Tm-CorA,
right) and the N-terminal fragment of Mrs2p (Mrs2pas-sos, left). B 7 Left: Superposition
of the structures of TmCorA (cyan) and MRS2p (blue), with the Mg?*-binding residues
highlighted. Right: The putative Mg?*-binding pocket in Mrs2p, with the regulatory
domains from two different subunits, highlighting the way the Mg?*-ion is bound

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

The plant MRS2family was discovered independently by dtial. [121] and
Schocket al. [135. Due to this, two different nomenclatures were adopted, with
members being charactemed as MRS2 to MRS2L1 [135), but also as MGT1 to
MGT10 (MGT for magnesium transportgt21]. Table 12 gives thér namesin both
systems, as well as the genomic locus, for each family member. Since then, members
of the MRS2 family have been functionally charaetet in Arabidopsis
[119 136-140], and, more recentlyin maize[141-143, rice [144-147], B. napus
[148, banana[149, pear[150), the Malvaceaefamily [151], and Saccharunj152],

among others.

Table 1.2 - The MRS2 family of Mg?*-transporters in A.thaliana

_ subgroup subcellular
MRS2 name MGT name genomic locus o
/ clade localisation
MRS21 MGT2 AT1G16010 /B Tonoplasf119
MRS22 MGT9 AT5G64560 I/ E PM[153
MRS23 MGT4 AT3G19640 I/C ER[154]
Chloroplast§155 /
MRS24 MGT6 AT3G58970 I/ D PM[138, 153]/
ER[103
MRS25 MGT3 AT2G03620 /B Tonoplasf119
Mitochondria[156] /
MRS26 MGT5 AT4G28580 /D
PM[153
MRS27 MGT7 AT5G09690 /e ER[136]
MRS28 MGT8 AT5G09720 l/E Unclear
MRS29 - AT5G09710 - -
MRS210 MGT1 AT1G80900 /B PM[119 127]
MRS211 MGT10 AT5G22830 IV/A | Chloroplas{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 Col0) accession oA. thaliang only nine members of the MRS2
family are functionalAtMRS28 contains a nattally-occurring frameshift mutation
in Colt0, but is functional ilLandsberg erecta (L€). AtIMRS29 lacks the GMN motif
and is thought to be noffunctional in both CeD and Lei0 [136]. Besides these
variations, AtMRS27, MRS28 and MRS® show large degrees of sequence
similarity, and they are part of the same gene cluster, pointing to a recent gene
duplication. Since dferent members of this subset are functional in different
A. thalianaaccessionghey potentially represent an interesting target for studies of
ecotype variation.

All functional MRS2s from Gblhave been shown to complement the yeast
mrs2-mutant to various degreefl35, 136]. For individual members of the family,
Mg?* transport capability could be confirmed in yed4R1, 138 157, as well as
Salmonellanutants[140, 156] and more recentlyn proteoliposomeg63, 158 159].
The transporters in queiin were found to also transport Nj although with
reduced affinity; in fact, their ability to transport Mgwas first shown by observing
inhibition of ®3Ni?*-traceruptakeby added M§*[121, 138, 14(]. They were not found
to transport any metalstested in these assays aside from gt their
physiologicallyrelevant concentrations. AtMRS2s are therefore likely?Msgpecific
transporters in their natural state, althougfome members were later found to be
permeable to At [63]. Based on their transport activity and the ability to function in
reconstituted proteoliposomes, AtMRS2s are most likely*\bannels, passively
transporting M@* across biological membraneslthoughsomeof their homologues
from prokaryotes have been repted to be protonmetal symporterg129. AtMRS2
Mg?*transport is generally strongly inhibited by?Ahichhas a similar ionic dius
to Mg?* and therefore compete for uptake[65, 160]. Both proteoliposomes andE.
coliTM2 Mg*uptake mutants were recently used to demonstrate that MRSshd
MRS210 show lage differences in terms of aluminiusensitivity, despite their high
sequence identity of around 88p&3]. MRS?21 is not permeable to Al, unlike MRS2
10, and its M transport activity is only inhibited by very highncentrations of At,
whereas MRS20 is highly sensitive to this ion, showing that sequence similarity is
not always indicative of transport activitytand additional experiments may be

required to assess Hisensitivity of other family members
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ArabidpsisMRS2s can be divided into four subgroups, labelled 1 {624, or
five clades, labelled A to[E36], based on sequence homologyaple 12). The only
difference between the two classifications is that in the latter, MRBS&in its own
group, easily justified by it being the omtyember lacking introns in its gene model.
Additionally, MRSA, -5, and -10 appear to be functionally redundaritL37,
supporting their membership in the same, distinct group, whereas MRS ckout
causes severe fertility phenotypg&ss4).

MRS2s were found to be expressed in various tissues and developmental stages
[136. The individal members also appear to locad to different subcellular
membranes[103 119, 136, 138 139 153 154, 156, 157] (Table1.2), presumably
controlling the M@*-concentrations in different subcellular compaents. 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
specifc compartment / membrane.

The concrete physiological functions exhibiteddrgbidopsisMRS2s are diverse.
Many MRS2 family members are crucial for normal fertility, specifically for pollen
development, with knockout of MRS2[14(], MRSZ3 [154 and MRS [15€)],
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 Mginto pollen and associated tissuéSigure 19).
Interestingly, not onlyncreasedMg?* supplycan restore fertility inrmrs26 mutants
[153, but also slower growth, either due to a shaldy growth regime, or even due
to additionally knockout of MRS2[161], indicating that import of M§ is slowed,

but not abolished in these mutants.
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MGTS/MGT6
(tapetum to locule)

MGT9
(locule to polien)

MGT4/MGTS
(intemal pollen)

Figure 1.9 - MRS2-mediated Mg?*-transport to pollen.

Model of Mg?*-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. Adaptedfrom Xu et al. [161]

MRS21 and MRS® appear to be important for sequestration of Kignto
vacuoles of leaf mesophyll cells @éfrabidopsis[119. Although the transcript
abundance of MRS2s generally does not change with varyirig-dvpgply [102],
transcript abundance was correlated with leaf #¥goncentrations across 23
Arabidopsiscotypes, and both proteins were targeted to the tonoplast membrane
[119. MRS210, the third member of clade ,Bppears to be locaed to the plasma
membrane [119, 121] of various cell types throughout developmt [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 #gpncentrations,
implying importance of clade B MRS2s in’Mgptake and-transport, as well as
functional redundancy{137]. These plants were also found to be sensitive to
Cd*toxicity, highlighting the interplayddween Mg+ and Cd*[162.

Two further MRS2 family members appear to be involireg?*-uptake and
translocation from root to shoot: MRSR and MRSZ. Knockout of MRS2, a
clade E MRS2, was shown to cause sensitivity tcctmveentrations oMg?* during
early attempts to chareterize the familyand was found to be loaakd within the
endoplasmic reticulunfER)136]. This family member appears to exhibit a complex
expression patternMao et al., [163 characteize the gene as a lowaffinity Mg?*-
transporter and identify two splice isoforms, only one of which was found to
transport Mg*. These results were regtly strengthened further, when a mutant
arising from a forward genetic screen for seedlings with impairedgmeostasis
was found to harbour a mutation in SMUL1, a splice fafi6d]. Although the splicing
process was found to be independent of ¥tgoncentrations, these findings
highlight the possibility for podranscriptional regulation of Mg-transport
processes. Cuwently, the gene model of MRS2 registered on TAIR
(www.arabidopsis.orgcontains 10 introns and 13 splice isoforms.

MRS?24 is the most weltharacteized member of the MRS2 family & thaliana
MRS24 is a member of clade D, like MR&2ut while MRSB expression appears
to be restricted to male reproductive tissues, the expression of MREB2far 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 loancentrations of
Mg?*, and to exhibit lower internal Mg-concentrations, as demonstrated using RNAI
lines. This indicates that MR82Zould be responsible for Mguptake inArabidopsis
roots, especially under low external concentrations, which is consistent with its
putative role as a highaffinity Mg?*-uptake systenj13§. This study also assignad
plasma membrane localisation to this protein, as demonstrated via a GFP fusion
construct, expressed in mesophyll protoplasts. Before this, Gediaak assignedc
chloroplast localisation to MRSR[13€], after a study of chloroplast membrane

proteins by Froehliclet al., [155].
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Odaet al. [103] identified anmrs24 mutant from a forward genetic screen for plants
impaired in M@*-homeostasis, which was determined to be sensitiveighland low
Mg?*-concentrations. Further, the transcriptomic profile ofirs24 plants at
Mg?*-replete conditions was similar to that ofild-type (WT) plants experiencing
MgD.The authors determined GFiesed MRS to be locaked to theER

Newer research, in addition to confirming earlier findings, has further elucidated
a dual rolefor this channelin roots and shoot$165. mrs2-4 plants were shown to
contain less Mg under both high and low Mg?*-concentrations. During
graftingexperiments, whenmrs24 roots were grafted with WT shoots, roots
exhibited lower Mg*concentrations than WT roots under low external ¥lg
Additionally, mrs24 shoots grafted onto WT roots exhibited reduced Migvels
under high external MgJ, indicating that this transporter could fulfil an additional
role in longdistance Mg*transport through thexylem, either inxylem loading or
unloading.mrs24 shoots with WT roots generally exhibited stronger phenotypes
thanmrs24NR2 20 &a ¢6AGK 2¢ akKz2z20asx AYLXeAay3d (KAa
are as crucial as in root tissues, if not more so?Negquestration, which appears to
occur mostly in vacuolesf leaf mesophyll cells iArabidopsig119], likely becomes
impaired in absence of MRS resulting in increased sensitivity to Kdoxicity.
Finally,both in the study by Yaet al. and by Odeaet al, mrs24 mrs27 double
mutants were generated and found to exhibit more severe symptoms than either
single mutant, with impaired growth even under Rgeplete conditiond103, 165).
Both transporters therefore seem to mediate a significant portionAchbidopsis
Mg?*-uptake individually, possibly acting synergistically or interacting in some way.
Work by Oguraet al. further solidified MRS2 and MRSZ as important mediators
of Mg?*-uptake in Arabidopsisroots. When A. thaliana were grown on low
Mg?*-concentrationsfor 24 hours and then transferred to replete kigrates of
Mg?*-uptake were initially high, but dropped as soon as 5 minutes after transfer
[166]. In mrs24 and mrs27 mutants, the initially high rate of uptake was not
obsewved, with low Mg*conditionedmrs24 and mrs27 plants taking up Mg at
similar rates to WT or mutant plants without low Kigdaptation. Therefore, MRS2
4 and MRSZ are both crucial for Mg-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 thé" kansport in
A. thaliang with individual members specialized to act in different organs,

subcellular membranes, and concentraticanges.
1.3.5 Plant MRS2s as Mgggated Mg *-channels

Since both the prokaryotic and yeast homologues of plant MRS2s appéar to
regulated by external Mg-concentrations, it would not be particularly surprising if
this regulatory mechanismwas found in the members of the superfamfilgm plants
as well. Indeed, despite the sequence identity between the AtMRS2s and yeast
Mrs2p bang 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
negativelycharged residues along the pore, which are likely essential for ion
conduction and specificity, seem to be especially conserved, together with the
GMNmotif and several otherg167]. Schmitzet al. state that the residues
responsible for iorsensing and closing of the pore in CorA aré¢ canserved in
AtMRS2s, after performing sequence alignments between CorA and AtNIESSRs
However, this might be aaversight Alignment ofthe sequence of Mrs2pnstead
of CorAjto AtMRS24 reveals that that the residues hypothiesd to participate in
Mg?*-sensing in Mrs2p, Asp97 and Glu2[aB4 (Figure 1.8 B, are present in
MRS24. They can also be seen ather plant homologuesand several residues
around them are identical or highly conserved(Figure 1.10 C). Those residues
forming the hydrophobic gate appear to be conserved as,vadthough M309 in
Mrs2p isreplaced by an isoleucine resid(i@68 in AtMRS2I. Therefore, contrary
to the resultsfrom Schmitzet al., it appears likely that at least some of the plant
MRS2channels are subject to the same regulatory mechanism as other members of
the superfamily It stands to reason that a regulatory mechanism messist given
that there should be a strong electrochemical force drivingNtgo plant cells under
most conditionsgeeSection 1.3.1), especially at the roesoil interface, which would
suggestthat plasma membrane Mgchannels would have to remainosled or

otherwise inactivesome of the time.
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The results from Ogurat al. [166] also point towards a gating mechanism in
plant MRS2s, since Migtransport mediated by MRS2 and MRSZ was seen to be
completely suppressesvithin 5 minutes of exposure to Mgreplete conditions
Although it is possible that this reduction in uptake is due to partial saturation of the
intracellular space with Mg, and therefore equilibration of concentrations inside
and outside theoot, the fact that the portion of total Mgj-uptake showing this rapid
change was entirely dependent on MR&and MRSZ implies that these channels
represent a significant amount of total NMtfguptake by the root within the first five
minutes, then almasnone after that. This pattern would be consistent with the
action of a Mg*-gated Md*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 AtMRS2stlie 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 sévhstix
Ay GKS LINRPGSAY ahioNasxiKgesSIYo B & Qlak &hes KS &
aroundhelices four and five. These insertions have variable lengths and sequences
Ay GKS RAFFSNBYy(G !daw{HaX IyR (KS& 200dz
characteristic of this superfamily, and likely crucial for ¢tipening and closing of the
channel[167]. In one experiment, generation of insertions and deletions within
helices five and seven iregst Mrs2p led to protein variants with an impaired ability
to close at high Mg-levels[132]. Since different cellular compartmenexhibit
different concentrations oMg?*, it would betemptingto 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 prpteitein
interactions. The anomalou$ 6b-helix and the"4-h 5 linker region in plant MRS2s,
absent in their homologues, might play a role in signalling processes not required in
singlecelled organisms, opening the possibility another low- Mg?* signalling
network based on protekprotein interactions.As suchplant MRSZransporters
representone ofthe best targes for further research efforts in the field, and their
functional characterisation from multiple perspectives should receive focussed

attention.
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Figure 1.10 - Comparison of the structure and sequence of A. thaliana MRS2s
with their homologues

A T 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 T Sequence elements in AtMRS2-4 compared to CorA.
Variations are highlighted as curved lines or with curly brackets, including the
fJ6b-h e |-insgriion in AtMRS2s. A & B i 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

| argb-h &l i x0 insertion.
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1.4 Geneticallyencoded atiometric sensors with potential

uses in research on M¢thomeostasis

1.4.1Methods for tracking Mg*-concentrations within cellsand tissues

A significant obisicle for further research into M¢rthomeostasis in plants is the
difficulty of measuring internal Mg-concentrations with suitable resolution. The
standard method for measuring Mgconcentrations within planttissues is
inductively coupled plasmac optical emissionspectrometry (ICROES)or ¢ mass
spectrometry (ICRMS) however, this method cannot usually achieve resolutions
beyond theorgartlevel,i.e., root vs. shoot or leaf vs. stem. figsolveion distribution
between tissues, or between individuatells, higheresolution techniques are
needed, such asynchrotron XRayfluorescencd168|, xray microanalysis119], or
indirect measurement vianuclear magnetic resonancepectroscopy for the
phosphorus in nucleotide€'P-NMR) [169. These techniques are expensive, time
consuming, and not always availapt®wever, as they require specialist equipment
Another major drawback ighe fact thatthe number of observations is limitetle
to the destructive nature of these techniqueghich means that each sample can
only be analysed once, which makedifticult to follow biological processes.

Anotherapproach fordeterminingcellular and sukcellular Mg*-concentrations
is the use of fluorescent chemosensors, development of whichphagressed at a
rapid rate within the last years. Lei al. list a vast number of such compounds that
have become availablg69]. SBE3, developed by Yat al., stands otias a probe
that has been developed foArabidopsisalthough sukcellular resolutiondave not
been achieved yet[17(. lon-sensitive dyes, however, still have significant
drawbacks Samplesnust be stained with the dye in question before imaging can
take place,which may expose samples to unnaturebnditions and alter tissue
physiologybefore measurements can kaken Samples will usually beompletely
permeated by the dye, which makes it difficult to isolate signals from individual
tissues or cell types during the experime8imilarly, it is diftult to direct dyes to
individual subcellular compartment® achieve sukcellular resolution, although

ways have been found71].
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Forster resonance energy transfer (FRET) is based on tligy aifi energy
transfer to take place between a donor fluorophore and an acceptor fluorophgre
nonradiative dipoledipole coupling. This energy transfer can only odttire donor
emission spectrum overlaps with the acceptor absorption spectrum, atte ifivo
molecules are sufficiently close together in spawgth the likelihood of transfer
decaying with the sixth power of distand&72. This essentially enables small
differences in the distace between fluorophoreso be measuredby exciting the
donor fluorophore and measuring themission from the donor and acceptor
fluorophore; the ratio between the two intensities will change depending on the
inter-fluorophore distance Therefore, fi the dstance between fluorophores is
dependent on another factor, therthat factor can be measured by proxy.
Since measurements are ratiometric, expresdievelsand most kinds of artefacts
do not influencemeasurements, as long as appropriate controls anglemions are
used FRET sensors for use in biological systemsgareerally based on two
fluorescent proteins, most often a form alyan 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. TheseFRE®Bensordased on proteinsan be geneticallgncoded, which
means thatdifferent promoters and targeting sequences can be used to setific
expression in different cell types and saéllular compartments Additionally,
measurements are ncedestructive and can be carried out continuously, allowing
biological processes to be followed in real time at high resoltlgid]. FRET sensors
have been used in plants fonore than20 yearq174, 175], and have been used to
elucidate various biological processbsitFRET sensors with the ability to seivg*
have only become available comparatively recendlsd have not seen widespread
application[176].

The MagFRET series of sensors have been developed badieel lmghaffinity
Mg?*-binding domain of human centrin 3; various mutations in the protein sequence
have allowed the creation of sensors with a range affinities for Mg@*, enabling
measurements of a large range of Mgoncentrations in theory177]. MagFRET has
been used tostudy the effects of lactate application on metaboligmanimal cells

recently[178], but has not been applied within plants to date.
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More recently, aother novel FRET sensor capable of mdjogy changes in
intracellular Mg?*-concentrations has been developed; MARIO is based on the
Mg?*-binding domain from the CorMg?*-channel fromE. coli which has been
truncated and some point mutations introduced into the sequence. It shows a higher
affinity for C&*than Mg?*, but since intracellular calciiwoncentrations are orders
of magnitude below those of magnesium, it reports specifically on magneatum
physiological iorconcentrations[131]. It hasinitially been used irhuman cellsto
discover a transient rise in free magnesium within the cytosol duringtmit
chromosomecondensation the first measurement of Md-concentrations in live
cells by geneticallgncodedbiosensorg179, and has been used Drosophilasince
then[180].

MARIQand/or MagFREGan likely be functionally expressed in plant cells and be
used toreport on changes in Mgconcentrations under different conditionsr
between different cellsin real time, which couldyreatly simplify the study of

Mg?*-homeostasis

1.4.2Geneticallyencoded,ratiometric sensorshave the potential to

elucidate the symptoms of MgD

As outlined inSection 1.24, the early symptoms oMgD are not properly
understood Both the reduction inMgATRevels and PM pHdlifferentials are
currently only hypothetical, anchodern tools are needetb investigate thenmwith
sufficient accuracy and resolution.

ATeam, a series of FR&Ansors reporting on MgAId®dncentrations, is based on
0KS & aBEdldsysibili& BPBynthase, fused to monomeric sugahanced
cyan fluorescentprotein (mseCFPand circularlypermuted monomericvenus, a
yellow fluorescentprotein (YFP) variantl81]. One of thederivativesof ATeam,
ATeam1.0hD/nA, which shows agléf 0.74 mMfor MgATR has been used to report
on ATHevels inA. thaliang revealing differences in cytoplasmic Addhcentrations
within young seedling$182], and giing insights into chloroplastic ATP dynamics
[183. Since this sensor has already been used withiabid@sis it should be
possible to usé to investigate changes in MgAdd¥els under MgD.
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The reduction in the PMF thought to caube impaired sucrose export observed
under MgD (seé&ection 1.2.4can likely be investigated using geneticaycoded,
ratiometric sensors as wellMany gneticallyencoded pH sensorshave been
developed and have been used to gain insighto biological processesSome
FRE®ased sensors exist among them, but most commonly, these sensors make use
of the ability of some GFP derivativeso change their absorbance and emission
spectrum based on their protonation stat@hesemutated fluorescent proteingan
reversibly tranggion between a neutral and an anionitorm of the central
chromophore During thistheir fluorescence, measurems emission at one specific
wavelength range, will change according to external pHerefore, manyGFP
variants can be used as intensiomefpid sensor$184]. One such protein igcliptic
pHluorin,a GFP mutant that losdlsiorescenceat lower pH values, being completely
nonFt dz2 NBaOSy (i | dtonfarid&missigramsivélenttiéds atpIE €ok ldwer
[185. Intensiometric sensors, howeveran only be used to determine changes or
differences in pH; since thebserved intensity is based on protein expression,
photobleaching,autofluorescence and absorption of emitted light byrrounding
tissues, among other thing¥hese problems can be mostly eliminated by creating a
ratiometric sensor Ratiometric pHIuorinwas constructed byntroducing further
mutations into the protein, ausingexcitation intensity at 395 nm to increasg
higher pH, and excitation intensity at 475 nm to decrefs®4]. A ratiometric sensor
can also be created by fusimgsecond, pHhsensitive fluorophore with a different
excitation and/or emission maximum to the ggensitive fluorophorgpHusionwas
created by fusingthe pHsensitive eGFPto the pHinsensitive mRFH186.
Ratiometric pHIluorin has been used to estimate pH gradients across the plasma
membrane ofArabidopsisoots[187). It is therefore likely thasignificant changes to
the membrane potential caused by MgD could tested using ratiometric pH

Sensors.
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1.5 Objectives

1.5.1 Aims of this project

The importance of Mg in both humanand animal nutrition and agriculture is
becoming more and more clear. Unfortunatebthere are knowledge gap with
respect toMg?*-sensing andsignalling Mg?*-transport and its rgulation and the
effects of MgDthat need to be addressed. Knowledge abdhese processess
ultimately necessary to advance efforts in biofortificatiopield improvement
through improved cropand soitmanagementas well as crop improvement through
sdective breedingand/or transgenic approaches.

The three most viable options available for gaining novel insight into
Mg?*-homeostasis in plantare as follows Bioinformatic methods could reveal
patterns in gene expression leading to identification o tmissing factor$18§].
Non-specific, higkthroughput methods such as forwards genetic screens could
reveal the missing factorfl03 164]. Work on the function and regulation of
Mg?*transporters could reveal interactiepartners either regulating or being
regulated by thenj12Q,.

The aim of this project is taddress each of thesaptions to some degree. The
project aims tofirst establish a firm basis for further research on the symptoms of
MgD by establishing a robyswelldefined highthroughput pipeline for induction
of MgD inA. thaliana This methodis then utilzed to carry out a forward genetic
screen forgenesinvolved in or responding to Mg[Burther,the physiological role
and subcellular localisation of several MRS2>Miginsporters inArabidopsisare

investigated.
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1.5.2 Overview of thesis contents

Chapter 3:An investigation of the physiologicadonsequences omagnesium

deficiency irA. thaliana

A literature search for available, published transcriptomic datasets including data
on Arabidopsis thalianaexposed to MgD was carried out. These datasets were
comparedto find putative MgD reporter genes. Then, to determine whether MgD
could be induced i\. thalianaby growing plants on lowlg?* media for two weeks,
the expression oputative MgDmarker genes was compared betweén thaliana
seedlings transferred to lowlg?* mediaand thosegrown on low Mg* continuously.
Growth of plants on different concentrations of Mfgwas characteéred, and
physiological symptoms of MgD wedetermined for plants grown on continuous
low M¢?*. Symptoms wre compared to those reported in the literature, and a
relationship between mediunMg?*-concentrations ancobserved symptoms was
established.

Additionally, the early, hypothézed symptoms of MgD were investigateding
geneticallyencoded, ratiometricsensors. The MARIO FRE&€hsor was cloned and
transgenicA. thalianaexpressing the sensor generatethe MgATP FRES&nsor
ATeam, as well as the ratiometric fsidnsor pHusion, were used iavestigate
changes in cytosolic MgATBncentrationsand cytosolic and apoplastic pthder
MgD, respectively The results generated were compared to thedel of events

taking place under MgD describedrigure 1.5andFigure 1.6
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Chapter 4Thelocalisation andohysiologicakole of MRS2nagnesiumtransportes

in A. thaliana

SALKI-DNAinsertion linescarryingT-DNA insertions iall MRS29unctionalin
A. thalianaecotype CoD were obtained, and presence ofONAinsertionswithin
eachwas confirmed by PCRisualgrowth phenotypesnd fertilityphenotypeswvere
established for each line usedo investigate suellular localisation and tissue
distribution of select MRS2 family memberays2 mutant lines foundto exhibit
suitable phenotypes were transformed with expression constrectstaining the
respectie MRS2 sequence, fused to GHExpression of the transgenand
complementation of mutant phenotypes was testédr each line. Then, confocal
laserscanning microscopy was used to investigate thesllular localisation of the

GFPtagged MRS2 in each dfd transgenic linebound to expresshe transgene.
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Chapter 5A forwardgeneticscreen forfactors involved imagnesiumhomeostasis

Tocarry out aluciferase(LUCYeporter-basedforward geneticscreen for genes
involved in Mg*-homeostasis RNAsequencingwas carried out using RNA from
A. thalianaseedlings grown omedia containinglifferent concentrations of M&j.
Lists ofup- and downregulated transcripts were compared to previoysfplished
transcriptomic datasetscluding data orgeneexpression under MgD.

Canddate geneswith the potential to be robustly and specifically upregulated
under MgD were chosen, and their promoters were cloned frora0Gg@nomic DNA
(gDNA) before being fused to thdJCopen reading frame (ORFRJandidatesthat
were cloned successfullyeretransformed intoA. thalana. Reporter expressiowas
tested for plants grown on different Mtjconcentrations, andinder several other
stress conditions.

Seedsof LUQreporter plantswere mutagenizedising ethyl methanguphonate
(EMSYo generate a mutagenized screening populatibh seedlings were screened
for loss of reporter expression and increased reporter expres§iandidates found
to exhibit altered reporter expression werearried forward. Identification of
causative mutations in each mutant line was carried out according to the

MutMap/LumiMap pipelind189, 19Q.
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1.5.3 Contributions to thess

All experiments were carried out by me, Siegfried Leher (S.L.), except for cloning
of the MARIO construct foArabidopsisexpression, which was carried out by
Tantawat Nardwattanawong (T.\Nwho was aearin-industry student at John Innes
Centre (JIC, Norwich, UK) at the til@POESanalysis was performed by technical
staff at Universityf East Anglia (Norwich, UK). All contribusbry collaboratoravith
respect toplant materia] DNAprimersanddata analysisre acknowledgedully and

appropriatelyin Chapter 2of this thesis

50



Chapter2: Materials and Methods
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All chemicals were purchased from SigAldrich® (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 RStudi®021.09.), 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

2.1.1Arabidopsislines used in this work

Table 2.1describes the individuad. thalianalines used in this work, including
where each line was obtained from and any publications describing initial creation
and/or use ofthe respective lineAll Arabidopsidines used were in the Columba

(Col0) background.
2.1.2 Growth conditions foArabidopsison agar plates

Seeds were surfaesterilized in 1.5 mL Eppendorf tubes by adding 1.4 mL of a
solution of 62.5% (V/MEtOH, 37.5% (v/v) dB, and 7.5 mg.midichloroisocyanuric
acid (DCICABH91550G), 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 ddHO. Seeds @re then suspended in 1 mL dgiand 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 catited environment room (CER).

Temperature in the CER was maintained at approximately 22°C, with a
LIK2G2LISNA2R 2F wmcs¥and 8 A dark. P@aftavwere usedrad f Y
different stages of growth, as stated. In each case, the age is given asftiys
germination (DAG), assuming two days between plating of seeds and germination

(i.e. the day seeds are plated-B DAG).
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Table 2.1 2 Arabidopsis lines used in this work.

Mutation in & Construct’ Source’  Reference
Colo - - C.S. .
SALK 006797C| AT1G16010/
- NASC [19]1]
mrs2-1 MRS21/MGT2
SALK 080443/ AT3G19640 /
- NASC [197]
mrs23 1 MRS23/MGT4
SALK 201976C| AT3G19640 /
- NASC [19]1]
mrs2-3 2 MR2-3/MGT4
SALK 203866C| AT3G58970 /
- - NASC [191]
mrs2-4 1 MRS24/MGT6
SALK 145997/ AT3G58970/
- - NASC [191]
mrs2-4 2 MRS24/MGT6
SALK 105475C| AT2G03620 /
= - NASC [197]
mrs2-5 MRS25/MGT3
SALK 127086C| AT5G09690/
- - NASC [197]
mrs2-7 MRS27/MGT7
SALK 006528C| AT1G80900 /
- - NASC [197]
mrs2101 MRS210/MGT1
SALK 100361C| AT1G80900 /
- NASC [197]
mrs2-10 2 MRS210/MGT1
mrs21 mrs25 | MRS21, MRSZ,
- V.K. [137]
mrs2-102/ TKO MRS210
AT3G19640 / PMRS23::
mrs231 + 51 S.L. -
MRS23/MGT4 MRS23::eGFP
AT3G19640 / PMRSZ3::
mrs2-31 + 64 S.L. -
MRS23/MGT4 MRS23::eGFP
AT3G19640 / PMRSZ3::
mrs232 + 14 S.L. -
MRS23/MGT4 MRS23::eGFP
AT3G58970 / PMRS24::
mrs241 + 34 S.L. -
MRS24/MGT6 MRS24::GFP
AT3G58970 / PMRS24::
mrs2-42 + 34 S.L. -
MRS24/MGT6 MRS24::GFP
p35S::ATeam
CcATeam 1.1 - M.S. [182
1.03-nD/nA
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Line Mutation in@ Construct Sourcé | Reference

p35S:TkTp::
cpATeam 1.1 - M.S. [182
ATeam1.0shD/nA
. p35S:: mRFR1
cPhusion - J.J. [186]
eGFP
35S::chit::
aPhusion - P J.J. [186]
mMRFPi&eGFP
mrs2-41 + AT3G58970 / p35SMm:: o
CPMARIO MRS24/MGT6 | 6xHis::RbcS::MARI o
pAAA::LUC - pAT2G18193:UC S.L. -
pPER70::LUC - pPER70:UC S.L. -
pDTX3::LUC - pDTX3LUC S.L. -
SALK 082081C| AT5G64560
- NASC [19]]
mrs2-2 MRS2/MGT9
SALK 037061C| AT4G28580
- NASC [197]
mrs2-6 MRS26/MGT5
SALK 028422C| AT5G22830
- NASC [19]]
mrs2-11 MRS211/MGT10

22 Arabidopsis gene identifier, as well as gene name of any genes mutated in the line
in question. ® 2 Transgenic construct present in the line in question, if any. ¢ 2 Source
of each individual l i ne; ~S. L. ° denotes | i ne
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 (Universitit Bonn, Germany);
T.N.: Tantawat Nardwattanawong (JIC, Norwich); M.S.: Markus Schwarznder

(Universitat Minster, Germany); J.J.: Joshua Joyce (JIC, Norwich).

55



2.1.3 Media used for plant growth

The sandard growth medium used in this work was similar to that used by
Hermanset 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 Hermraeslium, (HM). Where
necessary, the Mg-concentration in plates used for experiments was decreased by
reducing the amount of MgS(added to the medium, to achieve the theoretical
concentration specified, while adding an amount ob8l@ equal to the amount of
MgSQ left out to keep the concentration of S® and the osmotic potential
consistent. Where the Mg-concentration was incleda SR | 62 @S wmnnn >azX
amountof Mg*SEOSSRAY A wmnnn > a Fab $pécifideRpBrinBnts) & a 3/ f
other changes were made to this medium to induce deficiency or excess conditions
for various nutrientsTable 2.2gives the composition of HM, along widi 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 used10221.0050, Duchefa Biochme, Haarlem, Netherlandl$192].
Experiments using HM were carried out using chelatashed agar (segection
2.1.3), unless othenige 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 shoage affecting availability of 100 mm square petri dishes.
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Table 2.2 7 Media used throughout this work

Concentration added to medium [uM]

GCompound ,
Standard  Low PQ3“ High C& @ Salt Stress Low K ‘
Ca(NQ) 1000
MgSQ 1000
KoSQ 880 0
KHPO 250 10 2.5
FeNa(EDTA) 20
NacCl 2000 58,000
H:BOs 10
ZnSQ 1
CuSQ@ 0.1
MnSG 1
(NH)eM07Oze | 0.01
Sucrose 0.50%
NaSQ 0 880
Cad 0 24,000
NakPQ 0 247.5
KCI 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 chelatewashed agar

For most experimentsincludingthose aiming to induceautrient deficiencies,
agar was purified usg an EDT#vashing procedure adapted fropi93], removing
metal ionscontained in standard agar preparatioria.a2 LErlenmeyer flask50 g
Type A agar (A455800G)were washed three timedor 5 hwith 1 L of a50 mM
EDTAsolution YWR International, Radnor, UAS, pH 7.5 while stirring on a
magnetic stirrer Agar was then washed six times watHO for 1.5 h each time, with
stirring. Between each andfeer the final wash, agar was filtered usihgjracloth
(Merck Millipore Ltd., Watford, UKThe agar waghen 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 gélength ajar (HGA aga”A9799500Q, as well as
nutrient solutions without agar were submitted to inductively coupled plasgna
optical emission spectrometry (IGPES) analysisHction 2.5.). The results are
shown in Hgure 2.1 and summarizel in Table 2.3 Raw vales are shown in
AppendixB, Table 2.1.

As can be seen frofgure 2.1andTable 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 sigow
concentrations of added Mg indicating neaccomplete removal of ionduring the
washprocedure. At higheadded Mg?*-concentrations, apparent concentrations in
plates made with washed agar are lower than in pure nutrient solutama result
of water remaining in the agar from the wagnocedureand diluting the medium,
as can be seen from thgightlyshallower slope ifigure 2.1 A Besides introducing
large amounts of sodium and phosphorus, although not calcium, use of unwashed
agar shifts the added Mg§measured Mg* - curve upwards, by introducing around
on > &, aacdlculated from therdinateintercept of the linear regression curve
in Hgure 2.1 Aand shown inTable 2.3 Although there are significant differences
between theoreticaladded Mg* and apparent/measured Mg, for ease of use,

added Md@*is used when éscriling experiments going forward
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Figure 2.1 1 Effective concentrations of ions in nutrient solutions and agar
plates made using different types of agar.

A T Relationship between theoretical, added Mg?*-concentration and measured
Mg?*-concentration in plates made with different types of agar. Four to five ICP-OES
measurements per agar type were made, at different theoretical Mg?*-concentrations,
for each set. Trendlines represent best-fit first-order linear regression lines for each
type of agar. B, C, D 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 1 Relationship between theoretical and apparent Mg-concentrations

in media using different forms of Agar.

Type of agar Residual Mg [uM]2  Slope UM.uM1JP  R2[] p-value []

None 4.82+0.291 0.721+ 0.000580 | 1.000 | 6.48 x 10
Washed 3.46+ 0.778 0.672+ 0.00155 |1.000 |5.35x 1€
Unwashed | 30.5% 15.0 0.758+ 0.0237 0.9971 | 6.67 x 1€
HGA 37.2+4.85 0.726+ 0.00968 | 0.9996 | 1.78 x 1¢

Values shown give characteristics of the linear regression lines from Figure. 2.1 A.
The apparent Mg?*-concentration for a given type of agar and concentration of added
Mg?* can be calculated as y = a + b * x; where y is the apparent Mg?*-concentration;
a, the y-intercept, is the residual amount of Mg?* in the medium from contaminations
in the agar, water and stock solutions; x is the theoretical concentration of Mg?* added
viastock solutions;and b i s tehthe cAnsersiorpfactorbetween theoretical,
(added) and apparent (measured) Mg?*-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 folArabidopsison soil

For collection of seeds and DMAmples from leaves, plants were grown on
GW2KYy LyySa Cu {0FNISNI b DNRG¢>X O2yaAraidAiy3
4 kg.m? dolomitic limestone and 1.2 kg:fnOsmocote Starfertilizer (ICL Specialty
Fertilizes, Ipswich, UK). Sensitive plants, such as EMS mutants, were grown on
G SOGAYyIid2y CH {0GFNISNE 6AGK FRRSR AyaSoOdAiOAR
Exemptor® chloronicotinyl insecticide (Bayer Gupnce Ltd., St. Louis, USA).
Plants were grown in 2dell trays of pots, with each pot measuribg5 x5 cmin a
long day CER maintained at approximately 22°C with a photoperiod of 16 h light (90
> Y 2 t?gb)¥ind 8 h dark.

2.2 Arabidopsisgrowth phenotyping

2.2.1 Determination of shoot weights

Arabidopsisseedlings were grown vertically on 100 mm square agar plates
containing HM with different concentrations ofig?* until 14 DAG. At this point,
shoots were separated from roots using forceps, andoshavere gently blotted dry
twice between two sheets of absorbent paper. Shoots were then weighed on an
analytical laboratory balance (Mettler AE 240, Met{lesledo Ltd., Leicester, UK) to
an accuracy of 0.1 mg.

For the experiment ifrigure 3.5and 3.6, Chapter 3as well agHgure 43 and4.4,
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 C@l seedlings, 20ihrs24 1 seedlings and 228irs27 seedlings,
respectively, were aalysed, distributed across three independent biological
replicates For the experiment irFigure 4.5 seedlings were grown on HM using
unwashed agar. Seedlings were weighed individually, before calculating the average
shoot weight for each concentration drgenotype. Between 48 and 77 seedlings per
independent replicate and genotype were analysed, for each of seven genotypes

(Cot0, mrs23 1, mrs23 2, mrs24 1, mrs2101, mrs2102, TKO).
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For the experimergtin Figure 4.7seedlings were grown on HM usingwashed
agar. In this caseall seedlings from one platerere weighedtogether andthe
average shoot weight for each platalculated thenthe total number of plates was
used to calculatehe 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-0Cwirs23 1, mrs23 2, mrs2
31+51, mrs231 + 64, mrs23 2 + 14), and the second experiment contained five
genotypes (CaD, mrs24 1, mrs24 2, mrs24 1 + 34, mrs24 2 + 34). Both
experiments were carried out over three independent biological replicates.

In all cases, significant differences between mean values across genotypes and
Mg?*-concentrationswere determined using twavay analysis of variance (ANOVA)

with Tukey honestly significant difference (HSD) test.
2.2.2 Root measurements

Arabidopsisseedlings were grown vertically on 100 mm square agar plates
containing HM with different concentrationsf Mg?*, 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 ofdateots 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 3.5and 3.6, Chapter 3 and the experiment inHgures 4.3 and 4.4,
Chapter 4, with numbers of seedlings and replicates, as well as genotypes used as
described irSection 2.2.1

For main root length, significant differences across genotypes and
Mg?*-concentrationswere determined using twavay ANOVA and Tukey HEist.

For numbers of lateral roots, a Kruskahllis tesf194], followed by a Dunn te$1.959

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 soiloadng to Section 2.1.5 or of
whole plants grown on agar plates accordingsseztion 2.1.2 not exceeding 300 mg
fresh weight, were taken, transferred to 2 mL Eppendorf tubes, frozen in liquid
nitrogen and initially stored at70°C. Before DNA extractiosamples were
homogenized using a TissueLyser LT (Qiagen GmbH, Hilden, Germauyp|@de
with liquid nitrogen. Samples were shaken at 50 Hz for one minute, twice, after
addingone stainless steel ball bearin@ (nm, M31G100, Simply Bearings Ltd.) UK
to each tube. Homogenized samples were thieortexec with 400 pL extraction
buffer, consisting of 5 M urea, 0.3 M NaCl, 20 mM EDTA, 0.05 M tris
(tris(hydroxymethyllaminomethané (B2005, Melford Laboratories Ltd., Chelsworth,
UK), 2%(w/v) sodium laurybarcosinate (915950G, 0.5% (w/v) sodium dodecyl
sulphate (L4394.00G), 5% (w/v) phenol (P45800ML), and incubated for 5 min at
room temperature. Then, 400 pL of a 25 : 24 : 1 mixture of phenol, choroform and
isoamylalcohol, prepared from phenol and afdform : isoamylalcohol 24 : 1
(C05491PT) was added. Samples were centrifuged for 20 min at 10,000 g, before
transferring the aqueous phase (500 pL) to new 1.5 mL Eppendorf tubes, adding
400 pL isopropanol and centrifuging for another 20 min at 10g)@3oducing a DNA
pellet. Remaining isopropanol was discarded and the pellet washed twice with
500 pL 70% (v/v) EtOH, then the pellet was left to dry and DNA dissolved in 50 pL
ddHO or low TE buffer (10 mMris, 0.1 mM EDTA), pH 7.5. DNA quality and
conrOSYGNI G0A2Yy BSNB RSGSNYAyWCRvOlWreAWE | bl y2RN
Spectrophotomete(ThermaFisher Scientific Inc., Waltham, U.S.A.).
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2.3.2Genotyping by PCR

Genotyping of plants was carried out by polymerase chain reaction (PCR) using
GoTag® DNA Polgnase (PromegaCo, Madison, USA Each reaction contained
2 mM MgdCJ, 0.2 mM of all DNA trinucleotides, 0.8 uM of each primer used, green
GoTag® buffer to a concentration of 1x, and -500 ng template genomic DNA
(gDNA). 0.15 pL polymerase were added2® pL reactions, and 0.3 pL polymerase
for 50 pL 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/éyycles 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.

az2zal 3IASy220eLAy3a t/ wa -LANWNSS NI I tNINKR SSERT 20FNE
were added to each reaction mixture, giving PCR products of different sizes
depending on whether the line in question contained the transfer DNRNAR)
insertion or construct in question or not, or both products in the caselahts
heterozygous for -DNA insertionsTable 2.4gives the primers that were used for
genotyping. LBb1:Bxt was used in all reactions for genotyping SADKIA insertion
lines, in addition to the primers given for the respective line. Lines containing
GFPtagged 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
GDCt wS @ drableé2.2.ILINSs doStalding MARIO and ATeam constructs were
genotyped bgether, including Céd 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
PCRproducts.
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Table 2.4 7 Primers used for DNA genotyping in this work.

Mutant line
/Transgene

Primer name

{S$ljdSyOs

opQ

All SALK lines LBb1.3EXxt. ATTTTGCCGATTTCGGAACCA
006797 LP AGAGCAGGCTTGTAGCACTG#
TKO rs2-1) -
006797 _RP CCATCTGAATGCACCTGGCT!
25 006797 _LP_X AGAGCAGGCTTGTAGCACTG/
mrs2-
006797_RP CCATCTGAATGCACCTGGCTH
080443 LP GCATCTCTCAAAGACTGACGT
mrs2-31 & 2 =
080443 RP GATTCATTTGGACTGTGATTGG!/
203866C LP CATGCAACTGGATGGAATGC(
mrs2-41 & 2 =
145997 RP | CAAGTGGCACATGGTTTGTAAG#
105475 LP CGCCTTCAATCAAACCACAAC
TKO rs2-5)
105475 _RP TGCTCAGAGTGTTATCAACAACH
MrS26 037061 _LP GCTAGCCCGTGTACAAAAGC
037061 _RP GCCGTTGAAGATTTGGTTGG
5 90559 LP ACTTTTTCTGATTCCAACTGG|
mrs2-
90559 RP TGAGGGGTACCATCTTCTTCA
2101 006528C_LP AAACTTGGTGGTGAGAGGAAA
mrs2-
006528C_RP GCAGGATCGTCTTTCAAATAC
100361C LP GCGGTTTAATCACCTGCAACT
mrs2-102 & TKO = .
100361C_RP TGTCTTCACAGAGGCATGAG
211 028042 _LP AATGTTTCGCCAAGTCTCCG
mrsz
028042 _RP GGCCAAACCAACCTCTAGTT(
MARIO seql AGAGCGCCTCGTCGTAC
ATeamand MARIO MARIO_seqg3 GTGACCACCCTGACCTGG
MARIO_seq4 GTAGCCCAGGGTGGTCAC
Both GFP Constructs| GFP Rev. 2 ATTTTGCCGATTTCGGAACCA

Mutant line/transgene i Mutant line(s) or transgenic construct(s) the primers given

were used with.
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2.3.3 DNASequencing

DNA sequencing was carried out using the LightRun tube service offered by

Eurofins Genomics GmbH. Primers used for DNA sequencing are liSeddar2.5

Table 2.57 Primers used for DNA sequencing in this work.

Insertion/Construct Primer name { SljdzSy 0SS opQ
All SALK line insertions| LBb1.3ext ATTTTGCCGATTTCGGAACC/
mrs21 & TKO 006797_LP AGAGCAGGCTTGTAGCACTG,
el 080443 LP GCATCTCTCAAAGACTGACG]
080443 RP | GATTCATTTGGACTGTGATTGG
Mrs2.32 201976 _LP TGTCGCATTGCCACAAATCT
201976_RP CGACATGTTTCTCTCACCGA/
mrs24 1 203866C_LP CATGCAACTGGATGGAATGC
rs24 2 145997 _LP CGCTTGCTAGCTCGTGTACAA,
145997 _RP | CAAGTGGCACATGGTTTGTAAG]
sl 006528 LP AAACTTGGTGGTGAGAGGAA/
006528 RP GCAGGATCGTCTTTCAAATA(C
mrs2-102 & TKO 100361C_LP GCGGTTTAATCACCTGCAAC]
105475 RP | TGCTCAGAGTGTTATCAACAAC
TKO 006797_LP AGAGCAGGCTTGTAGCACTG,
006797_RP CCATCTGAATGCACCTGGCT
pDONR F AACGCTAGCATGGATCTC
All GatewayConstructs
pDONR R AGCTGGATGGCAAATAATG
pPAAA 1 GCCTGAACGAACAACATAC
pAAA::LUC
PAAA 2 GAGCATCTTTATTGGTAAGC
pPER70 1 GAGTTGGATCAGAAACCG
pPER70 2 GTATTTTCATACTCCCTCTG
pPER70::LUC
pPER70 3 CCTAAACTAGTCAGGATGG
pPER70 4 CGTCCCGTTACAACATC
pPMATE 1 AATTGGTAACTCGATAGCG
pDTX3::LUC PMATE 2 AGTATTAAAGGTTCACCCG
pPMATE 3 TGCTCTTTAAGGCACTAAG
Luciferase Constructs QLUCR CGATAAATAACGCGCCCA
LOGoldenGate T7 TAATACGACTCACTATAGG(
fragments SP6 ATTTAGGTGACACTATAG
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Insertion/Construct Primer name {SjdzZSy 0SS 6pQ

M13 fwd. GTAAAACGACGGCCAGT
M13 rev. ACAGGAAACAGCTATGACC
MRS24 (TK) 1 CTCTGTGCTGTGAATCGG
OMRS24:: MRS24(TK) 2 CTACGTTTTGTTTCCAACC
iy MRS24 1 TGGGCTTATCTAGTTGGG
MRS24 2 GCTAGGCTGTGGATGAG
MRS24 3 ACTAAGAATGTCAGCACTG
MRS24 4 TACCATGTCCATTGTATAGC
MRS24 5 AGAACGGCATCAAGGTG
MRS23 1 CCAATATGAGTTCGTCAGG
MRS23 2 CATTCCTCAGCTGCTCG
MRS23 3 GTCTCCTTTTGTTTGTGC
PMRS23::MRS23::eGFP
MRS23 4 GCTGGTTGCAATAACTGG
MRS23 5 GCAGATCGATGGTATACTG
MRS23 6 TGACCACCCTGACCTAC

Insertion/Construct i T-DNA insertion flanking region or DNA construct sequenced
using the respective primers. Pr i mer s A pDONR FOo, ApDONR RO ar
provided by Camilla Stanton; Pr i mer s AT70 and @ SMabroc ow eD dea rpiroo

(both John Innes Centre, Norwich).
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2.3.4 Wholegenome sequencing

Wholegenome sequencing (WGS) was carried out using the -sbad
non-human WGS service by GENEWIZ Germany GmbH (Leipzig, Germany).

Samples consisted of genomic DNA from @386 individual seedlings from
segregating Fpopulations gee Section 5.2.5 Chapter 5), selected for increased
luciferase expression according &ction 27.2. Selected seedlings were pooled,
producing nine samples derived from mutant lines and one control, consisting of 20

seedlings of the unalted parent linegpAAA::LUCThen, DNA was extracted from the

samples according t&ection 2.3.%> 5b! ljdzr yGAide o a | aasSaasSRr

Fluorometer (Thermo Fisher Scientific), before submitting the samples for analysis.
Sequencing was carried out using #dlumina platform with a 2x 150 bp
pairedend setup. The raw sequencing data were processed by Genewiz, removing

adapter sequences using the Trimmomatic v0.36 packagé|, then reads were
aligned to the TAIR10 reference genome for@uoking the BurrowdVheeler aligner
(BWA)[197]. SNPs and indels were detected using the SamTb®8 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 Redime PCR

2.4.1 RNA extraction

Arabidopsisseedlings 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¢ free Eppendorf tubes forach sample, pooling parts from multiple
seedlings. Samples were then flasbzen in liquid nitrogen and stored at0°C until
use. Before RNA extraction, samples were homogenized using a TissueLyser LT
(Qiagen GmbH), preooled with liquid nitrogen. Sanhgs were shaken twice at 50 Hz
for one minute after adding a single stainless steel ball beaBngr6, M31G100,
Simply Bearings Ltd., Y& each tube.RNAextraction was carried out using the
RNEasy® Plant Mini Kit (Qiagen GmbH), according to the manddds NDDa A y & { N3z
The optional orcolumn DNAsealigestion step using the RNAfee 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
usingl b I y 2 R NRlittwvolumg SWis Spectrophotomete(ThermaFisher

Scientific Inc.).
2.4.2 cDNA synthesis

O5b! aeyikKSaara gl a OFNNRARSR 2dzi Ay wn >|
Transcription System (Promega) according toYhe y dzF I Ol dzZNB N & Ay a i N
oligo@dTMs LINA YSNE SAGK | LIIINREAYLFGSte pnann >3

concentration of 2.5 mM Mg&lReactions were carried out in a Mastercycler® pro

GKSNY208 0t SNI G9LIISYR2NFODP | | &y 2 (i NBLAESINE
OGN YAONR LI aS¢ 6bwe¢o O2yGNBE NBIFIOGAZ2Y 4S5
RAf dziSR mYmn (02 3IAGS || FRWAt @2f€tdzYS 2F H.
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2.4.3 Quantitative reverse transcription PCR

Realtime quantitative reverse transcriptioRCR (qRPCR) was carried out as
Mmn >[ NBIF OGA2ya wsglplatds FROchORaQrioSids}BurgegsHillo y n
YOI dzAAy3 RAf dzi SR O5 b ITagReagyRix {S¢439vBachDNBE Sy  WdzY
Mn >[ NBFOGAZAY .02 YWNBSSWSR nppp>[>] 2F SI OK LINAY
2T mn >azx wmyR[ oRRI O5b! ¥ SeNidhl24 RBBiRerst 002 NRA Y 3
used in gR-PCR analysis are shownTable 2.6
All primerpairs used for gRPCR were validated by testing the prinedficiency
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,
M Y w~Mna nnPCRs weraset>up forlpaett prinpedir with eachdilution of
cDNAmix, including undiluted cDN#ix, according to the protocol above, in a
96-well plate Scientific Laboratory Supplies Dtdn triplicate, giving fifteen reactions
per primer, over five dilutions of cDNA. Primers for the same expetimere tested
together on the same 94@vell plate, if possible, together with three replicates of both
NTC and NRT negative controls. Reactions were then carried out iFRa®8iGF6
reaktime PCR detection system (BRad Laboratories, Inc., Hercules AYSThe 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 ptatd step; 30 s at 50°C, then a melirve
from 65°C to 95°C, at 0.5°C intervals. Primer efficiency was evaluata#tibyg the
arithmetic mean of Cvalues 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 Cvalues against the decadic logarithm of the quantity of cDNA

(undiluted cDNA = 1.0). The primer efficiency (in %) was calculated as:
0" QQQOMRE O@T p ZPp T
where S is the slope of the pld@rimers with efficiencies between 90 % and 110

% were used for subsequent HRTR experiments, whereas primeigwvefficiencies

outside of this range were rejected.
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When setting up qRPCR reactions, all solutions except cDNA werearpked in
screwOl L) (1dz0 SAYAES A &4ENOEFNI AyAy 3 | LILINE LINR |
ddHO, and SYBR Green, for all reactiossgl one set of primers at one time.
Required amounts of cDNA were dispensed into wells of a fully skirtece8&PCR
plate Scientific Laboratory Supplies DtdBoth these solutions were then supplied to
a Biomek NXP Sp&ahautomated liquid handling sgem Beckman Coulter Life
ScienceE LYRALFYI LREAAZ ! {! 0% | dzdy2AYEE( AIOFR f @
cDNA into the required wells of the 38&ell plate. gRIPCR reactions were then
carried out in a.ightCycler® 480 SystéRoche diagnostics); theqtocol used was
the same as for the primegfficiency 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 expriment were carried out on the same plate, and each
experiment included two reference transcriptsACTIN2/AT3G18780and
EF1a/AT1G0794@s well as NTC and NRT negative controls. The PCR protocol used
was the same as for primer efficiency reactions (seavahp

When analysing the data, the mean @lue 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 (Eel)) was calculated as:

0 c
The arithmetic meamand standard error of relative expression values between
biological replicates for each sample was calculated, then mean and standard error
for each gene wer@ormalizel to the relative expression of the respective gene at
the control concentration or it KS 02 y (i N2 f ). Sighiffcari difleiSnces p n /
across measurements were determined using tway ANOVA, followed by Tukey
HSD test.
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Table 2.6 7 Primers used for qRT-PCR in this work.
{SjdzSyO®06pQ

Gene Name

Primer name

Actin2 F GATGAGGCAGGTCCAGGAATC
ACT2/AT3G18780 :
Actin2 R GTTTGTCACACACAAGTGCATC
EFlaF TGGTTGTTTGTGTTACCGCTTCH
EF1a/AT1G07940 :
FFlaR CACCTCCGATCAAGAACCCAAT
AAA_Tr F TGCTGAAGTGAGAGATAGGGAAC
AAA/AT2G18193 - -
AAA_Tr R TCCCTGATAGAGTCACCTTTCC
PER70_Tr F CACGTGACTTCGTCCATTTGG(
PER70/AT5G64110 i
PER70_Tr_F AGAAATTCGGCCATCGAGTCTC
MATE_Tr F ATGTGAGGTACTCCAGCTCCT(
DTX3/AT2G04050 - =
MATE_Tr R ATAGCCACCATTCTAGGCAAAC
MRS23 Tr F| CCGTCTCCTTCACTATTTGCATTTC
MRS23/AT3G19640 = =
MRS23_Tr_ R| AAGCAAGAAGGAAACTATGCAATTT
MRS24 Tr F CGCAGAGACATTGTTGGCCAG(
MRS24/AT3G58970 - -
MRS24_Tr R GAGCCTAGCAGCTTCTTCCAC(
19650 F TCATGAGACCACCAAAGCAGCT,
19650/AT3G19650
19650 R ACTTCTCCACGATCCTCTCACA
e luc. Tr F. 2| GATGTACACGTTCGTCACATCTC,
luc_Tr R 2 CAGTGCAATTGTCTTGTCCCTAT
PPR F CTTCTCTCACGCTCTCCAGGTA]
PPR/AT2G20720
PPR R ACACCACCAACTTTAGCAGCCA/
ACALF ATCAGCCTGCCTCACTGGAAA(
ACA1/AT1G27770
ACAL R TTCATCAGGTCGTCCTGTGGTC
MEP F GTCTTCTGTCAAGCAGTTCTTCC
DTX4/AT2G04070
MEP R TAGCCACCATTCTAGGCAAAGC

Gene Name i Designated name and/or and gene identifier of genes transcript levels

of which were quantified using the respective primers. 2 1 the firefly luciferase

transcript, from the LUC transgene.
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2.5 Biochemical and histochemical assays

2.5.1 Agarequilibration and ICFOES

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 falcoitubes, preweighed (w) on an analytical laboratory
balance (Mettler AE 240, MettleFoledo Ltd.). Tubes were weighed again)(then
ddHO was added to each tube to a total volume of about 15 mL, and tubes were
weighed a third time (@). Nutrient solutions without agar, prepared separately,
were sampled athe 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 ieooncentrations to equilibrate between agar and water,
then the supernatant was sepated from the agapieces in the sample tubes by
centrifugation, followed by decanting.

All samples were submittedfor I@P9 { | y It @aAia (2 0GKS ! yAJ:
Science Analytical Facility, and analysed for concentrations of magnesium,
potassum, sodium, calcium, and phosphorus. For samples from agar plates,
concentrations within agar plates were calculated as follows:

R
O U
With cppbeing the apparent iortoncentration within the agar plates in question and
cuw being the concentration measured in the sample duringQES.

For Mg?*-concentratiors across different types of agar, a linear model relating
added to measured/ig®*-concentratiors was created for each agar, and a tway
ANOVA was used to establish siigaint differences between agars. For
concentrations of other ions, measurements across differgligf*-concentratiors
for each type of agar were combined, mean values and standard errors calculated,
then significant differences between them establishedhgsiwoway ANOVAs and

Tukey HSD tests.
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HPpdH {GFNOK aidlFAyAy3a dzaAy3d [daA2f Qa az2f dz

To visualize accumulation of starch in leaves . thaliana at different
Mg?*-concentratiors, a protocol adapted from Feikat al., 2016[200] was used.
Seedings grown on agar plates according3ection 2.1.2using washed agar, were
harvested at the end of the dark periode., 06:00. For seedlings grown on agar
plates containing sucrose, this was carried out at 14 DAG, whereas for seedlings
grown on plats without sucrose, the timgoint chosen was 17 DAG. Four to six
seedlings from eactMg?*-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 ibated at 80°C for 2 h to remove chlorophyll.
Destained shoots were washed three times in d@Hor 5 min on a rotary shaker,
AKIF1TAYy3 G on NLIYZ (KSysleMYobalesStBhwiyi [ dzZ32f Qa
shaking tovisualizeStarch within rosettesShoots were then washed three times in
ddHO 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 takenngsia ZEISS Axidoom.V16stereo
fluorescence microscope (Carl Zeiss AG, Jena, Germany), using thefiéidght
(colour) setting, a PlaNEOFLUAR Z 1x objective and an Axiocam 512 colour camera
(Carl Zeiss AG), generating thig®annel images.

To quantify differences in starch@amulation at differentMg?*-concentratiors,
three independent replicates were carried out for each experiment, with four to five
seedlings imaged péfg?*-concentrationand replicate. Images obtained as specified
above were imported into ImageJ v. 2.1F@r 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
f SI'FT RSGISNN¥AYSR dza A yAgerelidd linedrSriodedoNBet  F dzy Ol A 2
relationship between colour intensity antg?*-concentration grouped by leaf
number, was generated. A twway ANOVA was used to determine significant

differences within the model.
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2.5.3 ROS imaging using fluorescent R&@8sitive probes

To visualize ROS accumulation in leaves of seedlings grown at different
Mg?*-concentratiors, a protocol adapted from Pergd al.[96] was used. Seedlings
grown on agar plates according 8ection 2.1.2using washed agar, until 14 DAG,
were harvested around the mdle of the light periodi.e., 14:00. Seedlings, chosen
G NIYyR2YZI 6SNB NBY2O0SR FTNRY LXIFGSa IyR
5-(and6)-chloromethytH Q-BighlQrodihydrofluorescein diacetate acetyl ester
(CMH,5/ C5!1 0 2NJ nn ¥DHE)RobtK Bh&iNERsBeil SCiknific)yin S0
mM phosphate buffer, pH 7.4. Seedlings were incubated in the staining solution for
30 min at room temperature, then dstained by washing three times in phosphate
buffer for 1-3 min with shaking. Leaves 4, 5 &nd6 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$aseming microscope (Carl Zeiss
AG),using an EC Plaxeofluar 20x objective with a numesl aperture (NA) of 0.5.
Excitation wavelength was 488 nm and emission at-547F nm for CM-LDCFDA.
Excitation at 514 nm and emission at nm for DHE. A chlorophghannel was
included in both cases, with emission recorded at-860 nm. Other seings were
as described irSection 2.6.3 Unstained leaves were used as negative control,
whereas leaves from seedlings spraywith a solution of 20>a ! YA Y& OAY
(A867425MG) in 0.1%v/v) Tween® 20 (P941%0OML)2 h before harvesting were
used as gositive control.

To quantify differences in ROS accumulation across seedlings grown at different
Mg?*-concentratiors, three replicates of the above experiment were carried out,
with four to five images per Mg-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 channelak 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
2y M n tandall othé sample types were dgmined using tweway ANOVA
followed by Tukey HSD test.
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2.5.4 Chlorophyll quantification

To determine concentrations of chlorophyll #rabidopsisshoots, seedlings
grown on agar plates according ®ection 2.1.2until 14 DAG were harvested,
separating shots 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, Mettlefoledo Ltd.) to an accuracy of 0.1 mgiXm
20-50 mg fresh weight per sgpfe, from shoots chosen at random, were transferred
to a 2 mL Eppendorf tube and flafiozen in liquid nitrogen. Samples were
homogenized using a TissueLyser LT (Qiagen GmbHpqiesl with liquid nitrogen,
after adding a 3 mm stainless steel ball bagrSimply Bearings L{dto 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, protectedrndight, until measurements were
taken. Absorbance of each sample was measured on an MBA 2000
spectrophotometer PerkinElmer, Waltham, U.8) at 650 nm (80 and 665 nm
(Pess0 ® [/ 2y OSYUNF GA2Yy 2F OKf 2NRLK&Mvas 6A0GKAY
calculdaed as follows:

0 zZq¢® 0O 21 2¢
&

oM

Two or three samples were analysed per condition and replicate, over three
independent replicates, with seedlings grown on plates containing 60 mM NacCl
acting as positive control. To determine significarifedlences between conditions,

LI A NB R {-téstzR&e/carGed outt

2.5.5 Quantitative and ratiometric ATRassay

ATRlevels within leaf samples, and ATP/ADP ratios within the same, were
determined using the ATP/ADP ratio assay kit from Sigidech MAK1351KIT).
Arabidopsiseedlings (Cédd) were grown on agar plates containing HM with different
concentrations of M§ according toSection 2.1.2 using washed agar, either until

14 DAG on plates containing sucrose, or until 17 DAG on plates withordssu
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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 accueg of 0.1 mg, and 280 mg leaf material per sample were
transferred into 2 mL Eppendorf tubes and fledsbzen in liquid nitrogen. Samples

were homogenized using a TissueLyser LT (Qiagen Gmbktpgdee with liquid
nitrogen, after adding a 3 mm stainkesteel ball bearingSimply Bearings Lfdto

S OK Gdzo6 Sz GKSYy wmnn >[ no®pE | a4l &0)0o dzF FSN
were added to each sample. Samples were shaken, then centrifuged at 10,000 g for

2 min to clarify the extracts. Extracts weused in the assay according to the
YIydzFl OG dzNBNXD&a Ay aidNHzOG A 2-well dplate! (b day/KOwmi S =
Cdc a A ONRetnfdFisher Scientificwas used to conduct the assay, and a
CLARIOStar® plate reader (BMG Labtech, Ortenberg, Germany) wés takedthe

required measurements.

ATP/ADR, 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) akig?*-concentration, then tweway
ANOVAs, followed by Tukey HSD test, were used to determine significant differences
between different M@*concentrations for each plant part. To quantify ATP
concentrations in addition to obtaining the ATP/ADP ratio for the gam tested
while accounting for background absorbance, a calibratiorve of luminescence
versus ATRoncentration was generated via standard addition. One sample was
chosen, and solutions of ATP (A7698) 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
ATRconcentrations within the samples analysed. ARRAd ADRconcentrations
determined duringthe 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) amig?*-concentration. Tweway ANOVAs, followed
by Tukey HSD test, were use@ddetermine significant differences between different

Mg?*-concentrations for each plant part.
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2.6 Microscopy and lighbased methods

2.6.1 Luciferase imaging on agar plates

To quantify expression of luciferase Arabidopsisseedlings across different
genotypes or nutrient conditions, seedlings were grown on agar plates of HM using
washed agar according tBection 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 plas, in two evenly spaced rows of seedlings. Around-ahaigl 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 Mgd, while still onthe 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 Il LB 983 vivoimaging system (Berthold Technologies GmbH &
Co KG, Germany).

To acquire the Iminescence image, an exposure time of 30 s was used, with a
peak emission wavelength of 560 nmbixining and ybinning of 1, with cosmic
suppression and background suppression enabled. The photo the luminescence
image was overlayed on was acquired with 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 Af thaliana An Axio Zoom.V16
stereo fluorescence microscope (Carl Zeiss AG) was used for this purpose, with light
provided by anX-Cite XYLIS Broad Spectrum LED Illumination Sy&Esoelitas
Technologies Corp., Mississauga, Canada), and light filters included with the
microscope used to set gpopriate 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 take using arORCAFlash4.0 V3 Digital CMOS cam@tanamatsu
Photonics K.K., Hanamatsu, Japan). Generally, seedlings were gragargplates
according taSection 2.1.2and left on plates during the imaging process, but in some

cases, leaves from plants gvo on soil according t8ection 2.1.5vere used.
2.6.3 Confocal microscopy

All confocal microscopy was carried out on a Zeiss LSM 780 confocal
laserscanning microscope (Carl Zeiss AG). The acquisition software usedEiNas
2012 SP5 (Blaclexcitation ight was provided by 285 mW Argon lon laser (excitation
lines: 458 nm, 488 nm, 514 nmA pinhole size of 1 AU was used for all experiments,

a pixel dwell time of 1.6 ps, and-lthe averaging for all images representing
experimental output. B2-channel @AsP PMT arragndtransmitted light PMTwere
used as detectors.

Confocal microscopy was used to attempt to establish the subcellular localisation
of MRSZ3-GFP and MRSRGFP in transgenic lines expressing the respective
constructs, and therefore the ladisation of the respective protein. For this purpose,
seedlings oimrs24 1 + 34 were primarily used, and the plasma membrane (PM)
a0l Ay -64C g\ Triethylammoniumpropyi-(6-(4-(Diethylamino) Phenyl)
Hexatrienyl) Pyridinium Dibromide)ThermaoFisher Scientific) was usedvsualize
the PM of seedlings used in experiments. Seedlings to be imaged were immersed in
a solution of 0.7 pg.mLFM4-64 for 15 min while being kept on ice, then washed
three times in HM liquid medium containin@ M Mg*.

Images inFigure 4.11 Awere obtained using ra EC PlaiNeofluar 20x air
objective with a NA of 0.5; images inFigure 4.11 Bwere obtained using a
GApochromat 40xvater immersion objective wittNAof 1.2 In this case, a-3tack
was taken, wih a voxel size of 5 nm (x/y) and 63 nm (z), 36 slices tall, sufficient for
deconvolution analysis. A corresponding image afide ofH pn Y'Y ¢ S NI & LJS
YAONRALIKSNBa Ay tNR[2y3Iun 5AlY2yRherl yiATL
Scientific) was taken, to enablchromatic aberration to be corrected by channel
alignment. An excitation wavelength of 488 nm was used, and emission was detected

at 515525 nm for GFP (900 V gain) and at60p n Yy Y *&& KRbOG/agair).
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Deconvolution analysis and channel alignmesete carried out irHuygens essential
v.19.10 (Scientific Volume Imaging, Hilversum, Netherlarfels) deconvolution, a
CMLE algorithm was used, with 30 iterations. Channel intensities were adjusted
manually.

Images irFigure 4.12and Figure 4.13vere obtained using a&GApochromat 40x
water immersion objective wittNA 1.2 In this case, original images were obtained
as lambdastacks, with 9.6 nm per slice. Individual images were obtained a0 Col
seedlings, (background autofluorescence only), as well a® Gekdlings stained
g A UK -@3gPMA64 only) and unstainethrs24 1 + 34 (GFP only). Spectra for
each of these fluorophores were saved. Images shown are the result of
lambdastacks ofmrs24 1 + 34 seedlings, stained with FM84, subjected to the
linear unmixing algorithm included with the ZEN black software, resolving lambda
stacks into muliOK | yy St AYF3Sa SAGK -84y SFP,OKI yy St

autofluorescence and residuals. channel intensities vestjeisted manually.
2.6.4 Platereaderc¢ based ratiometric assays

Platereader ¢ based assays orArabidopsisleaves were adapted from
De Colet al. [182. Seedlings were grown on agar plates containing different
concentrations of Mg, accordng to Section 2.1.2 either until 14 DAG on plates
containing sucrose, or untii 17 DAG on plates without sucrose. For leaf
measurements, leaves 8,and/or 6 were removed from randomly chosen seedlings
dzaAy 3 F2NOSLAZI (GKSyYy Tiexame BldRcolegntrationthe >[ f A lj dzA R
seedlings were grown on, in wells of a clear-Battom 96well plate Greiner
CELLSTAR® 96 wikID812). Between one and three leaves were placed per well,
depending on leaf size, to keep total leaf area per well consistEot. root
measurements, entire root systems from one or two seedlings were submerged in
onn >[ fAljdAR la Ay ¢Stta 2F (GKS alyS LJXI Q4.
CLARIOStar® plate reader (BMG Labtech), at a focal height of 12 mm, with the
internal tempeature kept at 25°C. Wavelength and gain settings for fluorophores

used are given ifable 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 wseigected to background
correction, subtracting the average fluorescence intensity measured from four wells
with leaves or roots of Cdl seedlings grown under the same conditions as the
sample seedlings.

To analyse the data, backgroundrrected emissiowalues for each fluorophore
and well were retrieved, then the YFP/CQRHRtio was calculated as the output of the
experiment for ATeam, and the GFP/RE&Patio for both pHusion lines. Three
independent biological replicates of the experiment were carried, avith 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 atdduyl
then mixedeffect linear models were generated for the relationship of fluorescence
ratio to Mg?*-concentration and plant part for each reporter. Tsuay ANOVAs were
applied within each model to determine significant differences between
Mg?*-concentations. Additionally, apparent pgradients between cytoplasm and
apoplast were calculated by subtracting fluorescence ratios of aPHusion from

fluorescence ratios of cPHusion.

Table 2.771 Settings for detection of fluorescence intensities for all fluorophores

used in plate-reader experiments.

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. 27 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. Additiongllsince transfer of samples to the-8&ll 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 fullyown 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 forleaves3J n YR p 2NJ cX FTNRY aASSRftAyITa 3IANP
for both cATeam and cpATeam. Readings were taken immediately after tvelb6
plate was set up, as well as every 30 minutes during the next two hours of incubation.
Results arsummarizel in Appendix AFHgure 2.1. 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 obssd 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 dadluiitionalincubationtime,
indicating that time required to set up the expeent likelydid not pose a problem
and additional incubation wasot detrimental to the experiment

To determine functionality of the MARIO Kig-RE®ensor, expressed iA.
thaliana~ Ay LINAY OALX S3 I & ONBpHe&kSSHRdMetSdd$8 | a &l 2 ¢ > |
in Wagneret al, [201], was carried out. Leaves fromweeekold A. thaliang both
Col0 and mrs24 1 + cpMARIQ grown on soil according t&ction 2.1.5 were
collected, placed in preveighed 2 mL Eppendorf tubes, then tubes were weighed
again and flasffrozen in liquid nitrogen. Weighing was carried out on an analytical
laboratory balance (Mettler AE 240, Mettidoledo Ltd.) to an accuracy of 0.1 mg.
Sampes were homogenized using a TissueLyser LT (Qiagen GmbEdpfae with
liquid nitrogen, after adding a 3 mm stainless steel ball beafnggly Bearings Lid
to each tube, then 500 pL extraction buffer per 100 mg plant material were added,

tubes shakn vigorously, and extracts clarified by centrifugation at 10 000 g for 4 min.
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Extraction buffer contained 10 mKk(2-hydroxyethy1-piperazineethansulplonic

acid (HEPES, H33B®0G), 100 mM NaCl, 1 mM EDTA, set to pH 7.5. 30 pL of this
cleared cell etxact were then added to 220 uL Assay buffer (100 mM HEPES, 100 mM
NaCl, 1 mM EDTA, pH 7.5) in wells of a clearpitbm 96-well plate Greiner
CELLSTAR® 96 welD812). 50 pL of solutions containing various concentrations of
MgCh were then added tdhe wells of the plate, to achieve final concentrations of
MgCh of O, 1, 5, 10, 25, 50 and 100 mM, then emission values for the CFP and YFP
settings fromTable 2.7were measured using a CLARIOStar® plate reader, at a focal
height of 11.5 mm, internal tengrature 25°C. All readings fromrs24 1 +cpMARIO
wells were backgroundorrected by subtracting the equivalent reading from wells
with Col0 leaf extract; all readings were carried out as three technical replicates.
Average fluorescence ratios (YFP/Ch#e) standard errors were calculated for each

Mg?*-concentration, then values were plotted in a scatterplot.
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2.7 Generation of transgenid. thaliana

2.7.1 PCR amplification of DNA fragments for cloning

DNA fragments for cloning were obtained from PCRtreas usingQ5® High
Fidelity DNA Polymeragdlew England Biolabs Inc., Ipswich, U.S.A.). Each 50 pL PCR
reaction contained 10 uR5®reaction buffer, 1 mM additional Mg£{3 mM total
Mg?"), 0.2 mM of each DNA trinucleotide, 0.8 uM of each primer, 1Q3@High GC
enhancer, 0.5 HQ5®DNA polymerase, template DNA, and d@Ho a final volume
of 50 uL. Where gDNA or cDNA was used as a template, about 100 ng DNA were
added; when using plasmid DNA,-30 ng were added. PCRs were carried out in a
Mastercycle® pro thermocycler (Eppendorf). Reactions were run aPCRs. 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, 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 pigathlidium bromide
(E151010ML). Sies of DNA bands were verified, then the correctly sized band for
each reaction was ext=d and DNA extracted using the QIAquick gel extraction kit
OVAIF3ASyuvs | OO02NRAYy3 G2 GKS Yl ydzFl Ol dzZNENRAa &L
extracted DNA was meaSlB R dza Ay 3 | bMicsoRMER UWis hy S

Spectrophotomete(ThermaFisher Scientific).
2.7.2 Golden Gate assembly

GoldenGate assembly was used to produce the @&€fged MRS2constructs
and the MARIO plant expression constructs used in this work.

To generate MRS2constructs, necessary DNA fragments were amplified from
genomic DNA extracted from Gdlseedlings according t&ection 2.3.] using the
PCR protocol described 8ection2.7.1. Primers used and fragments amplified are
listed inTable 2.8
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After gel extraction, purified DNfkagments were ligated into the pGEM® vector
using the pPGEM® T easy vector system kit (A1360, Promega&rording to the
YI ydzFl OG dzZNB Nisalh  #a b WHZDU S SF8H né Y2Rdz Sa F2
.ST2NB dzaS gAGK GKS T1AGXZ 5B ATNMYEES yLINE OF
adding a single A overhang to both ends of the fragment. Roughly 200 ng of the DNA
fragment were added to a 10 pL reacticontaining 1 uL GoTaq® buffer, 0.1 pL
GoTag® DNA polymerase, and 0.5 mM dATP.

1 pyL of the finished reactiemixture after ligation into pGEM was used to
transformE. coland recover plasmid DNA according3sction 27.4. Resulting DNA
was subjected to estrictiondigestion according tdSection 27.5, and plasmids
passing this step were sequenced accordingdotion 2.3.3 Fragments giving the
expected sequence were used in the Golden Gate DNA assembly protocol to create
af S@St Mé  ORRaffidofsiblHxprésdion. VIREB::MRS23::GFP was
assembled from pMRS23, MRSZ F1l, MRS2 F2, eGFPand tMRS23;
PMRS24::MRS24::GFRvas assembled fropMRS24, MRS24, eGFRNndtMRS24;
PMRS210::MRS210::GFRvas assembled fropMRS210, MRS20 F1, MRS20 F2,
eGFRandtMRS210 (seeTable 28). TheeGFHragment, in the pGE® vector, with
DD¢D FyR !'!' D/ 2@SNKIy3as>s gl & 3ISYSNRdzaf &
Centre, Norwich). All constructs were assembled into tHESL869000mector
backbone. Each expression vector was assembled in a 15 pL reaction containing
100 ng @& all required modules, 1.5 pL 10x bovine serum albufhaw England
Biolabs) 1 pL BsaHFv2 enzymeNew England Biolapsl pL T4 DNA ligaseherme
Fisher Scientif)¢ and ddHO to a final volume of 15 pL. The reactions were carried
out in a Mastercycle® 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 pyL of each reactmixture was used to transfornk. coliand
plasmid DNA recovered accordito &ction 27.4. Purified plasmids were subjected
to restriction digestion according t8ection2.7.5, and those showing the correct

pattern of bands were used to transforA tumefaciensccording tdSection 27.6.
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Table 2.87 Level 0 modules created during Golden Gate cloning of MRS2::GFP

constructs, and primers used to amplify them from genomic DNA.

Primer Product
Fragment Sequence _
name size [bp]
P23 F X AGGAG
PMRS23 CCTGATCACAATCATCAAACCAAC 1125
P23 R X ACATT
CGCTTATGATTGTTGTGATCAGAG!
2-3F T
MRS23 F1 X TAATGAGAGGAGCTAGACCCGA 400
2-3F1R X AAGGGIGAAACCGAAGGATCCT"
2-3F2F
MRS23 F2 X ACCCTTATTGATGAG 1770
2-3R X TCACATCAAGAAGGCGCTTGTAC]
23 E X AGCTT
tMRS23 GTCGACCAACAACATATTGGGAG 452
t2-3R | X AAGCGCGCCTCGTCGACATGTTTC
2-4 F
OMRS24 p X AGGAGCTTGTGATTGCATTTCTC 1528
p2-4 R X TCATGGATTCCAGCCACGAAAC!/
2-4 F
MRS24 X TCATGEGGGAAGGGCCCCTTAT( 1499
2-4 R X TCACAOGAGCCTAGCAGCTTCTTC
-4 F X AGCTT
MRS 24 CTCCCTCTCTCTTACAAACCATG 839
-4 R X AAGCG
CTAATTGGAAGAAAGTTCTCGATC
210 F X AGGAG
PMRS210 CGCACGTTGTTGTCACCTATAC 807
p2-10 R X ACATT
GTTGCCAATCTCCAGATACTACAA
2-10 F
MRS210 F1 X TAATGTCTGAACTCAAAGAGCGTT 163
2-10F1R| X CTTCTTGAGGC@®BAACATCAACT(
2-10 F2 F X AAGAAGCGTGGAC
MRS210 F2 510 R X TCACC 1456
CAGAGGCATGAGTCTTCTACGTT
2-10 E X AGCTT
IMRS210 AGACATAACTACCCTGACACGTAC( 403
2-10R X AAGCG
CCACTTGGATGGAGACTCTAGTC.

X = GT GGTCTC, two bases to serve as a spacer and the Bsal 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 7 Level 0 modules created during Golden Gate cloning of MARIO

expression vectors and primers used to amplify the required DNA fragments.

Primer Product
Fragment Sequence _
name size [bp]
. GTGAAGAGGCTCAAAT
Mario F _—
MARIO GAGCTCGGATCCCATGGTGAGCAAC
F1 M E1 R GTGAAGABAGCCGATGC
TTCGATATCTTCCAGTTCCGGGCGGG
M E2 E GTGAAGAGGCGGCAQGTCTTTGA
MARIO
AGATGACGACGGCCTGCATGATCAC
F2 Mario R GTGAAGAGGCTCGAAGC
GGATATCTGCAGAATTCTTACTCGAT

Work carried out by Tantawat Nardwattanawong in cooperation with Mark Youles.
Underlined parts of sequences represent the Bpil recognition sequence, parts in bold

represent sequences aligning to template DNA.

Table 2.10 i Additional level 0 modules used during Golden Gate cloning of

MARIO expression vectors.

Module name Fragment identity Overhangs p Q ‘
pICH41373 CaMV 35S promoter GGAG/TACT
pAGM1479 TMVm enhancer, 6x His tag TACT/AAGT
pAGM5331 TMVm enhancer, SV401D6 TACT/AAGT

TMVm enhancer, BcS
pAGM5355 . : TACT/AAGT
chloroplast targeting signal
pICH41414 35S terminator GCTT/CGCT

All modules were obtained from TSL Synbio, courtesy of Mark Youles.

The MARIOconstructs for Arabidopsisexpression were generated by Tantawat
Nardwattanawong in collaboration with Mark Youles (The Sainsbury Laboratory,
Norwich, UK). Th#ARIOsequence was obtained as tiMARI@pcDNA3 plasmid,
purchased from addgen&vvw.addgene.oryy and the required DNAdgments were
amplified by PCR using the primers listediable 29. Fragments were initially ligated

into the pUAP1 plasmid via a Golden Gate assembly, using the same protocol as
above, but using the Bpil restriction enzyme (New England Biolabs), créatei®
modules. AfterE.colitransformation, plasmid purification, restriction digestion and
DNA sequencing, level 0 modules were used in Golden Gate assembly reactions with

Bsal, carried out as described above, to create leyaehbidopsiexpressiorvectors.
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Additional level 0 modules were obtained from TSL Synbio, and therefore represent
gifts from Mark Youles. These are listedTable 2.10 Each reaction contained
pICSL869000D, pICH413VIARIO F1, MARIO Rhd pICH41414. One reaction was
carriedout with pAGM1479, pAGM5331, and pAGM5355 each, creating expression
vectors targeting the protein to the cytoplasm, nucleus and chloroplasts,
respectively. 1 pL of each reactiomxture was used to transforifa. coland plasmid

DNA recovered according tBection 27.4. Purified plasmids were subjected to
restriction digestion according t&ection 2.7.5, and those showing the correct

pattern of bands were used to transforA tumefaciensccording toSection 2.66.
HPT ®o D-tlaniBgs | & u

To generate MgBesponsive reporter plants used iGhapter 5 promoter
regions of putative MgBesponsive genes, identified after RNAguencing
(see Sction 2.8and Section 5.2.1, Chapter)3vere cloned and used to generate
expressiorcassettes 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 27.1 from Cd-0 genomic DNA extracted according to
Section 2.3.1 Primers used for each promoter are listedrable 211.

Promoter fragments successfully extracted in the previous step were integrated
into the pDONR207 entry vector by usiBf Clonase Il enzyme mix (11789100,
Thermo Fisher Scientifit)) OO2 NRAY 3 G2 GKS YI ydzFl Od dzNBEND &
finished reactioAmixture was used to transforrk. coliaccording toSection 27.4.
For each promoter fragment, four different coloniestofcolthus transformed were
selected for plasmid extraction. Resulting DNA was subjected to restrgig@stion
according toSection 275X | YR LI FaAYARAa aLIl aaiydé GKAZ
according toSection 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 reactionLRid@jonase
Il enzyne mix (11791020, Thermo Fisher Scientfidd O2 NRAy 3 (G2 (GKS YI
specifications. 1 pL of the finished reactionixture was used to transforri. coli
according tdSction 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 transforh. tumefaciensaccording to
Section 27.6.

Table 2.11 1 Primers used during Gateway-cloning of putative Mg?*-responsive

promoters
Primer Product
Fragment Sequence _
name size [bp]
pAAAF attB1I-TCTGGTATCAAAGTTTGGTCCTT]
PAAA 1416

PAAAR attB2-GTGTCGGCTGAAGTAAAAAATTT

PER70 pPER7& | attBI-TCGTGAAAATTCTCTGGTCTAAC] 3061
. PPER7AR |attB2-GGGTTTCTTCTTAGTTTTTAACCAA/

DTX3 pDTX3 | attBI-TCCCAGATATGGAGGAATGATGAT 2754
P PDTX3R attB2-GTGTTGTCCTTCCTAATGTTGAA

attBl1 = GGGGACAAGTTTGTACAAAAAAGCAGGCT
attB2 = GGGGACCACTTTGTACAAGAAAGCTGGGT

2.7.4 Transformation oEscherichia colnd plasmid purification

Transformation of plasmids intB. coliwas achieved by heat shock treatment.
{GSEfFNM O2YLISGSyid OStta o¢l YlIwl tsoh2 LyO
Hp >[ @ ™ (-Bixture froh goN@dat® ar §aeyiay cloningéctions 27.1
and272x NBALISOUAOSte0{ 6SNEI NIRRO&T 12 nhy >
tube, kept on ice. The mixture was kept on ice for another 20 min, thensteatked
Fd nuc/ F2Nlcn az ¥F2ff 26 SR liguidsupergpindak S NJ H
broth with catabolite repression (SOC) mediuwmas added, and cells incubated at
37°Cfor 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 specifiedable 212 (bacterial resistance),

as well as 200 pg.mLX-Gal (5-Bromo-4-Chlore3-L ¥ R 2-D-@&dlactdpyranoside

ThermaoFisher Scientificand 1mM IPTGIgopropyl RD-1-thiogalactopyranoside

ThermaoFisher Scientific) to enable blehite screening. For each transformation,

2yS LXFGS g1 a aiaNBI {08 Rndbrepléte wasistreakef with St £ & dza L.
pn >[ 2F GKS &l YST 6AGK SIFOK aSdid 2F GNI¥yaT:
pUC19 plasmid, and a negative control with d@Hwere included. Plates were

incubated at 37°C overnight, then four single, white coloniesawpicked 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).
2.7.5Restriction digestion

For restriction digestion, a combination of Bs#fv2, Bpil, BamHI, Hindlll, and/or
9020Hum of I G4SN HishartSSentificy restrietian etzyreNNI&aL used,
depending on the plasmid in question. Enzymes were chosen satkhinreaction,
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 pL reaction,
using either 2 pL Anza buffer (10x) or 2 yL CutSmart Buffer (10x), 1snggRNA,

20 U of the restriction enzyme(s) in question, and gldHo a final volume of 20 pL.
Each reaction was incubated at 37°C for 1 h, before the entire reaction was loaded
into a 1% (w/v) agarosgel (Melford Laboratories) with 5 pg.mEethidium bramide
(E151010ML), separated by electrophoresis, and bandsializel.
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Table 2.12 7 Antibiotics used during selection of transformants

Plasmid

backbone

Bacterial resistancé

Plant resistancéd

working concentration

working concentration

Ampicillin (Am
pPGEM® > (Amf5) -
100pg.mLt
Gentamycin (G
pDONR207 yein (G -
20 ug.mLt
Chloramphenicol (C
pUAP1 > (C -
50 pg.ml?
Kanamycin (K BAST®(BIpR
0GW LUC ycin (Ka (BIpR)
50 pug.mlLt 20 ug.mLt
Kanamycin (K& Kanamycin (K&
ICSL869000I
> 50 ug.mlt 50 ug.mLt

Antibiotics for both bacteria and plants are given, by plasmid backbone used,

including working concentrations.

2.7.6 Electroporation oAgrobacterium tumefaciengA. tumefacien$

A. tumefacienaised 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 maon containing 50 pg.mirifampicin and 10 pg.mbL
gentamycin was inoculated with. tumefacien@&GL1 (pSOUP) and incubated at 28°C
for 48 h. 5 mL of this culture were used to inoculate 500 mL of LB containing
50 pg.mtt rifampicin and 10 pg.migentamycin, which was incubated at 28°C with
shaking until the optical density at 600 nm @dpreached 0.% 1. The entire culture
was then centrifuged at 4000 g for 15 min at 4°C, beforsusgpending the cells in
500 mL of an iceold solution of 1 mM HEPESdHO, pH 7.0. Centrifugation was
repeated, followed by resuspension in 250 mL HEPES buffer and another similar
centrifugationstep. Next, cells were resuspended in 200 mL 10% (v/v) glycerol,
centrifuged again, then resuspended in 1.5 mL 10 % (v/v) glycCEnis suspension
was divided into 40 pL aliquots and flalsbzen in liquid nitrogen, then stored at

-70°C until use.
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Transformation of expression vectors info. tumefacienswas achieved via
electroporation. 40 pL aliquots oAigrobacteriumfrom the alove protocol were
mixed with 5¢ 100 ng of purified plasmid DNA frofction 27.4, chilled on ice for
5 min, before being transferred into 0.1 cm electroporation cuvettes (1652083,
. A2wlERO® 9f SOUNRLIRNI GAZ2Y 61 & OF NMh SR

2 dzi  dzz

aeaitsSY 6.A2NIRUO gAGK GKS F2tft26Ay3a O2yRAGAZ

medium was added immediately afterwards; the mixture was then incubated with

shaking for 2 h (250 rpm) at 28°C. 200 pL and 50 pL of the cell suspension,

respectively, werel KSy aLINBIFIR 2y G2 Geg2 [ . FF3IFN LXLFGS

NA F I Y LIA OA ytxarbenicilin, 203ug.MY gentamycin, and the antibiotic
suitable for selection for the vector backbone used in the transformed construct
(seeTable 2.13. Plates were theincubated for 2 d at 28°C, before single colonies

were selected for use IA. thalianatransformation according t&ection 27.7.
2.7.7 Floral dipping oA. thalianaand T1 transformant selection

Transformation ofArabidopsisvas carried out via the floral dip methd@02.
A. thalianato be transformed were grown on soil according3ction 2.1.5until bolt
formation. The primary bolt wasut back, followed by growth for another five to

seven days, to encourage secondary bolt formation. Three days before

ONFY yaF2NXYFGA2y S + wmn Y[ | €Al de@éifdmpigiik [ .

mn n >t aatb¥ricillin, 10 pg.mtgentamycin, and thentibiotic according to
Table 2.12 was inoculated withA. tumefaciensontaining the desired expression
vector Section 27.6), incubated for two days at 28°C with shaking, then used to
inoculate 500 mL of LB medium containing the same antibiotics. Thise was
incubated overnight at 28°C with shaking, until thestdvas 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 fLSilwet 77 (306302161, Fisher
Saentific) and 5% (m/v) sucrose in dg] All siliques already formed on the chosen
Arabidopsigplants were removed, then aerial parts of the plants were submerged in

the Agrobacteriumcell suspension for-3 min with gentle agitation.
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Plants were then pleed 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 t8ection 27.8 below.
2.7.8 Selection of homozygous transformant lines

To distinguish successfully transformed individuals expressing the DNA construct
in question from untransformed individuals, seedsfofthalianafrom Section 2.3.7
(T1 seeds)were surfacesterilized in 1.5 mL Eppendorf tubes by adding 1.4 mL of a
solution of 62.5% (v/v) EtOH, 37.5% (v/vk@Hand 7.5 mg.mLDCICA and shaking
for 20 min at 250 rpm. Following this, seeds were immersed in 1 mL 100% EtOH three
more times for one minte 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 thplants in the previous step, according to the cloning
vector usedgeeTable 2.13. Roughly 1000 seeds were applied per plate. Plates were
sealed and placed in a CER maintained accordiSgdiion 2.1.2 After at least seven
days of growth (7 DAG), seedjs growing notably better than surrounding
individuals were transferred to soil, grown to maturity, allowed to $eifilize, and
seeds collected from each individual plant. No fewer than 20 plants were selected
for each construct transformed at this gja.

Seeds from 1 individuals, e.g., oI seeds, weresterilized according to
Section 2.1.2and 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 & in the previous step, as well as antibidtiee 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 orfluorescent protein expression accordingSection 2.6.3. Numbers
for both resistance and transgene expression were subjected to-aqelared test
against an expected ratio 75% of plants resistant and expressing the transgene,

respectively.
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hyteaat g8 0OKSa 2F aSSRa FNRBY 2yS AYyRAGARM
were carried forward, with several individuals put to soil and allowed tofsetfize
in each case. At least five lines per construct transformed were carried forward at
this stage.
Ts seeds were subjected to the same process ase@&ds, however, in this case,
only lines showing 100% antibiotic resistance and transgene expression were

selected and carried forwardg., lines homozygous for the transgene.
2.7.9 Crossing oArabidopss

Plants to be crossed were grown on soil accordin@etction 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. Aquesil
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
contactwith 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 whout visibly emergingdertilized 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 aunterpart 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 dadilized buds, these seeds were

collected separatelfrom 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 repboner
(PAAA:LUR-4-X), previously testéfor 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) KCI
solution overnight. The solution was decanteddareplaced with 20 mL 0.1 M
phosphate buffer, pH 7. Using a syringe and needle, a volume of EMS-{Sdyoh,

Cat. NoM0880-1G sufficient to reach a concentration of 65 mM was then added.
The tube was sealed with parafilm, then gently rocked for 6 tnem temperature.
After this, the seeds were washed twice with 20 mL 0.1 M sodium thiosulphate
(72049250G), then twice with distilled water. Then, the seeds, now considered M
seeds, were transferred onto filter paper and left to dry, after which thegren

sprinkled thinly onto a total of 20 1L soil trays.
2.8.2 Growth of M 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 foruninhibited growth removed seedlings were discarded, and remaining
plantswere allowed to grow to maturity and sdirtilize. At this stage, seeds were

O2fft SOGSR FT2NJ NRPdzAKfteé& (Sy AYRAOGARaA f &

of 50 pools were generated.
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2.8.3 Estimation of seed viability and frequency of mutations

M2 seeds from pools 4.6 from the previous sectiowere mixed in roughly equal
proportions, thenthey weresterilized, plated and grown according ®ection 2.1.2
Seeds were placedn agar plates in 3 evenigpaced rows of 23 seeds each, for 69
seeds per plateA total of 2070 M seedsand 276 seeds @AAA:LUQ-n 6 a LI NBy (i
f Ay Sé¢ iisedorb NIFDAG, seedlings that failed to germinate and number of
seedlings exhiting whiteorpaleA NE Sy O2f 2Nl GA2Yy o6al foAy2 Ydzil
Germination rate and frequency of albino mutants were determined for both M
seeds an@AAA::LUR-4 seeds.

2.9 RNAsequencing

2.9.1 Sample preparation for RN#equencing

Samples of RA submitted for RNAequencing (RNAseq) were obtained by
growing A. thalianaon agar plates containing HM made with washed agar and
containing different concentrations of Mg(15, 50, 150, 250 and 1000 pM added
Mg?*) according tcSection 2.1.2until 14 DAG. Shoots of plants were sampled and
RNAextractions carried out according &ection 2.4.1 Three biological replicates of
the experiment were carried out, resulting in 15 samples of RNA, three per
concentration tested. Immediately after RMtraction, the obtained RNA was split
into two aliquots, with one being flasthozen and stored at70°C immediately.
LY FTRRAGAZ2Y (G2 DblFy2RNRLIM Fylfeéarax GKS €Al
O2yOSYUNI GA2Y dzaAy 3 | vdzrd XAhigw@astizeygtR YS G SNI |y
(Thermo Fisher Scientific); integrity of the RNA was tested using a 2100 Bioanalyzer
system with theRNA 6000 Nankit (Agilent Technologies Inc., Santa Clara, U.S.A.).
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2.9.2 RNAsequencing and initial data analysis

RNAsequencingwas carried out by Novogene Co., Ltd. (Beijing, China), using
their whole transcriptome sequencing service. Quality control was carried out on
&l YLX S& dzLl2y NBOSALIIEZ GAlI bly2RNRBLM | YR
MRNA enrichment using oligo(dbgads. cDNA synthesis was carried out using
random DNA hexamers and reverse transcriptase. After-dirsind synthesis, the
second strand was generated by nic&nslation using a custom secostrand
synthesis buffer (lllumina) with dNTPs, RNase H Bndoli polymerase |. DNA
purification, terminal repair, Aailing, 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 befohecking insert
size on a 2100 Bioanalyzer and quantifying to greater accuracy byPQRT
(library activity >2 nM). Sequencing was carried out on an Illlumina platform, with a
2x 150 bp pairegbnd setup. Error rate for each base was assessed, GC aodtaifitc
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 uaks (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
dzaAy 3 t SNBR2Y Qa nORBGRP/L.10i1 sdtwafe@BRwWaF ddd Aok S
assess differential gene expression across’**Mgncentrations, generating fold
changes in expressi and pvalues for each transcript in the analysis. Volcalais
were generated to assess differentially expressed genes (DEGs), then DEGs were
subjected to hierarchical clustering by expresspofile. Gene ontology (GO)
analysig204] was carried out using the GOSeq packifs], 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 KOH2®52.0

Wherever applicable, false discovery rate (FDRalpe cutoffs 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 fexisting, published transcriptomic data
sets containing expression data frofn thalianaexposed 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,
assummarizel in Table 3.1.

Gene lists including expression for all genes were first trimmed to include only
genes with differential expression. For data frddamiyaet al. [105], a list of
differential expression valewas given for all transcriptomes tested. Since no FDR
p-values were given, transcripts with expression increased more thaifidigdet low
Mg?* were included in the analysis (1165 transcripts). ForeXlial.[104] Expression

levels (FPKM values) for all transcripts in the genome vggven, for multiple

combinations of conditions and two samples each. Expres@ionf dzS& F¥2NJ Gl YO A Sy
CQ,controlMgs &aK220aé¢ |yRWMFIEYEKEPUW a/kh 6 SNBE Ay Of dzR S

analysis. The arithmetic mean between the two samples given for eachtimonwas
calculated, then transcripts for which expression was not detected at low* Mg
(0.0 FPKM) were excluded from the analysis. €blshge in expression was
calculated by dividing the expression under control?May expression under low
Mg?*. Sine no FDR alues were available, all transcripts showing more than five
fold increase in expression were included in the analysis (3626 transcripts).
For Herman®t al, 2010 [101], [102), Table S3 provided with the supplementary
data in both cases, included data on differentiadkpressed genes in young mature
leaves. Since stringent selectionteria with FDR < 0.001 were already applied, all
transcript showing more than a twinld increase in expression in young mature
leaves at any of the timpoints tested, but reduced expression at none of the time
points tested, were included in the anaiy$3618 transcripts for longgrm MgD, 329
transcripts for shorterm MgD). For data from Odet al.[103> G KS f A &

a2 AfR

Ctrivs-0 ¢ AyOf dzRSR 2yte 3ISySa0phntFarBNedy GAl f f &

(g-value < 0.05).
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10 genes showed reduced expression under MgD and were excluded; otherwise, the

list was sed as given (389 transcripts). All five lists of genes were imported into
RStudio, creating a data frame encompassing all five gene lists. A customwssipt

created in collaboration with Marco Fioratti (John Innes Centre, Norwich), allowing
comparisond | aljdzSNE¢ fAad 2F 3ISYyS ARSYUATFASN
of any transcriptomic data sets each member of the query was present in.
VennDiagrans were createdusing the ggVennDiagram packdg67]; colours were

assigned manually after export of the created figunegg Inkscape \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
falsepositives due to low coverage of the control genorpdAA::LUL Raw data
were therefore reanalyse with assistance from Burkhard Steuernagel at the JIC
bioinformatics platform. Sequence data from samples was individually mapped to
the TAIR10 Cdl reference genome, downloaded from ftp.arabidopsis.org. Mapping
was performed with BWA, v.0.7.41188[197].

Mapping was sorted and converted to mpileup format using SamTools 198D
Mapping and sorting were performed using default parameters. Conversion to
mpileup format was doe using parametersB and-Q O.

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
backcrossing procedure. SNVs present in the control weoesidered 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 Mg&land MgMt3, aswell as
MgMt-9 and MgMt10, respectively, which were from the same pools efddeds).
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,
l.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. Mutationgwaeing 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
Fyy2GdFG§SR ad aiGNFyaLkRal aduded ffofn $h¥ Snlysis. ISy S¢ 2 v i
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 mutatiorswatained
from the Arabidopsisnformation resource (TAIR{tps://www.arabidopsis.org), the

Uniprot databaseH(ttps://www.uniprot.org/), as well as any associated publications.

2.10.3 Construction of a phylogenetic tree for the B&3dde of AAA

ATPasem A. thaliana

The phylogenetic tree was constructed using the MEGA software, version 10.1.7,
according to the method outlined by H§#08]. The sequences used were chosen
manually, includingallBC®1f RS ! !l 1 ¢t A4Sa gAGK GNBOBASHESR
in the UniprotKkB Dabase MAttps://www.uniprot.org/uniprot/), as well as
AtFtsH2/VAR2At2930950 and AtAPP1A(5053540, which were included as an
outgroup. One sequence, froAT3G45210was excluded, since the sequence of this
protein was identical to that of BC84elf, 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 algorithrgujdance.tau.ad), which gave a GUIDANCE alignment
score of 0.808.

The evolutionary history was inferred using the Neighboining methodThe
GWe¢e¢ b D b -Taylor¥harRd imodél WeludiSgidrequency information,
with rates among sites Gamnuistributed) was used to produce the treelhe
evolutionary distances were computed using the Poisson correction metAtd
ambiguous positions were removed for each sequence pair (pairwise deletion
option). 500 bootstrapping iterations of the algorithm were run. Otloe tree was

calculated, it wasooted on the branch leading to AtFtsH2 and APPL1.
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Chapter3: An Investigation of the
Physiological Consequences of

MagnesiumDeficiency inA. thaliana
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3.1 Introduction

3.1.1Important gaps in the magnesium homeostasis meirk

As outlined in the IntroductionChapter 1, Section 1.2.5, knowledge pertaining
to Mg?*-sensing, and the regulation of Nfghomeostasis is extremely limited.
Although some candidates, such asHaRd proteins and MRS2 Kfgransporters,
have emergedreliable MgD marker genes have proven to be exceedingly elusive
[105, 188]. It is possible that MY is sensed indirectly; for example, Rigcan
influence transcription to regulate gene expression, as has been demonstrated in
prokaryotes[209-211], butin any casea mechanism must exist to explain the often
rapid and largescale transcriptional and physiological changes observed under MgD.
Mg?*transporters are likely subject to regulatory mechanisms as well, either being
regulated by upstream factors or participating in #¥tgensing and-signalling
themselves (se€hapter 1, Section 1.3. This work therefore aims to gain further

insight into the processes governing uptake and distribution of"Mg

3.1.2Forward genetic seens can reveal members of nutrient homeostasis

networks inA. thaliana

The presence of other yet undiscovered Mgensing proteins and specific
marker genes cannot be excluded. As such, lsiggde, broad approaches might yet
reveal one or more of theemtral elements of M¢f-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 selfertilized (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 menbers of nutrient homeostasis networks with respect to other ions in
the past, including potassium*{K212, nitrogen (NJ213 and iron (Fe)214, 215|.

Although a forward genetic screen for Rtgelated genes in plants has been
carried out before and has produced interesting results, the mutants identified by
this screen and characteed so far have been shown to be ams2-4 mutant [103]
and a mutant insmul, a gene which encodes a splicing factor required for correct
spliang of MRSZ [164]. This screen was carried out on a growth medium low in
Mg?* while also containing excess do mitigate the problem of introducing
Mg?*levels sufficient for plant growth with the agar used to solidify the medium, and
candidate mutants were identified by visual inspect{@®3. This screen revealed
genes that are important for growth under these conditions and upstream factors
necessary for their correct expression, but since the Shigtliated splicing of
MRS27 appears to be independent of exogenous?gvels[164], it failed to reveal
true regulatory factors. Similarly, forward genetic screens for altered- ion
accumulation inA. thaliana[216, 217] and Brassica rapd218 have led to the
identification of mutants with altered Mg-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 vascularmik& While these results have
great implications for research on Casparian strip formation and could aid
biofortification efforts[218], they have not [yet] revealed M&J-sensing oksignalling
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 thise 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 (CDSan easiiydetectable

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 thabtdo n
show the differential expression of the reporter may contain a defect in a part of the
signallingmechanism 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 reportebased 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 propeely |f 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 Kigensing or
-signalling factors, awell as having the potential to reveal transporters and other

factors influencing M§-homeostasis which have not been identified so far.
3.1.3 Prerequisites for carrying out a reportérased forward genetic screen

Several decisions must be made befordisgtup a forward genetic screen using
a transcriptional reporter, particularly the choice of the reporter gene, the
promoter to be used for the reporter construct, and the choice of screening
conditions.

It is necessary to find a candidate gene shydifferential regulation under the
conditions in question relative to control conditions; in tlease whenplants
experience MgD compared to Nfgeplete conditions. The differential regulation
must be as specific to these conditions as possible, sitterwise the screen could
identify genes regulating a pleiotropic response. For examplé:-hkficiency leads
to production of ROS (séhapter 1, Section 1.2.4, and while it is possible that ROS
are one of the prime factors eliciting and modulatingviMg?*-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 R&ghalling pathway. This

makes it necessary to evaluate potential candidate genes daérefu
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Although there are several transcriptomic datasets of good quality obtained from
plants exposed to Mg[D101-105, the search for genes with Mgpecific
upregulation has been unsuccessfdl05. To find a suitable candidate for the
reporter, it was therefore necessary to generate additional data by carrying out
RNAseq onArabidopsisgrown under the specific conditions used for the screen.
These RNAseq data can be compared to previegsherated, published data to
further confirm the findings. A good candidate gene should be part of a universal
MgDresponse,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 eeds 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 Arabidopsiave previously been elucidated and
defined primarilyin 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 addedMermed
GaZ@gAGKRNI gl £ é¢T aéaidsSya & dzOKscdlescraefng.a I NB
Withdrawal of Mg@* from the medium is not feasible during a largeale screen
utilising younger plants, especially since chelating agents specific foridhg are
not available. It was found necessary to grow plants used for screening on medium
containing one specific ogentration of Mg". 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 Mg-concentration barely fficient 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 Mg@*-homeostasis that could not be foundosfar. Both of these
concentrations will have to be determined first however, which necessitates an

investigation of the physiological symptoms of Mg[Airthaliana
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To define the symptoms experienced by younger plants grown on agar plates
containing onespecific Mg*-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 geetic screen, but also for further progress in

elucidating the symptoms of MgD in plants.
3.14 Knowledge gaps regarding the symptoms of MgDAInthaliana

The physiological consequences of MgD have been well documented
[56, 86, 96, 97, 162 219221] (see Chapter 1, Section 1.2.9. Figure 3.1shows 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,
noteSNE &aGSLI Ay GKAA oLl GKgle&é KIFLAa 0SSy
degree, and individual steps await clarification. Additionally, until recej@¥H],
symptoms had been established in mature plants, and they have been investigated
almost exclusively in plants exposed to®\githdrawal.

Growth assays are featured in almost every study involving MgD, and while they
are easy to carry out, they give no infeaition 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 cont@, 86, 97]. Together, this provides
spatial and quantitative inforition, making this a webstablished 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 [96]1221, 222,
and the results are mostly consistent across the litera{u@, but these assays are
carried out on homogenized tissues. Recently, fluorescentse@Ssitive probes have
been used to good effe¢®6], but more data on the nature and distribution of ROS

could be valuable.
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Figure 3.1 - Physiological symptoms of MgD, in "causal" order, along with

assays used to test for each.

Starting with fLow medium Mg?*0 at t h e ok iodcates ena symptdm, 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
confrmed yet. Br acket s a-OBB8o0di AdCPate t hetitedttohi s ass

confirming this symptom.
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Spectrophotometric chlorophyll assays are commonly performed and simple to
carry out, and show reduced chlorophyll content in Adeficient leaes
[86, 96, 97, 219. ChlorophyHcontent can also be determined by measuring
chlorophyll fluorescence, which has been used as weB, 97, 100, 221]. More
importantly though, more sophisticated measurements can be used to gain deeper
insights into the disruptions to photosynthesis. Photosynthetic electransport
can be examined by measuring fluorescence transients of the phderags this
method has determined impairments of photosynthetic electftow 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 phosphateleficiency on the electron transpodhain[223. The results
from these two studies appear very slar, and could indicate that MgD and
LIK2aLIKIFGS RSTFAOASYOe aKFNB GKSANI LINR Yl NE
electron transport chain. However, more evidence is needed to support this
hypothesis.

ICROES or IGMIS are often used to confirm a redtion in Mg*-abundance in
plant tissues exposed to Mg[B6, 96, 97, 221]. However, Mg™-pools within
organelles are much larger than the cytoplasmic géd], and this technique lacks
the ability to distinguish between the two. There are no data onJWgithin the
cytosol or specific organelles under MgD. Assessing the concentration of MgATP,
thought to be a crucial step in the occuri@of the symptoms of MgD, is even more
difficult, and data are similarly lacking. Therefore, while the downstream symptoms
of MgD are weltharacterzed, the initial steps thought to cause these symptoms are
not sufficiently understood, and new tools areeeded in order to improve this

situation.
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To test the model of MgD frorRigure 3.1 it is necessary to ascertain whether
cytoplasmic Mg, and subsequently cytoplasmic MgATP, is reduced to a significant
degree in leaf cells before the onset of other gtoms. It would be necessary to
create a timecourse of intracellular concentrations of these metabolites, or to define
their concentrations over a range of external ¥goncentrations. A plethora of dyes
are available which can report on Ktegconcentratons [169], but it is difficult to
introduce them into cells in physiologicatlglevant 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 sems for Mg*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 obsematio be made to
achieve the sample size and/or temporal resolution requir&imilarly, the
hypothesized reduction in the PM pH differential can be investigated using

ratiometric pH sensors present on both sides of the PM.
3.15 Aims of thischapter

The aim of the experiments described in this chapter was to first establish a
protocol for reliably inducing variable levels of MgDAIrthaliana seedlings grown
on agar plates by varying the concentration\dg?* added to the medium, then to
use UKA&a LINRPG202f G2 I R@IyOS 1y2¢fSR3AS
Sections3.2.1and 3.2.2 of this chapter lay the foundation for the reportéased,
forward genetic screen described @hapter 5 by establishing said protocol and
confirming that the symmms of MgD induced are similar to those previously
described.Section 3.2.3escribes the generation of alrabidopsidine expressing
the Mg*responsive FRESensor MARIO, as well s vitro validation of MARIO
function. Results of evaluation of cytagimic MgATHevels, as well as cytoplasmic
and apoplastic pH using the geneticadlycoded ratiometric sensors ATeam and

pHusion are described Bection 3.2.4
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3.2 Results

3.2.1 Expression of putative Mgiarker genes can be induced by

continuous growth on low Mg*

The most efficient way to establish the possibility of inducing MgRraidopsis
seedlings grown on loMg?* continuously, as opposed to transfer to low NMgwas
to compare the expression 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 lo¥ Mg
was carried out. This search returneive datasets associated with recent
publications. The conditions used to grow the plants in quesiot to induce MgD

in each of these studies varied widely, as showhable3.1.

Table 3.17 Existing A. thaliana transcriptomic data sets including data on gene

expression under MgD used over the course of this project

Reference Conditions Mg?*-stress Age [DAG] Method Name
Hermanset al., . Withdrawal :
Hydroponic 42 Microarray A
2010b[10Z (7 d)
Kamiya .| Continuous _
Hydroponic 14 Microarray, B
et al.[105 (15 uM)
. . Withdrawal
Niuet al.[104 @ Hydoponic (7 d) 42 RNAseq C
Continuous
Odaet al.[103] | Agar plates 14 RNAseq D
(0 pv)
Hermanset al., . Withdrawal .
Hydroponic 35/36 Microarray E
2010a[107]] (4-28 h)

Conditions T Conditions used to grow the plants in question. Mg?*-stress i Type of
Mg?*-stress applied to plants, either continuous growth on low Mg?* or withdrawal of
Mg?* from the medium at a certain point. Age i Age at which plants were harvested
before transcriptome data were obtained. Method i Method by which transcriptome
data was obtained. 2 T Plants were grown on agar plates containing 1.5% (w/v)

purified agar; effective Mg?*-concentration was therefore greater than 0 pM.
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Lists of differentially expressed genes (DEGs) associated with each of the
publications inTable 3.1 were downloaded and trimmed to include only genes
expression of which was significantly induced by MgD (either adjustedye < 0.05
or > b5fold increase in expression where-vplues were not available
(seeChapter 2 Section 2.10.). This gave lists of 3618 genes (Hermetre., 2010a,

Ain Table3.1); 1165 genes (Kamiy al., B); 3626 genes (Niat al., ; 389 genes
(Odaet al,, D); and 329 genes (Hermaasal., 2010bB), 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 genpeang

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(Q2%3%

were present in all five of the transcriptomic datasets comparehle3.2 gives the

11 genes present in all five of the datasets.

From the available descriptions and functional annotations of the genes
appearing infable3.2, it appears that a sigficant portion of these genes are either
general stressesponsive or involved in the response to R&D®ss, one of the
downstream symptoms of MgD (entries # 1, 4, 5 and 18). Two are thought to respond
to or bind C&" (# 6 and 10), and two appear to lievolved in responses to biotic
stress (# 4 and 10). Of special interest are three poorly annotated genes, two putative
P-loop NTPases and one-B&nd protein (# 6, 7 and 9). Entries # 6 and 7 appear to
be primarily expressed in senescing leaves, but #e9ns to be expressed in most
tissues, according to the Klepikova at[@24]. Nevertheless, none of these genes
were deemed sufficiently likely to respond specifically to MgD to be used as
candidate MgDreporter genes, since even entry # 9 is known to respond to many
biotic stresses, as well as cold and-B'¥¢xposure according to th&rabidopsiseFP
browser [225. Therefore, the search was broadened to include genes present i

fewer than five of the examined datasets.
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Table 3.27 Genes upregulated in all MgD transcriptomic datasets analysed.

Locus
Identifier

Gene Description

Regulator of Vps4 activity in the MVE

Gene Symbol

1 AT1G1334C _ ISTILIKE 6 (ISTL6
pathway protein.
PMABC transporterinvolved in ABA | ATRBINDING CAS¢
2 | AT1G1552C _
transport and resistance to lead. G40 (ABCG40)
Encodes a walassociated kinasdhe = WALL ASSOCIATE
3  AT1G2124C _ :
MRNA is celio-cell mobile. KINASE 3 (WAK3)
Senescence associateresistanceo SENESCENEES
4 | AT2G2935C ,
fungal pathogens. Induced by ROS| GENE 13 (SAG13
Tau class ofjlutathione S transferases GSHSTRANSHAU
5  AT2G2946C ) ,
Role indegradation of KO, to HxO. 4 (GSTU4)
Calciumbinding EFhand family
6 | AT3G0183C , -
protein.
P-loop containing nucleoside
7 AT3G2858C . , -
triphosphate hydrolases superfamily
Member of the glycolipid transfer PHOSPHOLIPASE
8 | AT4G3967C _ _
protein superfamily. LIKE PROTEIN (GL
P-loop containing nucleoside
9 AT5G1776C . , -
triphosphate hydrolases superfamily
Calmodulin binding is dependent on CAMBINDING PR.
10 | AT5G2692C _ _
C&*. Inducible by bacterial pathogen| 60-LIKE GCBP60G)
Encodes glutathione transferase = GSHSTRANSHAU
11 | AT5G6248C _
belonging to the tau class of GSTs. 9 (GSTUY9)

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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Tovisualizethe ovelap between the transcriptomic datasets frofable3.1, a
Venndiagram was created from the first four gene lists, showrrigure3.2. The
shortterm dataset B was excluded to keep the diagram simple, since it is the
smallest and least relevant to theathodology of a mutant screen. In this analysis,
84 genes appear in all four included datasets. Gsthe largest, contains many
unique genes (2047), likely including many fagssitives, whereas for the smallest
list, that of Odaet al., around 25% athe 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 multig transcriptomic datasets was considered, but also absolute
expression, fold upregulation, putative functions and whether the respective
candidate had been used previouslyable 3.3 shows all transcripts used in the
analysis, including reference transdepACT2and EFlawere used as references
according to Czechowsi al.[226]. MRS 24 was included in the analysis tonfirm
whether the transcript level changes under MgD condition, since recent results
indicate this might be the casfl3§], contrary to previous result$101, 102].
PPR/AT2G2072®as 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 {©®8& in Hermanset al, 2010bA).
DTX/AT2G04070was included due to its implied function during chlorophyll
degradation, strong upregulation, and similarity t®TX3 highlighted in
Kamiyaet al./B.
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Figure 3.2 7 Venn-diagram giving overlap between four of the transcriptomic

datasets described in Table 3.1

Each ellipse denotes one datasetfromTable3.1, according to |l etters from
column. Hermans et al., 2010a [101] (E) was excluded since it was the only

Ashobet mo dattaleeptthe dimgram 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 3.37 Transcripts included in gRT-PCR analysis

Gene symbol Locus identifier Gene Description Datasets?

Encodes @&onstitutively
ACT2 AT3G18780 _ 0
expressedctin

GTP binding Elongation factor T
EFla AT1G07940 _ _ 2
family protein

MRS24 / Transmembrane magnesium
AT3G58970 0
MGT6 transporter

Pentatricopeptide repeat (PPR)
PPR AT2G20720 , _ 4
superfamily protein

Encodes a chloroplast envelop
ACAl AT1G27770 3
C&*-ATPase

Xenobiotic detoxification by
DTX4 AT2G04070 4
transmembrane export

gRT-PCR analysis was carried out to detect effects of MgD on a transcriptional level
in Arabidopsis exposed to low Mg?". ACT2 and EFla were used as reference
transcripts. Gene descriptions were obtained from TAIR. ai 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 logéNb those induced
by continuous growth on low Mg in Arabidopsisseedlings, two different
experiments were carried out; in both case, agar used to solidify the plates was
subjected to an EDP&ash procedure, removing contaminating ions and ensuring
that MgD could be induced (se&gction 2.1.9.

For the transferexperiment, CeD seedlings were grown on agar plates
containing Hermansnedium (HM, se€hapter 2 Section 2.1.3 supplemented with
sufficient Mg*to mnnn  >av dzy U kahsfemed to M§-PepletelipkatSsy
602y GNREf O LI I GSa G2 brHW koyitdining 60 mMNadk n - >
(+NaCl). The sadtress condition was included to test whether genes in the assay
were generally streseesponsive. Seedlings were harvestidiree days and seven
days posttransfer, then expression of the genesTiable3.3was quantified in both
roots and shoots via gRACRFigureS3.1gives results of the experiment for roots,

andFigure3.3those for shoots.
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Figure 3.3 1 Relative expression of candidate MgD-responsive genes in shoots
of seedlings after transfer to low Mg?* or excess NaCl.

Col-0 seedlings were grown on Mg?*-replete plates until 14 DAG, then transferred to
plates without added Mg?* (- Mg), with 60 mM NacCl (+ NaCl) or 1000 uM Mg?*. Gene
expression in shoots of seedlings after 3 days (A) and 7 days (B) was determined by
gRT-PCR. Expression levels for all transcripts were normalized to expression of
ACTINZ2 and expression of the respecti ve tr anscr i @tcadingto thad
o p €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 pM Mg?*
and the respective condition, as determined by a two-way ANOVA followed by Tukey
HSD post-hoctest ( ¥p <0.1;*-p <0.05; ** - p <0.01; ** - p <0.001).
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For the experiment on continuously low Kfgseedlings were grown on plates of
gFraKSR ' 3F NI O2y il AyAy3a nZunihpiDAG theh geme N X H [
SELINB&aarzy ¢l a (SatSR Ay ark2®idanotde f & d {
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 aresummarizel in Figure3.4.
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5
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Figure 3.4 - Relative expression of candidate MgD-responsive genes in shoots

2- ]1 1
m N
50

of seedlings after growth on different concentrations of Mg?*.

Col-0 seedlings were grown on agar plates containing different amounts of Mg?* until
14 DAG. Gene expression for candidate genes from Table 3.3 was determined by
gRT-PCR. Expression levels for all transcripts were normalized to expression of
ACTIN2and expression of the r es paecordinguoethet r anscr
g €method. The dimensions of the Y-Axis are scaled to match the square root of
the associated values. Columns represent mean values (x SEM) from three
independent experiments, each carried out as three technical replicates. Symbols
above error bars denote significant differences between expression on 1000 uM Mg?*
and the respective concentration, as determined by a two-way ANOVA followed by
Tukey HSD post-hoctest ( ¥p<0.1;*-p <0.05; * - p <0.01; ** - p <0.001).
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In both experiments, expression of the two refereri@nscriptsdid not vary relative
to each other at any of the conditionsndicating that they represented suitable
references Expression oMRS24 or ACAldid not change significantly either of
the conditions tested; however, expression of b&FPRand DTX4was significantly
increasedboth after transfer to lowMg?* media or after growth on plates with
15 uM added M. The two treatments therefore seeed to cause similar effects.
Although the magnitude of the increase in expression observe®10f4and PPRn
shoots was greater after transfer to leMig®* media, the variation in expression was

smaller for the continuous experiment.

3.2.2 Continuous, mderate Mg’*-deficiency elicits previously established

symptoms of MgD

The physiological symptoms experienced by plants grown on individual
Mg?*-concentrations continuously were tested and compared to those reported
previouslyandoutlined inSection 3.1.4

First, growth of seedlings on different concentrations of’Mgas tested. Cel
seedlings were grown on agar plates containing washed agar and
Mg-0O2 Yy OSYGNY GA2ya 2F mMnnnX HpnX mMpnX pnx wmp |
shoot weight was quantifiefor each concentration. Additionally, main root length
and number of lateral roots per plant were determined at 10 DAG. Results are shown
in Figure3.5. Both shoot weight and main root length increased significantly at lower,
but sufficient M@*-concentrdions Figure3.5 A&B0O @ !  Rf,pthe ruabeadd
fFraGSNIt NR20Ga 61 & airdyirFAERGugds GandtBes SNI G Ky
aK22U0 6SAIKE ¢l a at A Fiaducion B faeBdotaBaR® ! & n >
nearly completely abolished arghoot weight never exceeded 1 mg, but main root
length was not significantly reduced. To quantify the reduction of lateral root
numbers at lower M the number of lateral roots per plant was divided by the
length of the main root for each concentrationymg the number of lateral roots per
mm main root Figure3.6). This revealed a consistent trend, with lateral roots per
mm decreasing with decreasing medium ¥ gdespite seedlings showing higher

shoot weights and main root lengths at the intermediatencentrations tested.
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Figure 3.517 Growth of A. thaliana seedlings on different Mg?*-concentrations.
Seedlings of Col-0 were grown on agar plates containing HM made with washed agar,
with different concentrations of added Mg?*, until 14 DAG; various characteristics of
the seedlings were determined. A T Mean shoot fresh weights of seedlings at
14 DAG. B i Main root length of seedlings at 10 DAG. C i Boxplot of numbers of
lateral roots per plant at 10 DAG. Columns in A and B represent mean values
(x 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 uM Mg?* and the respective
concentration {pi<0.1;*-p<0.05;* -p<0.01;**-p<0.001).
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Figure 3.6 i 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 Mg?*. 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 (x 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 uM Mg?* and the respective
concent r@adt0.lp*Ap |0i05; * - p <0.01; ** - p < 0.001).
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The next symptom tested was starch accumulatioreaves of plants exposed
to MgD. Seedlings were grown on plates containing different*Mgncentrations
until 14 DAG, as before. Since no significant overall growth impairment could be seen
4G O2y OSYy dNI A 2Yal i Rad& stanted groavth to Fhe point
of preventing seedlings from being used in experiments, concentrations of 1000, 50,
Mp YR T ®p Zware ¢thédséhSoRthimeXperiment. At 14 DAG, seedlings
were harvested at the end of the dark periddhder normd conditions, little starch
is present in leaves at this time, having been consumed during the dark period. Starch
present in shoots wagisualiz& o0& adlAyAy3a gAGK [dza2f Qa
images of stained seedlings are showFigure3.7 A Addtionally, starch levels were
quantified by numbering leaves in order of emergence (as showigure3.7 A and
measuring the average colour intensity over the entire area of each leaf of the
stained plants on the red channel of the threbannel imagesaken Figure3.7 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 steccimulation
Ad y20 RS{SOG¥ ortaSove) bt carre seera for ahd8 two lowest
O2y OSy i NI G A 23, atabch hcdumugtionisaignidicant in leaves 1 through
pX G(GKS 2fRS&al (2SdigAfantbstainidlg can d@ seenan leav@s 1
through 7, which most likely equates to all fullypandedéavesij.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 Mg?*, until 14 DAG, before being

subjected to a starch staini AgRgpresentatve ol usi

image of a stained seedling from each concentration tested. Leaves are numbered
according to order of emergence. B i 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 ofA. thalianaunder MgD, seedlings grown in the same way as for detection
of starch accumulation were treated with two different REShsitive probes:
CMH.DCFDA, a general Rehsitive probe, and DHE, a superoxgpecific probe.
These celpermeable dyes exhibit areased fluorescence upon encountering either
any ROS species or superoxide’)(Orespectively. 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 conftasgrscanning microscope. Average
fluorescence intensity across the-fiocus area of the image was measured and
analysed. Unstained seedlings were used as negative control, and seedlings exposed
to the ROStress inducing chemical Antimycin A (AA) weseduas positive control.
Results are summarized fgure3.8. For both CM-LDCFDAHigure3.8 A and DHE
(B), significant differences in measured fluorescence interNily t | G A @S (2
Mg?*, and therefore ROS accumulation, could be seen for seediingsn on
T ®p >%j asawdl 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 R&%es

present in seedlings exposed to MgD.
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Figure 3.8 17 ROS levels in plants grown on different Mg?*-concentrations.
A. thaliana (Col-0) seedlings were grown on agar plates containing HM made with
washed agar, with different concentrations of added Mg?* (X-Axis, concentrations in
e M)until 14 DAG, before being stained with the fluorescent ROS-sensitive probes
CM-H>DCFDA (A) or DHE (B). Fluorescence intensities were recorded; columns
represent mean values (x SEM) from three independent replicates of 4-5 leaves per
replicate and concentration. AA i Seedlings were sprayed with a solution containing
20 uM 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 yM Mg?* andthe r espect i vep<®ln*dip&i0.05n
** . 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 achlorophyll extraction protocol. Concentrations of chlorophyll in
resulting solutions were measured by spectrophotometry, and concentrations in
fresh leaf tissue calculated for seedlings from each of thé"Mgncentrations used.
Seedlings exposed to salress were used as a positive control. Results are shown in
Figure 3.9. A significant reduction in chlorophyll concentrations can be seen for
aSSRf Ay 3a 3 NP as wdlds those pinder salt stréss (60 mM Nacl).
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Figure 3.91 Chlorophyll levels in plants from different Mg?*-concentrations.

A. thaliana (Col-0) seedlings were grown on agar plates containing HM made with

washed agar, with different concentrations of added Mg?* (X-Axis, concentrations in

e M,)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 p(MMg®*and t he respec-tpi<kQE condi f
*-p<0.05;**-p<0.01; ** - p<0.001).
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3.2.3 MARIO can be functionally expressediinthalianaand used to

report on Mg?*-concentrations

To confirm the reductiosof [Mg?*] in plants grown on lovMg?* mediareported
in the literaturg as well as to investigate spatial and temporal dynamidd/gf],
the Mg?*-sensitive FRET sensor MARIO had to be expresgedhaliana A plasmid
containing the MARIOCDS 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 iRigure 3.1Qwork performed by T.N.). Next, @almrs2
41 andmrs24 2 plants were transformed with each of the constructs via floral dip.
After transformantselection, 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 (s€able3.4), an instance ofnrs24 1 +
cpMARIO(chloroplasticall-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 inconsistergyre3.11). Although small foci of
fluorescence indicate correchloroplasttargeting in someareas larger fluorescent
areas show that expression in this individual is not always restricted to plastids,
indicating mistargeting of the protein. Genotyping of six different transformants by
PCR showed that all individgalested contained theMARIOCDS, indicating that
while the transgene was present in these lines, MARIO protein was not being
expressed. Growth ahrs24 1 +cpMARIQn soil appeared similar to the parent line,

mrs24 1, although rosette size may be slighteduced FigureS3.2).
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Cytoplasm: Q & 6x His
Nucleus: Q& SV40 NLS
Chloroplast:Q & RbcS CTP

AN

LB 35 S promoter MARIO CDS 35 Sterminator — RB

Figure 3.10 1 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. q 7 Tobacco mosaic virus omega enhancer. 6x His i A tag
sequence consisting of 6 Histidine bases, amenable to purification by affinity
chromatography. SV40 NLS i Nuclear localisation signal (NLS) from simian
vacuolating virus 40 (SV40). RbcS CTP i Rice Rubisco small subunit (RbcS)
chloroplast targeting peptide (CTP). LB i A. tumefaciens left border (LB) sequence.

RB i A. tumefaciens right border (RB) sequence.

Table 3.4 - Number of transformants tested for MARIO expression for each

background transformed and targeting sequence used.

Individuals tested

Background , :
(Number showing expression)
Cytoplasm¢yMARI} 22(0)
Col0 Chloroplast¢pMARIQ 9(0)
Nucleus iMARIOQ 19(0)
Cytoplasm¢yMARIQ 8(0)
mrs2-4 1 Chloroplast¢pMARIQ 4(1)
Nucleus {MARIQ 19(0)
Cytoplasm¢yMARI} 10(0)
mrs2-4 2 Chloroplast¢pMARIQ 2(0)
Nucleus iMARIOQ 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 7 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 Mo
experiments were possible. However, it wasssible to validate functionality of the
reporter, as expressed . thaliang in a proofof-concept experiment adapted from
Wagneret al. [20]]. Leaves of two individual mreR 1 +cpMARIOplants were
therefore harvested and protewextracts prepared. After addition of different
concentrations of Mgelto clarified protein extracts, FRET ratios exhibited by the
extracts were measured; results asemmarized irFigure 3.12 A clear correlation
between added Mg 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 rawRET values (YFP/CFP ratio,
Figure 3.12 A these differences are much smaller when normalized values are used
("R/RO0,B). Variation between technical replicates for the same individual/extract

was small.
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Figure 3.127 FRET ratio exhibited by MARIO at different Mg?*-concentrations.

AT FRET ratios recorded for each concentration. BT FRET ratios, normalized to the
ratio observed at 0 mM added Mg?* ( R o)/ TruRleaves from A. thaliana expressing
the MARIO FRET sensor were ground and whole-leaf extracts prepared. After adding
various concentrations of MgCls to the extracts, FRET ratios (YFP/CFP emission after
excitation of CFP) for each Mg?*-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 Mg*-deficiency may lead to altered ATFlevels and pH irA. thaliana

To measure changes in MgATlevels in plants exposed to MgB, thaliana
expressing the MgATPRsensitive FRET sensor ATeamtD@nA in the cytoplasm
and chloroplasts, referred to as cATeand cpATeam, respectively, described in
De Cokt al.[182], were obtained, courtesy of the Schwarzlander lab at Universitat
Minster, Germany. Additionally, to measure changes in intracellular and
extracellular pH under MgDA. thalianaexpressing the pHusion pbkensor in the
cytoplasm and apoplasm, termed cpHusion and apHusion, respecti&dly were
received courtesy of Joshua Joyce at John Innes CentreacATcpHusion and
apHusion plants, but not cpATeam plants, showed sufficiently strong fluorescence
signals to be used in a plateader based assay reporting on cytoplasmic
MgATP-concentration, cytoplasmic and apoplastic pH simultaneously
(seeChapter 2, Sction 2.6.9.

Seedlings of cATeam, cpHusion and apHusion, as well @5 Wete grown on
F 3N LI FGSa O2y il Ay A y?Has efoie KASIMDAG randdinlyp 1~ 2 N
chosen leaves and roots were excised and placed in the wells ofwaelD@late.
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-0fi€les
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 #goncentrations. Results are
summarized irFigue 3.13

The apparent MgATR 2 Yy OSY UNI GA2Y Ay  SI @S5as2F LI |
NELIR2NISR o6& O!¢SFYZ gl a airAayATAOl yit e KA:
(Figure 3.13 A. This represented a genuine FRET response, with average YFP
Ffdz2NBaOSYyOS ONRPaa al YL S&a KAIRS™ME I YR [/
LI NBy d Oed2LX I aYAO LI ¢ I2%in both BavdsBAdOl y G f
roots B), while the leaf apolastic pH, but not the root apoplastic pttas increased

relative to control Q).
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Figure 3.13 - Results of the plate-reader assay including ATeam and pHusion
A T FRET ratios (YFP/CFP after CFP excitation) for ATeam at different
Mg?*-concentrations. B i GFP/RFP ratios recorded for cpHusion. C1 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 Mg?*, 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 7 Apparent pH differential across the PM

A T apparent pH differential within leaves. B i 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 Mg?*, 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 RKigoncentration, giving the apparemH
differential across the PM. Results are showhigure 3.14No significant difference

for different concentrations could be seen in leaveg(re 3.14 Asince apparent

pH in both the cytoplasm and apoplasm was higher under Mgdu(e 3.13 & O.
Within roots however, a significant increase in the -giHerential 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 M® (seeChapter 1, Section 1.2.9, 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 practicéirthalianaculture on
solid media. However, sincipplying 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 stainexgperiment summarized iRigure 3. Avas
carried out on CeD seedlings grown on agar plates with HM containing no sucrose,
with Mg#-02 Yy OSY G N> GA2ya 2F mnnnX pnX nn YR wmp >
17 DAG to account for the fact that plant growth isvger without added sucrose.

Two biological replicates of the stainipgocedure were carried out; results are

shown inFigure 8.3. Results were similar to those from the assay carriedayut

LI Fyda 3aINBsy 2y YSRAF AOK &dzONsawbhg o6AGK &SS8
noticeable staining across all but the youngest, developing leaves, while seedlings

from other concentrationshowed little to no staining.

Next, the platereader experimentwith 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 ang 45 # @Were
excised and placed in the wells of a-Wéll plate, before enssion ratios were
measured and compared. Results atenmarizel inFigure 3.1mndFigure 3.16The
apparent MgATRoncentration reported by ATeam was again significantly higher for
seedlings grown on 15 a  # fhan for those grown on 1006 a  #,3while
apparent cytoplasmic pH increased more noticeably, both at 50 ard d5 #.3
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Figure 3.15 - Plate-reader assay results for plants grown without sucrose

A 1T FRET ratios (YFP/CFP after CFP excitation) for ATeam, at different
Mg?*-concentrations. B I GFP/RFP ratios recorded for cpHusion. C7 GFP/RFP ratios
recorded for apHusion. Seedlings of Col-0, cATeam, cpHusion and apHusion were
grown on agar plates with different concentrations of added Mg?*, 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.
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Figure 3.16 - Apparent pH differential across the PM

AT apparent pH differentials within leaves. B i Apparent pH differentials within roots.
Seedlings of Col-0, cATeam, cpHusion and apHusion were grown on agar plates with
different concentrations of added Mg?*, 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 # without sucrose Figure 3.15 L This ighe only qualitative difference
observed between the experiments with and without sucrose; for plants grown with
sucrose, a nomignificant slight decrease in root apoplastic pH was obselvigaie

3.13 0.

Although both the apparent cytoplasmic and afestic pH increased during the
sucrosefree experiment, a significant increase in the apparentditferential across
the PM was seen for both the leaves and roéig(ire 3.1, while for the experiment
with sucrose, only the root pidifferential was inceased significantly, although an
upwards trend could be sean leaveqFigure 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 P87, it was deemed necessary to validate the results of
the platereader assays with an independent experiment. Samples of leaves and
roots from seedlings grown together with those used for the plaader
experiment had been taken, and these samples weredus a bioluminescent
ATRassay based on firefly luciferase. Cell extracts were prepared for one sample per
biological replicate of the plateeader experiment, both with and without sucrose,
and subjected to intensiometric determination of A€é&hcentrdions within the
original tissue Kigure 3.17 A and ratiometric determination of ATP/AB&tios
within the samplesKigure 3.17 B Both for plants grown on media with and without
sucrose, a significant increase in absolute -8dcentration could be seeon
15> a #.zAdditionally, ATP/ADP ratios were significantly increased on 50 and
15> a # Without sucrose, while a noticeable, but naignificant increase was
observed at those Mg-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 plateeader assay.
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Figure 3.17 7 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 i ATP-concentrations in leaves, calculated from luminescence intensities after
constructing a calibration curve using standard addition. B i ATP/ADP ratios in
leaves. Columns represent mean values (x 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 ypM Mg?®*and t he respectp<vlel *cpw@0d5ti on

** _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
previouslywithin mature Arabidopsisransferred to Mg*-free medium in hydropnic
culture apply to tweweekold seedlings growncontinuously on agar plates
containing lowMg?* medium. It also appears that increasing the severity of MgD by
adding less Mj to media has the same effect as longer withdrawal times, more
severe MgDLINE RdzOSa &ade@YLIi2z2Ya Fdz2NIKSGigkeR3 oYy
regardless of the methodsed As outlined ifFigure 3.landChapter 1, Section 1.2.4
previous data from timecourse experiments suggests that starch accumulation
occurs first (after wholdissue Mg*-concentrations drops), followed by reduced
growth, ROS evolution, and reduced chlorophyll abunddf6g In accordance with
this, starch accumulation was observed when seedlings were grown on 15 gM Mg
or lower Figure 3.7, whereas increases in ROS abundartggure 3.8, reductions
in chlorophyll abundancd={gure 3.9 and reductions in shoot weightBigure 3.54)
were only observed on 7.5 or 0 uM added ¥gespectively. Additionally, although
the number of transcripts tgted was small, expression of the same transcripts was
induced after transfer to low Mgand after continuous growth on low (15 pM) Kig
again indicating that the two methods produce similar results. The \lEagram in
Figure 3.2appears to indicate theame, since the level of overlap between datasets
does notappeargreater between datasets obtained using a similar method. The
datasets from Hermanegt al. [227] and Niuet al [104], i.e., the two datasets
obtained after withdrawing M¢f from the medium later on, at over 3600 DEGs each,
are far larger than those by Kamiggaal. [105 and Odeet al. [103, i.e., the datasets
obtained after growth on one Mdconcentration continuously, which only contain
1165 and 389 genes, respectivelhis could indicate that transfer to an almost
completely Mg@*free medium auses greater effects on the transcriptome than

continuous growth on a moderately low Nfeconcentration, but may also reflect the

influence of age (14 DAG vs. 42 DAG at harvest). Since many of the genes in the two

Ay

GONI YyAFSNE RI G & $ésa gehebliBay disb kefjedrSisasitiresS | OK =
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CKS Gg2 aO2ylGAydz2dzzaé RIGFAaASGa akKINB fAdGGES
between all four datasets, each sharing a relatively large, but separate, portion of
their total number of genes with one or bothfo (G KS (62 AGg6AGKRNI g1 f
(Figure 3.2.

It appears that continuous growth on agar plates containing moderately low
Mg?* represents a valid method for inducing MgD An thaliana Going forward,
15 uM added Mg will be used as a lowlg?* concentrationthat clearly elicits the
OKI' NI OGSNAAUAOE GSINXéeé¢ aevyLilizya 2F ad5 KA
which equates to the condition used to select for loss of reporter expression during
the genetic screen At this concentration, starch accumulaisoobserved, but not
ROS evolution or reduced chlorophyll abundance. In the same way, 50 uM added
Mgl & aSt SOdaSHs ¢l a02ly RALUMR YX 6KAOK R2Sa y2i ¢
effects on plant growth or physiology, equating to the condition used tectdbr
GLINBYlI dzZNBf 8¢ AYyRdzOSR NBLEZNISNI SELINBaaAirzy Rd

3.3.2 The reduction of lateral root growth under low Mglikely represents

an environmental adaptation

Interestingly, the number of lateral roots per seedling was redusigdificantly
on 15 uM Mdg* (Figure 3.5 I 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 uM Rigpr below Figure 3., making this tk
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 Mgconcentration used even at higher
concentrdions, despite shoot fresh weights and main root lengths increasing
between 1000 and 50 pM added Kfg Since these Mdgconcentrations are
obviously sufficient forArabidopsisgrowth, this indicates a genuine adaptive

response rather than a growth impairme
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The reduction of lateral root numbers in low external ¥goncentrations has
been observed previously in G@by Cristescet al.[228], and further charactezed
by Niuet al, [229. Xiaoet al, [108] investigated this response acroés thaliana
ecotypes, and could confirm its presence across all accessions tested ghitbome
show it less strongly. As outlined @mapter 1, Section 1.2.1 M¢?* is a soiimobile
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 ismawdinding,
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 ¥omeostasis

As outlined previously, the inability to track concentrations Mg?*, and
especially those of [Md], across cells and tissues presents a significant obstacle to
the advancement of knowledge regarding ¥bomeostasis. The difficulties
associated with distinguishing between the different ¥pgools within cells are
especially troublesome in this context, since a decrease in total cell or tisstle Mg
could be entirely explained by a decrease in?Mgjores, without any impact on
cytosolic and organellar Mgpools involved in cellular functions.
Geneticallyencoded, atiometric sensors, if properly expressed and calibrated, could
solve this problem almost entirely.

No MARIGexpressing line suitable fam vivoexperiments could be generated in
this work. Only less than 1% of all transformants tested showed detedixés of
sensor expression, despite all individuals tested containingMA®RIOCDS. All the
MARIOO2 ya U NHzOGa dzaSR GKS op{ LINRPY2UGSNE GKA
AYRdzOAYy3 KAIK tS@Sta 2F SELINBaarzys | a ¢
promoters is known to cause silencing of transgenes, especially when foreign
sequences are introducel@30]. Further, the relatively bright fluorescence present
across entire cells imrs24 1 +cpMARIQFigure 3.1} is likely caused by excessive
expression of the protein, leading to accumulation in the endornemne 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,
enablirg the protein to be locaed correctly. It is therefore likely that th®IARIO
transgene was subject to pestanscriptional cisnactivation, completely preventing
expression at detectable levels in all but one individual, with the remaining one
subject b partial silencing of the transgene. It should be possible to prevent this issue
Ay GKS TFdzidzNBE o6& dzAAy 3 G ¢ Srative ptdmotarINR Y2 i SNA =
sequences. Additionally, tHdARIGsequence, which was used in its unchanged form

in this work, could be codeaptimized for Arabidopsiexpression, reducing the risk

of the CDS being recognized as foreign genetic material, and/or the- post
transcriptional gene silencindeficient rdr6 line of A. thaliana [231] could be
transformed instead of WT plants.

Maeshimaet al.[131] report that MARIO, expressed in humderived Henrietta
Lacks (HeLa) cells shows an apparemtf k.2 mM for Mg@*, with a dynamic range of
153% observed for the YFP/CFP FRET ratio. The data shbigari 3.12ndicate
that under the conditions used here, the ament k of the sensor for Mg is
2-5 mM, with more data required to establish a more accurate value. Although this
value only represents added Kgwith some additional Mg 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 MgJ. During the experiment, 10 mM EDTA veaisled to one
of the samples, which further reduced the FRET ratio by 0.04 compared to 0 mM
Mg?* (data not shown), showing that the residual Mglid have a small, but
appreciable effect. It nevertheless appears that theoKMARIO, as expressed in
A. thaliang, is lower than when expressed in HelLa cells. Including these data, the
dynamic range of the sensor was estimated to be55@ under these conditions,
which is only roughly 1/3 of the dynamic range measured by Maeskinad Both
differences could Ave multiple explanations. It is possible that the +igression
and mistargeting of the sensor observed mrs24 1 +cpMARIQFigure 3.1} lead
to a significant portion of the sensor being retained in the ER. Oxidising conditions in
the ER can lead tthe formation of sensor aggregates, which can restrict dynamic

range and lead to altered apparend R32].
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Similar problems could be caused by the conditions present mt pkls 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 problenmsral
mis-expression and gene silencing have been solved. According to the data in
Figure 3.12 submillimolar Mg*-concentrations can be distinguished using MARIO,
which should make it possible to measure changes in both cytoplasmic and organellar

[Mg?*] using this sensor in its current form in the future.

3.3.4 ATHevels and PM pkHilifferentials appear to increase, not decrease,

under MgD

The results generated here using ATeam indicate that cytoplasmic MgrdlB
are higher in plants grown under Mg2gardless 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 Mgbly on sucrosdree media
(Figure 3.1 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 ofArabidopsiggrown on plates with sucrosand 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 arractfrg. 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 emisgidures were subjected
to backgroundcorrections by subtracting emission valuesaeted 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 examiglgure 3.18
shows the absorptiospectrum 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 pta¢é@ader 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 CFRs excited A in Figure 3.18 Changes in leaf pigment levels woulterefore
not differentially affect excitation of CFP and Y.Rfowever, while YFP fluorescence
is outside the absorptiomange for chlorophyll a and b, as well fas carotenoids
(Din Figure 3.18, CFP fluorescencB)(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 fluoresce(@ecould be influenced by carotenoid levels
as well, but not by chlorophyll level®n the other hand, neither RFP excitatids,
nor RFP fluorescencE)(@ppears 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 cdukreduce 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/R&Blvagrved,

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
(Figure3.9 2 | yR RSONBIASR i T1Tdp >a ai

Another important consideration with respect to ATeam is pH itself. During
development of the sensor for use in plants,vitro experiments showed that this
sensor appears to be psensitive, with a large increase in YFP/CFP ratio observed
between pH 7 and 7.5, although this increase could be due to thegmendence of
the stability of the MgATomplex itself[182). Since an increase in apparent
cytosolic pH was observed in leaves together with the increase in YFRAGFRve
cannot exclude the possibility that the increase in pH could be responsible for the
increase in apparent MgATlBvels. However, in s, an increase in cytosolic pH
was observed while ATeam FRET ratios remained similar.

The results of the luciferadeased ATRssaysummarizel in Figure 3.17lend
further support to the findings from the plateeader assay, even though this assay
technically measures ATIBvels and ATP/ADP ratios rather than MgAéwrls. The
reaction of firefly luciferase is dependent on MgATP as well in th@34}, but since
sufficient amounts of MY are supplied with the assay buffer, only
ATRconcentrations are measured in practice. Although the assay carried out here
suffers from a lack of technical replicates for each sample, values obtained for
ATRlevelsin Mg?*replete seedlings are not too dissimilar to those expected or
previously measured, although ATP/ABRels are somewhat lof235, 236. Mean
ATRt S@St a | &wewempprodmatldgthredF 2t R NBt | G A FS (2
for seedlings grown without sucrose, and around figkel 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 forthis change would require either ATP/AN#¥els to be drastically

increased under MgD as well, or the total nucleotide pool to be increased.
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The measurement of PM péifferential by subtracting GFP/RFP ratios recorded
for apHusion from those recorded fepHusion 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 relatiwelstable and insensitive to external influences,
and the reporting pHange is relatively wide, this should not pose a significant
problem in itself[186]. Nevertheless, the nasurements carried out here would
benefit greatly from calibration of the sensor, which could allow actual/aldes to
0S NBLRNISR NI}IGKSNI 0KFYy aNIgé¢ Ftd2NBaoSyoOoSs
measured pH values under all conditions could beesssd, 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 adsdfers from additional
problems; apHusion tends to be retained in the ER, especially within [©86},
which can lead to inaccurate results. Additionally, this protein coliffdise 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
membraneanchored versions of apHusi§237] and ratiometric pHluorifl87]. Use
of these new sensors could doubtless improve the acgurat 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 tinged,
results obtained here suggest that there is a genuine increase in both cellular energy
charge and PM pH differential in leavesAsfbidopsiggrown on lowMg?* media for

two weeks.
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3.3.5 An alternative model of sucrose accumulation under MgD

My resuls disagree with the model put forward ithapter 1, Section 1.2.4
which assumes that both cytoplasmic MgA&fels and PM pidifferentials
decrease under MgD. This attractive hypothesis focusses on the role of the BvSUT1
Hf/sucrose symporter, which reliesn proton-motive force across the PM to import
sucrose into companion cell80]. 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 iA. thaliana the SWEET family. AtSSWEET11 and
AtSWEET12 are responsible for sseroefflux from mesophyll cells into the
apoplastic space, which precedes the import of sucrose back into phloem companion
cells[95]. SWEET transporters were not wadlscribed when the previous model of
MgD was proposed; in the figure describing that model, sucrose efflux transporters
I NB Y NJ S RoO|gskefrigurell.5. &ldvéver, since then, knowledge about
this family has grown considerably.

sweetll sweetl&Xnockout 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 leav§®38. The pattern of starch accumulation exhibited
by these mutants appears similar to that observed in seedlings expms&tgD
(Figure 3.19. SWEETSs are considered sucrose channels, mediating passive efflux of
sucrose into the apoplastic spa¢@5s, 239. Experiments in heterologous systems
show that they can mediate bidirectional sucrose transport, with little affinity for
glucose[23§. Their activity can still be modulated and controlled, however, as
phosphorylation has been shown i@ able to increase their transport activity under
drought stresg§24(. 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 undégD.
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7.5 uM Mg?* 15 uM Mg?* 1000 uM Mg**

Figure 3.19 7 Starch accumulation in seedlings grown under MgD is similar to

sweetll sweetl2 mutants

A T Starch accumulation in seedlings after two weeks of growth on agar plates

containing media with different amounts of added Mg?*, visualized by starch staining

usi ng L ugo B® Starch accumulatian im leaves of sweetll sweetl2 double

mutants and WT plants after growth on soil for three and a half weeks, visualized by

starch staining using ktag[238]6s solution. From Che

If this is the case, or sucrose transport is inhibited at a yet earlier step in the
proces, the transport of sucrose and" Hirough SUC tsucrose symporters would
be impossible, abolishing the associated membrane depolarization, and reducing the
amount of MgGATP consumed by the PMATPase in rbuilding the protonmotive
force. This could Ed 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 faie 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 andefine this model further. Specifically, the mechanism by which
the activity of SWEET transporters could be inhibited need to be elucidated.

Many experiments using currenthvailable methods could be used to test this
new model. A timecourse of ATHevds, MgATRevels and pH in leaves after
Mg?*-withdrawal, for example, carried out using the assays developed and used here,
could provide additional evidence. Activity of SWEET transporters at different
Mg?*levels could be testeth vitro, while proteinabundance and presence of pest
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, poiaht by using
sucrosesensitive FRET sensors, which are now avai[@dB. 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 sucrcsecentrations would

be decreased.
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Figure 3.20 i An alternative model of the causes of sucrose accumulation in
leaves of Arabidopsis

Under Mg?*-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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Chapter4: The Localisation and
Physiological Role of MRS2 Magnesium

Transporters iPA. thaliana
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4.1 Introduction

4.1.1Knowledge gaps with respect to MRS2 transportersfinthaliana

As outlined inChapter 1, Section 1,3he CorA/MRS2/Alrl superfamily is the
most extensive family of Mgtransporters identified to date, and members are
found across all kingdoms of lif@27]. Many of their members within plants are
essential for plant growth and functioning. In addition to thiseyhmay exhibit a
unique regulatory mechanism, changing their open probability in direct response to
changes in internal Md-concentrations (se€hapterl, 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 Mgsensing andsignalling themselves, essentially
functioning as transceptors. However, knowledge gaps and inconsistenciés in t
data on MRS2 family membersAn thalianamake 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 benthamian§l36, 153]. Few studies report results from vialethaliang
stably transformed with GFP fusion construd21, 156, and even fewer show even
partial complementation of mutant phenotypes in these lines f[lH23. In some
cases, individual reports actively contradict each other (Bakle1.2). Considering
the known problems interfering with the determination of protein localisations in
this way, with up to 39% of dalisation data from fluorescently tagged proteins
disagreeing with data from mass spectrometry as$a3s], much of this data seems
unconvincing. Of course, it is possible for proteins to exhibit different subcellular
localisations in different tissues or at different stagesie’elopment, 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 establishthe localisation of these transporters more securely,
phenotypes ofmrs2 mutant lines should be complemented by the respective
MRS2::GFP fusion protein, demonstrating that the -@ISBd protein is functional
and correctly targeted. Then, the localisatioh 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 pullown or mass spectrometry.

Another inportant knowledge gap exists with respect to regulation of MRS2s. As
outlined above, these channels could have the ability to respond directly to
Mg?*-concentrations, but this is not the only way transporters can be regulated, or
participate in regulatorynetworks. Changes in gene expression levels, either on the
level of transcription or translation, or #@calisation of the protein under certain
conditions, as for the IRT1 iron transporf2d4], are all possible. Most studies report
that the expression dfAIRS2family genes does not depend on external levels of*Mg
or duration of Mg*-stress experienced by plants
[61, 102 136]. However, Maet al.report that the expression diRS24 is increased
rapidly after transfer of plants to lowlg?* plates, specifically in roots, with the
expression dropping to normal levels after one wg&R8|, suggesting changes in
expressiorpatterns might be very specific, possibly evading detection so far. These
changes in transcript levels could rzg¢ confirmed by other authorfl66]. Data on
protein-level expression oMRS2 is exceedingly rare, making it impossible to
exclude the possibility of pogtanscriptional regulation of gene levels, such as
changes to splicoy translation, postranslational modifications or degradation. It is
not known whetherArabidopsisMRS2s interact with other proteins, besides the
apparent ability to form heterodimers with other members of the fami67],
despite the possibility of conformational changes triggering signalling events, as
2dzif AYSR AYy GKS LINB@A2dza aSOGA2Yy Inag KA OK
a transceptof245.

In summary, although the phenotypes caused by knockout (KO) of MRS2s have
been relatively well charactemed, current knowledge about their molecular

functioning and their place in the wider ¥fghomeostasis network is lacking.
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4.1.2 Aims ofthis chapter

To address some of the knowledge gaps outlined in the previous section, it is
necessary to fully complemertrabidopsis mrsZnutants with fluorescenthtagged
MRS2 proteins, generating stable transformants. These can then be used to
investigae 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 DNA insertion mutantsof all functional MRS2 family members in the
Col0 accession. The second part describes the generation ofUSEE expression
constructs for a subgroup of MRS2s, transformation of the respective mutants, and
assessment of complementation in transformainels. In the third part, subcellular
localisation of MRS3::GFP and MRSR.GFP is assessed via confocal microscopy.
The overall aim was to conclusively confirm the subcellular localisations and/or
tissuelevel expression patterns of as many MRS2 famdynimers as possible, as well
as to lay the foundations for experiments investigating dynamic changes in

subcellular localisation, proteilevel expression and proteiprotein interactions.
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4.2 Results

4.2.1 Disruption of MRS2s causes growth impairmentyafying severity

To investigate the roles of MRS2s in?gomeostasis irA. thalianafurther, as
well as clarify their subcellular localisationys2mutants were obtainedArabidopsis
lines with TDNA insertions (SALK lines) within each tMRS2gene inCol0, were
obtained from the NottinghanfArabidopsisStock Centre (NASC). Obtained lines are
described inTable4.1. Additionally, aimmrs21/5/10 triple knockout line (TKO) was
received courtesy of the Knoop lab at Universitat Bonn in Germany. All & lines
were subjected to genotyping by PCR (€kapter 2 Section 2.3.9 and were found
to contain TDNA insertions in the corredlRS2 Each line not found to be
homozygous already was sédfrtilized and homozygous offspring selected.

During initial gowth for seed bulking, none or very few seeds could be obtained
for mrs22 (SALK_082081Chrs26 (SALK_037061C), amas211 (SALK _028422C).
These lines were therefore not carried forward, due to the difficulty associated with
using them. Formrs2zl (SAK 006797C),mrs25 (SALK 105475C)mrs27
(SALK_127086C), amits210 (SALK_006528C aBd\LK_100361C), no difference in
growth compared to WT plants could be seemws231 andmrs23 2 (SALK_080443
and SALK_201976C, respectively) initially showed higinigle 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.
mrs24 1 and mrs24 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 bade-tip and sideto-side, with fewer seeds
produced tha for WT plants. Finally, TKO tended to grow more slowly than WT
plants, producing feweshorter bolts andewer flowers.Figure4.1 and Figure4.1
show images of representative individuals of some of the lines used going forward,

after five weeks of growth on soil.

159



Table 4.1 - mrs2 mutant lines used in this work

Name MRS2 SALHKdentifier Observed phenotype
mrs21 MRS21 SALK_006797 Wild-type
mrs2-2 MRS22 SALK 082081C Normal growth, almost fully sterile
mrs2-3 1 MRS23 SALK 080443 Slow growth
mrs2-3 2 MRS23 SALK_201976C Slow growth

mrs24 1 MRS24 SALK 203866C Small, curled leaves, fewer seed
mrs2-4 2 MRS24 SALK 145997, Small, curled leaves, fewer seed

mrs25 MRS25 SALK_105475( Wild-type

mrs2-6 MRS26 SALK 037061C Normal growth, sterile

mrs2-7 MRS27 SALK_127086C Wild-type
mrs2101 | MRS210 SALK _006528( Wild-type
mrs2102 | MRS210  SALK_100361C Wild-type

mrs2-11 MRS211 SALK 028422C Early leaf senescencew 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. Thenrs22, mrs26, and mrs211 lines did not produce enough
seed to be used further. Thars21 and mrs25 lines were abandoned since KO of
these genes did not c&e noticeable phenotypesars27 was abandoned because
10 introns and 13 splice variants were reported on TAIR, making successful gene
cloning and complementation of the observed phenotypes unlikahs210 single
mutants were retained alongside TKO, lwithe intention to complement the
phenotype in TKO by #iatroducingMRS210. Themrs24 and mrs23 mutant lines
were retained since they showed appreciable phenotypes. Next, the exact locations
of the -DNA insertions present in the genomes of thoses2lines carried forward
were determined. This was achieved by carrying out Sasgguencing on DNA
fragments amplified frormrs2genomic DNA using the same primers used for initial
genotyping ¢eeChapter 2 Section 2.3.3). Results argisualizel inFigue 4.2.

Aside frommrs24 2, which carries a-DNA insertion not described on TAIR,
although previously reportefll03], insertions were found in the described locations.
Since insertions found imrs23f Ay Sa f A S A MRSEBKtBeseom@y | ¢ w

represent partial KO lines.
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Figure 4.117 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 1 Col-0,
Bi mrs2-31,Ci mrs2-32,D1T mrs2-4 1, ET mrs2-4 2, Fi TKO.

MRS2-1 X0
[ [ o HH T

2-31
MRS2-3 mre

L ) H 1 H - |

A
MRS2-4 mrs%—ll 1 mrs2-3 2
[ | — H | |
A
mrs2-4 2
MRS2-5
1 HHH HH— T
A
TKO
MRS2-10
| [ H HHT 11
A A
mrs2-10 1 mrs2-10 2 / TKO
[J:5 UTR [J:exon —:intron [3J:3"UTR

Figure 4.21 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 4.3717 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 Mg?*, until
14 DAG,; various characteristics of the seedlings were determined. A i Mean shoot
fresh weights of seedlings at 14 DAG. B i Main root length of seedlings at 10 DAG.
C i numbers of lateral roots per plant at 10 DAG. Columns in A and B represent
mean values (x SEM); Significant differences were determined using a two-way
ANOVA foll owed by -hocudsteBoxesin GBdesentdirsttand 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 Mg?* concentration ( ¥p <0.1; * - p < 0.05; ** - p < 0.01; *** - p < 0.001).

To quantify the observed phenotypes, relevanis2lines were grown on agar
plates and shoot weight, main root length and number of lateral roots per seedling
measured. Firstmrs24 2 and mrs27 were grown alongside Col0 on plates
containing different concentrations d¥lg?*. mrs24 2 was found to show growth
impairments at much higher Mgconcentrations than Ce), with shoot weight
0SAYy3 AAIAYATFTAOFYy(ife& NBRIzODRFighraed.38.Nhid St 26
root length was lower than for G@l 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
mMmnnn A a@&i RSONXBI 4SR Figure43Cn The aumbeyoR 06 St 2
lateral roots per mm main root length showed the same trend as foiOCbut the
decrease observed for GOl on lower M@ could be seen at much higher
concentrationstigure4.4). Formrs27, reduced growth was only observed within a
narrow range of concentrations, and reductions were comparatively small. Mean
aK220 6SAIKG 61 a 2y & whtBhe dodBeRdaterali rooisp >a a
per plant and the number of lateral roots per mm main root; main root length was

only decreased relative to Gal 2y n?* (Bigurea3and4.4).
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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 Mg?*. 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

(x SEM) from three independent biological replicates. Significant differences between

conditions were determined by two-way ANOVA f ol | owe dSynibgls Tukey 6 s

above error bars denote significant differences between values observed for the
respective line and Col-0 for the same Mg>*c oncent r-p€0.19"n- p&D.05;
** . p<0.01; ***-p<0.001).
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It was deemed that phenotypes of remaining lines could be charaeteby
growing them onthree different concentrations of Mg only. A concentration of
Mnn >a I?RR3IR KR ASY P& OXKBRIUGERIY RIFKSNBI &
was used to test growth on excess MdResults arsummarizeé in Figure4.5. Both
mrs2-3 mutant lines were found to accumulate significantly less biomass than WT on
1 mM Mg+, although only one of therm{rs23 2) also produced smaller seedlings
on low Mg*. Seedlings ofnrs24 1 were significantly smaller under all conditions,
although the gowth impairment on low and high M§was much more pronounced
than on standard Mg. Meanwhile,mrs210 1 showed significantly reduced growth
on standard Md*and increased growth on excess ¥gvhilemrs2102 did not; TKO
showed growth impairment on @ and standard M& and increased growth on
excess Mg.Althoughmrs210 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 aMRS210 transgene, sincanrs21 mrs25
mutant lines were previously found to show no obvious phenotypic differences from
WT plant4136, 137]. It was therefore decided that thmrs23, mrs24 and TKO lines
were suitable for complementation with GRE&yged expression constructs and

subsequent localisation analysis.
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Figure 4.5 - Growth of WT Arabidopsis and mrs2 mutants on different

Mg?*-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 Mg?'.

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 f ol |l owed by Tukeybd
Symbols above error bars denote significant differences between values observed for

the respective line and Col-0 for the same Mg? c o n c e nt r@<0il;0 np <0.D5;

** . 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 mrs23 and mrs24 canbe patrtially

complementedby GFPtagged expressiomonstrucis

To determine the subcellular localisations of MEBSMRS24 and MRSA0,
GFPtagged expression constructs were introduced into the respective mutant lines.
Cloning and transformation afnrs2 mutant lineswas carried out accating to
Chapter 2, Sction2.7. 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 dets from TAIR. FOMRS23, the
promoter region consisted of the 1151 bp immediately before the start codon; for
MRS24, the length was 905 bp; faWiRS210, 832 bp. MRS23::MRS23::eGFP and
PMRS210::MRS210::eGFP were cloned successfully, but fdviRS524::MRS2
4:.eGFP, the correct sequence could not be obtained. Instead, the pMDC107 plasmid,
containing the genomic sequence WRS24, 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 exhibitingctireect
antibiotic resistance could be obtained. However, while GFP expression could be
seen inmrs23 and mrs24 plants transformed with the respectivéRS2::GFP
constructs (referred to amrs23 + andmrs24 +, respectively)Kigure4.6), no GFP
fluoresence could be detected in any of the individuals transformed with
PMRS210::MRS210::eGFP.

Next, homozygous transformant lines showing uniform transgene expression
were raised formrs23 + and mrs24 +, resulting in the linesnrs23 1 + 64,
mrs23 2 + 4, mrs24 1 + 34 andmrs24 2 + 34. 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 andransformed mutant lines. The experimental
O2yRAGA2Yya oSNBE aAYAEIFN (02 (K2aS2z¢dzaSR
condition was changed to 5 mM Mfgnstead of 10 mM, since 10 mM MgCI caused
excessive growth impairment in WT plants. Results of thenptementation

experiments are shown iRigure4.7.
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Additionally, growth of the lines in question on soil was compared and images of

plants taken, which are shown kigure4.8 andFigure4.9.

Figure 4.6 1T 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 1 Col-0 (left) compared to mrs2-3 1 + 6-4. B i Col-0 (left) compared to
mrs2-4 2 + 3-4.
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Figure 4.7 i Growth of mrs2 mutant lines and lines transformed with GFP
tagged MRS2 constructs on different Mg?*-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
Mg?*. At 14 DAG, shoot weight was determined for all seedlings from one plate at a
time and average shoot weights determined. AT mrs2-3 mutants and transformants.
B 1 mrs2-4 mutants and transformants. Columns represent mean values (x SEM)
from three independent biological replicates. Significant differences between
conditions were determined by two-way ANOVA followed by Tuk e y 6 s Syirthdls.
above error bars denote significant differences between values observed for the
respective line and Col-0 for the same Mg?* concentration; brackets represent
pairwise comparisons between mutant lines and transformed lines ( - p < 0.1;
*-p<0.05;*-p<0.01; ** - p<0.001).
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Bothmrs23andmrs23 + seedlings accumulated less biomass than WT seedlings
under all conditions tested, however, on low and standarc?gansformed lines
were significantly larger than mutant lines, implying that introduction of the
transgene had beneficial effects on theutants, likely by partially complementing
the mrs23 phenotype. On excess My both transformant lines were smaller than
the respective mutant lines, although these differences were not statistically
significant Figure4.7 A). After five weeks of groviaton soilmrs2-3 + lines appeared
to be smaller than botmrs2-3 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 deywad fully, were fertile,
reached similar sizes at maturity, and produced roughly the same number of seeds
as WT plantsHigure 4.8.

As can be seen Rigure4.7 B, mrs24 lines behaved similarly in this experiment
as in the previous phenotyping experimsnwith reduced shoot fresh weight at all
Mg?*-concentrations, but most significant reductions at low and exces%',Mdgth
mutant shoots less than 1/3 the weight of WT shoots under both of these conditions.
While mrs24 + shoots were still significantlymaller than WT shoots on low and
excessMfz G KS RAFTFSNBYOS 06SiG6SSy 2¢ IyR GNIyatz
was not significant at standard Mg Bothmrs24 + lines produced shoots of roughly
three times the weight of the respectivars24 lines, ¢oser 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,
mrs24 + lines developed much better thanrs24 lines on soil, with largy rosettes
YR o02fGaz a ¢Sttt a Y2NB aSSRa LINRPRdAzZOSR®
as in the mutant lines. Compared to WT plantgs24 + lines developed slightly
more and longer bolts, but slightly fewer and/or smaller rosette leaves thar0 Col
(Figure4.9).
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Figure 4.8 1 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. A1 Col-0,B1 mrs2-31, Ci mrs2-3 2,
Di mrs2-31+5-1,ET7T mrs2-31+6-4, Fi mrs2-32 + 1-4.
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