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ABSTRACT OF THE THESIS 

 

Developing a mapping strategy to isolate ABA/DFPM chemical genetic signaling 

mutants and understanding the transcriptional regulation of the sulfate assimilation 

pathway under metal(loid) stress in plants 

 

by 

 

Allis Pham 

 

Master of Science in Biology 

University of California, San Diego, 2012 

 

Professor Julian Schroeder, Chair  

 

 Plants are exposed to many stresses, including drought and pathogens. The 

phytohormone abscisic acid (ABA) is known to regulate major abiotic stress responses. 

The hormones salicyclic acid (SA), jasmonic acid (JA), and ethylene (ET) are known to 



 

ix 

 

regulate biotic stresses. Previous research has identified a molecule, [5-(3,4-

dichlorophenyl) furan-2-yl]-piperidine-1-ylmethanethione (DFPM) that negatively 

regulates ABA signaling by activating a plant immune signaling pathway (Kim et al., 

2011). In Chapter 1, the mutants reduced sensitivity to DFPM-inhibition of ABA (rda1 

and rda2) are characterized by developing a method to genetically map the rda2 and rda1 

loci to characterize their roles in mediating cross talk of an effector-triggered biotic stress 

response with abscisic acid (ABA) signal transduction. Through these mutants, the 

connection between abiotic and biotic stress signaling could uncover new insights.   

 In addition, plants are also stressed if exposed to toxic metal(loid)s and one 

strategy plants use is to activate the sulfate assimilation pathway in order to enhance 

synthesis of thiols for detoxification of metal(loid)s. The mechanisms mediating 

metal(loid)-induced gene expression remain poorly understood. In Chapter 2, Slim1, a 

key regulator of the sulfate assimilation pathway during sulfur starvation, is investigated 

for its role in metal(loid) detoxification. To further identify activators and repressors of 

the pathway, a screen of an amiRNA library targeting transcription factors is screened on 

cadmium. Understanding the regulation of this pathway is thus an integral part of 

engineering plants that either prevent metal accumulation in edible plant tissues or 

alternatively accumulate high levels of toxic compounds for phytoremediation. 
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Developing a mapping strategy to isolate 

ABA/DFPM chemical genetic signaling 
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1.1. Abstract 

 Plants are exposed to a wide variety of abiotic stresses including drought, salinity, 

and cold stresses. A major modulator of abiotic stresses is the phytohormone abscisic 

acid (ABA). Major regulators of biotic stress against pathogens are the phytohormones: 

ethylene (ET), jasmonic acid (JA), and salicyclic acid (SA). Although the signaling 

mechanisms of abiotic stress and biotic stress have been studied separately, it is clear that 

the two pathways are not linear, but cross-talk between these pathways occurs. A recent 

study has identified a compound called [5-(3,4-dichlorophenyl) furan-2-yl]-piperidine-1-

ylmethanethione (DFPM) that negatively regulates ABA signaling by activating a plant 

immune response pathway (Kim et al., 2011). To gain more insights between the 

interplay of abiotic and biotic stress signaling, mutants named reduced sensitivity to 

DFPM-inhibition of ABA (rda1/rda2) were isolated from an EMS mutagenesis in 

Arabidopsis thaliana Col-0 pRAB18 reporter lines (Kim and Schroeder, unpublished). 

Previous attempts to mapping these mutants by traditional map based cloning techniques 

have placed the causative mutation on chromosome 2, (Ha, 2009); a higher resolution 

was not reached and thus the exact gene could not be mapped using a qualitative screen 

for recombinant crosses (Ha, 2009). In this study, rda1 and rda2 were characterized by 

qPCR analysis, where Rab18 expression in the mutants was performed to quantitatively 

characterize the response of these mutants to ABA and DFPM. Based on these findings, a 

high-throughput method for screening and isolating a large number of segregants for 

genetic mapping was developed. Furthermore, qPCR analyses of additional DFPM-

regulated genes identified PR5 as highly up-regulated in the rda2 mutant, but not the 

rda1 mutant.    
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1.2. Introduction 

 Plants have developed unique strategies to defend themselves against a wide 

variety of abiotic and biotic stresses. Physical and chemical barriers protect against most 

pathogen assaults. However once a pathogen overcomes these barriers, a complex 

signaling cascade is induced. 

 Our understanding of the mechanisms plants use to detect and respond to abiotic 

stresses and to pathogens has advanced considerably within the last decades. The 

identification of specific plant disease resistant genes that enable pathogen recognition 

and identification of pathways that connect the pathogen recognition to a plant cell 

response were essential for this progess (Nimchuk et al., 2003; Glazebrook., 2005). 

Resistance (R) genes encode intracellular immune receptors that perceive pathogen 

proteins called effector molecules (Caplan et al., 2008). These inducible defense 

responses are modulated by the phytohormones salicylic acid (SA), jasmonic acid (JA), 

and ethylene (ET) (Feys et al., 2000). Plants can also produce a highly localized and 

specific response known as programmed cell death (PCD), which is also called the 

hypersensitive response (HR) (Heath, 2000).   

 The majority of plant R genes that encode immune receptors contain a nucleotide-

binding domain, a leucine-rich repeat domain (NB-LRR), and a variable N-terminus 

(Caplan et al., 2008). Plants have developed a huge diversity of NB-LRRs which are 

distinguished by their variable amino terminus. The largest group of NB-LRRs contains a 

Toll interleukin 1 receptor homology (TIR) domain at the amino terminus. The other 

class of NB-LRRs contains a coiled-coil (CC) domain at the same position (Thomma et 
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al., 2001). Signaling mechanisms of TIR-NB-LRR and CC-NBB-LR R genes are 

transduced through separate pathways (Aarts et al., 1998). A simplified model of 

pathogen signal transduction is shown in Figure 1. 

 Resistance signaling via the TIR-NB-LRR class of R genes is transduced in an 

EDS1- dependent manner (Aarts et al., 1998). RPP5 is a member of a multi-gene family 

of NB-LRR proteins that confers resistance to the pathogen Perenospora parasitica 

(P.parasitica) and Pseudomonas syringae (P.syringae) (Noel et al., 1999). Genetic 

screens have revealed a number of genes required for RPP5-dependent resistance, among 

those include EDS1 and PAD4 (Parker et al., 2000). Mutations in EDS1 abolish RPS4-

mediated resistance to P.syringae expressing avrRps4 (Aarts et al., 1998) and the eds1 

mutant plants are hyper-susceptible to P.syringae and P.parasitica (Parker et al., 1996; 

Aarts et al., 1998). EDS1 can recruit PAD4 to mediate plant defenses through the 

accumulation of SA (Feys et al., 2001). Both eds1 and pad4 plants can be rescued by 

feeding a functional analogue of SA, placing EDS1 and PAD4 upstream of SA signaling.  

 MLA12 is a locus that encodes a CC-NB-LRR protein with a C-terminal non-LRR 

(CT) region and confers resistance to the powdery mildew fungus Blumeria graminis 

(Wei et al., 2002). MLA12 encodes a CC-NB-LRR protein that is very similar to MLA1 

and MLA6, and MLA6 resistance is closely linked to a RAR1/SGT1 complex (Shen et 

al., 2003). The RAR1/SGT1 complex exerts functions downstream of activated MLA 

recognition complexes in resistance signaling (Shen et al.,2003). The additive functions 

of RAR1 and SGT1 have been studied in many other resistance signaling pathways. The 

Suppressor of Salicylic Acid Insensitive4 (SSI4) gene is another gene also induced by R 
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gene activation and provides disease resistance. The ssi4 mutant plants are extremely 

unhealthy and display characteristics consistent with constitutively active defense 

mutants such as high levels of pathogenesis-related (PR) genes, necrotic lesion formation 

and dwarfism (Shirano et al., 2002). Two known plant defense regulators, RAR1 and 

SGT1, cochaperones of the HSP90 chaperone complex, are required for ssi4-induced 

disease resistance, SA formation, and lesion formation, which suggests these regulators 

are upstream of SA signaling (Zhou et al., 2008). Further studies show that rar1 

Arabidopsis mutants fail to accumulate resistance to P.syringae indicating the importance 

of RAR1 in disease resistance signaling (Tornero et al., 2002). 

 Plants also have defense mechanisms for drought, cold, and salinity; the central 

role of abscisic acid (ABA) mediating these responses has been extensively studied. 

Tremendous progress has been made in understanding the signaling mechanisms 

following ABA activation. Specific genes induced at the transcript level by ABA include 

COR15A, RAB18, RD29 (Lang and Palva, 1992; Wilhem and Thomashow, 1993; 

Yamaguchi-Shinozaki and Shinozaki, 1993). Because abi1-1 impairs early ABA 

signaling mechanisms such as ABA activation of S-type anion channels, Ca
2+

 channels, 

and OST1 protein kinase activation in Arabidopsis (Pei et al., 1997; Murata et al., 2001; 

Mustilli et al., 2002), ABI1 was proposed to function very early in ABA signal 

transduction (Murata et al., 2011). A group of PYR/PYL/RCAR proteins that interact 

with ABI1 was identified as ABA binding and signaling proteins (Ma et al., 2009; Park et 

al., 2009; Nishimura et al., 2010). Positive regulators of ABA signal transduction include 

ABA-activated SNF1-related protein kinases (SnRK2s) and Ca
2+

 dependent protein 
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kinases (CDPKs) (Mori et al., 2006). The ABA-activated protein kinase OST1 

(SnRK2.6/SnRK2E) functions as a positive regulator of ABA-induced stomatal closure 

(Mustilli et al., 2002).  

 Although abiotic stress and biotic stress signaling mechanisms have been studied 

separately, there is good evidence that the two pathways are not linear and signaling 

between the pathways occur. For example, recent studies have demonstrated the role of 

basic helix-loop-helix (bHLH) transcription factor, AtMYC2, as a connection between 

abiotic and biotic stress signaling (Lorenzo et al., 2004). AtMYC2 was first identified as 

a transcriptional activator involved in ABA signaling (Abe et al., 2003) and as an 

activator of genes involved in JA-mediated wounding response, which negatively 

regulates the expression of JA/ET-mediated pathogen defense genes (Lorenzo et al., 

2004). A recent study has discovered a small molecule, [5-(3,4-dichlorophenyl) furan-2-

yl]-piperidine-1-ylmethanethione (DFPM) that negatively regulates ABA signaling by 

activating a plant immune response pathway. DFPM rapidly inhibits ABA-dependent 

gene expression and ABA-induced stomatal closure (Kim et al., 2011). Microarray and 

quantitative real-time PCR (qRT-PCR) analyses show that DFPM induces transcription 

of components involved in plant pathogen signaling, such as PR5, and EDS1. Other qRT-

PCR experiments link DFPM to inhibition of ABA signaling including the repression of 

ABA induction of RAB18, COR15A, and RD29 (Kim et al., 2011). The major upstream 

components of pathogen resistance signaling are needed for DFPM, such as EDS1, 

PAD4, RAR1, and SGT1b, to interfere with ABA signaling (Kim et al., 2011). Because 

these components are required for DFPM signaling, we have hypothesized that DFPM 
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stimulates the immune pathways activated by NB-LRR receptors. The suppressor of 

npr1-1, constitutive1 (snc1-1) mutant contains a point mutation in a TIR-NB-LRR protein 

that leads to autoactivation of the immune receptor and triggers constitutive pathogen 

resistance. In snc1-1, constitutive activation of a NB-LRR protein can also inhibit ABA 

induction of gene expression and stomatal closure (Kim et al., 2011). Early ABA 

signaling is not affected by DFPM because DFPM does not interfere with ABA 

activation of SnRK2 protein kinases, indicating that DFPM interferes with ABA signal 

transduction downstream of SnRK2 kinase activation (Kim et al., 2011). However, 

DFPM inhibits ABA-induced stomatal closure as well as Ca
2+

 pulse-mediated stomatal 

closure, which indicates that DFPM disrupts ABA-induced stomatal closing either 

downstream or at the level of Ca
2+

 signaling (Kim et al., 2011). The identification of the 

small molecule DFPM and the characterization of DFPM-mediated signal transduction 

provides new and detailed insights into the mechanisms crosstalk between abiotic and 

biotic stress signaling (Figure 1). 

 To further understand the interactions between abiotic and biotic stress signaling, 

mutants named reduced sensitivity to DFPM-inhibition of ABA (rda1/rda2) were isolated 

from an EMS mutagenesis screen in Arabidopsis thaliana (Kim and Schroeder, 

unpublished). Previous attempts to mapping these mutants by traditional map based 

cloning has rough-mapped the gene to chromosome 2 (Ha, 2009), however, the gene 

could not be mapped further due to technical difficulties with the screen itself, incorrect 

segregating frequencies, and a high number of false positives (Ha, 2009).  The aims of 

this study were to (i) further develop  high-throughput methods to rapidly identify 

homozygous rda1 and rda2 mutants from segregating mapping populations (ii) to 
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compare ABA regulation in rda1 and rda2 with other known mutants (atrboh D3+F3 

and cpk5/6/11) impaired in ABA signaling and (iii) to compare pathogen signal 

transduction in rda1 and rda2 with victr1 which has been shown to have an impaired 

pathogen response (Kim and Schroeder, unpublished). 

 

 

 

 

 

Figure 1: Model for the signaling interaction between biotic and abiotic signaling  
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1.3. Results  

Pilot experiments to optimize mutant identification 

 

 Previous experiments showed that rda1 and rda2 are insensitive to DFPM-

inhibition of ABA signal transduction (Ha, 2009). To identify the causative mutations in 

the rda1 and rda2 mutants, bulk segregation followed by either fine mapping or high 

throughput sequencing was pursued. The method used in this study required crossing the 

mutants into the control reporter background, Col-0 (pRAB18::GFP), followed by 

selection of segregating F2 mutants based on their ABA induction of the GFP reporter 

signal (Lang et al., 1992) and lack of inhibition by DFPM (Kim et al., 2011).  

 A previous method to screen for rda1 and rda2 mutants in a mapping population 

proved unsuccessful (Ha, 2009). Multiple methods were used to optimize the screening 

method. The initial method began by sowing seeds directly onto ½ MS liquid media and 

then growing seedlings for 7 days under standard growth conditions. Treatments of 30 

µM ABA and 30 µM DFPM + 30 µM ABA (with a one hour pretreatment of DFPM) 

were applied for 24 hours. After 24 hours, the plates were exposed to UV light and 

pictures were taken to analyze the GFP signal. Using this method, only about 10% of the 

seeds germinated in the liquid media. Differences in the GFP signal between the rda 

mutants and the control reporter line were variable. The UV light used to visualize the 

GFP signal while taking a picture of the plate proved to be difficult while performing the 

screen. 

 A second method was to examine the GFP expression from excised, mature 

leaves from 14 day-old soil grown plants. Leaves were treated with either 30 µM ABA or 

30 µM DFPM + 30 µM ABA (with a one hour pretreatment of DFPM) for 24 hours. 
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After 24 hours, the plates were exposed to UV light and images were taken to analyze 

GFP expression. Upon exposure to UV light following the treatments, the GFP signal 

was greatly reduced and induction in the mutants and the control reporter line were 

diminished. The GFP signals were not clear enough to distinguish between the mutants 

and the reporter line. Again, the UV light used to visualize the GFP signal while taking a 

picture of the plate proved to be difficult while performing the screen. 

 To prevent impairment of the germination rate when seeds were sown on liquid 

media, a third method to optimize the screen was performed sowing seeds on ½ MS 

plates containing agar media supplemented with 1.0 µM ABA and grown for 14 days 

under standard growth conditions. After 14 days, the plates were exposed to UV light and 

images were captured to analyze GFP expression. The GFP signal was lost completely in 

the shoots and was visible primarily in the roots of all seedlings. The signal intensity of 

was not robust enough to distinguish between the mutants and the reporter line. ABA is 

also known to inhibit the germination of seeds (Garciarrubio et al., 1997), making this 

method of germinating seeds on ABA an ineffective screen. As in the previous attempts 

to optimize the screen, the UV light used to visualize GFP signal while taking a picture of 

the plate proved to be a technical difficulty while performing the screen. 
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Screening on 96-well plates and a Mithras LB 940 Multimode Microplate Reader  

 To eliminate the problems encountered in previous experiments, the seeds were 

germinated on plates containing agar and then transferred to black, 96-well plates and 

subjected to treatments. A baseline recording with 100 µL of ½ MS liquid media at time 

zero (T0) was recorded. Seedlings were then treated with 30 µM ABA and 30 µM DFPM 

+ 30 µM ABA (with one hour pretreatment of DFPM) for 24 hours and a recording after 

treatment was documented (T24) (Figure 2). It was important to seal the 96-well plates 

with parafilm after each treatment to prevent dehydration of the agar. Col-0 and Col-0 

(pRAB18::GFP) were used as internal controls on each 96-well plate and were arranged 

in a specific order (Figure 3). The rda2 mutant was also used in each 96-well plate to 

compare the GFP signal to each potential candidate.   

 Using a 96-well plate format for screening using the Mithras LB 940 Multimode 

Microplate Reader (Berthold Technologies) was an efficient method for identifying 

homozygous recombinants. It eliminated the need for a handheld UV light, which was the 

source of most of the technical problems encountered in previous mapping attempts. It 

also eliminated the qualitative determination of GFP signals and established a clear 

distinction between the mutant and the reporter line. The Mithras LB 940 Multimode 

Microplate Reader (Berthold Technologies) not only gave a visual display of GFP signal 

but also a quantitative measurement (Figure 4). For quantification of the GFP signal, 100 

different spatial points in each well were measured for GFP fluorescence. Using these 

100 data points, the fluorescence in each well was determined by adding the 100 different 

spatial points for each well (Figure 4). The GFP signals from similar wells were then 
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added and averaged to give an average GFP signal for each line. The average GFP signal 

for each line was then used to compare changes after 24 hours of treatment from time 

zero and the ratios of T24/T0 were measured. These averages were used to compare the 

F2 individuals and to select potential candidates.   

 Approximately 1,200 seedlings were screened and 71 F2 rda2xCol-0 individuals 

have been selected. Individuals were chosen based on the similarity of their GFP signal to 

rda2 (Figure 4). Selection of F2 mutants was restricted to the expected Mendelian ratio of 

a recessive gene. Individuals with the highest GFP signals were selected as potential 

candidates if that signal was above the average GFP signal for rda2. In order to recover 

the candidate individuals, the seedlings were transferred to soil and grown under standard 

growth conditions. If the seedling was not transferred to standard growth conditions to 

mature, approximately 90% would die due to the treatment.  A low number of individuals 

were recovered compared to the number of seeds that were screened because the GFP 

signal was variable in each plate. The variability of the GFP signal was due to an 

ineffective induction of ABA and DFPM. Both ABA and DFPM must be freshly 

prepared prior to each experiment. This method was not successful for screening the F2 

population of rda1xCol-0 because of low viability of the seedlings in the well and 

approximately 50% of the seedlings exhibited extremely low fluorescence in 96-well 

plates due to plant death.  
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Figure 2: Simplified schematic representation for protocol of treatments and 

measurements in 96-well plates. 
 

 

 

 

 

 
 

 

Figure 3: 96-well plate setup of screen and example of readout from microplate 

reader. Red indicates GFP detection and circled boxes are examples of potential mutant 

candidates. 
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Figure 4: Average GFP fluorescence of Col-0 (pRAB18::GFP), rda1, and rda2 after 

24 hours of treatment. Seedlings were grown on ½ MS media for 7 days and 

transplanted into 96-well plates. One day of recovery was allowed and 8 days old 

seedlings were subjected to treatments of 30 µM ABA and 30 µM DFPM + 30 µM ABA 

(one hour pretreatment of DFPM) for 24 hours. Measurements are 24 hours minus 

baseline (T24-T0), error bars represent standard error (n=16).  
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Further characterization of rda1 and rda2 by comparing ABA and pathogen reporter 

gene expression in wildtype and mutants impaired in signaling  

  In order to analyze ABA signal transduction in rda1 and rda2 with other known 

ABA signaling mutants (atrboh D3+F3 and cpk5/6/11), gene expression of ABA reporter 

genes (RAB18 and COR15A) were neasured. These reporter genes are induced by ABA 

and inhibited by DFPM (Kim et al., 2011) were observed. Crucial factors affecting ABA 

signal transduction include pH and redox status of the cell (Garcia-Mata et al., 2002) 

therefore an NADPH oxidase double mutant, atrboh D3+F3, that functions in ROS-

dependent ABA signaling (Kwak et al., 2003) was used for this experiment. Because 

DFPM also inhibits ABA-mediated physiological responses such as ABA-induced 

stomatal closure, which in turn is mediated by CDPKs (Mori et al., 2006), a triple mutant, 

cpk 5/6/11, was used.  

 For ABA-induced RAB18 expression, impairment of ABA signal transduction by 

DFPM was shown to have a stronger effect in rda1 than rda2 (Figure 5). In WT, RAB18 

was induced by ABA 11-fold and reduced by DFPM to 4-fold. In rda1, RAB18 was 

induced by ABA 9-fold and then reduced by DFPM to 7-fold. In rda2, RAB18 was 

induced by ABA 9-fold and then reduced by DFPM to 6-fold. However in COR15A 

expression levels, impairment of ABA signal transduction by DFPM was almost 

nonexistent in rda1 but still maintained in rda2 (Figure 6). In WT, COR15A was induced 

by ABA 11-fold and then reduced by DFPM to 2-fold. In rda1, COR15A was induced by 

ABA 7-fold and then reduced by DFPM to 1-fold. In rda2, COR15A was induced by 

ABA 7-fold and then reduced by DFPM to 4-fold (Figure 6).  Because the impairment of 
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ABA signal transduction by DFPM that disappeared in rda1 was accompanied with such 

a high standard error in rda1, more replicates will be needed to validate these data. 

COR15A, PR5, and RAB18 expression levels in cpk 5/6/11 were all comparable to wild-

type plants (Figures 5,6,7). The transcript levels of COR15A, PR5, and RAB18 were all 

significantly higher in the control for atrboh D3+F3, therefore more trial runs are needed 

to account for the high transcript levels on control conditions. 

 Transcriptome analyses have shown that DFPM not only inhibits ABA signaling 

but also stimulates expression of plant defense-related genes (Kim et al., 2011). One gene 

that DFPM induces transcription of is PR5, a pathogenesis-related protein that has been 

implicated in plant disease resistance (El-kereamy et al., 2011). In WT, PR5 was induced 

by DFPM 50-fold. In rda1, PR5 was induced by DFPM 340-fold. In rda2, PR5 was 

induced by DFPM 21-fold. In rda1, transcript levels of PR5 were elevated 340 fold in 

comparison to wild-type, but in rda2, Pr5 was significantly downregulated (Figure 7).  

 DFPM was also tested to compare the responses to an effector-triggered immune 

signaling pathway in rda1 and rda2 with victr1 which is impaired in pathogen response 

(Kim and Schroeder, unpublished). DFPM is hypothesized to stimulate immune pathways 

activated by NB-LRR receptors (Figure 1) therefore a mutant, victr1, which encodes a 

TIR-NB-LRR-like gene, is used together with the rda mutants (Kim and Schroeder, 

unpublished). Interestingly, the transcript levels of COR15A, PR5, and RAB18 were 

similar in both rda2 and victr1 (Figure 5,6,7). In rda2, PR5 was induced by DFPM 21-

fold, and in victr1, PR5 was induced by DFPM 31-fold (Figure 7). In rda2, COR15A wa 

induced by ABA 7-fold and then reduced by DFPM to 4-fold, which was similar in 



17 
 

 

 

victr1, where COR15A was induced by ABA 7-fold and then reduced by DFPM to 3-fold 

(Figure 6). In rda2, RAB18 was induced by ABA 9-fold and then reduced by DFPM to 6-

fold which is similar in victr1, where RAB18 was induced by ABA 8-fold and then 

reduced by DFPM to 6-fold.  
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Figure 5: Relative RAB18 transcript levels of wild-type, rda1, rda2, atrboh D3+F3, 

cpk 5/6/11, and victr. Seeds were grown on sterilized mesh placed on ½ MS media for 7 

days. Seedlings were treated with 30 µM ABA and 30 µM DFPM + 30 µM ABA (one 

hour pretreatment of DFPM) for 24 hours. Data represent mean ± SE (n=6) and 

expression levels were normalized to wild-type RAB18 levels. 
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Figure 6: Relative COR15A transcript levels of wild-type, rda1, rda2, atrboh D3+F3, 

cpk 5/6/11, and victr. Seeds were grown on sterilized mesh placed on ½ MS media for 7 

days. Seedlings were treated with 30 µM ABA and 30 µM DFPM + 30 µM ABA (one 

hour pretreatment of DFPM) for 24 hours. Data represent mean ± SE (n=6) and 

expression levels were normalized to wild-type COR15A levels. 
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Figure 7: Relative PR5 transcript levels of wild-type, rda1, rda2, and victr. Seeds 

were grown on sterilized mesh placed on ½ MS media for 7 days. Seedlings were treated 

with 30 µM DFPM for 24 hours. Data represent mean ± SE (n=6) and expression levels 

were normalized to Actin2. 

 

 

 

 

 

Table 1: List of primers used in Chapter 1 

Gene 

Primer 

Name Primer Sequence (5'  3') 

At3G18780 (Actin2) HK22-FW ATGGAAGCTGCTGGAATCCAC 

At3G18780 (Actin2) HK23-RV TTGCTCATACGGTCAGCGATG 

At2G42540 (COR15A) HK85-FW ACCTCAACGAGGCCACAAAGAAAG 

At2G42540 (COR15A) HK86-RV CGCTTTCTCACCATCTGCTAATGC 

At1G75040 (PR5) PR5-FW ATCACCCACAGCACAGAGACAC 

At1G75040 (PR5) PR5-RV AGCAATGCCGCTTGTGATGAAC 

AT5G66400 (RAB18) HK91-FW ACATGGCGTCTTACCAGAACCG 

AT5G66400 (RAB18) HK92-RV TACTGCTGCTGGATCGGGTTTC 
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1.4. Discussion 

 A previous attempt to map the rda2 mutant by traditional map based cloning 

placed the causative mutation on chromosome 2 (Ha, 2009); however, further mapping 

was hindered by technical difficulties of the screen, low segregating frequencies and a 

high number of false positives (Ha, 2009).  Original attempts to map the rda mutants 

involved the use of a handheld UV light tool. In the pilot experiments performed in this 

study, the handheld UV light tool was found to be a major factor limiting our ability to 

accurately identify recombinants. The handheld UV light produced variable results 

leading to a high technical error due to the difficulty involved in holding a handheld UV 

light while trying to take a picture at the same time. This technique was improved by 

using two people to get the maximum light and focus with the camera. However, using 

the handheld UV light did not allow for a high-throughput screen because of the number 

of plants that could be reasonably screened with high accuracy was highly limited. 

Another problem with the handheld UV light is that it does not provide a quantitative 

assessment of the GFP signal to clearly distinguish between the mutants and the controls.  

 In order to eliminate several problems encountered with the handheld UV light 

tool, the Mithras LB 940 Multimode Microplate Reader (Berthold Technologies) was 

used to screen for recombinants in a 96-well plate format. Using this method, one can 

quickly and quantitatively screen 96 individual plants on one plate for GFP fluorescence. 

The 96-well plate format is easy to perform and very cost effective, which makes it an 

ideal screening method for this study and for any other study using a GFP reporter or 

bioluminescence signal.  
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 However, in this study only the rda2 recombinant mutants were screened and not 

the rda1 recombinant mutants because the rda1 plants had a low viability in the 96-well 

plate format. The rda1 plants did not grow as well in general. Another method that can be 

used to screen for rda1 recombinant lines is using Pr5 as a marker. PR5 is greatly 

enhanced (>300 fold) in rda1 (Figure 7) but not in rda2. Therefore, rda1 recombinants 

can be identified by qPCR of the Pr5 gene.  

 DFPM is known to inhibit ABA dependent activation of genes involved in ABA 

signaling downstream of Ca
2+ 

signaling (Figure 1) (Kim et al., 2011). Because certain 

ABA induced transcripts, such as Rab18 and Cor15a, are downstream of Ca
2+ 

signaling, 

DFPM has an inhibitory effect on the transcription of these genes (Kim et al., 2011). 

qPCR analyses were performed to gain an understanding of the ABA regulation in the 

rda mutants in conjunction with other known mutants (atrboh D3+F3 and cpk5/6/11) 

which are impaired in ABA signaling, to further identify the signaling mechanism of 

rda1 and rda2. AtrbohD and AtrbohF are reported to be a major source of ABA-induced 

reactive oxygen species (ROS) generation and ROS are known to increase calcium 

channel activity in guard cells (Torres et al., 2002; Kwak et al., 2003; Pei et al., 2000). 

DFPM inhibition of Rab18 and Cor15A is functional in these NADPH oxidase mutants 

(Figure 5,6), which suggests the rda mutants are not involved in ABA-induced ROS 

signaling; however the expression levels of the controls for atrboh D3+F3 were 

significantly higher than in wild-type (Figure 5 & 6) indicating that further experiments 

must be performed to validate these results. CPKs  play a central role in calcium 

signaling and, similar to the NAPHD oxidase mutants, DFPM inhibition of ABA 
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signaling is functional in cpk 5,6,11 (Figure 5 & 6), which suggests that DFPM is not 

involved in calcium dependent protein kinase signaling. However to further conclude 

this, higher order cpk mutants will have to be tested. 

 DFPM is known to activate pathogen defense related genes, such as Pr5 (Figure 

1) (Kim et al., 2011). qPCR analyses revealed that rda1 and rda2 are highly impaired in 

DFPM activation of Pr5 (Figure 7). Interestingly, the relative transcript levels of PR5 

show opposite profiles in the rda1 and rda2 mutants. In the rda1 mutant, there is less 

inhibition of ABA signaling by DFPM, but a high amplification of pathogen signaling, as 

shown in the high PR5 levels (Figure 7). In the rda2 mutant, there is also less inhibition 

of ABA signaling by DFPM, but a high downregulation of pathogen signaling, as shown 

in the low PR5 levels (Figure 7). This suggests that the two mutants are impairing 

different components of pathogen signaling. Because rda2 is impaired in pathogen 

signaling, it may place the rda2 mutant higher upstream from Pr5. Because the VICTR1 

gene encodes a TIR-NB-LRR immune receptor-like gene, it is hypothesized that Victr1 

mediates effector-triggered biotic signaling initiated by DFPM (Kim and Schroeder, 

unpublished). In qPCR analysis, surprisingly, rda2 was similar to victr1 which further 

suggests that rda1 and rda2 are acting on different components of pathogen signaling 

(Figure 5,6,7). This also suggests that rda2 may be placed even higher than Pr5 in the 

pathway, but maybe at the level of Victr1.  

 In RAB18 levels, the rda mutants maintain their phenotype. However,  the 

COR15A levels reveal that the rda mutants display a different effect here as well. 

According to COR15A levels, rda2 has less sensitivity to DPFM inhibition of ABA 
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signaling. According to RAB18 levels, rda1 has less sensitivity to DPFM inhibition of 

ABA signaling. This again suggests that the two mutants may be acting on different 

levels of signaling. However, qPCR data confirm the phenotype of the rda mutants and 

show less sensitivity to DFPM-inhibition of ABA signaling.   

 In conclusion, the 96-well plate format in conjunction with the Mithras LB 940 

Multimode Microplate Reader is an ideal method for this study and for any other study 

using a GFP reporter signal. Both the rda1 and the rda2 mutants must be further 

evaluated to confirm the F3 lines and to isolate rda1 recombinants. Once confirmed 

homozygous mutants are recovered, DNA samples from individual mutants can be 

isolated and mapped using next generation deep sequencing (Austin et al., 2011) to 

identify the loci of the rda1 and rda2 mutations. Identifying the underlying genes will 

increase our understanding of the connection between abiotic and biotic stress signaling. 
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1.5. Methods and Materials 

F2 Mapping Population  

 The mutant rda1 (background Col-0-pRAB18::GFP) and rda2 (background Col-

0-pRAB18::GFP) seeds were obtained from Tae-Houn Kim (UCSD). The original 

reporter line Col-0 (pRAB18::GFP) was provided by Nadia Roberts (UCSD). To obtain 

the F2 mapping population, the mutants rda1 and rda2 were backcrossed into the original 

reporter line Col-0 (pRAB18::GFP). The F1 was allowed to self and F2 seeds were 

collected and screened. 

 

Plant material, growth conditions, and treatment 

 Seeds were sterilized using ethanol (Romanel et al., 2011) and plated on ½ MS 

medium [1/2 strength Murashige and Skoog basal medium with Gamborg’s vitamins 

(Sigma-Aldrich, M0404), 1 mM MES (pH 5.6), 1% sucrose, and 1.0% phytoagar]. Plates 

were stratified at 4˚C for 48 hours in the dark and then transferred to a 16 hour light at 

21˚C/ 8 hour dark at 18˚C cycle for 7 days (300 µmol m
-2 

s
-1

, 70% Hr). Seedlings were 

then transferred to black 96-well plates (Berthold Technologies) containing 100 µl of the 

the same media: ½ MS medium [1/2 strength Murashige and Skoog basal medium with 

Gamborg’s vitamins (Sigma-Aldrich, M0404), 1 mM MES (pH 5.6), 1% sucrose and 

1.0% phytoagar] and allowed to mature in the wells for 1 day. 8 days old seedlings were 

then subjected to treatments: 30 µM ABA, 30 µM DFPM + 30 µM ABA with a one hour 

pre-treatment of 30 µM DFPM before addition of ABA in 1/2 MS liquid media [1/2 

strength Murashige and Skoog basal medium (Sigma-Aldrich), 1 mM MES (pH 5.6), and 

0.0025% Silwet detergent]. 96-well plates were tightly sealed with parafilm. 
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GFP visualization for pilot experiments 

 Seeds were sterilized using ethanol (Romanel et al., 2011) and sown onto ½ MS 

liquid media [1/2 strength Murashige and Skoog basal medium with Gamborg’s vitamins 

(Sigma-Aldrich, M0404), 1 mM MES (pH 5.6)]. Plates were stratified at 4˚C for 48 hours 

in the dark and then transferred to a 16 hour light at 21˚C/ 8 hour dark at 18˚C cycle for 7 

days (300 µmol m
-2 

s
-1

, 70% Hr). Seedlings were then subjected to treatments for 24 

hours before GFP visualization: 30 µM ABA, 30 µM DFPM + 30 µM ABA with a one 

hour pre-treatment of 30 µM DFPM before addition of ABA in 1/2 MS liquid media [1/2 

strength Murashige and Skoog basal medium with Gamborg’s vitamins (Sigma-Aldrich, 

M0404), 1 mM MES (pH 5.6), and 0.0025% Silwet detergent]. Seedlings were screened 

for fluorescence under UV light (Illumatool light source). 

 Excised mature leaves were also subjected to treatments for 24 hours before GFP 

visualization: 30 µM ABA, 30 µM DFPM + 30 µM ABA with a one hour pre-treatment 

of 30 µM DFPM before addition of ABA in 1/2 MS liquid media [1/2 strength Murashige 

and Skoog basal medium with Gamborg’s vitamins (Sigma-Aldrich, M0404), 1 mM 

MES (pH 5.6), and 0.0025% Silwet detergent]. Leaves were screened for fluorescence 

under UV light (Illumatool light source). 

 Seeds were sterilized using ethanol (Romanel et al., 2011) and sown onto ½ MS 

media [1/2 strength Murashige and Skoog basal medium with Gamborg’s vitamins 

(Sigma-Aldrich, M0404), 1 mM MES (pH 5.6), 1% phytoagar] containing 1.0 µM ABA. 

Plates were stratified at 4˚C for 48 hours in the dark and then transferred to a 16 hour 

light at 21˚C/ 8 hour dark at 18˚C cycle for 14 days (300 µmol m
-2 

s
-1

, 70% Hr). GFP was 
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visualized after 14 days. Seedlings were screened for fluorescence under UV light 

(Illumatool light source). 

  

Screening and isolation of F2 homozygous lines using GFP fluorescence 

 Col-0, Col-0 (pRAB18::GFP), and rda2 were used as internal controls on each 

96-well plate (Berthold Technologies). Total GFP fluorescence was measured using 

Mithras LB 940 Multimode Microplate Reader (Berthold Technologies). Before 

treatment of ABA and DFPM, a baseline measurement was recorded on 8 day old 

seedlings. After 24 hours of treatment, GFP fluorescence was recorded with scan 

parameters [Counting Time 0.1 sec, Lamp Energy 10,000, Excitation Filter F485 

Fluorescein, Excitation Aperture small, Emission Filter 510 nm, Horizontal Steps 10, 

Vertical Steps 10, Point of Displacement 0.6 mm, and Scanning Mode Round].  

Individuals similar to rda1 or rda2 controls that showed the highest total GFP 

fluorescence were selected and transferred to soil to encourage further growth.  

 

Genomic DNA isolation 

 Two leaves from mature, soil-grown F2 plants were extracted and transferred to a 

1.5 mL eppendorf tube. Leaves were grinded with 150 µL of extraction buffer (0.2 M 

Tris-HCl, pH 9.0, 0.4 M LiCl, 25 mM EDTA, 1% SDS). After centrifugation at 13,000 

rpm for 10 minutes, the supernatant was transferred and combined with equal volumes of 

isopropanol, followed by another round of centrifugation at 13,000 rpm for 10 minutes. 

The supernatant was then discarded and the pellet was washed with 700 µL of 70% 

ethanol. The pellet was centrifuged at 13,000 rpm for 5 minute and the ethanol was 
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discarded and the pellet was left to dry. The purified DNA was then resuspended in 50 

µL MQ water.  

 

Total RNA isolation  

 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 the nylon mesh for 8 days hours under the same growth 

conditions. The seedlings were collected and transferred to treatments: 30 µM ABA, 30 

µM DFPM + 30 µM ABA with a one hour pre-treatment of 30 µM DFPM before 

addition of ABA in 1/2 MS liquid media [1/2 strength Murashige and Skoog basal 

medium with Gamborg’s vitamins (Sigma-Aldrich, M0404), 1 mM MES (pH 5.6), and 

0.0025% Silwet detergent]. After 24 hours, plant tissue was immediately flash frozen into 

liquid nitrogen for gene expression analysis. Total RNA was extracted by using a 

commercial RNA extraction kit (RNeasy Plant RNA Isolation Kit; Qiagen, 

http://qiagen.com). 5 µg of total 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) for 

1 hour at 37˚C.  
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Quantitative RT-PCR analysysis 

 PCR mixtures were prepared using SYBR
®
 Green JumpStart

TM
 Taq ReadyMix

TM
 

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

with 5 µl of SYBR
®
 Green JumpStart

TM
 Taq ReadyMix

TM
, 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 

carrying out the PCR a short centrifugation step of 1 minute at 1,000 rpm to ensure the 

mixture is at the bottom of each well. Reverse-transcribed cDNA was used for qRT-PCR 

on the CFX384 Touch
TM

 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 95˚C for 1 

min, 60˚C for 2 min, and 50˚C for 2 sec, followed by an interval in temperature from 

50˚C to 85˚C (0.5˚C/sec) and continuous fluorescence reading. Two biological replicates 

and 3 technical replicates were done for each experiment. Table 1 contains a list of all 

primers used in this study. All calculations were done using the comparative CT method 

(Schmittgen et al., 2008). 
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2.1. Abstract 

 Plants are stressed when exposed to toxic heavy metals and must activate the 

sulfate assimilation pathway in order to enhance synthesis of thiols that in turn detoxify 

heavy metals. Thiol peptides that are produced include glutathione (GSH) and 

phytochelatins (PCs), which can bind to heavy metals and sequester them into the 

vacuole. The transcriptional network underlying the sulfate assimilation pathway is very 

complex. SLIM1 is a known activator of the sulfate assimilation pathway under limiting 

sulfur conditions (Maruyama-Nikishita et al., 2006). In this study, Slim1 was found to be 

a potential regulator of the sulfate assimilation pathway under toxic metal(loid) stress and 

potentially plays a role in both activating and repressing the pathway. To identify 

additional transcriptional regulators, a screen of an amiRNA library targeting 

transcription factors was screened on cadmium. Two amiRNAs targeting genes from the 

CPP and AP2/EREBP transcription factor families were also found to play a role in the 

detoxification of heavy metals. One of the putative targets from the CPP transcription 

factor family is proposed to be a transcriptional activator, while one of the targets of 

AP2/EREBP is a possible repressor of the sulfate assimilation pathway  
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2.2. Introduction 

 Some metals are essential nutrients for plant growth, like iron and copper, but at 

high concentrations certain metal(loid)s can become toxic. Since the industrial revolution, 

there has been a drastic increase in anthropogenic emissions of toxic metal(loid)s into the 

environment (Han et al., 2002). Toxic metal(loid)s can accumulate in soils and 

groundwater to levels that are detrimental to human health. This is a major concern for 

people living near industrial areas where toxic metal(loid)s emissions are highest. Many 

diseases and disorders have been linked to high levels of toxic metal(loid) exposure. For 

example, high rates of lung cancer have been found among workers in a US cadmium 

recovery facility (Thun et al., 1985; Smith et al., 1992). Cadmium is an important heavy 

metal pollutant due to its high solubility and toxicity. Cadmium is one of the few 

elements that has no distinct function in human health and is extremely toxic even at low 

concentrations. Because cadmium’s most common oxidation state is +2, it often 

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

displacing these elements and competing with physiological transport (Korshunova et al., 

1999). Arsenic is a highly toxic metalloid, and arsenic pollution has been recognized as 

an environmental problem worldwide.  Arsenate (+5) acts as a phosphate analog and can 

disrupt phosphate metabolism, while arsenite (+3) reacts with sulfhydryl groups of 

enzymes and proteins, leading to an inhibition of cellular function and death (Meharg et 

al., 2002).  Both cadmium and arsenic are detoxified by similar mechanisms in plants by 

the use of the sulfate assimilation pathway. 

 In order to minimize the effects of metal(loid) pollution, traditional engineering 

strategies for remediation have been implemented. However, many of these methods 
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involve the physical removal of metal(loid) contaminated soil and have proven to be 

labor intensive and cost prohibitive (Meagher, 2000). An alternative approach is 

phytoremediation, which uses plants to remove contaminants from the environment (Diez 

et al., 2001). Phytoremediation can be a cost-effective method for removal of these toxic 

compounds (Diez et al., 2001). The heavy metal cadmium (Cd) and the metalloid arsenic 

(As) are among the most hazardous elemental pollutants that have thiol reactive chemical 

species (Ha et al., 1999). The Indian mustard crop (Brassica juncea) has been identified 

as a high-biomass plant with a potential to be applicable in phytoremediation with to take 

up and accumulate toxic metal(loid)s (Salt et al., 1995). Because plants are immobile 

organisms and cannot avoid contaminated environments, they have developed unique 

strategies to cope with metal(loid) toxicity. Therefore, it is important to investigate the 

mechanisms by which plants take up and detoxify metal(loid)s.  

 The mechanisms underlying metal(loid) detoxification are biochemically well 

established. Exposure to cadmium and arsenic induces the expression of sulfate 

assimilation genes for detoxification (Saito, 2004). Sulfur is a macronutrient in plants and 

is available primarily in the form of sulfate (SO4
2-

) present in soil (Leustek et al., 1999). 

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

affinity sulfate transporter, SULTR1;2 is induced by metal(loid)s such as arsenic and 

cadmium (Jobe et al., 2012). 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. These compounds are important for metal(loid) detoxification because they 

contain sulfhydryl groups capable of chelating metals. GSH, the most abundant thiol 
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molecule in plant cells, is synthesized in two ATP-dependent steps catalyzed by γ-

glutamylcysteine synthetase (γ-ECS) and glutathione synthetase (GSHS) (May et al., 

1998). Upon exposure to Cd, As, Cu, or Hg, plants produce additional thiol compounds 

called phytochelatins, which are polymers of GSH. Phytochelatins (PCs) are synthesized 

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

glutamylcysteine)nGly (n=2-11) (Clemens et al., 1999; Ha et al., 1999; Vatamaniuk et al., 

1999; Vatamaniuk et al., 2001). PCs have a very high affinity for these metal(loid)s, 

which allow PCs to quickly chelate and sequester them in the vacuole (Grill et al., 1985). 

PCs are induced in a wide range of species by anions and cations such as Ag
+
, As

(V)
, 

Cd
2+

, Cu
+
, Hg

2+
, Cu

+
, Hg

2+
, and Pb

2+ 
, with Cd

2+
 being the most potent

 
(Grill et al., 1985; 

Cazale and Clemens, 2001).   

 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 

(Maruyama-Nakashita et al., 2006). The transcript levels of SULTR1;2 are nearly 

abolished under –S conditions in the slim1-1 and slim1-2 mutants (Maruyama-Nakashita 

et al., 2006). 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 (Maruyama-Nakashita et al., 2006). These findings 

indicate the importance of SLIM1 in sulfur metabolism.  
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 The transcriptional regulation of heavy metal(loid)-induced gene expression 

remains largely unknown in plants. While SLIM1 is a central regulator of the sulfate 

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 . The large number of transcription factor families and 

the potential partially unequal redundancy of certain family members however represent 

a challenge. A novel small library became available which addresses redundancy by 

using artificial microRNAs (Ossowski et al., 2008). By targeting multiple homologous 

transcription factors amiRNAs, it not only allows for screening of larger groups of genes, 

but it also reduces or eliminates functional overlap. This amiRNA library should enable a 

rapid screen to narrow down potential transcription factors (TFs) involved in metal(loid) 

detoxification. To gain a deeper understanding of specific transcriptional activators and 

repressors of the sulfate assimilation pathway under metal(loid) stress, this study aims to 

characterize the role of SLIM1 under cadmium and arsenic signaling. In addition, a screen 

using an amiRNA library targeting transcription factor families was performed under 

cadmium stress to find potential regulators of the sulfate assimilation pathway. 
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2.3. Results 

slim1-1 and slim1-2 root growth and GSH content on Cd and As 

 Slim1 is a central regulator of the sulfate assimilation pathway, and is reported to 

be a direct or indirect activator of the high affinity sulfate transporter SULTR1;2 under 

sulfur limiting (-S) conditions (Maruyama-Nakashita et al., 2006). Because metal(loid)s 

have been reported to induce a sulfate starvation-like response (Herbette et al., 2006; 

Nocito et al., 2006), and cadmium and arsenic are also known to induce SULTR1;2 

expression (Jobe et al., 2012), the slim1-1 and slim1-2 mutant was germinated and grown 

on arsenic- or cadmium-containing plates for 2 weeks to determine if Slim1 plays a role 

in metal(loid) detoxification. After 2 weeks, the total root length of seedlings was 

observed, and the slim1-1 mutant was found to have a severe short-root phenotype in the 

presence of arsenic, but a less severe short-root phenotype on cadmium compared to the 

control experiments in the absence of added toxicants (Figure 8). On arsenic, slim1-1 also 

appears to have more lateral roots than control (Figure 8).  

Plants use GSH to detoxify toxic metal(loid)s (Clemens et al., 1999). In order to 

determine endogenous GSH levels in the slim1-1 mutant following Cd exposure, Cd 

treated seedlings were used for thiol analyses using HPLC-MS (see Materials and 

Methods). Under –S conditions, the slim1-1 and slim1-2 mutants are impaired in GSH 

accumulation and show a significant decrease in GSH levels in shoots (Maruyama-

Nakashita et al., 2006). However, in whole seedlings treated with Cd, the GSH levels of 

slim1-1 and control were not different (Figure 9). In untreated samples, the slim1-1 

mutant had almost three times higher endogenous levels of GSH compared to control 

(Figure 9).  
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  To further investigate the role of Slim1 during As and Cd treatment, we generated 

lines that over-express the SLIM1 transcript (SLIM1 OX). Four independent SLIM1OX 

transformant lines were isolated and used for quantitative RT-PCR analysis in the 

segregating T2 generation to verify that the lines were over-expressing the Slim1 

transcript. Three of the four candidate lines were found to have increased Slim1 transcript 

relative to control (Figure 10). Because Sultr1;2 is known to be down regulated in the 

slim1-1 mutant under –S conditions, Sultr1;2 expression was also evaluated in the three 

over-expression lines using RT-PCR (Takahashi et al., 1997; Maruyama-Nakashita et al., 

2006).  Two of the 3 over-expression lines (SLIMOX2 and SLIMOX3) had significantly 

decreased Sultr1;2 expression (Figure 10).  To determine if these altered transcript levels 

had an effect on cadmium or arsenic sensitivity in the SLIM1 OX lines, we germinated 

and grew T2 individuals on arsenic or cadmium for 2 weeks. After 2 weeks, total root 

length was observed and the SLIM1OX lines were found to have a long-root phenotype 

on arsenic and a short-root phenotype on cadmium when compared to control (Figure 

11).  
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Figure 8: slim1-1 and slim1-2 are hypersensitive to arsenic and sensitive to 

cadmium. Seeds were grown on ¼ MS medium containing either 5 µM As (III) or 40 

µM CdCl2 for 2 weeks and total root length was observed.  

 

 

 

 

 

Figure 9: Glutathione accumulation in slim1 mutants is impaired. Wild-type, slim1-1, 

and slim1-2 were grown on ¼ MS for 2 weeks and then exposed to 100 µM CdCl2 for 48 

hours. Thiol peptides were labeled with monobromobimane for detection by HPLC-MS. 

GSH content is higher in slim1-1 and slim1-2 compared to wild-type when left untreated. 

Data represent mean ± SE (n=3). 
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Figure 10: Relative SLIM1 and SULTR1;2 expression levels of wild-type and 

SLIMOX lines. Seeds were grown on sterilized mesh in ¼ MS media for 7 days and 

harvested for qPCR.  Data represent mean ± SE (n=3). 

 

 

 

 

 

Figure 11: SLIM1OX lines are tolerant to arsenic and sensitive to cadmium. Seeds 

were grown on ¼ MS medium containing either 5 µM As (III) or 40 µM CdCl2 for 2 

weeks and total root length was observed.  
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Root Elongation Screen of amiRNA library on Cd 

 

 Currently, the signaling components involved in the sulfate assimilation pathway 

following metal(loid) exposure in plants have not been identified or characterized. 

Therefore, to identify other potential regulators of this pathway, a root elongation screen 

following cadmium exposure was performed using amiRNA lines that target transcription 

factor families. To specifically evaluate the effects of cadmium, the lines were first 

germinated on cadmium-free media before being transferred to treatment plates for 7 

days prior to measuring root growth. Each line was treated with both a cadmium 

treatment and a control treatment for comparison. For most amiRNA lines, 3 independent 

transformant lines were evaluated along with wild-type seedlings germinated on the same 

plate as a control. A total of 70 different amiRNA lines were screened and 16 of these 

lines were found to be statistically significant (Table 2). The ami126 (a long root mutant) 

lines, which target a group of CPP transcription factors (ami-CPP), and the ami138 (a 

short root mutant) lines, which target a group of AP2/EREBP transcription factors (ami-

AP2/EREBP) were selected for further analyses because these transcription factors were 

found in other screens with a cadmium specific phenotype as well (Jobe and Schroeder, 

unpublished) (Figure 12). 
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Table 2: AmiRNA lines screened in this study 

 

* Indicates statistical significance only on Cd (p<0.05) 

** Indicates statistical significance on both control and Cd (p<0.05) 

 

 

 

Line TF Family Line TF Family Line TF Family 

7-2/40/46  p35S abi5-2 96-1/2/3 TAZ 147-1/2/3 MYB 

43-1/2/3 C2C2-DOF 103-1/3/4 * CCAAT 148-1/2/3 WRKY 

46-2/4/6 CAMTA 104-1/2/3 C2C2-YABBY 149-1/2/3 WRKY 

47-1/5 NAC 105-1/2/3 * C2C2-GATA 150-1/2/3 *  PPC-1.7.2 

52-1/2/3 TUB 106-1/2/3** C2C2-CO-like 156-2/3/4 PPC-1.14.2 

53-1/2/3 NAC 107-1/2/3 Alfin-like 158-1/2/3 PPC-3.1.1 

60-2 AUX-IAA 108-1/2/3 LIM 165-4/12/18 * PPC-4.4.3 

61-1 G2-like 112-3/4/6 PP1 166-1/2/3 PPC-1.8.1 

62-1/2/4 HSF 113-1/2/4 PP2C-D 168-1/2/3 PPC-4.2.6 

63-1/3** AB13VP1 114-1/4/6 * PP2C-G 169-1/8/10 * HB 

64-7/8/11 * TCP 121-1/2/3 HB 170-1/2/3 bZIP 

69-2/3/4 AP2-EREBP 122-1/2/3 PseudoARR-B 177-1/2/3 AP2-EREBP 

70-4/7/9/10 MYB-regulated 123-4/5/6 RWP-RK 179-1/2/3 MADS 

71-4/5/6 WRKY 124-1/2/3 SRS 180-1/2/3 AP2-EREBP 

72-1/2/3 SBP 125-8/9/10 * ARR-B 181-3/4/6 AP2-EREBP 

79-1/2/3 zF-HD 126-1/2/3 * CPP 182-2/3/7 MYB 

80-1/2/3 * GRAS 133-1/2/3 PPC-4.2.1 189-4/5/6 bHLH 

82-1/2/3 * bHLH 134-1/2/7 PPC-2.1.3 190-1/2/3 bHLH 

83-1/2/3 * MYB-related 135-1/2/3 * PPC-1.5.1 194-1/2/3 HB 

84-1/2/3 PLATZ 136-1/2/3 PPC-4.5.4 201-1/2/3 PPC-1.12.1 

93-1/3/4** BES1 137-1/2/3 * bZIP 202-1/2/3 PPC-1.16.1 

94-1/3 * ARF 138-1/2/3 * AP2-EREBP 203-1/2/3 PPC-1.9.1 

95-1/2/3 C2H2-spex-set 145-2/3/4 AP2-EREBP 204-1/2/3 CCAAT 

    

205-1/2/3 WRKY 
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Characterization of ami-CPP and ami-AP2/EREBP  

 Three genes from the sulfate assimilation and glutathione biosynthesis pathways 

were used for RT-PCR analyses of the ami-CPP and ami-AP2/EREBP lines. The genes 

selected were GSH2, γ-ECS and SULTR 1;2, which are all involved in the sulfate 

assimilation pathway and are known to be induced by cadmium exposure (Mendoza-

Cozatl et al., 2005). The ami-CPP and ami-AP2/EREBP lines were grown on sterilized 

mesh on ¼ MS media for 7 days and then transferred to ¼ MS media with 40 µM CdCl2 

for 48 hours. Total RNA isolation and RT-PCR analyses were performed (see Methods 

and Materials) to evaluate gene induction by cadmium. Our analyses indicated that the 

ami-CPP and ami-AP2/EREBP lines showed altered transcript levels for the three target 

genes. In the ami-CPP lines, the transcript levels of the three sulfate assimilation genes 

were reduced, which suggests that one or more of the target genes may act as an activator 

of the sulfate assimilation pathway. Conversely, transcript levels of the sulfate 

assimilation genes in ami-AP2/EREBP were constitutively expressed, which suggests 

that one or more of the target genes may act as a repressor of the sulfate assimilation 

pathway (Figure 13). 

 

 Glutathione and PCs are small thiol peptides that are essential for toxic 

metal(loid) detoxification and tolerance. To evaluate in vivo GSH levels, 2-week old 

seedlings were exposed to 100µM CdCl2 for 48 hours, harvested, and used for fluorescent 

HPLC-MS (see Materials and Methods). While the transcript levels of GSH2, γ-ECS and 

SULTR 1;2 were reduced after Cd exposure in the ami-CPP line, the GSH and PC levels 

were not impaired following Cd treatment (Figure 13, 14). However, the ami-CPP line 
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did have higher endogenous levels of GSH under control conditions (Figure 14). The 

ami-CPP line is predicted to target 5 genes from the CPP family of transcription factors. 

One target is the TSO1 gene, while the others are referred to as TSO1-Like genes. The 

TSO genes contain a conserved cysteine-rich domain (CRC domain) that has been shown 

to bind zinc in vitro (Anderson et al., 2007). These genes appear structurally similar to 

metallothioneins (Class IV), but are much larger and contain a DNA-binding motif 

(Andersen et al., 2007).  Table 3 lists the predicted targets of the ami-CPP and ami-

AP2/EREBP constructs.  
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Figure 12: ami-CPP is tolerant and ami-AP2/EREBP is sensitive on cadmium. Seeds 

were grown on ¼ MS for one week and then treated with 40 µM CdCl2. Points on plate 

indicate root length before treatment with cadmium. Ami-CPP lines are tolerant to Cd 

while ami-AP2/EREBP lines are sensitive to Cd. 

 

 

Figure 13: SULTR1;2, GSH2, and γ-ECS transcript levels are impaired in ami-CPP 

and ami-AP2/EREBP. EF1-α was used as a loading control. Seeds were grown on ¼ 

MS for 2 weeks and then exposed to 40 µM CdCl2 for 48 hours. In ami-CPP, transcript 

levels of the three genes are reduced, while in ami-AP2/EREBP transcript levels are 

constitutively high. 
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Table 3: Genes targeted by ami-CPP and ami-AP2/EREBP 

 

Ami126 Ami138 

Phenotype on Cd Long Short 

TF Family CPP AP2-EREBP 

Genes Targeted AT4G14770 AT2G44940 

 

AT2G20110 AT4G25480 

 

AT3G04850 AT3G60490 

 

AT5G25790 AT4G25470 

 

AT5G30942 AT4G25490 

 

  AT5G51990 

 

 

 

 

Figure 14: Glutathione accumulation is disrupted in the ami-CPP lines. Wild type 

and ami-CPP lines were grown on ¼ MS for 2 weeks and then exposed to 100 µM CdCl2 

for 48 hours. Thiol peptides were labeled with monobromobimane for detection by 

HPLC-MS. GSH content is significantly higher in ami-CPP compared to wild-type. Data 

represent mean ± SE (n=3). 

  

0 

10 

20 

30 

40 

50 

60 

70 

Col-0 ami-CPP-2 ami-CPP-3 

G
S

H
 (

n
m

o
l/

 m
g

 F
W

) 

Control 

Cd 



50 
 

 

Table 4: List of primers used in Chapter 2 

Gene Primer Name Primer Sequence (5'  3') 

At5G60390 (EF1a) TJ30-FW TAGCCGCAAGACTCCTTTCAGATTC 

At5G60390 (EF1a) TJ30-RV GATGTCCTGGGGCATCAATGACT 

At4G23100 (γ-ECS) DS440-FW GATGTGAATTGACTTCAGCACAA 

At4G23100 (γ-ECS) DS441-RV GAGGAGTAAGAGAGGGCATCAA 

At5G27380 (GSH2) TJ29-FW CGTGTTCGTTTCCTGGCCTTAGTC 

At5G27380 (GSH2) TJ29-RV TGGCCGCCAACAATAAGGGTTTC 

At1G73730 (SLIM1) TJ210-FW CACCATGGGCGATCTTGCTATGTCCG 

At1G73730 (SLIM1) TJ210-RV AGCTCCAAACCATGAGAAATCATCACC 

At1G73730 (SLIM1) TJ211-FW TGGGCGATCTTGCTATGTCCGTA 

At1G73730 (SLIM1) TJ211-RV GTGTCTCCTTCGTTTGAGCTCCTTG 

At1G78000 (SULTR1;2) TJ28-FW CCGGTCTTCGATTGGGGACGTAA 

At1G78000 (SULTR1;2) TJ28-RV AGGCAAGGCGGAGATATTCATCTGG 
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2.4. Discussion 

 Previous research has established the essential role of the sulfate assimilation 

pathway in metal(loid) detoxification via chelating peptides, such as GSH and PCs 

(Mendoza et al., 2005; Jobe et al., 2012). A known regulator of the sulfate assimilation 

pathway under –S conditions is the ethylene insensitive-like transcription factor SLIM1 

(Maruyama-Nakashita et al., 2006). Metal(loid)s are also reported to induce sulfate-

deficiency responses (Herbette et al., 2006; Nocito et al., 2006; Jobe et al., 2012). 

Because metal(loid)s and SLIM1 have both been shown to induce expression of the high 

affinity sulfate transporter, SULTR1;2, we hypothesized that there may be a connection 

between SLIM1 and metal(loid) signal transduction. 

 Mutants in SLIM1 are impaired in sulfate uptake under low sulfur conditions 

(Maruyama-Nakashita et al., 2006). On arsenite, both the slim1-1 and slim1-2 mutants 

have greatly reduced root growth, while on cadmium the root-growth phenotype is less 

pronounced (Figure 8). Reduced root growth was expected because the Slim1 mutants 

cannot induce expression of Sultr1;2. However, the dramatic differences in root 

sensitivity to As versus Cd were unexpected. Furthermore, in the Slim1 mutants a severe 

shortage of sulfate caused a decrease in GSH content, while under metal stress GSH 

levels were surprisingly unaffected (Figure 9). These results suggest that under non-stress 

conditions and under Cd stress conditions, the other high affinity sulfate transporter, 

SULTR1;1, may compensate for reduced expression of SULTR1;2 in the Slim1 mutants. 

An alternative explanation is that Sultr1;2 induction is SLIM1 independent during Cd 

stress, but is SLIM1 dependent during As stress. Previous studies have shown that GSH 

is a potent repressor of the high affinity sulfate transporters SULTR1;2 and SULTR1;1 
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(Rouached et al., 2008). Interestingly, GSH levels are significantly higher in slim1-1 

under normal physiological conditions, which corresponds to a report of increased 

SULTR1;1 transcript levels under normal physiological conditions in the slim1-1 mutant 

(Maruyama-Nakashita et al., 2006). This indicates that SLIM1 may act as repressor of 

SULTR1;1 under normal conditions. However, our results suggest that SLIM1 is not the 

only transcription factor regulating the pathway, which highlights the need for additional 

studies to identify and characterize the signaling components involved.  

 The exact molecular function of SLIM1 in metal tolerance is still not clear. 

SLIM1 is reported to be activator of Sultr1;2, which is down regulated in the Slim1 

mutants under –S conditions (Maruyama-Nakashita et al., 2006). However, our results 

with SLIM1 over-expression lines indicate that the function of SLIM1 is complex, and 

suggests that SLIM1 can function as both an activator and a repressor of the high affinity 

sulfate transporters. Interestingly, transcript levels of Sultr1;2 are actually down regulated 

in two out of the four SLIM1OX lines isolated (SLIMOX2 and SLIMOX3) (Figure 10). 

These results are contradictory to a model of SLIM1 being a strong activator of Sultr1;2. 

If SLIM1 were a strong activator of Sultr1;2, higher levels of Sultr1;2 would be 

expected. Ironically, the lower transcript levels of Sultr1;2 in the SLIM1OX lines do not 

correspond with the root phenotypes observed on Cd and As. In this study, the Slim1 

mutants are sensitive to cadmium and to arsenite (Figure 8). Paradoxically, the 

SLIM1OX lines are tolerant to arsenite and sensitive to cadmium (Figure 11) even 

though SLIM1OX lines showed reduced expression of Sultr1;2 (Figure 10). Because the 

SLIM1OX lines are tolerant to arsenic (Figure 11), we propose that SLIM1 is acting as an 
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activator under arsenic stress and under sulfate-limiting conditions, but is acting as a 

repressor of Sultr1;2 under cadmium stress. However, because the endogenous GSH 

content was not affected during Cd stress in slim1-1 (Figure 9), this suggests that SLIM1 

signaling plays a larger role in the detoxification of arsenic, perhaps because Sultr1;1 can 

compensate for the loss of Sultr1;2 during Cd stress but not during As stress. Metal(loid) 

detoxification is regulated by a complex network of signal transduction components that 

are largely unknown. Our results suggest that distinct signaling pathways exist for arsenic 

and cadmium despite the fact that As and Cd are detoxified using similar biochemical 

mechanisms. This is similar to a report that overexpression of E.coli γ-ECS in 

Arabidopsis, conferred tolerance to arsenic and mercury, but cadmium sensitivity (Li et 

al., 2005). Furthermore, the realization that SLIM1 can act as an activator or a repressor 

of the sulfate transport system suggests that complex interactions between signaling 

molecules are at least partially responsible for differences in Cd- and As- induced gene 

expression. 

 As previously discussed, regulation of the sulfate assimilation pathway under 

metal(loid) stress is complex. SLIM1 is the only known regulator of the pathway and, as 

shown in this study, also plays a stronger role in As detoxification than in Cd 

detoxification. To uncover additional regulators of Cd-induced gene expression, an 

amiRNA library targeting transcription factor families was screened on Cd.  

 An amiRNA line targeting a small number of the AP2/EREBP transcription 

factors was identified as being Cd sensitive and having short roots on cadmium (Figure 

12). Ami-AP2/EREBP targets 6 genes from two subfamilies of the APR/EREBP 
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transcription factor family, including the DREBs (AT2G44940, AT3G60490) and CBFs 

(AT4G25490, AT4G25470, AT4G25480, AT5G51990). DREBs and CBFs are widely 

known for their role in mediating drought and salinity stress (Liu et al., 2000; Gao et al., 

2002). However, recently these transcription factors have been shown to mediate 

metal(loid) tolerance. In one study, wheat cultivar tolerant lines show upregulation of 

Cbf3 and Cbf10 by copper stress (Szira et al., 2008). However, several Cbfs were 

downregulated in this study suggesting that the role of CBFs in copper tolerance requires 

further research (Szira et al., 2008). In another study, screening of Cd-responsive genes in 

Arabidopsis thaliana indicated that DREB2A is upregulated by Cd (Suzuki et al, 2002; 

Hong-Bo et al., 2010). DREB proteins were also found to activate the RD29A gene in 

Cd-treated Arabidopsis thaliana (Bennett et al., 2003; Curle and Briat, 2003). 

Furthermore, a novel DREB gene (LbDREB) isolated from Limonium bicolor was found 

to play a role in copper stress in tobacco (Ban et al., 2011). Over-expression of LbDREB 

upregulated stress-related genes conferred copper tolerance (Ban et al., 2011). In the 

current study, one or more of the TF targets, which include the DREBs and CBFs, caused 

cadmium hypersensitivity (Figure 12).  

 To further understand the role of ami-AP2/EREBP in heavy detoxification, gene 

expression profiles of the sulfate assimilation genes were analyzed. RT-PCR analysss 

showed that ami-AP2/EREBP had constitutive transcriptional expression of Gsh2, γ-ecs 

and Sultr1;2 under normal conditions and remain high even when exposed to Cd (Figure 

5).  Based on the constitutive expression of these three transcripts, we propose that one or 

more target genes from ami-AP2/EREBP may be acting as a repressor of the sulfate 
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assimilation pathway. However, further experiments are needed to validate this 

hypothesis.   

 Another transgenic line showing altered sulfate assimilation in this screen was the 

ami-CPP line, which showed a Cd-tolerant phenotype having long roots on cadmium 

compared to wild-type (Figure 5). Ami-CPP targets 5 TSO1-like genes, AT4G14770, 

AT2G20110, AT3G04850, AT5G25790, and AT5G30942. Interestingly, the 

tesmin/TSO1-like protein has recently been shown to contain a conserved cysteine-rich 

domain (CRC) that binds to zinc in vitro (Andersen et al., 2007). These CRC domains are 

structurally similar to metallothioneins, which are gene-encoded thiol-containing 

polypeptides that are involved in metal detoxification (Roosens et al., 2005). 

Metallothioneins are also cysteine rich, which is why metallothioneins can bind to metals 

(Hamer, 1986). Besides binding to zinc, TSO1-like proteins were also shown to bind to 

calcium (Andersen et al., 2007). Because cadmium’s oxidation state is +2, as well as zinc 

and calcium, it is possible that the TSO proteins also bind to Cd in vivo. 

 To determine if the targets of ami-CPP play a role in metal(loid) detoxification, 

gene expression profiles of the sulfate assimilation genes were analyzed. RT-PCR 

analysis showed that ami-CPP lines had higher levels of Gsh2, γ-Ecs and Sultr1;2 under 

normal conditions (Figure 12). Over-expression of γ-Ecs was reported to confer cadmium 

tolerance in tomato cells and in Indian mustard (Chen and Goldsbrough, 1994; Zhu et al., 

1999). In cadmium-tolerant tomato cell lines, the specific activity of γ-ECS was 

approximately 2-fold higher than in non-treated plants (Chen and Goldsbrough, 1994). 

This was similar to the γ-Ecs transcript levels found in untreated ami-CPP lines (Figure 
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12). Cadmium tolerance in the tomato cell lines was thought to be derived from an 

enhanced capacity to synthesize GSH and maintain the production of phytochelatins in 

response to cadmium (Chen and Goldsbrough, 1994). In cadmium tolerant tomato cell 

lines, GSH content was significantly higher in untreated conditions (Chen and 

Goldsbrough, 1994), which again is similar to the increased endogenous levels of GSH 

found in the untreated ami-CPP lines (Figure 7). Higher endogenous GSH levels support 

the cadmium-tolerant phenotype found in ami-CPP lines. However, once ami-CPP was 

exposed to cadmium, transcript levels of Gsh2, Sultr1;2, and  γ-Ecs, were rapidly 

depleted (Figure 14). This suggests that one or more target genes of ami-CPP is an 

activator of the sulfate assimilation pathway. Paradoxically, GSH levels were not affected 

in cadmium treated ami-CPP plants (Figure 7). GSH levels remain relatively constant 

following cadmium exposure even though transcript levels of Sultr1;2, Gsh2, and γ-Ecs 

decrease.  Overall, the data suggests that one or more targets of ami-CPP acts as an 

activator of the sulfate assimilation pathway under cadmium stress and potentially as a 

repressor of the sulfate assimilation pathway under normal conditions.  

 The major implication of our findings for SLIM1 is in future phytoremediation 

efforts, where genes can be expressed to increase toxic metal(loid) accumulation or 

prohibit metal accumulation in edible plant tissues of food crops. Indian mustard 

(Brassica juncea) is an effective crop for phytoremediation because of its rapid growth, 

high biomass, and appreciable metal accumulation (Garifullina et al., 2003). In one study, 

AtPCS1 from Arabidopsis was over-expressed in Brassica juncea and shown to enhance 

As and Cd tolerance; however, these transgenic lines did not accumulate these toxic 
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metal(loid)s (Gasic and Korban, 2007). Similarly, in another study the mouse 

selenocysteine lyase was expressed in Brassica juncea chloroplasts and shown to confer 

selenium tolerance by blocking selenium uptake (Garifulina et al., 2003). There are 

examples of natural hyperaccumulators, including the arsenic hyperaccumulating fern 

species Pteris vittata (Gumaelius et al., 2004) and the nickel hyperaccumulating species 

Thlaspi caerulescens (Freeman et al., 2004), but these hyperaccumulators are not ideal 

for remediation purposes because of their low biomass and slow growth. Brassica juncea 

has been shown to hyperaccumulate metals but currently the molecular mechanisms 

underlying this hyperaccumulation are unknown. In one study, Brassica juncea showed 

enhanced accumulation of lead after applying chelating agents, such as EDTA and other 

synthetic chelators, to soil (Blaylock et al., 1997). Over-expression of the E.coli γ-ECS in 

Brassica has been shown to confer cadmium tolerance and hyperaccumulation of Cd 

(Zhu et al., 1999). In the current study, over-expression of Slim1 conferred arsenic 

tolerance in Arabidopsis (Figure 11). The ami-CPP transgenic line showed increased 

tolerance to cadmium, while the ami-AP2/EREBP line showed increased sensitivity to 

cadmium (Figure 12). Future experiments to measure the metal content of each line using 

ICP-OES will be performed. If these lines hyperaccumulate arsenic or cadmium, a 

reasonable next step would be expression of the gene(s) in Brassica to evaluate the 

potential for phytoremediation. Similarly, if the transgenic lines are found to be 

underaccumulating toxic metal(loid)s, expression in Brassica could be performed to 

evaluate the potential usefulness of these genes in limiting toxic metal accumulation in 

crop plants.  
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 In conclusion, the transcriptional network of the sulfate assimilation pathway is 

very complex. Slim1 is a potential regulator of the sulfate assimilation pathway under 

toxic metal(loid) stress, and may play a role as an activator and repressor of the pathway. 

Other transcription factor families, including the CPP and AP2/EREBP families, were 

found to play a role in the detoxification of metal(loid)s. The CPP transcription factor 

family was implicated as a possible activator and conversely, the AP2/EREBP family 

was implicated as a possible repressor of the sulfate assimilation pathway. Further 

experiments must be performed to identify which genes are specifically contributing to 

the regulation of the pathway. These results highlight the importance of understanding 

the regulation of the sulfate assimilation pathway under metal(loid) stress for the purpose 

of phytoremediation.  
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2.5. Materials and Methods  

Plant Material 

 The slim1-1 and slim1-2 mutants were obtained from Dr. Maruyama-Nakashita 

from the RIKEN Plant Science Center. The GFP reporter line used to identify the SLIM1 

mutants was used as a control for all experiments using slim1-1 and slim1-2 unless 

otherwise stated (Maruyama-Nakashita et al., 2006).  

 The amiRNA library was obtained from Dr. Felix Hauser (UCSD). All lines are in 

Col-0 background. 

 

Generation of SLIM1 OX lines 

 The primer sequences used for PCR amplification for cloning are listed in Table 

4. For Slim1 over-expression in the Col-0 background, the SLIM1 CDS fragment was 

amplified from total Col-0 cDNA using the primers TJ210-F and TJ210-R. The SLIM1 

cDNA fragment was cloned into pENTR/D-TOPO® (Invitrogen, Carlsbad, CA, USA) 

following the manufacturer’s instructions. The CaMV 35S:SLIM1-NOS construct was 

obtained by recombining the SLIM1 cDNA into a Gateway® compatible pGreenII 

plasmid (Hellens et al., 2000) containing the 35S promoter and the NOS terminator 

(35Spro:GW-NOS-ter) using LR Clonase II® (Invitrogen, Carlsbad, CA, USA). The 

pGREENII 35S:SLIM1-NOS construct was transformed using electroporation into 

Agrobacterium tumefacians strain GV3101. 

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

both the T1 and T2 generations. 

 

Plant growth conditions 

 Seeds were surface sterilized using chlorine gas (Jobe et al., 2012) and plated on 

¼ MS medium [1/4 strength Murashige and Skoog basal medium with Gamborg’s 

vitamins (Sigma-Aldrich, M0404), 1 mM MES (pH 5.6) and 1.0% phytoagar]. Seeds 

were stratified at 4˚C for 48 hours in the dark and then transferred to a 16 hour light at 

21˚C/ 8 hour dark at 18˚C cycle for 7 days (300 µmol m
-2 

s
-1

, 70% Hr). 

 

Root growth assays of slim1-1 and slim1-2 on Cd and As 

 Seeds were plated on control ¼ MS medium and also on plates supplemented with 

40 µM Cd or 5 µM As (III) for two weeks and grown under standard growth conditions. 

Total root length was observed for 14 day-old seedlings. 

 

Screening amiRNA library by cadmium root elongation assays 

 Seeds were grown in standard growth conditions for 7 days. Seedlings were then 

treated with plates containing ¼ strength Murashige and Skoog basal medium (Sigma-

Aldrich, M0404), 1 mM MES, 1% phytoagar, and 40 µM CdCl2 for 7 days. Before 

seedling exposure to 40 µM CdCl2 for 7 days, the position of the primary root was 

marked. The seedlings were grown vertically for 7 days under the same growth 

conditions. Root growth was measured using ImageJ (http://rsb.info.nih.gov/ij/). 
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Statistical analyses were performed using excel (unpaired, two-tailed, Student’s t-tests 

with 95% confidence).  

 

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 

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 
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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 

factor-1α (EFF-1α) expression was used as a loading control. Table 4 contains a list of all 

primers used in this study. 

 

Quantitative RT-PCR analysis 

 PCR mixtures were prepared using SYBR
®
 Green JumpStart

TM
 Taq ReadyMix

TM
 

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

with 5 µl of SYBR
®
 Green JumpStart

TM
 Taq ReadyMix

TM
, 0.5 µl of cDNA, 2.5 µl of MQ 
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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 Touch
TM

 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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