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ABSTRACT OF THE THESIS 

 

From Chlamydomonas reinhardtii to Caenorhabditis elegans: 

Investigations into the environmental regulation of eukaryotic Cu-handling mechanisms 

 

by 

 

Catherine Michelle Shafer 

 

Doctor of Philosophy in Molecular Toxicology  

University of California, Los Angeles, 2022 

Professor Megan M. McEvoy, Chair 

 

Abstract 

 

This dissertation investigated the environmental factors that contribute to 

eukaryotic Cu homeostasis. Using a single-celled eukaryote, Chlamydomonas reinhardtii, 

this work expanded upon the knowledge of Cu uptake transporters (CTRs). The 

noncanonical CTR3 was found to be periplasmic and, despite validating mutant strains 

for the protein, was not identified to play any role in the accumulation of Cu in conditions 

that increased expression of CTR3 with CTR1 and CTR2. However, another soluble 
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factor, glutathione (GSH), was found to contribute to Cu accumulation driven by canonical 

CTRs during Zn deficiency. However, despite this potential for increased accumulation 

through CTRs, GSH also consistently protected Chlamydomonas from nonessential Ag 

toxicity. The two canonical CTRs, CTR1 and CTR2, were further distinguished by their 

varying affinity for Cu during Cu deficient and Zn deficient conditions Therefore, it was 

concluded that CTR1 and CTR2 are not redundant because they could not substitute for 

one another’s function.  

In subsequent investigations, the use of Caenorhabditis elegans allowed for the 

study of bacterial Cu-resistance responses within a host-microbe system. These 

investigations identified increasing bacterial Cu-efflux as an environmental factor 

contributing to the sensitization of host C. elegans to Cu exposures by changing the 

spatial localization of metal stress within the adult nematode in a tissue specific manner 

instead of reducing the overall body burden of the metal exposure. Consequently, C. 

elegans raised on bacterial lawns with reduced bacterial Cu-efflux capacity, achieved by 

targeted deletions in the cusRS two component system in Escherichia coli, exhibited 1) 

increased survival, 2) reduced matricidal hatching, 3) improved growth, and 3) a shifted 

nuclear metal responsive gene (numr-1) reporter to the posterior of the pharynx where 

Cu accumulated by bacteria is released by the pharyngeal grinder in response to high 

environmental Cu stress. These investigations present health implications for the 

increasing Cu resistance observed in bacterial populations due to increased industry and 

metal deposition and for the compounding challenges facing transition metal homeostasis 

in these increasingly manmade environments.  
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CHAPTER 1: INTRODUCTION 

1.1 Essential transition metal homeostasis  

Essential transition metals, particularly first row transition metals, are required by 

organisms from all three domains of life to perform enzymatic reactions that would 

otherwise be impossible (Fig. 1.1)(1). Today, nearly 50% of all enzymatic proteins are 

recognized as metalloproteins for this reason (2). Unlike other nutrients that can be 

synthesized by an organism (often through the function of metalloenzymes), essential 

transition metals must be acquired from the external environment (3-6). Without a 

sufficient environmental supply, deficiency of an essential transition metal impairs cellular 

functions unless coordinated homeostatic accommodations can be made (7). 

Homeostatic responses to deficiency include sparing mechanisms to reduce the amount 

required by the cell to survive by mobilizing cellular stores, increasing the efficiency of 

uptake (8,9), and utilizing alternative pathways that don’t require the metal (10,11). 

However, homeostatic accommodations can be detrimental if deficiency does not 

resolve promptly. For instance, depletion of cellular copper stores like those found in the 

Cu-rich plastocyanin of a single-celled algae, Chlamydomonas reinhardtii, during Cu 

deficiency reduces the capacity of the cell to respond to Cu-deficiency in the future (3). 

Similarly, increases in high-affinity uptake transporters in response to deficiency carry 

their own challenges. For instance, iron (Fe) deficiency is a common cause of increased 

cadmium (Cd) (12), a nonessential transition metal that is toxic to biological functions 

because many of the same processes that promote increased uptake of Fe2+ during 

deficiency also serve to increase the accumulation of metals with similar properties (8). 

Consistent with a unique vulnerability to similar toxicants resulting from deficiency, early 
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studies attributed essential transition metal supplementation in the diet with reductions in 

observed Cd toxicity (13).  

 Where any amount of nonessential Cd or Ag can exert detrimental effects on an 

organism (Fig. 1.2), essential transition metals with similar properties can also be a 

detriment when the environmental concentration far exceeds an organism’s homeostatic 

quota (14,15). When presented with these circumstances, organisms initiate defensive 

mechanisms to promote resistance and reduce the influx of the metal (16-18). Specific 

responses to metal excess complement those initiated by deficiency; for instance, export 

rather than import of the metal is promoted (17,19) and substitution of vulnerable 

pathways until detoxification can take place (20). Despite the challenge of balancing 

deficiency and excess in changing environmental conditions, the universal need for 

transition metals across all the three domains of life today suggests that the utility for 

essential transition metals far outweighed these risks (21). While the above examples 

demonstrate the overlapping nature of homeostatic systems for essential transition 

metals (Fe, Zn, Ca, Cu, Mn, Mg etc.) this thesis focuses on the role of one essential 

transition metal, copper.  

1.2 Biological Roles of Copper 

Biological organisms were first introduced to an abundance of copper in the 

environment when a rapid increase in atmospheric oxygen, termed the Great Oxidation 

Event (GOE) some 2.5-2.3 billion years ago, shifted the Cu(I):Cu(II) ratio in favor of the 

much more bioavailable Cu(II) (Fig.1.3) (1,22). The concurrent increase in the 

bioavailability of copper and oxygen gave rise to the integration of this redox-active metal 

within biological systems as they took full advantage of the newfound oxygen chemistry, 
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mediated by copper’s unique reduction potential (23), available to them. The integration 

of copper into biological systems is observed in the numerous cuproenzymes present in 

organisms today and containing a variety of mononuclear, dinuclear and trinuclear O2-

reactive copper centers that are essential to the utilization of oxygen within the cell (1,24). 

Cuproenzymes exemplify this utility in a number of essential biochemical pathways 

today that include the homeostasis of other essential transition metals (25,26), 

norepinephrine biosynthesis (27-29), energy production and oxidative-stress 

detoxification (25). Energetically, cuproenzymes like plastocyanin and cytochrome c 

oxidase perform essential functions within the electron transport chain (ETC) of 

mitochondria and chloroplasts respectively (24,30). Plastocyanin in the electron transport 

chain of photosynthetic eukaryotes, utilizes copper to transfer electrons between 

photosystems in the chloroplast (30). Plastocyanin’s role in the electron transport chain 

is so indispensable that copper deficiency in C. reinhardtii promotes the degradation of 

the copper-containing enzyme in favor of a heme-containing replacement, cytochrome 

C6, that can temporarily substitute its function without the use of copper (31). Similarly, 

as the last enzyme in the ETC, cytochrome c oxidase functions in catalyzing the reduction 

of oxygen to water by using the copper centers of CuA and CuB as electron acceptors 

(32) in mitochondria, bacteria and archaea alike to produce adenosine triphosphate (ATP) 

at the end of the ETC and maintain the energy requirements of the cell. 

Beyond energy requirements, homeostatic regulation of other essential metals and 

the synthesis of crucial compounds involved in human neurotransmission are dictated by 

cuproenzymes. Human cytochrome C oxidase, which requires iron in addition to copper 

(32), is functionally impacted by another essential cuproenzyme found in plasma, 
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ceruloplasmin, because of its role in mediating iron metabolism (25). Ceruloplasmin’s 

trinuclear copper cluster, carrying 95% of all circulating copper, acts as an oxidoreductase 

to catalyze and movement of ferrous iron between blood plasma and cells. Just a 1% 

decrease in plasma ceruloplasmin levels is sufficient to induce hypoferremia (25). In the 

nervous system, norepinephrine synthesis is also dictated by curpoenzymes; the 

monooxygenase, dopamine Beta hydroxylase, uses its coupled binuclear copper site to 

catalyze the conversion of dopamine to norepinephrine in the catecholamine biosynthesis 

pathway (27). 

Copper also plays a critical role in preventing the accumulation of oxidative damage 

via copper zinc superoxide dismutase (CuZnSOD) in all living organisms. Within the 

mitochondria, the superoxide radicals produced as a byproduct of complex III is 

scavenged by a CuZnSOD (SOD1) to prevent its buildup by catalyzing its efficient 

reduction (33,34). Without SOD1, the buildup of superoxide radicals can damage proteins 

and lipids through uncontrolled oxidation (34) and impair the energetic output of the 

mitochondria (35,36). On the flipside, uropathogenic E. coli also utilize CuZnSODs in their 

periplasm to protect against macrophage killing by superoxide and contribute to their 

pathogenicity in a host (37). 

1.3 Mechanisms of Copper toxicity 

While every organism alive today requires some level of copper to survive, if this 

essential transition metal exceeds the upper limits of the goldilocks zone maintained by 

homeostatic mechanisms, toxicity results (Fig.1.4). When this happens, the same 

properties that make cuprous and cupric copper so valuable in biological systems can 

just as easily do harm in the absence of tight cellular regulation. For instance, every 
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macromolecule in the cell bears the burden of 1) reactive oxygen species produced by  

redox cycling, 2) the disruption of thiol group activity and 3) the mismetallation of other 

metalloenzymes initiated by excess borderline/soft-acid copper cations (38). While many 

xenobiotics produce reactive oxygen species and burden the antioxidant thiol pool of 

glutathione in the cytosol, copper’s properties as an essential transition metal with 

exceptional thermodynamic affinity constants (Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+) 

are a uniquely hazardous combination for all organisms (31). Where these antimicrobial 

properties of copper are weaponized in hospital environments and even by human 

macrophages fighting off pathogens (39), toxicity can arise in humans as well in the form 

of acute neurotoxicity, hepatoxicity and nephrotoxicity.  

As described in the chemical reactions below, reduction-oxidation (redox) reactions 

involving copper produce several species of highly reactive chemicals, including singlet 

oxygen hydroxyl radical, hydroxide ion, peroxide ion and hydrogen peroxide (40). 

(1) Cu(II) + O2
•− → Cu(I) + O2 

(2) Cu(I) + H2O2 → Cu(II) + •OH +OH− 

(3) 2O2
•− +2H+ → H2O2 +O2 

The formation of reactive oxygen species by the interaction of copper with oxygen can 

quickly cascade out of control in cellular environment. The catalysis of lipid peroxidation 

via reactive oxygen species produces a number of lipid hydroperoxides and subsequent 

aldehydes that can cause more detrimental effects. For instance, malondialdehyde (MDA) 

is highly mutagenic while 4-hydroxynonenal (4-HNE) is considered both cytotoxic and 

genotoxic (34). Adriamycin, a drug that was proposed to act as a mutagen through redox 

cycling, sees a synergistic effect when copper is introduced with it; in the Ames salmonella 
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test, a 700% increase in mutagenicity is reported in these conditions (41). Similarly, 

copper synergizes with hydroquinone to increase the formation of double strand DNA 

breaks mediated by singlet oxygen (42).  In the case of DNA oxidation mediated by 

copper, the addition of glutathione, an abundant tripeptide with a cysteine residue, 

significantly reduced the damage inflicted by stabilizing the Cu(I) oxidation state to put a 

stop to the runaway redox cycling that continually produces these reactive oxygen 

species. All of these uncontrolled reactions can be largely prevented through homeostatic 

systems that function to severely limit any free Cu+/Cu2+ in the cell (43). 

 While glutathione’s antioxidant thiol group is designed to be sacrificial in the face 

of reactive oxygen species and metal toxicity to prevent damage to important cellular 

components, as demonstrated by experiments demonstrating increased metal toxicity 

after inhibiting the synthesis of the abundant cytosolic thiol (Fig. 1.5) (44), the affinity of 

copper for thiol groups can still impair cellular function if the concentration of metal 

exceeds that of the available antioxidants.  For instance, the binding of copper to the acyl-

accepting N-terminal cysteine residue of lipoprotein precursors prevents their maturation 

by making the cysteine residue unavailable to enzymes necessary for sequential 

acylation of the polypeptide chain, removal of the signal peptide and translocation to the 

membrane (20). Similarly, the maturation of peptidoglycan, required for the formation of 

the cell envelope in enterobacteria, is impaired if copper binds to the active-site cysteines 

on the transpeptidases responsible for the attachment to membrane lipoproteins (45). 

Aside from binding to available sulfhydryl groups, copper can also catalyze the formation 

of inappropriate disulfide bonds within a variety of polypeptides which results in misfolded 

proteins that are unable to function.  While other transition metals can disrupt sulfhydryl 
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homeostasis, Cu2+ has the highest affinity for soft bases like the thiols found in cysteine 

(20).  

 The high stability of complexes formed with copper means that other essential 

metals that function in metalloenzymes risk being replaced by copper (46). With their 

innumerable and finely tuned functions, mismetallation by copper can disrupt valuable 

cellular process; one particularly relevant process is disrupted by Cu mismetallation of 

iron sulfur clusters, with functions. Iron-sulfur clusters are particularly sensitive to this form 

of damage which is why an upregulation of iron-sulfur cluster synthesis pathways are 

consistently observed when copper toxicity is present (47).  

1.4 Sources of environmental Copper 

The concentration of bioavailable copper in an environment determines the regulatory 

method used to balance this nutrient source with the needs of an organism. While the 

GOE shift, increasing the bioavailability of copper initiated a series of dramatic 

evolutionary changes still observed today like the Cu-homeostatic systems and utilization 

of copper in oxygen chemistry, more recent shifts in the availability of copper in the 

environment have challenged these homeostatic systems once again. As early as 7000 

years ago anthropogenic copper depositions in riverbeds used for early copper smelting 

operations resulted in greater and greater concentrations of bioavailable copper in the 

affected areas (48). Today, a further globalized economy has continued the trend of 

increasing anthropogenic copper production and deposition in the environment. In 2000 

alone, it is estimated that industry released nearly 1.4 billion pounds of copper into the 

environment according to the ATSDR. Mining operations, modern plumbing, fertilizer 

production, agricultural pesticide application and food supplementation are just some 
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modern sources of environmental copper. For instance, copper has been used for 

decades as a feed additive to promote weight gain. It’s been sprayed over the surface of 

vineyards, citrus and tomatoes as an organic pesticide (49). It’s used on surfaces in 

hospitals and within plumbing to reduce bacterial growth (50). Together, these common 

applications continue to increase the level of copper available in the environment. This 

increase in copper deposition and availability increases the need for organisms to develop 

stronger Cu-resistance, a need that drives the increased diversification rate observed in 

enteric bacteria for systems like the copper homeostasis and silver resistance island 

(CHASRI) (Fig 1.6)(51). 

1.5 Model of prokaryotic copper homeostasis: E. coli 

Escherichia coli (E. coli) is an abundant gram-negative bacterium that can be found 

in most environments today; colonizing soils, food products, and mammalian digestive 

tracts. While many strains are known to cause illness in humans, the majority present no 

danger to human health. Despite this knowledge, medical centers and hospitals alike 

often utilize the known broad-spectrum biocidal properties of copper to sterilize high-traffic 

surfaces of all potentially pathogenic bacteria like E. coli (50). Evolution found a similar 

solution to combat potentially pathogenic bacterial colonization by microbes like E. coli; 

macrophages will kill these bacterial invaders with excess levels of Cu by concentrating 

the metal in specialized organelles that contain the bacterial targets (39,52). These 

environments reflect the need for the robust Cu-homeostatic systems in E. coli that are 

highly conserved through prokaryotic species.  

E. coli, because of this necessity and functionality, has been studied for its ability to 

handle and respond to Cu-stress. While Cu-uptake mechanisms in the bacteria remain 
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elusive, potentially involving either a ZIP-family transporter with a broad-substrate  

spectrum (53) or the simple diffusion of the metal across a membrane over time (54), 

efflux programs in the bacteria have successfully been described in detail and include the 

Cue, Pco and Cus systems. The Cue (Cu efflux) system, is responsive to periplasmic Cu 

via a MerR-like transcriptional activator, CueR. Activation of cueR by Cu(I) controls the 

expression of an inner membrane P-type ATPase CopA that actives transports Cu(I) to 

the periplasmic regions from the cytosol, a cytosolic cuprochaperone CopZ, and a 

periplasmic multicopper oxidase CueO which converts Cu(I) to Cu(II) which is less toxic 

to the cell (54). While this system does not change the overall cellular concentration of 

Cu, it reduces the metal’s toxicity by shifting its localization to the periplasm (away from 

DNA in the cytosol) and by modifying its oxidation state.  

The Pco (plasmid-born copper resistance system) gene cluster confers resistance to 

extreme concentrations of copper by recognizing periplasmic Cu(I) through a two 

component, pcoSR. The recognition of Cu(I) by pcoS, drives increased expression of 

pcoABCDRSE gene cluster via the activation of pcoR in the cytosol. While similar to the 

Cue system in that overall cellular concentrations of copper are not altered by pco, the 

presence of this gene cluster in E. coli confers nearly 3x resistance to Cu ions than E. coli 

without the plasmid borne Cu resistance system (51,54).  

In contrast to the Cue and Pco gene cluster, Cus (Cu sensing Cu efflux system) is 

responsible for detoxifying copper by reducing the overall copper concentration within 

E.coli. Like the pco gene cluster, the Cus regulon senses excess copper in the periplasm 

via a two-component system, CusSR. When cusR is temporarily phosphorylated by a 

cusS that has recognized periplasmic Cu(I)(55,56), the activated cusR promotes the 
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expression of cusCFBA, an antiporter pump specific to Cu(I) andAg(I) that is a part of the 

resistance nodulation cell division family  (57,58)(RND) (Fig. 1.7). The function of this 

pump is to detoxify excess copper by actively removing Cu(I) from the periplasmic space 

and into the extracellular matrix (57).  

When homeostatic responses dependent on the direct sensing of copper in either 

the cytosol or periplasm are insufficient at preventing toxicity, repair systems responsive 

to Cu-induced cellular damage respond in kind. For instance, lipid oxidation by the 

uncontrolled redox cycling present during copper excess is addressed by the bacteria’s 

envelope stress response via a two-component system, CpxAR. The activation of CpxR 

drives the expression of enzymes that acylate lipoproteins and halt further lipoprotein 

synthesis(20). Similar pathways recognize and remedy indirect copper stress; including 

correcting disulfide bond formation in maturing proteins, preventing mismetallation of 

proteins by switching dominant expression to alternative proteins less sensitive to 

mismetallation, and combating oxidative stress in the periplasm and cytosol (20).  

1.6 Copper homeostasis in Eukaryotic systems 

Like E. coli, singled-celled eukaryotes must prevent copper toxicity by balancing 

uptake, intracellular distribution and export out of the cell to maintain a strict copper quota. 

Chlamydomonas reinhardtii, a single-celled eukaryotic algae provides insight into the 

conserved functions of cellular metal homeostasis in eukaryotes. Unlike E. coli, balancing 

copper needs and toxicity demands coordination between export and uptake from 

multiple copper-pools within the extracellular environment, cytosol, and organelles (Fig. 

1.8).  
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The movement of copper between these labile copper pools is largely dependent 

on a transcriptional activator, copper response regulator 1 (CRR1) which recognizes 

sequence GTAC inside copper response elements (CuREs) (10,59). Passive copper 

uptake transporter (CTR) genes contain CuREs that are responsive to CRR1 (60), 

allowing for the transport of copper down a concentration gradient which is created by 

several copper chaperones present in the cytosol. While these uptake systems become 

upregulated during periods of copper deficiency(60), CRR1-driven upregulation is also 

present during periods where cells are particularly sensitive to copper toxicity, as is the 

case with zinc deficiency when mismetallation of a limited number of Zn-containing 

metalloproteins by Cu can further exacerbate damage caused by zinc deficiency (61). 

Both conditions, by upregulating the expression of CTRs, increase the intracellular 

concentration of the metal relative to the extracellular environment. However, the reason 

for this crosstalk in eukaryotic cells is hypothesized to result from their ability of CRR1 to 

sequester copper effectively in lysosome-like organelles, like acidocalcisomes, to 

mobilize it when needed or appropriate (62).  

When excess environmental copper is present, eukaryotic cells accumulate 

damage as increasing intracellular copper levels overwhelm these homeostatic controls. 

In Chlamydomonas, kinetic experiments determined that a decreasing capacity for Cu-

efflux from the cell is responsible for the increased intracellular metal burden during these 

periods (63). Upregulation of sulfur assimilatory pathways and glutathione synthesis 

respond to the resulting increases in reactive oxygen species concentrations caused by 

this outsized metal-burden in the cytosol (63). 
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Mechanisms of copper homeostasis and the eukaryotic response to copper toxicity  

observed in Chlamydomonas are mirrored in multicellular eukaryotes.  For instance, 

increases in the intracellular Cu-burden and increased toxicity derive from disrupted efflux 

in Cu-accumulating conditions (64,65) like Wilson’s disease (66). CTR expression is 

increased when environmental Cu conditions become deficient to increase high-affinity 

Cu uptake in humans (67) and nematodes (4) alike. In multicellular organisms where 

copper is normally obtained through the diet, the expression of these CTRs and Cu-

handling systems is particularly concentrated in the digestive tract where copper 

availability is determined not only by dietary intake but also by the microbial species that 

colonize the digestive tract (5).  

1.7 Copper homeostasis in Caenorhabditis elegans host-microbe system 

 C. elegans are a soil dwelling bacterivore nematode who are raised on single-

culture E. coli and present conserved copper homeostatic responses that have recently 

been described; a number of CTR homologs, like CHCA1, were described along the C. 

elegans digestive tract and is responsive to metal concentrations (4). Similarly, the C. 

elegans homolog for the p-type ATPase and active Cu-transporter, ATP7A (the protein 

who’s misregulation is responsible for Wilson’s disease in humans) demonstrates the 

same intestinal localization and enterocyte sequestration of excess copper to lysosome 

related granules during periods of Cu excess (64). In mutants for the C. elegans CUA-1, 

the ATP7A homolog, increased Cu-sensitivity and accumulation is observed during 

periods of excess (64). 

 The localization of these Cu homeostatic factors to the gut where bacterial 

colonization and activity takes place suggests a role for bacterial activity in mediating Cu 
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homeostasis (68). In particular, the activation of Cu-detoxification systems in E. coli during 

periods of Cu-excess, like the cusRS-mediated activation of increased Cu-efflux (55,57), 

would overlap with the C. elegans Cu-homeostatic response in these conditions 

(4,64,69,70). However, while the metabolic activity of the live bacteria nematodes feed 

on has been acknowledged (71,72), limited research has been conducted on their 

contribution to metal exposures beyond their capacity for passive sorption of free ions 

(65). Recent advances in C. elegans research describing the impact of bacterial activity 

on xenobiotic stressors in the host nematode (73,74) reflect the need for further research 

into these host-microbe interactions.  
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1.8 Figures  

 

Fig. 1.1 Transition metals required for survival in all organisms. Highlighted 

elements represent essential transition metals that must be acquired from the 

environment or diet of organisms to varying degrees. Transition metals that are not 

highlighted are considered nonessential but the properties they share with essential 

transition metals increase their potential for cellular toxicity and homeostatic misregulation 

of essential transition metals.  
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Fig. 1.2 Dose-dependent response to nonessential metals. Relationship with adverse 

outcomes and increasing concentrations of Cd. As a nonessential metal, there is no 

adverse outcomes associated with a lack of exposure.  
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Figure 1.3 Change in the bioavailability of transition metals in relation to 

atmospheric O2. Following the sudden increase in atmospheric oxygen, Cu in the form 

of Cu(II) increased the bioavailability of Cu while more Fe(III) relative to Fe(II) reduced 

the bioavailability of Fe. For this reason, the evolution of aerobic organisms favors 

increased usage of Cu-containing proteins when compared to anaerobic organisms who 

largely evolved prior to GOE.  
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Figure 1.4 Dose-response curve associated with essential transition metals. 

Change in Cu availability and relationship to adverse outcomes. As an essential transition 

metal, both limited and excess concentrations of Cu result in adverse outcomes. 

Therefore, homeostatic systems are required to prevent both deficiency and toxicity 

despite changing environmental concentrations.  
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Figure 1.5 Inhibition of GSH1 synthesis. Buthionine sulphoximine (BSO) act as a 

permanent inhibitor of the enzyme, GSH1, that catalyzes the rate limiting step of 

glutathione synthesis.  
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Fig 1.6 Association between increased anthropogenic Cu deposition and 

diversification rate of CHASRI in enteric bacteria. Genes clustered within CHASRI 

include cus and pco systems. (figure adapted from Staehlin et al. Genome Biol Evol. 

2016) 
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Fig. 1.7 CusRS and cusCFBA function. An example of a Cu homeostatic response in 

E. coli whereby activation of the cusRS two component system by periplasmic Cu(I) 

increases transcription of an antiporter pump, cusCFBA, driving the removal of excess 

Cu(I) from the cell.  



21 
 

 

 

Fig. 1.8 Single-celled organism’s homeostatic responses to environmental Cu. The 

green arrow indicates Cu (light blue circles) uptake into the cell. Red arrows depict either 

efflux or sequestration of Cu while dark blue circles describe methods of Cu distribution 

of subcellular locations. All of these homeostatic responses are coordinated in 

accordance with the concentration of Cu available in the environment.  
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CHAPTER 2: THE ROLE OF CTR UPREGULATION AND CYTOSOLIC 

GLUTATHIONE DURING CRR1-DRIVEN CU UPTAKE AND TOLERANCE IN 

CHLAMYDOMONAS REINHARDTII 

2.1 Abstract 

Cellular copper homeostasis is required of all living organisms today. In 

Chlamydomonas reinhardtii, a Cu-responsive transcription factor (CRR1) increases the 

expression of transcripts, including Cu-uptake transporters (CTRs), thought to promote 

passive Cu-uptake into the cell during Zn and Cu deficiency. However, it is not well 

understood how Cu is accumulated or how specific Cu toxicity is avoided. Accordingly, 

the research presented in this chapter describes the role of Cu uptake transporter (CTR) 

upregulation and cytosolic glutathione regulation during periods of CRR1 activation. 

Using a reverse genetic approach with artificial microRNAs (amiRNAs) and insertional 

mutants, CTR2 was found to be the major canonical CTR responsible for increased Cu 

accumulation during both Cu deficiency and Zn deficiency while CTR1 was responsible 

for high-affinity Cu-uptake when environmental Cu was exceedingly limited. The role of 

CTR3, the noncanonical CTR lacking a transmembrane domain, in Cu uptake and 

tolerance was not identified although it was found to be secreted to the periplasmic space 

during Cu deficiency. In identifying additional cytosolic factors that contribute to metal 

tolerance during periods of increased uptake, glutathione (GSH) was found to be a driver 

of passive Cu uptake during Zn deficiency as well as cytosolic metal tolerance during 

periods of increased CTR expression.  
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2.2 Introduction 

2.2.1 Chlamydomonas reinhardtii 

Chlamydomonas reinhardtii is a well-established model for metal metabolism that 

is ideal for this field of study for several reasons. First, it is readily grown as a homogenous 

cell type (1) in a well-defined growth medium that controls nutrients and other growth 

factors (e.g. aeration, light). Additionally, no amino acid or protein supplementation is 

required for growth (2). Chlamydomonas is also amenable to a variety of reverse genetic 

techniques (3) which is enabled by 3 fully sequenced genomes (nuclear, chloroplastic, 

mitochondrial). 

2.2.2 Conditions for Cu uptake by Chlamydomonas reinhardtii  

Passive transport of Cu into the cytosolic space is dependent on conserved CTRs 

that largely localize to the PM (4-5). Conservation of function across species was 

suggested when complementation studies demonstrated that human CTR1 (6) and 

Chlamydomonas CTRs are both capable of rescuing Cu-uptake in △ctr1 yeast (defective 

in high-affinity Cu-uptake). Of the three genes that make up the CTR family in 

Chlamydomonas, the two canonical proteins (CTR1 and CTR2) were capable of 

complementation in S. cerevisiae ctr1 mutants (4). In contrast, the non-canonical CTR3 

lacks a transmembrane domain and is predicted to be a soluble protein (7). It is unknown 

what role CTR3 plays in Cu-assimilation in Chlamydomonas. In Cu-deficient situations, 

expression of all three members of the CTR family is upregulated in Cu deficiency (7) by 

a nutritional Cu sensor, Cu response regulator 1 (CRR1) to promote survival (Fig. 2.1). In 

addition to increasing the Vmax of Cu(I) 20-fold with the expression of high-affinity Cu-

uptake transporters (4), active CRR1 initiates Cu sparing programs to reduce the overall 
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Cu quota of the cell (8). Ubiquitously transcribed, active CRR1 binds Cu response 

elements (CuREs) to initiate these programs when Cu is bio-unavailable (9). However, it 

is unclear what controls this aspect of Cu-sensing.  

 Zn deficiency and excess is an environmental condition that paradoxically benefits 

the CRR1 transcription factor (Fig. 2.1), even though Cu hyper-accumulates during Zn 

deficiency (10). It is not known whether Zn itself directly interacts with CTRs to prevent 

Cu hyper-accumulation in replete conditions (a form of regulation that would be lost in Zn 

deficiency) or if another factor, regulated by CRR1, is contributing to a hyper-

accumulating phenotype. Even with these inconsistencies, there is evidence that Zn-

deficient cells require CRR1 activation for successful acclimation (11).  

2.2.3 Copper complexation and distribution through the cytosol 

Following uptake into the cytosol, free Cu would be toxic to the cell (mismetallation, 

redox cycling etc.) without the presence of cytosolic Cu-binding ligands. While the transfer 

of Cu from CTR to ATX1 via protein:protein interactions has been suggested in yeast (5), 

human models have instead supported  a role for glutathione (GSH) as an intermediate 

between CTR and chaperone (12) because of its abundance in the cytosol and ability to 

form Cu(I)-GSH complexes (13) However, it was not known whether GSH was involved 

in Cu transfer between Chlamydomonas CTRs and ATX1. Regardless, after Cu is bound 

in the cytosol the metal is trafficked to chaperone-specific destinations within the cell. An 

interaction between these chaperones and P1B-type ATPase Cu-transporters is thought 

to mediate the transport of Cu into multiple organelles (7). 

Cu-ligand binding pools have the potential to contribute to Cu misregulation 

because of the inherent reliance of passive Cu-uptake on the maintenance of a 
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concentration gradient from the periplasmic space (high free Cu concentration) and into 

the cytosol (low free Cu concentration). As a result, non-toxic Cu hyper-accumulation 

could be one possible consequence of increasing the abundance of cytosolic Cu-binding 

ligands. For instance, ATX1 and other predicted Cu binding ligands like COX17, 

GSH1(GSH synthesis) and PCS1(PC synthesis) are increasingly expressed in response 

to Cd exposures (where hyper-accumulated Cu is observed) (14). GSH redox pools are 

of particular interest regarding the maintenance of a Cu concentration gradient because 

of its high abundance and ability to bind Cu(I) in the sub-femtomolar range in cytosolic 

environments (15,16). It is unclear what role, if any, these cytosolic Cu-binding pool 

dynamics play in other Cu hyper-accumulating conditions like Zn deficiency where a 

xenobiotic stress (Cd) is not present.  

2.2.4 Copper export out of the cytosol 

Excretion of Cu from the cytosol can refer to two separate functions that are 

dependent upon the localization and orientation of P1B-type ATPases (ATP7A and ATP7B 

in humans) in the membrane. When Cu-transporting ATPases localize to the TGN, ATP 

hydrolysis is coupled to Cu import, so that cuproproteins can be metallated. When the 

same P1B-type ATPases are localized to vesicular compartments close to the PM, they 

transport Cu out of the cell (also against the concentration gradient). While the abundance 

of these active transporters do not vary greatly in response to Cu concentrations, 

localization is highly dependent on Cu concentration. Excess Cu initiates localization 

patterns that promote excretion out of the cell while replete or limited Cu promotes more 

localization to the TGN (17).  
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In Chlamydomonas, there are two putative Cu-transporting P1B-type ATPases that 

are predicted to localize to the secretory pathway (CTP1 and CTP3) and two that are 

predicted to localize to the chloroplast membrane (CTP2 and CTP4) for metalation of 

plastocyanin in the photosynthetic apparatus (7). It is not known whether these putative 

transporters in Chlamydomonas change membrane localization in response to Cu 

concentration. However, selective organellar Cu-redistribution during Cu deficiency (18) 

implies the participation and coordination of the P1B-type ATPases. An example of 

selective Cu-sparing mechanisms involves the maintenance of Cu-containing COXIIb in 

the mitochondria and simultaneous degradation of Cu-containing plastocyanin (monitored 

immunoblot of cultures in varying Cu concentrations). Plastocyanin abundance is 

decreased before COXIIb (8) because plastocyanin can be replaced with a functionally 

similar heme-containing cytochrome c6 (19). COXIIb, in comparison, has no such sparing 

mechanism. Furthermore, if these conserved P1B-type ATPases respond to intracellular 

Cu-concentrations, it is unknown if they would localize in relation to Cu hyper-

accumulation (excess Cu-condition) or downstream CRR1 signaling (functional 

deficiency condition) in response to Zn-deficient conditions. 

2.2.5 Cu storage in the acidocalcisome 

The acidocalcisome is a lysosome-related organelle (LRO) that is described as 

functioning in cation homeostasis. The LRO is similar to the platelet dense granules 

observed in human platelets (20). However, research characterizing these organelles is 

not well developed. In Zn-deficient Chlamydomonas, the Merchant group visualized the 

subcellular sequestration of hyper-accumulated Cu to an acidic, vacuolar compartments 

with rich deposits of Ca and polyphosphate which were hypothesize to be 
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acidocalcisomes (10). However, accumulation of a variety of metals to this acidic 

organelle has also been observed (21). Zn deficiency is an example of a condition where 

Cu foci, co-localized with Ca and polyP, have been observed. It has been suggested that 

Cu hyper-accumulation occurs as a way to prevent mismetallation of Zn-containing 

proteins with Cu (which is preferentially metallated ahead of Zn based on the Irving-

Williams series) during limited Zn conditions (10). However, upon Zn resupply, hyper-

accumulated Cu sequestered to the acidocalcisome becomes mobilized and the Cu quota 

returns to normal. Despite these observations, the formation, trafficking and mobilization 

of metals to the acidocalcisome remains poorly characterized.  
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2.3 Materials & Methods 

2.3.1 Strains and culture conditions 

Wildtype and insertional mutant strains were obtained from the Chlamydomonas 

Resource Center at the University of Minnesota. Artificial microRNA knockdowns were 

developed validated using RT-PCR. Cells were grown photomixotrophically in liquid Tris-

acetate-phosphate (TAP) medium on a shaker at 22–25 °C for all experimental conditions 

and maintained by regularly inoculating fresh TAP medium with the appropriate culture.  

For longer term maintenance of cultures, agar-solidified TAP medium was also inoculated 

and stored under continuous light (50–100 µE  m−2 s−1, cool-white fluorescent lamps). Cell 

wall reduced strains CC425 and CC5390 were grown under the same light regime but 

with constant agitation of 140 rpm instead. TAP medium with or without Cu or Zn was 

used with revised trace elements (Special K) instead of Hunter’s trace elements (25). 

2.3.2 Growth rate determination 

When measuring the growth rate during extended incubations, Chlamydomonas 

culture flasks were briefly removed from incubator conditions so that an aliquot of sample 

could be collected under a sterile hood. Once samples of all the cultures were collected, 

cell numbers and density of cultures were determined by counting 100x diluted samples 

using a hemocytometer.  

2.3.3 Immunoblot Analysis 

Immunoblot analysis required 15ml of cells at a density of 4-8 x 106 cells/ml). 

Cultures were centrifuged at 1650xg before resuspension in 300µl buffer with 10mM 

Na-Phosphate buffer at a pH of 7.0.  Membrane bound proteins were isolated with 3 
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freeze thaw cycles followed by centrifugation and resuspension in buffer containing 2% 

Triton. Following a snap freeze with LN2, samples were store at -80˚C until ready to be 

analyzed. 

The Pierce BCA Protein Assay Kit with BSA standard was used to quantify 

protein concentrations. Then, 10µg of protein in each land was separated on SDS-

containing polyacrylamide gels before transfer blotting onto nitrocellulose membranes. 

The nitrocellulose membranes were then blocked for 30 minutes with 3% dried non-fat 

milk in PBS with .1% (w/v) Tween 20 and incubated with primary antiserum. Antibodies 

directed against CF1 (1:40000), OEE1 (1:8000), Plastocyanin/Cyt c6 (1:4000), CTR3 

(1:1000) FEA1/2 (1:20000). The secondary antibody, used at 1:5000, was goat anti-

rabbit conjugated to alkaline phosphatase, and processed according to the 

manufacturer’s instructions. 

2.3.4 Determination of metal concentrations 

1x108 cells were collected by centrifugation at the appropriate timepoints before the 

supernatant was either saved or discarded depending on experimental conditions. After 

removal of the supernatant, pellets were washed twice 1mM EDTA pH8.0 and once in 

Millipore grade water. After removal of the supernatant after the final wash, pellets were 

stored at -20C before further processing. Stored samples underwent batched ICP-MS/MS 

grade nitric acid digestion for 24h at room temperature or 2h at 65C before Millipore water 

was added for a final concentration of 2% nitric acid in samples. Prepared and digested 

samples were then analyzed on an Inductively coupled tandem mass spectrometer (ICP-

MS/MS) for metal content. [32S] measurements were used to normalize concentrations 

across samples.   
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2.3.5 Establishment of Zn deficiency 

To capture the development of zinc deficiency over time, cultures were initially maintained 

with media replete with zinc. When transitioning these cells to Zn-deficient media with 

10µM Cu (added to visualize hyperaccumulation), Zn-replete cell cultures were first 

washed with 1mM EDTA pH of 8.0 to remove excess extracellular metals. Washed pellets 

were resuspended in Zn-deficient media to a concentration of 1x106 cells/ml. For 

experiments testing the contribution of GSH in the rate of Cu uptake during the 

establishment of Zn deficiency, 10mM of L-Buthionine-sulfoximine (BSO) was added to 

the Zn-deficient media 24h after the initial transfer from Zn-replete media to inhibit the 

rate limiting step of GSH synthesis and reduce overall levels of cytosolic GSH as a result.  
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2.4 Results 

2.4.1 CTR3 is secreted to the periplasm during Cu deficiency 

CTR3, the noncanonical CTR3 that lacks a transmembrane domain and is 

upregulated during Cu deficiency to the same magnitude as the two canonical CTRs 

(CTR1 and CTR2)(17). To study its role in Cu deficiency, despite lacking a 

transmembrane domain, CTR3 was studied using western blot analysis (Fig 2.2). Unlike 

CoxIIb, the cytochrome oxidase subunit that is degraded as a copper sparing mechanism 

during Cu deficiency, changes in the CTR3 protein abundance in the intracellular space 

was not observed to change in response to environmental Cu concentrations. 

Conversely, in a cell-wall-reduced mutant, CTR3 was found to be a major component of 

the secretome in response to Cu deficiency, a response that mimics that Fe-concentrating 

soluble protein, FEA1/2.  

2.4.2 ctr3-1 does not produce CTR3 nor disrupt other CRR1-dependent activity  

To better understand the function of the non-canonical CTR in Chlamydomonas, 

a validated KO line was required (Fig. 2.3). Once it was established that no CTR3 was 

detectable in ctr3-1(Fig 2.4), we sought to assess the extent to which the protein was 

required for the CRR1 response during Cu deficiency; specifically, the CRR1-dependent 

switch from the Cu-dependent plastocyanin to a functionally equivalent cytochrome c6 

which does not require Cu for its function. Though ctr3 is upregulated during Cu 

deficiency, its absence does not impair the CRR1 functional switch from plastocyanin to 

Cytochrome c6 or the maintenance of CoxIIb in the mitochondria (Fig 2.5). Therefore, any 
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Cu-deficient phenotypes observed in ctr3-1 would be specific to the protein’s absence 

and not a misregulation of other CRR1-dependent activity.   

2.4.3 CTR3 is not required for Cu-uptake during Cu deficiency unlike CTR2  

CTR3’s upregulation in expression, in tandem with CTR2 and CTR3, and its 

accumulation in the periplasm during Cu deficiency suggests that it might contribute to or 

promote the increased uptake of Cu through the canonical CTRs by increasing the 

concentration gradient and rate of uptake. Therefore, Cu deficient cultures challenged 

with either 2uM and analyzed for Cu accumulation using ICP-MS/MS over a time course 

of one hour prior to challenge up to 3h after the addition of Cu to the deficient cultures 

(Fig. 2.6). However, ctr3-1 was not found to impair the ability of the Cu-deficient cultures 

to accumulate copper within the timeframe tested when compared with CTR3. At Cu 

concentrations measured in mmol normalized to [32S], no significant changes were 

observed despite a small increase in the concentration of Cu observed 3h after the 

addition of metal to the deficient culture.  

To understand which of the canonical CTR is responsible for driving copper uptake 

during periods of Cu deficiency in cell cultures, two insertional mutants for CTR2 (ctr2-1 

and ctr2-2) and one artificial microRNA knockdown for CTR1 (ctr1) were compared to 

cultures with fully functional CTR2 or CTR1 for their ability to drive Cu uptake during Cu 

deficiency (Fig. 2.6A-B). By challenging the cultures with the addition Cu to deficient, ICP-

MS/MS analysis revealed that CTR2, but not CTR1, was required for Cu-uptake in low 

affinity condition when the availability of Cu in the media was greatly increased. During 

low-affinity Cu challenges in a deficient culture, CTR2 insertional mutants were less 
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effective at accumulating copper 30 minutes after the challenge when compared to CTR1 

mutants.  

2.4.4 CTR2 mediates Cu hyperaccumulation in transition to Zn deficiency 

Upregulation of all canonical and noncanonical CTRs in Chlamydomonas is driven 

by CRR1 (Castruita, unpublished). While established Cu-deficiency requires CRR1 to 

maintain cell survival by promoting Cu-uptake and initiating Cu-sparing mechanisms, 

CRR1 is also required for cell survival during Zn deficiency where it promotes increased 

Cu uptake to prevent the competition of Cu with more limited Zn conditions. To determine 

whether CRR1-driven CTR2 expression plays a role in the establishment or maintenance 

of increased Cu uptake in this deficiency condition, a protocol (Fig. 2.7) was developed 

to transition Zn-replete cell cultures to Zn-deficient culture (Fig. 2.8) to monitor the rate of 

Cu accumulation (Fig 2.9) without disrupting the growth rate (Fig. 2.10) of the cultures 

which would impact the availability of the metals in the media. To this end, metal content 

analysis using ICP-MS/MS was undertaken for either the CTR2 insertional mutant, ctr2-

1, and for CTR2 cell cultures at several timepoints while the culture was transitioning from 

a Zn-replete to a Zn-deficient media(Fig. 2.11). Within 24h of transfer to Zn deficient 

media, both CTR2 and ctr2-1 cultures exhibited similar drops in the concentration of Zn 

observed in the cell pellets collected(Fig. 2.11). However, over the same period of time, 

Cu accumulation via the activation of CRR1 is significantly impaired in ctr2-1 when 

compared to CTR2 where the insertional mutant for CTR2 exhibited less than half the Cu 

accumulation as the wildtype CTR2 cultures (Fig. 2.12). Therefore, the rapid uptake of 

Cu following a switch to Zn-deficient conditions is mediated, at least partially, by the 

upregulation of CTR2 by CRR1.  
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2.4.5 GSH drives CTR2-mediated Cu accumulationin transition to Zn deficiency  

Driving passive Cu accumulation to the extremes observed during Zn toxicity likely 

requires the establishment and maintenance of a gradient by preventing the accumulation 

of free Cu beyond what is observed in the extracellular environment.  To understand the 

cellular components maintaining this concentration for passive Cu uptake during Zn 

deficiency, we sought to analyze the role of the abundant tripeptide, glutathione which is 

independent of CRR1 regulation. The inhibition of gamma-glutamyl synthetase (the rate 

limiting enzyme for glutathione biosynthesis) using BSO 24h after the transfer of cultures 

to Zn deficiency allowed for the examination of glutathione’s role in the establishment of 

Cu-hyperaccumulation during Zn deficiency (Fig. 2.13). Only 12h after the addition of 

BSO to the Zn-deficient media, the rate of hyperaccumulation is observed to slow via ICP-

MS/MS quantification of cellular Cu concentrations. The trend of reduced Cu 

accumulation in BSO treated cells through 72h compared to cultures not exposed to BSO 

(Fig. 2.14), suggests that CRR1 independent factors also play a role in the establishment 

of Cu hyperaccumulation during Zn deficiency.  Furthermore, the accumulation of Cu 

directly from the media was demonstrated by cumulative analysis of Cu concentrations if 

the combined pellet and supernatant measurements.   

2.4.6 Loss of GSH sensitizes Chlamydomonas to non-essential metal toxicity 

Increased CTR2 expression, as observed during Zn deficiency, in the absence of 

appropriate glutathione levels also has the potential to sensitize cultures to lower 

concentrations of non-essential metals that can hijack and compete with Cu (22). To test 

whether glutathione plays a role in preventing this consequence of Zn deficiency, 

knockdowns for gsh1, the rate limiting enzyme of glutathione synthesis were challenged 
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with excess Ag, which can compete with Cu for metal uptake likely through CTRs. Culture 

survival (Fig. 2.15) and cell growth of gsh1 knockdown, when compared to control 

conditions (Fig. 2.16), was significantly more impaired by the addition of Ag to the media 

than empty vector controls (EVs)(Fig. 2.17), suggesting that the CRR1 response, during 

either Zn or Cu deficiency, could challenge the glutathione pool and sensitize cells to 

nonessential metal stress.  
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ABSTRACT 

Copper homeostasis is thoroughly regulated in most organisms in order to ensure 

its accurate and timely distribution to copper-requiring proteins while at the same time 
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avoiding toxicity of this highly reactive element. Successful acclimation to Cu deficiency 

and high affinity copper import are dependent on the CRR1 transcription factor, as crr1 

mutants fail to grow in Cu deficient growth media and are completely devoid of copper 

import. Among CRR1’s target genes are a set of Cu transporters belonging to the 

Ctr/COPT gene family, that have important roles in the maintenance of high affinity Cu 

transport in various organisms. Based on sequence homology, localization and 

transcriptional profiling, we proposed that two putative Ctr/COPT-type Cu transporters, 

CrCTR1 and CrCTR2, both of which are CRR1 targets, are canonical copper importers 

in Chlamydomonas. Both CTR1 and CTR2 harbor a characteristic cysteine rich copper 

binding motif but also an unusually long extracellular N‐terminal domain containing Met 

and/or His motifs. ctr1 lines phenocopy the Cu dependent growth defect of crr1, which 

we attributed to their inability to acquire copper with high affinity. In contrast to that, 

copper import is impaired in ctr2 mutants even at external copper concentrations in 

which ctr1’s copper import defect is rescued. It was shown previously that zinc 

deficiency disrupts the alga’s copper quota, leading to a 20fold increase of intracellular 

copper which is stored in acidocalcisomes. Our data indicate that a combination of 

CTR1 and CTR2 dependent high affinity Cu import is the driving force in zinc deficiency 

dependent copper accumulation. Indeed, we showed that crr1 mutants, which have 

been shown to be unable to hyper accumulate copper if grown in zinc deficiency can be 

forced to do so by nutritionally complementing the lack of function of CTR1 and CTR2 

by an increase in external copper supply. Strikingly, we show that copper sequestration 

out of the acidocalcisome is also a crr1 dependent process, specifically via CTR2, 

which we thus functionally localized to the acidocalcisome. 
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INTRODUCTION 

Copper assimilation, trafficking and storage is tightly regulated in all kingdoms of 

life in order to ensure that demand meets supply in individual cellular compartments, 

but more so to avoid the inherent toxicity of this highly reactive element, either through 

its interactions with oxygen or indirectly through mis-metalation (23). The internalization 

of copper is highly conserved among eukaryotes and proceeds through a two‐step 

reaction: extracellular reduction of Cu(II) to Cu (I) followed by cell entry via Cu(I) specific 

transporters (24-28, 4, 6). Non‐specific divalent metal transporters belonging to the 

natural resistance-associated macrophage protein (NRAMP) metal ion transporters 

have a low affinity for copper and may function in copper acquisition under copper 

luxury conditions (29). High affinity copper transport is maintained by a number of 

different types of families of copper transporters, including copper uptake systems of 

the Ctr/COPT-type family and P-type heavy metal ATPases involved in copper export 

and sequestration. 

CTR or COPT‐type proteins (Copper TRansporter in prokaryotes and mammals, 

COPT for COPper Transporter in land plants) contain conserved N‐ and C‐terminal 

amino acid motifs and are highly selective for Cu(I) (7, 30). Ctr/COPT family members 

contain three putative transmembrane-spanning domains (TM1-3), an amino-terminal 

region that is rich in methionine residues, a cysteine rich, carboxy-terminal region and 

assemble to form trimeric pores (31-33). TM2 and TM3 contain two highly conserved 

signal motifs, MxxxM and GxxxG, respectively (34,35). It has been shown that the 

extracellular M-rich motif is essential for Cu transport activity by bringing Cu(I) to the 

entrance of the homotrimeric pore. The pore itself is composed of methionine triads 
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and serves to channel Cu across the lipid bilayer. After Cu sequestration through the 

pore, Cu(I) binds to Ctr’s C-terminal Cysteine rich motifs, where it is delivered to soluble 

metallo- chaperones for intracellular distribution. The first characterization of members 

of the family of CTR-type copper transporters was done in Saccharomyces cerevisiae. 

The yeast genome encodes two canonical CTR-type copper transporters, Ctr1 and 

Ctr3, which are both localized to the plasma membrane. The two proteins have 

overlapping function (24, 36), disruption of both CTR1 and CTR3 is required to abolish 

high-affinity copper uptake in yeast. However, common yeast laboratory strains harbor 

a transposon mediated disruption of the CTR3 locus (24,37), allowing yctr1 lines in this 

background to quickly become a valuable tool for evaluating CTR-type copper 

transporters from other organisms, based on their capability of rescuing yctr1 

phenotypes (38). A human homolog of yCtr1, hCTR1 (6) is localized to the plasma 

membrane and mediates high affinity copper uptake (39,40), while knockout of CTR1 in 

mice was lethal (41). Drosophila melanogaster expresses three Ctr1 genes, Ctr1A and 

Ctr1B both localize to the plasma membrane, are transcriptionally activated in response 

to copper limitation and are important in copper acquisition (42,43).In land plants, the 

CTR family of copper transporters seems to have undergone several duplication events. 

The Arabidopsis thaliana genome encodes six members belonging to the CTR-type 

family of copper transporters (COPT1-COPT6) (44). Of these, COPT1, COPT2 and 

COPT6 are plasma membrane localized, fully complementing the yctr1 phenotype and 

are involved in Cu uptake into the cytosol (45-48). COPT5 has a similar function, but is 

a vacuolar copper exporter, required for copper re-allocation from intracellular storage 

organelles (49,50). Roles for COPT3/4 have yet to be defined. In rice, copper transport 
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and allocation is performed by OsCOPT1 and OsCOPT5, which interact with each other 

(51). Each of OsCOPT2, OsCOPT3, and OsCOPT4 interact with OsCOPT6, 

respectively, and mediate high affinity Cu import in the yeast ctr1Δ ctr3Δ double mutant 

(51). 

To study plant-type Cu transporters in their native setting, we utilize the 

chlorophyte, unicellular green alga Chlamydomonas reinhardtii (Chlamydomonas here 

after) as a valuable reference system for trace metal homeostasis. Trace metal content 

of a defined culture media can be readily manipulated in Chlamydomonas to simulate 

different nutrient environments (25, 2), a high-quality reference genome is available for 

functional genomic studies (53) and, at the same time, the alga offers the utility of a 

fast-growing, facultative-phototrophic single-celled organisms with a wide range of 

metabolic capabilities. Copper is an essential nutrient in all eukaryotes, even at low 

intracellular concentrations, because it serves as a necessary cofactor in a number 

of essential enzymatic reactions involving redox chemistry. The major copper proteins 

in Chlamydomonas are well defined: (i) chloroplast localized plastocyanin, which serves 

as the favored soluble electron carrier from the cytochrome b6f complex to photosystem 

1, (ii) mitochondrial cytochrome c oxidase subunit COXIIb which is essential for 

oxidative phosphorylation and (iii) the plasma membrane spanning ferroxidase FOX1, 

which is predominantly present in iron- limiting conditions and involved in high-affinity 

iron assimilation (54-56). Together these three proteins harbor the bulk of the cellular, 

protein-associated copper (8). Copper uptake in Chlamydomonas follows a saturation 

curve, which is indicative of a high affinity, carrier‐mediated process (57-59, 27). 

Acclimation to limiting Cu environments is regulated on the transcriptional level by 
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Copper response regulator 1 (Crr1). Crr1 belongs to the family of SPL7 like transcription 

factors. Copper deficient crr1 shows reduced growth as compared to the complemented 

line and was shown to regulate expression of 64 target genes in response to copper 

deficiency, the so-called Crr1 regulon (60,61). Based on sequence homology, 

biochemical localization and transcriptional profiling, two putative Cu transporters, 

CrCTR1 and CrCTR2 have been proposed to be canonical high affinity copper 

transporters in Chlamydomonas (4). Similar to other organisms’ CTR proteins, their 

ability to transport Cu was confirmed by functionally complementing the growth defects 

of the yeast mutant yctr1 (4). A Ctr-like protein, CrCTR3 appears to have arisen by a 

recent duplication event of CTR2, but it lacks the characteristic transmembrane domain 

and was shown to be a soluble protein (62). It was hypothesized that CTR3 might play a 

role in high affinity copper uptake in recruiting Cu in the periplasm to the site of 

reduction, similar to the proposed function of the soluble FEA proteins in iron 

assimilation (63). 

Here, we report our findings on the regulation and functional characterization of 

both CTR‐type Cu transporters: CrCTR1, CrCTR2 and the CTR-like protein CrCTR3. 

We localized CTR3 to the periplasmic space but concluded that only CTR1 and CTR2 

are mediating copper import in Chlamydomonas, albeit with distinct affinities. Null 

mutants in CTR1 show a copper deficiency dependent growth defect that can be 

explained by ctr1’s inability to acquire copper with high affinity. Interestingly, this 

phenotype can be rescued by as little as 12 percent residual CTR1. Notably, in 

addition to a defect in copper import, ctr2 lines are unable to mobilize copper out of 

internal copper storage sites. 
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RESULTS 

Impairment of copper uptake in a mutant defective in CRR1, the key transcription 

factor of copper homeostasis 

Two members of the CTR family, CTR1, CTR2 and the CTR-like protein depicted 

CTR3, are among CRR1-regulated genes, as copper dependent expression of all of 

them is abolished in the crr1 mutant, but is rescued to wild-type levels in a CRR1 

complemented line (Figure 2.18A). In order to assess the consequences of a reduced 

CTR transcript pool in crr1 mutants on its ability to import copper, we grew the crr1 

mutant in parallel to a complemented line in growth medium that was not supplemented 

with copper. Once cells reached early stages of Cu-deficiency, copper was added back 

to the cultures (shown in Figure 2.18B). Copper import of crr1 was estimated by 

measuring intracellular copper content before, during and after copper add-back using 

Inductively coupled plasma mass spectrometry (ICP-MS/MS). Interestingly, 3 hours 

after copper add back, copper content in crr1 accounted for less than 10 percent of the 

amount that was observed in complemented lines (CRR1) (Figure 2.18C). We conclude 

that the observed impairment of copper import in crr1 mutants is attributable to the loss 

of function in either CTR1, CTR2 or CTR3 or a combination thereof. 

Features of CTR-type proteins in Chlamydomonas – a phylogenetic approach 

 In an effort to better understand the origins of Chlamydomonas CTR-type 

copper transporters and to allow functional prediction, we analyzed a total of 4676 CTR-

type protein sequences from a wide variety of eukaryotic organisms via a 

phylogenetic approach (Figure 2.19). CTR1 and CTR2 share a number of 

common features characteristic for the CTR‐type family of copper transporters 
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(Figure 2.19). These include an extracellular N‐terminal domain containing Met 

and/or His motifs, an intracellular C‐terminal domain containing Cys and/or His 

motifs, and three transmembrane domains (TM) constituting a pore for copper 

transport that is characteristic for this family of copper transporters. Most importantly, 

both, CTR1 and CTR2, harbor the MxxxM‐x12‐GxxxG motif across TM2 and TM3, 

which is considered the signature motif of CTR‐type copper transporters. Notably, 

Chlamydomonas CTRs seem to be more closely related to fungi CTRs than to 

members of the CTR family found in land plants. Given the transmembrane domains, 

the presence of these conserved motifs and previous biochemical studies (4), we 

propose that CTR1 and CTR2 are canonical, periplasmic copper importers, while 

localization and functional prediction of CTR3 remained enigmatic. Based on protein 

similarity, most CTR-like proteins such as CTR3 are more similar to the CTR1 and CTR2 

protein from each organism than to other CTR-like proteins, suggesting either multiple 

duplication and neo-functionalization events. We further propose that there is 

significant evolutionary pressure to maintain sequence identity between the soluble 

protein and the candidate transporter. 

Localization of a CTR-like Cu transporters in Chlamydomonas revisited 

While CTR1 and CTR2 both contain transmembrane domains and are localized to 

plasma membranes (4), subcellular localization of CTR3 still remained unclear. Since 

CTR3 lacks transmembrane domains and was determined to be a soluble protein (62), 

we hypothesize CTR3 to be either localized to the periplasmic space or to the cytosol. CTR3 

might play a role in cellular copper import via concentrating copper within the periplasmic 

space or function as a Cu chaperone within the cytosol. In order to evaluate if CTR3 
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localizes to the periplasmic space, we took advantage of Chlamydomonas strains that 

are deficient in cell wall biosynthesis. If CTR3 is localized to the periplasma these strains 

should not be able to retain CTR3, instead we should be able to detect secreted CTR3 in the 

culture medium. To this end, we grew said strains in copper replete and copper deplete 

conditions. A comparison of TCA precipitated protein of spent culture medium with total 

cell lysate using immuno-detections with an antibody raised against CTR3, revealed the 

presence of the protein in the secreted proteome of copper deficiency grown cultures 

(Figure 2.20). Detection of copper conditional expressed FEA1 and FEA2 proteins, which 

have been shown to be secreted to the culture medium before served as experimental 

control, while copper dependent accumulation of one of the subunits of cytochrome c 

oxidase, CoxIIb, served as biological control (Figure 2.20). The observed secretion of 

CTR3 from the copper deficient wall-less mutant into the medium demonstrates that 

CTR3 is located to the periplasmic space, i.e. between the plasma membrane and the 

cell wall in wild-type cells (Figure 2.20). While both, the protein structure as well as 

subcellular localization excluded CTR3 to be a canonical, transmembrane spanning 

copper importer, we propose that CTR3 might help to increase the local copper 

concentration within the periplasmic space and therefor to enhance copper access to the 

CTR pore from the extracellular side. 

A reverse genetics approach to Chlamydomonas’ CTRs 

To validate the function of CTR1, CTR2 and CTR3 in Chlamydomonas we used 

a combination of artificial microRNA (amiRNA) mediated gene targeting (64,65), 

CPF1/CRISPR based gene editing (66,67) and available insertion mutants from a 

Chlamydomonas mutant collection (Chlamydomonas Library Project, CLiP),(68). To 
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validate the function of CTR1, we generated ctr1 knock-out lines using CRISPR/CPF1 

gene editing adapted from previous protocols using homology-directed DNA 

replacement and the enzyme LbCPF1 as described in (66) in combination with a 

selection marker as described in (65). CTR1 harbors a PAM (Protospacer Adjacent 

Motif) target sequence for LbCPF1 recruitment within its first exon (Figure 2.21A, 

orange line) and we used single stranded oligodeoxynucleotides (ssODNs) as a repair 

template to introduce two in-frame stop codons within the first exon of the CTR1 gene 

(Figure 2.21A, grey filled arrow). From a total of 178 screened transformants, this 

approach resulted in a total of five independent lines depicted ctr1- 1, ctr1-2, ctr1-3, ctr1-

4 and ctr1-5. Sequencing of the PCR product spanning the gene editing site confirmed 

the presence of the two stop codons in all five ctr1 lines, with ctr1-2 harboring an 

additional insertion of three in frame codons presumably introduced due to an error 

during DNA double strand repair (Supplemental Figure 2.S1). The insertion of the in two 

frame stop codons resulted in a lack of CTR1 transcripts (Figure 2.21B), which was 

also confirmed to result in the absence of the corresponding poly-peptide by immuno-

detection using CTR1 antiserum (Figure 2.21F). In addition, we generated artificial 

microRNA (amiRNA) lines targeting the 3 prime UTR of CTR1 (64,65) (Figure 4, white 

arrow). Initial, positive assessment of amiRNA functionality was conducted using the 

reduction of CTR1 mRNA abundance as readout. Three different, independent amiRNA 

lines, ctr1-ami3, ctr1-ami8 and ctr1- ami11 were chosen based on the level of residual 

CTR1 mRNA abundance. CTR1 mRNA abundance of ctr1-ami3, ctr1-ami8 and ctr1-

ami11 was reduced to ~25, 20 and 12 percent as compared to control lines, respectively 

(Figure 2.21B). The reduction in mRNA abundance was reflected by a corresponding 
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reduction in CTR1 protein (Figure 2.21F). For phenotypic characterization of CTR2 and 

CTR3, we took advantage of the availability of insertional mutants from a mutant library 

(68). We identified two insertional ctr2 mutants, depicted as ctr2-1 and ctr2-2 (Figure 

2.21A, black arrows), and confirmed disruption of CTR2 by PCR and Sanger 

sequencing. While ctr2-1 harbors an insertion in the second exon of the gene and 

showed a complete loss of CTR2 mRNA and the corresponding polypeptide (Figure 4C 

and G). In contrast to that, ctr2-2 harbors an insertion within the second intron and 

expressed a low, but significant, amount of residual CTR2 mRNA (Figure 2.21C, 3.2%), 

that was also confirmed by immuno-detection to result in residual amounts of translated 

protein (Figure 2.21G). The insertional mutant obtained with an insertion in CTR3 was 

depicted ctr3-1 and genotyping confirmed the predicted insertion of the cassette. Based 

on mRNA and protein abundance using qRT-PCR and immuno-detections, 

respectively, ctr3-1 showed no residual CTR3 abundance (Figure 2.21D and H). 

CTR1 and CTR2 are both mediating copper import in a copper replete 

environment 

Copper content was measured by ICP-MS/MS. Interestingly, copper content was 

slightly but significantly reduced in ctr1 knock-out lines, down to 77 percent of wildtype 

levels. In addition, ctr2 mutants also showed a significant reduction in copper content 

that was correlated with the level of residual CTR2 protein in each respective mutant, 

with ctr2-1 containing 23 percent and ctr2-2 containing 34 percent less copper as 

compared to wildtype (Figure 2.22A). These data indicated that both CTR1 and CTR2 

are involved in copper assimilation in vivo. 

Copper conditional growth defect of a mutant in CTR1 
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As part of the initial characterization of all mutants, their growth on copper replete 

as well as copper deplete growth medium was assessed (Figure 2.22BC). Doubling 

times for all copper replete reference strains and mutants was between eight to ten 

hours, which is the expected generation time of photoheterotrophically grown 

Chlamydomonas cells (Figure 2.22B). We noted a subtle but significant growth defect 

of copper deficient ctr2 lines, which were lagging behind the reference strain by 

approximately 2 hours in their doubling times (Figure 2.22B). Even more strikingly, ctr1 

lines were completely unable to grow if copper was omitted in the growth media and 

doubling times could not be determined (Figure 5C). The latter phenotype is strikingly 

similar to crr1’s inability to grow on copper deficient growth media (Figure 2.22C) and is 

causally connecting crr1’s growth phenotype to a lack of CTR1 expression. Note that this 

is the case despite ctr1’s ability to substitute plastocyanin with Cyt c6, which is blocked 

in crr1 mutants (Supplemental Figure 2.S2). In addition, growth of ami-ctr1 lines was 

not affected at all if copper was omitted in the culture media (Figure 2.22B). The latter 

result is intriguing, since it indicates that as little as 12 percent of residual CTR1 is 

sufficient to functionally rescue the copper conditional growth defect observed in ctr1 

mutants. 

A major role for CTR1 in high affinity copper import? 

Is the lack of growth of copper deficient ctr1 lines resulting from the inability to 

acquire Cu with high affinity? If one, or all, of the candidate copper uptake proteins 

mediate copper assimilation, we should see a reduction in the copper content after Cu 

resupply in the respective mutant lines. For this purpose, intracellular copper content of 

mutant and wild-type strains was analyzed, with cells initially grown in copper deficient 
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media to induce Cu uptake systems until they reached early stages of Cu deficiency. 

Then either i) 2 µM Cu (to probe low affinity Cu import) or ii) 100 nM Cu (to probe high 

affinity Cu import) was re-supplied to the growth medium and intracellular copper 

content was determined before and after Cu addition (Figure 2.23). When we probed 

for low affinity copper import, copper content looked similar in ctr1 and ctr3 mutants, as 

compared to their respective reference strains (Figure 2.23A and C), but was 

significantly lower in both ctr2 knock-out strains (Figure 2.23B). We estimate that copper 

content in ctr2-1 and ctr2- 2 lines was reduced to 14 and 20 percent of wild-type levels 

after 3 hours, respectively. Probing the cells for high affinity Cu import by adding 100 

nM Cu validated our expectations based on our growth assays: after 3 hours, ctr1 

mutants show 10fold reduced copper content compared to reference lines, while ctr2 

mutants harbor 2-4fold less copper. Based on these results, we propose that CTR2 is 

the major copper assimilating importer in Chlamydomonas, while CTR1 has a 

specialized role to assimilate copper with high affinity. 

More importantly, CTR1 and CTR2 are not functionally redundant, because i) 

ctr2-2 lines show an impairment of copper import that parallels the one observed in crr1 

mutants despite wildtype expression of CTR1 (Supplemental Figure 2.S3) and ii) ctr1 

mutants are unable to grow in copper deficiency despite a striking 30fold increase in 

CTR2 mRNA abundance in this situation, indicative of a compensatory mechanism for 

a lack of CTR1 function (Supplemental Figure 2.S3). 

Is copper hyper-accumulation in Zn deficient Chlamydomonas a CTR dependent 

pathway? 

Zn deficient grown Chlamydomonas cells retain unusually high levels of 
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intracellular copper (10), The increase in intracellular Cu in a Zn deficient 

Chlamydomonas cell is concomitant with an increase in CTR expression (Figure 2.25). 

This increase in transcript abundance of CTR1, CTR2 and CTR3 in response to Zn 

deficiency is subtler than the one observed in copper deficient grown cells, but it is 

significant. Zinc is an essential trace element for all living cells as it is a co-factor of 

enzymes involved in DNA replication, transcription and carbon fixation. Accordingly, 

Chlamydomonas cells will cease growth if zinc is not supplemented in the growth 

medium. Notably, zinc deficient crr1 mutants cease growth significantly earlier as 

compared to CRR1 complemented lines, an observation that is not matched by any of 

the ctr mutants studied in this work (Supplemental Figure 2.S4). In order to investigate 

if copper uptake in zinc deficient cells is a CTR dependent pathway, we determined 

whether any of the ctr mutants showed reduced copper accumulation when grown in 

zinc deficiency. While all zinc deficient reference lines as well as ctr3 lines were hyper- 

accumulating copper if 2 µM external copper was supplied, copper hyper-accumulation 

was significantly reduced in both, ctr1 and ctr2 mutant lines (Figure 2.25BC). 

Interestingly, the addition of excess exogenous copper to the growth medium (either 10 

or 20 µM Cu, which corresponds to 5 and 10fold increase in copper) rescued this CTR- 

dependent, molecular phenotype. We noticed that the reduction of copper in zinc 

deficient ctr1 mutants was more pronounced if we lowered the external copper supply 

(down to 200 nM Cu, Figure 2.25B). These data further underscore the role of CTR1 as 

a high affinity Cu importer. 

Zn deficient crr1 can be forced to accumulate copper by nutritionally 

complementing the loss of function of both CTRs 
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It has been shown previously that zinc deficient crr1 mutants cease growth 

immediately and are unable to accumulate copper. But we showed in this work that zinc 

deficiency dependent copper accumulation is a CTR dependent pathway. We also 

showed, that the CTR-dependent copper import pathway can be by-passed by 

increasing the external amount of copper in the growth media. Accordingly, we 

wondered whether we can induce copper accumulation in zinc deficient crr1, if we 

increase the external supply of copper several fold. As crr1 mutants completely cease 

to grow much earlier than wildtype cells, we established a time course experiment, in 

which we would start with a reasonable amount of cells, so that crr1’s zinc deficiency 

dependent growth defect would not impair our experiment. To this end, we grew crr1 

and CRR1 lines in replete media and then washed exactly 2 x 108 cells with 1 mM EDTA 

to remove trace metals from the cell surface before transferring them to fresh medium 

with no Zn supplementation to a final concentration of 2 x 106 cells/ml (Figure 2.26). In 

addition, and to by-pass the block in copper import, we transitioned crr1 lines to zinc 

deplete growth medium with 40 µM external copper, which reflects an 20fold increase 

in copper as compared to the amount supplemented in the standard growth media. The 

accumulation of intracellular copper content was monitored by ICP-MS/MS. By the time 

cells had grown for 24 hours after the shift to Zn deplete medium, crr1 mutants reached 

growth arrest. Strikingly, copper accumulation in crr1 was 5 times more than its normal 

copper quota and corresponded to the amount that zinc deficient CRR1 accumulates if 

grown in media supplemented with 1.2 µM copper (Figure 9C). 

Copper is sequestered into, but not out of the acidocalcisome in nutritionally 

complemented crr1 mutants 
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It was shown previously that accumulated copper in zinc deficient grown 

Chlamydomonas is stored within lysosome related acidic organelles, so-called 

acidocalcisomes. Importantly, while accumulated copper is bio-unavailable to the cell, 

cells can utilize these copper storage sites if zinc is supplemented back to the growth 

media. We aimed to visualize spatial localization of accumulated copper in zinc 

deficient crr1 using confocal microscopy with a previously validated Cu(I) sensitive dye, 

copper sensor-3 (CS3) (10). Using CS3, we can clearly visualize copper as distinct foci 

after 48 hours of growth in zinc deplete growth media in CRR1, and most importantly, 

copper accumulation was also observed in zinc deficient crr1 mutants - if supplemented 

with excess (40µM) external copper (Figure 2.26D). The latter indicates that copper 

sequestration into the acidocalcisome is a Crr1 independent process, but by increasing 

the external amount of copper 20fold, we were able to nutritionally complement crr1 for 

CTR function. Notably, other candidate CRR1 targets, like potential, organelle copper 

exporters, will still be genetically compromised. It was shown previously, that copper 

can be mobilized by the cell and transported out of the acidocalcisome after the addition 

of zinc to the growth medium. Indeed, and consistent with previous data, if we add back 

zinc to zinc depleted CRR1, cells show a complete reduction in acidocalcisome 

abundance after 7 hours, while the copper storage site abundance is not diminished in 

crr1. Accordingly, the copper transporter mobilizing copper from the copper storage site 

is also a CRR1 target. 

CTR2 is mobilizing internal copper storage sites in Chlamydomonas 

As copper sequestration out of the acidocalcisome turns out to be a CRR1 

dependent pathway, we probed all ctr mutants for their ability to mobilize copper out of 
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the acidocalcisome after zinc addback using confocal microscopy and the copper(I) 

sensitive dye CS3. To this end, we grew ctr mutant and reference strains in growth 

medium without zinc supplementation. Distinct copper foci could be visualized in all 

strains using CS3, which is consistent with the moderate accumulation of copper in this 

situation (Figure 2.27BCD). Importantly, only ctr2 mutants retain copper within the 

acidocalcisome even 7 hours after zinc was supplemented back to the growth medium, 

functionally co-localizing CTR2 to the acidocalcisome membrane (Figure 2.27). 

DISCUSSION 

Two paralogous CTRs - functional redundancy or neo-functionalization? 

Copper homeostasis is tightly regulated in all kingdoms of life to ensure 

that intracellular demand meets extracellular supply. One such regulatory mechanism 

is the expression of a conserved family of high affinity Cu transporters belonging to 

the CTR/COPT family of transporters (69, 30). Our phylogenetic approach of over 

4000 CTR/COPT family members from different species highlights domains that are 

structurally conserved and thus most likely functionally important during the 

evolution of these proteins. For example, all COPT/Ctr proteins contain three putative 

transmembrane regions (30). 

Transcriptional profiling revealed copper nutritional responsive gene expression 

of CTR1, CTR2 and CTR3 and biochemical fractionation localized CTR1 and CTR2 to 

the plasma membrane (4). Previous results further suggested that Chlamydomonas 

CTR1 and CTR2, which may function either alone or cooperatively, can complement 

the loss of function of ScCtr1 and ScCtr3 in S. cerevisiae (4), thus we assumed that 

each of them contributes to copper homeostasis. 
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We show that both, CTR1 and CTR2 are involved in copper import, but we propose 

that CrCTR1 is the functional homologue of hCTR1 as it serves as the main high affinity 

copper importer in Chlamydomonas cells. In addition, CTR2 protein is expressed as 

two isoforms and seems to be heavily glycosylated based on the appearance using 

immuno-detections. Our data further implies that CrCTR1 and CrCTR2 are not 

functionally redundant, since overexpressed CTR1 does not rescue ctr2 specific 

phenotypes and vice versa. 

While most well characterized COPT/Ctr proteins in other organisms are plasma 

membrane proteins that transport copper from extracellular spaces into the cytosol, 

members of the COPT/Ctr family were also shown to deliver copper to the cytosol out 

of copper storage sides, which can be vacuoles or lysosome related organelles (70-

72). While copper sequestration into the copper storage site, the so-called 

acidocalcisome, is a CRR1 dependent process that can be bypassed by nutritionally 

complementing the CTR dependent copper import pathway, copper re-mobilization 

turns out to be also CRR1 dependent. More specifically, our data implies that CrCTR2 

is indeed secondary localized to the acidocalcisome, as ctr2 mutants are unable to 

sequester copper out of the copper storage site. 

A novel, soluble CTR-like protein in the periplasma: CTR3 

Like CTR1 and CTR2, the CTR3 protein has six Cys-Met motifs, but it does not 

contain any membrane-spanning a-helices and is a soluble protein (62). Data reported 

here strongly suggests the CTR-like protein, CTR3, to be localized within the 

periplasmic space. While CTR3 is not a copper transporter in the conventional sense, 

copper conditional expression still suggests a function for CTR3 in copper homeostasis. 
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CTR3’s function might be similar to the one proposed for the FEA1/2 proteins, which 

are abundant soluble proteins that are localized to the periplasm and contribute to iron 

uptake. CTR3 could, by analogy with FEA1, feed the trimeric CTRs pore with copper 

from the periplasmic space. 

While we did not observe implications pointing to a role for CTR3 in copper 

homeostasis, we propose that CTR3 might have a function in environmental conditions 

that we did not probe in this work. For example, Schirmer and colleagues showed that 

treatment of the heavy metal silver, that shares similar ion properties with copper, leads 

to induced accumulation of CTR3. It could well be that silver and other toxic heavy 

metals might be detoxified by chelation via CTR3 trapping the inert metal CTR3 

complex thus impairing cell import. 

Methods 

Generation of CTR1 amiRNA strains 

 A miRNA targeting Chlamydomonas Ctr1 was designed according to 

(64,65) using the WMD3 tool at http://wmd3.weigelworld.org/. The resulting

 oligonucleotides  for ctr1amiFor 

ctagtGCGATCGGTGCTACTGGGTTAtctcgctgatcggcaccatgggggtggtggtgatcagcgctaT 

AACTTAGTAGCACCGATCGCg  and  ctr1amiRev 

ctagcGCGATCGGTGCTACTAAGTTAtagcgctgatcaccaccacccccatggtgccgatcagcgaga 

TAACCCAGTAGCACCGATCGCa (uppercase letters representing miRNA*/miRNA 

sequences) were annealed by boiling and slowly cooling-down samples with a 

thermocycler before ligation into SpeI-digested pMS539, yielding pDS6. pDS6 was 

linearized by digestion with HinDIII and transformed into Chlamydomonas strain 

http://wmd3.weigelworld.org/
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CC4351 by vortexing with glass beads (73). 

Overexpression of recombinant LbCPF1 

LbCPF1 (Addgene # 102566) was expressed in Rosetta2(DE3)pLysS cells which 

were grown at 37⁰C to an OD600 of 0.6. At this point, the cells were cooled to 16⁰C 

and induced with 0. 5 mM IPTG. After overnight growth at 16oC, cells were harvested 

by centrifugation and resuspended in 15 ml per L of Nickel Buffer A (20 mM Tris-HCl 

pH 8.0, 500 mM NaCl, 5% glycerol, 25 mM imidazole) + 1 g/ml leupeptin, 1 g/ml 

pepstatin, 0.5 mM PMSF, then frozen at -80oC until ready for use. Cells from 2 L growth 

were lysed by sonication, clarified by centrifugation, then loaded onto two 5 ml HisTrap 

FF Crude columns (GE Life Sciences) connected in series, which were equilibrated in 

Nickel Buffer A. After washing off unbound material, bound protein was eluted with 

Nickel Buffer B (as for A, but at 250 mM imidazole). The eluted protein was desalted 

into Heparin Buffer A (20 mM HEPES-KOH, 5% glycerol, 280 mM KCl), and the protein 

concentration determined by absorption at 280 nm using a theoretical extinction 

coefficient of 1.25 (mg/ml)-1cm-1. TEV protease was added to a mass ratio of 1:50 

protease to substrate, and tag removal proceeded overnight at 4oC. The sample was 

then filtered and loaded onto a 5 ml Heparin HP column. Bound protein was eluted with 

a gradient over 15 to 100% Heparin Buffer B (as for A, but at 1 M KCl). Fractions 

containing Cpf1 were pooled and concentrated. The concentrated protein was loaded 

onto a Sephacryl S-300 16/60 column equilibrated in 25 mM HEPES pH 7.5, 500 mM 

NaCl, 10% glycerol, 1 mM DTT. Fractions containing Cpf1 were pooled and 

concentrated to about 40 M (5.9 mg/ml, by UV using  = 1.17) and frozen in 10 l 

aliquots at-80oC. 



67 
 

Generation of ctr1 KO strains using LbCPF1/CRISPR 

CC425, a cell wall reduced arginine auxotrophic strain, was used for 

transformation with a RNP complex consisting of a gRNA targeting a PAM sequence in 

exon1 of CTR1 and LbCpf1 as described in (66) and modifications outlined in the 

following: Cultures were grown to 2 × 106 cells per milliliter and counted by using a 

hemocytometer. For optional pretreatment, 2 × 107 cells were suspended and 

centrifuged (5 min, 1424 x g) in Maxx Efficiency Transformation Reagent (1 mL) twice, 

followed by suspension in 230 μL of the same reagent supplemented with sucrose (40 

mM). Cells were incubated at 40°C for 20 minutes. Purified LbCPF1 (80 μM) was 

preincubated with gRNA (1 nmol, targeting TTTGGGATGCGGCGGCGCTCAGCGG) 

at 25 °C for 20 min to form RNP complexes. For transfection, 230 μL cell culture (5 × 

105 cells) was supplemented with sucrose (40 mM) and mixed with preincubated RNPs 

and HindIII digested pMS666 containing the ARG7 gene conferring the ability to grow 

without arginine. In order to achieve template DNA-mediated editing, ssODN (~5 nmol, 

sequence containing two stop codons after the PAM target site 

(GTAGCTACTGACGTGTGCAGCTCGTTCATTTGGTAAGCGTAGGCGCTCAGCGG 

CTACTGCACGACGACCGGCGCTCTGGCGTACCGGTCG)  was  added.  Final 

volume was 280 μL. Cells were electroporated in a 4-mm gap cuvette (Biorad) at 600 

V, 50 μF, 200 Ω by using Gene Pulser Xcell (Bio-Rad). Immediately after 

electroporation, 800 μL of TAP with 40 mM sucrose was added. Cells were recovered 

overnight in darkness and without shaking in 5 mL TAP with 40 mM sucrose and 

polyethylene glycol 8000 0.4% (w/v) and then plated after a 5 min centrifugation at RT 

and 1424 x g using the starch embedding method. We were using 60% starch as 
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described in the following: Corn starch was washed sequentially twice with distilled 

water and once with ethanol. The washed starch was stored in 75% ethanol to prevent 

bacterial contamination. Before each experiment, the ethanol was replaced with TAP- 

sucrose medium by repeated centrifugations and resuspensions (5 times). The starch 

was finally resuspended to 60% (w/v) in TAP-sucrose medium and polyethylene glycol 

8000 0.4% (w/v); 0.5 ml of the starch suspension was spread with one electroporation 

reaction after over night recovery over the top of solid TAP medium in a petri dish plate. 

After 14 days, colonies were transferred to new plates. Since we did not expect a 

phenotype, we used colony PCR to screen for successful genome editing at the CTR1 

locus. Colony PCR of transformants was performed as follows: after one week of 

growth, half of each colony on TAP plates was resuspended in 50 uL 10 mM Tris-HCl 

(pH 8) buffer in a 96 well plate. Cells were heated to 96 oC for 10 min. After vortexing, 

96 well plates were spun down for 4 min at ~1000 x g. Supernatants containing the 

DNA were transferred to new 96 well plates. qPCR on a total of 178 clones was 

performed using oligos Ctr1screenfor CAGCTCGTTCATTTGGGATG (which will not 

result in annealing and unsuccessful PCR amplification if genome editing occured) and 

Ctr1unirev GTGTGAGAGCTGGCTGATCC. The following program was used for all 

qPCR reactions: 95°C for 5 min followed by 40 cycles of 95°C for 15 s, and 65°C for 60 

s. This resulted in 11 clones that showed failed qPCR amplification and that were 

screened using oligos Ctr1seqfor ACGTGTGCAGCTCGTTCATT and Ctr1unirev 

GTGTGAGAGCTGGCTGATCC. Sequencing of the PCR products using oligo 

Ctr1unirev revealed that we had ssODN mediated gene editing within the first exon of 

CTR1 in 5 of the clones which all showed successful introduction of the two stop 
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codons. One of the clones that we depicted ctr1-3 also showed random integration of 

three base pairs downstream of the gene editing target site in addition to the two stop 

codons in exon1 (Supplemental Figure 2.S1). 

Culture conditions and Chlamydomonas strains 

Insertional mutant lines from the Chlamydomonas Library Project (CliP) (Li et al., 

2019) depicted  ctr2-1  (LMJ.RY0402.151308),  ctr2-2  (LMJ.RY0402.163662),  

ctr3-1 (LMJ.RY0402.179604) and corresponding wildtype strain CC4533 were 

genotyped by PCR and amplicons were sequenced to confirm predicted integration of 

the insertion casette. The crr1 mutants (CC5068) and crr1 lines complemented with 

CRR1 genomic sequence depicted as CRR1 (CC5070) were characterized previously. 

Unless stated otherwise, cells were grown in Tris-acetate-phosphate (TAP) with 

constant agitation in an Innova incubator (160 rpm, New Brunswick Scientific, Edison, 

NJ) at 24°C in continuous light (90 µmol m-2 s-1), provided by cool white fluorescent 

bulbs (4100K) and warm white fluorescent bulbs (3000 K) in the ratio of 2:1. Cell wall 

reduced strains CC425 and CC5390 were grown under the same light regime but with 

constant agitation of 140 rpm instead. TAP medium with or without Cu or Zn was used 

with revised trace elements (Special K) instead of Hunter’s trace elements (2). Ctr1-

amiRNA strains were either inoculated from a plate into standard TAP(NH4) to repress 

the artificial micro-RNA or a modified TAP(NO3) medium where KNO3 substituted 

NH4Cl in the Beijerinck solution as the sole nitrogen source to induce the artificial micro-

RNA promoted by the NIT1 promoter (65). If cells were grown on TAP(NO3) medium, 

we also substituted ammonium molybdate by sodium molybdate (one of the 7 

components of the revised trace element solutions).  
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Precipitation of secreted proteins 

Cell wall less CC5390 cells were grown in three rounds of Cu deficient TAP. Cells 

were collected by centrifugation at 4°C for 10 minutes at 1424 x g. Following 

centrifugation, pellets were resuspended in a lysis (125 mM Tris-HCl pH 6.8, 20% 

Glycerol, 4% SDS, 10% β-Mercaptoethanol, 0.005% Bromphenolblue). After a second 

centrifugation (4°C, 10min., 4000rpm), the supernatant was filtered through a 0.4 

micron filter before 10% of ice cold TCA (100% w/v) was added to the samples. Samples 

were mixed overhead and incubated overnight at 4°C. Following incubation, the 

samples were centrifuged at 4°C for 10 min at 1424 x g and resuspended in acetone 

that had been kept on ice. Another centrifugation (4°C, 10min, 1424 x g) was completed 

before final cell pellets were resuspended in 2 x sample buffer (125 mM Tris-HCl pH 

6.8, 20% Glycerol, 4% SDS, 10% β-Mercaptoethanol, 0.005% Bromphenolblue) and 

incubated for 10 minutes at 65°C before storage in -80°C. 

RNA extraction and Quantitative real-time PCR 

3 x 107 cells were collected by centrifugation for 5 min at 1424 x g, 4°C. RNA was 

extracted using Trizol reagent. For subsequent DnaseI treatment of all RNA samples, 

Turbo DNAse (Ambion) was used before concentrating and cleaning with the Zymo 

Research RNA Clean & Concentrator™-5 Kit according to the manufacturer`s 

instructions. Reverse transcription was primed with oligo dT(18) using 2.5 µg of total 

RNA and SuperScript III Reverse Transcriptase (Invitrogen) according to the 

manufacturer’s instructions. The subsequent cDNA was diluted 10-fold before use. 

qRT-PCR reactions contained 5 μL of cDNA corresponding to 100 ng of total RNA, 6 

pmol of each forward and reverse oligonucleotide, and 10 μL of ITAQ Mastermix in a 
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20 μL volume. The following program was used for all qRT-PCR reactions: 95°C for 5 

min followed by 40 cycles of 95°C for 15 s, and 65°C for 60 s. Fluorescence was 

measured at the end of each 65°C cycle. A melting curve analysis was performed at 

the conclusion of the cycles from 65 to 95°C with fluorescence reads every 0.5°C. 

Relative abundances were calculated using LinReg, the abundance (No) of Rack1 

served as reference transcript. 

Antibody production and protein analyses by immunodetection 

Antibodies to CTR1 were produced by COVANCE by immunization using the 

subcutaneous implant procedure of rabbits on 118 day protocol with synthetic peptide 

Ac-CNAKARRGSGDALGANTADHKKGASS-amide. For analyses of total proteins, 15 

ml of a culture with (cell density of 4-8 x 106 cells/ml) was centrifuged at 1650 × g. The 

resulting cell pellet was resuspended in 300 µl of a buffer composed of 10mM Na- 

phosphate buffer (pH 7), an EDTA-free Protease inhibitor (Roche), 2% SDS, and 10% 

sucrose. For analyses of soluble and membrane fractions, 15 ml of a culture (cell 

density of 4-8 x 106 cells/ml) was centrifuged at 1650 × g. The cell pellet was 

resuspended in 300 µl of buffer containing 10 mM Na-Phosphate buffer (pH 7). Soluble 

and membrane fractions were isolated by lysing cells with 3 freeze thaw cycles (-20°C 

to room temperature). After lysing, centrifugation at 4°C separated soluble proteins 

(supernatant) from the membrane bound proteins (pellet). Membrane-bound proteins 

were resuspended in 200 µl Na-Phosphate buffer supplemented with 2% Triton before 

a fast freeze of both fractions in liquid N2. Samples were stored at -80°C prior to 

analysis. Protein amounts were determined using a Pierce BCA Protein Assay Kit 

against BSA as a standard and diluted with 2 x sample buffer (125 mM Tris-HCl pH 6.8, 
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20% Glycerol, 4% SDS, 10% β-Mercaptoethanol, 0.005% Bromphenolblue). Proteins 

were separated on SDS-containing polyacrylamide gels using 10 μg of protein for each 

lane. The separated proteins were then transferred by semi-dry electro- blotting to 

nitrocellulose membranes (Amersham Protran 0.1 NC). The membrane was blocked for 

30 min with 3% dried non-fat milk in phosphate buffered saline (PBS) solution 

containing 0.1% (w/v) Tween 20 and then incubated in primary antiserum. The PBS 

solution was used as the diluent for both primary and secondary antibodies. The 

membranes were washed in PBS containing 0.1% (w/v) Tween 20. Antibodies directed 

against CF1 (1:40000), OEE1 (1:8000), Plastocyanin/Cyt c6 (1:4000), CTR3 (1:1000) 

CTR2 (1:1000), CTR1 (1:1000), FEA1/2 (1:20000). The secondary antibody, used at 

1:5000, was goat anti-rabbit conjugated to alkaline phosphatase, and processed 

according to the manufacturer’s instructions. 

Quantitative metal, phosphorus and sulfur content analysis 

1 × 108 cells (culture density of 3-5 × 106 cells/ml) were collected by centrifugation 

at 1424 x g for 3 min in a 50 ml falcon tube. The cells were washed 2 times in 50mL of 

1 mM Na2-EDTA pH 8 (to remove cell surface–associated metals) and once in Milli-Q 

water. The cell pellet was stored at -20°C before being overlaid with 286 µl 70 % nitric 

acid and digested at room temperature for 24 h and 65 °C for about 2 h before being 

diluted to a final nitric acid concentration of 2 % (v/v) with Milli-Q water. Complementary 

aliquots of fresh or spent culture medium were treated with nitric acid and brought to a 

final concentration of 2 % nitric acid (v/v). Metal, sulfur and phosphorous contents were 

determined by inductively coupled plasma mass spectrometry on an Agilent 8800 Triple 

Quadropole ICP-MS instrument by comparison to an environmental calibration 
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standard (Agilent 5183-4688), a sulfur (Inorganic Ventures CGS1) and phosphorus 

(Inorganic Ventures CGP1) standard. 89Y served as an internal standard (Inorganic 

Ventures MSY-100PPM). The levels of analytes were determined in MS/MS mode. 

23Na, 24Mg, 31P, 55Mn, 63Cu and 66Zn analytes were measured directly using He in a 

collision reaction cell. 39K, 40Ca and 56Fe were directly determined using H2 as a cell 

gas. 32S was determined via mass-shift from 32 to 48 utilizing O2 as a cell gas. An 

average of 4 technical replicate measurements was used for each individual biological 

sample. The average variation between technical replicate measurements was 1.1 % 

for all analytes and never exceeded 5 % for an individual sample. Triplicate samples 

(from independent cultures) were also used to determine the variation between 

cultures. Averages and standard deviations between these replicates are depicted in 

figures. 

Confocal microscopy using CS3 dye 

CS3 dye was synthesized as described in Supplemental File 1. Cell walled 

Chlamydomonas cells were cultured to early stationary phase and 1-2x107 cells very 

collected by centrifugation at RT and (3,500 × g, 2 min). The supernatant was discarded 

and the cell pellet was resuspended in 10 mM Na-Phosphate buffer (pH 7) 

supplemented with 10 µM CS3 dye. To avoid mechanical stress to cell wall reduced 

strains, cell wall reduced cells were not centrifuged, but 10 µM CS3 dye was added 

directly to an aliquot of the culture instead. Microscopy was performed on a Zeiss 

LSM880. The following excitations and emissions were used: CS3 ex/em 514/537, Chl 

633/696. All aspects of image capture were controlled via Zeiss ZEN Black software, 

including fluorescent emission signals from probes and/or chlorophyll. 
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Statistical Analyses 

Unless stated otherwise, a one-way ANOVA was used to test for differences 

between samples. Successful ANOVA was followed by a Holm-Sidak Post-hoc Test. 

Asterisks indicates a p-value of <0.05. 
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2.6 Discussion 

2.6.1 Consequences of Cu accumulation in cellular environments 

Cu is essential for life, fulfilling enzymatic functions that could not be performed 

without its unique chemical properties. However, from a biochemical perspective, Cu can 

also cause toxicity. Free Cu, in particular, is even actively used as a part of the immune 

responses to selectively kill invading pathogens (74). With these considerations, cellular 

Cu homeostasis is tightly regulated to minimize toxicity and maximize utility. Normally, 

cells are effective at maintaining such essential homeostatic controls in response. (8, 21, 

61,75). However, a number of genetic and environmental conditions have shed light on 

the involvement of Cu misregulation in degrative feedback loops and inappropriate Cu 

accumulation observed in a number of diseases (e.g. Parkinsonism related to Mn 

exposure (18), nephropathy induced by Cd (76), Wilson’s disease, Menkes disease (77).  

Despite Cu dyshomeostasis overlapping these degenerative disorders, a mechanistic 

understanding of altered Cu accumulation has remained elusive. Confounding factors that 

have plagued research in this field have been highly tissue-specific accumulation 

observed in complex organisms and the understudied impact of nutritional status on 

toxicity risk (78). A homogenous single-celled and well-characterized alga like 

Chlamydomonas, whose nutritional status is easily manipulated in an established medium 

of inorganic salts, avoids many of these confounding factors when investigating the 

mechanistic controls of Cu homeostasis.  

2.6.2 CRR1: master Cu quota determinant to avoid deficiency and toxicity 
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 What Cu and Zn deficiency have in common is that both conditions dramatically 

shift how Cu is utilized in the cell to avoiding the changing thresholds of deficiency and 

toxicity over time. Reflecting the increased activation of CRR1 and subsequent RNA 

abundance of all 3 CRR1-dependent CTR transcripts, CTR expression is more vital for 

conditions of Cu deficiency than Zn deficiency where single mutants of canonical CTRs 

was sufficient to restrict growth in Cu deficiency but not Zn deficiency. One hypothesis 

that has been proposed for this discrepancy relates to the specific type of hazard CRR1 

is avoiding in each condition. In Cu deficiency, the challenge for CRR1 is to obtain as 

much Cu from the environment as possible (75), depending on high-affinity transporters 

like CTR1 when Cu concentrations become exceedingly low, while also redistributing 

available Cu within the cell to minimize the Cu quota required for survival by substituting 

Cu-containing plastocyanin for the Fe-containing substitute cytochrome c6 to further 

decrease the threshold for Cu deficiency. 

 In Zn deficiency, it seems that the major challenge for a subset of CRR1-activated 

genes is first to redistribute and tightly control intracellular Cu pools to avoid 

mismetallation of any Zn-containing proteins that are already in short supply, potentially 

through sequestration in the acidocalcisome. In this case, the increased accumulation of 

Cu via CTR1 and CTR2 appears to less necessary than their function in Cu deficiency 

because a decrease in Cu accumulation in either ctr1 or ctr2 does not result in reduced 

growth for Chlamydomonas unlike Cu deficiency The mobilization of Cu stores, mediated 

by CRR1-dependent CTR2 out of acidocalcisomes following Zn supplementation 

suggests that the threshold for Cu toxicity becomes higher once a supply of Zn is once 

again made available to the cell because it no longer needs to exert as much energy in 



77 
 

controlling Cu availability to the cell.  When looked through the lens of Cu toxicity, benefits 

Chlamydomonas to become functionally Cu deficient during Zn deficiency because it 

reduces the number of places that Cu must be trafficked to until supply once again 

exceeds demand, as is the case when increasing Cu concentrations in the media during 

Zn deficiency drives the restoration of plastocyanin in the chloroplast (11).  

2.6.3 CTR3 and GSH: Coordinating periplasmic and cytosolic free metal pools 

Unlike the membrane-bound CTR1 and CTR2, CTR3 and GSH are components 

of a cell’s soluble fraction. While these soluble factors cannot directly transport Cu across 

a membrane, their cellular localization means that CTR3 can act on the periplasmic Cu 

pool  while GSH could act on the cytosolic Cu pool as the most abundant thiol in cellular 

systems who’s affinity for Cu(I) may compete with known Cu chaperone like ATOX1 (79), 

GSH’s ability to remove Cu from the cytosolic pool by forming a complex (13) with the 

metal may contribute to the concentration gradient driving Cu-uptake through the 

canonical CTRs during Zn deficiency. Alternatively, CTR3 would act on Cu pools in the 

periplasmic space of Chlamydmonas. Its similarity to iron assimilatory protein with a 

comparable pattern of subcellular localization suggests that CTR3 could play a role in Cu 

assimilation (4) in the periplasm by increasing the selective availability of Cu for CTR2. 

Future investigations could examine whether CTR3 functions in the CRR1 response to 

buffer the rate of Cu uptake into cells when environmental and periplasmic concentrations 

change before the CRR1 response can readjust the internal Cu-handling environment.  

Alternatively, another possible reason for CTR3 upregulation during Cu and Zn 

deficiency without a clear effect on Cu uptake, could involve preventing increased uptake 

of toxic nonessential metals, like Ag, that can hijack the same uptake pathways increased 



78 
 

in these conditions as has previously been suggested (22, 80). As a nonessential metal 

lacking any cellular metal quota within cells, established mutants deficient in the rate 

limiting step of glutathione synthesis, gsh1-2 and gsh1-8, demonstrate the susceptibility 

of cells to Ag when cytosolic thiols are not present at levels high enough to detoxify the 

incoming metal similar to the effects observed with BSO use (81)In the case of Cu 

deficiency where uptake channels that Ag may use, like CTR1 or CTR2, are upregulated 

to increase the amount of Cu taken up by cells(4), CTR3 may act to limit the uptake of Ag 

by these means to retain them in the periplasm while keeping the concentration of free 

Ag in the periplasmic space as low as possible to reduce the potential toxicity of the metal.  
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2.6 Conclusions 

In Cu deficient Chlamydomonas, three Cu transporters (CTRs) are upregulated by 

a Cu-responsive transcription factor (CRR1). However, it was not known which of the 

three transporters contributed most to the survival of Chlamydomonas during conditions 

where the CRR1 response was necessary: Cu deficiency and Zn deficiency. Using a 

reverse genetic approach with artificial microRNAs (amiRNAs) and insertional mutants, 

the role of individual CTRs was determined. One of the two canonical, plasma-

membrane-localized CTRs, CTR2, is the major low-affinity uptake transporter in Cu 

deficiency while CTR3, lacking a transmembrane domain, was found to be secreted to 

the periplasm instead (Fig 2.28). Despite progress, we have yet to identify a role in Cu 

assimilation for CTR3  

In Zn deficiency, another condition that paradoxically induces the CRR1 regulon, 

only ctr2 exhibited a reduced capacity for Cu uptake during Zn deficiency (Fig. 8). These 

results lend support to the hypothesis that CTR2 is the major low-affinity Cu transporter. 

Furthermore, this reduced capacity for Cu uptake was also observed during the 

establishment of Zn-deficient Cu hyperaccumulation. Since CTRs are considered passive 

uptake transporters, cytosolic factors that may accommodate/promote Cu hyper-

accumulation were investigated; these results suggest a potential role for GSH in the 

establishment of Cu hyper-accumulation during Zn deficiency (Fig. 2.28). When a 

permanent inhibitor (BSO) of GSH1 (the rate limiting enzyme in GSH formation) was 

added to cultures that had been transferred from replete to Zn-deficient media (inducing 
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Cu-hyperaccumulation), the amount of hyperaccumulation over time was significantly 

reduced. Genetic kds with reduced levels of the same enzyme (ami-gsh1) were tested in 

to further demonstrate how this thiol pool played an important role in avoiding cytosolically 

accumulated metal toxicity.  
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2.7 Figures 

 

Figure 2.1. Requirement for CRR1 in deficiency and excess essential transition 

metal conditions. Colors in table describe the growth of Chlamydomonas with a 

functional (CRR1) or nonfunction (crr1) copper response regulon. Darker and brighter 

green denote a higher rate of growth and survival in the photosynthetic organism than 

those culture colors that are paler and more yellow. Each culture color is the average 

color after the same amount of time in each nutritional condition (11 for Zn conditions) 
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Figure 2.2. CTR3 is a secreted protein. Total cellular protein or proteins precipitated 

from spent medium of a cell wall-less mutant from Cu-deficient (‒) and Cu-replete (+) 

media were separated by SDS-PAGE using protein derived from either a2x106 cells or 

b2x107 cells respectively. Membranes were exposed to antibodies against CTR3 

(1:1000), FEA1/2 (1:20000) and COXIIb, Pon S= Ponceau stain. Shown is 

representative data from at least two independent experiments. 
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Fig 2.3. Chlamydomonas strains. Artificial microRNA (open arrow) and insertional 

mutant (filled arrow) used in experiments. Black boxes indicate exons which are 

numbered while the connected black lines indicate introns. 

 

 

 

 



84 
 

 

Figure 2.4. Validation of ctr3-1. Soluble protein fractions were separated by SDS-

PAGE (10% monomer) followed by immunoblotting using antisera against CTR3 

(1:1000). OEE1 (1:8000) serves as a loading control.  
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Figure 2.5. ctr3-1 does not impair Cu-deficiency response. Protein fractions were 

separated by SDS-PAGE (10% monomer) Antibodies directed against CF1 (1:40000), 

OEE1 (1:8000), and Plastocyanin/Cyt c6 (1:4000). 
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Figure 2.6. CTR1 and CTR2 are both functional copper importers in vivo, but 

CTR1 specifically mediates high affinity copper import. (A-C) Copper addback 

experiment was performed as described in Figure 1. ICP-MS was used to determine Cu 

content of (A) CTR1 and independent ctr1 CPf1/CRISPR mutants, ctr1-1 (triangle up), 

ctr1-2 (triangle down), ctr1-3 (square), ctr1-4 (circle), ctr1-5 (diamond). (B) CTR2 and 

ctr2 cell lines and (C) CTR3 and ctr3 cell lines following the resupply of 2µM Cu as 

indicated to Cu-deficient cultures. Shown are data points, averages and StDEV of 3-6 

independent experiments. 
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Fig.2.7. Experimental paradigm for capturing the transition of Zn-replete to Zn-

deficient conditions for wild-type cc4533 Chlamydomonas. Stationary Zn-replete 

cultures were washed with EDTA to remove excess metal before transfer to Zn-deficient 

media. Following the transfer, samples were collected at various timepoint for metal 

content analysis using ICP-MS/MS.  
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Fig.2.8. Zinc deficiency established after transfer to Zn-deficient media. ICP-

MS/MS metal content analysis of various timepoints from a culture after transfer to 

deficient media. Black and grey bars represent 2 independent experimental replicates.  
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Fig.2.9. Cu hyperaccumulation established after transfer to Zn-deficient media. 

ICP-MS/MS metal content analysis of various timepoints from a culture after transfer to 

deficient media. Black and grey bars represent 2 independent experimental replicates.  
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Fig.2.10 Growth rate of Chlamydomonas after transfer to Zn-deficient media. 

Samples were collected various timepoints from a culture after transfer to deficient 

media to determine cell density over time. Black and grey bars represent 2 independent 

experimental replicates.  
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Fig.2.11 ctr2-1 doesn’t impair establishment of Zn deficiency. ICP-MS/MS metal 

content analysis of various timepoints from a culture after transfer to deficient media. 

Black bars represent the average of 3 experimental replicates of CTR2 with error bars 

indicating standard deviation. White bars represent 2 independent experimental 

replicates of ctr2-1 as indicates in the graph.  
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Fig.2.12 ctr2-1 impairs establishment of Cu hyperaccumulation in response to Zn 

deficiency. ICP-MS/MS metal content analysis of various timepoints from a culture 

after transfer to deficient media. Black bars represent the average of 3 experimental 

replicates of CTR2 with error bars indicating standard deviation. White bars represent 2 

independent experimental replicates of ctr2-1 as indicates in the graph.  
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Fig.2.13 Experimental paradigm for capturing the role of GSH in transition of Zn-

replete to Zn-deficient conditions for wild-type cc4533 Chlamydomonas. 

Stationary Zn-replete cultures were washed with EDTA to remove excess metal before 

transfer to Zn-deficient media. 24h after transfer, 10mM BSO, an inhibitor or glutathione 

synthesis, was added to the media before samples were collected at various timepoint 

for metal content analysis using ICP-MS/MS. 
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Fig. 2.14. GSH contributes to the establishment of Cu hyperaccumulation in 

response to Zn deficiency. ICP-MS/MS metal content analysis of various timepoints 

from a culture after transfer to deficient media. Black bars represent the average of 3 

replicates without added BSO with error bars indicating standard deviation. White bars 

represent the average of 3 replicates with 10mM BSO where error bars indicate the 

standard deviation.  
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Fig.2.15. Ag toxicity via CTR uptake is minimized by GSH. Growth of established 

gamma-glutamyl synthetase mutants, gsh1-2 and gsh1-8, after the addition of 0µM or 

5µM Ag to the media. Representative pictures of culture color are presented for each 

timepoint.  
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Fig.2.16 Growth rate of gamma-glutamyl synthetase mutants. Growth of established 

gamma-glutamyl synthetase mutants, gsh1-2 and gsh1-8, after the addition of 0µM or 

5µM Ag to the media. Samples were collected at indicated timepoints to measure the 

cell density of the culture and determine the growth rate. 
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Fig.2.17 Ag-induced growth impairment in gamma-gutamyl synthetase mutants 

Growth of established gamma-glutamyl synthetase mutants, gsh1-2 and gsh1-8, after 

the addition of 0µM or 5µM Ag to the media. Samples were collected at indicated 

timepoints to measure the cell density of the culture and determine the growth rate.  
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Figure 2.18. Cu uptake is impaired in crr1, consistent with Cu- and crr1 dependent 

expression of CTR1, CTR2 and CTR3. (A) CTR1, CTR2 and CTR3 mRNA abundances 

(in FPKMs) in CC1021, crr1 and CRR1 grown as indicated, according to (Castruita et al. 

2011). (B) Experimental design for Cu resupply experiments. 2µM Cu was added back 

at timepoint 0. (C) ICP-MS/MS analysis at the indicated time points. Cu content was 

normalized to 32S as a measure for biomass in CRR1 and crr1 strains before and after 

the addition of Cu. Shown are data points, averages and StDEV of three independent 

experiments. 
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Figure 2.19. Protein similarity network of CTR type proteins. Protein similarity 

network of 4676 proteins proteins containing the PFam domain PF04145 (Ctr family). 

Locations of nodes representing the C. reinhardtii CTR proteins (CTR1, CTR2) are 

indicated with blue arrows. The major taxonomic groups Viridiplantae, Metazoa and 

Fungi are colored according to legend. 



100 
 

 

Figure 2.20. CTR3 is a secreted protein. Total cellular protein or proteins precipitated 

from spent medium of a cell wall-less mutant (secretome) from Cu-deficient (‒) and Cu-

replete (+) media were separated by SDS-PAGE using protein derived from either 

a2x106 cells or b2x107 cells as indicated. Membranes were decorated with antibodies 

against CTR3, FEAs and COXIIb, Pon S= Ponceau stain. Shown is representative data 

from at least two independent experiments. 
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Figure 2.21. Molecular analysis of ctr1 amiRNA lines, CPf1/CRISPR mediated ctr1 

mutants and ctr2/ctr3 insertional mutants. (A) Location of inserts or target regions in 

all CTR gene models. The 3’ and 5’ untranslated regions are represented by a thin gray 

line, exons (black boxes) are numbered and thin black lines connecting exons are 

indicative of introns. The location of the amiRNA target site for CTR1 (open arrowhead), 

the CPF1 target sequence (PAM, orange) and CPF1 mediated insertion site of two stop 

codons (grey arrowhead) and insertion sites for CTR2 and CTR3 (filled arrowheads) 

mutants are shown. Amplicons used for qRT-PCR in (B-D) are shown in dark red. (B-D) 

Relative transcript abundances of CTR1, CTR2 and CTR3 were determined using 

quantitative RT-PCR. Cells were grown in either Cu deficient (–) or replete (+) conditions 

as indicated. Each symbol represents an independent experiment. Samples collected 

from (B) CTR1 (empty vector control lines) are represented by filled circles while open 

triangle up, down and diamond symbols indicate the ctr1-ami3, 8, and 11 lines, 

respectively. CPf1/CRISPR reference lines (CTR1) are represented by filled circles, 

while open triangle up symbols indicate ctr1-1 lines and open square symbols indicate 

ctr1-3 lines, (C) CC4533 (filled circles), ctr2-1 (open, up triangles) and ctr2-2 (open down 

triangles), (D) CC4533 (filled circles) and ctr3-1 (open down triangle). Each symbol 

represents an independent experiment. (E-G) 20 µg of total cell lysates were separated 

by SDS-PAGE (10% monomer), followed by immunoblotting using antisera against 

CTR1 or CTR2, respectively. Coomassie blue (CB) serves as a loading control. Samples 

shown in (E,F) were from cultures grown in copper deplete growth medium (H) Soluble 

protein fractions were separated by SDS-PAGE (10% monomer) followed by 
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immunoblottinh using antisera against CTR3. OEE1 serves as a loading control. (E-H) 

Shown is one example from at least two independent experiments. 



104 
 

 

 

Figure 2.22. CTR1 and CTR2 are both implicated in copper import, while Cu 

conditional growth defect of ctr1 CPf1/CRISPR mutants mimics crr1 phenotype. 
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(B) Cu content was determined by ICP-MS/MS of copper replete grown: CTR1 and 

independent ctr1 CPf1/CRISPR mutants, ctr1-1 (triangle up), ctr1-2 (triangle down), 

ctr1-3 (square), ctr1-4 (circle), ctr1-5 (diamond), ctr1 amiRNA lines, CTR2 and ctr2 cell 

lines and CTR3 and ctr3 cell lines as indicated. Shown are data points, averages and 

StDEV of 3-9 independent experiments. (B) CTR1 amiRNA lines, ctr1-1, ctr2-1, ctr2-2, 

ctr3 and respective reference lines were grown photoheterotrophically under Cu-

deficient (–) or Cu-replete (+) conditions. If growth occured, cells were counted using a 

hemocytometer and doubling times estimated based on cell counts during the 

exponential growth phase. Shown are averages and StDEV of at least 3 independent 

experiments. (B) Pictures of flasks were taken six days post- inoculation. Shown is one 

example from at least two independent experiments. 
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Figure 2.23. CTR1 and CTR2 are both functional copper importers in vivo, but 

CTR1 specifically mediates high affinity copper import. (A-F) Copper addback 

experiment was performed as described in Figure 1. ICP-MS was used to determine 

Cu content of (A,D) CTR1 and independent ctr1 CPf1/CRISPR mutants, ctr1-1 (triangle 

up), ctr1-2 (triangle down), ctr1-3 (square), ctr1-4 (circle), ctr1-5 (diamond). (B,D) CTR2 

and ctr2 cell lines and (C,F) CTR3 and ctr3 cell lines following the resupply of either 2 

µM or 100 nM Cu as indicated to Cu-deficient cultures. Shown are data points, averages 

and StDEV of 3-6 independent experiments. 
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Figure 2.24. Zn-deficiency increases uptake but does not inhibit export. Cells were 

grown in growth medium without or with supplemented Zn as indicated, collected by 

centrifugation and transferred to medium that was supplemented with 0 and 2.5 µM Zn 

and in which 65Cu was added. Cells (A) and spend media (B) were collected and 

isotope specific Cu content was measured by ICP-MS/MS. Shown are averages and 

STDEV of three independent experiments.. 
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Figure 2.25. Copper accumulation is impaired in zinc deficient ctr1 and ctr2 

mutants. (A) Expression of CTR1, CTR2 and CTR3 is up-regulated in zinc deficiency. 

(BCD) Cu content of ctr1, ctr2 and ctr3 mutants and corresponding reference strains 

grown in zinc deplete media that was supplemented with Cu as indicated was measured 

using ICP-MS/MS. Shown are data points, averages and StDEV of at least three 

independent experiments. 
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Figure 2.26. Copper accumulated in zinc deficient crr1 is stored in 

acidocalcisomes, but cannot be mobilized after zinc add back. Cells were grown 

in copper replete media, washed with 1mM EDTA and resuspended in zinc depete 

media as shown in (A). (B) Pictures of flasks were taken every 24 hours during the 

experiment. (C) Cu content of CRR1 and crr1 cell lines was measured using IC-MS/MS. 
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Growth medium was supplied with either 1.2µM (CRR1) or 40µM Cu (crr1) to Zn-deplete 

growth medium as indicated. Shown are averages and ndividual data points of two 

independent experiments. (D) After 48 hours in zinc deficiency, zinc was added back 

to the culture media. Samples for imaging were taken right before and 7 hours after 

zinc add back. Copper was visualized using the Cu(I) sensitive dye CS3 (red), cells 

were visualized using chlorophyll autoflourescence (green). Shown are max intensity 

projections of each channel. Scale bars represents 5 µm. Experiment was performed at 

least twice with independent cultures. At least 6 cells were imaged and are shown in 

Supplemental Figure 2.S3. 
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Figure 2.27: CTR2 is exporting copper out of the acidocalcisomes. Cells were grown 

in media without zinc supplementation. At a cell density between 2-4 x 106 cells/ml, zinc 

was added back to the culture media. Samples for imaging were taken right before and 7 

hours after zinc add back. Copper was visualized using the Cu(I) sensitive dye CS3, cells 

were visualized using chlorophyll autoflourescence. Scale bars represents 5 µm. 

Experiment was performed at least twice with independent cultures. At least 5 cells of 

two independent mutants were imaged and are shown in Supplemental Figure 2.S4 and 

2.S5
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Supplemental Figure 2.S1 ssODN mediated CRISPR/CPF1 gene editing 

introducing two in- frame stop codons in exon 1 of CTR1. Sequencing of cells 

edited at CTR1 using LbCpf1 (Ribonucleoproteins) RNPs. CTR1 was amplified from 

arginine- resistant colonies growing on solid TAP growth media. Green background 

indicates the PAM target site, blue background indicates the wildtype sequence, yellow 

background indicates the region after the cleavage site that contains nucleic acids that 

deviated in the ssODN from the wildtype sequence. Stop codons are underlined in red, 

other deviations from the wildtype sequence are highlighted in red.
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Supplemental Figure 2.S2 Cytochrome c6 accumulation indicates internal copper 

deficiency in ctr2. CTR1 amiRNA lines, ctr1-1, ctr2-1, ctr2-2, ctr3 and respective 

reference lines were grown photoheterotrophically under Cu-deficient (–) or Cu-replete 

(+) conditions. Abundance of Plastocyanin and Cytochrome c6 was determined by 

separating 10 µg of total soluble cell lysate using SDS-PAGE (15% monomer), followed 

by immunoblotting using antisera cross-reactive to plastocyanin (PC, black arrow) and 

Cyt c6 (white arrow). In order to check abundance of CoxIIb, total cell lysates were 

separated by SDS-PAGE (15% monomer) followed by immunoblotting for CoxIIb. Either 

OEE1, alpha and beta subunits of CF1, Ponceau S stain (Pon S) or Coomasie blue (CB) 

were used as loading controls. Shown is one example from at least two independent 

experiments. 
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Supplemental Figure 2.S3 Co-regulation between CTR1 and CTR2 expression. 

Relative transcript abundances of CTR1 and CTR2 were determined using quantitative 

RT-PCR. Cells were grown in either Cu deficient (–) or replete (+) conditions as 

indicated. Samples collected from (A) Reference strain CC4533 (filled circles), ctr2-2 

(open, gray circles) and ctr2-1 (open white circles), (B) CTR1 (empty vector control lines, 

black filled squares, and CPF1-mediated mutant background strain, black triangle up), 

ctr1-ami lines (open, white squares) and ctr1 mutant lines (white triangle up). Each 

symbol represents an independent experiment.
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Supplemental Figure 2.S4 Zinc deficient growth defect is not exacerbated in ctr 

mutants. Pictures of flasks of ctr1, ctr2, ctr3 and crr1 mutants and corresponding 

reference strains grown in zinc deplete media were taken eight days post-inoculation. 
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Supplemental Figure 2.S5 Copper accumulated in zinc deficient crr1 is stored in 

distinct foci, but copper cannot be mobilized after zinc add back. Figure shows all 

cells that were imaged in experiments shown and described in Figure 10. 
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Supplemental Figure 2.S6 Copper accumulated in zinc deficient ctr1 mutants. 

Figure shows all cells that were imaged in experiments shown and described in Figure 

11. 
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Supplemental Figure 2.S7 Copper accumulated in zinc deficient ctr2 and ctr3 

mutants. Figure shows all cells that were imaged in experiments shown and 

described in Figure 11. 
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Fig. 2.28 Model of Cu homeostatic network in Chlamydmonas reinhardtii (modified 

from figure made by Stefan Schmollinger)  
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CHAPTER 3: STRENGTH OF CU-EFFLUX RESPONSE IN E. COLI COORDINATES 

METAL RESISTANCE IN C. ELEGANS AND CONTRIBUTES TO THE SEVERITY OF 

ENVIRONMENTAL TOXICITY 

3.1 Abstract 

Without effective homeostatic systems in place, excess Cu is universally toxic to 

organisms. While increased utilization of anthropogenic Cu in the environment has driven 

the diversification of Cu-resistance systems within enterobacteria, little research has 

focused on how this change in bacterial architecture impacts host organisms that need to 

maintain their own Cu homeostasis. Therefore, we utilized a simplified host-microbe 

system to determine whether the efficiency of one bacterial Cu-resistance system, 

increasing Cu-efflux capacity via the ubiquitous CusRS two-component system, 

contributes to the availability and subsequent toxicity of Cu in host C. elegans nematode. 

We found that a fully functional Cu-efflux system in bacteria increased the severity of Cu 

toxicity in host nematodes without increasing the C. elegans Cu-body burden. Instead, 

increased Cu toxicity in the host was associated with reduced expression of the protective 

metal stress-response gene, numr-1, in the posterior pharynx where pharyngeal grinding 

breaks apart ingested bacteria to release their contents before passing into the digestive 

tract. The spatial localization of numr-1 transgene activation and loss of bacterially-

dependent Cu-resistance in nematodes without an effective numr-1 response supports 

the hypothesis that numr-1 is responsive to the Cu-efflux capacity of bacteria. We 

propose that the bacterial Cu-efflux capacity acts as a robust spatial determinant for a 

host’s response to chronic Cu stress.  
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3.2 Introduction 

Bacteria define an organism’s relationship with the environment. Their presence in 

a host at all three major routes of environmental exposure absorption (dermal, respiratory, 

digestive) broadly impacts drug metabolism and efficacy (1-3), pathogenicity (4), nutrient 

biosynthesis (5) and disease progression (6-9). However, the contributions of bacterial 

activity to a host’s response during toxicant exposure are only beginning to be examined 

(10).  One such toxicant who’s environmental excess elicits conserved homeostatic 

responses in prokaryotes (11-13) and eukaryotes (14) alike is Copper (Cu), an essential 

transition metal recognized by the Agency of Toxic Substances and Disease Registry 

(ATSDR) for its ability to catalyze Fenton-like reactions, displace metal cofactors lower 

on the Irving-Williams series and oxidize lipids (15-17). In high Cu conditions, without 

effective appropriate homeostatic responses, toxicity can develop rapidly and coincide 

with the development of disease pathology (18,19). However, little is known about how 

these challenged prokaryotic and eukaryotic systems interact. Outside of treatments that 

limit overall bacterial density (20), how specific bacterial activity contributes to 

homeostatic responses in the host has yet to be examined. Diversification rates in 

enterobacteria suggest that Cu-efflux systems are under considerable selective pressure 

from increasing anthropogenic Cu deposition in the environment (21,22). Furthermore, 

research from the human microbiome project has found that bacterial activity involved in 

metal detoxification, such as increasing Cu-efflux capacity, is indeed a ubiquitous 

component of the digestive microbiome today (23). The pervasiveness and necessity of 

bacterial Cu-efflux systems at major sites of Cu-uptake, like the digestive tract, compels 



135 
 

a more thorough investigation into how specific bacterial responses contribute to the 

development of Cu toxicity in host organisms. 

Previous work in our lab (24-26) developed strains of E. coli with variable Cu-efflux 

capacities as measured by quantifying their Cu accumulation. Targeted deletions in 

genes for a Cu-handling system, CusRS, within a Cu oxidase (cueO) deletion background 

maximized the Cu(I) interaction with Cu(I)-specific CusRS and produced mutants with 

approximately 50 and 25% Cu-efflux capacity compared to E. coli with ΔcueO alone 

(100%WT) (26). CusRS is a conserved two component system (TCS) composed of a 

Cu(I) histidine kinase sensor (CusS) and response regulator (CusR) (24). The combined 

action of this sensor and response regulator drives the expression of a Cu-efflux pump, 

CusCFBA, with a narrow substrate range that selectively removes excess periplasmic 

Cu(I) (27) (Fig. 3.1). We hypothesized that alterations in bacterial Cu removal would 

modify the availability and subsequent toxicity of Cu in a simplified host-microbe system. 

Caenorhabditis elegans (C. elegans), a soil-dwelling nematode which thrives on single-

culture E. coli lawns in laboratory conditions, is a well-established model for studying 

conserved host-microbe interactions involved in Cu homeostasis and detoxification (4,28-

30). Evidence for conserved Cu-homeostatic elements are found in orthologs for a 

passive Cu-uptake transporter (31) and the active Cu exporter ATP7A/B (32) which are 

both expressed along the nematode’s digestive tract, mirror the expression patterns and 

physiology of higher organisms (14,20). Under Cu stress, nematodes also present dose-

dependent Cu toxicity responses that encompass developmental, behavioral, 

reproductive, and aging trajectories which may be influenced by bacterial activity (33-40). 

Furthermore, these responses to metal stress are often consistent and conserved across 
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species, allowing for a detailed investigation of host stress responses mediated by 

bacterial activity. For instance, activation of heat-shock factor 1 following metal toxicity is 

observed in both humans and nematodes (41,42) and is signaled in C. elegans with the 

activation of a nuclear-localized metal-responsive gene (numr-1) which is proposed to 

influence RNA splicing in response to impaired RNA-processing machinery during metal 

stress (42).  

Using this C. elegans/E.coli host-microbe system, we show that an increase in 

bacterial Cu-efflux, through the activity of CusRS, alters the magnitude and spatial 

distribution of numr-1 activation and sensitizes the host to environmental Cu over time. 

Despite increasing sensitivity to equimolar Cu exposures, the overall Cu-body burden of 

the host did not account for the increasing toxicity in the host. Taken together, these 

findings reveal how a ubiquitous bacterial response, selected for through persistent 

anthropogenic Cu release over generations, establishes the spatial distribution and 

efficiency of Cu detoxification in a host model.  
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3.3 Materials & Methods 

3.3.1 C. elegans genetics and strains 

All C. elegans strains were obtained from the Caenorhabditis Genetic Center (CGC) 

in Minneapolis, MN, USA. Only non-starved cultures maintained on OP50 at 20°C on 

nematode growth media (NGM: 3g NaCl, 17g agar, 2.5g peptone, 1mL 1M CaCl2, 1mL 5 

mg/mL cholesterol in ethanol, 1mL 1M MgSO4, 25mL 1M KPO4 per liter) were used for 

all downstream experiments. The C. elegans strains used were 

• N2: wild-type for all general toxicity endpoints  

• JF85: mtEx60 [numr-1p::GFP + rol-6(su1006)] for visualization of a metal-stress 

specific transgene 

• RB1749: numr-1(ok2239) III for matricidal-hatching experiments.  

 

3.3.2 E. coli genetics and strains 

E. coli strains were either ordered from the CGC or previously isolated and 

characterized (1,2) in which established methods were used to disrupt targeted 

chromosomal genes. The E. coli strains used were: 

• OP50 -E. coli B uracil auxotroph  

• WT -BW25113/ΔcueO::catR/pET21b(+), control, 100%WT bacterial Cu-efflux 

capacity 

• ΔcusS -BW25113/ΔcueOΔcusS/pET21b(+), 50%WT bacterial Cu-efflux capacity  

• ΔcusR -BW25113/ΔcueOΔcusR/pET21b(+) (1), 25%WT bacterial Cu-efflux 

capacity 

• E. coli BL21(DE3), pLIC-egfp inducible expression 
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All E. coli strains except OP50 and BL21(DE3) were maintained at 4°C as single 

colony plates on Luria broth agar (10g bacto-tryptone, 10g NaCl, 5g yeast extract, 15g 

bacto-agar per liter) supplemented with 5µL 100ng/mL ampicillin. OP50 and BL21(DE3) 

were maintained on Luria broth agar without ampicillin.   

 

3.3.3 Bacterial culture conditions  

Bacterial lawns were prepared by growing overnight cultures at 37°C from a single 

colony then normalizing to 1x108 cells/mL before pipetting 200µL of culture onto the 

appropriate NGM plates. Seeded plates were incubated at room temperature for 48h prior 

to storage at 4°C.  

 

3.3.4 Bacterial growth rate and plate density 

For each bacterial strain, a single colony was grown overnight at 37°C. From this 

overnight culture, a 1:100 dilution was made with fresh LB to reach a starting 

concentration of 0.05 OD600. The OD600 was measured every 30 minutes until 0.1 was 

reached. The culture was then diluted by 1:20 with LB containing the desired amount of 

CuSO4. The OD600 in this culture was measured every hour through exponential growth 

until the stationary phase was observed. Plate density was determined following a 48h 

incubation after plates were seeded. 2mL of media were used to wash plates of bacterial 

lawn and diluted 1:100 before OD600 quantification.   

 

3.3.5 Exposure conditions 
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Dosage was chosen based on previously described 1) dose-dependent toxicity 

endpoints and EC50 values in the host nematode 2) concentrations relevant to 

environmental exposures reported globally and 3) dosage studies reporting acute 

digestive distress upon oral administration in humans and 4) at a concentration that would 

not impact survival or growth of the E. coli strains (25,32,33,35,55-57). All Cu exposures 

were prepared by adding 0µM or 100µM CuSO4 to Nematode growth media (NGM) agar 

immediately prior to pouring the media plates. Developmentally synchronous populations 

of C. elegans used for toxicity endpoint analysis were obtained from non-starved OP50 

maintenance plates through the use of hypochlorite bleach egg selection (58). In addition 

to synchronizing populations, hypochlorite bleaching allowed for direct and sterile transfer 

of eggs from maintenance plates to those that had been seeded with other E. coli strains 

instead. A second transfer 48h after bleach synchronization allowed for a population of 

nematodes to begin exposure to +/- CuSO4 at the L4 developmental stage.  

 

3.3.6 Length determination 

Nematode length was measured 48h post L4 transfer to +/- Cu plates. For each of 

the independent experiments, approximately 12 adults from each condition were washed 

with M9 buffer (3g KH2PO4, 6g Na2HPO4, 5g NaCl, 1mL 1M MgSO4 per liter) (59) and 

placed on bacteria-free NGM. The nematodes were recorded for 15s while roaming 

around the plate. Video analysis using WormLab tracking software was used to quantify 

average length for each worm from head to tail.  

 

3.3.7 Body-burden measurements 
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48 hours after +/- Cu exposure starting at L4, 20 to 50 adult nematodes from each 

plate were collected for metal-content analysis as previously described (47). Briefly, C. 

elegans were moved to unseeded NGM plate before being transferred to a 1.5mL 

microfuge tube containing 200µL M9 buffer. Microfuge tubes were rotated by inversion 

continually for at least 30 minutes to remove excess bacteria. After the first incubation, 

worms were washed 3 times with 200µL M9 buffer and 3 times with ddH2O to effectively 

remove all traces of residual bacteria. The supernatant was removed between each wash 

under a stereomicroscope to prevent sample loss. Following the last wash, samples were 

flash frozen in liquid nitrogen and desiccated using an SPD1010 SpeedVac vacuum 

concentrator. 20µL of 70% HNO3 was added to desiccated samples before incubation at 

room temperature overnight followed by a 1 hour incubation at 60°C the next morning to 

fully digest the pellet. 380µL of 1% HNO3 was added to samples for a final HNO3 

concentration of 4%. Prepared samples were analyzed for Cu content using graphite 

furnace atomic absorption spectroscopy (GFAAS) and run in triplicate before the average 

concentration was determined from an established calibration curve. Body burden is 

reported as pg/nematode or pg/µm after normalizing for nematode size  

 

3.3.8 Lethality  

All lethality experiments were conducted as previously described in N2 C. elegans 

transferred from bleach synchronized populations at L4 to exposure conditions after 

preconditioning of the bacterial condition following bleach synchronization in early 

development (60). With the exception of the 36h timepoint after transfer to the exposure 

condition, all nematodes were transferred every 48h to new plates to keep generations 
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distinguishable while the nematode was still egg laying and then to prevent starvation at 

later stages of the lethality experiments. Lethality was tested at least every 48h using a 

worm pick to look for a touch response. If no movement or response is detected, the 

nematodes were presumed dead and recorded as such. Nematode populations were 

simultaneously assessed to account for censorship via disappearance from the plate, MH, 

everted vulva or death resulting from worm pick or transfer. Kaplan-Meier curve analysis 

was conducted on collected data to determine significant differences between groups.   

 

3.3.9 Cumulative population risk of matricidal hatching 

Occurrence of matricidal hatching (MH) in a population was assessed every 48h 

for seven days after L4 transfer to +/- Cu plates under a dissecting microscope through 

the reproductive period of the nematode. Analysis of data used a cumulative incidence 

model to adjust for a smaller population over time caused by death or censored C. 

elegans not attributable to a bagging phenotype. For every 48h period, the cumulative 

incidence was divided by the number of subjects at risk in the population at the beginning 

of the period. Multiplying for the duration of each population’s active reproductive period 

where the majority of bagging occurs (about 7.5 days) gives total cumulative risk among 

replicate populations. 5 to 8 independent experiments of 25-30 nematodes were 

conducted for each conditional exposure. A modified Kaplan-Meier risk assessment was 

used to measure this parameter to minimize the effect of variable survival in the 

populations (60); for instance, a smaller population as a result of increased death in one 

condition could artificially reduce incidence of MH observed if the actual population at risk 

is not accounted for at each timepoint. 
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3.3.10 Brood-size measurement 

Viable brood size was assessed on an individual basis: 1 nematode was placed in 

+/- Cu plates with the preconditioned bacteria at the L4 stage. 36 hours after initial transfer 

each nematode was transferred to a new plate. Transfers to new plates were performed 

every 24 hours after the initial 36 hours transfer. After 30 minutes at 4°C to slow 

movement, each progeny plate was counted 2 days after the initial egg lay before the F1 

began to produce progeny. Each bacterial/Cu condition was tested with 3 independent 

replicates composed of 5 individual nematode replicates. 

 

3.3.11 Imaging 

Before imaging, C. elegans exposure and control groups were derived from the 

same bleach-synchronized population for each bacterial condition and exposed in late 

development for 48h from L4 to early adulthood. Nematodes were then incubated in 

100µM levamisole to inhibit movement while pharyngeal images were taken at 40x using 

a Nikon H600L fluorescence microscope with uniform exposure times and Z-stack width 

and processing. The GFP induction was quantified using ImageJ 1.52p for each 

pharyngeal region. Images taken with a different camera were normalized using the signal 

to background ratio calculated with an identical sample imaged on both camera set ups. 

Corrected mean intensity was calculated by subtracting normalized background signals 

from all samples before subtracting the corrected mean intensity of 0µM Cu controls from 

the matched 100µM mean intensity for each experimental replicate.  
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3.3.12 Statistical Analysis 

Experimental designs are reported in figure legends such that N= independent 

experimental replicates and n=biological replicates in each experimental replicate. All 

statistical analysis was performed in GraphPad Prism (v8.2.0). For lifespan analyses, a 

Log-rank (Mantel-Cox) test was used to calculate significance. Significant interactions 

were analyzed for cumulative MH risk, Cu-body burden, brood size, and length. An 

ordinary one-way ANOVA with Tukey’s multiple comparison test was used to analyze 

interactions between numr-1p::GFP transgene activation and bacterial Cu-efflux capacity. 

A two-way ANOVA with Tukey’s multiple comparison’s test was also used to confirm that 

sample size did not account for variation in Cu-body burden determination.  
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3.4 Results: 

3.4.1 A simplified exposure paradigm to test the impact of bacterial Cu-efflux 

capacity on host Cu sensitivity 

We first assessed common Cu-toxicity endpoints observed in C. elegans as 

hallmarks of Cu stress coping mechanisms to determine whether they could be influenced 

by the bacterial Cu-efflux capacity in the environment. To this aim, we used a simplified 

exposure paradigm for the C. elegans/E. coli host-microbe system that, first, used 

exogenous (0µM) or excess (100µM) Cu concentrations that did not strongly impair 

bacterial growth rate (Fig. 3.S1A) or plate density (Fig. 3.S1B) to ensure that the CusRS 

response could be active at the same molarity at which C. elegans Cu toxicity is observed 

(32). Second, Cu exposure to C. elegans was limited to developmentally synchronous 

populations that excluded the early developmental stress responses that can confound 

the severity of toxicity endpoints (32, 39). As described below, this experimental exposure 

paradigm allowed us to clearly distinguish the impact of varying bacterial Cu-efflux 

capacity on the C. elegans host Cu sensitivity.  

C. elegans developmental stage can greatly impact the physiological response to 

environmental challenges (39). Therefore, multiple, specific dose-dependent chronic Cu-

toxicity endpoints were originally selected to capture adverse outcomes on two central 

biological processes: aging and reproduction (Fig. 3.2A). Initially, all endpoints were 

assessed for their sensitivity to 100µM Cu in the presence of bacteria with 100%WT Cu-

efflux capacity (control). Across their lifespan, nematode populations exposed to 100µM 

Cu on 100%WT control bacteria experienced a 41% reduction in median lifespan (Fig. 

3.2B, thick blues lines, p < 0.0001, Long-rank Mantel-Cox test), from 14.5d to 8.5d, when 
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compared to those exposed to 0µM Cu in the media. The decreased survival of C. 

elegans exposed to 100µM Cu confirms the sensitivity of median lifespan analysis to Cu. 

To test whether nematode Cu toxicity also impacted earlier life events in our 

simplified exposure paradigm, we monitored the reproductive period -where active egg 

laying takes place (Fig. 3.2A)- by assessing C. elegans neuromuscular inability to lay 

eggs over time, resulting in Matricidal Hatching (MH), and the total number of viable eggs 

laid (average viable brood size) over the same period. MH, when the offspring of 

hermaphroditic nematodes hatch inside the parent without being expelled from the vulva, 

is a response to environmental stress that increased by 25.4% (Fig. 3.2C, blue circles, 

p>0.0001, two-way ANOVA with Tukey’s multiple comparisons) on 100%WT control 

bacteria when 100µM Cu exposures are compared to 0µM Cu exposures. Furthermore, 

this trend became more pronounced in the later reproductive period (Fig. 3.2D, thick blue 

lines). In contrast, over the same reproductive period (Fig. 3.S2A), cumulative brood size 

was unaffected by the presence of 100µM Cu. Further analysis found that brood size was 

not significantly reduced by the addition of Cu in any bacterial condition tested (Fig. 

3.S2B), indicating that any bacterial-dependent variation in brood size appears 

independent of Cu stress in our simplified exposure paradigm. Taken together, these 

results identify MH, but not brood size, as a responsive and sensitive endpoint reflective 

of Cu stress. 

To better understand the discrepancy between MH and brood size, we investigated 

the impact of Cu exposure on the nematode germline. While DAPI-stained germlines 

early in the reproductive period showed some reduced proliferation of pachytene nuclei 

indicative of developmental delay (43) (average number of nuclei across in 0µM Cu is 10, 
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but only 8 in 100µM Cu) (Fig. 3.S2C-D), there were no strong indicators of acute germline 

toxicity such as nuclei gaps or aggregates which indicate embryonic lethality and precede 

reductions in the viable brood size (44) independent of MH. These results suggest that 

germline toxicity does not contribute to the Cu toxicity observed in C. elegans either 

because this endpoint is less sensitive to Cu stress, as has previously been observed 

(38), or is more dependent on early developmental exposures.   

3.4.2 Role for Bacterial Cu-efflux capacity in host toxicity endpoints 

Next, we used the two Cu sensitive endpoints, lifespan and MH, to test whether an 

impaired bacterial Cu-efflux capacity modifies C. elegans response to the addition of 

100µM Cu in the media. Lifespan assays revealed that nematode populations on bacterial 

lawns with reduced Cu-efflux capacity (25% or 50% of normal Cu-efflux) exhibited 

increased median survival compared to those grown with 100%WT control bacteria, 

increasing 47% from 8.5d to 12.5d (p < 0.0001, Log-rank Mantel-Cox test) (Fig. 3.2B). 

MH is similarly improved by reduced bacterial Cu-efflux; 50%WT Cu-efflux capacity 

during Cu stress resulted in a reduced cumulative population risk of just 6.2% (+/-4.4%) 

compared to 26.7% (+/-4.8%) on 100%WT control bacteria (p<0.0001, two-way ANOVA 

with Tukey’s multiple comparisons) while 25%WT Cu-efflux capacity reduced cumulative 

risk of MH by over half of the risk compared to control bacterial lawns (11.7%+/-6.4 vs. 

26.7% +/-4.8, respectively p = 0.0025, two-way ANOVA with Tukey’s multiple 

comparisons) during exposure to 100µM Cu (Fig. 3.2C).  

We further assessed whether E. coli with impaired bacterial Cu-efflux capacity 

could act on C. elegans Cu-toxicity endpoints independent of their variable Cu-handling 

induced by 100µM Cu, for example via bacterial nutritional status or pathogenicity instead 
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(45,46). In testing the Cu-independent effects of E. coli strains with 25% and  50%WT 

Cu-efflux capacity in 0µM Cu, we found that nematodes raised on bacterial lawns with 

reduced Cu-efflux capacity did not demonstrate any significant difference from those 

raised on 100%WT control bacteria. Without exogenous Cu, median survival ranged from 

14.5 to 17.5 days (Fig. 2B, p = 0.3615, Log-rank Mantel-Cox test) and total cumulative 

MH ranged from 2.7+/-1.92 to 1.07+/-1.53% (Fig. 3.2C, p = 0.9841, two-way ANOVA with 

Tukey’s multiple comparisons) with increasing bacterial Cu-efflux capacity. Thus, any 

variation observed in these Cu-toxicity endpoints during exposures to 100µM Cu could 

be directly attributed to the variable bacterial Cu-efflux capacity. Taken together, these 

experiments indicate that a decrease in bacterial Cu-efflux capacity is correlated with a 

reduction in two chronic Cu-toxicity endpoints in C. elegans. 

3.4.3 Temporal dependence of MH on bacterial Cu-efflux capacity  

We further examined MH risk and monitored how MH risk changes over time to 

better distinguish the effects of Cu-dependent and Cu-independent adverse outcomes. In 

the absence of 100µM Cu, an early uptick in MH risk is observed in 25%WT Cu-efflux 

capacity; between 48 and 72h after L4 transfer to the 0µM exposure condition (Fig. 3.2D). 

However, this early increase is not observed in the 50 or 100%WT Cu-efflux capacity 

conditions. After 72h, no further increase in MH risk is observed in any bacterial genetic 

background without 100µM Cu in the media (Fig 3.2D). Part of this Cu-independent 

discrepancy may lie in the cusR deletion unique to 25%WT Cu-efflux capacity E. coli 

which impairs a bacterial H2O2 stress response that is activated by CusR independent of 

Cu stress (45). No such crosstalk exists with the cusS deletion responsible for the 50%WT 
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Cu-efflux capacity E. coli. These results suggest that Cu-independent roles in the 25%WT 

Cu-efflux capacity E. coli are responsible for an early increase in MH risk.  

Conversely, the majority of nematode MH risk associated with bacterial Cu-excess 

occurs later during the nematode’s life span, i.e. at timepoints after 72h of exposures in 

100%WT control bacteria (Fig. 2D). However, this late MH risk is greatly reduced when 

the bacterial Cu-efflux capacity is limited to either 50% or 25%WT. In fact, no significant 

variation in MH risk is observed in 50%WT Cu-efflux capacity bacterial lawns between 

0µM and 100µM Cu exposures by the end of the reproductive period (Fig. 3.2C). While 

starvation or nutrient deprivation can be a contributing factor in the appearance of 

nematode MH in late development (46) this effect was minimized by 1) transferring 

nematodes to new bacterial lawns every two days and 2) utilizing Cu concentrations that 

had no impact on bacterial growth rates or survival (Fig. 3.S1). These results therefore 

suggest that late MH risk is mostly dependent on the bacterial response to Cu stress. The 

timing of MH risk also suggests that bacterial Cu-efflux capacity acts directly on the 

neuromuscular function of the vulva where age-related degeneration can result in late MH 

during periods of Cu excess (46). 

3.4.4 Early Cu toxicity does not coincide with Cu-body burden in C. elegans 

Early developmental exposures to Cu strongly impact the growth of C. elegans, 

manifesting as reduced length and larval arrest at the L3 larval stage (32). The potential 

for our simplified exposure paradigm to initiate growth delays before lifespan and MH risk 

becomes significant is suggested by the slight reduction in germline proliferation observed 

after 24h of Cu exposure (Fig. 3.S2C-D). Therefore, we assessed whether reduced 

bacterial Cu-efflux capacity could alter the nematode’s growth after a 48h exposure to 0 
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or 100µM Cu starting at the L4 stage (Fig. 3.3A). While we observed a Cu-dependent 

decrease in C. elegans length on 100%WT control bacteria (Fig. 3.3B), the effect on 

growth was less severe when nematodes were raised on bacterial lawns with 25% or 

50%WT Cu-efflux capacity: from 886.2±82.54µm on 100%WT control to 954.2±123.5 (p 

= 0.001, two-way ANOVA with Tukey’s multiple comparisons) and 953.9±96.73µm (p < 

0.001, two-way ANOVA with Tukey’s multiple comparisons) respectively. Thus, these 

results indicate that the impact of Cu on L4 to young adult’s growth and the ameliorating 

effect of reduced bacterial Cu-efflux capacity, followed the same trends as later life 

endpoints (MH and lifespan). 

Next, we tested whether reduced bacterial Cu-efflux capacity improved the 

aforementioned C. elegans Cu-toxicity endpoints by reducing the overall quantity, or 

internal dose, of Cu in C. elegans since increases in measured Cu-body burden are 

consistent indicators of excess metal concentration in the environment and predictive of 

dose-dependent toxicity (40). To quantify the C. elegans Cu-body burden, nematodes 

were collected after the same limited 48h exposure (Fig. 3.3A) and washed to ensure that 

graphite furnace atomic absorption spectroscopy (GFAAS) analysis would capture the 

nematode Cu-body burden with minimal contamination from bacterially-accumulated Cu 

(Fig. 3.S3). Contrary to expectations, we found there was no significant reduction in Cu-

body burden in nematodes exposed to 100µM Cu when the bacterial Cu-efflux capacity 

was reduced (Fig. 3.3C). On the contrary, the Cu-body burden showed a null or inverse 

trend, depending on the extent of bacterial Cu-efflux capacity reduction. During 100µM 

Cu exposures, reducing bacterial Cu-efflux capacity to 25%WT increased the overall body 

burden of the metal to 445 pg/nematode from 303.5 pg/nematode for worms raised on 
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bacterial lawns with 100%WT Cu-efflux capacity (p = 0.0150, two-way ANOVA with 

Tukey’s multiple comparisons) while  raising nematodes on 50%WT Cu-efflux capacity 

bacteria did not significantly increase the Cu-body burden compared to 100%WT control 

bacteria. These results indicate that bacterially-dependent improvements in nematode 

Cu-toxicity endpoints are not the result of a broad bacterial sequestration of excess Cu 

and subsequent reduction in the nematode Cu-body burden.   

We also asked whether nematode mass could contribute to the observed variation 

in Cu-body burden. Among Cu exposed groups, the longer length of C. elegans raised on 

some bacterial strains could artificially increase the Cu-body burden calculated relative to 

smaller nematodes when reported as pg/nematode. Nevertheless, using the average 

length collected at the same timepoint, populations normalized to pg/µm did not fully 

account for this variation in Cu-body burden (Fig. 3.3D); pg/µm of Cu-body burden 

increased by nearly 27% (p = 0.0150, two-way ANOVA with Tukey’s multiple 

comparisons), from 0.342±0.05pg/µm on 100%WT to 0.466±0.09pg/µm when the 

bacterial lawn retained only 25%WT bacterial Cu-efflux capacity. Together, these 

experiments show that nematode Cu-body burden is not significantly reduced by 

impairing the bacterial Cu-efflux capacity despite the marked improvement in other 

toxicity measures in C. elegans. 

3.4.5 Spatial activation of numr-1 is dependent on bacterial Cu-efflux capacity 

 Since the nematode Cu-body burden did not explain the bacterially-dependent Cu 

resistance in C. elegans, we sought to test whether the robustness of the nematode 

metal-stress response could account for the variation. To this end, we monitored the 

expression of the protective metal stress response gene, numr-1, which has been 
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associated with improved survival during metal stress as well as MH risk related to 

neuromuscular function in the vulva (42,43). We focused on pharyngeal activation of a 

transgene reporter for numr-1, mtEx60 [numr-1p::GFP + rol-6(su1006)] (JF85) within a 

48h exposure window (Fig. 3.4A) since activation of this transgene in the pharynx is 

unique to Cu and not responsive to other environmental challenges such as pathogenic 

infection, endoplasmic reticulum stress, starvation, or oxidative stress responses (48). 

Furthermore, pharyngeal filter feeding is responsible for concentrating and breaking down 

bacteria in C. elegans; after expelling extra fluid from the anterior pharynx, the nematode 

pushes a concentrated bacterial pellet via neuromuscular contractions back to the 

posterior pharynx where pharyngeal grinding disrupts most of the bacteria before 

passage into the intestine (Fig. 3.4B) (50). Therefore, the intensity and location of numr-

1p::GFP activation within the nematode pharynx was used to characterize the impact of 

bacterial Cu-handling dynamics on this conserved metal-stress marker.  

Under control conditions (0µM Cu), negligible corrected mean intensities of numr-

1p::GFP expression were reported in all regions (Fig. 3.S4) and minimal constitutive 

expression was noted in the head neurons surrounding the pharynx for all bacterial 

conditions (Fig. 3.4C). As anticipated, following Cu exposure over a 48h window starting 

at the L4 stage (Fig 3.4A), a strong activation of the numr-1p::GFP transgene is observed 

when nematodes are raised in 100%WT bacteria (Fig. 3.4C). However, while under Cu 

stress, transgene activation in the pharynx was variably impacted by reducing the 

bacterial Cu-efflux capacity; 50%WT bacteria resulted in a higher corrected mean 

intensity than the 100%WT control bacteria (p = 0.0127, one-way ANOVA with Tukey’s 

multiple comparisons) while 25%WT bacteria had a comparable mean intensity to the 
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100%WT control (p = 0.0455, one-way ANOVA with Tukey’s multiple comparisons) (Fig. 

3.4D).  

The difference in cumulative mean intensity between bacterial conditions also 

coincided with highly variable transgene activation within the four regions of the pharynx 

in response to Cu (Fig. 3.4C), suggesting that pharyngeal numr-1 may be spatially 

influenced by the bacterial Cu-efflux capacity. Thus, we further analyzed and quantified 

the spatial regulation of numr-1p::GFP expression in the pharynx. Within the anterior 

pharynx, where diluted bacteria and media are collected from the environment prior to 

filtration, the nematodes on 25%WT bacteria exhibited a significant reduction in the most 

anterior procorpus compared to either 50 or 100%WT bacterial Cu-efflux groups (p = 

0.0006 and 0.0256 respectively, one-way ANOVA with Tukey’s multiple comparisons). All 

other corrected mean intensities reported in the regions of the anterior pharynx are 

unaffected by the bacterial Cu-efflux. In contrast, both regions of the posterior pharynx, 

encompassing the isthmus and posterior bulb which respectively concentrates and grinds 

the bacterial pellet, exhibited significant increases in the corrected mean intensity for 

50%WT bacteria compared to 100%WT control (isthmus p = 0.0120, posterior bulb p = 

0.0067, one-way ANOVA with Tukey’s multiple comparisons). Similarly, the levels of 

posterior transgene activation observed in nematodes on 25%WT bacteria compensates 

for their depressed activation in the procorpus enough to retain similar cumulative mean 

intensity to 100%WT controls (Fig. 3.34E). Visualized in a heat map of the average 

reported intensities (Fig. 3.4F), these observations suggest that reduced Cu-efflux 

capacity shifts the numr-1 response posteriorly. These results suggest that numr-1 

activation in the anterior pharynx is dependent on the environmental concentration of Cu 
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in the media while numr-1 activation in the posterior pharynx is dependent on the 

concentration and release of bacterially-accumulated Cu which is present at higher levels 

in bacteria with reduced Cu-efflux capacity. 

3.4.6 numr-1 mediates toxicity responses to bacterially-accumulated Cu 

 Since spatial activation of numr-1p::GFP  positively correlated with reduced 

toxicity, we tested whether the numr-1 mediated metal stress response is required for 

bacterially-dependent Cu resistance (Fig. 3.5A). To this end, we chose to specifically 

monitor MH risk since this endpoint shows the most sensitive (i.e. magnitude difference) 

response between different bacterial Cu-efflux capacities (Fig. 3.2F) and because 

endogenous expression of numr-1 is also observed in the vulval muscles where 

maintained function is necessary for egg laying (47). Without Cu, we did not observe a 

difference in MH risk between WT and numr-1 loss of function mutants (numr-1) (Fig. 

3.5B,D) despite previous reports of metal-independent increases in MH risk in numr-1 

loss of function mutants (48). However, when Cu was added to the media, a different 

pattern of MH risk emerged between the N2 control populations and mutants. While N2 

nematodes raised on bacterial lawns with reduced Cu-efflux capacity still exhibited a 

significantly reduced MH risk relative to those raised on bacteria with 100%WT Cu-efflux 

capacity during Cu stress (Fig. 3.5C, p = 0.0283, two-way ANOVA with Tukey’s multiple 

comparisons), numr-1 mutants did not exhibit the same reduction in MH risk in the 

presence of reduced bacterial Cu-efflux capacity (Fig. 3.5C, p = 0.9839, two-way ANOVA 

with Tukey’s multiple comparisons). Though there is slightly higher Cu-independent MH 

observed across all bacterial and nematode strain combinations in these matched 

experimental replicates when compared to earlier experiments, the loss of bacterially-
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dependent protection against MH at later timepoints in numr-1 (Fig. 3.5E) is consistent 

with our imaging results and suggests that numr-1 plays a role in Cu-dependent MH risk 

associated with bacterial Cu handling. Taken together, these results indicate that the 

expression of numr-1 in C. elegans plays a role in the decreased Cu-toxicity response 

observed when the bacterial Cu-efflux capacity is reduced. 
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3.5 Discussion 

Cu excess is a condition that organisms have evolved to counteract for millions of 

years. Without the prospect of degradation, homeostatic responses and methods of 

detoxification through chelation are deeply conserved across phyla. Though it is 

understood that single-celled and multicellular organisms respond to environmental 

challenges like Cu excess (13,49,50), the coordination between organisms exposed to 

the same environmental challenge has not been thoroughly explored. In this work, we 

used a simplified host-microbe system to isolate the contribution of a ubiquitous bacterial 

response to Cu stress (Fig. 3.1). We found that increasing bacterial Cu-efflux capacity 

drives increased sensitivity to Cu stress in the host nematode (Fig. 3.2). Without the 

addition of 100µM Cu in the media, the contribution of bacterial Cu-efflux capacity is 

negligible to nematode lifespan (Fig. 3.2B), MH risk (Fig. 3.2C), length (Fig. 3.3B) and 

Cu-body burden (Fig. 3.3C-D). However, when 100µM Cu is present in the media, the 

contribution of bacterial Cu-efflux becomes a major determinant of lifespan (Fig. 3.2B) 

and MH risk (Fig. 3.2D) over time. Rather than an increase in Cu-body burden (Fig. 3.3C-

D) driving sensitization in the nematode, worsened outcomes during Cu stress coincide 

with reduced activation of a protective metal-responsive gene in the posterior pharynx 

(Fig. 3.4E). Reduced activation of this gene localized to the procorpus and increased 

activation localized to the isthmus and posterior bulb (Fig. 3.4F) of the pharynx identify 

bacterial Cu-efflux capacity as a spatial determinant of the host nematode’s early metal-

stress response system. Without this effective early metal-stress response system, 

bacterially-dependent Cu resistance observed in MH risk was no longer present during 

100µM Cu exposures (Fig. 3.5). These results support a model whereby an environment’s 
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bacterial Cu-efflux capacity determines the activation of the host nematode numr-1 metal-

stress response and the development of subsequent Cu-toxicity endpoints (Fig. 3.6). 

 

3.5.1 Disconnecting dose-dependent toxicity in the host  

We assessed the impact of bacterial Cu resistance on the Cu-homeostatic system 

in C. elegans. The removal or silencing of Cu-homeostatic elements reduces Cu-body 

burden in nematodes while increasing the severity of Cu-toxicity endpoints at higher 

concentration of environmental Cu (31,32). Without genetic silencing of Cu homeostatic 

elements in nematodes, the free water-borne fraction of Cu in the environment was shown 

to be the most significant contributor to the Cu-body burden and subsequent toxicity in 

conditions of Cu excess (33,40). While the potential role for bacterially-associated Cu is 

recognized, the impact was considered minimally additive to the body-burden and toxicity 

of free water-borne exposures (35,38). Our work assesses the significance of bacterially-

accumulated Cu in a host-microbe system. The protective quality of a reduced bacterial 

Cu-efflux capacity in the C. elegans/E. coli system challenges the previous assumption 

that bacterially-accumulated and waterborne Cu have similar additive effects on 

nematode toxicity. We determined whether altered Cu bioavailability or the nematode’s 

homeostatic response contributed to the variable toxicity observed between bacterial 

strains during Cu stress; rather than bacterially-accumulated Cu being less bioavailable, 

reducing the Cu-body burden concurrently with Cu toxicity in vivo, the observed 

dissociation of Cu-body burden from other Cu-toxicity endpoints suggests that the 

nematode’s own homeostatic response to Cu is responsive to bacterial Cu-handling.  
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However, excess Cu elicits a range of transcriptomic and behavioral responses 

that may contribute to organismal Cu toxicity related to longevity, MH risk and 

development. For instance, the late MH risk associated with Cu toxicity (Fig. 2D) can also 

be seen after periods of starvation beginning at L4 (51). C. elegans MH has been 

proposed as a model for myometrial degeneration (52), a disorder which manifests in 

conditions of Cu excess and misregulation, as reported here, and associates with 

spontaneous miscarriage for women afflicted with Wilson’s disease, a disorder of 

impaired Cu homeostasis that results in widespread Cu toxicity (53). Other factors that 

can cause an increased MH risk include high salt, pathogen infection and developmental 

defects (51). However, these factors typically associate with earlier MH than what is 

reported here (Fig. 2D). Therefore, future work with altered bacterial Cu-efflux capacities 

will serve to 1) identify the variety of transcriptomic responses in the nematode impacted 

before and after Cu stress and 2) determine the extent to which the bacterial Cu-efflux 

capacity alters perceived food quality which may contribute to the development of 

starvation. For example, reductions in pharyngeal pumping in response to increasing Cu 

concentrations in the media or changes to food quality and quantity could contribute to 

starvation-associated MH (35,38,48). Similarly, behavioral aversion to media Cu 

concentrations do not appear significant in the literature until around 200µM, which 

suggests altered bioavailability of the metal due to differing bacterial efflux rates would 

not greatly increase the nematodes aversion response to feeding in our model (31). 

Perceived and functional food deprivation studies through these means can determine 

whether starvation or aversion responses contribute to the Cu-toxicity endpoints that are 

modified by the bacterial Cu-efflux capacity.  
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3.5.2 Pharyngeal signal for protective Cu-stress response 

Researchers previously identified the intestinal tract as the major contributor to Cu 

homeostasis in C. elegans, in line with what is known of other organisms like mice and 

humans (20,32). This conclusion was supported by the ability of intestine specific 

expression of an ATP7A/B homolog to rescue mutant nematodes during Cu deficiency.  

However, expression of the same homolog within the pharyngeal region implied that this 

organ may play a role in Cu homeostasis (32). The Cu-specific pharyngeal activation of 

numr-1p::GFP, dependent on the bacterial Cu-efflux capacity, reported here further 

supports the pharynx as an organ involved in Cu homeostasis.. Furthermore, numr-1 

expression was previously reported to be protective against metal-specific toxicity 

induced by RNA-processing errors (42,48). Our work also expands upon this research by 

reporting on the unexpected impact of bacterial Cu-efflux on the spatial distribution of this 

metal-specific response; bacterially accumulated Cu has greater impact on numr-1 

posterior pharyngeal expression while the media concentration appears to have a 

stronger influence on the anterior pharynx (Fig. 4). Our results demonstrate the 

significance of regional variation in microbial composition and function throughout the 

digestive tract of higher organisms (20). Despite the ubiquitous expression of microbial 

Cu-resistance genes across the digestive tract (23), the developmental timing and early 

localization of this activity may serve to inform the subsequent host responses to excess 

metal.  
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3.6 Conclusion 

Bacterial Cu-resistance has evolved in response to increasing widespread 

anthropogenic release of Cu into the environment (22). Gene clusters conferring this 

resistance often persist and undergo horizontal gene transfer among Enterobacteriaceae 

that require stronger resistance to survive changing environments (21). However, the 

consequences of this shift in a host-microbe system have not been documented. Using a 

simplified host-microbe system, we found that increasing one aspect of bacterial Cu 

resistance, conferred by the Cus system, sensitized the host to Cu toxicity independent 

of an increased Cu-body burden (Fig. 3.2-3) and disrupts the efficacy of a host metal-

specific stress response in vivo (Fig. 3.4-5). Nevertheless, while the Cus system is 

particularly important for conferring Cu resistance in anaerobic environments through Cu 

removal, it does not act in isolation. For instance, the plasmid-borne Cu-resistance 

system (pco), homologous to the Cu-resistance operon (cop) in Pseudomonas, serves to 

detoxify intracellular Cu rather than remove it from the cell (21,54). Earlier experiments in 

host-microbe interactions using C. elegans found that bacterial mutations that induce free 

radical detoxification in bacteria activated mitochondrial stress responses nematodes 

(28). Our own experiments suggests that variations in baseline and early MH, 

independent of Cu stress, may result from the unique disruption of the H2O2 response 

pathway in E. coli (Fig. 3.2D). Together, these experiments highlight the unexpected 

consequences of increasingly Cu-resistant microbial populations in the environment and 

describes how one aspect of bacterial Cu resistance, Cu-efflux capacity, spatially 

modulates host metal-stress responses. 
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3.7 Figures 

 

Figure 3.1. CusRS regulates Cu-efflux capacity in an E. coli model system Cross 

section of E. coli showing a response system that deals with Cu+ excess in the 

environment.  Removal of excess Cu+ by bacteria is dependent upon (1) activation of a 

TCS that responds to Cu+ in the periplasm. Signal transduction from the periplasmic 

domain of CusS, a histidine kinase, to the cytosol leads to temporary phosphorylation and 

activation of CusR which promotes expression of the cus operon. (2) Expression of the 

cus operon drives increased efficiency in the removal of periplasmic Cu+ via the CusCFBA 

antiporter. (3) Targeted deletions of the genes for the CusS-CusR TCS within a 

periplasmic copper oxidase (ΔcueO) background increases the ratio of accumulated Cu+ 

to removed Cu+ by varying degrees.  



161 
 

 

Figure 3.2. Host sensitivity to chronic Cu excess is dependent on bacterial Cu-

efflux capacity 

(A) Experimental design. For chronic exposures, adults were transferred to new plates at 

least every 48h after initial L4 transfer. (B) Kaplan-Meier lifespan analysis with 0µM or 

100µM Cu. Significance between lifespan data was calculated using a Mantel-Cox log-

rank test (N = 3-4, n > 50) where ****p <0.0001. (C) Cumulative incidence MH risk through 

reproductive lifespan in N2 nematodes (N = 5, n = 62-121) Each symbol on a graph 

denotes the average of one experimental replicate composed of at least 60 nematodes. 

(D) MH incidence risk analysis was performed on nematodes exposed to 0µM or 100µM 

Cu over time. Shaded regions on graphs highlight conditions of excess Cu. Significance 

was determined using a two-way ANOVA with Tukey’s multiple comparison’s test where 

**p ≤ 0.01, ****p < 0.0001, and error bars mark the upper and lower SD from calculated 

mean.  
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Figure 3.3. Association between bacterially-dependent Cu-sensitivity and C. 

elegans Cu-body burden 

(A) Experimental design. All measurements were taken in developmentally synchronous 

2d adult populations after 48h exposure to 0 or 100µM Cu. (B) Length of developmentally 

synchronous N2 nematodes (N = 3-6, n = 7-24). Dotted lines represent the average length 

of nematodes relative to their developmental stage as reported by WormAtlas. (C) 

Nematode Cu-body burden  normalized to pg/nematode (N = 6, n = 20 or 50) (C) or (D) 

nematode body burden normalized to average length of nematode population. Shaded 

regions on graphs highlight conditions of excess Cu. Significance was determined by a 

two-way ANOVA with Tukey’s multiple comparisons test. Error bars denote SD and mean. 

*p ≤ 0.05. **p ≤ 0.01.  ***p ≤ 0.001. ****p < 0.0001. 
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 Figure 3.4. Bacterial Cu-efflux capacity effects Cu-dependent pharyngeal numr-1 

activation (A) Exposure design prior to GFP transgene imaging. (B) Diagram of 

nematode pharynx divided into four anatomical regions encompassing the anterior 

(procorpus and metacorpus) and posterior (isthmus and posterior bulb) pharynx. (C) 

Representative fluorescence microscopy images of numr-1p::GFP responding to 0µM or 

100µM Cu. Scale bar in upper right corner is 20µm long. (D) Quantification of corrected 

mean intensity of GFP signal present in the pharynx or (E) the separate anatomical 

regions (N = 4-6, n = 5-12). Shaded regions on graphs highlight conditions of excess Cu. 

A one-way ANOVA with Tukey’s multiple comparison analysis was used to determine 

significance while error bars denote mean and SD. *p ≤ 0.05. ** p ≤ 0.01. ***p ≤ 0.001. 

(F) Summary heat map of regional mean intensity of GFP signal present in the pharynx 

when exposed to 100µM Cu. 
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Figure 3.5. numr-1 involvement in bacterially-dependent Cu resistance 

(A) Experimental design. Cumulative MH risk of experimentally matched N2 nematodes 

and numr-1 nematodes with an impaired numr-1 response in (B) 0µM or (C) 100µM Cu(N 

= 5, n = 62-134). Shaded regions on graphs highlight conditions of excess Cu. A two-way 

ANOVA with Tukey’s multiple comparison analysis was used to determine significance 

while error bars denote mean and SD and *p ≤ 0.05.   
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Figure 3.6. Bacterial Cu-efflux capacity acts spatially on host response to 

environmental metal-stress 

The efficiency of bacterial Cu efflux, during conditions of metal excess, alters the spatial 

distribution of metal stress in host organisms. Specifically, increasing bacterial Cu-efflux 

capacity reduces the protective upregulation of the host’s metal-responsive numr-1 by 

reducing the fraction of bacterially accumulated Cu in the posterior bulb. When bacterial 

Cu-efflux capacity is reduced, subsequently increased activation of metal-responsive 

numr-1 contributes to improved Cu-toxicity endpoints in the host without reducing the 

host’s overall Cu-body burden.  
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SUPPORTING INFORMATION: 

 

Supporting Figure 3.S1. Bacterial growth and density in response to Cu-stress 

(A) Calculated % change in growth rate of bacterial strains with variable Cu-efflux 

capacities with the addition of 100µM Cu to LB media over time (N = 3). (B) Bacterial 

NGM plate OD600 after 48h room-temperature incubation prior to storage in 4°C (N = 3). 

Shaded regions on graphs highlight excess Cu conditions. Significance was calculated 

using an two-way ANOVA with multiple comparisons where **p ≤ 0.01. 
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Supporting Figure 3.S2. Reproductive impact of Cu-stress exposure in C. elegans 

(A) Experimental design. (B) Average viable brood size over the reproductive lifespan of 

C. elegans in different exposure conditions (N = 3, n = 5). Significance was determined 

using a two-way ANOVA with Tukey’s multiple comparisons for each Cu concentration 

where *p ≤ 0.05. (C-D) representative DAPI-stained nuclei in germline following 24h 

exposure to 0 or 100µM Cu starting in late development on control 100%WT bacterial 

lawns. White boxes denote altered expansion of pachytene nuclei specifically. 
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Supporting Figure 3.S3. Validation of wash steps prior to GFAAS Cu-content 

analysis  

Representative images of N2 nematodes raised on E. coli containing plasmid for inducible 

expression of pLIC-egfp in BL21(DE3) after collection but before washes (0), after 1x 

wash with M9 buffer (1x M9) and finally after 3 washes with M9 and 3 with ddH2O (3x M9, 

3x ddH2O). White scale bars are 250µm. 
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Supporting Figure 3.S4. Pharyngeal numr-1 activation without addition of excess 

Cu 

(A) Quantification of corrected mean intensity of GFP signal present in the pharynx (N = 

4-6, n = 4-10). (B) Regional quantification of corrected mean intensity of GFP signal 

intensity present in the 4 regions of the pharynx (N = 4-6, n = 4-10). Shaded regions on 

graphs highlight conditions of excess Cu. A one-way ANOVA with Tukey’s multiple 

comparison analysis was used to determine significance while error bars denote mean 

and SD. 
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CHAPTER 4: BACTERIALLY-DEPENDENT TRANSCRIPTIONAL REGULATION IN 

CAENHORHADTITIS ELEGANS EXPOSED TO CHRONIC ENVIRONMENTAL CU 

EXCESS 

4.1 Abstract 

While the transcriptional response to Cu has been described in previous C. elegans 

research, little is known about how bacterial Cu-handling contributes to quality and 

intensity of C. elegans Cu-stress. As mentioned in Chapter 2, a reduction in the bacterial 

Cu-efflux capacity resulted in a significant improvement in toxicity outcomes in the host 

C. elegans. Therefore, we sought to define the differentially expressed genes that may 

contribute to this variable host response to bacterial Cu-efflux capacity in C. elegans. Cu 

concentrations, regardless of bacterial Cu-efflux capacity, demonstrated the largest and 

most consistent variation in differentially expressed genes while enrichment analysis 

recapitulated the observed bacterially-dependent Cu resistance and predicted increased 

metal-stress sensitivity in neuronal tissue that was supported experimentally.  However, 

bacterially-dependent differentially expressed genes (DEGs) were limited in the excess-

Cu conditions tested and did not predict phenotypic outcomes tested. While the DEGs of 

nematodes raised on 100% WT bacterial Cu-efflux capacity during Cu stress clustered 

tightly together, those raised on 50% WT bacterial Cu-efflux capacity were more variable 

and exhibited more similar expression to the 0µM Cu control conditions. Future 

experiments, the variability observed within conditions could be reduced by better 

restricting the developmental stage where RNA collection or analysis takes place and by 

not using whole worm preparations.  
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4.2 Introduction 

 Unlike cell culture, whole worm RNAseq analysis can simultaneously capture 

tissue interactions and directly connect these interactions to organismal phenotypes 

during toxicity studies. This breadth of information has been used to better understand 

metal toxicity in organismal systems. Previous RNAseq analysis in C. elegans took 

advantage of this unique system to identify several genes whose expression responds to 

metal stress and may confer increased resistance to C. elegans. These metal-responsive 

genes include numr-1, mtl-2, vit-1, kreg-1.(1-3).  

 Nuclear metal responsive gene (numr-1) and metallothionein (mtl-2) are metal 

responsive genes that exemplify both the overlap and specificity of nematode genes 

exposed to different metals. For numr-1, most metals have been reported to increase its 

expression, most notably cadmium, where it localizes with heat shock factors (HSF-1) in 

nuclear stress granules to restore snRNA processing and subsequent RNA processing 

that is disrupted by metal stress to improve toxicity outcomes in the worm (4). By contrast, 

mtl-2 is a conserved metal-responsive gene that is only upregulated by cadmium to 

promote its binding and detoxification. Unlike numr-1, mtl-2 is not upregulated by metals 

like Cu which not strongly impacted by its until later generations(5). These two metal 

responsive genes reflect how organisms distinguish and respond to different metals in 

the environment. 

The vitellogenin structural gene, vit-1, and the KGB-1 regulated gene, kreg-1, 

highlight the developmental sensitivity of metal-responsive networks. Increased 

expression of vit-1 is specific to nematodes exposed to Cu early in development prior to 

the L4 stage(3). Similarly, KGB-1’s nuclear-localized mitogen-activated protein kinase 
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phosphorylation activity drives the metal-stress response through increased kreg-1 

transcription (6) as well as the developmentally dependent activity of a FOXO 

transcription factor ortholog, DAF-16 (7). In fact, while KGB-1-mediated phosphorylation 

of DAF-16 confers metal-stress resistance when nematodes are exposed as adults, the 

same phosphorylation mark sensitizes nematodes exposed to metal early in development 

prior to the L4 stage (7)  

Intracellular communication between different tissues has also been identified as 

a component of an organism’s metal-stress response as well as the transmission of 

increased stress resistance to subsequent generations. For instance, it is the stress-

induced DAF-16 activity in intestinal and neuronal tissue that was identified as a key driver 

of the generational inheritance of stress resistance by promoting epigenetic changes in 

the germinal cells of parental nematodes exposed to metal stress (8). Other 

environmental factors that contribute to this form of communication, like bacterial 

metabolism, have not yet been investigated. 

Furthermore, both the numr-1 response and DAF-16’s role in transgenerational 

inheritance are mediated by the heat-shock-responsive HSF-1 (8),highlighting the overlap 

in environmental stress responses compared to those more specific to metal stress. For 

instance, while numr-1 only reacts to metal-specific damage in the cellular environment 

(2), the transmission of increased stress resistance from the soma to the germline via 

DAF-16 activity responds to a wide range of environmental stresses including osmotic 

stress and starvation (7,8). In the broadly overlapping damage that can result from diverse 

environmental stresses, KGB-1 activity that promotes to upregulation of metal-specific 

kreg-1 is also a required component of the nematodes innate immune system where its 
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necessary for C. elegans to defend against the pore-forming toxin produced by 

Pseudomonas aeruginosa (9). 

Outside the magnitude of gene upregulation, different metals also elicit different 

spatial expression patterns of numr-1 in the nematode; cadmium promotes much more 

intestinal expression where Cu exposures are typified by increased expression isolated 

to the pharyngeal region (2). Another tissue particularly sensitive to Cu stress is the 

nervous system where excess Cu reduces clearance of amyloid-beta plaques of 

Alzheimer’s patients (10) and promotes the aggregation of alpha synuclein in Parkinson’s 

patients (11,12). Cu exposures have elicited similar neurodegeneration in C. elegans 

models of neurodegenerative diseases (13). However, the extent to which Cu-impaired 

neurotransmitter signaling in the host can be modified through bacterial pathways has not 

been explored.  

In the cases highlighted above, whole transcriptome analysis can illuminate 

whether a given bacterial system, like those induced to increase bacterial Cu efflux when 

Cu excess is present in the environment, impact the metal response to the environmental 

stress in C. elegans or whether they alter other system responses like the immune 

response to foreign pathogens. The latter is of particular interest in studies of Cu toxicity 

because immune responses in eukaryotic organisms often rely on overwhelming a 

pathogen’s Cu-stress resistance pathways by flooding their environment with excess Cu 

(14). Therefore, any alterations to the bacterial conditions responding to Cu stress could 

alter the pathogenic responses in host organisms. However, with the appropriate RNAseq 

analysis and toxicity endpoints, specific to neurodegeneration of the generational 

inheritance of stress resistance, a better understanding the interaction between metal-
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handling responses (numr-1 and kreg-1) and more general environmental stress 

responses (kgb-1, daf-16) can be achieved.  
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4.3 Materials & methods 

4.3.1 C. elegans sample preparation 

Populations of OP50 nematodes were bleach-synchronized and exposed to 

CuSO4 as previously described for 48h prior to collection for total RNA. Sample 

populations were enriched for adults using two M9 gradients and washed with ddH20 

twice. Immediately following ddH2O washes, samples were disrupted under liquid 

nitrogen using a mortar and pestle and homogenized with needle and syringe. Lysates 

were stored at -80°C in RLT buffer containing β-ME prior to RNA isolation. 

4.3.2 Total RNA isolation 

Previously prepared and homogenized C. elegans samples stored at -80˚C were 

thawed to 37˚C prior to total RNA isolation using Qiagen’s RNeasy mini kit with additional 

RNase-free DNase digestion step. RNA purity and concentration for samples eluted in 

RNase-free water were estimated using a nanodrop. The three experimental replicates 

with the highest average RNA concentration were selected for RNA sequencing.  

4.3.3 RNA sequencing and analysis 

Total RNA samples were sequenced by the TCGB at UCLA using the Hiseq3000 

with a depth of coverage of 20 million reads/sample and a read length of 1X50. Reads 

were mapped by STAR v2.7.8 (15) and read counts per gene were quantified using the 

C. elegans WS200 reference genome (https://wiki.wormbase.org/index.php/WS200). In 

Partek Flow, read counts were normalized by CPM+1e-4. All results of differential gene 

expression analysis utilized the statistical analysis tool, DESeq2 (16).  For differentially 
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expressed gene list, p-values, FDR, and fold change (FC) filters were applied. The filter 

was p<0.01, FDR<0.01, and FC>2-fold for all differential gene expression results. 

4.3.4 Generational H2O2 stress resistance determination 

The determination of generational stress resistance was assessed as described 

by Kishimoto et al 2017. Briefly, P0 C. elegans were exposed to bacterial and Cu-stress 

conditions prior to a timed egg lay. Following generations were raised without any 

exposure to excess Cu. When offspring were 2day adults, nematodes were transferred 

in groups into drops of M9 containing 1.7mM hydrogen peroxide. Nematodes were 

checked every hour to determine the survival rate of the offspring over time.  

4.3.5 Dopamine-dependent slowing in response to food signal  

Quantifying the dopamine-dependent slowing in response to food signals were 

assessed based on protocols previously described in Sawin et al. 2000. Offspring raised 

in the absence of environmental stressors were raised to the L4 stage. For assessment 

of movement in response to food, 10-15 C. elegans from each parental condition were 

washed in M9 buffer twice before transfer to plates either with or without a food source. 

Five minutes after the transfer, the number of body bends in 20s was recorded using 

WormLab. Analysis of the WormLab recordings was further completed using ImageJ to 

calculate the final body bends per second (BBPS).  
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4.4 Results 

4.4.1 In C. elegans, Cu conditions predict transcriptomic landscape more than 

bacterial Cu-efflux conditions 

Principal component analysis was undertaken once read counts were normalized 

to gauge the extent of variation between biological replicates to determine the reliability 

of conclusions drawn from the experimental analysis. Overall, the analysis explains 

52.13% of the total variation between exposure conditions; accordingly, PC1, 2 and 3 

respectively accounted for 24.57, 15.44 and 12.11% (Fig. 4.1). Taken together, biological 

replicates in the absence (W and S) and presence (WC and SC) were generally 

distinguishable from each other. Therefore, a greater number of DEGs dependent on Cu 

stress could be reliably identified.  However, the extensive variation within biological 

replicates indicated extensive overlap particularly between bacterial conditions in the 

same Cu conditions, suggesting that the bacterial Cu-efflux capacity does not greatly alter 

the transcriptomic response to Cu stress (Fig. 4.1). Therefore, the overall variation within 

biological replicates strongly limits the reliability of any conclusions drawn from this 

analysis.  

4.4.2 Known Cu-responsive genes identified as DEGs  

 Several genes, in the Cu-dependent DEG analysis are already known to be 

responsive to Cu stress and serve to validate the genes pulled from the transcriptomic 

analysis. For instance, in both bacterial conditions, the nuclear localized metal responsive 

(numr-1 and numr-2) genes were shown to increase in expression from their respective 

0µM Cu controls. (Fig. 4.2-4.3)These results suggest that any bacterially-dependent Cu-
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toxicity observed in nematodes would not be the result of increased transcription of numr-

1 expression as the Cu-responsive gene exhibited the same response regardless of the 

bacterially Cu-efflux condition. These results are consistent with the imaging analysis 

presented in Chapter 2 use a genetic reporter for numr-1. 

 Alternatively, the increased expression of a Cu-responsive gene, kreg-1 (kgb-

regulated), in 100% (Fig. 4.2) but not 50% (Fig. 4.3) bacterial Cu-efflux conditions during 

Cu stress indicates increased activity of a mitogen-activated protein kinase (MAPK) signal 

transduction pathway using c-Jun N-terminal kinases (JNK) in response to the bacterially 

Cu-efflux condition (6). The absence of this DEG in 50% bacterially Cu-efflux conditions 

exposed to the same concentrations of Cu suggests that 100% bacterially Cu-efflux 

conditions may influence the activation of this stress response pathway in nematodes.  

Furthermore, kreg-1 requires increasing activation by KGB-1, an ortholog of human 

MAPK10, which has targets in the germline cells that could impact offspring beyond 

survival recorded by brood size Cu-toxicity measures. Although kreg-1 was not explicitly 

identified as a DEG between the two excess copper conditions distinguished by their 

bacterial condition, rrn-2.1 is differentially expressed between these conditions and is 

enriched in the germline like KGB-1 (Fig. 4.5). Additionally, rrn-2.1 is similarly responsive 

to chemical exposures as well as daf-16 and skn-1 which are vital for the generational 

inheritance of parental stress responses (8). These results suggested that nematodes 

could be generationally impacted by variations in bacterially Cu-efflux during Cu stress.  

While many metal-stress responsive pathways overlap, the specificity of the identified 

DEGs for copper stress in adults is further reflected in the downregulation of mtl-2 and 

vit-1 (Fig. 4.2, 4.3). For instance, increased mtl-2 expression regardless of bacterially Cu-
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efflux condition is specific to cadmium stress and instead known to be responsive to 

copper until offspring demonstrate a decrease in its expression after P0 exposures (5). 

Therefore, the DEG pattern resulting from the RNAseq analysis is specific to Cu stress 

and not other metals.  

Further specificity can be gleaned from the developmental window of exposure 

looking at the expression of vit-1.  Upregulation of vit-1 was previously observed during 

Cu exposures between L1 and adulthood (3). However, many Cu-responsive genes are 

known to have age-dependent variation where early exposure prior to reproductive 

maturity exhibit the alternate pattern in adulthood (7). The downregulation of vit-1 in both 

our adult exposures after L4 suggests that vit-1 could follow the same developmental 

pattern of other metal-responsive genes. Also significant is the fact that none of the DEGs 

known to be responsive to environmental Cu stress were variably upregulated or 

downregulated in the absence of Cu excess (Fig. 4.4). Therefore, we can conclude that 

our exposure paradigm captured some of the unique adult nematode response to Cu 

stress instead of the earlier developmental exposures.  

4.4.3 Bacterially-dependent Cu resistance is independent of increased numr-1 gene 

expression 

Toxicity endpoints indicative of Cu-stress demonstrated variable phenotypic 

enrichment following DEG analysis, supporting the role for bacterially-dependent Cu 

resistance in nematodes independent of altered gene expression in known Cu-responsive 

pathways. First, matricidal hatching, a Cu-toxicity endpoint previously shown to be greatly 

reduced in response to reduced bacterially Cu-efflux conditions, reflected in the 

phenotypic enrichment analysis as bag-of-worms. This bag-of-worms phenotype was 
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enriched in 100% bacterial Cu-efflux conditions (Table 4.1) but not 50% conditions (Table 

4.2), reflecting the reduced rates of matricidal hatching observed when nematodes raised 

on 50% bacterial Cu efflux are exposed to excess copper. The second bacterially-

dependent Cu-toxicity endpoint recapitulated by enrichment analysis was for nematode 

survival; only 50% bacterial Cu-efflux conditions demonstrate phenotypic enrichment for 

extended lifespan (Table 4.2), reflecting the increased survival rate observed in this group 

when exposed to excess copper.  These results suggest that Cu-resistance demonstrated 

by nematodes raised in reduced bacterial Cu-efflux capacities did not arise from altered 

gene expression in known Cu-resistance pathways.  

4.4.4 Bacterially-dependent DEGs during Cu-stress do not strongly predict 

neuronal or generational Cu-resistance 

Of the bacterially-dependent DEGs identified during Cu stress, several are 

predicted to have tissue-specific expression in C. elegans in tissues known to be sensitive 

to Cu-stress. For instance, one DEG was specific to dopaminergic neurons, a tissue that 

is known to be damaged by excess copper in many organisms (17). To better understand 

the nature of the DEGs responsive to metal-stress in different bacterial conditions, 

enrichment analysis within the bacterial conditions was undertaken in Wormbase. Tissue 

enrichment unique to the 100% bacterial Cu-efflux condition exposed to excess copper 

includes PVD and the outer labial sensillum, both of which are neuronal in nature (Table 

1). PVD neurons are sensory neurons that are glutamatergic while the outer labial 

sensillum is a sensory system that contains dopaminergic neurons. In comparison, the 

lack of neuronal tissue enrichment in the 50% bacterial Cu-efflux conditions exposed to 
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excess copper suggests neuronal involvement to Cu-stress may be unique to exposure 

conditions with increased bacterial Cu-efflux (Table 2).  

Since neuronal deterioration is a known Cu-toxicity endpoint in nematodes, 

particularly for dopaminergic neurons (17), behavior dependent on an intact dopaminergic 

neural circuit, the basal slowing response to food (18), was tested within our exposure 

paradigm. Indeed, this slowing response, recorded in body bends per second using 

WormLab, was reduced in conditions with 100% (Fig. 4.6) bacterial Cu-efflux capacity 

(WT) but not to the same extent in conditions with just 50% (Fig. 4.7) or 25% (Fig. 4.8) 

bacterial Cu-efflux (ΔcusS and ΔcusR respectively). However, the variability in control 

conditions (0µM) and the observation that the loss of the significance in the slowing 

response for Cu-exposed nematodes of 100% WT bacterial Cu-efflux conditions seemed 

to be the result of slowing in the testing condition lacking food and not an increase in the 

basal slowing rate in the testing condition with food (Fig. 4.6). This distinction is more 

indicative of an overall loss of muscle function in the Cu-exposed group than a behavior 

specific to dopaminergic signaling. Given that slowed movement has been observed at 

higher concentrations of Cu exposures (19) this muscle-degeneration explanation cannot 

be excluded without more specific testing given the wide variation of dopaminergic 

behavioral responses (19,20).  

Factors responsible for soma-germline stress communication also appeared 

regularly in our analysis. Two more bacterially-dependent DEGs were found to be 

positively regulated by daf-16, a transcriptional regulator that contributes to the 

transmission of stress resistance across generations (Fig. 4.5). HSF-1, the factor required 

for numr-1 metal resistance activity, also contributes to the soma-germline transmission 
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of increased stress resistance over time (8). Therefore, we tested the hypothesis that 

bacterial Cu-efflux influenced generational stress resistance by testing the survival rate 

of F1 C. elegans following parental exposure to 0µM or 100µM Cu. In these experiments, 

high variability in 0µM Cu controls between 100% (Fig. 4.9) or 50% (Fig. 4.10) WT 

bacterial Cu-efflux was observed and no significant difference in survival following 

parental exposure to Cu was identified. However, while other forms of stress associated 

with increased resistance like heat and mitochondrial stress() were not explored in the 

bacterial conditions, parental Cu stress did not contribute to survival in response to 

oxidative stress in offspring regardless of the bacterial conditions. 

4.5 Discussion 

4.5.1 RNAseq analysis limited by experimental design 

 While previous research demonstrating a strong link between the bacterial Cu-

efflux capacity and a host organism’s ability to appropriately respond to excess copper in 

the environment, the same exposure paradigm did not appear to reveal a clear role for 

transcriptional regulation in mediating this effect. While transcriptional regulation may 

indeed play a minor role in this environmental stress response in host organisms, several 

components of the presented experimental design could also be masking its true 

contribution. Specifically, the loss of small RNA molecules during RNA isolation, and 

developmentally non-specific nematode populations should all be addressed in future 

experiments to better define this stress response in nematodes. 

 With total RNA isolations, gaining a general picture of overall gene expression is 

useful for consistent exposure conditions like those demonstrated between nematodes 
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exposed to either 0µM or 100µM CuSO4. However, this method proved largely ineffective 

at distinguishing bacterial conditions under the same metal stress. One reason for this 

discrepancy may be the loss of RNA molecules smaller than 200 nucleotides during the 

isolation process while using Qiagen’s RNeasy mini kit because of the significant role 

numr-1 expression plays in the bacterially-dependent Cu-stress response in nematodes. 

Researchers previously found numr-1 to be strongly induced when basal RNA 

metabolism is disrupted, specifically those complexes responsible for snRNA processing. 

Without the appropriate snRNAs, splicing factors no longer function appropriately (4). 

Future analysis would benefit from a focus on alternative splicing events that varies 

between 1) different Cu conditions and 2) differing bacterial Cu-efflux conditions to see 

whether alternative splicing contributes to the bacterially-dependent Cu resistance 

observed in nematodes raised with reduced bacterial Cu-efflux capacity. Furthermore, 

future experiments should also utilize RNA isolation kits that do not result in the loss of 

small RNA molecules like snRNAs to gain a fuller picture of the bacterially-dependent 

stress response to Cu. 

 A broad developmental window for nematode populations prior to isolation also 

likely contributed to noise between experimental replicates and conditions independent 

of the dependent variables being tested. Previously experiments that tested for 

bacterially-dependent Cu-stress responses in nematodes were designed to screen for 

individual nematodes within a very narrow developmental window, L4, prior to any data 

collection to avoid confounding developmental effects associated with metal exposures 

(7). For RNAseq analysis, the large populations required to attain enough RNA did not 

allow for as strict of a screen for the L4 developmental window. Furthermore, since whole-
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worm preparations were used for RNA isolation, nematode eggs representing an early 

developmental and generational exposure, could not be excluded from the RNA collection 

process without adding further confounding variables. Two methods could be used in 

future work to control for this much more mixed population of nematodes. first gene 

expression specific to developmental stages outside of 2 day adults could be filtered out 

using data sets like modENCODE (21) to focus the data analysis on DEGs for adult 

responses to metal stress. Second, alternative RNA isolation kits that can use smaller 

sample sizes, like the RNAqueous-Micro Kit by ThermoFisher, could allow for a much 

stricter screen of developmental stages in a given nematode population prior to RNA 

isolation.  

4.5.2 Tissue and spatial specificity of bacterially-dependent Cu-stress response in 

nematodes 

Toxicity responses using the exposure paradigm for Cu-efflux toxicity appears to 

be more responsive in some tissues than others. For instance, although DEGs identified 

in 100µM CuSO4 exposures between 100% and 50% bacterial Cu-efflux conditions 

highlighted genes expressed in the pharynx, germline and neuronal cells, only neuronal 

toxicity was implicated in the slowing response to food in nematodes while the germline 

remained unaffected by the bacterial Cu-efflux capacity. These results are consistent with 

previous research that showed brood size, a marker for germline toxicity, having no 

change in response to different bacterial Cu-efflux conditions at lower concentrations of 

metal stress that elicit consistent neuronal toxicity (17) or without exposure of early 

developmental timepoints to the stress (7) 



193 
 

 Pharyngeal DEGs between bacterial conditions are also consistent with previous 

research on numr-1 expression and localization in the nematode pharynx during copper 

stress. For instance, copper stress was responsible for increased gene expression for 

numr-1 regardless of the bacterial Cu-efflux condition while a reporter for the numr-1 gene 

using GFP to track expression also had similar increases in GFP fluorescence regardless 

of bacterial Cu-efflux within the nematode pharynx (2). However, any bacterially 

dependent spatial organization, like that revealed using the numr-1p::GFP reporter, was 

lost in the RNAseq analysis. Therefore, future experiments would benefit from screening 

genes expressed in both bacterial conditions responding to Cu stress by using GFP 

reporters for the genes and their protein products regardless of whether they were 

differentially expressed in the RNA analysis.  

 

 

 

 

 

 

 

 

 

 



194 
 

4.6 Conclusions  

 Research presented in this chapter represents the first time RNAseq analysis has 

sought to describe a host-microbe system response to Cu stress. While the chronic 

exposure paradigm that was utilized to focus on gene expression in aging adults 

effectively identified genes necessary for the nematode response to Cu stress, the 

bacterially-dependent contribution was not consistently identified in our RNA analysis. 

Although numr-1 was recognized as a significant DEG between 0µM and 100µM CuSO4 

exposure, the experimental design of the RNA analysis limited our ability to analyze numr-

1’s role in small RNA populations (<200 nucleotides) where its effect on RNA metabolism 

was previously observed. Despite these limitations, phenotype enrichment analysis of 

RNA data recapitulated 1) the increased matricidal hatching risk of nematodes exposed 

to Cu when the bacterial Cu-efflux capacity is high, and 2) the increased survival of 

nematodes exposed to Cu when the bacterial Cu-efflux capacity is lowered. Additionally, 

tissue enrichment analysis describing the increased neuronal Cu-toxicity when the 

bacterial Cu-efflux capacity is high was supported by behavioral experiments. This study 

concludes that RNA analysis and studying the tissue and spatial specificity of the 

bacterially-dependent stress response would strengthen the observations made in this 

chapter and has the potential to contribute to our understanding of environmental risk 

factors for neurodegenerative disorders like Parkinson’s disease.  
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4.7 Figures 

  

Fig. 4.1 Principal component analysis for normalized read counts of biological 

replicates. W (blue) or S (red) respectively indicates 100% or 50% bacterial Cu-efflux 

conditions in the absence of excess copper while WC (green) and SC (yellow) 

respectively indicate 100% or 50% bacterial Cu-efflux conditions in the presence of 

excess copper.  
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Fig. 4.2 DEGs dependent on copper concentration in 100% bacterial Cu-efflux 

conditions. The right-hand labels distinguish between biological replicates where the 

first letter indicates the bacterial Cu-efflux condition (W=100%, S=50%) and the second 

letter, if present, indicates excess copper. The remaining numbers indicate the 

experimental replicate. The top DEG hits are listed on the bottom of the graph for each 

of the biological replicates where increased expression is represented in red and 

decreased expression in represented by blue.  
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Table 4.1. Enrichment analyses dependent on copper concentration in 100% bacterial 

Cu-efflux conditions performed in WormBase 
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Fig. 4.3 DEGs dependent on copper concentration in 50% bacterial Cu-efflux 

conditions. The right-hand labels distinguish between biological replicates where the 

first letter indicates the bacterial Cu-efflux condition (W=100%, S=50%) and the second 

letter, if present, indicates excess copper. The remaining numbers indicate the 

experimental replicate. The top DEG hits are listed on the bottom of the graph for each 

of the biological replicates where increased expression is represented in red and 

decreased expression in represented by blue.  
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Table 4.2. Enrichment analyses dependent on copper concentration in 50% bacterial 

Cu-efflux conditions performed in WormBase 
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Fig. 4.4 DEGs dependent on bacterial Cu-efflux conditions in the absence of 

excess copper. The right-hand labels distinguish between biological replicates where 

the first letter indicates the bacterial Cu-efflux condition (W=100%, S=50%) and the 

second letter, if present, indicates excess copper. The remaining numbers indicate the 

experimental replicate. The top DEG hits are listed on the bottom of the graph for each 

of the biological replicates where increased expression is represented in red and 

decreased expression in represented by blue.  
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Table 4.3. Enrichment analyses dependent on bacterial Cu-efflux conditions in the 

absence of excess copper performed in WormBase 
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Fig. 4.5 DEGs dependent on bacterial Cu-efflux conditions in the presence of 

excess copper. The right-hand labels distinguish between biological replicates where 

the first letter indicates the bacterial Cu-efflux condition (W=100%, S=50%) and the 

second letter, if present, indicates excess copper. The remaining numbers indicate the 

experimental replicate. The top DEG hits are listed on the bottom of the graph for each 

of the biological replicates where increased expression is represented in red and 

decreased expression in represented by blue.  
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Table 4.4. Enrichment analysis dependent on bacterial Cu-efflux conditions in the 

presence of excess copper 
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Fig. 4.6. Basal slowing response to food after Cu exposure on 100% WT Bacterial 

Cu efflux. Nematodes were exposed to 0µM or 100µM CuSO4 starting at L4 on 100% 

WT bacterial Cu efflux lawns before determination of basal slowing rate w/ or w/out 

OP50 present. N=3, n=6-10. Grey bars indicate testing conditions with food present 

while white bars indicate teting conditions without food present. Error bars represent 

standard deviation after a one-way ANOVA with tukey’s multiple comparisons analysis.  
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Fig. 4.7. Basal slowing response to food after Cu exposure on 50% WT Bacterial 

Cu efflux (ΔcusS). Nematodes were exposed to 0µM or 100µM CuSO4 starting at L4 

on 50% WT bacterial Cu efflux lawns before determination of basal slowing rate w/ or 

w/out OP50 present. N=3, n=5-11. Grey bars indicate testing conditions with food 

present while white bars indicate teting conditions without food present. Error bars 

represent standard deviation after a one-way ANOVA with tukey’s multiple comparisons 

analysis. 
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Fig. 4.8. Basal slowing response to food after Cu exposure on 25% WT Bacterial 

Cu efflux (ΔcusR). Nematodes were exposed to 0µM or 100µM CuSO4 starting at L4 

on 25% WT bacterial Cu efflux lawns before determination of basal slowing rate w/ or 

w/out OP50 present. N=3, n=6-12. Grey bars indicate testing conditions with food 

present while white bars indicate teting conditions without food present. Error bars 

represent standard deviation after a one-way ANOVA with tukey’s multiple comparisons 

analysis. 
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Fig. 4.9. 100% WT Bacterial Cu-efflux capacity does not generationally increase 

oxidative stress resistance in F1 nematodes. F1 offspring of P0 exposed to either 

0µM (white circles) or 100µM (blue circles) for 48h starting at the L4 developmental 

stage before an F1 egg lay without the environmental exposure. Error bars denote 

standard deviation. N=3 n=36-50. Significance was determined using Kaplan-Meier 

survival analysis. 
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Fig. 4.10. 50% WT Bacterial Cu-efflux capacity does not generationally increase 

oxidative stress resistance in F1 nematodes. F1 offspring of P0 exposed to either 

0µM (white squares) or 100µM (red squares) for 48h starting at the L4 developmental 

stage before an F1 egg lay without the environmental exposure. Error bars denote 

standard deviation. N=3 n=38-54. Significance was determined using Kaplan-Meier 

survival analysis.  
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

This body of work focused on environmental conditions that modulate organismal 

Cu homeostasis, specifically the drivers of CRR1-mediated Cu uptake during Zn and Cu 

deficiency in Chlamydomonas reinhardtii and the contribution of reduced bacterial Cu-

efflux capacity on Caenorhabditis elegans Cu tolerance. The role of CTRs and an 

abundant cytosolic thiol in uptake on Cu accumulation was identified in Cu-deficient and 

Zn-deficient environmental conditions. In Caenorhabditis elegans, Cu-toxicity dependent 

on the bacterial Cu-efflux capacity of the environment was identified. C. elegans gene 

expression analysis further determined the bacterially-dependent Cu-stress responses 

mediating this effect in the host nematode.   

In chapter 2, environmental mediators of Cu uptake were investigated. As an 

essential transition metal, the acquisition of Cu from the environment is essential for all 

forms of life and is reflected in the ubiquity of CTR proteins and other homeostatic 

processes across prokaryotic, fungal, metazoan and photosynthetic organisms alike to 

avoid deficiency or toxicity of the metal (1-5).Previous studies found that failures of the 

Cu-homeostatic system in organisms associates with a number of pathologies coinciding 

with altered accumulation patterns of essential and nonessential transition metals alike. 

In particular, a consistent inverse relationship between Cu and Zn misregulation has been 

reported in several organisms and disease conditions without identifying robust causal 

relationship between the observations(6-9). Therefore, investigations in Chlamydomonas 

sought to determine how metal homeostatic factors function to maintain growth and 

survival during periods that elicit increases in Cu uptake like Zn and Cu deficiency. 
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 The results in chapter 2 first identified the role of Cu uptake transporters for 

Chlamydomonas reinhardtii in two environmental conditions known to activate the Cu 

response regulon, CRR1(2). The two canonical Cu uptake transporters, CTR1 and CTR2, 

were found to be phylogenetically similar to each other than other CTRs and have similar 

CRR1-driven expression patterns in both Cu-deficient and Zn deficient conditions. To test 

the hypothesis that these proteins were functionally redundant, metal addback assays 

and metal quantification studies were performed in a range of concentrations. CTR1 was 

found to be responsible for high-affinity Cu uptake when concentrations of Cu are 

exceedingly low in the extracellular space. CTR2, in comparison, contributed to Cu uptake 

to a greater degree when Cu concentrations were at slightly higher. This variation of 

function extended to intracellular Cu distribution when CTR2, but not CTR1, was found to 

be responsible for Cu mobilization from the acidocalcisome after resupply of Zn following 

Zn-deficient conditions.  The lack of redundancy observed between CTR1 and CTR2 held 

for both Cu-deficient and Zn-deficient conditions and was further supported when the 

increased expression of ctr2 transcripts in ctr1 mutants and vice versa failed to improve 

the respective mutant phenotypes.  

 Subsequent studies in Chlamydomonas focused on examining soluble factors that 

may modulate Cu-uptake: CTR3, the noncanonical CTR lacking a transmembrane region, 

and the abundant cytosolic thiol, GSH. Sublocalization studies using a mutant lacking a 

cell wall identified the subcellular localization of CTR3 to the periplasm. However, no clear 

role was found for CTR3 in promoting Cu-uptake during Cu deficiency or sustaining Cu 

hyperaccumulation in Zn deficiency unlike CTR1 or CTR2 despite a similar expression 

pattern in both conditions. However, the rate of Cu uptake was found to be modified by 
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the availability of cytosolic GSH which may compete and interact with known Cu 

chaperones in the cytosol, like ATOX1, for Cu(I) depending on the concentrations present 

(10-12). These investigations found that 1) multiple CTRs expressed by an organism can 

fine tune the rate of Cu uptake and cellular sequestration to the acidocalcisome to be 

responsive to different environmental concentrations, 2) CTR3 has a similar localization 

pattern to iron assimilatory proteins that are also soluble but doesn’t yet have a known 

function during Cu or Zn deficiency, and 3) GSH contributes to the rate of Cu(I) uptake in 

Zn deficiency as soluble cytosolic factor.  

  The results presented in chapter 2 left several questions remaining that could be 

studied in the future. For instance, it is not known whether CTR3 plays a more subtle role 

on Cu-uptake, similar to that of GSH, where the rate of Cu uptake in the transition to Zn 

deficiency from Zn replete conditions is modulated by CTR3’s effect on Cu availability in 

the periplasm. It has also been hypothesized that CTR3 may serve as a defense 

mechanism during period where CTR1 and CTR2 are upregulated, as increased uptake 

channels also increases the susceptibility of cells to Ag uptake and toxicity via these 

transporters (13,14). Examining CTR3’s role in Ag uptake during Cu deficiency could 

determine whether CTR3 serves this defensive role similar to GSH when chemical 

inhibition of the rate limiting step of its synthesis or mutants for the same enzyme sensitize 

Chlamydomonas to Ag toxicity. Rescuing these phenotypes with mutants in CTR2 or 

CTR1 would further support the hypothesis that increased susceptibility to Ag is driven by 

uptake through these CTRs when the specific rate of uptake is further modulated by the 

soluble factors described.    
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 Chapter 3 and 4 used a simplified host-microbe system to investigate the 

interactions between prokaryotic and eukaryotic Cu-homeostatic responses. Like 

Chlamydomonas, C. elegans are eukaryotes with defined CTRs and a P-type ATPase 

copper transporting protein where expression and localization are driven by 

environmental Cu conditions (3,15). Sensitization to Cu deficiency and toxicity had 

similarly been reported in C. elegans who had impaired Cu-homeostasis responses 

(3,15,16). However, the reliance of C. elegans on live bacterial food supplementation in 

lab conditions allowed investigations of host-microbe interactions during periods of where 

Cu homeostasis is challenged. While previous studies had sought to minimize this 

confounding factor by heat killing the bacterial supplement (17), others described the 

potential for active bacterial Cu handling as nematodes raised in the absence of bacteria 

were observed to be exposed to higher concentration of free Cu than nematodes raised 

with live bacterial cultures(18). While there is a great deal of bacterial activity that could 

contribute to these observations, we focused on genetically manipulating components of 

bacterial Cu homeostasis which were known to be active in conditions of Cu excess. One 

ubiquitous bacterial response to Cu stress is activation of a two component system, 

cusRS, that senses excess periplasmic Cu (I) to increase expression of an antiporter 

pump, cusCFBA to remove Cu(I)(5,19,20). Therefore, we sought to isolate the specific 

impact of this bacterial Cu response in the C. elegans/E.coli host microbe system.  

Results in chapter 3 catalogue the bacterially-dependent moderation of 

established C. elegans Cu-toxicity endpoints. Nematodes were exposed to equimolar Cu 

concentrations after raising them on bacterial lawns with the same genetic background 

except for selective deletions that altered the overall Cu-efflux capacity before monitoring 
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the development of Cu toxicity over time. While excluding early developmental periods 

from Cu exposure in the nematode may have limited the reproductive toxicity previously 

observed in C. elegans exposed to excess Cu, all other toxicity endpoints tested improved 

when bacterial lawns were impaired in their ability to sense and respond to excess Cu. 

GFAAS analysis and quantification of metal-responsive genes in C. elegans were used 

to determined that bacterially-dependent resistance to Cu stress was not derived from 

reduced Cu-body burdens and instead the result of altered Cu-homeostatic responses in 

the nematode dependent on shifts in the distribution of Cu stress in the nematode.    

However, bacterial species have demonstrated a tendency to increase their 

capacity for Cu-resistance over time with increasing environmental and antibiotic 

exposures from industrial and agricultural sources, particularly for enteric bacteria where 

Cu uptake in host organisms takes place (21,22). Therefore, future investigations could 

focus on whether increasing Cu resistance, either by increasing bacterial Cu efflux or with 

plasmid-borne genes known to be acquired in conditions of excess environmental Cu, 

sensitizes host organisms to lower concentrations of Cu stress. Other investigations into 

the metal responsive gene that confers much of the bacterially-dependent Cu resistance 

in nematodes would be noteworthy since the function is not well characterized beyond 

being a necessary for the maintenance of RNA processing machinery in the nucleus 

during metal stress (23).  

Subsequent investigations in chapter 4 sought to identify any other transcriptomic 

responses contributed to the observed bacterially-dependent Cu resistance downstream 

in C. elegans. While previous studies had identified Cu-responsive genes in C. elegans 

during periods of environmental Cu excess (16,24,25), few studies had focused on adult 
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exposures independent are early developmental Cu stress. Therefore, an RNAseq 

experiment was designed to capture 1) the adult C. elegans response to Cu stress 2) the 

transcriptomic variation derived from bacterial strains independent of Cu stress and finally 

3) the bacterially-dependent differentially expressed genes responding to excess Cu. 

While the RNAseq analyses employed did flag several known Cu-responsive genes, 

including numr-1, as DEGs in our Cu exposure paradigm, the experimental design limited 

the specificity of the developmental stage isolated in the RNA collection steps and 

therefore limited our confidence in assigning these DEGs to adult-specific Cu-stress. 

Additionally, Cu-responsive genes were not identified as DEGs between bacterial 

conditions in the absence of Cu stress, confirming that variations observed between the 

bacterial strains was conditional to Cu excess. Importantly, enrichment analysis of the 

identified DEGs also appeared to reflect some of the bacterially-dependent susceptibility 

to Cu toxicity observed in Chapter 3. However, there was also a negligible number of 

DEGs identified between bacterial conditions when Cu excess was present, suggesting 

that either the experimental design or RNA analysis was inappropriate or that the 

bacterially-dependent Cu response in C. elegans was not the result of changes to 

transcriptional activity.  

The RNAseq protocol and analysis needs to be optimized before conclusions can 

be drawn. Future experiments would benefit from more tightly controlling the 

developmental stage studied through either controlling for the developmentally-specific 

gene expression in each sample during analysis or by more carefully selecting 

populations to be isolated for RNA collection prior to the analysis stage. One way to 

achieve this specificity is to reduce the amount of initial sample input required for RNA 
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isolation by selecting RNA isolation kits with lower material requirements. Additionally, 

many methods to isolate RNA lose RNAs smaller 200nt. However, further investigations 

into the bacterially-dependent effects on RNA processing components like snRNAs would 

require sample isolation that retains these small RNA molecules. More specific isolations 

focusing on for neuronal or nuclear expression run concurrently with imaging and 

quantification of neurotransmitter concentrations during the experimental conditions 

would further define the role numr-1 plays in modulating Cu resistance to respond to 

changing environmental conditions.    

This dissertation investigated the environmental factors that contribute to 

eukaryotic Cu homeostasis. Using a single-celled eukaryote, Chlamydomonas reinhardtii, 

this work expanded upon the knowledge of Cu uptake transporters by describing how 

their varying affinities for Cu determined their functionality during Cu deficient and Zn 

deficient conditions and identified a unique role for CTR2 in the mobilization of Cu from 

the understudied acidocalcisome. Soluble factors that contribute to the regulation and 

rate of metal transport across CTR1 and CTR2 was also described as balancing 

beneficial accumulation of Cu with the potentially detrimental accumulation of Ag. In 

subsequent studies, the use of Caenorhabditis elegans allowed for the study of bacterial 

Cu-resistance responses within a host-microbe system. These investigations identified 

increasing bacterial Cu-efflux as an environmental factor contributing to the sensitization 

of host C. elegans to Cu exposures by changing the localization of metal stress within the 

adult nematode. These investigations present health implications for the increasing Cu 

resistance observed in bacterial populations due to increased industry and metal 
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deposition and for the compounding risk of transition metal homeostasis in these 

increasingly manmade environments.  
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