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The ability to utilize in situ resources is crucial for the success of extended manned space 

exploration of other planetary surfaces such as the Moon or Mars. Martian regolith containing 

potentially phytotoxic levels of elements is a potential medium for plant growth in 

bioregenerative life support systems. Studies of surface materials on Mars have detected a 

variety of hydrated sulfate minerals, including highly soluble magnesium sulfate minerals. 

Localized weight percentages of magnesium sulfate can reach 10 % in the regolith. Levels of 

magnesium and sulfate ions toxic to crop plants have been described for soil types on Earth, such 

as serpentine and acid sulfate soils. We tested whether Arabidopsis knockout lines of genes 

encoding plasma membrane localized ion transporters in peripheral root cells can thrive in soils 

containing hyper elevated levels of magnesium sulfate. The selected mrs2-10 and sel1-10 mutant 

backgrounds do not mitigate the constraining impacts of high magnesium sulfate concentrations 

on wildtype plants. Based on these findings, a microarray experiment was done to characterize 

the early gene expression responses of col-0 Arabidopsis roots to elevated concentrations of 

magnesium sulfate. The cax1-1 mutant line, which has been shown to exhibit increased tolerance 

for high levels of magnesium, was also included in the experiment. The results for col-0 point to 
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a reduction in root growth and vacuolar storage of magnesium and sulfate upon high magnesium 

sulfate treatment. Although many transporters or their potential regulators were differentially 

expressed, more research is needed to discover whether any of those are involved in magnesium 

sulfate transport. The down-regulated expression of cax1-1 is a natural response to high 

magnesium sulfate in Arabidopsis, and can explain the fact that only three transcripts were 

differentially expressed between cax1-1 and col-0. Furthermore, we tested whether changes in 

gene expression patterns can be detected in wheat plants that are several generations removed 

from growth in space, compared to control plants with no spaceflight exposure in their lineage. 

We found that none of the wheat genes represented by 10,263 probes on custom-made 

microarrays showed a statistically significant difference in expression. 

 



 

CHAPTER 1 
INTRODUCTION 

Potential Phytotoxic Elements in the Regolith on Mars 

The planet Mars differs significantly from Earth with regard to gravity, geology, 

hydrology, atmosphere, radiation environment and temperature. The conditions on Mars require 

habitats and suits that shield humans on manned missions from low temperature, low 

atmospheric pressure and harmful radiation. Long duration missions demand the efficient use of 

local planetary resources and the recycling of limited materials such as water, pressurized 

atmosphere and organic matter while producing food (Barta and Henninger, 1994). Biological 

processes are likely to be used for most water, air and food regeneration during long missions 

(Drysdale et al., 2003). Large-scale experimentation with bioregenerative life support for human 

space exploration started with the Bios-3 facility in Siberia in 1972 (Salisbury et al., 1997). In 

the context of plant growth in a future bioregenerative life support system on Mars, Schuerger et 

al. (2002) indicate that the use of in situ regolith may have several advantages over hydroponic 

systems. These include the immediate bioavailability of plant essential ions, low-tech mechanical 

support for plants, and easy access of in situ materials once on the surface. However, plant 

growth may be reduced or inhibited by high levels of chemical elements in the regolith. The 

most highly phytotoxic materials on Mars are thought to be present in the mobile-element 

component of the regolith and composed of sulfates and chlorides (Schuerger et al., 2002). The 

current study focuses on sulfate minerals and the potential toxicity of the chemical elements 

these include. 

Sulfate minerals have been detected on the surface of Mars both from space (remote 

sensing) and on the ground (robotic landers). The formation of sulfate minerals on Mars is likely 

to have been caused by oxidative, acid-sulfate weathering of basaltic surface material (Golden et 
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al., 2005). Possible acid-sulfate conditions proposed to have occurred include sulfuric-acid 

vapors (acid fog) and waters rich in sulfuric acid. During weathering, elements such as Mg, Ca 

and Fe will have leached from the basaltic parent material (e.g. olivine, feldspar, pyroxene) and 

reacted with S to form sulfates and other secondary minerals such as iron oxides (Golden et al., 

2005). The Mars Express OMEGA remote sensing mission detected three principal types of 

hydrated sulfate deposits: layered deposits within Valles Marineris, extended deposits exposed 

from beneath younger units as in Terra Meridiani, and the dark dunes of the northern polar cap 

(Bibring et al., 2006). Reflectance spectra from Valles Marineris, Margaritifer Sinus and Terra 

Meridiani indicate the association of kieserite (MgSO4•H2O), gypsum (CaSO4•2H2O) and

polyhydrated sulfate minerals ((MgSO

 

, 

 

                                                

4•7H2O), (Fe2+Fe4
3+(SO4)6 (OH)2•20H2O)

(Fe2+Al2(SO4)4•22H2O)) with light-tone layered deposits (Gendrin et al., 2005). In the northern

circumpolar regions, calcium-rich sulfates such as gypsum have been identified in a hydrated 

area correlating to the dark longitudinal dunes of Olympia Planitia (Langevin et al., 2005). 

Spectra from eastern Terra Meridiani in particular suggest that kieserite is present in etched 

terrain deposits (Arvidson et al., 2005). 

Analyses by the Mars Exploration Rover landers at Meridiani Planum and Gusev crater 

have also indicated the presence of sulfate minerals. The outcrops observed at Meridiani Planum 

all contain sulfates with volume abundances of 15 to 35%. Mg- and Ca-sulfates are dominant, 

and the average volume abundance of the iron hydroxide sulfate mineral jarosite1 in the outcrop 

is around 10% (Christensen et al., 2004). At Gusev crater, Mg- and Ca-sulfates are estimated to 

be present in the outcrops and rocks of the Columbia Hills up to 10 and 11% respectively (Ming 

et al., 2006). The sulfate mineral content of the localized Paso Robles soil is estimated at 25-29% 

 
) 1 (K, Na, H3O)(Fe3–xAlx)(SO4)2(OH)6, where x <1 (Klingelhofer et al., 2004
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ferric sulfate, 10% magnesium sulfate, 3-4% calcium sulfate and 2-5% other sulfates (Ming et 

al., 2006). Analyses in the 11 cm deep “The Boroughs” trench, which was dug in intercrater 

terrain, suggested the presence of approximately 7–22 wt % sulfates (Mg-, Ca- and Fe-sulfate) in 

the subsurface regolith (Haskin et al., 2005). Elemental analysis of several other surface and 

trench soils at Meridiani Planum and Gusev crater revealed that the average weight percentage of 

sulfur varied between 1.92 and 2.92 (Rieder et al., 2004) and 1.69 and 2.95 (Gellert et al., 2004) 

respectively. The elemental sulfur is thought to be present in the soil in the form of sulfate 

(Banin et al., 1997). The average concentrations of all elements measured in these soils were 

compared with each other and with those found in soils at locations visited during the Viking 1, 

Viking 2 and Pathfinder missions (Gellert et al., 2004; Rieder et al., 2004). In general, weight 

percentages of major elements were found to be similar, with some larger differences existing for 

minor elements, supporting global mixing of soil by dust storms and admixture of debris from 

local rocks (Gellert et al., 2004; Rieder et al., 2004). Yen et al. (2005) also conclude that soil 

compositions at five landing sites on Mars are more similar to each other than to the analyzed 

rocks (Yen et al., 2005). Overall these results show that sulfate minerals are generally present in 

the loose regolith in amounts related to 1.3 to 3 weight % S (Gellert et al., 2004), and that they 

can be present locally in even higher quantities. Furthermore, the main cations associated with 

the sulfate anion seem to be Ca2+, Mg2+ and Fe2+/3+. 

Analogue Soils on Earth 

Soils on Earth with high levels of sulfate minerals or their individual ions (Ca2+, Fe2+, 

Mg2+, SO4
2-) could be (partial) analogues for regolith high in Ca-sulfate, Fe-sulfate or Mg-sulfate 

on Mars. The occurrence of high levels of CaSO4•2H2O (gypsum) minerals in soils on Earth is 

confined to arid and semi-arid climates where low precipitation prevents gypsum from being 

removed by leaching (Palacio et al., 2007). Among the adverse physical features of gypsum soils 
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are the presence of a hard soil surface crust, which can restrict seedling establishment, the 

mechanical instability of the soil material due to its lack of plasticity, cohesion and aggregation, 

and, in certain areas, its low porosity, which might limit the penetration of plant roots. 

Chemically adverse features of gypsum soils are mainly related to the intense nutritional 

impoverishment of the soil caused by the exchange of calcium for other ions retained in the soil 

complex, and by the high concentration of sulfate ions (Palacio et al., 2007). Relatively soluble 

ferrous or ferric sulfate minerals such as melanterite (FeSO4•7H2O) and coquimbite 

(Fe2(SO4)3•9H2O) can form in soils when ferrous or ferric sulfate-rich solutions are desiccated.

These minerals, or the dissolved ions of them, oxidize and hydrolyze readily to form sulfuric 

acid and iron (hydr)oxide minerals (Fanning and Burch, 2006). Magnesium sulfate is so soluble 

that it rarely occurs in soils on Earth (Barber, 1995). Magnesium sulfate minerals such as 

epsomite (MgSO

 

 4•7H2O) and hexahydrite (MgSO4•6H2O) are important constituents of

evaporative soil environments in cold climates and of cold desert environments, for example in 

North Dakota and Saskatchewan (Chou and Seal, 2003). Survey reports regarding these soils 

generally do not include information on concentrations of Mg2+ and SO4
2- in the soil solution 

upon dissolution of magnesium sulfate minerals by precipitation, presumably because these ions 

are immediately leached out from the rooting zone into the deeper soil layers. 

When focusing on the chemical elements contained in sulfate minerals, we find diverse 

soils on Earth that are naturally enriched in these. Soils rich in sulfur are for example saline soils, 

heavy metal soils, acid sulfate soils or soils in the vicinity of volcanoes, S/CO2 vents and lignite 

burns (Ernst, 1998). Iron levels toxic to plant growth generally occur in submerged soils that 

allow for reduction of Fe3+, since the reduced form Fe2+ is directly bioavailable. Examples of soil 

types that can exhibit iron toxicity when submerged are acid Ultisols and Oxisols, and acid 
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sulfate soils that are rich in Fe(III) oxide hydrates (Sahrawat, 2004). Interflow of Fe from 

adjacent areas and salt content can also play a role in increasing soluble iron levels. When soils 

that meet these criteria are used for rice production, the concentration of water-soluble Fe2+ can 

increase to a few hundred milligrams per liter within weeks following submergence (Sahrawat, 

2004). An example of a soil type high in bioavailable magnesium is serpentine soil. Serpentine 

soils are formed from the weathered products of ultramafic rocks, whose common mineral 

denominator is some form of iron magnesium silicate. In addition, serpentine soils may contain 

‘impurities’ such as minerals with nickel, chromium and cobalt (Kruckeberg, 1999). Common 

characteristics of serpentine soils are (1) high concentrations of elements such as iron, 

chromium, nickel and cobalt, (2) low concentrations of plant nutrients such as nitrogen, 

phosphorus and potassium, (3) a low Ca:Mg quotient compared with non-serpentine soils, and 

(4) lower clay contents with lower exchange capacity than other soils (Brooks, 1987). The 

infertility of serpentine soils in the context of (crop) plant growth is largely related to their 

chemical composition, with the unfavorable effect of magnesium being a major cause of the 

serpentine problem; the magnesium content of some soils can be as high as 36% MgO, and 4.32 

mg/L in the soil solution (Brooks, 1987). 

Magnesium Sulfate 

On Mars, no direct measurements of ion concentrations in wetted regolith have so far taken 

place in regions high in sulfate minerals. Factors such as parent material, weathering history, 

texture, structure, organic matter content and hydrology all interact to determine bioavailability 

of nutrients in a soil solution accessible to plant roots (Barber, 1995). Given the presence of 

sulfur in the form of sulfate on Mars, the concentration of bioavailable SO4
2- in a soil solution 

will depend on the relative weight percentages of the different soluble sulfate minerals in the 

regolith, and the interplay between soil characteristics and hydrology mentioned above. 
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Regarding Ca2+, Mg2+ and Fe2+, soluble sulfate minerals will not be the only source for these 

cations in the bioavailable pool. Their overall bioavailable concentrations in the soil solution of 

Martian regolith upon wetting are difficult to predict without having done direct measurements 

on Mars. This is especially true in the case of Fe, which can occur in two different oxidation 

states: Fe2+ and Fe3+. The relation between these forms of iron in the soil solution depends on the 

redox status of the soil (Barber, 1995). Plants primarily absorb Fe2+; either directly or by first 

reducing Fe3+-chelates and transporting the resulting Fe2+ (Curie and Briat, 2003). Graminaceous 

plants are furthermore able to produce phytosiderophores (PS), which can form Fe3+-PS 

complexes that are taken up by specific transporters (Curie and Briat, 2003). 

Measurements of ion concentrations in wetted regolith in high sulfate regions on Mars 

have not yet taken place. The focus of this research is therefore on documenting plant responses 

to elevated levels of specific hydrated sulfate minerals in solution. Preliminary experiments 

indicated that increasing concentrations of dissolved sulfate minerals that were added to 1.3% 

agar medium with 0.5x Murashige and Skoog nutrient solution had different effects on growth of 

wildtype Arabidopsis on Petri dishes. FeSO4•7H2O (EDTA) showed the first growth limiting 

effects at lower concentrations than MgSO4•7H2O, while CaSO4•2H2O did not show clear 

effects up to its maximum soluble concentration. These observations indicated that among the 

tested individual sulfate minerals, toxicity can be dominated by the associated cation. Similarl

the major problem on sulfur-enriched saline soils is not the surplus of sulfur but rather elevat

sodium, and the selection pattern of plant species on sulfur-enriched heavy metal soils or acid 

sulfate soils is generally governed more by the heavy metal cation than by the sulfur-anion 

(Ernst, 1997; Ernst, 1998).  

y, 

ed 

19 



 

The phytotoxicity of iron upon dissolution of hydrated iron sulfates like FeSO4•7H2O is 

dependent on reduced soil conditions, such as in submerged soils. The submersion of soils, as is 

done for rice production, is unlikely to be implemented in a bioregenerative life support system 

on Mars due to the limitation of water as a local resource. The other sulfate mineral showing 

inhibition of plant growth at high bioavailable concentrations when other nutrients remain 

constant is MgSO4•7H2O. Magnesium sulfate is highly soluble in hydrated mineral form, which 

is why it rarely occurs in soils on Earth. Hydrated forms such as kieserite (MgSO4•H2O) and 

epsomite (MgSO4•7H2O) have been detected on Mars by the Mars Express Satellite. Magnesium 

sulfate is therefore likely to become bioavailable at high concentrations compared to other 

nutrients in the soil solution upon first watering of regolith in materially closed life support 

systems situated in high sulfate mineral regions on Mars. This study documents the responses of 

Arabidopsis to high levels of magnesium sulfate in solution and explores plant molecular 

strategies to reduce accumulation of magnesium sulfate within the plant in order to enhance plant 

tolerance. Since Mg2+ is a dominant toxic ion compared to SO4
2- when MgSO4•7H2O is 

dissolved, serpentine soils that are high in Mg2+ could function as partial analogue soils for 

regolith high in magnesium sulfate on Mars in this study. 

Spaceflight Environment 

Before plants or seeds arrive on Mars to be planted in a bioregenerative life support 

system, they need to be transported in a spaceflight environment. Plants may be grown as part of 

a life support system in the transport vehicle during a human mission to Mars. A fundamental 

question in early space biology research was whether plants could complete one or more full life 

cycles, from seed to seed, under spaceflight conditions. As space research progressed, plant 

species such as Arabidopsis thaliana, Brassica rapa, Triticum aestivum L. cultivar USU-Apogee 

and Pisum sativum completed their life cycles in growth units on orbiting space stations (Merkys 
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et al., 1984; Levinskikh et al., 2000; Musgrave et al., 2000; Sychev et al., 2007). The primary 

natural identified environmental factors that differ between a space station and a growth chamber 

on Earth are gravitational forces and the radiation environment. Tropic responses in plants are 

directly affected by microgravity (Brown et al., 1995), yet there is no evidence that microgravity 

per se has any detrimental effect on plant metabolism (Stutte et al., 2006). However, indirect 

effects of microgravity, such as reduced air circulation due to the lack of convective mixing, can 

affect growth when not mediated technically (Musgrave and Kuang, 2003). Much of the early 

work in orbit highlighted the necessity for tight control of the environment, including 

temperature, humidity, lighting, nutrient delivery, and atmospheric composition (Stankovic, 

2001). The successful life cycle experiments indicate that if the indirect effects of microgravity 

and a closed environment are ameliorated, the low earth orbit spaceflight environment is not 

hostile to plant growth, development and viable seed formation. 

A fundamental question to follow is whether the long-term exposure (such as for one or 

more life cycles) of plants to the spaceflight environment with its microgravity and radiation 

parameters can cause changes in subsequent generations. Plants might be grown for multiple life 

cycles as part of a life support system in a transport vehicle during a human mission to Mars. 

Some of the seeds harvested from these plants could subsequently be planted in advanced life 

support systems on the surface of Mars. To analyze in detail whether plants grown in spaceflight 

conditions show changes in subsequent generations, gene expression in wheat plants that are 

three generations removed from growth in the MIR space station was compared to gene 

expression in wheat plants with no spaceflight exposure in their lineage. 

 



 

CHAPTER 2 
GROWTH RESPONSES OF WILDTYPE ARABIDOPSIS AND KNOCKOUT MUTANTS TO 

EXCESS LEVELS OF MAGNESIUM SULFATE; CONSEQUENCES FOR 
(EXTRA)TERRESTRIAL PLANT GROWTH 

Introduction 

The planet Mars differs significantly from Earth with regard to gravity, geology, 

hydrology, atmosphere, radiation environment and temperature. The conditions on Mars require 

habitats and suits that shield humans on manned missions from low temperature, low 

atmospheric pressure and harmful radiation. Long duration missions demand the efficient use of 

local planetary resources and the recycling of limited materials such as water, pressurized 

atmosphere and organic matter while producing food (Barta and Henninger, 1994). Biological 

processes are likely to be used for most water, air and food regeneration during long missions 

(Drysdale et al., 2003). Large-scale experimentation with bioregenerative life support for human 

space exploration started with the Bios-3 facility in Siberia in 1972 (Salisbury et al., 1997). In 

the context of plant growth in a future bioregenerative life support system on Mars, Schuerger et 

al. (2002) indicate that the use of in situ regolith may have several advantages over hydroponic 

systems. These include the immediate bioavailability of plant essential ions, low-tech mechanical 

support for plants, and easy access of in situ materials once on the surface. However, plant 

growth may be reduced or inhibited by high levels of chemical elements in the regolith. The 

most highly phytotoxic materials on Mars are thought to be present in the mobile-element 

component of the regolith and composed of sulfates and chlorides (Schuerger et al., 2002). 

As part of the search for evidence of past water on Mars, hydrated sulfate minerals have 

been detected on the surface of Mars both from space (remote sensing) and on the ground 

(robotic landers). The formation of sulfate minerals on Mars is likely to have been caused by 

oxidative, acid-sulfate weathering of basaltic surface material (Golden et al., 2005). Possible 
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acid-sulfate conditions proposed to have occurred include sulfuric-acid vapors (acid fog) and 

waters rich in sulfuric acid. During weathering, elements such as Mg, Ca and Fe will have 

leached from the basaltic parent material (e.g. olivine, feldspar, pyroxene) and reacted with S to 

form sulfates and other secondary minerals such as iron oxides (Golden et al., 2005). 

Measurements of ion concentrations in wetted regolith of high sulfate regions on Mars have not 

yet taken place. The focus of this research is therefore on documenting plant responses to 

elevated levels of specific hydrated sulfate minerals in solution. Preliminary experiments 

indicated that increasing concentrations of dissolved MgSO4•7H2O (epsomite) that were added 

to 1.3% agar medium with 0.5x Murashige and Skoog nutrient solution showed increasingl

limiting effects on growth of wildtype Arabidopsis on Petri dishes. Hydrated forms of 

magnesium sulfate such as MgSO

y 

4•7H2O and MgSO4•H2O (kieserite) have been detected in 

several regions by the Mars Express Satellite (Arvidson et al., 2005; Gendrin et al., 2005; 

Bibring et al., 2006). Analyses by the Mars Exploration Rover landers at Meridiani Planum and 

Gusev crater have also indicated the presence of high levels of magnesium sulfate minerals (up 

to 10 %) in outcrops and soils (Christensen et al., 2004; Haskin et al., 2005; Ming et al., 2006). 

Magnesium sulfate is highly soluble in hydrated mineral form, which is why it rarely occurs in 

soils on Earth (Barber, 1995). Magnesium sulfate is therefore likely to become bioavailable at 

high concentrations compared to other nutrients in the soil solution upon first watering of 

regolith in materially closed life support systems situated in high sulfate mineral regions on 

Mars. 

Strategies to alleviate high magnesium sulfate stress in a potential bioregenerative life 

support system on Mars could include (1) remediation of regolith by leaching of soluble 

magnesium sulfate minerals with water before first use, (2) alleviation of nutrient deficiencies 
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caused by high levels of Mg2+ and SO4
2- ions by addition of appropriate fertilizers, and (3) 

adaptation to the regolith conditions by planting crop genotypes tolerant of high magnesium 

sulfate. Remediation and alleviation require additional materials (such as water) and extra time, 

both of which are limited on a manned mission to Mars. The strategy of adaptation on the other 

hand would allow for immediate use of the regolith for crop production in an advanced life 

support system located in a region high in sulfate minerals on Mars. The focus of this study is 

therefore to explore the possibility of using adaptation as a strategy on future missions by 

identifying plant variants tolerant of high magnesium sulfate. 

Magnesium (Mg2+) is the most abundant divalent cation in a living cell. It stabilizes 

membranes and is associated with ATP in a number of enzymatic reactions (Li et al., 2001). 

Magnesium is essential for the function of many enzymes, including RNA polymerases, 

ATPases, protein kinases, phosphatases, glutathione synthase, and carboxylases. In higher plants, 

Mg2+ is the central atom of the chlorophyll molecule and a bridging element for the aggregation 

of ribosomes. Key chloroplast enzymes are strongly affected by small variations in Mg2+ levels 

in the cytosol and the chloroplast, exemplifying the significance of maintaining Mg2+ 

homeostasis in plants (Shaul, 2002). Sulfate (SO4
2-) is reduced by plants to sulfide and 

incorporated into cysteine. Cysteine is an integral part of proteins determining structure and 

function of proteins and is involved in redox reactions. Further, cysteine is converted to the 

nutritionally important amino acid methionine, as well as a wide range of sulfur-containing 

metabolites, predominant among them glutathione (GSH) and S-adenosylmethionine (SAM) 

(Nikiforova et al., 2006). 

Movement of low-molecular weight solutes such as Mg2+ and SO4
2- ions from the external 

solution into the cell wall continuum (apoplasm) of roots is a passive process driven by diffusion 

24 



 

of ions or ion transport by mass flow of water. Carboxylic groups in the cell wall act as cation 

exchangers, while anions are repelled. The main barrier to solute flux in the apoplasm of roots is 

the hydrophobic wall of cells in the endodermis, which prevents passive ion movement into the 

stele. Ions enter and exit the cytoplasm of cells by passive or active transport through the plasma 

membrane (Marschner, 1995). Ion transport systems can be subdivided into pumps, carriers 

(transporters/exchangers) and channels. Members of these groups can exhibit different levels of 

specificity for the ions they transport. Plants may have evolved to cope with relatively high 

levels of elements in the soil environment by limiting internal accumulation or tolerating high 

internal concentrations. In the case of heavy metal tolerance for example, the following 

mechanisms are described; (1) binding to the cell wall, (2) restricted influx through the plasma 

membrane, (3) active efflux, (4) compartmentalization in the vacuole, (5) chelation at the cell 

wall – plasma membrane interface, and (6) chelation in the cytoplasm (Marschner, 1995). 

In a potential bioregenerative life support system on Mars, an excess of a particular 

element in the crew’s diet could affect the presence and availability of other required elements. 

This study therefore focuses on the possibility of reducing accumulation of Mg2+ and SO4
2- ions 

within the plant as a method to enhance plant tolerance to high levels of magnesium sulfate in 

the growth medium. Various efforts have illustrated that this strategy can indeed improve 

tolerance to certain elements. For example, a line of transgenic wheat plants expressing an 

antisense construct of the high affinity K+ transporter TaHKT2;1 showed reduced sodium uptake 

by roots and enhanced growth relative to unstressed plants compared to a control line at high 

levels of NaCl in the growth medium (Laurie et al., 2002). Similarly, overexpression of the 

Arabidopsis SOS1 gene, which encodes a plasma membrane Na+/H+ antiporter responsible for 

Na+ efflux, limited Na+ accumulation and improved growth compared to control plants at high 
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NaCl concentrations (Shi et al., 2003). Arabidopsis is a model species in plant molecular biology 

research and its genome is fully sequenced. Plasma membrane localized efflux transporters of 

Mg2+ and SO4
2- ions have not been identified to date in the outer root cell layers of Arabidopsis 

or other plant species. Several plasma membrane localized proteins in Arabidopsis roots are 

known to be responsible for magnesium or sulfate ion uptake. The objective of this study is to 

characterize the growth of selected uptake transporter gene knockout lines compared to wildtype 

Arabidopsis under high levels of magnesium sulfate in both agar and soil medium to determine 

whether the mutant lines show enhanced tolerance in the form of a higher fresh weight biomass. 

A family of ten putative Mg2+ transport proteins (AtMRS2/AtMGT) has been identified in 

Arabidopsis by several groups of researchers (Schock et al., 2000; Li et al., 2001). Reverse 

transcription polymerase chain reaction (RT-PCR) analysis of ten AtMRS2 family members 

showed that most members are expressed in multiple tissues, including the roots. AtMRS2-10 (= 

AtMGT1) functionally complemented a bacterial mutant lacking Mg2+ transport capability and 

AtMRS2-10-GFP–expressing plants showed fluorescence in the periphery of root cells, 

suggesting a plasma membrane association (Li et al., 2001). The sulfate transporter gene family 

in Arabidopsis consists of 14 isoforms that show homology to one another. H+-sulfate co-

transport has been determined for some of these (Hawkesford, 2003). Yoshimoto et al. (2002) 

found that sulfate transporters SULTR1;1 and SULTR1;2 co-localize in the root hair, epidermal 

and cortical cells that are in contact with the soil solution. In two week old roots, SULTR1;1 is 

highly up-regulated under sulfur-limiting conditions, while the constitutively expressed 

SULTR1;2 ensures sulfate uptake into plants under both sulfur-replete and sulfur-deficient 

conditions (1500-50 µM sulfate) (Yoshimoto et al., 2002). 
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For our growth experiment we selected knockout mutants of the AtMRS2-10 and 

AtSULTR1;2 genes, which are indicated to encode plasma membrane localized proteins in 

Arabidopsis roots that are able to import magnesium and sulfate ions respectively. A knockout 

mutant of the AtMRS2-10 (AtMGT1) gene was characterized based on the 

SALK_100361.41.30.x T-DNA insertion line (Alonso and Stepanova, 2003). We will refer to 

this homozygous T-DNA insertion knockout line as mrs2-10. The sel1-10 knockout mutant of 

the AtSultr1;2 gene that we selected was previously characterized by Maruyama-Nakashita et al. 

(2003). When grown for 12 days on agar with optimal levels of sulfate (1.7 mM MgSO4), the 

uptake of sulfate by the sel1-10 mutant was shown to be approximately 20% of wildtype in both 

leaves and roots despite an observed up-regulation of SULTR1;1 gene expression (Maruyama-

Nakashita et al., 2003). 

In addition to these lines we selected the cax1-1 single- and cax1/cax3 double-knockout 

mutants of the CAX1 and CAX3 genes encoding vacuolar H+/Ca2+ transporters characterized by 

Cheng et al. (2003, 2005). Cax1-1 mutant plants grown on agar medium for 10 days were 

observed to be more tolerant of Mg2+ (10 mM and 25 mM MgCl2) and Mn2+ (1.5 mM MnCl2) 

stresses than wild-type plants, while being more tolerant of medium lacking Ca2+ (Cheng et al., 

2003). In a separate study, a CAX1 knockout mutant was identified through a mutant screen on 

nutrient solutions reflecting low Ca:Mg ratios characteristic of serpentine soils (Bradshaw, 

2005). Cax1 mutants have significantly reduced levels of Mg in their leaves to the extent of 0.7 

standard deviations () below the mean reported for wildtype (Bradshaw, 2005). Although the 

Mg content of cax1 mutant roots has not been analyzed so far, the reduced levels of Mg in leaves 

is in line with the objective of this study to identify Arabidopsis variants showing improved 

tolerance of high magnesium sulfate by at least partly reducing accumulation of Mg2+ or SO4
2- 
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ions within the plant. Similar to what was observed for cax1-1 plants, double mutant cax1/cax3 

plants displayed robust growth on agar medium containing 15 mM MgCl2, which caused growth 

defects in the control and cax3 lines. Under regular nutrient conditions, the cax1/cax3 plants 

grew more slowly and were small in comparison with the wildtype and single-mutant plants. The 

double mutants showed significant differences in concentration of multiple elements, including a 

reduction of Ca2+ and Mg2+ in shoot tissue relative to wildtype (Cheng et al., 2005). We selected 

the cax1-1 and cax1/cax3 lines to see if we could confirm their observed tolerance of high levels 

of Mg2+ when replacing the associated anion Cl- with SO4
2-, and when using a different growth 

medium (soil) and a longer period of growth (4 weeks). 

Results 

Mrs2-10 T-DNA Insertion Line Characterization 

A homozygous T-DNA insertion mutant for AtMRS2-10 was identified by PCR based on 

the SALK_100361.41.30.x line (Figure 2-1). RT-PCR analysis showed that AtMRS2-10 mRNA 

was absent from homozygous mutant leaves while it could be detected in col-0 leaves (Figure 2-

2). α-Tubulin mRNA, which was used as a constitutive control, was detected both in the 

homozygous mutant and col-0 leaves (Figure 2-2). The homozygous knockout mutant was 

backcrossed to col-0 three times before self-fertilization yielded homozygous backcrossed 

mutants identified by PCR that produced seeds for the subsequent experiments. The knockout 

mutant line was named mrs2-10. In order to analyze its ionome (elemental profile), mrs2-10 

seeds were sent to the Purdue Ionomics project (Figure 2-3). Leaves from two sets of six mrs2-

10 plants each were analyzed for their content of elements in ppm, and results were compared to 

those of col-0. Leaves from the mrs2-10 sets showed no statistically significant (p < 0.05) 

differences in concentration of particular elements compared to leaves from the col-0 set, except 

for boron (B) in one of the sets (Tables 2-3, 2-4, Figures 2-4, 2-5). 
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Biomass Comparisons of Wildtype and Mutant Lines 

Transporter gene knockout mutant lines were compared to their respective wildtype 

backgrounds in ten growth experiments on the basis of whole plant or shoot fresh weight 

biomass levels, and of shoot chlorophyll levels (Tables 2-1, 2-2). Statistical analysis of the data 

per experiment with ANOVA first of all confirmed that increasing concentrations of dissolved 

MgSO4•7H2O in agar and soil significantly reduce wildtype Arabidopsis (ws, col-0) biomass 

(Table 2-5). Biomass and chlorophyll level comparisons between mutant and wildtype lines at 

specific concentrations per experiment were also part of the statistical analysis with ANOVA 

(Table 2-6, Figures 2-8 to 2-17). Results from these comparisons indicate whether knocking out 

of transporter genes encoding proteins responsible for Mg2+ and SO4
2- ion uptake can improve 

growth at the whole plant level when plant roots are exposed to high levels of these ions in the 

growth media. Mrs2-10 plants did not show a marked difference in whole plant biomass 

compared to col-0 when grown on agar medium, although at 4 mM MgSO4•7H2O, the slight 

advantage observed of 6.8% was found to be statistically significant (Figures 2-6, 2-8, Table 2-

6). On soil, mrs2-10 FW shoot biomass and leaf chlorophyll content were indistinguishable from 

that of wildtype (Figures 2-7, 2-9, 2-10, Table 2-6). Sel1-10 plants exhibited a significant 

reduction in whole plant biomass compared to ws on agar medium at 0, 4 and 12 mM 

MgSO4•7H2O (Figures 2-6, 2-11, Table 2-6). On soil, sel1-10 FW shoot biomass and leaf 

chlorophyll content were indistinguishable from wildtype (Figures 2-7, 2-12, 2-13, Table 2-6). 

Cax1-1 plants showed a significantly higher FW shoot biomass compared to col-0 when grown 

on soil at 80 and 100 mM MgSO4•7H2O (Table 2-6). The increase in cax1-1 shoot biomass over 

that of col-0 was 89% for 80 mM and 149% for 100 mM at 4 weeks (Figures 2-7, 2-14). The 

absolute fresh weight of the cax1-1 shoots was still low (20%) compared to untreated col-0. Leaf 

chlorophyll content was also significantly higher in cax1-1 compared to col-0 at 80 and 100 mM 
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MgSO4•7H2O (Figure 2-15, Table 2-6). Cax1/cax3 plants showed no significantly higher FW 

shoot biomass compared to col-0 when grown on soil at 80 and 100 mM MgSO4•7H2O (Table 2-

6). The average increases of 26.8% and 33.2% observed in cax1/cax3 in contrast to col-0 were 

not found to be statistically significant (Figures 2-7, 2-16). Leaf chlorophyll content was 

significantly higher in cax1/cax3 compared to col-0 at 0, 80 and 100 mM MgSO4•7H2O (Figure 

2-17, Table 2-6). 

Discussion 

The objective of this study was to characterize the growth of selected uptake transporter 

gene knockout lines compared to wildtype Arabidopsis under high levels of magnesium sulfate 

in both agar and soil medium to determine whether the mutant lines show enhanced tolerance in 

the form of a higher fresh weight biomass. The results reveal that knockout mutant lines of the 

known genes in Arabidopsis encoding root plasma membrane based uptake transporters of Mg2+ 

and SO4
2- ions did not show a significant increase in biomass compared to wildtype when grown 

on soil treated with high levels of MgSO4•7H2O in solution. Furthermore, the tolerance of cax1-

1 mutant plants to high levels of MgCl2 in agar medium was confirmed for soil medium treated

with high levels of MgSO

 

eated agar. 

4•7H2O in solution, although the significant differences in biomass 

after 4 weeks on MgSO4•7H2O treated soil do not appear to be as dramatic as the size 

differences observed by Cheng et al. (2003) after 10 days of growth on MgCl2 tr

It is not known at present whether proteins encoded by AtMRS2-10 are primarily 

responsible for uptake of magnesium ions from the soil solution, or to what extent non-annotated 

proteins or non-specific transport systems play a role in this process. Schock et al. (2000) 

speculate that the function of the AtMRS2 gene family may be the maintenance of metal ion 

homeostasis in different cellular compartments (i.e. over different cellular membrane systems). 

Overexpression of AtMRS2-10 (AtMGT1) in Nicotiana benthamiana led to increased 
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accumulation of magnesium (Mg), manganese (Mn), and iron (Fe) per unit dry weight and per 

plant compared to wildtype plants (Deng et al., 2006). We showed that the opposite approach of 

preventing AtMRS2-10 mRNA from being made did not lead to a reduction in the accumulation 

of Mg or any other elements measured in the mrs2-10 mutant plants compared to wildtype under 

normal nutrient conditions. The observed small increase in mrs2-10 biomass relative to col-0 on 

agar at 4 mM MgSO4•7H2O might have been due to slight differences in average seed size and 

uncontrolled environmental variation in this medium. 

A large difference in results between agar and soil medium was observed for the biomass 

comparisons of sel1-10 and ws. This discrepancy might be attributable to differential affinity of 

media components for sulfate or other nutrients. The agar growth medium we used consists of 

neutral agarose and negatively charged agaropectin. Agaropectin is a complex polysaccharide 

that is sulfated to some degree. Adding sulfate to the agar medium might increase the percentage 

of agaropectin sulfate groups by replacing other groups such as pyruvate and methoxyl, thereby 

making sulfate less bioavailable. Highly sulfated forms of agaropectin (20 – 30% sulfate) have 

for example been found in Gelidium amansii (Qi et al., 2008). The soil used in these experiments 

contains vermiculite clay and sphagnum moss organic matter, both of which have net negative 

charges unrelated to sulfate that can interact with positive cations. In the contained environment 

of the soil trays, sulfate does not leach out and should generally be completely bioavailable when 

in solution. 

SULTR1;1 and SULTR1;2 are the two essential components of the root sulfate uptake 

system; double knockout plants lack the ability to take up sulfate at low and optimal levels in the 

growth medium (Yoshimoto et al., 2007). Regarding the results of the soil biomass comparisons 

it could be hypothesized that the concentrations of sulfate by itself are not high enough to affect 
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growth of wildtype so much as to cause a reduction in biomass. The observed decline in biomass 

would then be caused solely by magnesium, having a dominant effect over this concentration 

range. In this scenario, a sulfate uptake mutant would be unable to show improved tolerance 

based on biomass measurements. Perhaps at higher concentrations of sulfate and in the presence 

of cations less phytotoxic than Mg2+, the mutant line would have a higher biomass than wildtype. 

If the sulfate concentrations are indeed high enough to cause a partial effect on biomass, 

alongside magnesium, it could be postulated that the reduction in SO4
2- uptake characteristic of 

the AtSULTR1;2 mutant might be too extreme for this concentration range to lead to improved 

growth compared to wildtype. In that case, mRNA down-regulation or post-translational 

regulation of SULTR1;2 might be more advantageous than a complete knockout. 

As mentioned in the results, cax1-1 showed a small, and cax1/cax3 showed no statistically 

significant improvement in growth compared to col-0 after 4 weeks on soil, while cax1-1 showed 

a large improvement in size relative to col-0 after 10 days on agar medium (Cheng et al., 2005). 

An explanation for the observed differences in results between soil and agar may be the reduced 

availability of Mg2+ in soil, as well as the greater environmental variation in a soil medium, 

rather than the replacement of the Cl- anion by the SO4
2- anion. Magnesium ions are held by the 

negatively charged clay and organic matter, and so may be less highly bioavailable than in agar. 

The differences in biomass between col-0 and cax1-1 or cax1/cax3 on soil with high levels of 

magnesium sulfate are likely to be more pronounced after an even longer period of growth. 

Conclusions 

Arabidopsis lines carrying knockout T-DNA insertion mutations in genes encoding known 

Mg2+ and SO4
2- uptake transporters localized to the plasma membrane in root cells do not 

mitigate the constraining impacts of high magnesium sulfate concentrations on wildtype 

Arabidopsis plants. An Arabidopsis line carrying a knockout mutation of the vacuolar CAX1 
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gene (cax1-1) showed a significant improvement in growth on soil treated with high levels of 

MgSO4•7H2O in solution. A reduction in leaf magnesium content in cax1 mutants compared to 

wildtype (0.7  below normal) was reported in a previous study (Bradshaw, 2005). Although the 

Mg content of cax1 mutant roots has not been analyzed so far, the reduced levels of Mg in leaves 

indicate that Arabidopsis CAX1 knockout mutants are in line with our objective of identifying 

Arabidopsis variants that show improved tolerance of high magnesium sulfate by at least partly 

limiting accumulation of Mg2+ or SO4
2- ions within the plant. Therefore, genes in crop species 

encoding transporter proteins similar in function to the protein encoded by CAX1 in Arabidopsis 

are proposed candidate genes for enhancing tolerance of crop plant species to regolith high in 

soluble magnesium sulfate minerals used in an advanced life support system on Mars.  

The identification by Bradshaw (2005) of a CAX1 knockout mutant tolerant of low Ca:Mg 

ratios in solution, which are characteristic of serpentine soil solutions, confirms the 

appropriateness of serpentine soils as partial analogue soils on Earth for regolith high in soluble 

magnesium sulfate minerals on Mars. Leaf Ca:Mg molar ratios of nonserpentine plant species are 

generally equal to that of the soil, while serpentine species maintain significantly higher leaf 

Ca:Mg than both their nonserpentine counterparts and the soil (O'Dell et al., 2006). The authors 

conclude that elevated leaf Ca:Mg in the serpentine species was achieved by selective Ca2+ 

transport and/or Mg2+ exclusion operating at the root-to-shoot translocation level, as root Ca and 

Mg concentrations did not differ between serpentine and nonserpentine species. Genetic 

differentiation between populations of Arabidopsis lyrata growing on granitic or serpentinic soils 

was measured by using an Arabidopsis thaliana tiling array that has 2.85 million probes 

throughout the genome (Turner et al., 2008). The study found significant overrepresentation of 

genes involved in ion transport, and one gene in particular, calcium-exchanger 7 (CAX7), was 

33 



 

presented as an excellent candidate gene for adaptation to low Ca:Mg ratios in A. lyrata. It is 

currently not known which transporters or their regulators could be involved in the observed 

lower levels of Mg or higher Ca:Mg ratios in leaves from Arabidopsis cax1-1 and serpentine 

species respectively. Results from the analysis of genetic differentiation between A. lyrata 

populations include an overrepresentation of genes encoding proteins involved in ion transport. 

Some of these might play a role in reducing Mg2+ accumulation within the plant.  

To identify genes in Arabidopsis thaliana with potential to enhance tolerance to high 

magnesium sulfate by limiting accumulation within the plant, such as genes encoding root 

plasma membrane localized import systems in addition to AtMRS2-10 and AtSULTR1;2, as well 

as genes encoding efflux systems or regulators of plasma membrane transporter activity, the 

early transcriptome responses of col-0 and cax1-1 Arabidopsis roots to high magnesium sulfate 

stress were documented (Chapter 3). The Ca:Mg ratio used in the high magnesium sulfate 

treatment for the microarray transcriptome analysis experiment corresponded to ratios found in 

serpentine soil solutions. 

Materials and Methods 

Seed Lines and Growth Experiments 

An overview of the wildtype and knockout mutant Arabidopsis seed lines used in this 

study is given in Table 2-1. The table lists the names of the seed lines, the genes that are knocked 

out in each line, the donor institution for each line, and the original seed line where appropriate. 

An overview of the mutant/wildtype growth experiments is given in Table 2-2. For each 

experiment, the table lists the mutant/wildtype lines that were compared, the growth medium, the 

MgSO4•7H2O concentrations, and the plant growth characteristic that was analyzed. 
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Mrs2-10 T-DNA Insertion Line Characterization 

A homozygous knockout T-DNA insertion line for AtMRS2-10 (At1g80900) was 

identified by PCR and RT-PCR using the original SALK_100361.41.30.x line. For PCR, 

oligonucleotide primers MRS2-10_LP (5’-CAGGATCAAAGCATCGTTCTC-3’) and MRS2-

10_RP (5’-TAGGAGCTCAGAAGACGCAAC-3’) were designed using software available on 

the Salk Intitute website1. In addition, the T-DNA specific primer LBb1 (5’-

GCGTGGACCGCTTGCTGCAACT-3’) was included as designed and recommended by the 

Salk Institute1. Combinations of the primers were used to identify plants for which the T-DNA 

insertion was present in both AtMRS2-10 alleles. Genomic DNA was extracted from T-DNA 

insertion mutant leaves using the Shorty2 method and from col-0 leaves using the DNeasy Plant 

Mini Kit (Qiagen). PCR was carried out using JumpStart Taq DNA polymerase (Sigma). PCR 

products were separated in agarose gels and stained with SYBR Safe DNA gel stain (Invitrogen). 

A confirmed homozygous T-DNA insertion mutant was backcrossed to col-0 three times before 

allowing self-fertilization. Homozygous plants backcrossed 3x were identified by PCR and used 

for seed generation. For RT-PCR, RNA was extracted from leaves of col-0 and a homozygous T-

DNA insertion line for AtMRS2-10 (At80900) with the RNeasy Plant Mini Kit (Qiagen). Gene 

specific oligonucleotide primers MRS2-10_LP1 (5’-AGGGTTACTTTGTCGGAGA-3’) and 

MRS2-10_RP1 (5’-TACACGGGGTTTTATCTTG-3’) were designed based on Arabidosis 

genomic DNA sequence information (NCBI). Alpha-(α)-Tubulin was used as a constitutive 

control with primers according to Yoshimoto (2002). RT-PCR was carried out using the OneStep 

RT-PCR kit (Qiagen). PCR products were separated in agarose gels and stained with SYBR Safe 

                                                 
1 http://signal.salk.edu/tdnaprimers.html 

2 
http://www.hos.ufl.edu/meteng/HansonWebpagecontents/NucleicAcidIsolation.html#Arabidopsis%20Genomic%20
DNA 
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DNA gel stain (Invitrogen). An ionome analysis of the backcrossed homozygous AtMRS2-10 

knockout mutants (mrs2-10) was performed as part of the Purdue Ionomics project and results 

are available online through the Purdue Ionomics Information Management System3 (Baxter et 

al., 2007). 

Seed Production of Wildtype and Knockout Mutant Lines on Soil Medium in Black Plastic 
Trays 

Variation in seed characteristics between the different lines was minimized by growing 

plants from each line for seed production on soil medium under similar growth conditions. Seeds 

from the ws, col-0, mrs2-10, sel1-10, cax1-1 or cax1/cax3 lines were evenly planted (5 seeds per 

tray well) on individual trays with soil medium (sphagnum peat moss, vermiculite and perlite) 

that was pre-wetted with nutrient solution. The nutrient solution consisted of 2.2 g/L Murashige 

and Skoog salts (Murashige and Skoog, 1962) and 0.5 g/L 2-(N-morpholino)ethanesulfonic acid 

(MES) buffer. For the cax1-1 and cax1/cax3 lines, the nutrient solution also contained 20-25 mM 

MgSO4•7H2O. The pH of the solutions was adjusted to 5.70 - 5.75 with KOH. The trays with 

soil were covered with plastic wrap to maintain sufficient humidity and placed in a cold room at 

4oC for three days. After cold treatment they were moved to a growth room at 23oC where the 

seeds germinated, the plastic wrap was removed after 3-5 days, and the plants were grown 

maturity. The plants were watered twice a week from below, alternatively with tap water and the 

nutrient solution described above. They were furthermore thinned to two plants per tray well 

after one week to maintain sufficient spacing, and pruned to reduce growth of secondary 

inflorescences. Seeds were harvested when siliques had turned yellow or light brown. 

until 

                                                 
3 http://www.ionomicshub.org/home/PiiMS 
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Plant Growth Experiments on Agar Medium in Vertical Petri Dishes 

Seeds from the ws, col-0, mrs2-10 and sel1-10 lines were sterilized by soaking them for 15 

minutes in a 40% (v/v) bleach solution with a drop of Tween 20 

(polyoxyethylenesorbitanmonolaureate). The seeds were then washed six times with sterilized 

(autoclaved) water. Each liter of agar medium was prepared by combining double distilled water, 

2.2 g Murashige and Skoog salts, 1 mL 1000x Gamborg vitamins, 0.5 g MES buffer, 0.6 % (w/v) 

sucrose and 1.3 % (w/v) granulated agar. This functioned as the basic and control medium to 

which MgSO4•7H2O was added as 4, 8, 12, 16, 24 or 28 mM for the treatments. The pH of the 

medium was adjusted to 5.70 - 5.75 with KOH. The medium was then autoclaved at 121oC for 

21 minutes and kept in the autoclave at around 50-70oC until the medium was distributed over 

the Petri dishes. A single 10 cm x 10 cm plate contained approximately 50 ml of autoclaved 

medium supporting 10 sterilized seeds that were planted at regular intervals on a row 1.75 cm 

from the top edge of the plate in its vertical configuration. To control for environmental variation 

when comparing plant growth per concentration, 5 seeds from both a mutant line and its 

associated wildtype background line were planted on a single plate, alternatively on the left and 

right sides of the plates. Ten Petri dishes per concentration were used per experiment. The plates 

were sealed with surgical tape (3M Micropore) and stratified for three days at 4oC before being 

moved to a growth chamber at 23oC. There they were placed at a 90o angle in racks holding ten 

plates each that were randomly placed on the growth benches and put perpendicular to the 

fluorescent light bulbs above them. The plants were analyzed at day 13 and the experiment was 

repeated three times. 

Plant Growth Experiments on Soil Medium in Black Plastic Trays 

Seeds from the ws, col-0, mrs2-10, sel1-10, cax1-1 and cax1/cax3 lines were sterilized as 

described above. To control for environmental variation when comparing plant growth per 
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concentration, each tray was divided in 8 sections of 6 wells each, with either a mutant line or its 

associated wildtype background line planted in one section, in alternating fashion. This method 

resulted in 4 sections per seed line per tray. The seeds were evenly planted (5 seeds per tray well) 

on the soil medium (sphagnum peat moss, vermiculite and perlite) that was wetted with nutrient 

solution. The basic and control nutrient solution consisted of 2.2 g/L Murashige and Skoog salts 

and 0.5 g/L MES buffer. For the treatments, MgSO4•7H2O was added to the basic solution at 20, 

60, 80 or 100 mM concentration. The pH of the solutions was adjusted to 5.70 - 5.75 with KOH. 

The trays with soil were covered with plastic wrap to maintain sufficient humidity and placed in 

a cold room at 4oC for three days. After stratification, the trays were moved to a growth room at 

23oC where they were randomly placed on the growth benches. There, the seeds germinated, the 

plastic wrap was removed after 3-5 days, and the surviving plants were thinned to two plants per 

well (maximum of 12 plants per section) after one week to maintain sufficient spacing. The 

plants were watered twice a week from below, alternatively with tap water and the appropriate 

nutrient solution. The plants were analyzed at week 4 and the experiment was repeated three 

times. 

Fresh Weight Biomass and Chlorophyll Measurements and Statistical Analysis 

Fresh weight biomass of plants grown on agar medium was measured by grouping and 

weighing whole seedlings per plant line per Petri dish. The number of seeds germinated per seed 

line was recorded to calculate the average whole plant FW biomass per seedling. Fresh weight 

biomass of plants grown on soil was measured by grouping and weighing whole shoots of plants 

per tray section. Leaf chlorophyll content of plants grown on soil medium was measured with a 

Minolta SPAD-502 meter. One leaf measurement per plant per tray well was taken. Biomass or 

chlorophyll levels of wildtype and knockout mutant Arabidopsis lines were evaluated per 

experiment for a total of ten experiments (Table 2-2) in a mixed analysis of variance (ANOVA) 
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model using SAS 9.2 and JMP Genomics 7 software. Genotype and concentration were included 

in the ANOVA model as fixed effects, while batch (replication set) was included as a random 

effect. Unbiased estimates of biomass or chlorophyll levels (least-square means) were generated 

for each effect (genotype, concentration, or genotype*concentration) per experiment. The 

estimated levels of biomass or chlorophyll were then compared using a series of t-tests, 

generating estimated differences and corresponding p-values. Differences with associated p-

values < 0.05 were considered significant. The results for the comparisons of interest (biomass or 

chlorophyll levels between genotypes per concentration; biomass levels of wildtype between 

concentrations) were represented in graphs and tables using Microsoft Excel 2007. 

 



 

Table 2-1. Overview of wildtype and mutant Arabidopsis seed lines 

Seed line Knockout gene Origin Original seed line 

ws -   

col-0 -   

mrs2-10 AtMRS2-10; At1g80900 Salk Institute SALK_100361.41.30.x 

RIKEN 
sel1-10 AtSULTR1;2; At1g78000 

(Dr. H. Takahashi) 
 

BCM 
cax1-1 AtCAX1; At2g38170 

(Prof. K. D. Hirschi) 
 

AtCAX1; At2g38170 and BCM 
cax1/cax3 

AtCAX3; At3g51860 (Prof. K. D. Hirschi) 
 

 
Table 2-2. Overview of mutant/wildtype growth experiments 

Exp. # Mutant/wildtype set Medium MgSO4•7H2O conc. Analysis 

1  mrs2-10/col-0 Agar 0, 4, 12, 20, 28 mM whole plant FW biomass 

2  mrs2-10/col-0 Soil 0, 20, 60, 100 mM shoot FW biomass 

3  mrs2-10/col-0 Soil 0, 20, 60, 100 mM shoot chlorophyll 

4  sel1-10/ws Agar 0, 4, 12, 20, 28 mM whole plant FW biomass 

5  sel1-10/ws Soil 0, 20, 60, 100 mM shoot FW biomass 

6  sel1-10/ws Soil 0, 20, 60, 100 mM shoot chlorophyll 

7  cax1-1/col-0 Soil 0, 60, 80, 100 mM shoot FW biomass 

8  cax1-1/col-0 Soil 0, 60, 80, 100 mM shoot chlorophyll 

9  cax1/cax3/col-0 Soil 0, 80, 100 mM shoot FW biomass 

10  cax1/cax3/col-0 Soil 0, 80, 100 mM shoot chlorophyll 
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Table 2-3. Elemental composition of first set of six mrs2-10 plants in ppm 
Element Pot Avg BG Avg % Diff Med % Diff StdDev p value 
Li7 39.73 37.57 0.01664 0.09724 0.2075 
B11 144.4 160.4 -0.06841 0.07521 0.0434* 
Na23 1285 1202 0.0759 0.01471 0.2061 
Mg25 12400 12570 -0.0058 0.05367 0.3588 
P31 8937 8830 -0.0232 0.09511 0.4173 
K39 38830 37980 -0.03327 0.01389 0.3679 
Ca43 76030 75450 0.05812 0.09048 0.4455 
Cr52 NaN NaN 0 0 - 
Mn55 51.04 53.55 -0.09456 0.1339 0.3222 
Fe56 NaN NaN 0 0 - 
Co59 0.2769 0.2833 -0.04403 0.1274 0.366 
Ni60 6.196 6.854 -0.01991 0.09567 0.1277 
Cu65 7.195 7.278 0.02622 0.1341 0.4291 
Zn66 134.7 141.3 0.05338 0.1084 0.2858 
Ga71 NaN NaN 0 0 - 
As75 0.5653 0.5997 0.0155 0.1981 0.3188 
Se77 NaN NaN 0 0 - 
Mo95 NaN NaN 0 0 - 
Cd111 NaN NaN 0 0 - 
In113 NaN NaN 0 0 - 
Pb208 NaN NaN 0 0 - 
Al27 NaN - - - - 
S34 12490 11660 0.04733 0.1147 0.122 
S48 NaN NaN 0 0 - 
Cl35 NaN NaN 0 0 - 
Ca44 NaN NaN 0 0 - 
Fe57 141.7 142.2 -0.003369 0.1382 0.4832 
Se82 13.23 12.03 0.1389 0.2227 0.2129 
Rb85 28.32 26.71 0.00047 0.1878 0.2397 
Sr88 NaN - - - - 
Mo98 4.768 4.969 0.04532 0.2113 0.3982 
Cd114 5.127 5.192 0.07996 0.2648 0.4674 
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Table 2-4. Elemental composition of second set of six mrs2-10 plants in ppm 
Element Pot Avg BG Avg % Diff Med % Diff StdDev p value 
Li7 35.29 37.57 -0.05328 0.2299 0.2963 
B11 155.6 160.4 -0.00365 0.05099 0.2729 
Na23 1246 1202 0.07348 0.1367 0.3261 
Mg25 12500 12570 -0.00975 0.05994 0.4449 
P31 8893 8830 -0.02845 0.08417 0.4487 
K39 40520 37980 0.04384 0.1313 0.1514 
Ca43 74980 75450 0.00623 0.07332 0.4528 
Cr52 NaN NaN 0 0 - 
Mn55 58.53 53.55 -0.05696 0.2206 0.2363 
Fe56 NaN NaN 0 0 - 
Co59 0.2761 0.2833 -0.06496 0.1774 0.3803 
Ni60 6.147 6.854 -0.0671 0.06689 0.0997 
Cu65 6.908 7.278 -0.05149 0.06632 0.1228 
Zn66 127.7 141.3 -0.07396 0.03678 0.0956 
Ga71 NaN NaN 0 0 - 
As75 0.6195 0.5997 0.1045 0.1882 0.3905 
Se77 NaN NaN 0 0 - 
Mo95 NaN NaN 0 0 - 
Cd111 NaN NaN 0 0 - 
In113 NaN NaN 0 0 - 
Pb208 NaN NaN 0 0 - 
Al27 NaN - - - - 
S34 12500 11660 0.02702 0.09718 0.0974 
S48 NaN NaN 0 0 - 
Cl35 NaN NaN 0 0 - 
Ca44 NaN NaN 0 0 - 
Fe57 142.5 142.2 -0.02592 0.08584 0.4873 
Se82 11.29 12.03 0.0371 0.1281 0.275 
Rb85 27.05 26.71 0.03622 0.06383 0.3792 
Sr88 NaN - - - - 
Mo98 5.639 4.969 0.2068 0.2646 0.2169 
Cd114 4.353 5.192 -0.1131 0.2038 0.1308 
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Table 2-5. ANOVA (t-test) results for specific genotype*concentration effects in the growth 
experiments (Table 2-2). The table lists the results of differences in biomass of 
wildtype Arabidopsis between concentrations of MgSO4•7H2O. 

Conc. Genotype _Conc. _Genotype Diff. Estimate StdErr DF tValue P-value 

#4; ws whole plant FW biomass comparison on agar medium 
0 ws 4 ws 1.4948 0.5912 288 2.53 0.012* 
0 ws 12 ws 4.4467 0.5912 288 7.52 <.0001* 
0 ws 20 ws 11.0023 0.5912 288 18.61 <.0001* 
0 ws 28 ws 14.2145 0.5912 288 24.04 <.0001* 
4 ws 12 ws 2.9518 0.5912 288 4.99 <.0001* 
4 ws 20 ws 9.5075 0.5912 288 16.08 <.0001* 
4 ws 28 ws 12.7197 0.5912 288 21.52 <.0001* 
12 ws 20 ws 6.5557 0.5912 288 11.09 <.0001* 
12 ws 28 ws 9.7678 0.5912 288 16.52 <.0001* 
20 ws 28 ws 3.2122 0.5912 288 5.43 <.0001* 
#5; ws shoot FW biomass comparison on soil medium 
0 ws 20 ws 2.7275 0.3531 86 7.73 <.0001* 
0 ws 60 ws 5.145 0.3531 86 14.57 <.0001* 
0 ws 100 ws 7.1923 0.3531 86 20.37 <.0001* 
20 ws 60 ws 2.4175 0.3531 86 6.85 <.0001* 
20 ws 100 ws 4.4648 0.3531 86 12.65 <.0001* 
60 ws 100 ws 2.0473 0.3531 86 5.8 <.0001* 
#1; col-0 whole plant FW biomass comparison on agar medium 
0 col-0 4 col-0 0.5187 0.5915 288 0.88 0.3813 
0 col-0 12 col-0 10.676 0.5915 288 18.05 <.0001* 
0 col-0 20 col-0 19.8547 0.5915 288 33.57 <.0001* 
0 col-0 28 col-0 21.342 0.5915 288 36.08 <.0001* 
4 col-0 12 col-0 10.1573 0.5915 288 17.17 <.0001* 
4 col-0 20 col-0 19.336 0.5915 288 32.69 <.0001* 
4 col-0 28 col-0 20.8233 0.5915 288 35.21 <.0001* 
12 col-0 20 col-0 9.1787 0.5915 288 15.52 <.0001* 
12 col-0 28 col-0 10.666 0.5915 288 18.03 <.0001* 
20 col-0 28 col-0 1.4873 0.5915 288 2.51 0.0125* 
#2 and #7; col-0 shoot FW biomass comparison on soil medium 
0 col-0 20 col-0 3.4808 0.6337 86 5.49 <.0001* 
0 col-0 60 col-0 7.8975 0.6337 86 12.46 <.0001* 
0 col-0 80 col-0 8.302 0.4671 86 17.77 <.0001* 
0 col-0 100 col-0 10.038 0.6337 86 15.84 <.0001* 
20 col-0 60 col-0 4.4167 0.6337 86 6.97 <.0001* 
20 col-0 100 col-0 6.5572 0.6337 86 10.35 <.0001* 
60 col-0 80 col-0 3.0203 0.4671 86 6.47 <.0001* 
60 col-0 100 col-0 2.1405 0.6337 86 3.38 0.0011* 
80 col-0 100 col-0 0.2838 0.4671 86 0.61 0.545 
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Table 2-6. ANOVA (t-test) results for specific genotype*concentration effects in the ten growth 
experiments (Table 2-2). The table lists the results of differences in biomass or 
chlorophyll between genotypes at the same concentration of MgSO4•7H2O. 

Conc. Genotype _Conc. _Genotype Diff. Estimate StdErr DF tValue P-value 
#1; mrs2-10/col-0 whole plant FW biomass comparison on agar medium 
0 col-0 0 mrs2-10 0.516 0.5915 288 0.87 0.3837 
4 col-0 4 mrs2-10 -1.4947 0.5915 288 -2.53 0.012* 
12 col-0 12 mrs2-10 -0.41 0.5915 288 -0.69 0.4887 
20 col-0 20 mrs2-10 -0.3728 0.5915 288 -0.63 0.529 
28 col-0 28 mrs2-10 -0.2494 0.5915 288 -0.42 0.6735 
#2; mrs2-10/col-0 shoot FW biomass comparison on soil medium 
0 col-0 0 mrs2-10 0.6458 0.6337 86 1.02 0.311 
20 col-0 20 mrs2-10 0.07167 0.6337 86 0.11 0.9102 
60 col-0 60 mrs2-10 -0.1983 0.6337 86 -0.31 0.755 
100 col-0 100 mrs2-10 0.07142 0.6337 86 0.11 0.9105 
#3; mrs2-10/col-0 shoot chlorophyll comparison on soil medium 
0 col-0 0 mrs2-10 -0.4111 0.8282 560 -0.5 0.6198 
20 col-0 20 mrs2-10 -0.01528 0.8282 560 -0.02 0.9853 
60 col-0 60 mrs2-10 1.0528 0.8282 560 1.27 0.2042 
100 col-0 100 mrs2-10 0.7072 0.846 560 0.84 0.4035 
#4; sel1-10/ws whole plant FW biomass comparison on agar medium 
0 sel1-10 0 ws -5.4527 0.5912 288 -9.22 <.0001* 
4 sel1-10 4 ws -3.9427 0.5912 288 -6.67 <.0001* 
12 sel1-10 12 ws -2.0702 0.5912 288 -3.5 0.0005* 
20 sel1-10 20 ws -0.717 0.5912 288 -1.21 0.2262 
28 sel1-10 28 ws -0.04433 0.5912 288 -0.07 0.9403 
#5; sel1-10/ws shoot FW biomass comparison on soil medium 
0 sel1-10 0 ws -0.2667 0.3531 86 -0.76 0.4521 
20 sel1-10 20 ws -0.1933 0.3531 86 -0.55 0.5854 
60 sel1-10 60 ws -0.1225 0.3531 86 -0.35 0.7295 
100 sel1-10 100 ws -0.04517 0.3531 86 -0.13 0.8985 
#6; sel1-10/ws shoot chlorophyll comparison on soil medium 
0 sel1-10 0 ws 0.3208 0.685 532 0.47 0.6397 
20 sel1-10 20 ws 0.3931 0.685 532 0.57 0.5663 
60 sel1-10 60 ws 0.7944 0.685 532 1.16 0.2466 
100 sel1-10 100 ws -0.8181 0.7837 532 -1.04 0.297 
#7; cax1-1/col-0 shoot FW biomass comparison on soil medium 
0 cax1-1 0 col-0 -0.7908 0.4671 86 -1.69 0.0941 
60 cax1-1 60 col-0 0.4725 0.4671 86 1.01 0.3146 
80 cax1-1 80 col-0 0.9305 0.4671 86 1.99 0.0495* 
100 cax1-1 100 col-0 1.142 0.4671 86 2.44 0.0165* 
#8; cax1-1/col-0 shoot chlorophyll comparison on soil medium 
0 cax1-1 0 col-0 -0.2847 1.0107 566 -0.28 0.7783 
60 cax1-1 60 col-0 1.8972 1.0107 566 1.88 0.061 
80 cax1-1 80 col-0 5.7931 1.0107 566 5.73 <.0001* 
100 cax1-1 100 col-0 7.6306 1.0107 566 7.55 <.0001* 
#9; cax1/cax3/col-0 shoot FW biomass comparison on soil medium 
0 cax1-1 0 col-0 -6.5781 0.3312 64 -19.86 <.0001* 
80 cax1-1 80 col-0 0.3279 0.3312 64 0.99 0.3259 
100 cax1-1 100 col-0 0.3345 0.3312 64 1.01 0.3164 
#10; cax1/cax3/col-0 shoot chlorophyll comparison on soil medium 
0 cax1-1 0 col-0 8.7083 0.8883 414 9.8 <.0001* 
80 cax1-1 80 col-0 6.2347 0.8883 414 7.02 <.0001* 
100 cax1-1 100 col-0 8.2771 0.9219 414 8.98 <.0001* 
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Figure 2-1. Mrs2-10 homozygous knockout mutant line. A homozygous T-DNA insertion mutant 

for AtMRS2-10 (At1g80900) was identified by PCR based on the 
SALK_100361.41.30.x line. 

 
Figure 2-2. RT-PCR analysis of the mrs2-10 mutant. RNA extracted from mrs2-10 and col-0 

leaves was tested for the presence of MRS2-10 mRNA with gene-specific primers. α-
Tubulin (TUB) was used as a constitutive control. 

 
Figure 2-3. Two sets of six mrs2-10 plants growing at the Purdue Ionomics project facility. 
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Figure 2-4. Element z-score values for the first set of six mrs2-10 plants. Each individual plant is 

represented by a different color. The z score for an element indicates how far and in 
what direction the element deviates from its distribution's mean, expressed in units of 
its distribution's standard deviation. 

 

 
 
Figure 2-5. Element z-score values for the second set of six mrs2-10 plants. Each individual 

plant is represented by a different color. The z score for an element indicates how far 
and in what direction the element deviates from its distribution's mean, expressed in 
units of its distribution's standard deviation. 
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Figure 2.6. Growth experiments on agar. FW biomass of mutant lines is compared to that of their 

respective wildtype backgrounds at different levels of MgSO4•7H2O in the agar 
medium. Two Petri dishes per comparison per concentration are shown. Each dish 
contains both mutant and wildtype plants, which are planted alternatively on the left 
and the right side. The Petri dishes were scanned just prior to plant analysis at day 13. 
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Figure 2-7. Growth experiments on soil. FW shoot biomass of mutant lines is compared to that of 

their respective wildtype backgrounds at different levels of MgSO4•7H2O in the soil 
medium. One flat per comparison per concentration is shown. For the comparison 
between cax1/cax3 and col-0, 60 mM was not tested. Yellow boxes highlight the 
sections with mutant plants within each flat; the other sections contain wildtype 
plants. The plants shown here are 3 weeks old and were analyzed after 4 weeks of 
growth. 
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Figure 2-8. Average fresh weight biomass of mrs2-10 and col-0 seedlings in response to 

increasing concentrations of MgSO4•7H2O in agar medium. Bars indicate standard 
error, n = 30. The asterisk indicates a statistically significant difference between 
mrs2-10 and col-0 (p < 0.05) at 4 mM MgSO4•7H2O based on ANOVA. 

 
Figure 2-9. Average fresh weight shoot biomass of mrs2-10 and col-0 plants in response to 

increasing concentrations of MgSO4•7H2O in soil medium. Bars indicate standard 
error, n = 12. No statistically significant differences between mrs2-10 and col-0 at 
any of the concentrations are observed based on ANOVA. 
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Figure 2-10. Average leaf chlorophyll content of mrs2-10 and col-0 plants in response to 

increasing concentrations of MgSO4•7H2O in soil medium. Bars indicate standard 
error, n = 72. No statistically significant differences between mrs2-10 and col-0 at 
any of the concentrations are observed based on ANOVA. 

 
Figure 2-11. Average fresh weight biomass of sel1-10 and ws seedlings in response to increasing 

concentrations of MgSO4•7H2O in agar medium. Bars indicate standard error, n = 30. 
Asterisks indicate statistically significant differences between sel1-10 and ws (p < 
0.05) at 0, 4 and 12 mM MgSO4•7H2O based on ANOVA. 
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Figure 2-12. Average fresh weight shoot biomass of sel1-10 and ws plants in response to 

increasing concentrations of MgSO4•7H2O in soil medium. Bars indicate standard 
error, n = 12. No statistically significant differences between sel1-10 and ws at any of 
the concentrations are observed based on ANOVA. 

 
Figure 2-13. Average leaf chlorophyll content of sel1-10 and ws plants in response to increasing 

concentrations of MgSO4•7H2O in soil medium. Bars indicate standard error, n = 72. 
No statistically significant differences between sel1-10 and ws at any of the 
concentrations are observed based on ANOVA. 
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Figure 2-14. Average fresh weight shoot biomass of cax1-1 and col-0 plants in response to 

increasing concentrations of MgSO4•7H2O in soil medium. Bars indicate standard 
error, n = 12. Asterisks indicate statistically significant differences between cax1-1 
and col-0 (p < 0.05) at 80 and 100 mM MgSO4•7H2O based on ANOVA. 

 
Figure 2-15. Average leaf chlorophyll content of cax1-1 and col-0 plants in response to 

increasing concentrations of MgSO4•7H2O in soil medium. Bars indicate standard 
error, n = 72. Asterisks indicate statistically significant differences between cax1-1 
and col-0 (p < 0.05) at 80 and 100 mM MgSO4•7H2O based on ANOVA. 
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Figure 2-16. Average fresh weight shoot biomass of cax1/cax3 and col-0 plants in response to 

increasing concentrations of MgSO4•7H2O in soil medium. Bars indicate standard 
error, n = 12. The Asterisk indicates a statistically significant difference between 
cax1/cax3 and col-0 (p < 0.05) at 0 mM MgSO4•7H2O based on ANOVA. 

 
Figure 2-17. Average leaf chlorophyll content of cax1/cax3 and col-0 plants in response to 

increasing concentrations of MgSO4•7H2O in soil medium. Bars indicate standard 
error, n = 72. Asterisks indicate statistically significant differences between cax1/cax3 
and col-0 (p < 0.05) at 0, 80 and 100 mM MgSO4•7H2O based on ANOVA. 

 



 

CHAPTER 3 
TRANSCRIPTOME RESPONSES OF COL-0 AND CAX1-1 ARABIDOPSIS TO EXCESS 

LEVELS OF MAGNESIUM SULFATE; CONSEQUENCES FOR (EXTRA)TERRESTRIAL 
PLANT GROWTH 

Introduction 

Manned missions to Mars demand the efficient use of local planetary resources and the 

recycling of limited materials such as water, pressurized atmosphere and organic matter while 

producing food (Barta and Henninger, 1994). The use of in situ regolith for plant growth in a 

future bioregenerative life support system on Mars may have several advantages over hydroponic 

systems (Schuerger et al., 2002). These include the immediate bioavailability of plant essential 

ions, low-tech mechanical support for plants, and easy access of in situ materials once on the 

surface. However, plant growth may be reduced or inhibited by substances in the regolith, such 

as high levels of hydrated magnesium sulfate minerals (Chapter 2). In a potential bioregenerative 

life support system on Mars, an excess of a particular element in the crew’s diet could affect the 

presence and availability of other required elements. This study therefore focuses on the 

possibility of reducing accumulation of Mg2+ and SO4
2- ions within the plant as a method to 

enhance plant tolerance to high levels of magnesium sulfate in the growth medium. 

Arabidopsis is a model species in plant molecular biology research and its genome is fully 

sequenced. Plasma membrane localized efflux transporters of Mg2+ and SO4
2- ions have not been 

identified to date in the outer root cell layers of Arabidopsis or other plant species. AtMRS2-10 

and AtSULTR1;2 are genes encoding a known Mg2+ and SO4
2- uptake transporter respectively. 

The transporters are localized to the plasma membrane in root cells. Arabidopsis lines carrying 

knockout T-DNA insertion mutations in AtMRS2-10 and AtSULTR1;2 did not mitigate the 

constraining impacts of high magnesium sulfate concentrations on wildtype Arabidopsis plants 

(Chapter 2). An Arabidopsis line carrying a knockout mutation of the vacuolar CAX1 gene 
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(cax1-1) showed a significant improvement in growth on soil treated with high levels of 

MgSO4•7H2O in solution (Chapter 2). Although the Mg content of cax1 mutant roots has not 

been analyzed so far, the reduced levels of Mg in leaves (Bradshaw, 2005) indicate that 

Arabidopsis CAX1 knockout mutants show improved tolerance of high magnesium sulfate by at 

least partly limiting accumulation of Mg2+ or SO4
2- ions within the plant. 

Genome-wide analysis of Arabidopsis root transcriptome responses to elevated levels of 

MgSO4•7H2O in solution could reveal what molecular processes may be involved in adaptation 

to this stress, and could lead to identification of candidate genes that may play a role in 

enhancing tolerance by reducing accumulation within the plant. No genome-wide transcriptome 

profiling studies have been reported to date that address responses of plant species to elevated 

concentrations of Mg2+ or SO4
2- in the growth medium. Maruyama-Nakashita et al. (2003) 

analyzed the transcriptome response of ws and sel1-10 plants to sulfur deficiency stress. The 

study provided a selection of -S-responsive genes related to sulfate uptake, sulfur assimilation, 

remobilization of secondary sulfur metabolites, and mitigation of oxidative stress (Maruyama-

Nakashita et al., 2003). Some of the previous studies analyzing root transcriptome responses to 

ion toxicities, such as responses to NaCl and heavy metals, are reviewed below. The focus for 

this review is on the extent of the observed transcriptome responses, as well as the detection of 

differentially expressed transporter genes, in relation to the treatment concentration and duration. 

In addition, transcriptome analyses are reviewed that involve comparisons between wildtype and 

transgenic plants, or between related species showing differences in tolerance to a certain ion 

stress. 

Maathuis et al. (2003) analyzed the Arabidopsis (col-0) root transcriptome in response to 

high NaCl (80 mM) stress over a 96-h period (2, 5, 10, 24 and 96 hrs) with oligonucleotide 
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microarrays representing 1096 Arabidopsis transporter genes. In general, NaCl treatment did not 

affect specific gene families but rather resulted in a collective transcriptional response by 

affecting specific isoforms across transporter families. For example, aside from known Na+ 

transporters such as the vacuolar Na+/H+ antiporter AtNHX1, NaCl also affected the expression 

of particular genes associated with transport of other nutrients such as nitrate (Maathuis et al., 

2003). Jiang et al. (2006) used microarrays with oligonucleotide probes representing 23,686 

Arabidopsis genes to identify col-0 root transcripts that changed in relative abundance following 

6 h, 24 h, or 48 h of hydroponic exposure to 150 mM NaCl compared to control conditions. 

Among the statistically significant expression differences, 2,433 unique genes showed a NaCl-

induced increase in transcript abundance of at least 2.0 fold at one or more time points, while 

2,774 unique genes showed a decrease in transcript abundance of at least 2.0 fold or more (Jiang 

and Deyholos, 2006). The number of regulated genes found in this study highlights the 

complexity of the response in plants exposed to 150 mM NaCl for these periods of time. Taji et 

al. (2004) analyzed the gene expression profiles in Arabidopsis compared to its halophytic 

relative Thellungiella halophila (salt cress) by using full-length Arabidopsis cDNA microarray 

containing approximately 7000 genes. In contrast to Arabidopsis, only a few genes were induced 

by treatment with 250 mM NaCl for 2 hrs in salt cress. Various genes induced by abiotic and 

biotic stresses in Arabidopsis were shown to be constitutively expressed in salt cress even under 

normal growth conditions (Taji et al., 2004). In another study addressing genotypic differences, 

Sottosanto et al. (2004) used Affymetrix ATH1 arrays with probes representing 22,746 genes to 

compare transcription profiles between a T-DNA insertion mutant of AtNHX1 (nhx1) and a 

'rescued' line (NHX1::nhx1), which were both exposed to 100 mM NaCl for 12 and 48 hrs, as 

well as 1 and 2 wks. 147 transcripts showed both salt responsiveness and a significant influence 
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of AtNHX1, including signaling proteins, DNA binding proteins, components of the protein 

processing and trafficking machinery, cell wall related proteins and those involved in sulfur 

metabolism (Sottosanto et al., 2004). 

Several studies analyzing plant transcriptome responses to toxic levels of metal ions have 

been reported. Herbette et al. (2006) investigated the transcriptional regulation in response to 

cadmium treatment (5 and 50 μM for 2, 6 and 30 hrs) in both roots and leaves of hydroponically 

grown Arabidopsis (ecotype Columbia), using a whole genome microarray containing 24,576 

independent probe sets. The number of differentially expressed genes was lower in leaves than in 

roots, and regulation of gene expression in response to Cd seems time-regulated rather than dose-

regulated. One of the main responses observed in roots was the induction of genes involved in 

sulfur assimilation–reduction and glutathione (GSH) metabolism (Herbette et al., 2006). In 

another study, van de Mortel et al. (2006) examined the root transcript profiles of Arabidopsis 

and its heavy metal accumulating relative Thlaspi caerulescens grown for 7 days under deficient 

(0 µM), sufficient (2 or 100 µM), and excess (25 or 1000 µM) supply of zinc (ZnSO4), with the 

main aim of establishing which genes are most likely to be relevant for adaptation to high zinc 

exposure in T. caerulescens. Results emphasized the role of previously implicated zinc 

homeostasis genes in adaptation to high zinc exposure, but also suggest a similar role for many 

more, as yet uncharacterized genes, often without any known function (van de Mortel et al., 

2006). 

This study is the first to document genome-wide plant root transcriptome responses to 

elevated levels of magnesium sulfate using microarrays. The objective is to analyze which genes 

are differentially expressed as part of the primary stress response in roots of a non-tolerant 

species such as wildtype Arabidopsis (col-0) compared to unexposed col-0 roots. This could lead 
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to identification of candidate genes in Arabidopsis with potential to enhance tolerance to high 

magnesium sulfate by limiting accumulation within the plant. Potential candidate genes are those 

encoding root plasma membrane localized import or efflux systems, or regulators of plasma 

membrane transporter activity. In order to capture part of the primary stress response, three early 

time periods (45 min. 90 min. and 3 hrs) of col-0 exposure to a non-lethal concentration of high 

MgSO4•7H2O in a hydroponic growth medium were chosen. In addition, a set of col-0 plants 

was exposed to a control solution for 45 minutes. The treatment concentration of MgSO4•7H2O 

was based on the high Mg:Ca ratio that can occur in serpentine soils on Earth. Serpentine soils 

can be a partial analogue for regolith high in magnesium sulfate on Mars because of their high 

amount of bioavailable magnesium (Chapter 2). The cax1-1 mutant was also exposed to el

MgSO

evated 

4•7H2O for 3 hours to determine which genes are differentially expressed in the CAX1 

knockout mutant background compared to exposed col-0 at this time. Genes that are 

differentially expressed between the genotypes could point to some of the downstream molecular 

processes eventually leading to enhanced tolerance for cax1-1 at the whole plant level, including 

reduced leaf Mg content and increased fresh weight biomass, after days or weeks of exposure in 

agar or soil medium (Chapter 2). Some of the genes involved in downstream processes may 

themselves be candidate genes for enhanced tolerance, such as those encoding (regulators of) 

plasma membrane based channels that transport Mg2+. 

Results 

A microarray experiment was conducted with conditions described in Table 3-1, Figures 3-

1, 3-2, 3-3, and the Materials and Methods section. Sample sets were compared using a series of 

t-tests; the col-0 time 1, col-0 time 2 and col-0 time 3 treatment sets were compared to the col-0 

time 1 control sample set, and these comparisons are referred to in the text, tables and figures as 

Time 1, Time 2 and Time 3 respectively. The cax1-1 time 3 treatment set was compared to the 
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col-0 time 3 treatment set; this comparison is not referred to in abbreviated form. The resulting 

gene expression data for each comparison are presented as volcano plots (Figures 3-4, 3-5, 3-6, 

3-7). The volcano plots show the log2 values of the fold changes in gene expression between two 

compared sample sets on the x-axes. The y-axes show the –log10 p-values corresponding to the 

log2 fold change values. Expression differences (fold change) corresponding to p-values for 

which q < 0.05 are considered significant and are indicated in red. The number of genes with a 

significant difference in expression between treatment and control sets increases from 325 for 

Time 1, to 1516 for Time 2, and 3265 for Time 3. The number of genes with a significant 

difference in expression over 2 fold increases accordingly, from 100 for Time 1, to 248 for Time 

2, and 445 for Time 3. Between the cax1-1 time 3 treatment and col-0 time 3 treatment sample 

sets, only 4 transcripts show a significant difference in expression, all over 2 fold. Genes with 

significant expression differences at Time 1, 2 and 3 were annotated according to Gene Ontology 

(GO) terminology. The genes were grouped per GO functional category for each comparison, 

and the resulting numbers for the three comparisons are listed in Table 3-2. The results show that 

the number of genes per functional category is increasing with time for each category. The 

percentage of genes in each functional category changes slightly across the Time 1, 2 and 3 

comparisons; increasing in some categories and decreasing in others (Table 3-2). 

Transcripts col-0 Time Series 

Since the experimental design for the microarray experiment involving the col-0 time 

series does not control for diurnally regulated genes at Time 2 and 3, we will focus on genes with 

significant expression differences at Time 1, and genes with significant expression differences 

that are shared between Time 1 and one or more of the other comparisons (Time 2 and 3). As 

mentioned above, 325 genes show a significant difference in expression at Time 1. Of these 325 

genes, 34 are differentially expressed at q < 0.001 (Table 3-3), while 36 are differentially 
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expressed over 3 fold (Table 3-4). A Venn diagram was made based on a comparison of genes 

with significant expression differences at Time 1, 2 and 3. The results show that of the 325 genes 

expressed differentially at Time 1, 74 genes are unique to Time 1, 48 are shared between 1 and 2, 

155 genes are shared between all three comparisons, and 48 are shared between 1 and 3 (Figure 

3-8). The 325 differentially expressed genes at Time 1 were also compared with a cluster of 197 

genes identified by Ma and Bohnert (2007) that are differentially expressed in response to broad 

range of diverse stress conditions: cold, osmotic, salinity, wounding, and biotic stresses 

(including treatments with elicitors). The comparison showed that at least 18 of the 325 genes 

differentially expressed at Time 1 are universally responsive to stress conditions. A hierarchical 

average linkage cluster analysis using uncentered correlation was done across Time 1, 2 and 3 

based on the genes with significant expression differences at Time 1 (Figure 3-9). The results 

show the exact expression patterns of the genes that are shared with Time 2, Time 3, or both. 

Groups of functionally related genes 

The 325 genes that showed a statistically significant difference in expression at Time 1 can 

be grouped into functional categories according to GO annotations (Table 3-2). The overview 

shows that the molecular function of a large portion of the genes is currently unknown. A closer 

look at the genes whose molecular function is known or putatively known reveals the following 

(Figure 3-9a-d, Object 3-2). Within the group genes encoding transcription factors, multiple 

AP2/EREBF, bHLH, heat shock, MYB (KAN4, MYB50), NAC (NAM) TCP (PCF1, PCF2) and 

zinc finger (C2H2 and C3HC4 type) transcription factors, as well as a MADS box (AGL45), 

WRKY (WRKY70), and scarecrow transcription factor can be recognized. Among the genes 

encoding proteins with kinase activity, several protein kinases, lectin protein kinases, and 

leucine-rich repeat transmembrane protein kinases can be distinguished. Three genes encoding 

cyclins, which regulate the activity of cyclin-dependent kinases, are differentially expressed at 
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Time 1 and 2, but not at Time 3. Regarding phosphatase activity, genes encoding protein 

phosphatase 2C (PP2C) family proteins are well represented. Within the group of genes encoding 

membrane based transporters, those encoding cyclic nucleotide-gated channels CNGC19 and 

CNGC1 are differentially expressed at the early time points. The expression of two genes 

encoding potassium transporters is up-regulated, with the expression of HAK5 being up-

regulated across the time points. Transcripts encoding calcium-transporting ATP-ase ACA12 and 

calcium exchanger CAX1 are differentially expressed at Time 1 and beyond. Other genes 

encoding transporters that show differential expression are amino-acid transporters, an organic 

cation transporter, and inorganic phosphate transporter PHT1. Among transcripts encoding 

proteins with ion binding activity, those encoding calcium-binding proteins, and in particular 

calmodulins, are well represented at Time 1 and further on. The expression of genes encoding 

calcium-binding copines and copper-binding plastocyanins is down-regulated. A few transcripts 

encoding proteins responsive to inorganic ions such as phosphate and nitrate can also be 

distinguished. Genes encoding hormone-responsive proteins are dominated by those encoding 

auxin-responsive proteins. The expression of these genes is up-regulated at Time 1, and for many 

of the genes this is the same at Time 2 and 3. A large group of disease resistance proteins (TIR-

NBS-LRR or variations thereof) shows that the expression of the genes encoding these is 

generally down-regulated across the time points. Genes encoding cell wall related proteins such 

as (fasciclin-like) arabinogalactans, xyloglucan endotransglycosylases, exotosins, putative lipid 

transfer proteins, beta-expansins, a pectin acetylesterase and a hydroxyproline-rich glycoprotein 

all show down-regulated expression, while multiple genes encoding alpha-expansins and 

polygalacturonases/pectinases all show up-regulated expression. The expression of two 

transcripts encoding anionic peroxidases and of one that encodes a glutathione S-transferase is 
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up-regulated, while that of two transcripts encoding SEC14/phosphoglyceride transfer family 

proteins is down-regulated. Other differentially expressed genes encoding metabolic enzymes 

include those that encode glycoside and glycosyl hydrolases, glycosyl transferases. UDP-

glucosyl transferases, beta-amylases and nudix hydrolases. 

Remaining genes that encode metabolic enzymes that do not directly group together were 

analyzed by overlaying the significant gene expression ratios per time point on a metabolic map 

by using the Aracyc Omics viewer of the Arabidosis Information Center (TAIR). Genes 

encoding 1-aminocyclopropane-1-carboxylate synthase in the ethylene biosynthesis pathway 

show up-regulated expression across the three time points (Figure 3-10a). A transcript encoding 

a 9-cis-epoxycarotenoid dioxygenase/neoxanthin cleavage enzyme in the abscisic biosynthesis 

pathway shows up-regulated expression in all comparisons as well (Figure 3-10b). In the 

jasmonate biosynthesis pathway, the expression of a lipoxygenase encoding gene is up-regulated 

at Time 1, and several genes encoding 12-oxophytodienoate reductases show down-regulated 

expression at Time 3 (Figure 3-10c). Transcripts encoding gibberellin 2-oxidases 7 and 8 show 

up-regulated expression at the time points, while a transcript encoding gibberellin 2-oxidase 1 

shows down-regulated expression at Time 3 (Figure 3-10d). A gene encoding 

monogalactosyldiacylglycerol synthase 2 shows down-regulated expression across the time 

points as part of glycerolipid metabolism (Figure 3-10e). A transcript encoding the rate-limiting 

enzyme glucosamine-fructose-6-phosphate aminotransferase shows up-regulated expression at 

Time 1 and 3 in the hexosamine biosynthetic pathway (Figure 3-10f). A gene encoding a Rieske 

[2Fe-2S] domain-containing protein similar to Pheophorbide A oxygenase shows up-regulated 

expression at Time 1 and Time 3. Pheophorbide A oxygenase is part of the chlorophyll 

breakdown pathway (Figure 3-10g). A Glutamyl-tRNA reductase 2 encoding gene shows up-
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regulated expression at Time 1 and 2, and a sirohydrochlorin ferrochelatase encoding gene shows 

up-regulated expression at Time 2 and 3, as part of porphyrin and chlorophyll metabolism 

(Figure 3-10h). A transcript encoding phosphoribosyl-ATP pyrophosphohydrolase shows up-

regulated expression across the time points as part of the histidine biosynthesis pathway (Figure 

3-10i). A gene encoding UDP-glucose 4-epimerase shows down-regulated expression at Time 1 

and 2 as part of galactose metabolism (Figure 3-10j), and phosphofructokinase encoding genes 

show up-regulated expression at Time 1 and 3 as part of the glycolysis pathway (Figure 3-10k). 

A transcript encoding cytosolic malate dehydrogenase shows up-regulated expression at Time 1, 

while a transcript encoding mitochondrial malate dehydrogenase shows down-regulated 

expression at Time 3, and a transcript encoding malate synthase shows up-regulated expression 

at Time 2 and 3 (Figure 3-10l). Finally, genes encoding proteins grouped by their structural 

motifs, such as Armadillo, F-box and U-box family proteins, as well as DC1 domain containing 

proteins, are represented by multiple members at Time 1, and some of these are shared with 

Time 2 and 3. The role of functional groups as a whole and of individual gene members within 

the various functional groups in the response of Arabidopsis roots to high levels of magnesium 

sulfate will - where possible - be addressed in the discussion. 

Transcripts Encoding Membrane Based Transporters in the Col-0 Time Series 

Because of our interest in identifying plant variants with enhanced tolerance to elevated 

levels of magnesium sulfate and the possibility of differential expression of transporter genes as 

possible reasons for such enhanced tolerance, the responses of genes encoding membrane based 

transporters were documented not only at Time 1, but also across the other time points. Since 

gene expression differences are not fully controlled for diurnal effects for the Time 2 and 3 

comparisons in the col-0 time series, these effects will have to be ruled out in follow-up studies. 

A hierarchical average linkage cluster analysis was done based on transporter genes with 
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significant expression differences at Time 1, 2 or 3 using uncentered correlation. The results 

show that distinct clusters of expression patterns can be distinguished within the group of 

transporter genes across the three time points. For example, some transporter genes are 

differentially expressed from Time 1 or 2 onwards, while most are not differentially expressed 

until Time 3. A few are differentially expressed at Time 1 and 2 but not 3, Time 2 only, or at 

Time 1 and 3 but not 2 (Figure 3-11). 

Groups of functionally related transporters 

When grouping the known transporter genes according to the type of molecules they 

transport, the following can be observed (Figure 3-11, Object 3-2). Genes encoding ion 

transporters such as magnesium transporter MRS2-10 (At1g80900) and Mg2+/H+ exchanger 

MHX1 show up-regulated expression at Time 2 and 3, while the expression of MRS2-7 

(At5g09690) is up-regulated at Time 3. Sulfate transporter SULTR3;4 (At3g15990) shows 

down-regulated expression from Time 2 onwards, while SULTR3;1 (At3g51895) and SULTR4;1 

(At5g13550) show down-regulated expression at Time 3. The expression of the gene encoding 

Ca2+/H+ antiporter CAX1 is down-regulated almost two-fold starting at Time 1, while CAX2 and 

CAX3 begin to show down-regulated expression at Time 2. The gene encoding cation exchanger 

CHX20 is on the other hand up-regulated in expression from Time 2 onwards. 

Genes encoding the high affinity nitrate transporter ACH1, the ammonium transporter 

AMT1.1, and the inorganic phosphate transporters PHT1 and PHT2 all show up-regulated 

expression, while those encoding a putative inorganic phosphate transporter (At2g29650), 

phosphate transporter PT2, and the putative mitochondrial phosphate transporter (At3g48850) 

show down-regulated expression. Transcripts encoding metal transporters NRAMP1 and ZIP5, 

as well as a ZIP Zinc transporter domain containing protein (At1g68100), an iron transporter-

related protein (At2g38460), a ferroportin-related protein (At5g26820), and a metal transporter 
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family protein (At3g08650), all show up-regulated expression. The expression of four transcripts 

encoding potassium transporters is up-regulated at different time points, with that of HAK5 

consistently and increasingly across the three comparisons. The expression of potassium channel 

encoding genes AKT1 and AKT4 is up-regulated, while that of AKT2 is greatly down-regulated. 

Transcripts encoding chlorine channel proteins CLC-a and CLC-b show down-regulated 

expression, while a transcript encoding a putative chloride channel-like protein (At5g33280) 

shows up-regulated expression. The expression of three genes encoding putative cation-chloride 

cotransporters is up-regulated, while that of a gene encoding K-Cl cotransporter type 1 protein-

related (At3g58370) is down-regulated. Two transcripts encoding cation efflux family proteins 

are differentially expressed in contrasting ways, and the expression of a transcript encoding an 

anion exchange family protein (At3g62270) is down-regulated. 

Genes encoding ion-transporting ATP-ases, such as calcium-transporting ATP-ases, are 

well represented among the differentially expressed transporter genes. Genes encoding ACA1, 

ACA9, ACA10 and ACA12, as well as ECA2, all show down-regulated expression, while those 

encoding ACA2, ACA4 and ACA8 show up-regulated expression. The expression of two 

transcripts encoding E1-E2 type ATPase family proteins is up-regulated, while two transcripts 

encoding copper exporting ATP-ases show contrasting expression patterns. The expression of 

genes encoding phospholipid-transporting ATPase 1/magnesium-ATPase 1 (ALA1) and an 

anion-transporting ATPase family protein (At5g60730) is down-regulated from Time 2 onwards. 

Three transcripts encoding putative proton pump ATP-ases show up-regulated expression at 

Time 3. 

Genes encoding cyclic nucleotide gated ion channels CNGC1 and CNGC19 show 

differential expression at the early time points only, while those encoding CNGC10, CNGC13 
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and CNGC15 are differentially expressed at Time 2 or later. Two transcripts encoding 

mechanosensitive ion channel domain-containing proteins show up-regulated expression. A 

group of genes encoding major intrinsic family proteins (MIP) show down-regulated expression 

at Time 3, with the exception of At4g01470, which shows up-regulated expression. The 

expression of multiple genes encoding plasma membrane intrinsic proteins (PIP1B, 1C, 2A, 2C), 

and two tonoplast intrinsic proteins (TIP3.1) is down-regulated. Several transcript encoding 

mitochondrial import (Tim17/Tim22/Tim23) family proteins show up-regulated expression at 

Time 3, except for At3g10110, which shows down-regulated expression. A number of genes 

encoding mitochondrial substrate carrier family proteins are also differentially expressed, with 

At4g24570 showing up-regulated expression across all comparisons. At4g24570 is shown to be 

universally responsive to stress (Ma and Bohnert, 2007). The expression of a group of transcripts 

encoding nodulin MtN21 family and nodulin-related proteins is up-regulated at Time 3, again 

with an exception in the form of the expression of At4g30420. 

With respect to transporters of specific metabolic products, two genes encoding auxin 

efflux carrier proteins show down-regulated expression, while a gene encoding auxin transport 

protein PIN3 shows up-regulated expression. A transcript encoding a C4-dicarboxylate 

transporter/malic acid transport family protein (At4g27970) shows down-regulated expression at 

Time 2. The expression of a gene encoding an organic cation transporter-related protein 

(At1g16390) is greatly down-regulated across all time points. Transcripts encoding glutathione 

S-conjugate ABC transporters MRP1 and MRP2, and a putative glycerol-3-phosphate 

transporter/permease (At3g47420) all show down-regulated expression at Time 3. The 

expression of a gene encoding a putative lysine and histidine specific transporter (At3g01760) is 

down-regulated across the three time points, while that of At1g25530 is up-regulated from Time 
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2 onwards. A transcript encoding an UDP-galactose/UDP-glucose transporter shows up-

regulated expression at Time 3, while transcripts encoding the sucrose transporters/sucrose-

proton symporters SUC1, SUC3 and SUC5 all show down-regulated expression. Finally, 

transporter gene families represented by multiple members with little annotation, and with mixed 

differential expression patterns amongst the members, are the amino acid transporter family, the 

proton-dependent oligopeptide transport family, the sugar transporter family, the MATE efflux 

family, the ABC transporter family and the integral membrane family. 

Q-PCR confirmation 

The expression of four transporter genes that showed a significant difference in expression 

at Time 3 was analyzed by quantitative PCR. Time 3 refers to the microarray comparison of the 

col-0 time 3 treatment sample set with the col-0 time 1 control sample set (Table 3-1). Because 

the control sample set is harvested at time 1, the Time 2 and Time 3 comparisons are not 

controlled for diurnal effects. In order to confirm that the expression differences observed at 

Time 2 or 3 for several transporter genes of relevance to this study are not due to diurnal effects, 

The treatment at time 3 was repeated with a different set of hydroponically grown col-0 plants 

and a control set was harvested at time 3 as well (Figure 3-2 D). In addition to confirming their 

expression using the same RNA sources as those used for the microarray experiment, RNA was 

used from these sets of independently grown plants. The genes analyzed were CAX1, MRS2-10, 

SULTR3;4 and NRAMP1. CAX1 and MRS2-10 were chosen to be able to relate the microarray 

results for these genes to the knockout mutant results of Chapter 2. SULTR3;4 was selected 

because it represents a sulfate transporter gene not previously reported to be regulated by sulfur 

levels. NRAMP1 was included because it encodes a transporter of ions other than Mg2+, SO4
2- or 

Ca2+. The differences in gene expression between treatment and control as measured by Q-PCR 

are most similar to the results achieved with the microarray experiment when using the same 
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RNA sources (Tables 3-5a, 3-5b, 3-6, 3-7). When using RNA from the independently grown and 

diurnally controlled plants for the Q-PCR analysis, the expression differences are similar to the 

microarray results for CAX1 and NRAMP1, less pronounced for SULTR3;4, while MRS2-10 

shows no difference at all (Tables 3-6, 3-7, Figures 3-12, 3-13, 3-14). The discrepancy between 

the Q-PCR and the microarray results for SULTR3;4 and MRS2-10 may be due to diurnal 

regulation of the expression of these transcripts between time 1 and time 3 in the microarray 

analysis. Despite this, the gene expression difference of SULTR3;4 between treatment and 

control at time 3 is still significant during one of the Q-PCR analysis repetitions. The small 

difference in expression of MRS2-10 between treatment and control does not qualify as 

significant in any of the Q-PCR analyses, even when using the same RNA sources as those used 

for the microarray experiment, which may indicate a limitation of the SYBR green dye based Q-

PCR analysis. 

Transcripts Cax1-1/Col-0 Comparison 

Only 4 transcripts showed a significant difference in expression between the cax1-1 time 3 

treatment and col-0 time 3 treatment sample sets (Table 3-8). Among these, the transcript with 

the smallest q-values and largest differences in expression is CAX1, the gene that is knocked out 

in the mutant cax1-1, and which is represented on the microarray by two different probes. The 

other three transcripts are At3g01345, an expressed protein with similarity to beta-galactosidases 

in Arabidopsis, At4g07526, an unknown protein with similarity to other unknown proteins in 

Arabidopsis, and chromosomal region CHR2:011819877-011819818, with no significant 

similarity to other nucleotide sequences. 

Supplemental Files 

Object 3-1. Microarray raw signal data (.xls file 35 MB) 

Object 3-2. Microarray analysis data (.xls file 1 MB) 
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Discussion 

The objective of the current study was to quantify the early transcriptome responses of 

wildtype Arabidopsis (col-0) roots to elevated MgSO4•7H2O and to possibly identify candidate 

genes that play a role in enhancing tolerance to MgSO4•7H2O by limiting accumulation within 

the plant. Our results showed 325 differentially expressing genes in col-0 after 45 minutes of 

exposure compared to col-0 unexposed for 45 minutes (Time 1) that could be organized into 

functionally related groups and many of which were shared with either Time 2 or 3, or with both. 

In addition we described the transporter genes differentially expressed at all three time points. 

Finally, we showed that only three transcripts are differentially expressed between cax1-1 and 

col-0. In this discussion we will attempt to clarify how the results might relate to the treatment 

given. 

Transcripts Col-0 Time Series 

Phytohormones like abscisic acid (ABA), ethylene, salicylic acid and jasmonates, and 

other signalling molecules such as nutrients and intracellular second messengers (phospholipids, 

Ca2+ and reactive oxygen species), have been implicated in mediating cellular events associated 

with the response of the plant to abiotic stress (Magnan et al., 2008). Genes encoding enzymes 

involved in the ABA, ethylene and jasmonic acid biosynthesis pathways show differential 

expression at Time 1 and beyond. Transcripts encoding enzymes 9-cis-epoxycarotenoid 

dioxygenase and aldehyde oxidase 3 in the ABA biosynthesis pathway show up-regulated 

expression, pointing to increased ABA synthesis. Genes encoding 1-aminocyclopropane-1-

carboxylate synthases in the ethylene biosynthesis pathway show up-regulated expression across 

the time points, while several genes encoding enzymes with 1-aminocyclopropane-1-carboxylate 

oxidase activity are differentially expressed at Time 3, indicating possible changes in ethylene 

synthesis. In the jasmonate biosynthesis pathway, a lipoxygenase encoding gene shows up-
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regulated expression at Time 1, while a gene encoding a 12-oxophytodienoate reductase shows  

down-regulated expression at Time 2 and 3, pointing to possible changes in jasmonate synthesis. 

The expression of a gene encoding a flavin monooxygenase was up-regulated at Time 1. This 

enzyme shows similarity to YUCCA, a flavin monooxygenase-like enzyme in Arabidopsis that 

catalyzes hydroxylation of the amino group of tryptamine, a rate-limiting step in tryptophan-

dependent auxin biosynthesis and which causes elevated levels of free auxin in dominant mutant 

plants (Zhao et al., 2001). Two Arabidopsis cytochrome P450s, CYP79B2 and CYP79B3, which 

convert tryptophan (Trp) to indole-3-acetaldoxime (IAOx) in vitro, were also shown to be critical 

enzymes in auxin biosynthesis in vivo (Zhao et al., 2002). The cytochrome P450 that is encoded 

by a gene with up-regulated expression at Time 1 in this study is CYP94A1, which has not been 

associated with auxin biosynthesis, but with fatty acid hydroxylation. Products of the 

Auxin/Indole-3-Acetic Acid (Aux/IAA) and auxin response factor (ARF) gene families can 

function in a negative (auto)feedback loop in which particular combinations of ARF and 

Aux/IAA proteins control specific auxin-mediated responses via regulation of gene expression, 

such as for example the combination of IAA19 and ARF7, which may constitute a negative 

feedback loop to regulate differential growth responses of hypocotyls and lateral roots in 

Arabidopsis (Tatematsu et al., 2004). Genes encoding IAA1 and IAA19 both show up-regulated 

expression at Time 1 in this study, while the other genes encoding auxin-responsive proteins 

(GH3, SAUR) at Time 1 also show up-regulated expression. These results indicate the 

occurrence of auxin-mediated responses such as negative regulation of lateral root growth in the 

presence of elevated levels of magnesium sulfate. The expression of several genes encoding 

gibberellin 2 oxidases, which are involved in gibberrellin (GA) inactivation, is up-regulated at 

the different time points, indicating a reduction in GA in this phase. One of these genes 
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(At1g02400) is differentially expressed in response to a broad range of stresses (Ma and Bohnert, 

2007). The involvement of auxin in the regulation of GA metabolism genes points at the 

existence of a complex regulatory network (Frigerio et al., 2006). 

A large number of genes in the Arabidopsis genome encode EF hand-containing Ca2+-

binding proteins, such as calmodulin(-like) and calcineurin B-like proteins, which can act as Ca2+ 

sensors that relay Ca2+ signals through Ca2+-induced conformational changes that can affect 

interactions with an abundance of target proteins and modulate target protein activity 

(McCormack et al., 2005). Calmodulin-like 9 (CML9) is for example involved in salt stress 

tolerance through its effect on the ABA-mediated pathways in Arabidopsis (Magnan et al., 

2008). The genes encoding Ca2+-binding proteins that are differentially expressed at Time 1 in 

this study are not functionally associated to specific signaling pathways at this point. Three of the 

differentially expressed genes (At2g41410, At2g46600 and At3g10300) are universally 

responsive to stress (Ma and Bohnert, 2007). Calcineurin B-like (CBL) proteins specifically 

target CBL-interacting protein kinases (CIPKs) such as CIPK9, which is required for low-

potassium tolerance in Arabidopsis (Pandey et al., 2007). The expression of the gene encoding 

CIPK9 is up-regulated at Time 1. Another gene with differential expression at Time 1 is 

At2g30040, which encodes a protein kinase family protein and is known to show a response to a 

broad range of stresses (Ma and Bohnert, 2007). The majority of transcripts encoding kinases 

that are differentially expressed at Time 1 encode functionally unspecified protein kinases as 

well as receptor-like protein kinases (RLKs) with extracytoplasmic leucine-rich repeats (LRRs) 

or with an extracellular lectin-like domain. RLKs are membrane-spanning proteins with a 

predicted signal sequence and a cytoplasmic kinase domain that have been implicated in a wide 

range of signal transduction pathways (Fontes et al., 2004). Several genes encoding protein 
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phosphatase 2C family proteins, which are potentially involved in phosphorylation-mediated 

signaling, are differentially expressed at Time 1. Protein degradation can also play a role in 

signal transduction and transcriptional regulation. Genes related to protein degradation are also 

differentially expressed at Time 1, such as those encoding S-phase kinase-associated protein 1 

(SKP1) interacting F-box proteins (up-regulated), U-box proteins, Arm/U-box proteins, and an 

ubiquitin family protein (down-regulated). 

The exact function of many of the differentially expressed genes at Time 1 encoding 

transcription factors is currently unknown, although some are associated with tolerance to other 

abiotic stresses. Members belonging to the NAC (NAM) and bHLH transcription factor families 

are coordinated in their up-regulated expression at Time 1. Several genes encoding C2H2 type 

zinc finger family proteins were detected, which play a crucial role in many metabolic pathways 

as well as in stress response and defense activation in plants. C2H2 type zinc finger proteins can 

have a putative repression activity in the defense and stress response of plants, which is thought 

to occur via their ethylene-responsive element-binding factor (ERF)-associated amphiphilic 

repression (EAR) domain (Ciftci-Yilmaz and Mittler, 2008). An example of this is ZAT7, which 

renders plants more tolerant to salinity stress when constitutively expressed, and which is 

therefore thought to function in Arabidopsis as a suppressor of a repressor of defense responses 

(Ciftci-Yilmaz et al., 2007). This study shows that the expression of the gene encoding ZAT7 is 

up-regulated after 45 minutes of exposure to elevated levels of magnesium sulfate and that it is 

increasingly up-regulated with time up to at least 3 hours after treatment initiation. The functions 

of the other two differentially expressed genes at Time 1 encoding C2H2 type transcription 

factors have not been determined yet. AP2/ERF superfamily transcription factors play significant 

roles in regulating plant biotic and abiotic stress-responsive gene expression and can be divided 
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into several families, one of which is the ERF family with a single AP2/ERF domain (Zhang et 

al., 2008). An ERF transcription factor of the DREB1/CBF subfamily was shown to bind DRE-

like motifs in the promoter of gibberellin 2 oxidase 7 (GA2ox7), which is an enzyme encoded by 

a gene whose expression is up-regulated in Arabidopsis under high-salinity stress, and which 

reduces endogenous GA levels with the result that growth is repressed for stress adaptation 

(Magome et al., 2008). Some of the AP2/ERF transcription factors encoded by differentially 

expressed genes at Time 1 may therefore be involved in the up-regulation of the expression of 

genes encoding gibberellin 2 oxidases, such as GA2ox7, in this study. Another transcription 

factor, WRKY70, functions as a negative regulator of developmental senescence and is involved 

in plant defense signaling pathways (Ulker et al., 2007). In the current study, the expression of 

the gene encoding WRKY70 is stably down-regulated across the three time points. 

Several differentially expressed genes point at senescence-related responses in Arabidopsis 

roots exposed to high levels of magnesium sulfate. Two genes encoding senescence-associated 

proteins (At2g25690, At4g35985) show up-regulated expression at Time 1. Two genes encoding 

hairpin induced (HIN1) proteins (At4g01410, At2g27080) which previously showed up-

regulated expression during leaf senescence in tobacco (Takahashi et al., 2004), also show up-

regulated expression at Time 1. At4g35985 and At2g27080 are shown to be responsive to a 

broad ranges stress (Ma and Bohnert, 2007). A gene encoding a Rieske [2Fe-2S] domain-

containing protein similar to pheophorbide A oxygenase, which is part of the chlorophyll 

breakdown pathway, shows up-regulated expression at Time 1 and 3. It is possible that it is 

transported to the shoot in the form of RNA or protein, or that the gene product has a different 

function in roots in the absence of chlorophyll. 
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A general pattern of down-regulated expression of genes encoding disease resistance 

proteins was observed at Time 1. Consistent with the need for a rapid response to pathogen 

attack, many NBS-LRR-encoding genes are constitutively expressed at low levels in healthy, 

unchallenged tissue, and little is known about the regulation of these genes (McHale et al., 

2006). Copines such as BON1 and BONZAI1, which are calcium-dependent membrane-binding 

proteins, have been implicated in the repression of several disease resistance genes (Yang et al., 

2006). In this study, the expression of BON1 and BONZAI1-related genes is down-regulated, 

while the expression of the majority of disease resistance genes is not seen to be up-regulated at 

Time 1. At later time points the expression of the majority of disease resistance genes is still 

down-regulated, although the number of genes showing up-regulated expression increases. 

Many of the differentially expressed genes detected at Time 1 encode cell wall related 

proteins. Arabinogalactan proteins for example are plant glycoproteins that consist of a core-

protein backbone O-glycosylated by one or more complex carbohydrates consisting of galactan 

and arabinose as main components. Fasciclin-like arabinogalactan proteins contain one or two 

fasciclin domains thought to be involved in protein-protein interactions that are variably 

modified with a glycosylphosphatidylinositol lipid anchor (Seifert and Roberts, 2007). Cell 

surface arabinogalactan proteins in the roots of Arabidopsis were shown to influence the 

organization of cortical microtubules, which in turn affect the orientation of cellulose 

microfibrils that constitute an ordered, fibrous phase of the cell wall (Nguema-Ona et al., 2007). 

In roots, arabinogalactan proteins are implied in root elongation, the orientation of root 

patterning and root hair growth (Seifert and Roberts, 2007). Genes encoding arabinogalactan 

proteins show down-regulated expression at Time 1, indicating a possible disorganization of 

cortical microtubules and consequently of cellulose microfibrils, and a reduction in root 
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elongation and root hair growth. The gene encoding UGE4 also shows down-regulated 

expression at Time 1 in this study. A loss-of-function allele of UDP-glucose 4-epimerase 4 

(UGE4), which freely interconverts UDP-glucose and UDP-galactose resulted in a 20% decrease 

in Arabidopsis root cell wall galactose content that correlated with a reduction in root length 

(Rosti et al., 2007). The loss of UGE4 specifically affected xyloglucan galactosylation by 

causing a 40% reduction in the relative total abundance of galactose-containing xyloglucan 

oligosaccharides in roots. Xyloglucans are polysaccharides binding noncovalently to cellulose, 

thereby coating and cross-linking adjacent cellulose microfibrils (Rose et al., 2002). Xyloglucan 

galactosyltransferases, which show sequence similarities to the glucuronosyltransferase domain 

of exostosins, are involved in the biosynthesis of xyloglucans by attaching D-galactose to 

specific xylose residues (Madson et al., 2003). The expression of two genes encoding xyloglucan 

galactosyltransferases is down-regulated at Time 1, thereby affecting the structure of 

xyloglucans. A class of enzymes known as xyloglucan endotransglucosylases/hydrolases (XTHs) 

catalyzes the endo-cleavage of xyloglucan polymers and the subsequent transfer of the newly 

generated reducing ends to other polymeric or oligomeric xyloglucan molecules (Liu et al., 

2007). Xyloglucan endotransglucosylases/hydrolases have been associated with primary root 

growth and root hair initiation in Arabidopsis (Vissenberg et al., 2001; Liu et al., 2007). The 

down-regulated expression at Time 1 of genes encoding these enzymes indicates a possible 

reduction in the associated processes. Expansins are cell wall loosening proteins with a proposed 

nonenzymatic action mechanism in which noncovalent bonds are disrupted that connect matrix 

polysaccharides to the surface of cellulose (Sampedro and Cosgrove, 2005). All the -expansin 

proteins that have been characterized so far have a pH optimum for cell-wall extension of about 

4, which permits the cell to regulate -expansin activity rapidly by modulating wall pH through 
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the activity of the plasma membrane H+ ATPase, which pumps protons to the cell wall 

(Sampedro and Cosgrove, 2005). The expression of genes encoding -expansin proteins is up-

regulated at Time 1, while that of three transcripts encoding putative proton pump ATP-ases is 

up-regulated at Time 3, possibly indicating an increase in -expansin activity with time. The 

expression of two genes encoding -expansin proteins on the other hand is down-regulated; a -

expansin gene in barley is tightly related to root hair initiation (Kwasniewski and Szarejko, 

2006). Transcripts encoding lipid transfer proteins, which in this study show down-regulated 

expression, can facilitate the ongoing extension process of cell walls in tobacco and wheat, 

where they were associated to the presence of a -expansin (Nieuwland et al., 2005). A gene 

encoding a pectin acetylesterase also shows down-regulated expression at Time 1. Pectin 

acetylesterases catalyze the deacetylation of esterified pectin, which diminishes the pectin 

backbone hydrophobicity and increases its solubility in water, while it makes the polysaccharide 

more accessible to pectin-degrading enzymes (Vercauteren et al., 2002). The expression of 

transcripts encoding polygalacturonases on the contrary is up-regulated. These are enzymes that 

hydrolyze the homogalacturonan (pectin backbone) of the plant cell wall and are therefore 

involved in cell wall loosening. In general, the genes encoding proteins involved in cell-wall 

loosening show down-regulated expression in this study where they are involved in root (hair) 

growth, while those showing up-regulated expression might be the ones involved in expansion of 

existing cells. 

The up-regulated expression of giberrellin 2 oxidases mentioned earlier in the discussion 

also indicates a possible decrease in root growth. Gibberellins (GAs) promote growth by 

targeting the degradation of DELLA repressor proteins in the endodermis, where cell expansion 

is rate-limiting for elongation of other tissues and therefore of the root as a whole (Ubeda-Tomas 
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et al., 2008). Other genes potentially associated with root growth processes are for example the 

transcription factor scarecrow-like 11 and the putative replication protein A1, both of which 

show down-regulated expression at Time 1. Scarecrow-like 11 is related to SCARECROW, 

which is involved in root cortex cell proliferation, stem cell renewal, and the gravitropic response 

(Cui and Benfey, 2009). Finally, the expression of two anionic peroxidases, one of which is a 

putative lignin forming anionic peroxidase, is strongly up-regulated at Time 1. Anionic 

peroxidases belong to class III peroxidases, which are generally secreted into the cell wall or the 

surrounding medium and the vacuole where they catalyse the reduction of H2O2 by taking 

electrons from various donor molecules such as phenolic compounds, lignin precursors, auxin, or 

secondary metabolites, or where they are involved in the formation of various reactive oxygen 

species (ROS) (Cosio and Dunand, 2009). Lignin may form a barrier against metal entrance 

(Kovacik and Klejdus, 2008). 

Many genes encoding proteins of known and unknown function are now implicated in the 

early response of Arabidopsis roots to high levels of magnesium sulfate. Several of the genes 

described above have been shown to be involved in an abiotic stress response in previous studies, 

but the majority can only be functionally interpreted on a family or superfamily level. 

Transcripts Encoding Transport Proteins Col-0 Time Series 

Vacuolar transporters 

Storage vacuoles contain mainly inorganic salts and water, enabling the plant to reach a 

large size and surface area using a minimum of energy for the synthesis of organic metabolites. 

The vacuole also serves as an internal reservoir of metabolites and nutrients and takes part in 

cytosolic ion homeostasis (Martinoia et al., 2000). The vacuolar MHX transporter functions as an 

exchanger of H+ with Mg2+ and Zn2+ ions and is expressed in the vascular cylinder in close 

association with the xylem tracheary elements and in the root epidermis (Shaul et al., 1999). The 
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gene encoding the MHX transporter shows up-regulated expression at Time 2 and 3, indicating 

the possible storage of excess Mg2+ in the vacuole. The tonoplast-localized H+/SO4
2- 

cotransporter SULTR4;1 mediates the efflux of sulfate from vacuoles in the pericycle and xylem 

parenchyma cells of the vascular tissues along the entire root (Kataoka et al., 2004). The 

expression of the gene encoding SULTR4;1 is up-regulated at Time 3, pointing at the possible 

retention of excess SO4
2- in the vacuole. Several members of the CAX (cation exchanger) family 

show differential expression in response to elevated magnesium sulfate. The Ca2+/H+ antiporter 

CAX1, which shows down-regulated expression across the time points, is one of the few 

transporter genes that are already differentially expressed at Time 1. Its down-regulated 

expression was confirmed by Q-PCR at Time 3 when controlled for diurnal effects. CAX1 is 

localized to the tonoplast and responsible for 50% of the Ca2+/H+ antiport activity there (Cheng 

et al., 2003). The expression of the CAX2 antiporter is down-regulated at Time 2 and 3. CAX2 

has been shown to transport Ca2+ and Mn2+ into the vacuole in Arabidopsis and other plant 

species (Edmond et al., 2009). CAX3, a weak Ca2+ vacuolar transporter, also shows down-

regulated expression from Time 2 onwards. CAX1 and CAX3 can be combined as “hetero-

CAX” complexes to form functional transporters with distinct transport properties (Zhao et al., 

2009). The down-regulated expression of the genes encoding these three vacuolar Ca2+/H+ 

antiporters indicates a possible shortage of calcium in the cytosol. The gene encoding CHX20 

shows up-regulated expression at Time 2 and 3. CHX20 is localized to endomembranes, where it 

is thought to play a critical role in osmoregulation and possibly pH modulation by exchanging 

K+ for H+ (Padmanaban et al., 2007). The expression of two tonoplast intrinsic proteins (TIP), 

which are vacuolar aquaporins, is also down-regulated. Aquaporins are water channel proteins, 

but some have also been shown to transport CO2, H2O2, boron or silicon in addition to H2O 
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(Maurel, 2007). An organic cation transporter (OCT3), which is localized to the vacuolar 

membrane, shows down-regulated expression across the time points. OCT transporters are 

differentially expressed in response to various abiotic stresses (Kufner and Koch, 2008). ATP-

binding cassette (ABC) type transporters such as MRP1 and MRP2, which show down-regulated 

expression at Time 3, are directly energized by Mg-ATP and do not depend on the 

electrochemical force. Their substrates are organic anions formed by conjugation, e.g. to 

glutathione (Martinoia et al., 2000). 

Plasma membrane transporters 

The slightly up-regulated expression of the gene encoding magnesium transporter MRS2-

10 at Time 2 and 3 corresponds with the observation described in Chapter 2 that a knockout 

mutant of MRS2-10 does not show improved growth in the form of higher FW biomass 

compared to col-0 at elevated levels of magnesium sulfate. Q-PCR results did not show a 

statistically significant difference in expression for MRS2-10 at Time 3, with or without control 

for diurnal effects, although the difference in expression was closer to the microarray results 

without the control at Time 3. The expression of the gene encoding MRS2-7, a low-affinity 

magnesium transporter of the same family, is also up-regulated. Both MRS2-10 and MRS2-7 

have been shown to transport other ions in addition to Mg2+ (Deng et al., 2006; Mao et al., 2008). 

Schock et al. (2002) speculate that, in line with the large number of AtMRS2 family members, 

the function of the AtMRS2 gene family may be the maintenance of metal ion homeostasis in 

different cellular compartments (i.e. over different cellular membrane systems). The expression 

of the gene encoding SULTR1;2, a high-affinity sulfate transporter, showed no significant 

differences at the three time points. The fact that expression of the gene is not down-regulated in 

the early adaptation response of Arabidopsis roots to high levels of magnesium sulfate supports 

the outcome of the FW biomass comparison between the SULTR1;2 knockout mutant sel1-10 
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and col-0 described in Chapter 2, which showed no advantage for sel1-10. The gene encoding 

EIL3, one of the known transcriptional regulators of SULTR1;2 (Maruyama-Nakashita et al., 

2006), did not show a significant difference in expression at any of the time points either. 

Interestingly, two sulfate transporter genes of the same family as SULTR1;2 show down-

regulated expression; the gene encoding SULTR3;4 at Time 2 and 3, and the gene encoding 

SULTR3;1 at Time 3. The spatial and subcellular localization of these transporters is not known, 

and so far no influence on the expression of Group 3 sulfate transporters by the sulfur status of 

plants has been reported (Buchner et al., 2004). This study shows for the first time that genes 

encoding Group 3 sulfate transporters SULTR3;1 and SULTR3;4 are differentially expressed in 

roots upon exposure to high levels of sulfate. The down-regulated expression of the gene 

encoding SULTR3;4 was confirmed by Q-PCR at Time 3, although its down-regulated 

expression was less pronounced when controlled for diurnal effects. 

Several genes encoding transporters of other inorganic nutrients were also differentially 

expressed. The expression of the gene encoding potassium channel HAK5 is strongly up-

regulated at Time 1 and continues to increase at Time 2 and 3. The expression of the HAK5 

encoding gene is up-regulated by growth conditions that result in a hyperpolarized root plasma 

membrane potential (Nieves-Cordones et al., 2008). The inorganic phosphate transporter PHT1 

shows up-regulated expression at Time 1 and 3, which may point to an increased demand for 

phosphate. Several genes encoding root ion transporters that are differentially expressed in this 

study, such as ACH1 (AtNRT2.1) AMT1.1 and PT2, are diurnally regulated (Lejay et al., 2003). 

Whether they are also regulated by high magnesium sulfate will have to be determined in future 

studies. The down-regulated expression of the gene encoding CNGC1 at Time 1 and 2 could 

indicate a temporary reduction in Ca2+ uptake. Plant cyclic nucleotide gated channels (CNGCs) 
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are a large family of proteins that are thought to be ligand-gated, nonselective inwardly 

conducting cell membrane cation channels. CNGC1 protein is primarily expressed in the roots of 

Arabidopsis seedlings where it contributes (along with other channels) to Ca2+ uptake into plants 

(Ma et al., 2006). 

Transcripts cax1-1/col-0 Comparison 

The differential expression of only four transcripts between cax1-1 and col-0 plants at time 

3 indicates that the vast majority of the root transcriptome responses to high magnesium sulfate 

are the same for the two genotypes at this time after initiation of treatment. As described above, 

CAX1 is one of the few transporter genes that are already differentially expressed at Time 1 in 

col-0, which means that down-regulated expression of CAX1 is part of the natural response of 

Arabidopsis to elevated levels of magnesium sulfate. The difference between the down-regulated 

level of CAX1 in col-0 and the absence of CAX1 in the knockout mutant might not be large 

enough, and the time passed between initiation of treatment and root harvest may not be long 

enough, to reveal many of the downstream molecular processes eventually leading to enhanced 

tolerance for cax1-1 at the whole plant level, including reduced leaf Mg content and increased 

fresh weight biomass, after days or weeks of exposure in agar or soil medium (Chapter 2). 

The three transcripts showing a difference in abundance in cax1-1 compared to col-0 other 

than CAX1 itself currently do not have a known function. Follow-up experiments need to be 

done to discover the function of these three transcripts and whether they can help explain the 

observed higher tolerance of cax1-1 plants to elevated magnesium sulfate in the growth medium 

compared to col-0. The root transcriptome responses of cax1-1 and col-0 could be compared at 

later time points after initial exposure to high magnesium sulfate. Doing so might reveal 

additional differentially expressed genes that play a role in the whole plant level tolerance 

difference exhibited by these genotypes. Some of the genes involved in downstream processes 
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may themselves be candidate genes for enhanced tolerance, such as those encoding (regulators 

of) plasma membrane based channels that transport Mg2+. 

Candidate Genes for enhanced tolerance 

One of the main objectives of this study was to identify potential transporter genes 

encoding plasma membrane based transporters of Mg2+ and SO4
2, or their transcriptional or post-

translational regulators, that are differentially expressed in the early phases of Arabidopsis root 

adaptation to elevated levels of magnesium sulfate. Based on the up-regulated expression of the 

gene encoding the known vacuolar transporter MHX, which transports Mg2+ into the vacuole, 

and the down-regulated expression of the gene encoding SULTR4;1, which exports SO4
2- from 

the vacuole, it is concluded that both Mg2+ and SO4
2- are available to the plant in excessive 

amounts. Plasma membrane localized transporters of Mg2+ and SO4
2- may therefore also be 

differentially expressed. Genes encoding known plasma membrane based importers of Mg2+ and 

SO4
2-, such as MRS2-10, SULTR1;1 or SULTR1;2, did not show down-regulated expression. 

One possible way of Mg2+ entry in roots may be through putative homologs of the wheat rca 

channel, which is defined as a calcium channel, but which is permeable to a wide variety of 

monovalent and divalent cations including Ca2+, Mg2+, Mn2+, Cd2+, Co2+, Ni2+ K+, and Na+ 

(Shaul, 2002). Among the genes encoding transporters of unknown function in the col-0 time 

series that show a significant difference in expression, candidate genes for improving plant 

tolerance of high magnesium sulfate by reducing accumulation within the plant might be found. 

Additional research is needed to determine whether for example any of the major intrinsic 

proteins, cyclic nucleotide gated channels, integral membrane proteins, cation efflux family 

proteins, ATPase E1-E2 type family proteins, MATE efflux family proteins, transporter-related 

proteins and putative transporters, are plasma membrane localized and able to transport Mg2+ 

into or out of peripheral root cells, or export SO4
2- from the same cells. Follow-up studies are 
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also needed to determine the localization of Group 3 sulfate transporters SULTR3;1 and 

SULTR3;4 in the root. For transporters differentially expressed at Time 2 and 3, diurnal effects 

will have to be ruled out if this has not been done already. The differential expression of post-

translational regulators of plasma membrane transporters could be an important way to affect ion 

uptake and efflux; candidate regulators could for example be kinases and phosphates that are 

differentially expressed at Time 1. Based on these first results it is not possible to identify 

specific candidate genes other than SULTR3;1 and SULTR3;4 whose (natural) over- or under-

expression could improve tolerance of Arabidopsis to elevated levels of magnesium sulfate. 

Even for a stress as widely studied as high NaCl, no plasma membrane localized 

transporters responsible for uptake of Na+ from the soil solution have been identified yet in 

Arabidopsis roots. In other plant species, Na+ has been shown to enter roots passively, via 

voltage independent (or weakly voltage-dependent) nonselective cation channels and possibly 

via other Na+ transporters, such as some members of the high-affinity K+ transporter (HKT) 

family (Munns and Tester, 2008). For example, a line of transgenic wheat plants expressing an 

antisense construct of the high affinity K+ transporter TaHKT2;1 showed reduced sodium uptake 

by roots and enhanced growth relative to unstressed plants compared to a control line at high 

levels of NaCl in the growth medium (Laurie et al., 2002). With respect to efflux, several plasma 

membrane ion transporters have been identified in Arabidopsis. Overexpression of the 

Arabidopsis SOS1 gene, which encodes a plasma membrane Na+/H+ antiporter responsible for 

Na+ efflux, limited Na+ accumulation and improved growth compared to control plants at high 

NaCl concentrations (Shi et al., 2003). Overexpression of BOR4, an Arabidopsis borate exporter 

detected in the plasma membranes of the distal sides of root epidermal cells, generated plants 

that are tolerant of high boron levels (Miwa et al., 2007). The Arabidopsis NO3
- efflux 
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transporter NAXT1 is localized in the plasma membrane and mainly expressed in cortex cells of 

mature roots. It was found to be up-regulated at the post-transcriptional level in wildtype upon 

acid treatment (Segonzac et al., 2007). This example shows that regulation of import or efflux 

transporters may not occur at the transcriptional level and can therefore be missed by a 

microarray experiment. 

Conclusions 

Arabidopsis col-0 root transcriptome analysis reveals over 300 differentially expressed 

genes at Time 1. Genes of known function include those encoding calcium-binding proteins, 

kinases, transcription factors, enzymes involved in hormone metabolism, disease resistance 

proteins and many cell wall related proteins. The responses of the genes encoding cell wall 

related proteins indicate a possible reduction in root growth when col-0 is exposed to high 

concentrations of magnesium sulfate. Some of the genes of known or unknown function were 

previously associated with specific or broad ranges of abiotic stresses, but not necessarily in 

roots or at these time points. Over 200 genes encoding membrane based transporters were 

differentially expressed across the col-0 time series. The expression of genes encoding known 

plasma membrane based importers of Mg2+ and SO4
2- ions, such as MRS2-10, SULTR1;1 or 

SULTR1;2, was not down-regulated. This corresponds with the observation reported in Chapter 

2 that Arabidopsis lines carrying knockout T-DNA insertion mutations in AtMRS2-10 and 

AtSULTR1;2 did not mitigate the constraining impacts of high magnesium sulfate 

concentrations on wildtype Arabidopsis plants. The differential expression of genes encoding 

known tonoplast localized transporters of Mg2+ and SO4
2- ions indicate a possible storage of 

excess Mg2+ and SO4
2- ions in the vacuole. Future research can reveal whether any of the 

differentially expressed transporter genes of unknown protein localization, protein function, or 

both, are candidates to enhance tolerance to high levels of soluble magnesium sulfate minerals in 
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Martian regolith by reducing accumulation of Mg2+ and SO4
2- ions within the plant. For 

example, the localization of sulfate transporters SULTR3;1 and SULTR3;4 within Arabidopsis 

root tissue and cells can be analyzed in follow-up studies to see if the genes encoding these 

transporters are candidates for enhanced tolerance. Potential regulators of membrane based 

transporter activity, such as kinases, which are encoded by differentially expressed genes across 

the col-0 time series, could also be analyzed. Since gene expression differences are not fully 

controlled for diurnal effects for the Time 2 and 3 comparisons in the col-0 time series, these 

effects will have to be ruled out in follow-up studies. 

The down-regulation of cax1-1 gene expression is a natural response to high magnesium 

sulfate in col-0 that is already seen at Time 1. Together with the down-regulation of CAX2 and 

CAX3 gene expression at later time points it indicates a possible shortage of calcium in the 

cytosol experienced by col-0 when exposed to high concentrations of magnesium sulfate. Only 

three transcripts were differentially expressed between cax1-1 and col-0 at 3 hours after initiation 

of treatment. Follow-up experiments could be done to discover the function of these three 

transcripts. The root transcriptome of cax1-1 and col-0 could furthermore be compared at later 

time points after initial exposure to high magnesium sulfate to reveal additional differentially 

expressed transcripts that could indicate the molecular processes eventually leading to the 

tolerance difference exhibited by these genotypes after days or weeks of growth. Some of the 

transcripts involved in downstream processes may themselves be candidates for enhanced 

tolerance, such as those encoding (regulators of) plasma membrane based channels that transport 

Mg2+. 
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Materials and Methods 

Hydroponic Root Growth 

Few studies have focused on developing methods to grow Arabidopsis thaliana 

hydroponically, and only one system is commercially available at present (Tocquin et al., 2003). 

Detailed analyses of root enzyme activity and gene expression indicated that it is highly 

important to continuously provide oxygen to the root zone through aeration (Smeets et al., 2008). 

We designed a hydroponic set-up for Arabidopsis that is generally based on the systems 

described by Tocquin et al. (2003) and Smeets et al. (2008). Glass containers (2.6 L) were 

covered along the glass with opaque black plastic sheeting and across the top with opaque plastic 

lids. 18 Holes (d = 1.43 cm) were made in each opaque plastic lid with a hole puncher at regular 

intervals. A 2-cm-long rockwool plug (d = 1.59 cm) was placed in each hole. Containers were 

filled with a nutrient solution adjusted to pH 5.7 by KOH that was replaced once a week. It 

consisted of distilled water, 0.25 g/L MES buffer, and 1/32x MS salts during week 1 and 2, while 

the concentration of MS salts increased to 1/16x during week 3. About ten sterilized Arabidopsis 

seeds were planted per rockwool plug. 18 containers were planted with col-0, while 6 were 

planted with cax1-1. Containers were covered with transparent plastic wrap during the first 3-5 

days of germination. Holes were made in the plastic wrap after 1-3 days depending on the 

general atmospheric humidity. The containers were randomly placed over 3 benches (8 

containers/bench). Air was supplied to the roots by one 3W air pump per 8 containers; each 

container had an airstone made from glass beads. After one week, seedlings were thinned to one 

seedling per rockwool plug, so that every container supported 18 plants (Figure 3-1). At day 21, 

col-0 and cax1-1 roots were exposed to the basic nutrient solution (0.25 g/L MES, 1/16x MS, pH 

5.7) with an additional 2.08 mM magnesium sulfate (total Ca:Mg ratio = 1:15). Col-0 was 

exposed for 45 min. (time 1), 90 min. (time 2), or 3 hrs (time 3), while cax1-1 was exposed for 3 
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hrs only. The col-0 control received no extra magnesium sulfate and was harvested at 45 min. 

(time 1) together with the first col-0 treatment (Table 3-1). Four replicate containers were 

harvested for the control and the treatments (Figure 3-2). Roots were cut below the rockwool 

plug and pooled per container before being flash frozen in liquid nitrogen and stored at -80oC. 

Microarray Procedures, Statistical Analysis and Data display 

RNA was extracted from root samples with the RNeasy Plant Mini Kit (Qiagen). Samples 

were weighed while still frozen and reagents were adjusted to the total measured weight for the 

grinding and lysing step. Two replicate extractions were completed per sample with lysate 

volumes corresponding to 100 mg frozen wet weight each. The remainder of a sample was stored 

at -80oC as cleared lysate according to the Qiagen protocol. The quality and quantity of the 

extracted RNA was checked with denaturing agarose gels stained with ethidium bromide, and the 

NanoDrop 1000 Spectrophotometer (Thermo Scientific). RNA from each sample was amplified 

and labeled with cy3 dye by using Agilent Quick Amp labeling kit, one color. A total of 20 

samples were hybridized to five 4x44k Arabidopsis microarray slides (Agilent), which were then 

washed and scanned before data was extracted (Figure 3-3). Microarray handling and data 

extraction was done at the Interdisciplinary Center for Biotechnology Research (ICBR) at the 

University of Florida according to the One-Color Microarray-Based Gene Expression Analysis 

(Quick Amp Labeling) Protocol (version 5.7). Median signal intensities were quantile 

normalized using R software. Log2 transformed normalized data were evaluated in a mixed 

analysis of variance (ANOVA) model using SAS 9 and JMP Genomics 7 software. Microarray 

slide was included in the ANOVA model as a random effect to account for the covariance of 

samples hybridized to the same microarray (i.e. control for spot effect) (Jin et al., 2001; 

Wolfinger et al., 2001). Unbiased estimates of transcript abundance (least-square means) were 

generated for each sample set. The transcript level estimates of different sample sets were then 

87 



 

compared using a series of t-tests; the col-0 time 1, col-0 time 2 and col-0 time 3 treatment sets 

were compared to the col-0 time 1 control sample set, while the cax1-1 time 3 set was compared 

to the col-0 time 3 set (Table 3-1, Figure 3-3). The p-values generated in these comparisons were 

corrected for multiple testing by controlling the False Discovery Rate (FDR) with the Q-value 

procedure in the Q-value 1.0 package (default settings) of the R software (Storey and Tibshirani, 

2003). Lists of genes with statistically significant changes in expression at p < 0.05 between 

sample sets were further organized, analyzed and displayed in tables and figures using JMP 

Genomics 7, R software, GeneVenn, Cluster 2.11, TreeView 1.60, the National Center for 

Biotechnology Information (NCBI) BLAST tool, and the Arabidopsis Information Resource 

(TAIR) Aracyc Omics viewer and GO annotations tools. 

Quantitative Real-time PCR 

Wildtype Arabidopsis plants (col-0) were grown hydroponically for 21 days as described 

above. At day 21, four containers received a replacement of the basic nutrient solution (0.25 g/L 

MES, 1/16x MS, pH5.7), while another four containers received the basic solution with an 

additional 2.08 mM magnesium sulfate (total Ca:Mg ratio = 1:15). Roots were exposed for three 

hours before being harvested per container. RNA was extracted and checked for quality and 

quantity as described above. RNA from these independently grown plants exposed or unexposed 

for 3 hrs, as well as RNA from plants exposed for 3 hrs and unexposed for 45 min. in the 

microarray experiment, were used for the quantitative PCR (Q-PCR) analyses. Q-PCR was 

performed using TaqMan reverse transcription reagents and Power SYBR Green PCR Master 

Mix (Applied Biosystems). 1 ug of total RNA was reverse transcribed per sample for a total of 

three control and three treatment samples. Primers were designed for 5 genes using Primer 

Express (Applied Biosystems) (Table 3-9). At2g32170 was chosen as a stably expressing 

reference gene appropriate for abiotic stress treatment (Czechowski et al., 2005). Each 
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template/primer pair combination was run in triplicate. The relative increase or decrease of 

mRNA abundance between the two sample sets was calculated by using the Pfaffl method, and 

statistical analysis of the results was done with the REST 2008 2.0.7 software.



 

Table 3-1. Experimental conditions of one color microarray experiment 

Treatment Time Seedline 
Biol.  
replicates 

Arrays 

Control solution 45 min. = time 1 col-0 4 4 

Magnesium sulfate 45 min. = time 1 col-0 4 4 

Magnesium sulfate 90 min. = time 2 col-0 4 4 

Magnesium sulfate 3 hrs = time 3 col-0 4 4 

Magnesium sulfate 3 hrs = time 3 cax1-1 4 4 
Gene expression was compared between sample sets. The comparison of col-0 time 1 treatment 
with col-0 time 1 control is referred to in the text, tables and figures as Time 1. Col-0 time 2 
treatment versus col-0 time 1 control is referred to as Time 2. Col-0 time 3 treatment versus col-0 
time 1 control is referred to as Time 3. The comparison of cax1-1 time 3 treatment with col-0 
time 3 treatment is not referred to in abbreviated form. 
 
Table 3-2. Number of genes (and % of total) in GO molecular functional categories per 

comparison 

Functional Category Time 1 Time 2 Time 3 

 DNA or RNA binding 22 (6.43%) 103 (6.58%) 233 (6.93%) 

 hydrolase activity 27 (7.89%) 105 (6.71%) 253 (7.53%) 

 kinase activity 13 (3.80%) 83 (5.30%) 165 (4.91%) 

 nucleic acid binding 5 (1.46%) 25 (1.60%) 52 (1.55%) 

 nucleotide binding 12 (3.51%) 64 (4.09%) 152 (4.52%) 

 other binding 42 (12.28%) 155 (9.90%) 331 (9.85%) 

 other enzyme activity 23 (6.73%) 127 (8.12%) 347 (10.32%) 

 other molecular functions 6 (1.75%) 54 (3.45%) 128 (3.81%) 

 protein binding 34 (9.94%) 138 (8.82%) 262 (7.80%) 

 receptor binding or activity 8 (2.34%) 22 (1.41%) 32 (0.95%) 

 structural molecule activity 1 (0.29%) 18 (1.15%) 30 (0.89%) 

 transcription factor activity 33 (9.65%) 117 (7.48%) 230 (6.84%) 

 transferase activity 16 (4.68%) 122 (7.80%) 265 (7.88%) 

 transporter activity 14 (4.09%) 80 (5.11%) 202 (6.01%) 

 unknown molecular functions 86 (25.15%) 352 (22.49%) 679 (20.20%) 

The table shows the number (and percentage of total) of significantly differentially expressed 
genes per GO functional category in col-0 roots exposed to magnesium sulfate at Time 1, Time 2 
and Time 3 
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Table 3-3. Genes of Arabidopsis thaliana (col-0) with differential expression at q < 0.001 at 
Time 1 

q-value Log2(FC) Gene and DNA region description 
6.71E-07 -1.2264 phosphate-responsive protein, putative (EXO) [At4g08950.1] 
6.71E-07 -2.0693 rhomboid family protein [At4g23070.1] 
1.99E-06 1.4961 expressed protein [At4g29780.1] 
2.44E-06 1.5416 AP2/EREBP-like transcription factor LEAFY PETIOLE, putative 

[At5g13910.1] 

6.25E-06 -1.3399 expressed protein [At5g25240.1] 
8.93E-06 0.7094 kinase interacting family protein [At2g30500.1] 
1.20E-05 0.7914 senescence-associated protein-related [At2g25690.1] 
1.20E-05 -0.907 glycoside hydrolase family 28 protein/polygalacturonase 

(pectinase) family protein [At3g06770.1] 

1.20E-05 -1.6379 expressed protein [At4g37235.1] 
1.20E-05 2.6714 expressed protein [At5g38700.1] 
1.43E-05 -1.2778 calmodulin, putative [At3g10190.1] 
1.65E-05 1.1068 expressed protein [At1g74450.1] 
1.80E-05 1.673 nodulin-related [At2g30300.1] 
3.48E-05 -1.149 arabinogalactan-protein (AGP17) [At2g23130.1] 
6.97E-05 1.1562 calcium-binding EF hand family protein [At3g10300.1] 
9.42E-05 -1.1368 expressed protein [At4g01140.1] 
0.000216711 -0.9759 expressed protein [At2g17300.1] 
0.000283167 1.3473 lipoxygenase, putative [At1g72520.1] 
0.000295879 2.0824 immediate-early fungal elicitor family protein [At3g02840.1] 
0.000299824 -0.7518 expressed protein [At1g09812.1] 
0.00032124 2.2018 Unknown [CHR2:009686022-009686081] 
0.000405444 2.3327 anionic peroxidase, putative [At1g14550.1] 
0.000410629 -1.0069 arabinogalactan-protein (AGP21) [At1g55330.1] 
0.000416943 -0.5479 expressed protein [At1g22882.1] 
0.000427249 -1.4143 BON1-associated protein (BAP1)-related [At2g45760.1] 
0.000432439 1.1365 exocyst subunit EXO70 family protein [At2g28650.1] 
0.00044696 2.023 anionic peroxidase, putative [At1g14540.1] 
0.000465244 -1.0837 expressed protein predicted protein, Arabidopsis thaliana 

[At4g35320.1] 
0.000465244 -1.585 Unknown [CHR1:021477192-021477133] 
0.000468475 -1.4471 heat shock transcription factor family protein [At3g63350.1] 
0.000510184 0.9195 auxin-responsive protein/indoleacetic acid-induced protein 19 

(IAA19) [At3g15540.1] 

0.000528206 -1.0809 RNA recognition motif (RRM)-containing protein [At1g78260.1] 
0.000565577 -0.7772 arabinogalactan-protein (AGP7) [At5g65390.1] 
0.00090829 1.9088 basic helix-loop-helix (bHLH) family protein [At2g22760.1] 
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Table 3-4. Genes of Arabidopsis thaliana (col-0) with differential expression > 3 fold at Time 1 
Log2(FC) q-value Gene and DNA region descriptions 

3.2099 0.001474678 expansin, putative (EXP12) [At3g15370.1] 

3.1098 0.009201495 F-box family protein/SKP1 interacting partner 3-related [At2g02320.1] 

2.6714 1.20E-05 expressed protein [At5g38700.1] 

2.6151 0.01425427 expressed protein [At1g20310.1] 

2.556 0.003229586 expressed protein [At1g06135.1] 

2.554 0.001396907 9-cis-epoxycarotenoid dioxygenase, putative [At1g01140.1] 

2.4955 0.00128496 expansin, putative (EXP17) [At4g01630.1] 

2.3327 0.000405444 anionic peroxidase, putative [At1g14550.1] 

2.2018 0.00032124 Unknown [CHR2:009686022-009686081] 

2.0836 0.001823929 nitrate-responsive NOI protein, putative [At2g17660.1] 

2.0824 0.000295879 immediate-early fungal elicitor family protein [At3g02840.1] 

2.023 0.00044696 anionic peroxidase, putative [At1g14540.1] 

1.9782 0.003274863 expressed protein [At5g50335.1] 

1.9294 0.04072004 Unknown [CHR1:027987259-027987200] 

1.9088 0.00090829 basic helix-loop-helix (bHLH) family protein [At2g22760.1] 

1.8946 0.01474273 polygalacturonase, putative/pectinase, putative [At2g43890.1] 

1.8802 0.04969909 S-adenosyl-L-methionine:carboxyl methyltransferase family protein 
[At3g44870.1] 

1.8732 0.01911007 auxin-responsive family protein [At4g12410.1] 

1.8605 0.004903664 1-aminocyclopropane-1-carboxylate synthase, putative [At5g65800.1] 

1.8518 0.03187784 no apical meristem (NAM) family protein [At2g46770.1] 

1.8469 0.04757759 AP2 domain-containing transcription factor, putative [At4g34410.1] 

1.8359 0.02514971 ovate family protein [At4g14860.1] 

1.7794 0.01188793 CBL-interacting protein kinase 9 (CIPK9) [At1g78390.1] 

1.7716 0.0074956 calmodulin-related protein, putative [At1g76640.1] 

1.7374 0.003857111 glutamate decarboxylase, putative [At2g02010.1] 

1.6878 0.005354 ethylene-responsive element-binding protein, putative [At5g25190.1] 

1.673 1.80E-05 nodulin-related [At2g30300.1] 

1.6424 0.003447976 leucine-rich repeat family protein [At1g78230.1] 

1.6067 0.02599538 lectin protein kinase, putative [At1g70130.1] 

-1.585 0.000465244 Unknown [CHR1:021477192-021477133] 

-1.6379 1.20E-05 expressed protein [At4g37235.1] 

-1.7618 0.005505618 disease resistance protein (TIR-NBS-LRR class), putative 
[At4g16860.1] 

-1.7916 0.04439508 Unknown [CHR1:021477409-021477350] 

-2.0347 0.02980178 cDNA clone RAFL09-31-N12 3', mRNA sequence [AV802416] 

-2.0693 6.71E-07 rhomboid family protein [At4g23070.1] 

-2.3484 0.02514971 disease resistance protein (TIR-NBS class), putative [At3g04210.1] 
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Table 3-5a. Q-PCR results of col-0 gene expression at time 3 treatment versus time 1 control; 
RNA sources are the same as for the microarray experiment 

Gene Type Reaction  
Efficiency 

Expression  
(array) 

Std. Error 95% C.I. P-value Result 

At2g32170 REF 0.7657 1     
CAX1 TRG 0.8076 0.57 (0.602) 0.436 - 0.766 0.366 - 0.925 0 DOWN 
MRS2-10 TRG 0.8548 1.035 (1.183) 0.758 - 1.377 0.628 - 1.466 0.714  
SULTR3;4 TRG 0.7749 0.557 (0.541) 0.462 - 0.691 0.362 - 0.773 0 DOWN 
NRAMP1 TRG 0.8599 1.196 (1.317) 0.886 - 1.515 0.787 - 2.537 0.107  

 
Table 3-5b. Q-PCR non-normalized results of col-0 gene expression at time 3 treatment versus 

time 1 control; RNA sources are the same as for the microarray experiment 
Gene Type Reaction  

Efficiency 
Expression  
(array) 

Std. Error 95% C.I. P-value Result 

At2g32170 REF 0.7657 1.117 0.989 - 1.264 0.800 - 1.518 0.051  
CAX1 TRG 0.8076 0.637 (0.602) 0.535 - 0.775 0.460 - 0.860 0 DOWN 
MRS2-10 TRG 0.8548 1.156 (1.183) 0.915 - 1.435 0.829 - 1.662 0.06  
SULTR3;4 TRG 0.7749 0.622 (0.541) 0.506 - 0.766 0.391 - 0.924 0 DOWN 
NRAMP1 TRG 0.8599 1.336 (1.317) 1.037 - 1.627 0.898 - 2.862 0.004 UP 

 
Table 3-6. Q-PCR results of col-0 gene expression at time 3 treatment versus time 3 control; 

repetition 1 
Gene Type Reaction  

Efficiency 
Expression  
(array) 

Std. Error 95% C.I. P-value Result 

At2g32170 REF 0.7657 1     
CAX1 TRG 0.8076 0.641 (0.602) 0.429 - 0.966 0.286 - 1.337 0.004 DOWN 
MRS2-10 TRG 0.8548 1.017 (1.183) 0.876 - 1.195 0.720 - 1.335 0.763  
SULTR3;4 TRG 0.7749 0.861 (0.541) 0.695 - 1.059 0.553 - 1.162 0.049 DOWN 
NRAMP1 TRG 0.8599 1.128 (1.317) 0.970 - 1.381 0.638 - 1.524 0.156  

 
Table 3-7. Q-PCR results of col-0 gene expression at time 3 treatment versus time 3 control; 

repetition 2 
Gene Type Reaction  

Efficiency 
Expression  
(array) 

Std. Error 95% C.I. P-value Result 

At2g32170 REF 0.7657 1     
CAX1 TRG 0.8076 0.565 (0.602) 0.491 - 0.673 0.418 - 0.734 0 DOWN 
MRS2-10 TRG 0.8548 0.986 (1.183) 0.786 - 1.206 0.657 - 1.603 0.864  
SULTR3;4 TRG 0.7749 0.907 (0.541) 0.749 - 1.075 0.589 - 1.572 0.26  
NRAMP1 TRG 0.8599 1.241 (1.317) 1.033 - 1.522 0.890 - 1.984 0.008 UP 
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Table 3-8. Genes with differential expression at q < 0.05 between Arabidopsis thaliana cax1-1 
and col-0 treated for 3 hours 

q-value Log2(FC) Gene and DNA region description 

1.66E-09 -3.0461 calcium exchanger (CAX1) [At2g38170.1] 

3.28E-07 -3.8209 calcium exchanger (CAX1) [At2g38170.3] 

0.001201795 -2.7293 Expressed protein  [At3g01345.1] 

0.004291231 -1.1998 hypothetical protein  [At4g07526.1] 

0.005396832 -1.0903 Unknown [CHR2:011819877-011819818] 

 
Table 3-9. Genes and related primer sequences selected for Q-PCR 

Gene ID Primer sequence 

At2g32170 (reference gene) FW: 5’-GTTAAATCATGACCATGGCAGTGT-3’ 

 RV: 5’-CTACATCAACCAGAGGAACATGTGT-3’ 

At2g38170 (CAX1) FW: 5’-GCGACTCAGATTGGCTTATTCG-3’ 

 RV: 5’-GATCCATATTAATTCCCAAAATCCA-3’ 

At1g80900 (MRS2-10) FW: 5’-TTCTCTGTCTGCGCCAGTTTC-3’ 

 RV: 5’-GGCTCCTTACAATGCTCAAGCT-3’ 

At3g15990 (SULTR3;4) FW: 5’-GGTGAAGCTGTGGCTGATCTC-3’ 

 RV: 5’-GCTCCATCTTCAGAAACAGTCTCTCT-3’ 

At1g80830 (NRAMP1) FW: 5’-ACAGGATCTGGACGGTCTCAA-3’ 

 RV: 5’-GATGAGTGGAGAATTGGAGAAGCT-3’ 
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Figure 3-1. Hydroponic Arabidopsis growth. Panels A, B and C show the set-up for the 

microarray experiment. Panel D shows the set-up for the real-time Q-PCR 
experiment. 
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Figure 3.2. Harvest of hydroponically grown Arabidopsis roots. A) Example of Arabidopsis 

roots after 21 days of growth. B) Example of root harvest per container for the 
microarray and real-time Q-PCR experiments. 

 
 
Figure 3.3 Overview of microarray experiment. A) Scan of a single microarray with a single cy3-

labeled cRNA sample hybridized to it. The experiment included 20 arrays in total, 
each with a single cy3-labeled sample hybridized to it. B) Diagram of the sample sets. 
Each set consisted of 4 biological replicates. Gene expression was compared among 
the sets as indicated by the arrows. 
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Figure 3-4. Volcano plot of Time 1. Graph with the x-axis showing log2 values of the fold 

changes in gene expression between col-0 exposed to magnesium sulfate for 45 
minutes (n = 4) and col-0 exposed to the control nutrient solution for 45 minutes (n = 
4). Each dot represents one of 37478 transcripts. Vertical lines indicate absolute fold 
change values as indicated on top of the graph. The y-axis shows the –log10 p-values 
corresponding to the log2 fold change values. The horizontal line indicates the –log10 
p-value where the q-value is 0.05. Transcripts whose expression difference (fold 
change) corresponds to a p-value for which q < 0.05 are indicated in red. 
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Figure 3-5. Volcano plot of Time 2. Graph with the x-axis showing log2 values of the fold 

changes in gene expression between col-0 exposed to magnesium sulfate for 90 
minutes (n = 4) and col-0 exposed to the control nutrient solution for 45 minutes (n = 
4). Each dot represents one of 37478 transcripts. Vertical lines indicate absolute fold 
change values as indicated on top of the graph. The y-axis shows the –log10 p-values 
corresponding to the log2 fold change values. The horizontal line indicates the –log10 
p-value where the q-value is 0.05. Transcripts whose expression difference (fold 
change) corresponds to a p-value for which q < 0.05 are indicated in red. 
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Figure 3-6. Volcano plot of Time 3. Graph with the x-axis showing log2 values of the fold 

changes in gene expression between col-0 exposed to magnesium sulfate for 3 hours 
(n = 4) and col-0 exposed to the control nutrient solution for 45 minutes (n = 4). Each 
dot represents one of 37478 transcripts. Vertical lines indicate absolute fold change 
values as indicated on top of the graph. The y-axis shows the –log10 p-values 
corresponding to the log2 fold change values. The horizontal line indicates the –log10 
p-value where the q-value is 0.05. Transcripts whose expression difference (fold 
change) corresponds to a p-value for which q < 0.05 are indicated in red. 
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Figure 3-7. Volcano plot of cax1-1 versus col-0 at time 3. Graph with the x-axis showing log2 

values of the fold changes in gene expression between cax1-1 exposed to magnesium 
sulfate for 3 hours (n = 4) and col-0 exposed to magnesium sulfate for 3 hours (n = 4). 
Each dot represents one of 37478 transcripts. Vertical lines indicate absolute fold 
change values as indicated on top of the graph. The y-axis shows the –log10 p-values 
corresponding to the log2 fold change values. The horizontal line indicates the –log10 
p-value where the q-value is 0.05. Transcripts whose expression difference (fold 
change) corresponds to a p-value for which q < 0.05 are indicated in red. 
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Figure 3-8. Venn diagram of col-0 time series. The diagram shows the results of comparing sets 

of genes with significant expression differences at Time 1, Time 2 and Time 3. 74 
genes are unique to Time 1, 48 are shared with Time 2, 48 are shared with Time 3, 
and 155 genes are shared between Time 1, 2 and 3. 
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Figure 3-9. A hierarchical average linkage cluster analysis using uncentered correlation was done 

across Time 1, 2 and 3 based on the genes with significant expression differences at 
Time 1. Yellow denotes a higher, and blue a lower expression of a gene in the treated 
plants versus the control. The figure shows the expression patterns of genes 
differentially expressed at Time 1 that are shared with Time 2, Time 3, or both. 
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Figure 3-9. Continued 
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Figure 3-9. Continued 
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Figure 3-9. Continued 
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Figure 3-9. Continued 
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Figure 3-9. Continued 
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Figure 3-10a. Differentially expressed transcripts encoding metabolic enzymes in the ethylene 

biosynthesis pathway. Up-regulated expression of genes encoding 1-
aminocyclopropane-1-carboxylate synthase (ACS) at Time 1 (A), Time 2 (B) and 
Time 3 (C), and differential expression of genes encoding several enzymes with 1-
aminocyclopropane-1-carboxylate oxidase activity at Time 3 (C). The Log2 value of 
the difference in expression is indicated next to the enzyme or gene identifier in color. 
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Figure 3-10b. Differentially expressed transcripts encoding metabolic enzymes in the abscisic 

biosynthesis pathway. Up-regulated expression of genes encoding 9-cis-
epoxycarotenoid dioxygenase/neoxanthin cleavage enzyme (NCED) at Time 1 (A), 
Time 2 (B) and Time 3 (C), and up-regulated expression of a gene encoding aldehyde 
oxidase 3 at Time 3 (C). The Log2 value of the difference in expression is indicated 
next to the enzyme or gene identifier in color. 

 
Figure 3-10c. Differentially expressed transcripts encoding metabolic enzymes in the jasmonate 

biosynthesis pathway. Up-regulated expression of a gene encoding lipoxygenase at 
Time 1 (A) and down-regulated expression of several genes encoding 12-
oxophytodienoate reductase at Time 3 (C). The Log2 value of the difference in 
expression is indicated next to the enzyme or gene identifier in color. 



 

 
 
Figure 3-10d. Differentially expressed transcripts encoding enzymes involved in gibberellins metabolism. Up-regulated expression of 

genes encoding gibberellin 2-oxidase (Ga2ox8, Ga2ox7) at Time 1 (A), Time 2 (B) and Time 3 (C), and down-regulated 
expression of a gene encoding gibberellin 2-oxidase (Ga2ox1) at Time 3 (C). The Log2 value of the difference in 
expression is indicated next to the enzyme or gene identifier in color. 
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Figure 3-10e. Differentially expressed transcripts encoding enzymes involved in glycerolipid 

metabolism. Down-regulated expression of a gene encoding 
monogalactosyldiacylglycerol synthase 2 (MGD2) at Time 1 (A), Time 2 (B) and 
Time 3 (C). The Log2 value of the difference in expression is indicated next to the 
enzyme or gene identifier in color. 

 

 
 
Figure 3-10f. Differentially expressed transcripts encoding metabolic enzymes in the hexosamine 

biosynthetic pathway. Up-regulated expression of a gene encoding glucosamine-
fructose-6-phosphate aminotransferase at Time 1 (A) and Time 3 (C). The Log2 value 
of the difference in expression is indicated next to the enzyme or gene identifier in 
color. 
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Figure 3-10g. Differentially expressed transcripts encoding enzymes involved in chlorophyll 

breakdown. Up-regulated expression of a gene encoding pheophorbide A oxygenase 
(PAO) at Time 1 (A) and Time 3 (C). The Log2 value of the difference in expression 
is indicated next to the enzyme or gene identifier in color. 

 



 

 
 
Figure 3-10h. Differentially expressed transcripts encoding enzymes involved in porphyrin and chlorophyll metabolism. Up-regulated 

expression of a gene encoding glutamyl-tRNA reductase 2 (HEMA2) at Time 1 (A) and Time 2 (B), and up-regulated 
expression of a gene encoding sirohydrochlorin ferrochelatase (AtSir B) at Time 2 (B) and Time 3 (C). The Log2 value of 
the difference in expression is indicated next to the enzyme or gene identifier in color. 
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Figure 3-10i. Differentially expressed transcripts encoding metabolic enzymes in the histidine 

biosynthesis pathway. Up-regulated expression of a gene encoding phosphoribosyl-
ATP pyrophosphohydrolase at Time 1 (A), Time 2 (B) and Time 3 (C) The Log2 
value of the difference in expression is indicated next to the enzyme or gene identifier 
in color. 
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Figure 3-10j. Differentially expressed transcripts encoding metabolic enzymes involved in 

galactose metabolism. Down-regulated expression of a gene encoding UDP-glucose 
4-epimerase (UGE4) at Time 1 (A) and Time 2 (B). The Log2 value of the difference 
in expression is indicated next to the enzyme or gene identifier in color. 
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Figure 3-10k. Differentially expressed transcripts encoding enzymes involved in glycolysis. Up-

regulated expression of genes encoding phosphofructokinase at Time 1 (A) and Time 
3 (C). The Log2 value of the difference in expression is indicated next to the enzyme 
or gene identifier in color. 
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Figure 3-10l. Differentially expressed transcripts encoding enzymes in the citric acid cycle. Up-

regulated expression of a gene encoding malate dehydrogenase (cytosolic) at Time 1 
(A), and down-regulated expression of a gene encoding malate dehydrogenase 
(mitochondrial) at Time 3 (C). The Log2 value of the difference in expression is 
indicated next to the enzyme or gene identifier in color. 
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Figure 3-10l. Continued 
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Figure 3-10l. Continued 
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Figure 3-11. Hierarchical average linkage cluster analysis of transporter gene expression using 

uncentered correlation. The cluster analysis is based on transporter genes with 
significant expression at Time 1, 2 or 3. Yellow denotes a higher, and blue a lower 
expression of a gene in the treated plants versus the control. The figure shows that 
distinct clusters of expression patterns can be distinguished within the group of 
transporter genes across the three comparisons. 
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Figure 3-11. Continued 
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Figure 3-11. Continued 
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Figure 3-11. Continued 
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Figure 3-12. Whisker box plots representing gene expression ratio distributions for the Q-PCR 

analysis of four genes showing differential expression on the microarrays in col-0 at 
time 3 treatment versus time 1 control. RNA sources were the same as for the 
microarray experiment. Results show permutated expression data that are calculated 
by the REST 2008 statistical analysis software, which uses randomization techniques. 
The graph gives an impression of the expression ratio distribution per gene related to 
the results presented in Tables 3-5a and 3-5b. 

 
Figure 3-13. Whisker box plots representing gene expression ratio distributions for the Q-PCR 

analysis of four genes showing differential expression on the microarrays in col-0 at 
time 3 treatment versus time 3 control. RNA came from plants treated and controlled 
for diurnal effects at time 3. Results represent the first repetition of the analysis and 
show permutated expression data that are calculated by the REST 2008 statistical 
analysis software, which uses randomization techniques. The graph gives an 
impression of the expression ratio distribution per gene related to the results presented 
in Table 3-6. 
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Figure 3-14. Whisker box plots representing gene expression ratio distributions for the Q-PCR 

analysis of four genes showing differential expression on the microarrays in col-0 at 
time 3 treatment versus time 3 control. RNA came from plants treated and controlled 
for diurnal effects at time 3. Results represent the second repetition of the analysis 
and show permutated expression data that are calculated by the REST 2008 statistical 
analysis software, which uses randomization techniques. The graph gives an 
impression of the expression ratio distribution per gene related to the results presented 
in Table 3-7. 

 



 

CHAPTER 4 
EFFECTS OF A SPACEFLIGHT ENVIRONMENT ON HERITABLE CHANGES IN WHEAT 

GENE EXPRESSION 

Introduction 

A fundamental question in space biology is whether the long-term exposure (such as for 

one or more life cycles) of plants to the spaceflight environment with its microgravity and 

radiation parameters, can cause changes in subsequent generations. Ways to address this question 

include making genomic, proteomic, metabolic and morphologic comparisons. In this study we 

used a genomic approach by testing for heritable differences in wheat gene expression patterns in 

plants grown from seed whose progenitors were set in a spaceflight environment – the space 

station MIR. The molecular response of Arabidopsis and wheat to the spaceflight environment 

has been evaluated in terms of genome-wide patterns of differential gene expression between 

orbital and ground control plants (Paul et al., 2005; Stutte et al., 2006). These studies examined 

the direct reaction to a novel environment; they do not reflect spaceflight induced changes to the 

genome. The present study represents the first time that gene expression analysis is used to assay 

for potential spaceflight-induced changes in later generations. An overview of experiments to 

date addressing these two fundamental questions - whether plant species can complete one or 

more of their life cycles in space, and whether changes can be detected in subsequent generations 

after such long-term growth in orbit - is given below, with experiments involving wheat being 

reviewed last. 

In 1982, Arabidopsis thaliana (Arabidopsis) plants completed for the first time a full life 

cycle in space while in a growth unit on the Salyut 7 space station. In this first example of seed 

to seed development, the siliques and seeds that had formed under spaceflight conditions were 

shorter and smaller respectively compared to those of the ground controls. When the space seeds 

were subsequently grown on Earth, 42% developed as normal seed-bearing plants as compared 
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to 67.6% of the control seeds. The percentages of seeds that did not germinate or that were lethal 

at an early growth stage were both higher for the space seeds than for the control seeds (Merkys 

et al., 1984). 

During the greenhouse 3 experiment in 1997 on space station MIR, Brassica rapa L. 

(Brassica) completed two full life cycles and a third partial cycle (Musgrave et al., 2000). Seeds 

harvested from the first set of plants grown on MIR were planted alongside original seeds for the 

second experiment. Second-generation space plants were significantly smaller than those grown 

from original seeds, while on the ground there was no distinction between the corresponding two 

control sets (Musgrave et al., 2000). With respect to late stages of seed development and 

maturation of Brassica in microgravity, the study found that final seed size was diminished, 

reserves were also stored in the form of starch rather than the expected protein and lipid, and 

ripening by the silique occurred in a basipetal manner, rather than simultaneously along the 

silique. The authors propose that these results might be explained by indirect effects of 

microgravity on the silique microenvironment (Musgrave et al., 2000). Altered gas movement in 

microgravity would be expected to change the dynamics of oxygen and carbon dioxide exchange 

by tissues enclosed within these unique gaseous microenvironments (Kuang et al., 2005). 

Between March 2003 and April 2005, five successive generations of Pisum sativum (dwarf 

pea) were grown in Lada on the International Space Station (ISS). Characteristics such as plant 

height, number of pods per plant, number of peas per plant, dry plant biomass, and dry pea mass 

per plant did not differ significantly between the plants in space and on the ground for the 1st 

generation (Sychev et al., 2007). Quantitative results for the subsequent four generations were 

not given. Random Amplified Polymorphic DNA (RAPD) analysis, as well as an examination of 
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chromosome aberrations, was performed on plants grown from several first generation space and 

ground control seeds. Results did not reveal genetic polymorphisms (Sychev et al., 2007). 

The life cycle experiments with wheat that establish the foundation of the experiments 

presented here were initiated in 1991. Triticum aestivum L. cv. Super Dwarf plants nearly 

completed their full life cycle in the Svetoblock M unit on the MIR station by forming three 

seed-heads. The plants were returned to Earth after 167 days to finish the maturation process, 

with two of the heads yielding a total of 28 mature seeds, most of which subsequently produced 

healthy plants and viable seeds (Mashinsky et al., 1994). In 1996, another life cycle experiment 

(greenhouse 2) was carried out on MIR. An improved growth unit called the SVET-2 SG 

resulted in synchronous growth stages of wheat during its life cycle in space and on the ground 

(Ivanova et al., 1998). The plants in space formed sterile heads due to the concentration of 

ethylene in the MIR atmosphere (Ivanova et al., 1998; Levinskikh et al., 2000; Campbell et al., 

2001; Bubenheim et al., 2003; Salisbury et al., 2003). As a result, the Triticum aestivum L. 

cultivar USU-Apogee, which is more resistant to ethylene, was used during the greenhouse 4 

experiment in 1998 (Levinskikh et al., 2000; Sychev et al., 2001). Of the 52 Apogee seeds 

planted on orbit, 12 developed into mature plants that produced a total of 508 seeds. The number 

of seeds per plant was 38% lower than that of the ground control plants. 45 of the seeds collected 

in space were subsequently planted on Earth. Growth after germination did not deviate 

significantly from plants grown from ground control seeds (Levinskikh et al., 2000). 

During the subsequent greenhouse 5 experiment in 1999, first generation space seeds were 

planted as well as seeds without a history in space (Levinskikh et al., 2001). Only one plant 

grown from the first generation matured and produced the second generation of space seeds 

(Levinskikh et al., 2001; Sychev et al., 2001). The plant of the second space generation was not 
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morphologically different from those of the first generation or the ground controls (Levinskikh et 

al., 2001; Sychev et al., 2001). Furthermore, plants grown on Earth from first- and second-

generation space seeds, as well as from ground control seeds, were also morphologically similar 

(Levinskikh et al., 2001). 

For the present study we return to the experiment in 1991 during which Super Dwarf wheat 

plants set seed on space station MIR and were then returned to Earth to finish maturation 

(Mashinsky et al., 1994). The seeds formed by the plants flown on MIR and their offspring will 

be referred to as ‘MIR flight’ seeds and plants, and those formed by the related ground control 

plants and their offspring as ‘MIR ground control’ seeds and plants. The first generation MIR 

flight and ground control seeds were grown for another two generations on the ground during a 

study that screened for possible aftereffects of spaceflight factors on plant growth and 

development (Mashinsky and Nechitailo, 1996; Mashinsky et al., 1997). Some of the retrieved 

third generation MIR flight and ground control seeds were recently grown alongside an 

additional control set consisting of Apogee wheat in the soil-based closed ecological facility 

“Laboratory Biosphere” (Dempster et al., 2004; Nelson et al., 2008). The Apogee wheat will be 

referred to as ‘Biosphere control’ plants. The goal of the presented work is to test whether 

changes in gene expression can be detected in plants that are three generations removed from 

long-term growth in space, compared to control plants that have not had a history in space. For 

this purpose, leaf tissue was harvested for gene expression analysis using specifically designed 

wheat microarrays. 

Results 

The MIR flight and Biosphere control plants were grown at the same time within the 

Laboratory Biosphere facility to produce leaf tissue for gene expression analysis (Figure 4-1). A 

comparison of gene expression between the plant sets was done via pooled reference RNA 
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(Figure 4-2). The transcript levels of each gene were compared by running a series of t-tests. 

Results from the t-tests are presented in Figure 4-3 in the form of p-values (y-axis) plotted 

against fold change (x-axis). Differences in transcript abundance larger than 2-fold change were 

detected for 363 genes, and larger than 4-fold change for 25 genes. For 593 genes, differences in 

expression corresponding to p-values < 0.05 were observed between the sets. The p-value 

indicates the probability that the observed difference in expression between the sets is falsely 

positive (type I error). For a single test, the hypothesis that a difference is significant is 

commonly accepted when the type I error is 5% or lower. However, when analyzing a large 

number of genes at the same time, such as with microarrays, the p-values of the individual tests 

need to be adjusted so that the overall incidence of false-positives is reduced (Bretz et al., 2005). 

Several methods are commonly used. The Bonferroni method for example controls the 

familywise error rate (FWER), which is the probability of committing at least one type I error, 

while the Benjamini and Hochberg and Q-value methods control the false discovery rate (FDR), 

which is related to the expected proportion of false-positives among all significant results (Bretz 

et al., 2005). The Benjamini and Hochberg and the Q-value methods are therefore less stringent 

with respect to type I error control than Bonferroni, and allow the false negative rate to be kept 

relatively low. To ensure that few real differences are falsely marked as insignificant, we chose 

to correct with the Benjamini and Hochberg or Q-value method. 

After correcting for multiple testing with Benjamini and Hochberg or Q-value, none of the 

differences between the fourth generation MIR flight and the Biosphere control plants were 

significant at the p < 0.05 or q < 0.05 level (Figures 4-4, 4-5). These results show that a 

comparison of two biological replicates of both the experimental set and control set did not 

identify any statistically significant differences in their patterns of gene expression. This 
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conclusion applies to the specific transcripts matching the 10,263 oligonucleotide probes on our 

arrays; with respect to the remaining transcripts in the genome we cannot make any statements. 

The plants comprising the experimental and control set are very closely related cultivars, 

although not identical. Sequence polymorphisms within a species can result in differential 

hybridization of transcripts to probes and thereby increase the incidence of false positives (Kirst 

et al., 2006). Since we did not find any positives after applying the Benjamini and Hochberg and 

Q-value methods, we have not increased the stringency of our multiple testing correction in the 

direction of controlling false positives, such as with the Bonferroni method, which means that we 

were able to maintain our false negative rate relatively low. We are aware of approaches used to 

‘recapture’ potential false negatives that may exist despite a low false negative rate. For example 

Wu et al. (2008) first used a traditional statistical analysis (ANOVA) and a multiple test 

correction to define a set of 93 genes that showed highly significant differences in expression 

levels between two strains of mice. By clustering analysis they then defined another 39 genes 

where the differences between the expression levels of the two strains did not reach the criteria 

of statistical significance (Wu et al., 2008). Since our analysis did not yield any significant 

changes in gene expression, we need not apply this strategy to our results. 

In summarizing the results of this analysis, we did not find differences in gene expression 

that were statistically significant between the MIR plants three generations removed from 

spaceflight exposure, and the Laboratory Biosphere ground control plants. Documents with 

detailed tables listing all the 10,263 probes, their related wheat target sequence, raw signal values 

as well as statistical results are available as supplemental data. 

Discussion 

This study has tested for the first time whether there are any heritable changes in gene 

expression patterns in leaf tissue from plants three generations removed from spaceflight. 
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Several groups have analyzed gene expression differences between spaceflight-exposed plants 

themselves, rather than their offspring, and their related ground controls. When 24-day-old 

Apogee wheat leaves harvested during a first generation of spaceflight exposure were compared 

to leaves from control plants, Stutte et al. (2006) did not find differences in gene expression 

greater than 2-fold. In that case, leaf material harvested from two plants in space and on the 

ground was pooled per set and mRNA extracted from the two pools was subjected to a dye-swap 

microarray experiment (Stutte et al., 2006). Paul et al. (2005) exposed 7-day-old Arabidopsis 

seedlings to spaceflight for 5 days before harvesting. Shoot material from approximately 20 

Arabidopsis seedlings from two different Plant Growth Chambers was pooled for both the 

spaceflight and the control set. The resulting two samples were differentially labeled and 

hybridized to a single microarray. The expression of 182 genes differed more than 4-fold 

between the spaceflight and ground control samples. Of these genes, 50 were expressed at 

moderate to high levels where additional confidence in fold-change values can be derived (Paul 

et al., 2005). It should be stressed that these studies examined patterns of gene expression as a 

function of a metabolic reaction to spaceflight and do not reflect spaceflight induced changes to 

the genome. In contrast, the current study represents the first time that gene expression is used to 

screen for heritable changes in plants induced by long-term spaceflight. Wheat plants were 

exposed to the spaceflight environment during one generation and compared to control plants 

three generations later. Although differences in gene expression larger than 2-fold or 4-fold 

change were detected, none of the differences were shown to be statistically significant after 

correction for multiple testing. 

Heritable changes in gene expression can be caused by changes to the base sequence of the 

genetic material (genetic mutations) or by chromatin and DNA modifications that do not involve 
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base sequence alteration (epigenetics). The main potential cause of heritable mutations to which 

an organism is exposed in the spaceflight environment is ionizing radiation. Ionizing radiation in 

low earth orbit consists of galactic cosmic rays (85% protons, 12% helium ions, 1% heavy ions 

of charge 3, 2% electrons and positrons), energetic electrons and protons trapped in Earth’s 

geomagnetic field, solar energetic particles (electrons, protons and heavier charged particles up 

to iron) and albedo neutrons and protons (Benton and Benton, 2001). Interactions between these 

particles and the atomic nuclei of the spacecraft materials produce a variety of secondary 

particles, including protons, helium ions, neutrons, and recoil heavy nuclei, that can be of higher 

linear energy transfer (charged particles) or radiation weighting factors (neutrons) than the 

primary radiation flux (Benton et al., 2002). Mutation induction per charged particle increases 

with linear energy transfer up to about 200 keV/μm (Kiefer, 2002). On MIR, secondary particles 

from proton-induced target fragmentation interactions were found to be the largest contributor to 

the linear energy transfer (LET) spectrum above 100 keV/m (Benton et al., 2002). In low earth 

orbit, mean dose rates of ionizing radiation have tended to be below 500 µGy/day, regardless of 

orbital inclination, solar cycle phase, and spacecraft orientation and shielding (Benton and 

Benton, 2001). 

When passing through cells, ionizing radiation may interact with DNA. This can result in 

molecular damage such as single strand breaks, double strand breaks, base damage, and DNA-

protein cross links (Nikjoo et al., 1999). Double strand breaks in plant cells are mainly repaired 

via non-homologous end joining, which is associated with deletions and insertions of DNA 

sequence (Gorbunova and Levy, 1997). Early space biology studies used various indirect 

methods to indicate the possibility of mutations caused by ionizing radiation in satellites, space 

vehicles and space stations. These methods include the association of high charge and energy 
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(HZE) particle tracts in plant seeds with chromosomal aberrations or visible phenotypes in 

seedlings grown from these seeds (Peterson et al., 1977; Bucker and Facius, 1981; Nevzgodina et 

al., 1984; Nevzgodina et al., 1989), and, more recently, random amplified polymorphic DNA-

polymerase chain reaction (Sychev et al., 2007). DNA-sequencing is a direct and detailed 

method used to detect mutations related to ionizing radiation. For example, Arabidopsis mutants 

induced by irradiating pollen with gamma rays (150–600 Gy) or carbon ions (40–150 Gy) carried 

1- or 4-bp deletions, which were transmitted normally, or extremely large deletions of up to >6 

Mbp, most of which were not transmitted to progeny (Naito et al., 2005). Ionizing radiation 

studies involving plant or mammalian cells often analyze the molecular damage resulting from 

relatively high irradiation doses (Schmidt and Kiefer, 1998; Nikjoo et al., 1999; Naito et al., 

2005). After a 40-day exposure to 0.25-0.51 mGy/day on MIR, the averaged mutation frequency 

of the rpsL gene in yeast did not differ from that of the same gene in the ground control samples. 

However, the greater part of the Mir mutant samples were found to have a total or large deletion 

in the rpsL sequence, suggesting that space radiation containing high-LET might have caused 

deletion-type mutations (Fukuda et al., 2000). 

In the event of transmissible small intragenic deletions or insertions in plants growing in a 

space station, the likelihood of finding differences in gene expression between these plants, or 

their offspring, and the ground controls appears to be small. First of all, the small deletion or 

insertion would have to affect the binding of proteins involved in transcription of the particular 

gene. If this is the case, then the ploidy of the plant species will determine the extent to which 

overall transcription levels of the gene or genes are changed. T. aestivum is a hexaploid species, 

which means that with potentially three functional copies of a gene, a change in expression of 

one allele may have only subtle effects overall (Dubcovsky and Dvorak, 2007). For a self-
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compatible species like T. aestivum, the relative presence of the mutant allele in subsequent 

generations will be the same for the total population, but may differ in smaller sample 

populations. With a random distribution of affected alleles, this could result in a higher or lower 

incidence of mutant alleles in a small sample compared to the overall population. The same 

hypothetical scenario applies to potentially larger deletions of the size of promoters or coding 

regions, in case they occur in low earth orbit and are transmissible. 

Heritable changes in gene expression can also be associated with changes in the 

methylation state of cytosine bases in DNA and the modification state of histone proteins 

(Henderson and Jacobsen, 2007). DNA and histone modification in plants are interrelated and 

mediated in part by enzymes involved in addition or removal of methyl or acetyl groups and by 

small interfering RNAs (Chen and Tian, 2007; Henderson and Jacobsen, 2007). In tobacco 

plants, a close correlation was found between demethylation and expression of a tobacco gene 

encoding a glycerophosphodiesterase-like protein upon exposure to abiotic stresses such as 

aluminum, salt and low temperature (Choi and Sano, 2007). For an environmentally triggered 

DNA and histone modification to be heritable, it would have to be transmitted over many rounds 

of mitotic DNA replication in sporophytic tissues, through the differentiation of gametophyte 

precursor cells, meiosis, and postmeiotic mitoses of haploid gametophytes (Takeda and 

Paszkowski, 2006). Identified environmental factors relevant to spaceflight, such as microgravity 

or ionizing radiation, have so far not been shown to cause heritable histone or DNA 

modifications changing gene expression in the offspring of exposed plants. A study of 

Arabidopsis plants growing near Chernobyl in 1989 found that the genomic DNA of two 

subsequent generations grown under laboratory conditions was hypermethylated compared to 

control plants. Seeds collected on site several years later gave rise to offspring with less 
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hypermethylated DNA (Kovalchuk et al., 2004). The authors suggested that DNA 

hypermethylation could be an immediate plant response to ionizing radiation. Aside from this 

observation, DNA and histone modifications initiated by environmental factors have to date not 

been reported to be inherited epigenetically in plants. 

Conclusion 

This study is a first attempt to answer the question whether long-term exposure to the 

spaceflight environment in low earth orbit space stations can cause significant, heritable changes 

in gene expression patterns in plants. Some of the factors to which plants are exposed in a 

spaceflight environment that are potentially able to cause such differences are described in the 

discussion. Our analysis of plants three generations removed from spaceflight exposure 

compared to plants with no exposure in their lineage indicate that exposure to the spaceflight 

environment for one generation does not result in changes in gene expression that are heritable. 

Future space biology experiments addressing heritable changes in gene expression could use a 

larger number of biological replicates to ensure that the false negative rate is indeed as low as 

possible. Furthermore, whole genome arrays could be used that contain probes targeting all 

known transcripts. However, we do not imply to be able to foresee whether or in what way this 

may change the current outcome. The effects of still longer exposure to spaceflight, such as for 

several contiguous generations, on gene expression in exposed plants and their offspring could 

also be tested. 

Materials and Methods 

Plant Species and Cultivars 

Two closely related cultivars of wheat were used in this study: T. aestivum L. cv. Super 

Dwarf and T. aestivum L. cv. USU-Apogee. USU-Apogee originated from a cross between 

'Parula' and 'Super Dwarf', both of which were obtained from the CIMMYT germplasm 
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collection in 1984. Parula was selected for its small leaf size, and Super Dwarf was selected for 

its short stature (25 cm tall). USU-Apogee is a dwarf (45-50 cm tall), hard red spring wheat with 

a rapid development and resistance to Ca-induced leaf tip necrosis, leading to high yields in 

controlled environments such as bioregenerative life support systems in space (Bugbee and 

Koerner, 1997; Bugbee et al., 1997). 

MIR and Ground Experiments 

Triticum aestivum L. cv. Super Dwarf was grown in the Svetoblock M unit on MIR for 167 

days in 1991. Ionite (ion exchange substrate) was used as a soil substitute. Light intensity ranged 

between 135 and 175 μmol m-2 s-1. Air temperature was 22 ± 2°C and atmospheric CO2 was 

6000 ppm. Three heads appeared in the boot (i.e. each surrounded by a leaf) in two plants while 

the plants were still on MIR. After return to Earth on October 10, 1991, three spikes developed 

from these, two of which contained a total of 28 seeds. The MIR ground control plants were 

grown in the Svetoblock M unit inside the Svet greenhouse at a laboratory in Moscow 

(Mashinsky et al., 1994). First generation MIR flight and ground control seeds were grown for an 

additional two generations on the ground during subsequent experiments on Earth. The 

experiments took place at the Institute of General Genetics of the Russian Academy of Science. 

The plants were grown under the same light, temperature and CO2 conditions as the plants on 

MIR. Third generation seeds were harvested in 1997 (Nechitailo, data not shown). 

Laboratory Biosphere Experiment 

Third generation MIR flight and ground control seeds were planted in the Laboratory 

Biosphere facility in New Mexico alongside T. aestivum L. cv. USU-Apogee in February 2005. 

The lighting regime was 13 h light/11 h dark at a light intensity of 960 μmol m-2 s-1, 45 mol m-2 

day-1 supplied by high-pressure sodium lamps. Atmospheric CO2 ranged between 300 and 3000 

ppm daily during the majority of the growing season. Temperatures ranged from 21 to 29 °C 
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during light hours and from 20 to 24 °C at night. Two of the third generation MIR flight seeds 

germinated, grew and matured, versus one of the third generation MIR ground control seeds. 

Two of the Apogee wheat plants were selected as additional controls that will be referred to as 

‘Biosphere controls’. 

Sample Preparation 

Leaves were harvested from the two fourth-generation MIR flight plants, the fourth-

generation MIR ground control plant, and the two Biosphere control plants. Tissues were 

immediately stored in RNAlater. Two leaves per plant were pooled and total RNA was extracted 

with the Qiagen RNeasy Plant Mini Kit. Aliquots of the MIR flight, Biosphere control, and MIR 

ground control RNA samples were mixed to obtain a reference RNA sample. 

Microarray Experimental Design and Data Analysis 

Custom-made long-oligonucleotide (60-mer) wheat microarrays were developed by the 

Interdisciplinary Center for Biotechnology Research (Gainesville, FL) in collaboration with 

Agilent Technologies (Foster City, CA). A set of 10,263 60-mer wheat specific probes was 

designed based on Triticum aestivum L. cv. Apogee EST sequences and in situ synthesized on 

microarrays (2x22K format). The samples were amplified and labeled by converting target 

mRNA to cRNA according to the manufacturer’s protocol (Low RNA Input Fluorescent Linear 

Amplification Kit Protocol [v. 4], Agilent Technologies). The two biological replicates from the 

MIR flight and Biosphere control sample sets, and the one MIR ground control sample, were 

Cy5-labeled and hybridized to the oligonucleotide microarrays with Cy3-labeled reference 

cRNA. After hybridization, slides were washed, scanned and the data extracted according to 

standard procedures (Two-Color Microarray-Based Gene Expression Analysis [v.5.5], Agilent 

Technologies). Because there was only one biological replicate available for the MIR ground 
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control sample, it was excluded from the subsequent statistical analysis and will not be discussed 

further. 

Median signal intensities, detected by scanning the microarrays with the MIR flight, 

Biosphere control and reference samples hybridized to the probes, were analyzed using a two-

step strategy (Chu et al., 2002; Hsieh et al., 2003). Initially, probe measurements were centered 

relative to the microarray mean and log2 transformed. The signals of the MIR flight, Biosphere 

control and reference samples were then evaluated in a mixed analysis of variance (ANOVA) 

model, and unbiased estimates of transcript abundance (least-square means) were generated for 

each sample set. Microarray slide was included in the ANOVA model as a random effect to 

account for the covariance of samples hybridized to the same microarray (i.e. control for spot 

effect) (Jin et al., 2001; Wolfinger et al., 2001). The transcript level estimates of the MIR flight 

and the Biosphere control samples were then compared using a series of t-tests. The p-values 

generated in this comparison were corrected for multiple testing using the Benjamini and 

Hochberg procedure in the Multtest package of the R software (Benjamini and Hochberg, 1995), 

and the Q-value procedure in the Q-value 1.0 package (default settings) of the R software (Storey 

and Tibshirani, 2003). 

 



 

 
Figure 4-1. Wheat growth in the Laboratory Biosphere. Photographs of individual wheat plants 

growing in the Laboratory Biosphere from which leaves were collected for gene 
expression analysis. Top row: fourth generation MIR flight plants A and B, and 
fourth generation MIR ground control plant C (T. aestivum cv, Super Dwarf). Bottom 
row: Biosphere control plants D and E (T. aestivum cv. USU-Apogee). Gene 
expression patterns were compared between the MIR flight and the Biosphere control 
sets by using microarrays and statistical analysis. 
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Figure 4-2. Flowchart of wheat experiments. Flowchart showing an overview of the history of 

the plant samples comprising the MIR flight and Biosphere control sets, as well as a 
diagram of how the experimental and reference cRNA samples were hybridized to the 
microarrays. 

141 



 

 
 
Figure 4-3. ANOVA (t-test) results. ANOVA (t-test) p-values not corrected for multiple testing 

are plotted against the corresponding log2 fold changes in transcripts between the 
Biosphere control and MIR flight sets; p-value = 0.05 is indicated by the horizontal 
line with the label on the right. The scatter plot shows the distribution of genes whose 
log2 differential expression levels have p-values smaller than 0.05 before correcting 
for false positives. 
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Figure 4-4. Multiple testing correction: Benjamini and Hochberg method. ANOVA (t-test) p-

values corrected for multiple testing with Benjamini and Hochberg are plotted against 
the corresponding log2 fold changes in transcripts between the Biosphere control and 
MIR flight sets; corrected p-value = 0.05 is indicated by the horizontal line with the 
label on the right. The scatter plot shows that none of the corrected p-values 
associated with the 10.263 comparisons in gene expression are smaller than 0.05. 
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Figure 4-5. Multiple testing correction: Q-value method. ANOVA (t-test) p-values corrected for 

multiple testing with Q-value are plotted against the corresponding log2 fold changes 
in transcripts between the Biosphere control and MIR flight sets; q-value = 0.05 is 
indicated by the horizontal line with the label on the right. The scatter plot shows that 
none of the corrected p-values (= q-values) associated with the 10.263 comparisons in 
gene expression are smaller than 0.05. 

 



 

CHAPTER 5 
CONCLUSIONS 

Manned missions to Mars demand the efficient use of local planetary resources and the 

recycling of limited materials such as water, pressurized atmosphere and organic matter while 

producing food (Barta and Henninger, 1994). The use of in situ regolith for plant growth in a 

future bioregenerative life support system on Mars may have several advantages over hydroponic 

systems (Schuerger et al., 2002). These include the immediate bioavailability of plant essential 

ions, low-tech mechanical support for plants, and easy access of in situ materials once on the 

surface. However, plant growth may be reduced or inhibited by substances in the regolith, such 

as high levels of hydrated magnesium sulfate minerals (Chapter 1 and 2). In a potential 

bioregenerative life support system on Mars, an excess of a particular element in the crew’s diet 

could affect the presence and availability of other required elements. This study therefore focuses 

on the possibility of reducing accumulation of Mg2+ and SO4
2- ions within the plant as a method 

to enhance plant tolerance to high levels of magnesium sulfate in the growth medium. 

Arabidopsis is a model species in plant molecular biology research and its genome is fully 

sequenced. Plasma membrane localized efflux transporters of Mg2+ and SO4
2- ions have not been 

identified to date in the outer root cell layers of Arabidopsis or other plant species. AtMRS2-10 

and AtSULTR1;2 are genes encoding a known Mg2+ and SO4
2- uptake transporter respectively. 

Arabidopsis lines carrying knockout T-DNA insertion mutations in AtMRS2-10 and 

AtSULTR1;2 did not mitigate the constraining impacts of high magnesium sulfate 

concentrations on wildtype Arabidopsis plants (Chapter 2). An Arabidopsis line carrying a 

knockout mutation of the vacuolar CAX1 gene (cax1-1) showed a significant improvement in 

growth on soil treated with high levels of MgSO4•7H2O in solution (Chapter 2). A reduction in 

leaf magnesium content in cax1 mutants compared to wildtype (0.7  below normal) was 
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reported in a previous study (Bradshaw, 2005). Although the Mg content of cax1 mutant roots 

has not been analyzed so far, the reduced levels of Mg in leaves indicate that Arabidopsis CAX1 

knockout mutants are in line with our objective of identifying Arabidopsis variants that show 

improved tolerance of high magnesium sulfate by at least partly limiting accumulation of Mg2+ 

or SO4
2- ions within the plant. Therefore, genes in crop species encoding transporter proteins 

similar in function to the protein encoded by CAX1 in Arabidopsis are proposed candidate genes 

for enhancing tolerance of crop plant species to regolith high in soluble magnesium sulfate 

minerals used in an advanced life support system on Mars. 

The identification by Bradshaw (2005) of a CAX1 knockout mutant tolerant of low Ca:Mg 

ratios in solution, which are characteristic of serpentine soil solutions, confirms the 

appropriateness of serpentine soils as partial analogue soils on Earth for regolith high in soluble 

magnesium sulfate minerals on Mars. Leaf Ca:Mg molar ratios of nonserpentine plant species are 

generally equal to that of the soil, while serpentine species maintain significantly higher leaf 

Ca:Mg than both their nonserpentine counterparts and the soil (O'Dell et al., 2006). The authors 

conclude that elevated leaf Ca:Mg in the serpentine species was achieved by selective Ca2+ 

transport and/or Mg2+ exclusion operating at the root-to-shoot translocation level, as root Ca and 

Mg concentrations did not differ between serpentine and nonserpentine species. Genetic 

differentiation between populations of Arabidopsis lyrata growing on granitic or serpentinic soils 

was measured by using an Arabidopsis thaliana tiling array that has 2.85 million probes 

throughout the genome (Turner et al., 2008). The study found significant overrepresentation of 

genes involved in ion transport, and one gene in particular, calcium-exchanger 7 (CAX7), was 

presented as an excellent candidate gene for adaptation to low Ca:Mg ratios in A. lyrata. It is 

currently not known which transporters or their regulators could be involved in the observed 
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lower levels of Mg or higher Ca:Mg ratios in leaves from Arabidopsis cax1-1 and serpentine 

species respectively. Results from the analysis of genetic differentiation between A. lyrata 

populations include an overrepresentation of genes encoding proteins involved in ion transport. 

Some of these transporters might play a role in reducing Mg2+ accumulation within the plant. 

This study is the first to document genome-wide plant root transcriptome responses to 

elevated levels of magnesium sulfate based on the high Mg:Ca ratio that can occur in serpentine 

soils using microarrays (Chapter 3). The objective was to analyze which genes are differentially 

expressed as part of the primary stress response in roots of a non-tolerant species such as 

wildtype Arabidopsis thaliana (col-0) compared to unexposed col-0 roots. This could lead to 

identification of candidate genes in Arabidopsis with potential to enhance tolerance to high 

magnesium sulfate by limiting accumulation within the plant. The cax1-1 mutant was also 

exposed to elevated MgSO4•7H2O to determine which genes are differentially expressed in the 

CAX1 knockout mutant background compared to exposed col-0. Genes that are differentially 

expressed between the genotypes could point to some of the downstream molecular processes 

eventually leading to enhanced tolerance for cax1-1 at the whole plant level, including reduced 

leaf Mg content and increased fresh weight biomass, after days or weeks of exposure in agar or 

soil medium. Some of the transcripts involved in downstream processes may themselves be 

candidates for enhanced tolerance, such as those encoding (regulators of) plasma membrane 

based channels that transport Mg2+. 

Transcriptome responses of Arabidopsis col-0 roots exposed to high magnesium sulfate for 

45 min. compared to col-0 exposed to a control solution for 45 min. (Time 1) reveal over 300 

differentially expressed genes. Genes of known function include those encoding calcium-binding 

proteins, kinases, transcription factors, enzymes involved in hormone metabolism, disease 
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resistance proteins and many cell wall related proteins. The responses of the genes encoding cell 

wall related proteins indicate a possible reduction in root growth when col-0 is exposed to high 

concentrations of magnesium sulfate. Some of the genes of known or unknown function were 

previously associated with specific or broad ranges of abiotic stresses, but not necessarily in 

roots or at these time points. Over 200 genes encoding membrane based transporters were 

differentially expressed across the col-0 time series. The expression of genes encoding known 

plasma membrane based importers of Mg2+ and SO4
2- ions, such as MRS2-10, SULTR1;1 or 

SULTR1;2, was not down-regulated. This corresponds with the observation reported in Chapter 

2 that Arabidopsis lines carrying knockout T-DNA insertion mutations in AtMRS2-10 and 

AtSULTR1;2 did not mitigate the constraining impacts of high magnesium sulfate 

concentrations on wildtype Arabidopsis plants. The differential expression of genes encoding 

known tonoplast localized transporters of Mg2+ and SO4
2- ions indicate a possible storage of 

excess Mg2+ and SO4
2- ions in the vacuole. Future research can reveal whether any of the 

differentially expressed transporter genes of unknown protein localization, protein function, or 

both, are candidates to enhance tolerance to high levels of soluble magnesium sulfate minerals in 

Martian regolith by reducing accumulation of Mg2+ and SO4
2- ions within the plant. For 

example, the localization of sulfate transporters SULTR3;1 and SULTR3;4 within Arabidopsis 

root tissue and cells can be analyzed in follow-up studies to see if the genes encoding these 

transporters are candidates for enhanced tolerance. Potential regulators of membrane based 

transporter activity, such as kinases, which are encoded by differentially expressed genes across 

the col-0 time series, could also be analyzed. Since gene expression differences are not fully 

controlled for diurnal effects for the Time 2 and 3 comparisons in the col-0 time series, these 

effects will have to be ruled out in follow-up studies.  
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The down-regulation of cax1-1 gene expression is a natural response to high magnesium 

sulfate in col-0 that is already seen at Time 1. Together with the down-regulation of CAX2 and 

CAX3 gene expression at later time points it indicates a possible shortage of calcium in the 

cytosol experienced by col-0 when exposed to high concentrations of magnesium sulfate. Only 

three transcripts were differentially expressed between cax1-1 and col-0 at 3 hours after initiation 

of treatment. Follow-up experiments could be done to discover the function of these three 

transcripts. The root transcriptome of cax1-1 and col-0 could furthermore be compared at later 

time points after initial exposure to high magnesium sulfate to reveal additional differentially 

expressed transcripts that could indicate the molecular processes eventually leading to the 

tolerance difference exhibited by these genotypes after days or weeks of growth. Some of the 

transcripts involved in downstream processes may themselves be candidates for enhanced 

tolerance, such as those encoding (regulators of) plasma membrane based channels that transport 

Mg2+. 

Crop plants might be grown for multiple life cycles as part of a life support system in a 

transport vehicle during a human mission to Mars. Within the transport vehicle, crop plants will 

be exposed to lower gravitational forces and higher radiation fluxes compared to a growth 

chamber on Earth. Some of the seeds harvested from these plants could subsequently be planted 

in advanced life support systems on the surface of Mars. To analyze in detail whether plants 

grown in spaceflight conditions can show changes in subsequent generations compared to control 

plants, gene expression in wheat plants that are three generations removed from growth in the 

MIR space station was compared to gene expression in wheat plants with no spaceflight 

exposure in their lineage (Chapter 4). Our gene expression analysis results indicate that exposure 

to the spaceflight environment for one generation does not result in changes in gene expression 
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that are heritable. Future space biology experiments addressing heritable changes in gene 

expression could use a larger number of biological replicates to ensure that the false negative rate 

is indeed as low as possible. Furthermore, whole genome arrays could be used that contain 

probes targeting all known transcripts. However, we do not imply to be able to foresee whether 

or in what way this may change the current outcome. The effects of still longer exposure to 

spaceflight, such as for several contiguous generations, on gene expression in exposed plants and 

their offspring could also be tested. 
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