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ABSTRACT OF THE DISSERTATION 

 

Understanding Plant Signaling Response to  

and Accumulation of  

Heavy Metals and Arsenic 

 

by 

 

Andrew M. Cooper 

Doctor of Philosophy in Biology 

University of California San Diego, 2018 

Professor Julian I. Schroeder, Chair 

 

   

 Arsenic, lead, and cadmium are among the EPA’s highest priority hazardous 

substances for research and remediation. These toxic elements are high priorities due to 

extensive soil and water contamination, and extreme impact on human health, including 

increased cancer rates, liver disease, respiratory disorders, and learning disabilities. As 

part of my dissertation work I have investigated heavy metal and metalloid uptake, 

movement, accumulation, and signaling responses in plants at three different levels. First, 

I pursued a basic science project using a forward genetic screen to identify new 
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components in the heavy metal and arsenic transcriptional response network. I identified 

At4g10930 and At4g13575 as likely genes to contain the causative mutation in a mutant 

Arabidopsis line that displayed a constitutive cadmium response (crc1), and identified a 

candidate region containing 25 candidate mutations for a super-response to cadmium 

(src1) mutant. In a more translational research project, I generated transgenic 

Arabidopsis expressing known heavy metal and arsenic detoxification machinery driven 

by a root specific promoter. These transgenic Arabidopsis lines may provide a proof of 

concept for manipulating spatial sequestration of heavy metals and arsenic in order to 

minimize contamination of aerial, often edible, tissues in crops. We are also working to 

generate transgenic rice utilizing the same concept to minimize heavy metal and metalloid 

storage in the grain. Lastly, I worked on a community outreach project monitoring heavy 

metal and arsenic accumulation in food plants grown at a community garden in 

Southeastern San Diego in collaboration with Dr. Keith Pezzoli, the head of the 

Community Engagement and Research Translation Cores (CEC/RTC) of the UCSD 

Superfund. As part of this project longitudinal tracking of heavy metal and arsenic 

accumulation was done in edible and non-edible fruit tree tissue. Lead accumulation was 

found in leaf tissue of several fruit trees, however no detectable accumulation was found 

in fruit samples. Additionally, heavy metals and arsenic accumulation in a number of 

ground grown plant samples, led to the incorporation of raised beds at the Ocean View 

Growing Grounds, mitigating this potential exposure risk.  
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Introduction 

 The heavy metals cadmium and lead and the metalloid arsenic are toxic elements 

that are among the top 10 priority hazardous substances for the Environmental Protection 

Agency’s (EPA) Superfund program (CERCLA 2015). These toxic metals and metalloids 

serve no known function in plant and animal nutrition and are detrimental to human health 

(Tong et al. 2000; Ratnaike 2003; Järup and Åkesson 2009). Chronic low level heavy 

metal and metalloid exposure is linked to a variety of severe health problems, including 

immune impairment, increased cancer risk, cardiovascular and respiratory problems, and 

developmental defects in young children (Tong et al. 2000; Allen et al. 2002; Aschner and 

Walker 2002; Ohta et al. 2002; Yu et al. 2002; Waisberg et al. 2003; Heck et al. 2009; 

Satarug et al. 2010). Low levels of toxic heavy metals and metalloids occur naturally in 

the environment, however with increased mining and manufacturing, anthropogenic 

inputs have increased the risk of human exposure (Ahmad and Goni 2010; Alloway 2013; 

Yousaf et al. 2016). Near agricultural areas, historical use of heavy metal and metalloid 

containing pesticides and fertilizers has resulted in legacy contamination (Sterrett et al. 

1996; Murphy and Aucott 1998), while in urban areas exposure comes primarily from 

fumes and emissions of industrial plants and automobiles (Harrison et al. 1981; Thornton 

2009).  

 Plants are an essential component of the human diet and a major source of 

vitamins and minerals needed for healthy nutrition, including metals like iron, zinc and 

manganese (Alaimo et al. 2008). Due to their high metal and nutrient content, plants are 

also a major source of heavy metal and metalloid contamination, including cadmium, lead, 

and arsenic, into the food chain (Gilbert-Diamond et al. 2011; Clemens et al. 2013; 
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Antoniadis et al. 2017). By gaining a greater understanding of how heavy metals and 

metalloids are taken up and detoxified in plant systems we can design crops to minimize 

heavy metal and metalloid accumulation in edible tissues, minimizing risks to human 

health.  

Sources of heavy metal and metalloid exposure 

 A large portion of the bioavailable heavy metals and metalloids in the environment 

are due to anthropogenic sources (Duker et al. 2005; Alloway 2013). For cadmium this is 

primarily due to mining, smelting, and application of contaminated fertilizers (Beavington 

1975; Mendez and Maier 2008; Yousaf et al. 2016; Antoniadis et al. 2017). In the case of 

arsenic the historic use of arsenic based pesticides and herbicides has left a legacy of 

contaminated agricultural soil (Murphy and Aucott 1998; Zhu et al. 2014). Before its phase 

out in 2003, approximately 90% of arsenic produced was used for wood preservation 

(ATSDR 2000). In the case of both arsenic and cadmium, irrigation using waste water, 

sewage sludge, and contaminated groundwater can result in contamination of crops 

(Meharg and Rahman 2003; Ahmad and Goni 2010; Abbasi et al. 2013). Cadmium in the 

environment is primarily found in the inorganic form of Cd2+, becoming more bioavailable 

in aerobic soils than anaerobic (Hamon et al. 1998; Wu et al. 2012). Inorganic arsenic 

can be found as either arsenite [As(III)] or arsenate [As(V)], with arsenate predominant in 

aerobic soils and arsenite found in reducing conditions such as those found in flooded 

rice paddies (Zhao et al. 2010a; Zhu et al. 2014). 
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Health risks associated with heavy metal and metalloid exposure 

  Ingestion of contaminated cereals, vegetables, and other plants make up 90% of 

cadmium exposure in the non-smoking population (Alexander et al. 2009; Beccaloni et al. 

2013; Clemens et al. 2013; Rizwan et al. 2016). In Southeast Asia, arsenic exposure is 

most often seen through contamination of groundwater and consumption of contaminated 

rice (Lyon 1994; Harvey et al. 2002; Zhao et al. 2010a). Single large doses of arsenic 

(>60 ppm in water) can be lethal, while more moderate exposures (300 ppb-30,000 ppb) 

can cause stomach irritation and nausea (ATSDR 2000; Ratnaike 2003). Long-term low-

dose exposure to arsenic or cadmium is implicated in an overall increase in mortality and 

a wide range of diseases and disorders (Järup and Åkesson 2009; Alissa and Ferns 2011; 

Huang et al. 2013; Sherief et al. 2015). For arsenic these include cancer and 

cardiovascular disease (Heck et al. 2009; Ghatak et al. 2011; Martinez et al. 2011). While 

there are no specific known primary targets for arsenic toxicity, it can cause general 

damage to cellular structures across tissues. Arsenic can also disrupt phosphate 

metabolism due to the chemical similarities between arsenate and phosphate (Hughes 

2002). Cadmium is implicated in renal damage and osteoporosis (Satarug et al. 2010; 

Chaney 2015; Khan et al. 2016). In mammals, cadmium can interfere with calcium 

metabolism, and in severe cases lead to itai-itai disease (Ohta et al. 2002; Kazantzis 

2004). Both cadmium and arsenic have been shown to cross the placenta and may cause 

developmental defects.  

 A number of health groups around the world have made recommendations about 

safe limits for intake of heavy metals and metalloids. The US Agency for Toxic 

Substances and Disease Registry (ATSDR) profiles for cadmium and arsenic indicate a 
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reference dose for chronic oral exposure (RfD) that is believed to be safe based on 

available research. For cadmium this is listed as 1 µg/kg body weight and for arsenic is 

0.3 µg/kg body weight (ATSDR 2000, 2008). The European Food Safety Authority (EFSA) 

recommends 2.5 µg/kg body weight weekly intake for cadmium and 0.3 µg/kg body weight 

for arsenic (Panel 2009, 2014). In 2001, the EPA lowered the drinking water standard for 

arsenic from 50 ppb to 10 ppb. The drinking water limit for cadmium in the US is 5 ppb. 

While these recommendations are for potentially safe levels of chronic exposure, data 

are beginning to show that there may be no truly safe level of exposure for toxic heavy 

metals and metalloids.  

Heavy metal and metalloid toxicity in plants 

  Cadmium is one of the most phytotoxic of the heavy metals due to its high 

solubility in water and ease of uptake. Even at low levels, cadmium contamination can 

lead to negative effects on root growth and development, as well as mineral nutrition and 

homeostasis (Varalakshmi and Ganeshamurthy 2013; Xin et al. 2014; Jinadasa et al. 

2016; Li et al. 2016; Wang et al. 2016). Visible symptoms of cadmium toxicity include leaf 

rolling and chlorosis (Clemens 2006a; López-Millán et al. 2009). Physiologically, cadmium 

causes stomatal closure, damages the photosynthetic machinery, and leads to a general 

decrease in carotenoids and chlorophyll (Hediji et al. 2010; Shamsi et al. 2014). Cadmium 

can also inhibit enzymes involved in CO2 fixation leading to decreased carbon 

assimilation (Hassan et al. 2016). At a cellular level cadmium can lead to chromosomal 

aberrations, increased mutations rates, and altered cell cycling.  

 Due to its chemical similarities to phosphate, arsenate interferes with a number of 

essential cellular functions, including ATP synthesis (Finnegan and Chen 2012). Arsenite 
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toxicity is mainly caused by interference with sulfhydryl groups and general interference 

with protein function (Ma et al. 2008; Mosa et al. 2012). Overall, arsenic exposure causes 

decreased root and shoot growth, lowers seed yield and reduces chlorophyll content 

leading to lowered photosynthetic capacity (Stoeva and Bineva 2003; Garg and Singla 

2011). Exposure to inorganic arsenic species also leads to the production of large 

amounts of reactive oxygen species (ROS) that can cause massive damage to lipids and 

proteins within the cell (Mascher et al. 2002). 

Uptake of heavy metals and metalloids 

 Toxic heavy metals and metalloids, such as cadmium, lead, and arsenic enter the 

plant by hitchhiking on essential nutrient transport. The uptake of heavy metals and 

metalloids by plants is greatly influenced by the bioavailability of the specific chemical 

form (Maier 2000). Cadmium is taken up by iron and zinc transporters including iron-

regulated transporter 1 (IRT) and ZRT- and IRT-like transporters (ZIPs) (Korshunova et 

al. 1999; Thomine et al. 2000; Connolly et al. 2002). In rice a number of ZIP and Nramp 

(natural resistance-associated macrophage protein) transporters have been implicated in 

uptake of cadmium, including OsIRT1, OsIRT2, OsNramp1, and OsNramp5 (Nakanishi 

et al. 2006; Takahashi et al. 2011; Ishimaru et al. 2012; Nakanishi et al. 2012; Uraguchi 

and Fujiwara 2013). Knockout of OsNramp5 showed that it is an important transporter for 

manganese but is also a major mechanism for cadmium uptake (Ishikawa et al. 2012; 

Sasaki et al. 2012). The pleiotropic drug resistance (PDR) subfamily of ABC transporters 

have been shown to play a variety of roles in pathogen defense, and transport of various 

substrates (Campbell et al. 2003; Kobae et al. 2006; Stein et al. 2006). AtPDR8 has been 

implicated as a potential Cd2+ efflux transporter in Arabidopsis roots (Kim et al. 2007). 
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Knockout lines of AtPDR8 show increased cadmium accumulation in roots and decreased 

root growth, while overexpression lines have decreased accumulation and show cadmium 

root growth tolerance (Kim et al. 2007). In protoplasts, knockout cells showed slower 

release of cadmium into the media than wild-type protoplasts, indicating a likely role in 

cadmium efflux. 

 Arsenic is present both in the environment and in plant tissues as arsenate and 

arsenite (Meharg and Hartley‐Whitaker 2002). Uptake of arsenate happens through the 

actions of phosphate transporters due to their chemical similarity (Meharg and Macnair 

1992; Wu et al. 2011; LeBlanc et al. 2013). Double knockout of two phosphate 

transporters, pht1pht4, showed increased arsenic tolerance in Arabidopsis, indicating 

their role in arsenic uptake (Shin et al. 2004; Remy et al. 2012). In rice, knockout studies 

of phosphate transporter OsPHF1 and overexpression studies of OsPHT1;8 showed a 

clear connection between phosphate uptake and arsenate levels (Wu et al. 2011; Kamiya 

et al. 2013). Under flooded conditions, the reducing environment results in arsenite being 

the predominant species. A number of studies have shown that phosphate transporters 

have no effect on arsenite accumulation (Isayenkov and Maathuis 2008; Xu et al. 2015). 

In rice arsenite uptake has been connected to the activity of nodulin 26-like proteins 

(NIPs) (Bienert et al. 2008; Chen et al. 2017b). Aquaglyceroporin Lsi1 (OsNIP2;1) is 

primarily a mechanism for passive uptake of silicon into rice roots but has also been 

shown to allow for uptake of arsenite (Ma et al. 2008). The strong activity of these NIPs 

for uptake of silicon is one of the reasons for higher arsenic levels in rice compared to 

other cereals (Ma et al. 2006; Mosa et al. 2012). Since Lsi1 is a passive transporter, rather 

than active, it can also efflux arsenite, however, lsi1 knockout mutants only show partial 
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reduction of efflux implying actions by other transporters, likely other NIPs (Ma et al. 2007; 

Zhao et al. 2009; Zhao et al. 2010b). 

Accumulation and sequestration of heavy metals and metalloids 

 Once arsenic has entered plant cells, the first step is reduction of arsenate to 

arsenite (Pickering et al. 2000; Raab et al. 2005; Xu et al. 2017). For many years the 

arsenic reductase responsible for this conversion was unknown. Two recent publications 

identified a novel Arabidopsis arsenate reductase High Arsenic Content 1 (HAC1) through 

fine-mapping of a major quantitative trait locus (QTL) and genome-wide association 

mapping (Chao et al. 2014; Sanchez-Bermejo et al. 2014). In Arabidopsis hac1 mutants 

show increase sensitivity to arsenate, likely due to the inability to reduce arsenate to 

arsenite, and limited sequestration into the vacuole (Shi et al. 2016; Wang et al. 2018). 

This leads to overall lower shoot arsenic and higher root arsenic, however the root arsenic 

is predominantly arsenate, as opposed to the usual arsenite. 

 In plant tissues the major sink for heavy metals and metalloids is sequestration 

into vacuoles. The heavy metal-transporting ATPase (HMA) family of proteins, also 

known as P1B-type ATPases, play a major role in the movement of metals throughout 

plant tissues (Argüello et al. 2007; Takahashi et al. 2012). There are two main groups of 

P1B-type ATPases, one of which transports copper (Cu)/silver (Ag) and the other 

transports zinc (Zn)/cobalt (Co) (Cobbett et al. 2003). The transporters responsible for 

Zn/Co transport, HMA2, HMA3, and HMA4 are also capable of moving cadmium (Hussain 

et al. 2004). HMA3 is localized in the vacuolar membrane and sequesters free Cd2+ into 

the vacuole (Morel et al. 2009; Miyadate et al. 2011). Natural variation mapping of 

cadmium accumulation in both rice and Arabidopsis identified polymorphisms in the hma3 
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gene as a major source of variation in cadmium shoot accumulation (Ueno et al. 2010; 

Ueno et al. 2011; Chao et al. 2012). Specifically, inactive and lower activity versions of 

HMA3 results in higher shoot accumulation of cadmium as less can be loaded into the 

vacuoles in root tissue. Whole plant overexpression of HMA3 in Arabidopsis increases 

cadmium accumulation in roots while decreasing accumulation in shoots (Sasaki et al. 

2014). 

 In yeast the ACR3 (Arsenic Compounds Resistance 3) transporter is localized to 

the plasma membrane and has been implicated in arsenite tolerance through efflux 

(Wysocki and Bobrowicz 1997). ACR3 homologs are found throughout a variety of 

gymnosperms, including moss and ferns, but have not been found in angiosperms 

(Indriolo et al. 2010). In the As-hyperaccumulator Pteris vittata, there are two homologs 

of ACR3, PvACR3 and PvACR3;1 (Ma et al. 2001). In P. vittata ACR3 localizes to the 

vacuolar membrane and loads unbound As(III) directly into the vacuole (Zhao et al. 2003; 

Chen et al. 2013b). When expressed in Arabidopsis, PvACR3 localizes to the plasma 

membrane and functions in arsenite efflux, leading to increased arsenic tolerance (Ali et 

al. 2012; Chen et al. 2016). Heterologous expression of PvACR3 in Arabidopsis has led 

to contradictory results about arsenic accumulation. Some groups have found increased 

arsenic translocation, resulting in higher shoot arsenic and lower root arsenic when 

compared to wild-type, while others have found reduced translocation (Chen et al. 2017a; 

Wang et al. 2018).  

 Several metal binding molecules play a role in heavy metal and metalloid mobility 

and storage, including glutathione (GSH) and phytochelatins (PCs) (Clemens 2006b; 

Mendoza-Cozatl et al. 2011). Glutathione is a tripeptide composed of cysteine, glutamic 
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acid, and glycine that plays an essential role in managing stress response, and 

maintaining cell redox balance. Phytochelatins are polymers synthesized from glutathione 

by phytochelatin synthase (PCS1) that act as essential components in heavy metal 

detoxification (Grill et al. 1989; Cobbett and Goldsbrough 2002; Clemens and Peršoh 

2009). Whole plant overexpression of AtPCS1 in Arabidopsis increased tolerance and 

accumulation of arsenic but resulted in cadmium hypersensitivity (Li et al. 2004). In an 

EMS screen utilizing a heavy metal reporter line of Arabidopsis, mutations in γ-glutamyl 

synthase and glutathione synthetase were found to be strongly hypersensitive to 

cadmium (Jobe et al. 2013). In plants a majority of the arsenite is found complexed with 

glutathione and phytochelatins (Pickering et al. 2000; Verbruggen et al. 2009). In the case 

of both arsenite and cadmium, these phytochelatin bound complexes can be loaded into 

the vacuole by the activity of C-type ATP-binding cassette (ABCC) transporters 

(Mendoza-Cozatl et al. 2010). The ABC2 vacuolar transporter in Schizosaccharomyces 

pombe (SpABC2) has been shown to mediate phytochelatin accumulation in vacuoles 

and to confer cadmium tolerance (Mendoza-Cozatl et al. 2010).  In Arabidopsis there are 

two ABCC transporters responsible for sequestration of PC-Cd/PC-As into the vacuole, 

AtABCC1 and AtABCC2 (Song* et al. 2010; Park et al. 2012). Double knockout lines of 

Arabidopsis, atabcc1/2 show strong hypersensitivity to both cadmium and arsenic 

exposure. In rice, only one ABCC transporter has been found on the vacuole to be 

involved in heavy metal and metalloid sequestration, OsABCC1 (Song et al. 2014b). In 

contrast to the Arabidopsis double knockout, osabcc1 rice knockout lines show 

hypersensitivity to arsenic but not cadmium, indicating a larger role of HMA3 transport in 

rice roots.  
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Root-to-shoot translocation of heavy metals and metalloids 

 The translocation of heavy metals and metalloids from root-to-shoot depends on a 

number of factors including, affinity of xylem loading transporters and mobility of ligand-

metal and metalloid complexes (Gong et al. 2003; Nocito et al. 2011). The loading of 

metal ions, including Cd2+, into the xylem is mediated by HMA transporters, including 

HMA2 and HMA4 (Courbot et al. 2007; Tan et al. 2013; Chao et al. 2018). In Arabidopsis, 

the double knockout line, hma2hma4, shows greatly reduced xylem loading and shoot 

accumulation of cadmium (Hussain et al. 2004; Wong et al. 2009). In rice, reduction in 

the activity of OsHMA2 results in decreased translocation of cadmium to shoot tissues 

(Satoh-Nagasawa et al. 2011; Yamaji et al. 2013). Studies of xylem sap have found that 

predominantly, arsenite and Cd2+ are transported to aerial tissues, rather than thiol-

complexes (Verbruggen et al. 2009; Zhao et al. 2009; Su et al. 2010). Studies in Brassica 

napus and rice have found some Cd-PC complexes in the phloem, but no As-PC 

complexes (Mendoza-Cozatl et al. 2008; Kato et al. 2010). The difference in prevalence 

of As-PC and Cd-PC complexes in the phloem is possibly due to the increased stability 

of Cd-PC complexes in the alkaline phloem pH compared to As-PC complexes stability 

at acidic pH (Johanning and Strasdeit 1998; Schmoger et al. 2000). Another factor 

affecting arsenite movement in some plants is the high PC content and vacuolar 

transporter activity in phloem companion cells (Mustroph et al. 2009; Khan et al. 2014). 

The transporters that are responsible for movement of arsenic and cadmium into and out 

of the phloem cells remain unknown. 
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Alleviation of heavy metal and metalloid toxicity through co-exposure 

 Co-exposure of certain elements, including selenium, silicon, and calcium, during 

heavy metal and metalloid stress has been shown to alleviate toxicity symptoms. 

Selenium is an essential micronutrient in animals, however whether this is true for plants 

is unclear (Hartikainen 2005; Reeves and Hoffmann 2009). It has been shown that low 

doses of selenium can protect plants from a number of abiotic stresses including drought, 

temperature, and metal stress (Zhu et al. 2009; Cartes et al. 2010; Hasanuzzaman and 

Fujita 2011; Saidi et al. 2014). At higher doses, and in sulfur limited conditions, selenium 

itself becomes toxic to plants (White et al. 2004; Kaur et al. 2014). Selenium primarily 

exists in the soil in two inorganic forms, selenate (SO4
2-) and selenite (SO3

2-), with 

selenate being more prevalent in alkaline soils and selenite in acidic soils (Missana et al. 

2009; Bodnar et al. 2012; Wu et al. 2015). Uptake of selenium is mediated by phosphate 

transporters, in the case of selenite, and sulfate transporters for selenate (Feist and 

Parker 2001; Zhang et al. 2003; Li et al. 2008). The uptake of selenium by sulfate 

transporters (SULTR1;2) decreases as sulfate levels increase, and sulfate starvation 

greatly increases selenium uptake (Terry et al. 2000; Sors et al. 2005; El Kassis et al. 

2007). After entry into the plant selenium is rapidly incorporated into seleno-cysteine 

(SeCys) and seleno-methionine (SeMet) (Dumont et al. 2006).  

 During a variety of abiotic stresses, the production of ROS leads to disruptions in 

membranes, proteins, and decreases in photosynthetic rate (Hasanuzzaman et al. 2011; 

Kumar et al. 2012; Wang et al. 2012). Under heavy metal and metalloid stress selenium 

has been implicated in reducing ROS accumulation, as well as, reducing heavy metal and 

metalloid accumulation and translocation, and heavy metal and metalloid associated 



   

12 

 

growth inhibition (Belzile et al. 2006; Pedrero et al. 2007; Zembala et al. 2010; Feng et 

al. 2011; Sun et al. 2016; Camara et al. 2018). The exact mechanism by which selenium 

reduces heavy metal and metalloid accumulation remains unknown, but evidence has 

implicated selenium in both reducing uptake and possibly increasing extrusion of heavy 

metals and metalloids. Selenium-binding protein 1 (SBP1) has been shown to be 

expressed in Arabidopsis roots and shoots and to be strongly induced in response to 

cadmium exposure (Sarry et al. 2006; Dutilleul et al. 2008). Over-expression lines of 

SBP1 showed enhanced cadmium tolerance and root accumulation (Agalou et al. 2005). 

Additionally, phytochelatin synthase and glutathione synthetase knockout lines (cad2-1 

and cad1-3) overexpressing SBP1 were able to recover the mutant background’s 

cadmium sensitivity, implying a role for SBP1 in cadmium detoxification. Selenium toxicity 

is mediated by two main avenues, pro-oxidant activity and mis-incorporation of seleno-

amino acids (Pilon-Smits and Quinn 2010). At high doses, selenium switches from 

decreasing ROS accumulation to causing oxidative stress, leading to increased lipid 

peroxidation and cell mortality (Filek et al. 2010; Mroczek-Zdyrska and Wójcik 2012). 

Knockout Arabidopsis lines for ascorbate peroxidase 1 (APX1) have increased selenium 

tolerance by increasing the activity of several antioxidant enzymes, including catalase 

and glutathione reductase (Tamaoki et al. 2008; Jiang et al. 2016). Malformed 

selenoproteins are created as a result of incorporation of SeCys and SeMet in place of 

Cys and Met (Pilon-Smits et al. 2002; Pilon-Smits and Quinn 2010). Misincorporation of 

SeCys/SeMet is detrimental to proper protein structure and function due to the larger, 

more reactive chemistry of selenium (Balk and Pilon 2011; Châtelain et al. 2013; Hondal 



   

13 

 

et al. 2013). The misincorporation of SeCys/SeMet increases when sulfur becomes 

limiting, leading to higher toxicity of selenium (White et al. 2004).  

 Silicon has been reported to aid in plant growth across a wide variety of biotic and 

abiotic stresses, including heavy metal toxicity (Bélanger et al. 2003; Epstein 2009; Song 

et al. 2009; Ma and Yamaji 2015). In a number of plants, including rice, maize, and wheat, 

a negative correlation between external silicon levels and cadmium and arsenic 

accumulation and translocation has been found (Li et al. 2008; Rizwan et al. 2012; Farooq 

et al. 2013; Dresler et al. 2015; Hussain et al. 2015; Naeem et al. 2015). For arsenic the 

reduction in accumulation and uptake in rice can be partially connected to the shared 

influx transporter Lsi1 (Ma et al. 2006; Ma et al. 2007; Guo et al. 2009). Two main factors 

contribute to lowered cadmium accumulation and translocation in plants grown in the 

presence of silicon, including conversion of cadmium to non-bioavailable forms and 

increased sequestration of cadmium into cell walls (Liang et al. 2007; Putwattana et al. 

2010; Vaculík et al. 2012; Liu et al. 2013a; Liu et al. 2013b). Silicon has also been shown 

to alleviate the damage done by arsenic and cadmium to photosynthetic machinery, 

stomatal conductance, and water use efficiency (Nwugo and Huerta 2010; Malčovská et 

al. 2014; Sanglard et al. 2014; Song et al. 2014a).  

 Calcium has been shown to play a significant role in plant stress responses, 

including, temperature and drought stress (Chen et al. 2013a; Zhang et al. 2014b). In a 

number of studies co-treatment with calcium is able to alleviate the symptoms of cadmium 

toxicity, including the lowering of antioxidant enzyme activity, lowered biomass, primary 

root growth inhibition, and suppression of respiration and photosynthesis (Andosch et al. 

2012; Min et al. 2012; Farzadfar et al. 2013; Choong et al. 2014). Additionally calcium 
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has been shown to increase glutathione synthesis, and minimize the increase in hma2 

and hma4 expression, as well as minimizing overall, and tissue specific cadmium 

accumulation (Andersson and Nilsson 1974; López‐Climent et al. 2014; Zeng et al. 2017). 

These results have been seen in a wide variety of plants, including Arabidopsis, Sedum 

alfredii, citrus plants, corn, and B. napus, however, the molecular mechanisms mediating 

these actions are largely unknown (Suzuki 2005; Kurtyka et al. 2008; Tian et al. 2011; 

López‐Climent et al. 2014).  

Signaling and response to heavy metals and metalloids 

 Across a number of plant species, including Arabidopsis, rice, wheat, and maize, 

microarray and RNA-seq experiments have shown large shifts in gene expression in 

response to heavy metal and metalloid exposure (Leonhardt et al. 2004; Kovalchuk et al. 

2005; Cebeci et al. 2008; Gao et al. 2013; Jobe et al. 2013; Dubey et al. 2014; Gao et al. 

2015). In a recent transcriptome analysis of cadmium responsive transcripts in 

Nipponbare rice, 36,222 transcripts were identified as differentially regulated after 

cadmium exposure (Oono et al. 2014). A subset of these transcripts were differentially 

regulated after 1 hr of exposure, with the rest showing regulation after 24 hrs exposure. 

A study in metal hyperaccumulator Arabidopsis halleri that compared cadmium exposure 

transcriptome between two populations (PL22 and I16) found that 9.2% and 8.5% of 

transcripts were differentially regulated after cadmium exposure (Corso et al. 2018). While 

the actual number of genes that show regulation in response to heavy metal and metalloid 

exposure varies widely based on species, level of exposure, and time course, in all 

experiments large portions of the transcriptome show some level of regulation (Herbette 

et al. 2006; Valliyodan and Nguyen 2006; Rascio and Navari-Izzo 2011; Shen et al. 2013). 
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The types of genes that show shifts in regulation are relatively similar across species, 

with genes involved in metal transport, stress response, and biosynthesis of metabolites 

being upregulated, while DNA repair and photosynthesis gene are downregulated 

(Kovalchuk et al. 2005; Weber et al. 2006).  

 In order to identify core components of the cadmium response and regulatory 

network, Tan and Chang et al, 2017, combined their rice transcriptome data with 11 

previously published and available data sets (Tan et al. 2017). This study found 271 

universally cadmium-regulated gene transcripts of which 164 have annotated functions. 

Of the 164 annotated genes, 60 of these are general stress response genes found in 

many studies, including drought, salinity, and temperature stress, which include genes in 

abscisic acid (ABA) and jasmonic acid (JA) synthesis and response, and a number of 

stress related transcription factors (Nakashima et al. 2009). Within the 104 cadmium 

specific genes, a number of them were for metal transporters, or enzymes previously 

characterized in connection to detoxifying or storing heavy metals and metalloids.  

 In Arabidopsis, few transcription factors have been characterized in heavy metal 

and metalloid response and regulation, including SLIM1 and WRKY6. WRKY6 expression 

is activated in response to arsenate levels in the cell and controls the arsenate based 

repression of phosphate transporters, and also influences arsenate induced transposon 

activity (Castrillo et al. 2013). SLIM1, also known as ethylene insensitive-like 3 (EIL3), is 

the central transcription factor involved in regulating sulfur uptake and starvation 

(Maruyama-Nakashita et al. 2006; Wawrzyńska and Sirko 2014). SLIM1 has been shown 

to regulate the expression of root sulfate transporters, including SULTR1;2 in response 

to sulfate depletion, cellular GSH and PC levels, and overall cell redox state (Jobe et al. 



   

16 

 

2013; Zhang et al. 2014a). Unpublished data in the Schroeder lab has shown that SLIM1 

knockout mutants (slim1-1 and slim1-2) show cadmium and arsenic sensitivity, through 

root growth assays. The specific targets of SLIM1 and its connection to heavy metal and 

metalloid response are not yet fully characterized. Elucidating the transcription factors 

and regulatory network that control heavy metal and metalloid induced gene expression 

is essential for design of safer crops and optimizing plants for phytoremediation. 

Luciferase screen for heavy metal and metalloid response mutants 

 In order to elucidate the molecular and genetic mechanisms that control the rapid 

heavy metal and metalloid induced gene expression shifts in Arabidopsis, a forward 

genetic screen was performed to identify mutants with altered cadmium responses (Jobe 

et al. 2013). Using a combination of microarrays and qPCR the SULTR1;2 root sulfate 

transporter was identified as having robust and rapid induction of  gene expression after 

cadmium exposure. The promoter of the SULTR1;2 gene was fused to the firefly 

luciferase gene and transformed into Col-0 Arabidopsis, creating a cadmium-reporter 

Arabidopsis line. After mutagenizing the cadmium-reporter line with EMS (ethyl 

methanosulfonate), mutants were grouped into three categories based on the shift in 

cadmium response: Super-Response to Cadmium (SRC), Constitutive-Response to 

Cadmium (CRC) and Non/Reduced-Response to Cadmium (NRC).  

 The first mutants characterized from this screen were nrc1 and nrc2, which were 

found to have mutations in essential steps of glutathione biosynthesis. Prior to this work, 

regulation of the sulfate transporter was believed to follow a metabolite-demand model, 

where depletion of glutathione by cadmium exposure would induce expression of the 

sulfate transporter and glutathione biosynthesis machinery (Rauser 1995; Kopriva 2006). 
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However, in these mutants glutathione cannot be synthesized resulting in a build-up of 

cysteine and γ-glutamylcysteine but there is no induction of SULTR1;2. This observation, 

as well as feeding of thiol and non-thiol based reducing agents, led to the formulation of 

a model wherein a reducing cellular environment has a hierarchical control over the 

repression of SULTR1;2 induction. In order to identify transcriptional repressors that 

control the rapid shifts in gene expression after cadmium exposure we are now mapping 

and characterizing two additional mutants identified in this screen, src1 and crc1.  
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Abstract 

 Cadmium, lead, and arsenic are toxic elements that serve no known function in 

plant and animal systems, and exposure to these toxic heavy metals and metalloids is 

associated with severe health risks. While much is known about how plants take up and 

sequester cadmium and arsenic, little is known about the regulation of the robust shifts in 

gene expression seen after exposure. In order to elucidate the heavy metal and metalloid 

signaling and response network a forward genetic screen was performed by EMS-

mutagenesis of a cadmium-responsive luciferase reporter line of Arabidopsis thaliana. In 

this work two mutants identified in the screen, one super-response to cadmium mutant 

(src1) and one constitutive-response to cadmium mutant (crc1) were mapped and 

characterized. For the src1 mutant no visible growth phenotypes were able to be 

identified. However, the crc1 mutant is capable of growing much more strongly than wild-

type Arabidopsis on sulfur-free media containing both cadmium and selenate. To map the 

causative mutations a bulk segregant approach was used in conjunction with whole 

genome sequencing. For the src1 mutant, 25 candidate EMS mutations were identified in 

a 3.4 Mb region of chromosome 4 and for the crc1 mutant 14 EMS mutations were 

identified in a 1.8 Mb region of chromosome 4. The two regions do not overlap. Root 

growth assays performed on T-DNA knockout lines for the src1 candidates showed no 

phenotype, Utilizing the crc1 root phenotype after cadmium and selenate co-exposure, 

the 14 candidates were narrowed down to two genes, At4g10930 and At4g13575. 

Complementation of the luciferase response and root growth phenotypes will be utilized 

to verify the causative mutation. Further characterization of gene expression, through 

qPCR and RNAseq, and heavy metal content, through ICP, are needed. 
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Introduction 

 The heavy metals and metalloids cadmium, lead, and arsenic are toxic elements 

that are among the top 10 priority hazardous substances for the EPA’s Superfund 

program (CERCLA 2015). These toxic metals and metalloids serve no known function in 

plant and animal nutrition and are detrimental to human health (Tong et al. 2000; Järup 

and Åkesson 2009). Single large dose exposure to toxic metals and metalloids can lead 

to digestive problems, fatigue, nerve damage, and death (ATSDR 2000; Ratnaike 2003). 

Chronic low level heavy metal and metalloid exposure causes less immediately 

recognizable but no less severe health problems, including immune impairment, 

increased cancer risk, cardiovascular and respiratory problems, and developmental 

defects in young children (Allen et al. 2002; Aschner and Walker 2002; Ohta et al. 2002; 

Yu et al. 2002; Waisberg et al. 2003; Heck et al. 2009; Satarug et al. 2010; Walker et al. 

2010). Low levels of toxic heavy metals and metalloids occur naturally in the environment, 

however anthropogenic sources of contamination have greatly increased the risk of 

human exposure (Duker et al. 2005; Ahmad and Goni 2010; Alloway 2013; Yousaf et al. 

2016). The use of waste water and sewage sludge for irrigation can result in crop 

contamination from a variety of toxic heavy metals and metalloids (Meharg and Rahman 

2003; Abbasi et al. 2013). Additionally, historic use of arsenic based pesticides and 

herbicides has led to legacy contamination in agricultural soils (Murphy and Aucott 1998; 

Zhu et al. 2014). Application of contaminated fertilizers is also a common mechanism of 

cadmium exposure in crops (Mendez and Maier 2008; Antoniadis et al. 2017). In more 

urban areas, improper handling of industrial and manufacturing waste, as well as fumes 

and debris from automobiles, release large amounts of toxic heavy metals and metalloids 

into the environment (Harrison et al. 1981; Thornton 2009).  
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 Plants are an essential component of the human diet and a major source of 

vitamins and minerals needed for healthy nutrition, including metals like iron, zinc, and 

manganese (Alaimo et al. 2008). Due to their high metal and nutrient content, plants are 

also a major source of heavy metal and metalloid contamination, including cadmium, lead, 

and arsenic, into the food chain (Gilbert-Diamond et al. 2011; Clemens et al. 2013). Heavy 

metals and metalloids are taken up as a byproduct of essential nutrient transport. Metals 

like cadmium and lead are taken up by root zinc and iron transports, including ZIP1, while 

arsenic, in the form of arsenate, can be taken up by root phosphate transporters such as 

PHT1 (Meharg and Macnair 1992; Korshunova et al. 1999; Thomine et al. 2000; Connolly 

et al. 2002; LeBlanc et al. 2013). Once inside the plant cells arsenate is reduced to 

arsenite by arsenate reductases, including HAC1 (Chao et al. 2014; Sanchez-Bermejo et 

al. 2014). Thiol-based chelating molecules such as glutathione (GSH) and phytochelatin 

(PC) are an essential component in heavy metal detoxification and movement throughout 

the plant (Clemens 2006; Mendoza-Cozatl et al. 2011). Glutathione is a thiol-based 

tripeptide that forms the basis of phytochelatin polymers. Phytochelatins bind the heavy 

metals cadmium and lead, as well as arsenic, which allow them to be loaded into the 

vacuoles by ABC transporters, ABCC1 and ABCC2 (Song et al. 2010; Park et al. 2012; 

Song et al. 2014). Free cadmium and lead can also be loaded into the vacuole by Heavy 

Metal ATPases (HMA3) (Morel et al. 2009; Miyadate et al. 2011; Takahashi et al. 2012).  

 Microarray and RNA-seq studies have shown that large shifts in gene expression 

are seen after heavy metal and metalloid exposure, across a variety of plant species, 

including Arabidopsis, rice, wheat, and maize (Kovalchuk et al. 2005; Cebeci et al. 2008; 

Gao et al. 2013; Jobe et al. 2013; Dubey et al. 2014; Gao et al. 2015). The exact number 
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of genes that show changes in expression as a result of heavy metal and metalloid 

exposure varies greatly among species. For example, in Arabidopsis halleri 8-10% of 

genes showed shifts in gene expression, while a recent study in Nipponbare rice found 

nearly 50% of transcripts to show a shift in gene expression after cadmium exposure 

(Oono et al. 2014; Corso et al. 2018). This same rice study showed that a smaller number 

of transcripts show differential regulation one hour after cadmium exposure, with a much 

larger number found after 24 hours. While the portion of the genome that shows shifts in 

gene expression after heavy metal and metalloid exposure varies among species, the 

heavy metal and metalloid responsive genes fall into similar roles and categories 

(Herbette et al. 2006; Valliyodan and Nguyen 2006; Rascio and Navari-Izzo 2011; Shen 

et al. 2013). Commonly regulated genes include those involved in metal transport, stress 

response, metabolite biosynthesis, and DNA repair (Kovalchuk et al. 2005; Weber et al. 

2006). To identify core components of the cadmium response and regulatory network, 12 

rice transcriptome studies were combined, finding 271 universally cadmium-regulated 

genes, 164 of which have annotated functions, and 60 of which are general stress 

response while the other 104 are cadmium specific (Tan et al. 2017).  

 While it is well characterized that exposure to heavy metals and metalloids leads 

to a rapid and robust shift in gene expression little is known about the transcription factors 

and regulators that control this response. In Arabidopsis the SLIM1 and WRKY6 

transcription factors have connections to heavy metal and metalloid response and gene 

regulation. WRKY6 expression increases after arsenate exposure and represses the 

activity of phosphate transporters that play a role in arsenate uptake (Castrillo et al. 2013). 

SLIM1, also known as EIL3, is central to the regulation of sulfur uptake, by regulating root 
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sulfate transporters, such as SULTR1;2 (Maruyama-Nakashita et al. 2006; Wawrzyńska 

and Sirko 2014). Unpublished data from the Schroeder lab has shown that SLIM1 

knockout mutants (slim1-1 and slim1-2) are cadmium and arsenic sensitive, however 

additional targets for SLIM1 that impact heavy metal and metalloid response have not yet 

been identified.  

 In order to identify novel components of the heavy metal and metalloid signaling 

and response pathway a forward genetic screen was performed by randomly 

mutagenizing a heavy metal and metalloid responsive luciferase-reporter line using EMS 

(Ethyl MethanoSulfonate). The heavy metal reporter-line was generated by fusing the 

promoter region of the SULTR1;2 sulfate transporter to a luciferase reporter gene. 

Previously two non/reduced-response to cadmium mutants (nrc1 and nrc2) identified in 

this screen were found to have mutations in the γ-glutamyl cysteine and glutathione 

synthase, respectively (Jobe et al. 2013). It was found that in addition to the predicted 

metabolite-demand model of regulation, where depletion of GSH would increase 

expression of the SULTR1;2 transporter, the overall redox state of the cell may also play 

a role in transporter expression.  In this work we are characterizing one super-response 

to cadmium (src1) and one constitutive-response to cadmium (crc1) mutant that we 

believe may be transcriptional repressors of the heavy metal response network. 
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Materials and Methods 

Plant material and growth conditions 

 The cadmium-responsive, luciferase reporter line (pSULTR1;2::LUC) and the crc1 

and src1 mutants are all in the Col-0 background (Jobe et al. 2013). The T-DNA insertion 

knockout lines in candidate genes were also in the Col-0 background and were obtained 

from the Arabidopsis Biological Resource Center (ABRC) at Ohio State University (Tables 

1.2 and 1.3). Seeds were surface sterilized using a solution of 50% bleach, 0.05% Tween-

20 and stratified with dark treatment at 4˚C for 2-5 days then placed on media plates. 

Plated seeds were then grown in a growth chamber with 12-h light/12-h dark at 21˚C. 

Primers used for genotyping T-DNA insertion knockout lines can be found in Table 1.1. 

Root growth assays 

 To identify root growth phenotypes seeds were germinated on half-strength MS 

(Murashige and Skoog medium), 1 mM MES (2-(N-morpholino)ethanesulfonic acid), and 

1.5% agar with the pH adjusted to 5.6 with KOH and grown vertically for one week. After 

one week seedlings were transferred to different media (as indicated in the results 

section). The sulfur-free media contains 0.05 mM KNO3, 1 mM KH2PO4, 0.25 mM 

Ca(NO3)2 ,100 μM NaFeEDTA, 30 μM H3BO3,10 μM MnCl2, 1 μM CuCl2,1 μM ZnCl2, 0.1 

μM (NH4)6Mo7O24, 50 μM KCl,1 mM MgCl2 and 0.5 mM MgSO4 and 1.5% agar and is 

brought to pH 5.6 with KOH. The minimal media contains 2.5 mM H3PO3, 5 mM KNO3, 2 

mM MgSO4, 1 mM Ca(NO3)2, 1 mM MES, 0.5% Sucrose and 1.5% agar and is brought 

to pH 5.6 with KOH (Lee et al. 2003). 
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Luciferase luminescence imaging 

 To measure luciferase luminescence seeds are plated on quarter-strength MS 

(Murashige and Skoog medium), 1 mM MES (2-(N-morpholino)ethanesulfonic acid), 1% 

sucrose, and 1.5% agar with the pH adjusted to 5.6 with KOH. Sterilized 100 µm nylon 

mesh was placed on the surface of the plate prior to the seeds. The plates are then grown 

vertically for 6 days. The mesh with the seedlings on the surface were then transferred to 

fresh quarter-strength plates with 100 µL of 100 µM luciferin evenly spread on the surface. 

The plates were then incubated overnight in the dark to minimize non-specific 

luminescence. For treatment the mesh with the seedlings were transferred to either 

quarter-strength MS media plates for control or quarter-strength MS media plates 

containing 100 µM Cd both with 100 µL of 100 µM luciferin for 4-6 hours in the dark. After 

4-6 hours the plates were imaged using a BERTHOLD NightOWL LB981 imaging system. 

Images were captured with a 2 min exposure time and luminescence was quantified using 

NIGHTOWL software.  

Isolation of genomic DNA for whole-genome sequencing 

 Seedlings were grown on half-strength MS plates for two weeks vertically. For 

each genotype ten seedlings were pooled and frozen with liquid nitrogen. Tissue was 

ground to a fine power using 2.3 mm stainless steel beads and a Retsch MM 400 Mixer 

Mill for 5 min at 25 min-1. Genomic DNA was isolated using 100 mg of ground, frozen 

tissue with the QIAGEN DNeasy Plant Mini Kit.  
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Sequencing and analysis of genomic DNA 

 Approximately 100 ng of gDNA was tagmented using the Nextera® DNA Sample 

Preparation Kit (Illumina) with 0.5 µl Tn5 (Tagement DNA Enzyme 1), a total volume of 

20 µl and 5 minute incubation time at 55˚C. Reaction was purified using the ChIP DNA 

Clean and Concentrate kit (Zymo Research) and amplified and barcoded for 9 PCR 

cycles. Libraries were size selected for 200-250 bp by gel isolation and sequenced SE75 

on a NextSeq 2500 (Illumina). Genomic DNA sequences were analyzed using the open 

source online platform Galaxy (https://usegalaxy.org/). 

Total RNA isolation and RT-PCR analysis 

 Seedlings were grown vertically on half-strength MS plates for two weeks. For 

each genotype ten seedlings were pooled and frozen with liquid nitrogen. Tissue was 

ground to a fine power using 2.3 mm stainless steel beads and a Retsch MM 400 Mixer 

Mill for 5 min at 25 min-1. Total RNA was isolated from 100 mg of ground, frozen tissue 

with the Sigma-Aldrich Spectrum Total Plant RNA Kit. RNA was quantified using a 

Thermo Scientific NanoDrop 1000 spectrophotomoter and 3 μg of RNA were treated with 

DNase using the ambion TURBO DNase-free kit from Life Technologies. Quantabio 

qScript cDNA SuperMix was used to generate cDNA from 1 μg of DNase treated RNA. 

Primers for RT-PCR were designed using QuantPrime and are shown in Table 1.1. 

Quantitative PCR was performed using Sigma-Aldrich SYBR Green JumpStart Taq 

ReadyMix in a 20 μL reaction with 1 μL of each primer and 1 μL of cDNA for each reaction. 

The ef1α (At5g60390) gene was used as a control.  
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Results 

Identification of cadmium response mutants 

 In order to identify novel components in the heavy metal and metalloid signaling 

and transcriptional response network a forward genetic screen was performed where an 

Arabidopsis cadmium reporter line was mutagenized using EMS. The mutants were then 

categorized based on the shifts in luciferase activity (Figure 1.1). On control media plates 

(1/4 MSS) the reporter line shows low luciferase activity, that approximately doubles after 

four hours exposure to 100 µM Cd (Figure 1.1A,B,G). One group of mutants displayed 

normal luciferase activity on control media, but a much stronger increase in luminescence 

after cadmium exposure compared to the reporter line (Figure 1.1C,D,G). This category 

of mutants were labeled as super-response to cadmium (SRC) mutants and include src1. 

A second group of mutants were identified as constitutive-response to cadmium (CRC) 

mutants, including crc1, which show high levels of luciferase activity, equivalent to the 

reporter line after cadmium exposure, whether or not cadmium is present (Figure 1.1E-

G). A third group not shown here are the non/reduced-response to cadmium mutants 

which include the nrc1 and nrc2 mutants previously characterized (Jobe et al. 2013).  

Characterizing src1 and crc1 

 To begin characterizing the src1 and crc1 cadmium response mutant lines we 

began by looking for traditional heavy metal and metalloid associated root growth 

phenotypes. For initial examination of heavy metal and metalloid tolerance or sensitivity 

phenotypes, seedlings for the control reporter line, crc1 and src1 were initially germinated 

on ½ MS media for 7 days before transfer to plates containing heavy metals or metalloids. 
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When grown on ½ MS media containing 75 µM Cd the src1 and crc1 mutants showed no 

difference from the control line (Figure 1.2A,B). Root growth was also examined on ½ MS 

media containing copper (100-200 µM), chromium (III) (100-400 µM), arsenite (5-100 µM) 

or cadmium (10-500 µM) with no difference in root growth observed (Data not shown).  

 Previous work studying stress related phenotypes have shown that the use of a 

minimal media can exacerbate phenotypes making them more visible. To test this 

possibility the control reporter line, crc1, and src1 mutants were germinated on minimal 

media plates for 7 days before transfer to minimal media plates containing a range of 

heavy metals and metalloids. As seen with the ½ MS media the src1 and crc1 mutants 

showed no difference from control with 75 µM cadmium (Figure 1.2C,D). Root growth 

assays performed on minimal media plates containing copper (100-200 µM), chromium 

(III) (100-400 µM), arsenite (5-100 µM) or cadmium (10-500 µM) also showed no 

difference in root growth between control and the src1 and crc1 mutants (Data not shown). 

 Due to the central role of sulfur in the detoxification and sequestration of heavy 

metals and metalloids a sulfur-free media was used to examine possible root growth 

phenotypes in these mutants. The control reporter line, crc1, and src1 mutants were 

germinated on sulfur-free media plates for 7 days before transfer to sulfur-free media 

plates containing a range of heavy metals and metalloids. As seen with other medias the 

src1 and crc1 mutants showed no difference from control on 75 µM cadmium plates 

(Figure 1.2E,F). Root growth assays performed on minimal media plates containing 

copper (100-200 µM), chromium (III) (100-400 µM), arsenite (5-100 µM) or cadmium (10-

500 µM) also showed no difference in root growth between control and the src1 and crc1 

mutants (Data not shown). 
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 Low levels of selenium co-exposure with cadmium has been found to mitigate 

some of the toxic effects usually seen from heavy metal uptake. Additionally, higher levels 

of selenium can be toxic to plants, with its toxicity increasing as sulfur availability 

decreases. To test whether the combination of sulfur-free media and co-exposure to 

cadmium and selenium would reveal any previously unseen phenotypes, the control 

reporter line, nrc1, crc1, and src1 mutants were germinated on sulfur-free media plates 

for 7 days before transfer to sulfur-free media plates containing either 75 µM Cd or 75 µM 

Cd + 1 µM Se. When grown on sulfur-free media there are no measurable differences in 

root length between the control reporter line and any of the mutants (Figure 1.3A,D). The 

addition of 75 µM Cd to the a sulfur-free media results in a reduction in root growth for all 

lines, with the nrc1 mutant showing greater sensitivity than the control, or the src1 and 

crc1 mutants (Figure 1.3B,D). Interestingly, the co-exposure of 75 µM Cd and 1 µM Se in 

the sulfur-free media results in a greater reduction in root growth than 75 µM Cd alone for 

the control line, and nrc1 and src1 mutants (Figure 1.3B-D). However, in the crc1 mutant, 

the addition of selenate to the media results in increased root growth, compared to 

cadmium exposure alone.  

 Since co-exposure of selenate with cadmium enhanced the crc1 mutants root 

growth we wanted to examine whether it also has an effect on the luciferase response 

phenotype. The addition of 1 µM selenate alone was did not induce luciferase activity in 

the reporter line and the combination of 75 µM cadmium and 1 µM selenate did induce 

luciferase activity, although it was to a slightly lower level than cadmium alone (Figure 

1.4A-D,I). In the crc1 mutant, the addition of 1 µM selenate slightly lowered the luciferase 
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activity compared control and 75 µM cadmium alone, and the addition of 75 µM cadmium 

and 1 µM selenate resulted in an intermediate level (Figure 1.4E-I).  

 Buthionine sulfoximine (BSO) is a sulfoximine that reduces glutathione levels by 

inhibiting γ-glutamylcysteine synthetase, the first step in glutathione synthesis. By testing 

for root growth phenotypes under co-exposure of cadmium and BSO it is possible to 

identify defects in glutathione synthesis. The addition of 1 mM BSO resulted in no change 

in root growth on minimal media alone for the reporter line or the crc1 and src1 mutants 

(Figure 1.5). The combination of 1 mM BSO and cadmium exposure resulted in 

decreased root growth compared to cadmium alone at both 20 µM and 100 µM Cd. There 

was no differences seen between the control reporter line and the mutants crc1 and src1.  

 To elucidate any differences between the two mutant lines, src1 and crc1, and the 

reporter line the expression of a number of genes were measured with and without 

cadmium exposure using qPCR. The expression of seven different genes were analyzed 

in the control reporter line, and src1 and crc1 mutants compared to the Ef1α control gene. 

Seedlings were grown for seven days on ¼ MSS media before being transferred to either 

another ¼ MSS plate or a ¼ MSS + 100 µM Cd plate for 6 hours. There was no significant 

difference in the change in gene expression between the three lines (Figure 1-6).  

Identifying the causative mutation in src1 

 In order to map the causative mutations in the src1 and crc1 mutant lines we used 

a bulk segregant approach where the mutant was crossed to a non-mutant Arabidopsis 

line and the F2 seedlings were analyzed for the luciferase phenotype. The src1 mutant 

was crossed into the Bur-0 ecotype of Arabidopsis to increase the genetic variation for 
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mapping. In the F2 generation seedlings are analyzed for luciferase phenotypes both 

qualitatively (1.7A) and quantitatively (Figure 1.7B). The seedling indicated as 1 displays 

the desired super-response phenotype and would be carried for to F3 generation for 

verification before being added to our bulk segregant pool for sequencing. 

 After identifying 19 independent F2s from the src1 x Bur-0, genomic DNA was 

isolated from each line and pooled together. Genomic DNA was also isolated from the 

parental reporter line that was mutagenized to create the src1 mutant, as well as the Bur-

0 line used to generate the mapping population. The sequencing data was analyzed using 

the online Galaxy platform and R. Figure 1.8 shows the frequency of each EMS mutation 

in the mapping population. There are two regions of high conservation, one on the lower 

arm of chromosome four and one on the lower arm of chromosome five. The luciferase 

reporter construct is integrated into the lower arm of chromosome five, indicating that our 

causative mutation should be located within the region on chromosome four. This region 

is 3.4 Mb and contains 25 candidate EMS mutations which are detailed in Table 1.2. Of 

the 25 EMS mutations in the src1 candidate region: 8 mutations are in intergenic regions, 

5 mutations are in introns, 3 mutations are in exons but should not cause an amino acid 

change, 8 mutations are in exons and should result in an amino acid change, and 1 

mutation is in an exon and should result in a premature STOP codon.  

 To narrow down the causative mutations in the src1 mutant we ordered 16 T-DNA 

knockout lines covering 12 of the candidate genes (Table 1.2). For eight of the T-DNA 

lines covering five candidate genes homozygous lines were isolated and analyzed for root 

growth phenotypes. The control reporter line, src1 mutant, and homozygous T-DNA 

knockout lines were grown for seven days on minimal media plates before being 
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transferred to either a new minimal media plate, minimal media + 50 µM Cd, or minimal 

media + 10 µM As(III). There was no difference in percent root growth after seven days 

growth on the tested media between the control reporter line, src1 mutant, and any of the 

T-DNA knockout lines (Figure 1.9). 

Identifying the causative mutation in crc1 

 To generate a mapping population the crc1 mutant was crossed back to the 

parental reporter line to avoid the segregation of the luciferase reporter. For these crosses 

the F2 generation seedlings were tested for both the constitutive luciferase phenotype 

and enhanced root growth on sulfur-free media with both cadmium and selenium. Figure 

1.10 shows examples of one F2 line (#19) from the crc1 backcross that shows the root 

growth phenotype and one line that shows a wild-type response (#14). F2 line #19 also 

shows the constitutive luciferase response, while line #14 does not, showing that the two 

phenotypes co-segregate. After checking approximately 100 F2 lines for both the root 

growth and luciferase phenotypes, all lines with the root growth phenotype were found to 

show the luciferase phenotype.  

 After identifying 47 independent F2s from the crc1 x reporter line, genomic DNA 

was isolated from each line and pooled together. Genomic DNA was also isolated from 

the parental reporter line that was mutagenized to create the crc1 mutant and used for 

the crosses. The sequencing data was analyzed using the online Galaxy platform and R. 

Figure 1.12 shows the frequency of each EMS mutation in the mapping population. There 

was one clear region of high conservation on the lower arm of chromosome four, which 

should contain the causative mutation. This region is 1.86 Mb and contains 14 candidate 

EMS mutations which are detailed in Table 1.3. This region does no overlap with the 
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candidate region of src1. Of the 14 EMS mutations in the crc1 candidate region:  2 

mutations are in exons with an amino acid change, 5 mutations are in exons with no 

predicted amino acid change, 2 mutations are in introns, 1 is in a retrotransposon, and 4 

are in intergenic regions.  

 To narrow down the causative mutations in the crc1 mutant we ordered 28 T-DNA 

knockout lines covering 13 of the 14 candidate genes (Table 1.3). All 27 T-DNA lines 

were analyzed for the root growth phenotype when grown on sulfur-free media with 

cadmium and selenium. The control reporter line, crc1 mutant, and 27 T-DNA knockout 

lines were grown for seven days on sulfur-free media before being transferred to either 

sulfur-free media plates or sulfur-free + 75 µM Cd + 1 µM Se for seven days. Four T-DNA 

lines that represent two different candidate EMS mutations showed the long root 

phenotype (Figure 1.13). The other 23 lines representing 10 candidate mutations showed 

wild-type growth on the sulfur-free + 75 µM Cd + 1 µM Se media (Figure 1.14) with the 

exception of SALK_034138 which displayed greater root growth than control or crc1 

seedlings on both the sulfur-free and sulfur-free + 75 µM Cd + 1 µM Se media (Figure 

1.14B).  

 

Discussion 

 In order to identify novel components in the Arabidopsis heavy metal and metalloid 

signaling and response network a forward genetic screen was performed by EMS 

mutagenizing a cadmium-responsive, luciferase-reporter line of Arabidopsis ((Jobe et al. 

2013). Previously, two non-response to cadmium mutants, nrc1 and nrc2, were identified 
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as having mutations in the γ-glutamyl cysteine and glutathione synthases. In this work 

two mutant lines, one super-response to cadmium, src1, and one constitutive-response 

to cadmium, crc1, were mapped and characterized to identify possible regulators of the 

heavy metal and metalloid transcriptional response network. Using a bulk segregant 

approach and whole genome sequencing, a number of possible candidate mutations 

were identified for both src1 and crc1. Additionally, a root growth phenotype was found in 

the crc1 mutant when exposed to both cadmium and selenate in a sulfur-free 

environment.  

 The src1 mutant was found to have no root growth phenotypes when grown on ½ 

MS, minimal, or sulfur-free media plates after exposure to cadmium, arsenic, copper, or 

chromium across a wide range of concentrations (Figure 1.2). After whole-genome 

sequencing of the mapping population generated by crossing the src1 mutant with Bur-0 

Arabidopsis a 3.4 Mb region of the lower arm of chromosome 4 was found to contain the 

causative mutation for the super-response phenotype (Figure 1.8). In an attempt to 

narrow down the causative mutation from these 25 initial candidates, 16 T-DNA knockout 

lines covering the 12 most likely candidate mutations were ordered (Table 1.2). The 

candidates that were initially considered most likely included those with mutations in 

exons predicted to cause amino acid changes or a premature stop codon, and those 

within 300 bp upstream of the start codon. For the eight T-DNA lines, covering five 

candidate genes which homozygous T-DNA lines were obtained for, no root growth 

phenotypes were found when grown on either 50 µM cadmium of 10 µM arsenite (Figure 

1.9). Since there are no identifiable phenotypes associated with the src1 mutant in either 
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root growth or gene expression that have been found, further narrowing the causative 

mutation will be a challenge.  

 The crc1 mutant was found to have a visible root growth phenotype when exposed 

to both cadmium and selenium on sulfur-free media (Figure 1.3). When grown on sulfur-

free media with cadmium the control reporter line, src1 and crc1 mutants all grow more 

poorly than on sulfur-free media alone. However, while the addition of selenate to the 

media results in further inhibition of root growth in the control reporter line and src1 

mutant, it actually enhances the root growth of the crc1 compared to cadmium exposure 

alone. Selenium has not been shown to be essential for plant nutrition, but does have 

protective effects from a number of abiotic stresses, including drought, temperature, and 

metal stress (Zhu et al. 2009; Cartes et al. 2010; Hasanuzzaman and Fujita 2011; Saidi 

et al. 2014). However, at high doses and under sulfur starvation, selenium itself becomes 

toxic. In the case of the control reporter and src1 the combined addition of selenate to the 

sulfur-free media with cadmium results in increased toxicity over cadmium alone, as 

shown by the decrease in root growth (Figure 1.3D). For the crc1 mutant line, the root 

growth inhibition is decreased when selenate is added to the media along with cadmium 

when compared to cadmium alone. This indicates that in the crc1 mutant line the 

protective antioxidant effects of selenium are able to persist at higher levels under sulfur 

starvation than in the control reporter-line. It is possible that the causative mutation is 

playing a role in regulating the antioxidant pathway in Arabidopsis, allowing it to act more 

strongly in the mutant line. 

 After whole-genoming sequencing of the mapping population generated by 

crossing the crc1 mutant back into parental reporter line a 1.8 Mb region on the lower arm 
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of chromosome 4 was found to contain the causative mutation (Figure 1.12). To narrow 

down the causative mutation from the 14 candidate EMS mutations, 27 T-DNA knockout 

lines were ordered covering 13 genes (Table 1.3). These 27 T-DNA lines were screened 

for the cadmium and selenium coexposure root growth phenotype seen in the crc1 

mutant. Four T-DNA lines (SALK_067394, SALK_120184, SALK_117071, 

SALK_117073) covering two candidate genes (AT4g10930, At4g13575) displayed the 

root growth phenotype (Figure 1.13). One other T-DNA line, SALK_034138, had long root 

growth on the cadmium and selenium plate, however it also displayed greater root growth 

than the reporter control or crc1 mutant on sulfur-free media, indicating that this T-DNA 

line likely has a universal long root phenotype (Figure 1.14B).  

 From the root growth assays on the 27 T-DNA lines for the crc1 candidate 

mutations four lines representing two genes displayed the crc1 root growth phenotype. 

The first gene, At4g13575, has a C to T mutation in the crc1 mutant in the 3’UTR of the 

transcript (Table 1.3). At4g13575 is a hypothetical protein that has only been detected in 

transcriptome datasets (Wang 2015; Kumar et al. 2017). Both of these studies were 

looking at the effects of miRNAs on the Arabidopsis transcriptome but posit no function 

for this gene. 

 For the second gene At4g10930, the crc1 mutant line has a G to A mutation in 

intron 6 (Table 1.3). This gene is listed in the TAIR database as a RING/U-box protein. In 

previous annotations of the Arabidopsis genome two genes were in this region, 

At4g10930 and At4g10940, however they have recently been identified as a single gene, 

now labeled At4g10930. Predictions based on the sequence show that it is likely to be 

localized to the nucleus. There have been very few publications about this gene and all 
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of them are large-scale or –omics studies rather than studies on the gene itself. While it 

is classified as a RING/U-box, a study classifying genes in the Arabidopsis genomes as 

encoding U-box proteins found 37 genes, which does not include At4g10930 or 

At4g10940 (Azevedo et al. 2001). Two different groups have identified At4g10930 as a 

homolog of the rice gene Os12g0209700, an expressed gene of unknown function 

(Nakamura et al. 2006; Yi et al. 2013). At4g10930 was also found to be misexpressed in 

knockout lines of AtCaf1a (At3g44260), an mRNA deadenylase with a role in plant 

defense response (Walley 2009). At4g10930 was also found through a yeast two-hybrid 

study to interact with ASK1, a Skp1-like protein that plays a role the SCF ubiquitin-ligase 

pathway (Risseeuw et al. 2003). In this paper they name the gene SKIP8 (SKP1/ASK-

interacting proteins) but do no further studies into its potential function.  

   Moving forward the most effective method to determine the causative mutation in 

src1 and crc1 from the list of candidates would be to look for complementation. For crc1 

each of the predicted candidates, At4g13575 and At4g10930, can be cloned into an 

Arabidopsis expression construct and transformed into the crc1 mutant. These 

transformations could then be screened for the constitutive-response luciferase 

phenotype or root growth phenotype. For the src1 mutant, since a phenotye differentiating 

the control reporter line from the src1 line, other than the luciferase phenotype has not 

been found, complementation of this phenotype in the src1 background is currently the 

only way to narrow down the causative mutation. In order to more rapidly reach the point 

of screening for complementation an expression construct using the gene for the mCherry 

fluorescent protein driven by a seed coat specific promoter can be used for selection 

rather than herbicide selection. The luciferase reporter assay is very sensitive to any 
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additional stress the plants may be under, meaning that selecting transformants through 

herbicide resistance would likely confound the luciferase phenotypes. This would require 

that stable homozygous lines be generated for each transformant before testing the 

luciferase assay. By using the seed coat selection, T1 transformants could be directly 

tested for complementation of the luciferase phenotypes. 

 For both the src1 and crc1 mutant lines, it is possible that there are differences in 

gene expression of genes outside of those that we have tested that could allow for 

additional methods of identifying causative mutations. At this point we have only tested 

changes in gene expression after 6 hours of cadmium exposure, as is done for the 

luciferase assay, however looking at both longer and shorter time points, as well as 

looking at other heavy metals or metalloids could elucidate differences. Additionally, for 

a more comprehensive picture of any shifts in gene expression in the src1 and crc1 

mutants RNAseq could be used to examine the entire trancriptome.   
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Figure 1.1: Luciferase response in cadmium signaling mutants. EMS-mutagenized 
pSULTR1;2::LUC seeds were screened for altered cadmium-induced luciferase 
responses. Mutants were classified into different groups based on luciferase response, 
compared with the control reporter line; constitutive-response to cadmium or CRC 
mutants (crc1); super-response to cadmium or SRC mutants (src1).  (A-F) 
Luminescence images after exposure to 100 µM cadmium for 4 hours. (G) Quantification 
of luminescence on each plate of 60 seeds. Each bar represents the mean of three 
plates + standard error of the mean.  
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Figure 1.2: Identifying growth phenotypes for src1 and crc1. Root growth 
experiments to identify heavy metal related phenotypes in the src1 and crc1 mutants 
compared to the control reporter line. After 7 days of growth on heavy metal free 
media the seedlings were transferred to the indicated media for 7 additional days 
growth.  
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Figure 1.3: Identifying a root growth phenotype for crc1. (A-C) Root growth 
experiments to identify heavy metal related phenotypes in the Constitutive-Response 
to Cadmium (crc1) and Super-Response to Cadmium (src1) mutants were performed 
with Non-Response to Cadmium (nrc1) as a cadmium sensitive control, and luciferase 
reporter as a control.  After 7 days of growth on sulfur-free media the seedlings were 
transferred to the indicated media for 7 additional days growth. Selenate was used for 
selenium studies. (D) The average root growth was measured over the second 7 day 
period. Error bars represent standard error of the mean. Three experiments were 
performed, each with 20 seedlings per line.  
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Figure 1.4: Effect of selenate on luciferase response of crc1. Luciferase response of 
the control reporter line and constitutive response to cadmium mutant (crc1).  (A-H) 
Luminescence images after exposure to 100 µM cadmium for 4 hours. (I) 
Quantification of luminescence on each plate of 60 seeds. Each bar represents the 
mean of three plates + standard error of the mean. 
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Figure 1.5: The effect of BSO on root growth of src1 and crc1. Measuring the effect of 
buthionine sulfoximine (BSO) on root growth of the control reporter line, and src1 and 
crc1 mutants. Root growth assays were performed to measure the effect of 1 mM BSO 
in combination with 20 µM or 100 µM cadmium in minimal media. Seedlings were 
germinated and grown for 7 days on minimal media plates before transfer to the 
indicated media for an additional 7 days of growth. Relative root growth over the 
second seven day growth period was measured. Bars represent the average of 3 
experiments with 20 seedling for each line in each experiment + SEM.  
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Figure 1.6: Marker gene expression in src1 and crc1. Gene expression analysis of 
target heavy metal and metalloid responsive genes in the control reporter, src1 and 
crc1 lines. Bars are the average fold change from three independent experiments after 
6 hours of cadmium exposure + SEM. Gene expression in each in each experiment is 
normalized to expression of Ef1α control.  
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Figure 1.7: Selection of F2s from the src1 x Bur-0. (A) Luciferase image of F2s 
generated from crossing src1 with Bur-0 to identify individuals demonstrating the 
Super-Response phenotype. (B) Luminescence was measured for the numbered 
seedlings.  
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Figure 1.8: Allele frequency of EMS mutations in src1 mapping population. Pooled 
genomic DNA of the src1 x Bur-0 F2 generation was sequenced and analyzed using 
available tools on the Galaxy platform and lab generated R scripts. A candidate region 
matching that found by rough mapping can be seen on the lower arm of chromosome 
four. A second conserved region on the lower arm of chromosome 5 matches the 
known location of the luciferase reporter construct. 



   

71 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.9: Analyzing root growth of src1 candidate T-DNA lines. (A-E) Seedlings for 
the control reporter line, src1 mutant, and T-DNA candidate lines were grown for 7 days 
on minimal media plates before transfer to indicated media for 7 additional days of 
growth. Bars indicate average of 30 seedlings across 3 plates + SEM. (F-H) Images of 
root growth plates for SALK_074695 candidate T-DNA line. 
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Figure 1.10: Root growth phenotypes for crc1 x reporter line F2s. (A-D) Root growth 
experiments to identify heavy metal root related phenotypes in the control reporter line, 
crc1 mutant and two F2 lines of the crc1 x reporter line population.  After 7 days of 
growth on sulfur-free media the seedlings were transferred to the indicated media for 
7 additional days growth. (D) The average root growth was measured over the second 
7 day period. Error bars represent standard error of the mean. Three experiments were 
performed, each with 20 seedlings per line.  
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Figure 1.11: Luciferase response phenotypes for crc1 x reporter line F2s. (A-H 
Luciferase response of the control reporter line and constitutive response to cadmium 
mutant (crc1), and two F2s from the crc1 x reporter line. Luminescence images after 
exposure to 100 µM cadmium for 4 hours.  
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Figure 1.12: Allele frequency of EMS mutations in crc1 mapping population. Pooled 
genomic DNA of the crc1 x luciferase reporter line F2 generation was sequenced and 
analyzed using available tools on the Galaxy platform and lab generated R scripts. A 
candidate region can be seen on the lower arm of chromosome four. 
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Figure 1.13: Analyzing root growth of crc1 candidate T-DNA lines. (A,B) Seedlings for 
the control reporter line, crc1 mutant, and T-DNA candidate lines were grown for 7 days 
on minimal media plates before transfer to indicated media for 7 additional days of 
growth. Bars indicate average of 30 seedlings across 3 plates + SEM. (C,D) Images of 
root growth for two T-DNA knockout lines for one gene (At4g10930) that show the crc1 
root growth phenotype on -S + 100 µM Cd + 1 µM Se media. 
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Figure 1.14: Analyzing root growth of crc1 candidate T-DNA lines. (A-K) Seedlings for 
the control reporter line, crc1 mutant, and T-DNA candidate lines were grown for 7 days 
on minimal media plates before transfer to indicated media for 7 additional days of 
growth. Bars indicate average of 30 seedlings across 3 plates + SEM.  
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Table 1.1: Primers used for genotyping and qPCR. 

Primer Sequence Gene Function 

TTGATTTAAACACTCGTCCGG   At2g44940 Genotyping SALK_020979C 

CTAAGCTTTGTGACGACCCAG   At2g44940 Genotyping SALK_020979C 

TTATCGATAACCGGTTTGTGC   At3g60490 Genotyping SALK_111486C  

TAAAACAATCCAGACCCATGC   At3g60490 Genotyping SALK_111486C 

TAAGGCACGCTTTCTTCTCTG   At2g21045 Genotyping SAIL_816_G07 

TTACCGTGAAGGCTTGTAACG   At2g21045 Genotyping SAIL_816_G07 

AACATAACACGCGCTTTCAAC   At4g13710 Genotyping SALK_107508 

GGAAGAAAACGCCGTTTAAAC   At4g13710 Genotyping SALK_107508 

GACACGTGGTCACATCACAAC   At4g13710 Genotyping SALK_031335 

GCGTCGTCTTCTCAGAAACTG   At4g13710 Genotyping SALK_031335 

GAGCTGTAAACGAAGTGCACC   At4g16267 Genotyping SALK_021343 

AATTGGGTTGTTGAAGTGCAC   At4g16267 Genotyping SALK_021343 

GAGCTGTAAACGAAGTGCACC   At4g16267 Genotyping SALK_061827 

TTCCTTATGTTTTTCTTTGCAATG   At4g16267 Genotyping SALK_061827 

TCGTCTAACGGATCCAACAAC   At4g16820 Genotyping SALK_013856 

TAAGACAATCCGACCATCCTG   At4g16820 Genotyping SALK_013856 

GTGGAGGTTCTTTCCCAGAAG   At4g17440 Genotyping SALK_070529 

GCTTGCTCTTGGTGATTTTTG   At4g17440 Genotyping SALK_070529 

GCAACCAGTTTTCTTCACTGC   At4g18800 Genotyping SALK_088879 

CGAGTCTAAATCAACGATCGG   At4g18800 Genotyping SALK_088879 

AAACGGTGGAGACCAGATACC   At4g18800 Genotyping SAIL_868_G12 

CTTTCTTGACCAGCAGTGTCC   At4g18800 Genotyping SAIL_868_G12 

CTGGGATTTGTAAAGCAGCTG   At4g20380 Genotyping SALK_042687 

TCAAGTTCCATGGAGCAAAAG   At4g20380 Genotyping SALK_042687 

CATTACCAGGGTCTTTTCGTG   At4g20380 Genotyping SALK_074695 

TCGGAAGAAGAGTAATTTGCG   At4g20380 Genotyping SALK_074695 

GAATAAAAAGCTGGGGTTTGC   At4g20480 Genotyping SALK_039521 

ACCGGAAACGATTTTATGTCC   At4g20480 Genotyping SALK_039521 

AATTAGAATTCCTTCGACGGC   At4g20480 Genotyping SALK_097942 

CTTTGACTCTTGCAATCAGCC   At4g20480 Genotyping SALK_097942 

AATCTCTGCGTATTCAGCTGC   At4g20480 Genotyping SALK_007095 

GAGTGTGATCGTTCAGGGAAG   At4g20480 Genotyping SALK_007095 

GAAGGCACTCAAGGCCTCAT At4g16860 Genotyping SAIL_559_B03 

AACTTTTGCACCCGTTGAGA At4g16860 Genotyping SAIL_559_B03 

AACGGTTCTCGAACCAATAGG   At4g17980 Genotyping SALK_012841 

TTGGTCCAATTAATGATTGAGAAG   At4g17980 Genotyping SALK_012841 

ACTTTTGTTGTCAACATCGGC   At4g16770 Genotyping SALK_070217 
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Table 1.1: Primers used for genotyping and qPCR (continued). 

Primer Sequence Gene Function 

TGCTCAACCTTTAATCCCATG   At4g16770 Genotyping SALK_070217 

ATTTTGCCGATTTCGGAAC N/A Genotyping SALK lines(LBb1.3) 

TAGCATCTGAATTTCATAACCAATCTCGATACAC N/A Genotyping SAIL lines(LB3) 

AGAGTTGAACGAGATTGCAGC At4g09510 Genotyping SALK_088756 

TGGTAAGGAAAAATGTCGACG At4g09510 Genotyping SALK_088756 

TATTGCTTTGCCTCCAAAGTC   At4g10010 Genotyping SALK_034138 

CTCTAGCCATGAATCTCACGC   At4g10010 Genotyping SALK_034138 

AGAATGCAACCAACACTCCAC At4g10010 Genotyping SALK_205532C 

TTTAGCACATAAACCATCCGC At4g10010 Genotyping SALK_205532C 

TTTTCCGTTATCGACGAACAG   At4g10010 Genotyping SALK_113705 

CTCTAGCCATGAATCTCACGC   At4g10010 Genotyping SALK_113705 

CTTAGTGTCGAAGAAGCCGTG   At4g10010 Genotyping SALK_055527 

TGCAGATATTGGAACAGGAGG   At4g10010 Genotyping SALK_055527 

CGAACAAAGCCAACATCTTTC   At4g10050 Genotyping SALK_093391 

CAACAGGTCCTTCATTTCCTG   At4g10050 Genotyping SALK_093391 

GAGATCGAAAACAGCATACCG At4g10050 Genotyping SALK_079539C 

ATCATATGGGCCTAAAATGGC At4g10050 Genotyping SALK_079539C 

GTGAGGGTCCTAATCCAATCC   At4g10050 Genotyping SALK_064821 

ATTAACACACAGCATGGGAGG   At4g10050 Genotyping SALK_064821 

TGCATGGGTTATTCAAAGATTC At4g10600 Genotyping SALK_073717C 

CCATGTATGAACCCAAACACC At4g10600 Genotyping SALK_073717C 

CCATACCGGCCCATATTTTAG At4g10600 Genotyping SALK_113511 

CAAATGAAACCATGAACCATTG At4g10600 Genotyping SALK_113511 

GTTCTGTCGCTGCACTTCTTC   At4g10930 Genotyping SALK_067394 

GAAGTTGATGCTGCAGAAAGG   At4g10930 Genotyping SALK_067394 

GTTCAGTTTTGATCCAGCAGC   At4g10930 Genotyping SALK_120184C 

TCAGATGTTGCCAGTGTCATC   At4g10930 Genotyping SALK_120184C 

CCTCCCTATCGACTTTCGATC At4g11400 Genotyping SALK_016155C 

CCATGTTTGTTTGTTTGACCC At4g11400 Genotyping SALK_016155C 

TTTACCGGGAATGTTGAAGTG At4g11400 Genotyping SK24175 

AGTCACACGGTTCTGATACCG At4g11400 Genotyping SK24175 

TTTCAGTTTTTGTTTTGTTGGG At4g11510 Genotyping SALK_112439 

GGCATTGGTGTTTCATGTTTG At4g11510 Genotyping SALK_112439 

CTGCATAAACTCAACGCCTTC At4g11690 Genotyping SALK_025470C 

TTTAAACGTATCTGCCATGGC At4g11690 Genotyping SALK_025470C 

TCTCACCTTTCTTGCAACACC   At4g11690 Genotyping SALK_136836 

ATTTGGGTGTCAAAGCAATTG   At4g11690 Genotyping SALK_136836 
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Table 1.1: Primers used for genotyping and qPCR (continued). 

Primer Sequence Gene Function 

TTTTGTTCCTGGATCGAATTG   At4g11690 Genotyping SALK_128441 

ATGAACATCCGGGACTAATCC   At4g11690 Genotyping SALK_128441 

TACGCGGGTGGTTTAGTTATG At4g11730 Genotyping SALK_019224 

TCTAATTCCAGCTCTTGCCTG At4g11730 Genotyping SALK_019224 

TTGTTTTTGTGGGTTACAAAATAG At4g11730 Genotyping SALK_058103 

AACCGATATCTTCCCGGTATG At4g11730 Genotyping SALK_058103 

CATCCTTTTTGTTAGGTGATTGG At4g12915 Genotyping SAIL_752_C02 

CCATCCATGTTGAAATCCATC At4g12915 Genotyping SAIL_752_C02 

TTGTGCATAGGAGTGTTGCAG   At4g12915 Genotyping SALK_067308 

ACCAAAAGTTGTTTCGCATTG   At4g12915 Genotyping SALK_067308 

TCGTTGCTCTGGGAATCTATG At4g13010 Genotyping SALK_109392C 

TGACAAACTCTATGTTCCGGG At4g13010 Genotyping SALK_109392C 

GCTACAACTTTGTCACCAGCC At4g13010 Genotyping SALK_096164C 

GAAAACTCATGCACGCTCTTC At4g13010 Genotyping SALK_096164C 

CCACAATCTTCTTTTTCGTCG At4g13000 Genotyping SALK_102683 

GGTCCATTATCAAACTCCGAG At4g13000 Genotyping SALK_102683 

CGACTCTCAACTTCGACCATC   At4g13000 Genotyping SALK_101874C 

AATGGCCAGTTTGACAATTACC   At4g13000 Genotyping SALK_101874C 
TGGGAAGGATAAAACGATACG At4g13575 Genotyping 

SALK_117071/SALK_117073 
CCCATGCAACAAATTAACGAC At4g13575 Genotyping 

SALK_117071/SALK_117073 

CAGACCACCATCCACGACTT TaPCS1 qPCR 

ACAGCCTGTTCATTCCCTTT TaPCS1 qPCR 

TTAAAGCTGGAGAAAGTATACCGA HMA3s qPCR 

GCTAGAGCTGTAGTTTTCACCT HMA3s qPCR 
TGTAACGCTGGAGGAAGAG At1g79000 

(AtHAC1) 
qPCR 

CTTGCAAGCAATCTTGAGG At1g79000 
(AtHAC1) 

qPCR 

TGACCTTGAGGCGTACTTGCAC At4g16820.1 qPCR 

TGCCCGAAACGGACAGTTAGATG At4g16820.1 qPCR 

TCGGCGACCTTATGGAAAGATGG At4g16770.1 qPCR 

ACCACTCTATGCAATGTTGATCGG At4g16770.1 qPCR 

GGCTATGGTGGGATTATTGTCCAG At4g16860.1 qPCR 

TTGAGGCTTCCAAGTGGCTGAG At4g16860.1 qPCR 

TGGGAGTTGCCAGGTAAATCTTTC At4g17980.1 qPCR 

TTCCGGTCTTTACCAGTTGCTTTC At4g17980.1 qPCR 

ACACTGCTGGTCAAGAAAGATACC At4g18800.1 qPCR 
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Table 1.1: Primers used for genotyping and qPCR (continued). 

Primer Sequence Gene Function 

CGAATGTTGAGTGTCGGGTTACG At4g18800.1 qPCR 

TGACTCTTGCAATCAGCCTCTGG At4g20480.1 qPCR 

TCCTCAAGAGCTACTGGATCTGC At4g20480.1 qPCR 

CAGAATCTTGGCCTTTCACAAACC At4g16270.1 qPCR 

TCCCAATGTATGTCCACCGGAAAG At4g16270.1 qPCR 

AGGCTTTGGGTTGCTCTAGCTC At4g17440.2 qPCR 

TGACCTGTTCCCACTCATGCTG At4g17440.2 qPCR 

TGAAAGCGGAAAGTTGGTGAGC At4g20380.1 qPCR 

TGCACAAACCAAACGCAGGAATAG At4g20380.1 qPCR 

AGAACATGAGCCGTGAGAGTCAAC At4g21180.1 qPCR 

TCTGAAGCACCAGGTTCCAAAC At4g21180.1 qPCR 

CAACAATGGCGGCGATAAGGAAG At4g13710.1 qPCR 

AACGGCGTGTTGTTGTTGTTGTG At4g13710.1 qPCR 
TGTAACAAGATGGATGCCACCAC At5g60390 

(EF1α) 
qPCR 

TCCCTCGAATCCAGAGATTGGC At5g60390 
(EF1α) 

qPCR 

GCCTGTATTGGAGCATTCTTTGGC At1g78000.1 
(SULTR1;2) 

qPCR 

ATCTTAGCAAACGAGATCGAGACG At1g78000.1 
(SULTR1;2) 

qPCR 

GCTGGAACTGATAGGTTGGACAGG At4g10050.1 qPCR 

TCCGGTACATCTTCCTGTATGGC At4g10050.1 qPCR 

AGCTGCAGTGTCAACCGATACC At4g12915.1 qPCR 

TTTGGCTCTCAGCTGCTCGATG At4g12915.1 qPCR 

TGGATATCTGCTTGAACGAAACGG At4g13575.1 qPCR 

TCACCCGACTTAACCTCACGTTG At4g13575.1 qPCR 

TTTCCTCACACGGCTCATTGCC At4g14030.1 qPCR 

TGTCCTGGTTTCTCCCACCTATTC At4g14030.1 qPCR 
CTGTCCCGTTCGCAAACAAGTTC At1g62300.1 

(WRKY6) 
qPCR 

CGGCAACGGATGGTTATGGTTTC At1g62300.1 
(WRKY6) 

qPCR 

 

 

  



   

81 
 

Table 1.2: Information about candidate mutations in src1. 

Position Ref Mut Change Gene Info Salk Lines 

7962995 G A Ala->Thr At4g13710 pectin lyase-like superfamily 
protein 

Exon Lines: 
SALK107508
, 
SALK031335 

8231343 G A Exon 1 no 
aa change 

At4g14300 ATRNP1, RNA-Binding glycine-
rich protein D4, mRNA 
processing, salt stress 
response, drought response 

Exon Line: 
SALK005747 

8319211 G A Intergenic   1750 bp upstream of 
At4g14465. AHL20 AT-Hook 
motif nuclear-localized protein 
20. Innate immunity, DNA 
binding 

  

8323373 G A Intergenic   1600 bp downstream of 
At4g14465. AHL20 AT-Hook 
motif nuclear-localized protein 
20. Innate immunity, DNA 
binding 

  

8463122 G A Exon 4 no 
aa change 

At4g14746 neurogenic locus notch-like 
protein 

Exon Line: 
SALK131828 

8684896 G A Asp->Asn At4g15230 ABCG30, ATP-Binding 
Cassette G30, Pleiotropic Drug 
Resistance 2 Transmembrane 
protein for drug transport, Root 
exudation 

Exon Line:                 
GK-396605-
018295 

8735237 G A Intergenic   1500 bp upstream of 
At4g15310, cytochrome P450 
family member polypeptide 3                                                    
2500 bp upstream of 
At4g15300, cytochrome P450 
family member polypeptide 2 

Exon Lines:               
GK-047B01-
016076 
SALK023008
, 
SALK023255 

8905550 G A Transposon At4g15590     

8987679 G A Intron At4g16215 hypothetical protein Intron Line: 
SALK007385 

9179854 G A UTR?   20 bp upstream of hypothetical 
protein At4g16215 

Intron  Line: 
SALK007685 

9205252 G A Ser->Thr   
Ser->Asn 

At4g16267 
At4g16270 

Plant thionin family protein 
(plant defense) OR Peroxidase 
Superfamily Protein 

Intron Lines: 
SALK021343 
(E), 
SALK061827 

9380190 G A Exon no aa 
change 

At4g16660 Heat shock protein 70 (HSP70) 
family protein. Membrane 
bound 

Exon Lines: 
SALK040786
, 
SALK118733 
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Table 1.2: Information about candidate mutations in src1 (continued). 

Position Ref Mut Change Gene Info Salk Lines 

9438789 C T Intergenic   1600 bp upstream of 
At4g16770, 2-oxoglutarate and 
Fe(II) dependent oxygenase 
Superfamily protein 

SALK_070217 

9438792 C T 

9468488 G A Arg->Gln At4g16820 DAD1-Like Lipase, chloroplast, 
lipid metabolism 

Intron Line: 
SALK013856 

9497317 G A UTR   15 bp upstream of At4g16860, 
defense response to fungus, 
LRR domain binding 

Exon Line: 
SAIL559B03 

9867766 C T Asp->Asn At4g17440 Peptidase S41 family protein, 
signal transduction, serine 
protease 

Exon Line: 
SALK070529 

9982340 G A Intergenic   300 bp upstream of 
At4g17980, ANAC071, 
transcription factor involved in 
cell proliferation in 
inflorescence stems 

Exon Line: 
SALK012841 

10320392 C T STOP At4g18800 RAB GTPase Homoloh A1D, 
membrane protein, protein 
transport 

Intron Lines: 
SALK088879, 
SAIL868G12 

10928676 G A Intergenic   1925 bp upstream of 
At4g20230, Terpene synthase 
30                                                           
375 bp downstream of 
At4g20235, cytochrome P450 
polypeptide 28 

Exon Lines:     
SALK035057 
SALK141559    
Intron Lines: 
SALK064931, 
SALK204731  

11005104 C T Pro->Leu At4g20380 Lesion Simulating Disease 1 
(LSD1), superoxide dependent 
signali monitor, Zinc-Finger 
motif, cytoplasm and nucleus, 
DNA-binding transcription 
factor activity 

Intron Lines: 
SALK042687, 
SALK074695 

11035408 C T Pro->Leu At4g20480 Putative endonuclease or 
glycosyl hydrolase, peroxisome 

Exon Lines: 
SALK039521, 
SALK097942 

11291869 G A Ser->Asn At4g21180 J Domain protein localized in 
the ER membrane, membrane 
bound (ER, chloroplast, 
plasma membrane), roles in 
protein folding 

Exon Line: 
SALK007095 

11367850 G A Transposon   At4g21360   
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Table 1.3: Information about candidate mutations in crc1. 

Position Ref Mut Change Gene Info Salk Lines 

6022576 G A Exon 2 no aa 
change 

At4g09510 ALKALINE/NEUTRAL 
INVERTASE I, CINV2  
Implicated in 
pathogen/osmotic 
stress response 

SALK_088756 

6265353 G A Exon 2 no aa 
change 

At4g10010 Protein Kinase 
Superfamily     Involved 
in Pollen 

SALK_034138 
SALK_205532 
SALK_113705 
SALK_055527 

6285157 C T Intron 9 At4g10050 Protein Phosphotase 
Methylesterase 
Nucelus/Vacuole 

SALK_093391 
SALK_079539 
SALK_064821  

6548119 C T Exon G -> S At4g10600 RING/FYVE/PHD Zinc 
finger superfamily 

SALK_073717 
SALK_113511  

6705414 G A Intron 6 At4g10930 RING/U-box protein 
nucleus 

SALK_067394 
SALK_120184C  

6936438 C T Upstream 2.2 kb At4g11400 ARID/BRIGHT DNA-
binding 
Nucleus/vacuole 

SALK_016155C 
SK24175 

6984153 G A Exon 1 no aa 
change 

At4g11510 RALFL28 SALK_112439  

7057547 C T Exon 1 no aa 
change 

At4g11690 ABO8, ABA overly 
sensitive mutant 
pentatricopeptide 
repeat. ROS 
Mitochondria 

SALK_025470C 
SALK_136836 
SALK_128441  

7069256 G A Exon 4 G -> S At4g11730 Cation Transporter, 
Plasma Membrane 

SALK_019224 
SALK_058103  

7558982 G A Retrotransposon At4g12915   SAIL_752_C02 
SALK_067308  
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Table 1.3: Information about candidate mutations in crc1 (continued). 

Position Ref Mut Change Gene Info Salk Lines 

7600257 C T Upstream 1 kb At4g13000 AGC Kinase  Family 
Nucleus 

SALK_102683 
SALK_101874 

Upstream 300 bp At4g13010  Chloroplast 
oxidoreductase  

SALK_109392 
SALK_096164 

7718518 C T 10 kb of nothing       
7753939 C T Exon no aa 

change 
At4g13320 hypothetical protein   

7892169 C T Downstream 200 
bp 

At4g13575 hypothetical protein SALK_117073 
SALK_117071  
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Abstract 

 The heavy metals cadmium and lead and the metalloid arsenic are toxic elements 

that serve no known function in plants or animals. Exposure in humans can result in 

severe health problems including cardiovascular damage, immune impairment, and 

increased cancer rates. Accumulation of heavy metals and metalloids in crops is a result 

of contamination of agricultural soil and water used for irrigation. After uptake, heavy 

metals and metalloids can be sequestered into the vacuole of plant cells directly in the 

roots, or transported to aerial tissues. In many rice varieties a preference for storage of 

heavy metals and metalloids in the grain has led to health concerns around the world. In 

an effort to minimize the transport of heavy metals and metalloids to the aerial, often 

edible, tissues of plants we are using root specific promoters to drive the expression of 

known components of the heavy metal and metalloid detoxification and sequestration 

pathway in Arabidopsis thaliana and Oryza sativa. For Arabidopsis the promoter of 

phosphate transporter PHT1 has been identified as a robust root specific promoter, and 

in rice an unpublished promoter identified by our collaborator was utilized. Transgenic 

Arabidopsis lines expressing different components of the detoxification and sequestration 

pathway were generated. Once stable homozygous lines have been created for each of 

the target genes, they can be grown hydroponically and any shifts in the tissue specific 

storage of cadmium and arsenic can be identified.   
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Introduction 

 Heavy metals and metalloids such as cadmium, lead, and arsenic have no role in 

plant and animal nutrition but have severe impacts on health and survival (Tong et al. 

2000; Ratnaike 2003; Järup and Åkesson 2009). Chronic low level exposure to toxic 

heavy metals and metalloids leads to a wide variety of health problems (Allen et al. 2002; 

Aschner and Walker 2002; Ohta et al. 2002; Waisberg et al. 2003; Satarug et al. 2010). 

A number of heavy metals and metalloids have been implicated in cardiovascular and 

respiratory problems, as well as increased cancer rates and neurological disorders (Yu 

et al. 2002; Heck et al. 2009; Alissa and Ferns 2011; Sherief et al. 2015). Additionally, 

cadmium has been shown to cause bone disorders including osteoporosis and itai-itai 

disease (Ohta et al. 2002; Kazantzis 2004; Chaney 2015). Arsenic has been implicated 

in lung disorders, as well as increases in infant mortality, decreases in birth rate, and 

developmental defects (Hughes 2002; Gilbert-Diamond et al. 2011).  

 Plants are an essential component of the human diet, however, due to their high 

metal and nutrient content, plants are also a major source of contaminants, such as, 

cadmium, lead, and arsenic (Alaimo et al. 2008; Clemens et al. 2013; Antoniadis et al. 

2017). The nutrients and contaminants present in plants are due to the makeup of their 

growth environment. While low levels of toxic heavy metals and metalloids occur naturally 

in the environment, anthropogenic inputs have increased the contamination in a variety 

of soils (Alloway 2013; Yousaf et al. 2016). In agricultural lands, historic use of arsenic 

containing pesticides and herbicides has led to long term contamination (Murphy and 

Aucott 1998; Zhu et al. 2014). The use of waste water, sewage sludge, or contaminated 

groundwater for irrigation is also a possible route of agricultural heavy metal and metalloid 
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contamination (Meharg and Rahman 2003; Ahmad and Goni 2010; Abbasi et al. 2013). 

Additionally, application of contaminated fertilizers is a common route of cadmium 

exposure in crops. A number of studies have found rice to be a major source of human 

exposure to cadmium and arsenic. Contamination of cereals and other food plants results 

in 90% of cadmium exposure in non-smoking populations and in Europe 26.9% of 

cadmium intake is due to grains and grain products (Panel 2012; Clemens et al. 2013; 

Rizwan et al. 2016). Consumption of contaminated rice is one of the major arsenic 

exposure risks in Southeast Asia, and in the US rice consumption has been positively 

correlated with urinary arsenic levels (Orloff et al. 2009; Lai et al. 2015).   

 Toxic heavy metals and metalloids enter the plant as a byproduct of essential 

nutrient transport. For cadmium, uptake is primarily mediated by zinc and iron 

transporters, including IRT1 and ZIPs (Korshunova et al. 1999; Thomine et al. 2000; 

Connolly et al. 2002). In rice, a number of Nramp transporters have been implicated in 

cadmium uptake, and knockout lines of OsNramp5 shows a decrease in cadmium 

accumulation, along with a decrease in the essential nutrient manganese (Takahashi et 

al. 2011; Ishikawa et al. 2012; Ishimaru et al. 2012; Nakanishi et al. 2012; Sasaki et al. 

2012; Uraguchi and Fujiwara 2013). Uptake of arsenic, in the form of As(V), is primarily 

through the activity of phosphate transporters (PHT) (Meharg and Macnair 1992; Wu et 

al. 2011; LeBlanc et al. 2013). In Arabidopsis, double knockout line pht1pht4 shows an 

increase in arsenic tolerance (Shin et al. 2004). Also, in rice, knockout studies of 

phosphate transporter OsPHF1 and overexpression studies of OsPHT1;8 show clear 

connections between phosphate uptake and arsenic levels (Wu et al. 2011; Kamiya et al. 

2013). A number of studies have shown that phosphate transporters have no role in 
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accumulation of arsenite, however in rice a connection has been shown between arsenite 

uptake and the activity of NIPs (nodulin 26-like proteins) (Bienert et al. 2008; Isayenkov 

and Maathuis 2008; Chen et al. 2017). The strong activity of these NIPs, whose main 

biological function is silicon uptake, is one of the main contributors of higher arsenic levels 

in rice compared to other cereals (Ma et al. 2008; Mosa et al. 2012).  

 Once in the cell, the first step for arsenic sequestration is the reduction of arsenate 

to arsenite by arsenate reductases, such as the recently discovered HAC1 (Pickering et 

al. 2000; Chao et al. 2014; Sanchez-Bermejo et al. 2014). Knockout of HAC1 in 

Arabidopsis results in increased sensitivity to arsenate (Shi et al. 2016; Wang et al. 2018). 

Additionally, this knockout line shows lower shoot arsenic and higher root arsenic, with 

the root arsenic being predominantly arsenate rather than the arsenite seen in wild-type 

plants. In plant tissues the primary location for heavy metal and metalloid sequestration 

is within the vacuole. Loading of heavy metals and metalloids into the vacuole proceeds 

through two main transporter types. Free ionic cadmium can be transported into the 

vacuole by the Heavy-Metal Transporting ATPase (HMA3) transporter (Morel et al. 2009; 

Miyadate et al. 2011). Analysis of natural variation in cadmium accumulation in both rice 

and Arabidopsis identified the functionality of the HMA3 transporter as a major contributor 

to variation (Ueno et al. 2011; Chao et al. 2012). Specifically, variants with inactive or 

weaker alleles of HMA3 show higher shoot-to-root ratio of cadmium compared to wild-

type due to decreased loading of cadmium into root cell vacuoles, while whole-plant 

overexpression of HMA3 in Arabidopsis results in increased root cadmium accumulation 

(Ueno et al. 2010; Sasaki et al. 2014).  
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 The other mechanism for loading of heavy metals and metalloids into the vacuole 

is through the activity of ATP-Binding Cassette (ABC) transporters (Sanchez-Fernandez 

et al. 2001; Klein et al. 2006; Kim et al. 2007). The ABC2 vacuolar transporter in 

Schizosaccharomyces pombe (SpABC2) has been shown to mediate phytochelatin 

accumulation in vacuoles and to confer cadmium tolerance (Mendoza-Cozatl et al. 2010). 

ABC C-type (ABCC) transporters are able to load arsenic and cadmium into the vacuole 

after they have been bound by thiol-based chelating molecules, such as phytochelatins 

(PCs) or glutathione (GSH) (Song* et al. 2010; Mendoza-Cozatl et al. 2011). Glutathione 

is a tripeptide that plays a role in stress response and maintaining cell redox balance. 

Phytochelatins are polymers synthesized from glutathione by phytochelatin synthase 

(PCS) (Grill et al. 1989; Clemens and Peršoh 2009). Whole plant overexpression of PCS1 

in Arabidopsis results in increased tolerance and accumulation of arsenic but increased 

sensitivity to cadmium (Li et al. 2004). In Arabidopsis there are two ABCC transporters 

(ABCC1 and ABCC2) that load PC-Cd and PC-As complexes into the vacuoles (Song* et 

al. 2010; Park et al. 2012). Knockout of both transporters in Arabidopsis results in 

hypersensitivity to arsenic and cadmium, while knockout of the single homolog in rice 

(OsABCC1) only shows hypersensitivity to arsenic, not to cadmium (Song et al. 2014).  

 The translocation of heavy metals and metalloids from root-to-shoot is influenced 

by the affinity of xylem loading transporters and the mobility of ligand-metal and metalloid 

complexes (Gong et al. 2003; Nocito et al. 2011). HMA transporters, HMA2 and HMA4, 

are responsible for the loading of metal ions, including Cd2+ into the xylem (Courbot et al. 

2007; Tan et al. 2013; Chao et al. 2018). In Arabidopsis, the double knockout 

(hma2hma4) shows reduced shoot accumulation of cadmium, while in rice decreased 
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OsHMA2 activity is connected to decreased translocation of cadmium to shoot tissue 

(Hussain et al. 2004; Wong et al. 2009; Satoh-Nagasawa et al. 2011). In most plants 

studies of heavy metal and metalloids in xylem sap have found unbound arsenite and 

Cd2+ rather than thiol-complexes, however in the phloem, PC-Cd complexes have been 

detected in Brassica napus and rice (Mendoza-Cozatl et al. 2008; Verbruggen et al. 2009; 

Kato et al. 2010). Once transported to the aerial tissues of the plant, arsenic and cadmium 

are loaded into the vacuoles using identical mechanisms as in root tissues.  

 Rice has become central to the discussion about cadmium and arsenic exposure 

through food, due to the combination of high accumulation of these toxic elements, 

especially in the grain, and the widespread reliance on rice as a staple food (Ma et al. 

2008; Zhu et al. 2008; Lombi et al. 2009; Clemens et al. 2013). In an effort to minimize 

the translocation of heavy metals and metalloids to aerial, often edible, tissues we are 

using root specific promoters to maximize vacuolar sequestration of toxic metals and 

metalloids in root tissues. Specifically, we are using a 3,891 bp promoter region of the 

Arabidopsis root phosphate transporter gene pht1 and an unpublished rice root specific 

promoter to drive expression of known heavy metal and metalloid detoxification 

components in Arabidopsis and rice (Koyama et al. 2005). We are targeting multiple 

genes in the heavy metal and metalloid detoxification and sequestration pathway, 

including phytochelatin synthetase, arsenate reductase, and vacuolar heavy metal 

transporters.  
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Materials and Methods 

Plant material and growth conditions 

 Seeds were surface sterilized using a solution of 50% bleach, 0.05% Tween-20 

and stratified with cold treatment at 4˚C for 2-5 days then placed on media plates. Plated 

seeds were then grown in a growth chamber with 12-h light/12-h dark at 21˚C. Columbia-

0 Arabidopsis plants were transformed using the floral dip method (Clough and Bent 

1998). Agrobacterium tumefaciens strain GV3101 was used for all transformations, with 

pSoup as a helper plasmid for pGreenii constructs (Hellens et al. 2000).  

GUS staining 

 For GUS staining, transgenic plants carrying the PHT1;1pro:GUS fusion construct 

were grown on half-strength MS (Murashige and Skoog medium), 1 mM MES (2-(N-

morpholino)ethanesulfonic acid), and 1.5% agar with the pH adjusted to 5.6 with KOH for 

3 weeks. Seedlings were then harvested and fixed in cold 90% acetone for 30 minutes. 

After removing the acetone the seedlings are rinsed with Buffer I, consisting of 50 mM 

NaPO4 (pH 7.2), 0.20% Triton-X, 2 mM potassium ferrocyanide, 2 mM potassium 

ferriccyanide to fully wash away acetone. The samples are then vacuum infiltrated on ice 

for 15-20 minutes in Buffer II, which consists of Buffer I with 1 mg/ml X-Gluc (5-Bromo-4-

chloro-3-indoxyl-beta-D-glucuronide cyclohexylammonium salt).  
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Results 

 The first step in the process of generating transgenic plants with enhanced heavy 

metal and metalloid sequestration in roots was to identify an effective root specific 

promoter to drive expression. After analyzing a number of published root specific 

promoters, a 3,891 bp region of the PHT1;1 root phosphate transporter promoter was 

verified as an effective root specific promoter for Arabidopsis (Koyama et al. 2005). In 

Figure 2.1A the GUS staining in the PHT1;1pro::GUS line shows strong GUS expression 

throughout the root tissues with a small amount of expression in the trichomes. For rice, 

we obtained an unpublished root-specific promoter from a collaborator in Korea, Gene An 

(Figure 2.1B).  

 After identifying a successful root specific promoter I generated expression 

constructs to drive known detoxification components. I used a pGreenii 0179 plasmid as 

starting backbone and inserted the 3,891 bp promoter region (Figure 2.2), driving the 

coding sequence of each of the five target genes, wheat phytochelatin synthase 

(TaPCS1), novel Arabidopsis arsenate reductase (AtHAC1), Schizosaccharomyces 

pombe vacuolar transporter for PC bound cadmium and arsenic (SpABC2), and the 

vacuolar transporters of free cadmium from Arabidopsis (AtHMA3) and Thlaspi 

caerulescens (TcHMA3). For each gene, three constructs were generated: untagged, C-

terminal mVenus tag (added at the XbaI restriction site), and N-terminal mVenus tag 

(added at the HindIII restriction site). Once generated each of the root-expression 

constructs were transformed in Col-0 Arabidopsis. 
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Discussion 

 Using GUS staining we found that the promoter of the PHT1;1 Arabidopsis root 

phosphate transporter works as an effective root-specific promoter. By using this 

promoter to drive the expression of known components of the heavy metal and metalloid 

detoxification pathway we hope to increase the root sequestration capacity for heavy 

metals and metalloids, minimizing root-to-shoot translocation. We currently have a 

number of transgenic lines for each of the target genes in the T1 and T2 generations. 

 Moving forward the first step will be to obtain stable homozygous lines for each of 

the target genes. We will do this by carrying several independent lines for each gene to 

the T3 generation and examine the segregation of the seeds on selection media. Once 

we have identified approximately 10 homozygous lines for each construct we can begin 

to analyze the expression of the target genes. We can measure the gene expression of 

our target genes using qPCR to identify the lines with the strongest root expression in an 

effort to cause the largest shift in root specific sequestration. It is possible that increasing 

root sequestration of heavy metals and metalloids too greatly may result in an increase 

in sensitivity. Due to this it may be ideal to carry forward several lines for each construct 

that show a more moderate expression of the target genes as well. For each target gene 

constructs have been made with N- and C-terminal mVenus fluorescent tags which can 

be used both to measure the strength of the gene expression, as well as proper 

localization of the proteins, since several of them are vacuolar transporters.  

 After verifying proper localization of the target proteins and obtaining stable 

homozygous lines we can use hydroponics and ICP to characterize the heavy metal and 

metalloid storage in each line. By growing the transgenic plants on hydroponics we can 
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maintain tight control over the exact amount and timing of heavy metal or metalloid 

exposure. Additionally, use of hydroponic systems makes it much easier and cleaner to 

obtain separate root, shoot, and even seed tissues for heavy metal and metalloid 

measurements. Using ICP-OES we can determine whether these expression constructs 

successfully cause a shift in the tissue specific heavy metal and metalloid sequestration 

profile of the plants.  

 The major goal of this project is to provide proof of concept that tissue specific 

sequestration can be manipulated in plants, demonstrating the potential for the 

development of crops that minimize heavy metal and metalloid storage in edible tissues, 

resulting in less human exposure to toxic metals and metalloids. However, for a system 

to be viable in crops it needs to minimize edible tissue accumulation of heavy metals and 

metalloids without decreasing biomass or production. Whole plant overexpression of 

phytochelatin synthase has been shown to increase accumulation and tolerance of 

arsenic but led to hypersensitivity to cadmium (Li et al. 2004). It will thus be essential to 

test the transgenic lines for heavy metal and metalloid growth tolerance through root 

growth assays.  

 After examining the heavy metal and metalloid content in the transgenic lines it is 

possible that there will be no shift in tissue specific heavy metal and metalloid storage. 

One major reason why the current approach may not result in shifting storage patterns is 

that we are only targeting single genes for increased root expression. It is likely that 

expressing multiple genes in combination, such as a phytochelatin synthase and the 

vacuolar transporter for phytochelatin bound cadmium and arsenate, would result in 
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stronger shifts in tissue sequestration as increasing expression of only one of these genes 

may leave the other as a limiting factor.  
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A B 

Figure 2.1: Root specific promoter expression. GUS staining of transgenic Arabidopsis 
(A) and Oryza sativa (B) expressing the GUS gene driven by root-specific promoters.  
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Figure 2.2: Plasmid used for root specific expression in Arabidopsis. A pGreenii 0179 
backbone had the 3,891 bp promoter of the Arabdipsis PHT1;1 gene introduced in front 
of a gateway cassette. Versions of the plasmid were also generated with mVenus tags 
before (HindIII) and after (XbaI) the gateway cassette. The five target genes were 
introduced from a pENTR vector using gateway cloning.   
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Abstract 

 Urban community gardens have increased in prevalence since the 1970’s as a 

means to generate fresh fruits and vegetables. This demand is greatest in areas lacking 

access to healthy food options. However, urban soils may have high levels of toxic heavy 

metals and metalloids, including arsenic, lead, and cadmium, which can lead to severe 

health risks, including cancer risks, hypertension, and development defects.  In this study, 

fruit and vegetable samples grown at an urban community garden in Southeastern San 

Diego, the Ocean View Growing Grounds, were sampled repeatedly over a four year time 

period in order to measure potential contamination of toxic heavy metals and metalloids. 

Initial soil testing at the site found levels of lead and arsenic above California action level 

recommendations. The heavy metal and metalloid concentration was monitored in the 

leaf and fruit tissue of fruit trees over the sampling period. Several of the fruit trees, 

including Black Mission fig and Mexican lime, showed substantial uptake of lead in the 

leaf samples but no measurable contamination in the fruit tissue. Vegetables that were 

grown directly in the ground at this community garden and surrounding areas showed 

measurable levels of arsenic or lead in their edible tissues. The subsequent introduction 

of raised beds with uncontaminated soil is described which eliminated any detectable 

heavy metal or metalloid contamination in these crops during the monitoring period. 

Recommendations for facilitating the monitoring of edible tissues and for reducing risk 

are discussed. 
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Introduction 

 In recent years there has been a major resurgence in the prevalence of urban 

community gardens (Preer JR et al. 1980; Alaimo et al. 2008; McCormack et al. 2010). 

Urban gardening has increased even more rapidly worldwide over the last 20 years 

(Mitchell et al. 2014).  Motivations for gardening can vary greatly but often include a desire 

for lower cost, fresher tasting fruits and vegetables (Sterrett et al. 1996). The need for 

access to healthy food sources through community gardens is greater in areas classified 

as food deserts. A food desert is defined by the USDA as an urban community or 

neighborhood that is more than a quarter of a mile from access to affordable foods for a 

full healthy diet (USDA 2009). Food deserts are most often located in regions with lower 

socioeconomic status and comprised of underserved and underrepresented communities 

(Smith 2016; Ferdinand and Mahata 2017). Members of these communities have limited 

resources and access to transportation making urban gardening one of the main options 

available for access to healthy food and vegetables. There are a number of different 

theories about the development and increase in food deserts in urban communities, 

including rapid shifts in inner-city demographics beginning in the 1970s, large-chain 

supermarkets making smaller inner-city stores non-viable, and inaccurate perceptions 

about possible financial gain, land access, and safety (Nyden et al. 1998; Walker et al. 

2010). All of these theories likely control part of the process, as affluent households leave 

the inner cities to establish higher income neighborhoods large chain stores move into 

the outskirts of these areas (Wienk 1979; Guy et al. 2004). The combination of lowered 

median income in the inner cities and competition with large chain stores that can offer 

wider options at lower prices drives smaller, independently owned stores out of business. 
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Combining these factors with the lack of personal vehicles and problematic transportation 

makes access to these chain supermarkets on the outskirts of city neighborhoods difficult, 

if not impossible (Curtis and McClellan 1995). Studies have shown that with decreased 

median income, access to healthy food options and supermarkets decreases, and this 

difference becomes even more dramatic when racial and ethnic makeup of the 

neighborhood is taken into account (Chung and Myers 1999; Morland et al. 2002; Powell 

et al. 2007). Given the increasing difficulty and cost associated with obtaining heathy food 

options, people are increasingly moving towards the idea of community gardening as a 

means to fill this need.  

 While there are many benefits to urban gardening there are also associated risks 

(Preer et al. 1984). Urban gardens are often established at sites known as brownfields. 

Brownfields are defined by the Environmental Protection Agency (EPA) as properties 

whose use is complicated by the presence or potential presence of a hazardous 

substance or contaminant (EPA 2017). EPA estimates show that there are more than 

450,000 brownfields in the U.S., many in urban areas. These sites are attractive for 

conversion to community gardens as they are often the only unutilized land in the area 

(De Sousa 2003; Defoe et al. 2014). However, the presence of toxic heavy metal and 

metalloid contaminants, such as arsenic, lead, and cadmium, at these sites complicates 

their use for growing food products (Mielke et al. 1983; Hough et al. 2004).  

 Heavy metal and arsenic contamination can come from diverse sources depending 

on location and historic land use (Harrison et al. 1981; Alloway 2013). Agricultural land 

often has increased levels of arsenic, lead, and cadmium due to application of fertilizers 

and now outlawed pesticide sprays. In urban areas, major sources of lead contamination 
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include lead-based paints, automotive emissions, and local industries such as smelters 

and manufacturing (Thornton 2009; Clarke et al. 2015). In addition, soil contamination 

can be increased due to contaminated water running through urban areas from other 

regions.  

 Heavy metals and arsenic can enter the human body through defined avenues, 

including inhalation of contaminated dust, direct ingestion of contaminated soil on the 

surface of foods, and ingestion of food plants containing heavy metals or arsenic due to 

contamination of the growth site. Long term exposure to arsenic, lead, and cadmium can 

result in a wide range of detrimental health effects, including links to hypertension, 

diminished lung function, increased risk of liver disease, diverse cancers and 

developmental defects after exposure in children and pregnant women (Ohta et al. 2002; 

Heck et al. 2009; Cave et al. 2010; Alissa and Ferns 2011; Ghatak et al. 2011; Satarug 

et al. 2011; Huang et al. 2013; Hyder et al. 2013; Sherief et al. 2015). Due to these severe 

health risks the development of urban community gardens should be undertaken with 

careful planning in order to minimize dangers associated with heavy metal and arsenic 

contamination. In addition, initial testing of heavy metal contamination in the soil, as well 

as ongoing monitoring of plant tissue contamination would be ideal.  

 There are over 810 vacant lots in Southeastern San Diego and surrounding areas, 

including City Heights, Golden Hill and Mid-City Eastern (Figure 3.1). Many of these sites 

are located within food deserts, and could be potential sites for urban gardens. In this 

study one specific brownfield site in Southeastern San Diego, the Ocean View Growing 

Grounds (OVGG), has been developed as an urban community garden and greenspace. 

This site has been developed through collaboration between the community and the 
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Global Action Resource Center (ARC) to provide access to healthy fruits and vegetables, 

as well as a location for community events and learning. The UC San Diego Superfund 

Research Program, in partnership with the Community Engagement and Research 

Translation Cores, has developed an edible plant tissue testing program to monitor and 

analyze the heavy metal and arsenic uptake in food plants being grown at the Ocean 

View Growing Grounds. This information can be used to better inform and design the 

growth conditions at the site.  

 

Materials and Methods 

Plant sample collection and testing 

 Plant tissue samples were collected from plants growing at the Ocean View 

Growing Grounds. Fruit trees were sampled repeatedly over a period of four years to 

monitor heavy metal and arsenic uptake. Three separate tissue samples were collected 

for each round of measurements. After collection, the tissue samples were wrapped in 

white paper and dried at 60ºC (140ºF) for five days, then digested in 68% nitric acid. The 

digested tissue samples were then diluted 1:20 with double-distilled water. The heavy 

metal content of the diluted samples was determined with a Perkin Elmer Optima 3000 

DV ICP-OES at the Scripps Institution of Oceanography Inductively Coupled Plasma 

Optical Emission Spectrophotometer Facility. Claritas PPT Multi-Element Solution 2 

(Cat#: CLMS-2) was used as a measurement standard for heavy metal and arsenic 

quantification.   
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Soil sample collection and testing 

 Soil samples were collected and interpreted by Ninyo & Moore Geotechnical and 

Environmental Sciences Consultants (San Diego, CA). Each soil sample was collected 

from 0.5 ft below ground surface using a hand auger that was decontaminated between 

each collection. Quantification of the heavy metal and metalloid content was determined 

at Orange Coast Analytical, Inc. (San Diego, CA) using the USEPA method 6010B 

(USEPA 2014).  

 

Results 

 In 2014, after the first year of plant sample collection, the soil contamination levels 

at the Ocean View Growing Grounds were analyzed, including heavy metals and 

metalloids. Figure 3.2A shows the collection locations for the ten soil samples. B1 was 

the only soil sample that showed lead levels above the California Human Health 

Screening Levels (CHHSLs) action level of 80 mg/kg (CalEPA 2010), with lead levels of 

120 mg/kg (Figure 3.2B). All samples collected showed arsenic levels above the CHHSLs 

action level of 0.07 mg/kg (CalEPA 2010), ranging from 3.4-22 mg/kg (Figure 3.2C). The 

general background levels of arsenic contamination in Southern California, without 

anthropogenic input is between 0.6-11 mg/kg, and the safety limit for school sites in 

Southern California is 12 mg/kg (Science 1996) (Figure 3.2C). 

 Within the Ocean View Growing Grounds there are two areas comprised of fruit 

trees, called Food Forest #1 and Food Forest #2. Repeated samples of leaf tissue have 

been taken from these trees starting shortly after their planting, with three to six collections 
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over four years. Figure 3.3 shows repeated sampling from three tree species within Food 

Forest #1, which is the older of the two food forests. A variety of the fruit trees sampled, 

including the blood orange shown in Figure 3.3A, have no detectable accumulation of 

arsenic (As), lead (Pb) and cadmium (Cd) in leaves, but standard levels of non-toxic 

metals, including copper (Cu), manganese (Mn), and zinc (Zn). In a subset of the fruit 

trees present we did find detectable accumulation of lead from the soil in the leaves, 

including Mexican lime (Figure 3.3B) and Black Mission fig (Figure 3.3C) trees. The 

detected lead levels in the Black Mission fig leaves and Mexican lime leaves have been 

relatively stable over the six collected samples (Figure 3.3B and 3.3C).  

 Fruit samples were collected from these same trees within the Food Forests. There 

were limited samples of edible tissues due to low fruit yield. Heavy metal measurements 

from the edible fruit samples were collected and showed no detectable toxic heavy metal 

or arsenic contamination (Figure 3.4). The lack of detectable heavy metals and arsenic in 

the fruit samples was found regardless of whether the leaf tissue of the trees showed 

contamination (Mexican lime, Figure 3.4B and Black Mission fig, Figure 3.4C), or showed 

no contamination, (blood orange, Figure 3.4A). The fruits from all of these trees showed 

accumulation of nutrient metals (Zinc: Zn, Cooper: Cu, Manganese: Mn). 

 In addition to the fruit trees present within the two food forests, vegetables have 

been planted at the Ocean View Growing Grounds and nearby backyard gardens. Figure 

3.5A shows metal levels in a variety of edible plants grown directly in the community 

garden soil. In leafy green vegetables, including Swiss chard and lettuce detectable levels 

of arsenic (As) were found, while strawberries showed detectable levels of lead (Pb). 

Specifically the Swiss chard showed 0.80 + 0.073 ppm (parts per million) arsenic while 
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the lettuce showed 0.42 + 0.055 ppm arsenic. The strawberries showed 0.84 + 0.404 ppm 

lead. Other vegetables including Brussel sprouts and tomato showed no clearly detected 

or below threshold levels of heavy metals and metalloids.  

 In an effort to minimize risks associated with ingesting the vegetables grown 

directly in the heavy metal contaminated ground at the Ocean View Growing Grounds, 

raised beds were constructed using clean soil from an outside site (Figure 3.6). All 

seasonal fruits and vegetables are now grown in these raised beds.  Heavy metal and 

arsenic measurement of vegetables grown in the raised beds, including leafy green 

vegetables like lettuce, kale, and Swiss chard (Figure 3.5B), showed no detectable levels 

of heavy metals or arsenic. In contrast, nutrient metals were detected in these leafy green 

vegetables, including zinc (Zn), copper (Cu) and manganese (Mn) (Figure 3.5B).  

 

Discussion 

 In this study multiple leafy green vegetables, including lettuce, and Swiss chard, 

showed a measurable level of arsenic uptake when grown directly in garden soil, while 

other plant samples such as tomato and Brussel sprouts, showed no or below threshold 

heavy metal and arsenic levels. Previous studies have shown that leafy green vegetables 

are more prone to heavy metal and metalloid contamination than many other vegetables 

(Beavington 1975; Sterrett et al. 1996). This increased uptake of heavy metals and 

metalloids in leafy green vegetables is believed to be associated with their overall higher 

metal content when compared to other fruits and vegetables. Fruit trees grown in 

contaminated soils will commonly take up heavy metals and metalloids from the 
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environment into the plant tissue (Peryea 2000; Madejón et al. 2006). The amount of 

heavy metal and metalloid uptake can vary greatly depending on the type of tree (Pulford 

and Watson 2003). However, for the tree species analyzed, we found that the edible fruit 

tissue did not accumulate heavy metals and arsenic compared to the leaf tissues under 

our conditions (Figures 3.3 to 3.5), which is consistent with other studies (Ademoroti 1986; 

Li et al. 2006).  

 In the leaf tissue collected from the Black Mission fig and Mexican lime trees lead 

levels between 1-1.5 ppm were detected. While the United States Food and Drug 

Administration (FDA) has no limits or recommendations for lead contamination in fruits or 

vegetables, there are limits for drinking water (5 parts per billions [ppb]) and candy 

intended for children (100 ppb). The Black Mission fig and Mexican lime samples 

exceeded the limit for candy by approximately 10-fold. For the leafy green vegetables 

grown directly in the ground arsenic levels of 0.42 + 0.055 ppm for lettuce and 0.80 + 

0.073 ppm for Swiss chard were detected. As with lead there are no FDA fruit or vegetable 

standards for arsenic. However there are limits for drinking water (10 ppb) and 

recommendation levels for infant rice cereals (100 ppb) which the detected levels 

exceeded by approximately 4 to 8 fold.  

 There are multiple factors that have led to the limited safety regulations 

surrounding heavy metal and metalloid contamination in foods. First, there are no medical 

or research data showing that there are safe levels of lead for human consumption. 

Second, while there are recommendations for total weekly lead intake based on body 

weight, the safe limits for each individual item would vary depending on each individual’s 

diet and weight. Finally, safe limits set for food and water lead and arsenic levels are often 
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based on what is feasible to achieve rather than what is ideal for human health leading to 

less regulation than might otherwise be expected.  

 In several of the leaf samples taken from the fruit trees there were detectable levels 

of chromium, as high as 1.25 ppm. However, chromium presents unique difficulties in 

assessing risk due its existence in two different forms, Cr (III) and Cr (VI) with vastly 

different toxicities(Gad 1989). Hexavalent chromium (Cr[VI]) is substantially more toxic to 

human health than Cr (III) due to its greater ability to be transported into cells(ATSDR 

2012). The extraction methods used in this study do not allow for the distinction between 

Cr (III) and Cr (VI) in the plant tissues, which limits our ability to make determinations 

about the actual risks associated with the detected levels.  

Recommendations  

 Based on the results found in this study, as well as other urban garden and 

brownfield studies, we recommend testing of toxic heavy metals and arsenic levels in 

edible plant samples. It is clear that the specific combination of plant species grown and 

growth methods should be customized based on potential or known contamination risks. 

High metal accumulation vegetables like leafy green vegetables should be grown in 

uncontaminated soils, which in an urban garden setting will often require the construction 

of raised beds and the purchase of clean soil. While fruit trees in the present study appear 

to minimize the transfer of heavy metals and arsenic into the edible fruit tissues, variations 

in specific soil contamination and tree species means there are still risks of contamination 

that should be addressed by testing of the fruit samples. 
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 For groups interested in testing for contaminants present in soil there are a number 

of companies that can be contracted to perform measurements; however the costs of 

professional testing can be prohibitive. As an alternative, community events, such as Soil 

Kitchen, that do less thorough soil testing have been conducted in a number of 

neighborhoods. At these events residents are able to bring in soil from their community 

or backyard garden for testing and are often given a free meal while they wait for results. 

Testing of plant heavy metals and metalloids in contaminated edible tissue remains a 

more complex and resource intensive process. However, those interested could contact 

the authors of this paper for advice. The main limiting factor for soil and plant testing is 

access to resources, including test equipment and the training to interpret results. One 

avenue to overcome these limitations is to develop a partnership between local 

universities and community organizers that allows local residents to tap into the wealth of 

resources available, while also giving university researchers an avenue to apply their 

work in the community.  

 While converting urban brownfields into community gardens and urban green 

spaces does pose potential risks related to contaminant exposure, including exposure to 

heavy metals and metalloids, the potential benefits to the community should not be 

ignored (Kingsley et al. 2009; Litt et al. 2011). Community gardens especially in food 

desert areas, can provide an essential source of healthy fruits and vegetables needed to 

maintain a healthy diet, however testing of soils and food samples is recommended. In 

addition to minimizing health risks associated with proper diet, community gardens also 

provide a space to build positive social connections in the community (Twiss et al. 2003). 

By combining a place-based approach to healthy-eating strategies with community 
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interaction and engagement, the larger community health can be enhanced, fostering 

cultural exchange and a more holistic understanding of the interactions between food and 

health (Armstrong 2000; Draper and Freedman 2010).  
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Figure 3.1: Map of Southeastern San Diego with 810 vacant lots indicated by yellow 
polygons. 
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Figure 3.2: Lead and arsenic levels in community garden soil. (A) Soil samples taken 
from ten locations throughout the Ocean View Grounding Grounds were measured for 
heavy metal and arsenic content. (B) Lead and (C) arsenic levels are shown from all 
10 sampled locations. The Action Levels of 80 mg/kg for lead and 0.07 mg/kg for 
arsenic are indicated in each graph.  
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Figure 3.3: Metal and arsenic content of leaf samples taken from the indicated fruit 
tree species grown at the Ocean View Growing Grounds. As: Arsenic, Cd: Cadmium, 
Co: Cobalt, Cr: Chromium, Cu: Copper, Mn: Manganese, Pb: Lead, Zn: Zinc. Each bar 
indicates the mean + standard deviation of three samples collected on the indicated 
dates.  
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Figure 3.4: Metal and arsenic content of fruit samples taken from the indicated fruit 
trees grown at the Ocean View Growing Grounds. As: Arsenic, Cd: Cadmium, Co: 
Cobalt, Cr: Chromium, Cu: Copper, Mn: Manganese, Pb: Lead, Zn: Zinc. Each bar 
indicates the mean + standard deviation of three samples collected on the indicated 
dates. 
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Figure 3.5: Metal and arsenic content of edible tissue samples taken from the indicated 
plants growing at the Ocean View Growing Grounds, grown either (A) directly in the soil 
or (B) in raised beds. The nutrients Cu, Mn, and Zn are indicated in grey tones. Toxic 
metals and arsenic are indicated in color As: Arsenic, Cd: Cadmium, Co: Cobalt, Cr: 
Chromium, Cu: Copper, Mn: Manganese, Pb: Lead, Zn: Zinc. Each bar indicates the 
mean + standard deviation of three samples. 
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Figure 3.6: OVGG before and after the introduction of raised beds. Photos of taken at 
the Ocean View Growing Grounds (OVGG) towards Ocean Boulevard (A) before and 
(B) after the introduction of raised beds for seasonal vegetable growth.  
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Moving Forward 
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Introduction 

 As part of my dissertation work I have investigated heavy metal and metalloid 

uptake, movement, accumulation, and signaling response in plants at three different 

levels. First, I pursued a basic science project where I used a forward genetic screen to 

identify new components in the heavy metal and metalloid transcriptional response 

network. I identified At4g10930 and At4g13575 as the likely genes to contain the 

causative mutation in a mutant Arabidopsis line that displayed a constitutive cadmium 

response (crc1), and identified a candidate region and 25 candidate mutations for a 

super-response to cadmium (src1) mutant.  

 In a more translational research project I generated transgenic Arabidopsis 

expressing known heavy metal and metalloid detoxification machinery driven by a root 

specific promoter. These transgenic Arabidopsis lines may provide a proof of concept for 

manipulating spatial sequestration of heavy metals and metalloids in order to minimize 

contamination of aerial, often edible, tissues. We are also working to generate transgenic 

rice utilizing the same concept to minimize heavy metal and metalloid storage in the grain.  

 Lastly, I worked on a community outreach project monitoring heavy metal and 

metalloid accumulation in food plants being grown at a community garden in 

Southeastern San Diego in collaboration with Dr. Keith Pezzoli, the head of the 

Community Engagement and Research Translation Cores (CEC/RTC) of the UCSD 

Superfund. As part of this project I did longitudinal tracking of heavy metal and metalloid 

accumulation in edible and non-edible fruit tree tissue. Lead accumulation was found in 

leaf tissue of several trees, however no detectable accumulation was found in fruit 

samples. Additionally, I was able to detect heavy metal and metalloid accumulation in a 
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number of ground grown plant samples, which lead to the incorporation of raised beds at 

the Ocean View Growing Grounds, mitigating this potential risk of exposure.  

 

Characterization of Cadmium Response Mutants 

 For the crc1 mutant line, the cadmium and selenate in sulfur-free media root 

growth phenotype allows us to rapidly narrow down possible causative mutations by using 

a root growth assay on T-DNA knockout lines for the candidate genes. Unfortunately, for 

the src1 mutant line, I have been unable to identify a phenotype beyond the initial 

luciferase response phenotype. It would be a worthwhile endeavor to further characterize 

the src1 mutant in an attempt to identify a screenable phenotype.  

 One possible avenue for a phenotype in the src1 mutant is to investigate gene 

expression. In Ch.1 of this dissertation I discuss qPCR experiments analyzing changes 

in expression of several heavy metal and metalloid related genes after 6 hours of 

cadmium exposure (Jobe et al. 2013). Using qPCR to identify changes in gene expression 

at different time points, including shorter (i.e. 2 hrs) or longer (i.e. 24 hrs) could allow 

differences between the control reporter line and src1 to be identified.  We could also look 

at the expression of additional genes, such as the sultr1;2 transporter and the adenylyl-

sulfate reductases (apr1/2/3) that have previously been found to increase in gene 

expression after cadmium exposure. A disadvantage of this approach is that it forces us 

to guess what genes should be measured. In order to overcome this disadvantage, 

RNAseq could be utilized to measure shifts across the transcriptome of the luciferase 

response mutants. This approach would allow us to identify shifts in genes that may not 
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have been connected to heavy metal and metalloid responses yet. Of course any 

potential candidates would need to be verified individually using qPCR, but having a 

targeted list could speed the process greatly. This approach does require a greater level 

of computational skills to analyze the data. Through collaborators in the Superfund 

Program, online information, and bioinformatics courses at UCSD, it would be feasible to 

have these data analyzed or learn the methods. 

 For the crc1 mutant I was able to use the root growth phenotype to narrow down 

the 14 candidate genes identified through whole-genome sequencing to two candidate 

genes, At4g10930 and At4g13575. The most effective method to verify which of these 

two genes contains the causative mutation in the crc1 mutant will be through a 

complementation assay. By reintroducing the wild-type versions of each gene into the 

crc1 mutant line the causative gene can be identified by seeing which line eliminates the 

luciferase response and root growth phenotypes. For the src1 mutant, since there is no 

visible phenotype to narrow down the causative mutation, complementation of the 

luciferase phenotype and qPCR analyses may be the best methods available.  

 The luciferase assay that would be used to test for complementation of the super-

response and constitutive response phenotypes is very sensitive, and any additional 

stress on the plants can completely confound the phenotypes. Due to this sensitivity, 

using traditional methods of herbicide selection for screening transgenics would likely 

eliminate the possibility of testing the luciferase phenotype in segregating lines, meaning 

the transformants would need to be carried to the T3 generation. However, by utilizing 

mCherry fluorescent protein driven by a seed coat specific promoter for selection, 

successful transformants can be selected before germination and be screened for the 
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luciferase phenotypes without being pre-stressed. This method of transformant selection 

has been used with great success in Arabidopsis with the CRISPR genome editing 

system (Gao et al. 2016).  

 In the crc1 mutant two candidate genes have been identified based on the results 

of root growth assays in T-DNA lines. At4g13575 encodes a hypothetical protein that has 

only been identified through transcriptomics. At4g10930 is characterized as a RING/U-

box protein in online databases and based on sequence is predicted to have nuclear 

localization. For each of these genes it would be useful to identify the localization of the 

protein product within the cell. This information could be gained by transforming a 

fluorescent tagged fusion version of the genes when doing complementation assays in 

the crc1 mutant line. In the ubiquitination pathway RING proteins function as E3 ligases, 

binding to the targets of ubiquitination and the E2 to bring the ubiquitin to the target 

(Kosarev et al. 2002; Stone et al. 2005). A project in the Schroeder Lab focused on ABA 

and CO2 control of stomatal movements has been investigating F-box protein interactors 

by using decoy lines created by Joshua Gendron at Yale University. During normal 

function it is very difficult to identify the targets of E3 ligases because the very nature of 

their interactions is that it signals for degradation of the target. With the decoy lines, a 

modified version of the protein is introduced that is able to interact with the target but does 

not ubiquitinate it, meaning that the target is stabilized. This has the dual function of acting 

as a dominant negative mutant line but also stabilizing the interaction allowing for pull-

down of the target proteins. Obtaining or generating a decoy version of this gene could 

allow for Co-IP of the protein targets which could elucidate possible connections between 

the protein and heavy metal and metalloid signaling and response.   
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Increasing Root Sequestration of Heavy Metals and Arsenic 

 Before we can test the transgenic Arabidopsis lines that have been generated to 

increase root expression of known heavy metal detoxification and sequestration 

machinery we need to identify stable homozygous lines with strong expression of the 

target genes. For this project transgenic Arabidopsis were generated with the promoter 

of the PHT1;1 gene driving root specific expression of one of five target genes: wheat 

phytochelatin synthase (TaPCS1), a novel Arabidopsis arsenate reductase (AtHAC1), the 

vacuolar transporter of bound arsenic and cadmium from Schizosaccharomyces pombe 

(SpABC2), and the vacuolar transporter of free cadmium from Arabidopsis and Thlaspi 

caerulescens (AtHMA3/TcHMA3). In order to identify stable homozygous lines we will 

need to carry multiple plants from each line forward to the T3 generation and check the 

segregation of the seeds on kanamycin selection plates.  

 Our goal with the transgenic Arabidopsis lines is to drive the expression of the 

target genes as strongly as possible in root tissues. To analyze this we can measure the 

expression of the target genes using qPCR. This should be done separately in root and 

shoot tissue to confirm that any changes in expression have been done in a root specific 

manner. For each target gene we generated both untagged and mVenus tagged versions. 

For the fluorescent tagged proteins we can look at the fluorescence under the microscope 

as a second measure of expression. Additionally, we can use the fluorescent tags to verify 

proper localization of the targets, i.e. that the vacuolar transporters 

(SpABC2/AtHMA3/TcHMA3) are properly localizing to the vacuolar membrane. It will be 

important to characterize both tagged and untagged lines for each target since the 

presence of a fluorescent tag can potentially inhibit protein activity. We will want to identify 
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the strongest lines for each construct to carry forward for heavy metal measurements as 

these lines may lead to the largest impact on tissue specific sequestration. However, it is 

possible that the strongest expressing lines may be too extreme leading to decreased 

growth of the plants due to heavy metal and metalloid sensitivity. For this reason it would 

be ideal to identify both the strongest expressing lines and more moderately expressing 

lines for heavy metal and metalloid measurement. 

 Once we have identified several lines strongly expressing each target gene, and 

verified proper localization in the mVenus-tagged lines, we can characterize any shifts in 

tissue-specific heavy metal and metalloid accumulation and sensitivity. To determine 

whether root-specific expression of any of the target genes was able to successfully 

increase root sequestration while decreasing root-to-shoot translocation we can use a 

combination of hydroponics and ICP measurement. Specifically, the transgenic 

Arabidopsis line can be grown using hydroponic protocols previously established using 

the Araponics system and ½ Hoagland’s media. Once the plants have fully grown, 

approximately 28 days, arsenic or cadmium can be added to the media solution. After 

four days of arsenic or cadmium exposure the plants can be harvested, separating the 

roots, shoots, and seeds (if the experiment is extended). After harvesting the tissue, the 

heavy metal and metalloid content can be determined using ICP, as described in Ch.3 of 

this dissertation.  

 One of the reasons that we are focusing on root specific expression of the target 

genes, rather than whole plant overexpression, is that in some cases whole plant 

overexpression of sequestration mechanisms can lead to increased sensitivity to heavy 

metals and metalloids (Li et al. 2004). Since the goal of this project is eventual utilization 
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in crop systems, increase sensitivity is non-ideal as it leads to decreased growth and 

yield. To measure sensitivity/tolerance to heavy metal and metalloid exposure the 

transgenic lines can be characterized for root growth on arsenic and cadmium media. 

These experiments should be done using the minimal media previously established in the 

Schroeder Lab, as this allows for easier detection of stress related phenotypes (Lee et al. 

2003).  

 It is possible that increased expression of only a single gene will not result in a 

successful shift in root-to-shoot translocation (Mendoza-Cozatl et al. 2005). Previous 

studies have shown that increasing expression of multiple components in the heavy metal 

and metalloid detoxification pathway can lead to much stronger results than single genes 

alone (Guo et al. 2008). If root-specific expression of the single genes does not shift the 

tissue sequestration profiles we can use gene stacking methods to introduce multiple 

target genes in a single line. Combining transporter expression with increased expression 

of phytochelatin synthase or arsenate reductase may result in more significant shift in root 

sequestration. 

 

Edible Plant Tissue Testing Program 

 Moving forward with the edible plant tissue testing program there are multiple 

avenues that can be pursued. First, we should continue to monitor the accumulation of 

heavy metals and metalloids in the leaf and fruit tissues of the trees present in the food 

forests at the Ocean View Growing Grounds. While we have not observed an increase in 

leaf tissue build up, or fruit contamination with heavy metals and metalloids, it is possible 
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that build-up will occur over time. One possible reason behind the stable heavy metal and 

metalloid content in the leaf tissue that has been measured may be that we are seeing 

the maximal content of those tissues, with turnover of the leaves eliminating longer term 

build-up. In order to examine this possibility we could measure heavy metals and 

metalloids of tree tissue that does not have the same degree of turn over by collecting 

sections of branches or bark for measurement. We may have to slightly adapt our tissue 

digestion protocol to deal with the durability of this woody tissue, however, there are 

several published protocols for digesting woody tissues that can be utilized (Kakulu 2003; 

Unterbrunner et al. 2007).  

 Beyond continued monitoring of heavy metal and metalloid accumulation at the 

Ocean View Growing Grounds we have also looked into possible contamination in crops 

grown at community gardens on the UCSD campus. There are seven different locations 

on campus that are advertised as campus or community gardens where the UCSD 

community is able to grow sustainable, local produce. We have collected plant samples, 

both edible and non-edible, from a number of crop plants grown at these locations. 

Specifically we collected 20 samples from Roger’s Community Garden, a quarter-acre 

space south of the Che Café that provides space for students to grow their own food and 

education for students, faculty, staff, and alumni about agriculture, organic gardening and 

sustainability. We have also collected 13 samples from Ellie’s Garden, which has two 

communal garden spaces in Eleanor Roosevelt College that strive to create a “greener” 

community. The heavy metal and metalloid content of these samples could be determined 

using the same protocols described in Ch. 3, in order to determine if there is any 

detectable contamination in the crops grown in these campus gardens. Prior to the 
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creation of UCSD, portions of the land that now make up the campus were leased to the 

US military for a marine training facility. Due to this period of use, unexploded ordinance, 

as well as contamination of lead and arsenic in the soil are an ongoing concern. Gaining 

a better understanding of potential heavy metal and metalloid exposure from campus 

gardens would be beneficial for long-term health concerns. 

 Our work monitoring heavy metal and metalloid accumulation in the Ocean View 

Growing Grounds has shown the benefit for testing heavy metal and metalloid content in 

community garden crops and soils. In San Diego County there are a large number of 

community gardens in variety of different communities, with widely different access to 

resources and education around the subject of safe and sustainable growing practices. 

By partnering with the Global Action Resource Council (ARC) and the UCSD Superfund 

Community Engagement and Research Translation Cores (CEC/RTC) members of the 

Ocean View Growing Grounds were able to gain access to resources that otherwise 

would have been out of reach. Expanding the edible plant tissue testing program beyond 

the Ocean View Growing Grounds would provide these resources and potential benefits 

to the greater San Diego community. In a first step at this expansion we collected 19 

samples from crops being grown at the Second Chance Youth Program’s Peace Garden. 

This program aims to increase youth awareness of urban agriculture and food justice, 

while also providing job readiness and youth development workshops. Going forward 

there are several different approaches through which that this expansion could be 

achieved. One possible avenue is through a partnership with existing community garden 

organizations such as the San Diego Community Garden Network that tracks community 

gardens in San Diego to help share knowledge and expertise. Their goal is to help “create, 
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support, and grow” community gardens in order to help communities provide themselves 

with food security while enhancing community connections. A partnership with this group 

would provide access and introductions to members of community gardens spread 

throughout the county.  

 

References 

Gao X, Chen J, Dai X, Zhang D, Zhao Y (2016) An Effective Strategy for Reliably Isolating 
Heritable and Cas9-Free Arabidopsis Mutants Generated by CRISPR/Cas9-
Mediated Genome Editing. Plant Physiology 171 (3):1794 

 
Guo J, Dai X, Xu W, Ma M (2008) Overexpressing GSH1 and AsPCS1 simultaneously 

increases the tolerance and accumulation of cadmium and arsenic in Arabidopsis 
thaliana. Chemosphere 72 (7):1020-1026. 
doi:10.1016/j.chemosphere.2008.04.018 

 
Jobe TO, Sung DY, Akmakjian G, Pham A, Komives EA, Mendoza-Cozatl DG, Schroeder 

JI (2013) Feedback inhibition by thiols outranks glutathione depletion: a luciferase-
based screen reveals glutathione-deficient gamma-ECS and glutathione 
synthetase mutants impaired in cadmium-induced sulfate assimilation. Plant J 70 
(5):783-795. doi:10.1111/j.1365-313X.2012.04924.x 

 
Kakulu SE (2003) Trace metal concentration in roadside surface soil and tree back: A 

measurement of local atmospheric pollution in Abuja, Nigeria. Environmental 
Monitoring and Assessment 89 (3):233-242 

 
Kosarev P, Mayer KF, Hardtke CS (2002) Evaluation and classification of RING-finger 

domains encoded by the Arabidopsis genome. Genome biology 3 
(4):research0016. 0011 

 
Lee DA, Chen A, Schroeder JI (2003) Ars1, an Arabidopsis mutant exhibiting increased 

tolerance to arsenate and increased phosphate uptake. Plant J 35 (5):637-646 

 
Li Y, Dhankher O, Carreira L, Lee D, Chen A, Schroeder J, Balish R, Meagher R (2004) 

Overexpression of phytochelatin synthase in Arabidopsis leads to enhanced 
arsenic tolerance and cadmium hypersensitivity. Plant & cell physiology 45 
(12):1787-1797 



 

151 
 

 
Mendoza-Cozatl D, Loza-Tavera H, Hernandez-Navarro A, Moreno-Sanchez R (2005) 

Sulfur assimilation and glutathione metabolism under cadmium stress in yeast, 
protists and plants. FEMS Microbiology Reviews 29 (4):653-671 

 
Stone SL, Hauksdóttir H, Troy A, Herschleb J, Kraft E, Callis J (2005) Functional Analysis 

of the RING-Type Ubiquitin Ligase Family of Arabidopsi&lt;em&gt;s&lt;/em&gt. 
Plant Physiology 137 (1):13 

 
Unterbrunner R, Puschenreiter M, Sommer P, Wieshammer G, Tlustoš P, Zupan M, 

Wenzel W (2007) Heavy metal accumulation in trees growing on contaminated 
sites in Central Europe. Environmental pollution 148 (1):107-114 

 

 




