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ABSTRACT OF THE DISSERTATION 

Detoxification and Accumulation of Cadmium and Arsenic in Plants: Implications for 

Phytoremediation and Limiting Accumulation in Foods 

by 

Timothy O. Jobe 

Doctor of Philosophy. in Biology 

University of California, San Diego, 2013 

Professor Julian I. Schroeder, Chair 

Many of the metals and metalloids commonly used by our modern society are 

extremely toxic and can pose a significant health risk if consumed. However, unlike 

animals, some plants are often extremely tolerant to the toxic effects of these metals and 

can accumulate large amounts in various tissues. Because some plants can bioaccumulate 

toxic metals, a number of bioremediation strategies using plants have been proposed. 

However, accumulation of toxic metals in agronomic crops is not desirable. In fact, 

interest is growing within the plant breeding community to reduce the accumulation of 

toxic metals in key crops. Whether we are interested in increasing accumulation for 

remediation, or reducing accumulation for human consumption, understanding the 



ix

molecular and genetic mechanisms underlying toxic metal sensing, uptake, 

detoxification, and storage are paramount for success. This dissertation outlines the 

systematic approaches we have taken to understand many of these processes. In the first 

part of this dissertation, the cloning and screening of cadmium/arsenic-inducible 

promoter elements using a genome-wide yeast one-hybrid approach along with 

microarray analyses of known mutants are presented. This is a continuation of the work 

presented in Appendix 1, which focuses on developing a cadmium/arsenic-inducible 

reporter line and screening, identifying, and characterizing new mutants in the 

glutathione biosynthesis pathway. Appendix 2 is a review article highlighting recent 

advances in the field of toxic metal tolerance and presents key gaps in our knowledge.  



Chapter 1: 

Genome-wide yeast one-hybrid to identify 

transcriptional regulators of sulfate 

assimilation genes 

1 
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1.1. Introduction 

 Cadmium, arsenic, lead, and mercury are toxic metal(loid)s that have no known 

role in animal or plant nutrition and are considered detrimental to human health and the 

environment. These substances are among the top 7 contaminants listed on the EPA 

Superfund’s list of priority hazardous substances, and can be found at high levels in soils 

and waters throughout the country. Widespread contamination from anthropogenic inputs 

is a growing problem. Metals are widely used in industrial processes and equipment, 

including battery production, electronics, paints, fertilizers and fuel production 1,2. 

Industrialization has drastically increased emissions of toxic metal(loid)s into the 

environment, which is a major concern for people living near industrial areas where toxic 

metal(loid) emissions are highest 3. Metal contamination has become a serious worldwide 

environmental health issue due to two centuries of intense industrial activity combined 

with inappropriate waste disposal 2,4,5. Many diseases and disorders have been linked to 

high levels of toxic metal(loid) exposure, including high rates of lung cancer in workers 

from cadmium recycling and recovery facilities6 7. The toxic effects of heavy metals have 

also been linked to hypertension, myocardial infarction, and diminished lung function 8. 

 

Plants and seeds are the main dietary source of many essential metals, including 

zinc, iron, manganese and copper, not only for humans but also for livestock 9-11. Plant-

based products are also the main entry point for toxic elements (cadmium, lead, arsenic, 

and mercury) into the food chain, and many cases of heavy metal poisoning have been 

attributed to widespread consumption of contaminated products 12-14. Understanding the 

molecular mechanisms underlying plant uptake, transport and accumulation of both 
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essential and non-essential metals will have two major impacts on human health. First, it 

will enhance the nutritional value and safety of plant products by enhancing the 

accumulation of essential metals while avoiding the retention of toxic metals. Second, it 

will allow us to use plants to restore and remediate heavy metal contaminated sites, 

which is a preferred alternative to physical removal of metals. The identification of genes 

and molecular mechanisms that allow plants to take up, tolerate and accumulate toxic 

metals will accelerate the engineering of plants for remediation purposes. 

 

1.1.1 Metal uptake and mobilization  

 The distribution of metals within a plant is a dynamic process that can be divided 

into the following processes: (i) root uptake and intercellular mobilization, (ii) xylem-

loading/unloading and (iii) phloem-loading/unloading. In Arabidopsis, Fe, Cd, Mn and 

Zn are taken up from soil by IRT1, a member of the ZIP (Zinc/Iron regulated transporter 

Proteins) family of transporters 15-17, while arsenic has been shown to be taken up by 

inorganic phosphate transporters. Once inside the cell, metals can be sequestered into 

different cellular compartments or mobilized through the root for xylem loading and root-

to-shoot transport 18,19. Cadmium uptake by IRT1 and xylem loading mediated by HMA2 

and HMA4 have been extensively studied15,20-22. However, phloem transport and seed 

loading have been far less studied, perhaps due to the technical difficulties associated 

with phloem sampling and sap modification. Phloem plays a key role in delivering 

compounds to developing seeds where xylem-mediated transport is negligible due to the 

limited transpiration rate within reproductive tissues23. Phloem is a plant tissue composed 

of two highly specialized low-abundance cells called companion cells and sieve elements 
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23. Companion cells transfer molecules into sieve elements for long-distance transport 

between mature leaves, younger leaves, roots and seeds. Thus, transporters expressed in 

companion cells are critical proteins regulating the long-distance movement of 

molecules, including toxic metals. Despite their importance, the identity and abundance 

of phloem-specific metal transporters as well as their regulation during plant 

development is largely unknown.  

 The Arabidopsis genome is estimated to have approximately 25,500 open reading 

frames (ORFs or potential genes), of which 7% (approx. 1700 genes) are predicted to 

encode transporters. Based on this large number of transporters and the potential for 

overlapping function between members of the same gene families, a forward genetic 

screen designed to identify genes mediating the mobilization of molecules into seeds 

would be time consuming and inefficient. Therefore, alternate approaches must be 

developed to identify and characterize the transporters involved in mobilizing metals 

throughout the plant.  

 

1.1.2 Toxic metal accumulation and storage in plants  

 Phytochelatins are glutathione-derived peptides synthesized in the cytosol upon 

exposure to Cd, As, Zn, Hg or Cu 24-26. After being synthesized, they rapidly form PC-

metal complexes that are transported into vacuoles, removing these toxic elements from 

the cytosol 25-28. More than 15 years ago, research suggested that vacuolar uptake of PC-

metal complexes was mediated by ATP-binding cassette transporters (ABC transporters) 

29-31. However, attempts to identify vacuolar PC transporters in plants were unsuccessful 
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27. By conducting a systematic analysis of the ABC transporter family in the fission yeast 

Schizosaccharomyces pombe, we were able to identify Abc2 as a novel vacuolar PC 

transporter 32. Our results indicated that S. pombe has two independent mechanisms for 

vacuolar sequestration of PC-Cd complexes, one mediated by Hmt1, a half-size ABC 

transporter 30,32,33 and a different mechanism mediated by Abc2, a full-size ABC 

transporter32. Notably, plants do not have Hmt1 homologues but they do have 

homologues of Abc2, which are the ABCC family of ABC transporters 34.  

 Furthermore, Arabidopsis mutants carrying T-DNA insertions in genes displaying 

a high degree of similarity with S. pombe Abc2 were subsequently identified that led to 

the identification of ABCC1 and ABCC2 as the long-sought plant vacuolar PC 

transporters 23,35. Both, ABCC1 and ABCC2 are able to mediate the uptake of PCs in 

vacuolar preparations obtained from yeast expressing either ABCC1 or ABCC2 35. The 

single insertion mutants abcc1 and abcc2 are not sensitive to either Cd or As but the 

double mutant abcc1 abcc2 is both Cd, Hg and As hypersensitive 35,36. ABCC1 and 

ABCC2 are expressed approximately 3-fold higher in roots compared to shoots 23,37 and 

in the Arabidopsis ecotype Col-0, roots are the main sink for Cd storage 38,39.  

 Phytochelatins have long been considered part of an intracellular mechanism for 

Cd detoxification 24,25. However, recent evidence suggests that PCs also play a key role in 

mobilizing cadmium from leaves to roots 38,40. Shoot-specific expression of PC-synthase 

in a PC-deficient mutant showed that despite being synthesized in leaves, PCs were 

preferentially accumulated in roots38. Transport of molecules from leaves to roots occurs 

exclusively through the phloem and direct analysis of phloem and xylem sap by mass 

spectrometry demonstrated that PCs were more abundant in the phloem sap compared to 
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the xylem sap and in sufficient quantities to chelate the Cd found in phloem sap 40. These 

results led to a model were Cd is removed from leaves to protect photosynthesis, which is 

extremely sensitive to Cd 23. Other metal ligand molecules found in phloem sap are 

nicotianamine and GSH 40-42. Nicotianamine has been shown to form complexes with 

Fe2+, Cu2+, Zn2+ and Mn2+ 43, while GSH and PCs have orders of magnitude higher affinities for the heavy metal(loid)s 

Cd2+, Zn2+, Hg2+ and As3+ {Mendoza-Cozatl, 2008 #523. In fact, extended X-ray absorption fine structure 

(EXAFS) analysis of seeds shows that 60% of Cd is coordinated with thiol-containing 

ligands 23.  

 The mechanisms by which GSH, PCs and toxic metals are loaded into the phloem 

are not known. The identification of phloem transporters will allow us to address these 

questions and advance our understanding of how molecules are mobilized between leaves 

and roots and into seeds.  

 

1.1.3 Phytoremediation 

 Trace metals, such as iron, zinc, manganese and copper are essential 

micronutrients to all organisms and function as co-factors in a variety of enzymes and 

proteins 28,43. It has been estimated that one-third of all proteins require one of these 

metals for proper folding and activity. Trace metals are highly reactive and their 

intracellular concentration must be tightly regulated to prevent toxicity. Other metals, 

such as cadmium (Cd), lead, chromium, mercury and the metalloid arsenic are 

biologically non-essential but, because of their chemical similarity, can enter plants using 

the same transporters used for essential metals 23,26. Inside the cells, non-essential metals 

impair metabolism by displacing and interfering with the function of essential metals. 

 



7 
 

Non-essential metals are toxic to plants at any level; however, essential metals can also 

be toxic if they accumulate to high levels.  

Traditional methods of remediating metal contaminated soil and water include 

excavation, transport, and reburial of contaminated soil and evaporation, filtration or 

electro-chemical removal from contaminated waters. These methods are both labor and 

energy intensive making them cost ineffective. Because plants are sessile and have little 

control over the soil or water they must survive in, they have developed unique strategies 

to cope with metal(loid) toxicity. This makes them well adapted for use in the 

bioremediation of highly contaminated sites (referred to as phytoremediation).  

Cadmium is an important pollutant due to its relatively high solubility and 

toxicity. Cadmium has no distinct function in human health and is extremely toxic at low 

concentrations. The main oxidation state of cadmium is +2, which means that it can 

interfere with calcium, copper, iron, magnesium, and manganese containing enzymes by 

displacing these elements and competing with transport 44. While cadmium cannot 

undergo Fenton-type reactions, it is highly reactive with sulfhydryl groups and is thought 

to cause lipid oxidation. 

Arsenic is an extremely toxic metalloid, and arsenic pollution has been recognized 

as an environmental problem worldwide. Arsenate (+5) is a chemical analogue of 

phosphate and can disrupt phosphate metabolism in plants, while arsenite (+3) is highly 

reactive with the sulfhydryl groups of enzymes and proteins, causing oxidation of 

proteins, inhibition of cellular function and cell death 45.  Because cadmium and arsenic 

are both highly reactive with sulfhydryl groups, they are detoxified by similar 

mechanisms in plants.  
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Therefore, it is important to investigate the mechanisms by which plants take up 

and detoxify metal(loid)s. Research over the past few decades indicates that uptake and 

subsequent accumulation of toxicants in the aerial portions of plant tissues could provide 

a cost effective approach for cadmium and arsenic removal and remediation. 

 

1.1.4 Cadmium and Arsenic Detoxification in Plants 

The mechanisms underlying cadmium and arsenic detoxification are 

biochemically well established. Exposure to cadmium and arsenic enhances the 

expression of sulfate assimilation genes for detoxification 46,47. Sulfur is a macronutrient 

in plants and is available primarily in the form of sulfate (SO4
2-) present in soil 48. Sulfate 

is actively transported into roots and then distributed throughout the plant. The high 

affinity sulfate transporter, SULTR1;2 is induced by both arsenic and cadmium 47. Once 

sulfate enters the root, it is reduced in a series of ATP-dependent reactions and 

incorporated into the amino acid cysteine (Cys). Cysteine can then be converted to 

methionine, glutathione (GSH), and other sulfur-containing metabolites. GSH, the most 

abundant thiol molecule in plant cells, is synthesized in two ATP-dependent steps 

catalyzed by γ-glutamylcysteine synthetase (γ-ECS) and glutathione synthetase (GSHS) 

49. Upon toxic metal exposure, plants also produce thiol compounds called 

phytochelatins, which are polymers of GSH. Phytochelatins (are synthesized from GSH 

by the enzyme phytochelatin synthase and have a general structure of (γ-

glutamylcysteine)nGly (n=2-11) 50 51 52 53. PCs have a very high affinity for cadmium and 

arsenic, which allow PCs to quickly chelate and sequester them in the vacuole 54. PC 
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production can be induced by a wide range of ions, including Ag+, As(V), Cd2+, Cu+, Hg2+, 

Cu+, Hg2+, and Pb2+ , with Cd2+ being the most potent54-56. 

Unfortunately, our understanding of the cellular signaling underlying heavy metal 

uptake, transport, and accumulation in plants remains incomplete. The complexity of 

signal transduction in higher plants is a result of spatial and temporal signal separation, 

cross talk between signaling networks, and extensive genetic redundancy.  As a result, 

classical forward genetic screens have proven ineffective at elucidating the signaling 

cascades responsible for plant responses to many different external stimuli.   

 

1.1.5 Cadmium and Arsenic Signaling in Plants 

 While the biochemical mechanisms for metal(loid) detoxification are well 

understood, the transcriptional regulation is still largely unknown. Recently, point 

mutants in a gene called sulfur limitation1 (SLIM1) were identified that play an important 

role in the regulation of the sulfate assimilation pathway under sulfur limiting conditions 

(-S). SLIM1 is a central transcriptional regulator that is reported to activate the 

SULTR1;2 high affinity sulfate transporter in Arabidopsis under -S conditions 57. The 

transcript levels of SULTR1;2 are nearly abolished under –S conditions in the slim1-1 and 

slim1-2 mutants 57. Metabolite accumulation was also affected in the SLIM1 mutants, 

where slim1-1 and slim1-2 show a significant decrease in GSH levels compared to wild 

type when grown on low sulfur media 57. These findings indicate the importance of 

SLIM1 in sulfur metabolism.  

 The transcriptional regulation of heavy metal(loid)-induced gene expression 

remains largely unknown in plants. While SLIM1 is a central regulator of the sulfate 
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assimilation pathway, it is unclear if SLIM1 plays a role in activation of sulfate 

assimilation during metal(loid) detoxification. The complex regulation of sulfate 

assimilation and the unknown role of SLIM1 in metal(loid) detoxification raises the 

question whether SLIM1 acts together with other yet unknown transcription factors to be 

part of a large regulatory network . However, the large number of transcription factor 

families and the potential partially unequal redundancy of certain family members 

represent a challenge. Recently, a small library became available which addresses genetic 

redundancy in Arabidopsis using artificial microRNAs58. Targeting multiple homologous 

transcription factors allowed for screening of large groups of genes, while reducing or 

eliminating functional overlap58. Unfortunately, the initial screen was unable to narrow 

down potential transcription factors involved in metal(loid) detoxification. A larger 

library of amiRNA lines is now available that may allow us to gain a deeper 

understanding of specific transcriptional activators and repressors involved in metal 

detoxification58.  

 In this dissertation, we present work aimed at uncovering the genes and 

mechanisms underlying the cadmium and arsenic transcriptional responses using a 

variety of approaches. 

 

1.2. Results  

Genome-wide Yeast One-Hybrid 

 To identifying transcription factors that mediate Cd/As-induced gene expression 

in plants, we performed genome wide yeast one-hybrid analyses on the promoter 

fragments of four Cd/As-induced genes, specifically the SULTR1;2, APR2, γ-ECS, and 
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GS promoters. Our goal was to identify the unknown master transcriptional regulators 

and repressors that control the promoters of multiple Cd/As-induced genes. We cloned 

the 2.1 kb promoter region previously characterized for SULTR1;2 as well as a 2.1 kb 

promoter fragment from APR2. The promoter fragments were shorter for g-ECS and GS 

due to the presence of upstream genes. The g-ECS promoter was approximately 1.4 kb in 

length, while the GS promoter was 800 bp.  

We used these promoter fragments to screen approximately 2,100 Arabidopsis 

transcription factors for DNA-protein interactions in a yeast one-hybrid assay. The GS, γ-

ECS, and APR2 promoters were screened using a previously published transformation 

based protocol59. The SULTR1;2 promoter was screened using a mating-based protocol. 

Because we had little experience with the new protocol, we screened the SULTR1;2 

promoter 3 times to determine the level of reproducibility of this method. Figure 1 shows 

a heat map of the β-gal values determined from each of the 6 screens we performed. In 

general, the mating-based protocol identified more putative DNA-protein interactions; 

however, there was a low degree of reproducibility between the 3 replicate experiments. 

For the 3 transformation-based screens, a smaller number of putative interactions were 

identified.  

Interestingly, a number of transcription factors were identified in more than one 

screen. For simplicity, we averaged the β-gal values between the 3 SULTR1;2 screens 

and compared with the β-gal values obtained from the remaining screens. We compared 

the results in two different ways. First, we considered interactions having z-scores  ≥ 2.0, 

which is traditionally used in yeast one-hybrid analyses. Secondly, we performed outlier 

detection analysis using an R script. Figure 2 shows Venn diagrams indicating the 
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number of interactions identified and the overlap between the screens using both the z-

score method (Figure.. 2A) and the outlier detection method (Figure.. 2B). In general, the 

outlier detection algorithm identified more putative interactions and more overlapping 

interactions between the different promoters than the z-score method. However, in both 

cases the total number of putative interactions was unexpectedly high.  

To look more closely at the interactions identified by these screens, we decided to 

focus on the three interactions from each screen with the highest total β-gal values. Table 

1 shows the 3 interactions with the highest β-gal values from each of the 4 yeast one-

hybrid screens along with the number of putative interactions with a β-gal value of 2.0 or 

greater. We obtained T-DNA insertion lines in these genes and performed root elongation 

assays on the individual mutant lines to determine their sensitivity to cadmium. Only one 

mutant, Salk_094437C, was identified as having a cadmium-dependent phenotype. We 

obtained an additional T-DNA disruption mutant in the At2G46270 (ANAC102) gene. 

Our initial screen of these T-DNA mutants revealed that both independent alleles of 

ANAC102 as showing Cd tolerance (anac102-1, Salk_030702C; anac102-2, 

Salk_094437C Figure.. 3). No differences in growth were observed in the absence of Cd.  
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Figure.. 1: Heat map of the 6 yeast one-hybrid experiments performed. Three 

independent replicate experiments were performed on the SULTR1;2 promoter 

(represented as 1, 2, and 3). The APR2, g-ECS and GS promoters were screened using a 

transformation based protocol, while the SULTR1;2 promoter was screened using a mate-

based protocol.  
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Figure.. 2: Venn diagram of the yeast one-hybrid results. A) The results were filtered by 

z-score using a score of 2.0 or greater as indicating a putative DNA-protein interaction. 

B) The results were filtered using an outlier detection program.  
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Figure.. 3: Root elongation assay of anac102-1 and anac102-2 mutants. Two 

independent T-DNA disruption mutant alleles in a NAC transcription factor At5G63790 

(ANAC102) show enhanced Cd tolerance in Cd-sensitive root growth assays. Wild type 

(WT) and two independent T-DNA alleles, anac102-1 (Salk_030702C) and anac102-2 

(Salk_094437C), were grown with Cd for 7 days. Seedling growth of the mutant alleles 

was drastically longer than WT.  
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Table 1: Top three ranked transcription factors for each promoter  

Promoter  Gene ID  Gene Name  
Maximum 
(z-score >=2) 

APR2  AT1G49720  ABF1  
 APR2  AT5G63790  NAC102  
 APR2  AT5G65210 TGA1, a redox-controlled regulator  37 

γ-ECS  AT3G61890  HB12  
 γ-ECS  AT5G15800  SEPALLATA1 (SEP1)  32 

γ-ECS  AT5G41570  WRKY24  
 GS  AT1G36060  DREB  
 GS  AT2G40470  LBD15  65 

GS  AT4G04890  PDF2  
 SULTR1;2  AT2G01370  storekeeper related  
 SULTR1;2  AT2G41070  EEL  
 SULTR1;2  AT5G62920  ARR6  62 

 

1.3. Discussion 

 The genome-wide yeast one-hybrid screen identified numerous putative DNA-

protein interactions. The three SULTR1;2 promoter screens showed a low level of 

reproducibility (see Figure.. 1). However, there was significant overlap between several 

of the clusters. Interestingly, the remaining three screens showed far fewer interactions 

than the SULTR1;2 promoter screens. Our hypothesis that a limited number of 

transcriptional regulators are responsible for the co-regulation of these four cadmium-

inducible genes was partially supported by the level of overlap identified between the 

four promoter screens (Figure.. 2). Unfortunately, the large number of putative 

overlapping interactions makes it difficult to determine which individual transcription 

factor or group of transcription factors may play a significant role in mediating early 

transcriptional responses to cadmium and arsenic.  
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 To further narrow down the most promising candidates, we also ranked the hits 

from the yeast one-hybrid screens and focused on the three hits with the highest Z-scores 

(Table 1). Initial root-elongation screens using mutants in these 12 genes identified a 

single mutant in the ANAC102 gene having a long-root phenotype on cadmium (Figure.. 

3). Further characterization showed that two different mutant alleles, anac102-1 and 

anac102-2 both had similar root elongation phenotypes on cadmium. Unfortunately, both 

of these mutants also exhibited long-roots when grown without cadmium, which suggests 

the phenotype is not cadmium or arsenic specific. These results suggest that additional 

screening of higher order mutants may be required to identify the genes that specifically 

mediate cadmium and arsenic responses in plants.   

1.4. Materials and Methods  

Ecotypes 

The wild type A. thaliana ecotype used was Columbia-0 (Col).  

 

Plant Growth Conditions 

Seeds were sterilized and plated on plates containing one-quarter strength 

Murashige and Skoog (MS) standard medium (Sigma M5519), 1 mM MES, 1% 

phytoagar (Duchefa), and the pH adjusted to 5.6 with 1.0 M KOH.  Sterilized nylon mesh 

with a 200 µm pore size (Spectrum Labs, TX) was placed on the surface of the media 

prior to sowing the seeds.  The seeds were then acclimated with cold treatment at 4 oC for 

48 hours, and grown under growth room conditions for five days (300μmol.m-2.s-1, 70% 

Hr, 16h light 21°C/8h dark 18°C). Seedlings were then transferred to quarter strength 
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MS, 1 mM MES, 1% agar plates containing 20 µM CdCl2.   

  

For hydroponic cultures, plants were grown on ¼ MS plates for 6 weeks under 

growth chamber conditions as described above. Seedlings were then transferred from ¼ 

MS plates to polystyrene rafts floating on hydroponics solution. The composition of the 

hydroponics solution is as follows: KNO3 0.5mM, Ca(NO3)2 0.25mM, MgSO4 1mM, 

KH2PO4 1mM, Fe(III)-Na-EDTA 100μM, H3BO3 50μM, MnCl2 19μM, CuSO4 1μM, 

ZnCl2 10μM, MoO4Na2 0.02μM, pH 5.8. The nutrient solutions were replaced every seven 

days.  

 

Root Growth Assays 

For root growth analysis Arabidopsis seedlings were grown horizontally on one-

quarter-strength Murashige and Skoog (MS) basal medium (Sigma Aldrich), 1 mM MES, 

1% agar for a period of four days. Seedlings and nylon mesh were then transferred to MS 

plates supplemented with 100 µM CdCl2 for an additional four days. Seedlings used for 

shoot growth analyses were grown horizontally under 16/8-h day/night period at 23°C.  

To measure metal accumulation, plants were grown under hydroponic conditions in 

liquid media until bolting stage (approximately 4 weeks). Shoots were rinsed 3 times in 

deionized water. For ICP-OES analyses of root tissue, roots were rinsed in deionized 

water, washed in 100 mL of 100 mM CaCl2 on an orbital shaker (Bellco Glass, Inc., NJ) 

for 5 minutes at approximately 135 rpm (speed setting #4), and then washed in 100 mL of 

deionized water on the orbital shaker (speed setting #4) for an additional 3 minutes. 

Shoot tissues were separated immediately below the cotyledons and above the 
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hydroponic sponge. Root tissues were separated below the hydroponic sponge, 

approximately 3 cm below cotyledons. Both shoot and root tissues were dried at 60oC 

overnight. The dry weight was recorded, and then the tissues were digested in 70% trace 

metal grade nitric acid (Fisher Scientific) overnight. Samples were then boiled for 30 

minutes to ensure complete digestion and diluted to a final concentration of 5% nitric 

acid with deionized water.  

 

Metal Determination Using ICP-OES 

To measure the metal accumulation of plate-grown plants, Arabidopsis seedlings 

were grown in minimal media (Lee et al., 2003) for 4 days then exposed to 100 µM 

metal(loid) by transferring seedlings with nylon mesh to minimal media with metal(loid). 

Plants were allowed to continue growing in arsenic-containing medium for 6, 12, 24 and 

48 h. The plants were then washed briefly with distilled water twice. The plant seedlings 

were dried in a drying oven at 60°C overnight, the dry weight was measured, and the dry 

material was digested by boiling in concentrated nitric acid (Trace Metal grade; Sigma-

Aldrich; http://www.sigmaaldrich.com/). These digests were then diluted with deionized 

water and the metal content of the digested samples was analyzed with a Varian Vista 

Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES). Total 

concentrations of metals were normalized based on the dry weight of the plant samples.  

 

Plants used for Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-

OES) and Fluorescence HPLC analysis were grown under hydroponic conditions. Plants 

were grown under hydroponic conditions at 24oC under a 16/8-h day/night period and 
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hydroponic media were replaced every 3-4 days. After reaching the bolting stage 

(approximately 4 week old plants) the hydroponic media was replaced with the same 

media to which 20 mM CdCl2 was added for a period of four days for cadmium 

accumulation analyses, whereas the hydroponic media containing 20 µM CdCl2 was 

added for a period of two days for induction of PCs. Shoot and root tissues were rinsed 

three times in deionized water for fluorescence HPLC coupled to mass spectrometry 

analyses. Thiols, including PCs were analyzed using the method described by Jobe et al. 

(2012).  

 

To measure metal accumulation, plants were grown under hydroponic conditions 

in hydroponic media (12.5 mM KNO3, 6.25 mM KH2PO4, 5 mM MgSO4, 5 mM 

Ca(NO3)2, 125 mM Fe-EDTA, 3.5 mM H3BO3, 1.1 mM MnCl2, 100 mM ZnSO4, 12.5 

mM NaMoO4, 500 mM NaCl, 900 mM CoCl2) until the bolting stage. Cadmium treated 

plants grown under hydroponic conditions were first washed and then separated into  

root and shoot tissues. Shoot tissues were separated immediately below the cotyledons 

and above the hydroponic sponge. Root tissues were separated below the hydroponic 

sponge, approximately 3 cm below the cotyledons. Shoots were rinsed three times in 

deionized water. For ICP-OES analyses of root tissue, roots were rinsed in deionized 

water, washed in 100 mL of 100 mM CaCl2 on an orbital shaker (Bellco Glass, Inc., NJ) 

for 5 minutes at approximately 135 rpm (speed setting #4), and then washed in 100 mL of 

deionized water on the orbital shaker (speed setting #4) for an additional three minutes. 

Both shoot and root tissues were dried at 60oC overnight. The dry weight was recorded, 

and then the tissues were digested in 70% trace metal grade nitric acid (Fisher Scientific) 
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overnight. Samples were then boiled for 30 minutes to ensure complete digestion and 

diluted to a final concentration of 5% nitric acid with deionized water.  

 

Plant Transformation 

Arabidopsis thaliana ecotype Col-0 was transformed using the floral dip method 

(Clough and Bent, 1998). The helper plasmid, pSoup, was used for the pGreenII-carrying 

strains (Hellens et al., 2000). Hygromycin selection of transformants was performed in 

both the T1 and T2 generations. 

 

 

HPLC-MS analyses of thiol peptides 

 Seeds were sown on plates having sterile nylon mesh with a 200 µm pore size 

(Spectrum Labs, http://www.sprectrumlabs.com) on the surface of the media. Seedlings 

were grown under standard growth conditions for 14 days. Seedlings were then 

transferred to plates containing either control ¼ MS media or ¼ MS media supplemented 

with 100 µM CdCl2 for 48 hours. Seedlings were harvested after 48 hours of treatment 

and immediately flash frozen in liquid nitrogen to minimize the oxidation of thiol 

compounds. Thiol-containing compounds (cysteine, γ-EC, GSH, and PCs) were 

extracted, and reduced thiols were derivatized and quantified by fluorescence HPLC-MS 

as described by Mendoza-Cozatl (2008).  Thiol measurements were quantified using the 

XCALIBUR software package (Version 1.3, Thermo Scientific, http: 

//www.thermoscientific .com). Thiol standards of glutathione, cysteine and γ-EC were 

purchased from Sigma-Aldrich. All reported thiol quantities are means of three 
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biologically independent samples, and error bars indicate the standard error of the mean 

(SEM). 

 

Total RNA isolation  

 Seedlings were grown under standard growth conditions for 14 days. Before 

sowing seeds onto plates, sterilized nylon mesh with a 200 µm pore size (Spectrum Labs, 

http://www.sprectrumlabs.com) was placed on the surface of the media. The seedlings 

were grown on nylon mesh for 14 days. The seedlings were then harvested and plant 

tissue was immediately flash frozen into liquid nitrogen for RNA extraction. Total RNA 

was extracted by using a commercial RNA extraction kit (RNeasy Plant RNA Isolation 

Kit; Qiagen, http://qiagen.com). A total of 5 µg of RNA was treated with DNase 1 to 

remove DNA contamination (Invitrogen, http://www. invitrogen.com).  

 

cDNA synthesis 

 1 µg of the DNase1 treated total RNA was reverse-transcribed with a NotI-d(T)18 

primer using a First Strand cDNA kit (GE Healthcare, http://www.gehealthcare.com) 

following the manufacturer’s instructions.  

 

RT-PCR analysis 

 Reverse-transcribed cDNA was used for PCR. The following PCR conditions 

were used: 1) initial denaturation at 95˚C for 5 min, 2) DNA denaturation for at 95˚C for 

15 sec, 3) primer annealing at 52˚C for 15 sec, 4) extension at 72˚C for 1 min, and 5) a 

final extension at 72˚C for 5 min. Steps 2-4 were repeated for 25-30 cycles. Elongation 
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factor-1α (EFF-1α) expression was used as a loading control. Table Z contains a list of all 

primers used in this study. 

 

Quantitative RT-PCR analysis 

 PCR mixtures were prepared using SYBR® Green JumpStartTM Taq ReadyMixTM 

for Quantitative PCR (Sigma-Aldrich). The 384-well plates (BIO-RAD) were loaded 

with 5 µl of SYBR® Green JumpStartTM Taq ReadyMixTM, 0.5 µl of cDNA, 2.5 µl of MQ 

water, and 1 µl (1.0 µM) of each primer for a total volume of 10 µl per well. Before 

starting the PCR, a short centrifugation step of 1 minute at 1,000 rpm was performed to 

ensure the mixture was at the bottom of each well. Reverse-transcribed cDNA was used 

for qRT-PCR on the CFX384 TouchTM Real-Time PCR Detection System (BIO-RAD) 

with the following conditions: 95˚C for 3 min followed by 40 cycles of 10 sec at 95˚C, 10 

sec at 60˚C, and 15 sec at 72˚C. The products were analyzed with a melting-curve of 

95˚C for 1 min, 60˚C for 2 min, and 50˚C for 2 sec, followed by a temperature cycle from 

50˚C to 85˚C (0.5˚C/sec) and continuous fluorescence reading. Table 4 contains a list of 

all primers used in this study. Calculations were performed using the comparative CT 

method (Schmittgen et al., 2008) and normalized to EF1-α expression. 
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sequestration, tolerance, and 

transcriptional responses induced by 
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