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Ni induces the CRR1-dependent regulon revealing overlap and 
distinction between hypoxia and Cu deficiency responses in 
Chlamydomonas reinhardtii

Crysten E. Blaby-Haas1,4,*, Madeli Castruita1, Sorel T. Fitz-Gibbon1,2, Janette Kropat1, and 
Sabeeha S. Merchant1,3,*

1Department of Chemistry and Biochemistry, University of California, Los Angeles, 607 Charles 
E. Young Drive East, Los Angeles, CA 90095.

2Department of Molecular, Cell, and Developmental Biology, University of California, Los Angeles, 
CA 90095.

3Institute for Genomics and Proteomics, University of California, Los Angeles, 611 Charles E. 
Young Drive East, Los Angeles, CA 90095

Abstract

The selectivity of metal sensors for a single metal ion is critical for cellular metal homeostasis. A 

suite of metal-responsive regulators is required to maintain a prescribed balance of metal ions 

ensuring that each apo-protein binds the correct metal. However, there are cases when non-

essential metals ions disrupt proper metal sensing. An analysis of the Ni-responsive transcriptome 

of the green alga Chlamydomonas reinhardtii reveals that Ni artificially turns on the CRR1-

dependent Cu-response regulon. Since this regulon also responds to hypoxia, a combinatorial 

transcriptome analysis was leveraged to gain insight into the mechanisms by which Ni interferes 

with the homeostatic regulation of Cu and oxygen status. Based on parallels with the effect of Ni 

on the hypoxic response in animals, we propose that a possible link between Cu, oxygen and Ni 

sensing is an as yet uncharacterized prolyl hydroxylase that regulates a co-activator of CRR1. This 

analysis also identified transcriptional responses to the pharmacological activation of the Cu-

deficiency regulon. Although the Ni-responsive CRR1 regulon is composed of 56 genes (defined 

as the primary response), 259 transcripts responded to Ni treatment only when a copy of the wild-

type CRR1 gene was present. The genome-wide impact of CRR1 target genes on the 

transcriptome was also evident from the 210 transcripts that were at least 2-fold higher in the crr1 
strain, where the abundance of many CRR1 targets was suppressed. Additionally, we identified 

120 transcripts that responded to Ni independent of CRR1 function. The putative functions of the 

proteins encoded by these transcripts suggest that high Ni results in protein damage.
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Combinatorial genome-wide analyses of transcriptome changes in response to genetic mutation 

and environmental perturbations give insight into a network of oxygen, copper and nickel 

signaling.

 Introduction

The promiscuous binding of transition metal ions to proteins can result in negative 

consequences for a cell. Normally, homeostatic pathways operate to confine metal ions to 

appropriate interactions in the cell, but under various circumstances, mechanisms for 

maintenance of homeostasis can be overwhelmed. Exposure to extreme levels of metals 

(high or low), abiotic stress (such as oxidative) and disease (such as a mutated metal 

transporter) can promote protein mismetallation and subsequent protein inactivation as a 

major source of damage.4-7 For example, in the bacterium Escherichia coli, zinc (Zn) 

overload (created with a Zn efflux pump knock-out and Zn supplementation) results in Zn-

loading and inactivation of Fe-dependent threonine dehydrogenase,8 while in the yeast 

Saccharomyces cerevisiae, defects that increase the ratio of available iron (Fe) to manganese 

(Mn) in the mitochondrion, result in Fe-loading and inactivation of Mn-dependent 

superoxide dismutase.9 Therefore, regulated control of the metabolism of each transition 

metal in the cell is required to properly metallate the metalloproteome.

Non-essential metal ions are also found in the biosphere. These can enter cells using the 

pathways for essential metals and in so doing can disrupt metal homeostasis. In bacteria, 

cadmium (Cd) disrupts the homeostasis of several essential transition metals leading to 

symptoms reminiscent of deficiency for those essential metals.11-13 Recently, evidence from 

Streptococcus pneumonia suggests that dysregulation by Cd is due to mismetallation of 

metal-responsive transcriptional regulators and competition for essential metal ion uptake.12 

While this study provides novel insight into the role of protein mismetallation in the toxicity 

of Cd, in general, knowledge gaps exists between metal toxins and their symptoms. For 

instance in animals, nickel (Ni) exposure can ultimately cause cancer with one possible 

source of carcinogenesis linked to inactivation of Fe-dependent proteins, but how those 

proteins are inactivated by Ni is debated. Either Ni directly substitutes for Fe causing protein 

inactivation,14, 15 or Ni depletes ascorbate an essential cofactor needed for Fe redox 

control.16, 17 This example highlights a common obstacle in understanding the mechanisms 

of metal ion toxicity: which physiological perturbations are directly caused by the metal ion 

and which are downstream consequences caused by inactivation of a molecular target?
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To gain foundational insight into how non-essential transition metals interfere with essential 

metal ion homeostasis, we leveraged a unique phenomenon in the unicellular experimental 

system Chlamydomonas reinhardtii. In C. reinhardtii, as with animals, there is no known 

catalytic role for Ni. Nevertheless, Ni acts as a pharmacological agent in activating hypoxic 

signalling in both animals and C. reinhardtii. In C. reinhardtii (but not in animals), Ni 

simultaneously activates copper (Cu)-deficiency signaling.18 Ni does not appear to inhibit 

Cu uptake or usage; thus the trivial explanation of Ni causing secondary Cu deficiency is 

ruled out.18 Evidence suggests that Ni interferes with regulation by the transcription factor 

CRR1, which is involved in inducing both the Cu-deficiency response and part of the 

response to hypoxia.2, 3, 10 Indeed, a cysteine-rich domain at the C-terminal end of CRR1 is 

required for activation of the CRR1 regulon by Ni and hypoxia but not for Cu-deficiency 

activation (Figure 1A and B).3

It was thus concluded that Ni artificially induces the Cu and hypoxia responses through a 

mechanism that is independent of Cu sensing. Compared to the Cu and hypoxia responses, 

relatively little is understood concerning the interplay between Ni and CRR1 and the 

consequences this interaction has on the cell. While Ni is an essential cofactor for a few rare 

enzymes (such as Ni-Fe hydrogenase and urease), a Ni-dependent protein has yet to be 

identified in C. reinhardtii, suggesting that from a molecular point of view Ni is simply a 

pharmacological agent in the signalling pathway.

To understand the genome-wide impact of Ni addition on the C. reinhardtii transcriptome 

with specific focus on the activation of Cu-responsive gene expression, we performed high-

throughput cDNA sequencing (RNA-Seq). A comparative transcriptomic analysis of three 

strains (crr1, crr1 transformed with a WT copy of CRR1, and crr1 transformed with a 

deletion construct of CRR1, where the region encoding the Ni-responsive domain was 

removed, Figure 1A and B) was used to delineate the CRR1-dependent Ni response. A 

comprehensive comparison with the transcriptomes of cells either deprived of Cu or oxygen 

was also leveraged to gain insight into the mechanisms by which Ni interferes with the 

homeostatic regulation of hypoxia and Cu deficiency.

 Methods

 C. reinhardtii strains, media, and culture conditions

Prior to RNA isolation C. reinhardtii mutant strains CC-3960 (crr1-219; referred here as 

crr1), CC-5073 (crr1-2-[CRR1(Δcys)]), PST353; referred here as CRR1(Δcys)), and 

CC-5071 (crr1-2-[CRR1], R423; referred here as CRR1) were grown in duplicate (two 

independent cultures of each strain) in Tris-acetate-phosphate (TAP) medium using Hutner’s 

trace element mix20 at 24°C with rotational shaking (180 rpm) under continuous light (~90 

μmol/m2/s with a ratio of 1 warm fluorescent light bulb (3,000K) to 2 cool fluorescent light 

bulbs (4,100K)) in an Innova 44 incubator (Innova, New Brunswick Scientific, Edison, NJ). 

Cells were collected at a density of 3 × 106 cell ml−1 (steady-state) and the +Ni cells 6h 

hours after addition of NiCl2 to a final concentration of 50 μM in the medium.
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 Nucleic acid purification

Total RNA was prepared as described previously.21 RNA quality was assessed on an Agilent 

2100 Bioanalyzer (electrophoresis and chromotographic separation on a microfluidics-based 

platform) and by hybridization as described previously.21 The probe used for detection, 

CβLP, is a 915-bp EcoRI fragment from the cDNA cloned in pcf8-13.22

 RNA-Sequencing and data analysis

Genomic DNA was removed from the total RNA preparation by treatment with RQ1 DNase 

(Promega) according to the manufacturer’s instructions. cDNA libraries were prepared for 

single-end sequencing (75 nt reads) and sequenced by the Joint Genome Institute using the 

Illumina platform. The sequence reads were aligned to v5.5 of the reference genome23 

(available at ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.0/Creinhardtii/) using STAR24 

with default parameters plus –alignIntronMax 10000. Transcript abundance estimates were 

calculated and normalized in terms of fragments per kb of exon per million fragments 

(FPKM) using default parameters in cuffdiff.25 Venny,26 eulerAPE27 or BioVenn28 were 

used for drawing Venn diagrams.

Except where noted otherwise, differentially abundant transcripts were defined as having at 

least a FPKM value of 10 and a 2.0-fold change. For re-analysis and comparisons with the 

previously published Cu1 and hypoxia2 datasets, the previously sequenced reads were re-

aligned to v5.5 of the genome and transcript abundance estimates were calculated following 

the same parameters as for the Ni dataset. Hierarchal clustering was performed with Gene 

Cluster 3.0 and visualized with TreeView.29

 Measurement of intracellular metal content

Total cellular metal content was measured by ICP-MS as previously described.30

 Results

 Ni activates a link between CRR1-dependent Cu and O2 signalling

Most of the target genes of the CRR1-dependent, nutritional Cu-signalling pathway respond 

also to hypoxia treatment.2 Nonetheless the individual responses of these targets to Cu or O2 

are not identical, and there is variability to the extent with which the hypoxia response is 

attenuated in the crr1 and CRR1(Δcys) strains.31 In part, the differences can be explained by 

the presence of hypoxia-response elements in the upstream regions of some CRR1 target 

genes but not others.31, 32 In previous work, we also showed that the key sentinel genes of 

the nutritional Cu regulon, CYC6, CPX1 and CRD1, are expressed in response to Ni.18 As 

was shown for the CYC6 hypoxic response (but not the Cu response), the Ni response 

required a cysteine-rich domain at the C-terminus of CRR1.3 These results suggest that Ni 

treatment will activate induction of the entire CRR1 regulon and will do so in a manner 

similar to the hypoxic response.

To test this hypothesis we analysed the Ni transcriptomes from this work (Table S1) in the 

context of the older RNA-Seq1, 2 datasets from published work on nutritional Cu-deficiency 

responses and hypoxia responses. This analysis required re-aligning these published datasets 
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to the latest iteration of gene models (v5.5) (Table S2) and redefining the Cu-responsive 

CRR1 regulon (Figure 2A; Table S3). The present reanalysis captured 48 of the original 63 

CRR1 Cu targets1 and predicted 17 new targets. Another 6 of the original targets could be 

included in the set of new targets if the cutoffs are moved (1.6-fold change and <10 FPKM). 

This left 4 of the original targets whose gene models did not map forward to v5.5 and 4 

transcripts whose abundance did not change between Cu status or between the crr1 and 

CRR1 strains in the reanalysis.

Ni affected the abundances of 46 transcripts out of the 65 CRR1 targets in the CRR1 strain 

(Figure 2A; Table S3). Another 10 targets can be included in this subset if the criteria are 

changed to at least a 1.5-fold change and >5 FPKM. Under standard growth conditions 

(without the addition of Ni), 11 (out of the 56 targets) had at least 2.0-fold lower transcript 

abundance in crr1 compared to the CRR1 strain (with at least 10 FPKM in CRR1) (Table 

S3), further supporting involvement of CRR1 in regulating their expression. A role for 

CRR1 in mediating at least part of the Ni response was evident for most of the target 

transcripts; the Ni effect was attenuated or abolished in the crr1 or CRR1(Δcys) strains for 

52 and 49 out of the 56 targets, respectively. The Ni response of only half of these, however, 

was completely abolished in both strains, including transcripts encoding the Cu transporter 

CTR3 and the ferredoxin FDX6 and the new targets of unknown function CGL120 and 

FAP79. Only 1 CRR1 target, ERG3, responded to Ni treatment in all strains and therefore 

likely responds to Ni independently of CRR1. While most of the target genes in the CRR1-

dependent, nutritional Cu-signalling pathway respond to Ni supplementation (Table S3), the 

extent to which expression is affected in the crr1 and CRR1(Δcys) strains varies (Figure 2B), 

as was found for the hypoxic response.2

To tease apart the similarities and distinctions in the outputs of the three signaling pathways, 

we undertook pairwise comparisons of transcript abundances for the 56 Ni-responsive CRR1 

targets upon each treatment (−Cu, +Ni and −O2). The transcript abundances for these 56 

targets in +Ni were relatively accurate at predicting abundances in −Cu (power-law 

relationship with a R2 value of 0.85) (Figure 3A). Similar to the pairwise comparison with 

−Cu, transcript abundances from +Ni and −O2 had a strong correlation (R2 value of 0.83) 

but fit a linear relationship (Figure 3B). The correlation between −Cu and −O2 for these 

targets was poor; transcript abundances fit a linear relationship with a R2 value of 0.41 

(Figure 3C).

Although most of the CRR1 target genes respond to both Cu deficiency and hypoxia, the 

extent of the response to each condition varies between these genes. The relatively poor 

correlation between transcript abundances is likely attributable to one or more additional 

regulatory factors involved in the expression of some CRR1 target genes during 

hypoxia.31, 32 Indeed, we had previously identified separate elements in the promoter of 

CPX1, but not of CYC6, which are required for either the Cu response or the hypoxic 

response.31 Distinct regulatory mechanisms could explain why many target genes respond 

differently to Cu and hypoxia. In contrast, there is a relatively strong correlation between the 

transcript abundances of these genes in the presence of Ni and absence of Cu, suggesting 

that Ni treatment and Cu deficiency make a relatively equal contribution to the expression of 

these CRR1 target genes.
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The magnitude of the Ni response of these targets appears to be somewhere in between the 

Cu and hypoxia responses. For instance, CYC6 transcript abundance was estimated at ~0 

FPKM in the absence of stimuli and increased to 1280, 250 and 11 (two orders of magnitude 

range in expression) after the depletion of Cu, addition of Ni or depletion of oxygen, 

respectively (Figure 3E). CTR1 (encoding a Cu transporter), conversely, responded to −Cu, 

+Ni and −O2 with a 2.7 to 3.9-fold increase (Figure 3D).

For these 56 targets, there was also a more consistent attenuation of the Ni response than of 

the hypoxia response in the CRR1(Δcys) and crr1 strains. We identified a core set of 37 

CRR1 targets that respond to Ni in the CRR1 strain but not in either crr1 or CRR1(Δcys) 

(Table S3). Except for the CTH1 transcript, whose abundance decreases upon hypoxia (and 

Cu deficiency), the hypoxia response of these target genes can be further clustered into four 

general groups (Figure 4A-D). The hypoxic response of the CYC6 group is present only in 

CRR1. The hypoxic response of the CPX1 group is present in CRR1 and CRR1(Δcys). The 

hypoxic response of the HYDA1 group is present in all three strains, while the response in 

the fourth group did not meet our cutoffs in any strain. Interestingly, based on previous 

experiments31, 32, the CYC6 hypoxic response is mediated solely through CRR1, the CPX1 
response is dependent on both CRR1 and an unknown factor, and the HYDA1 hypoxia 

response in partly due to CRR1 and partly due to another factor. The patterns of expression 

for the three groups in the three strains mirror these experimental results. As noted 

previously2, neither the CPX1 nor HYDA1 hypoxic response requires the cysteine-rich C-

terminus of CRR1. Also in contrast to CYC6, the hypoxic response of CPX1 involves cis-

acting elements that are distinct from the Cu-response elements, and the hypoxic response of 

HYDA1 is retained in the crr1 mutant.31, 32 Therefore, the cysteine-rich region may only be 

required for those CRR1 target genes (such as CYC6) whose hypoxic response is mediated 

solely through the Cu-response element. Additional experiments are needed to determine if 

this reasoning holds true as predicted for other members of the CYC6, CPX1 and HYDA1 
groups. Since the cysteine-rich region of CRR1 is required for the Ni response of these 36 

targets, Ni may be activating the CRR1-dependent portion of the hypoxia response.

 Pleiotropic effects of CRR1 mutation on Ni-induced changes to the transcriptome

Although the Ni-responsive CRR1 Cu regulon has only 56 members, we found a total of 259 

transcripts that responded to Ni uniquely in CRR1 (Figure 5C). The response of another 164 

transcripts to Ni was common between CRR1 and CRR1(Δcys), and only 120 transcripts 

were shared between the three strains (Figure 5C and D). All together we observed a strain-

dependent Ni response for 510 transcripts (Table S1). This result suggests that CRR1 has 

direct or indirect target genes outside of the Cu-responsive regulon that respond to Ni 

treatment. Conversely, these transcript changes may result from a knock-on effect of CRR1 

target gene expression during Ni treatment.

To address these possibilities, we performed hierarchal clustering of transcript abundances 

from the Ni and Cu datasets. We identified a connection between some of these strain-

dependent transcripts and the identified CRR1 Cu targets. A cluster of 120 transcripts co-

expressed with the majority of putative CRR1 targets (56 transcripts) (Figure 6A). Of the 

non-CRR1 targets in this cluster, we found several cytochrome oxidase assembly factors 
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(COX11, COX17 and CMC1 involved in Cu insertion and COX15 involved in heme 

insertion). Indeed, of the eight assembly factors that have been identified in the delivery and 

insertion of Cu into cytochrome oxidase33, the abundances of transcripts for most are 

increased at least 2 fold by Ni addition in the CRR1 strain. In each case, induction was 

blocked in the crr1 and CRR1(Δcys) strains (Figure 6D). COX17, COX19 and CMC1 
transcript abundances are also increased during Cu deficiency (2.0-, 2.4-, 1.9-fold, 

respectively), but unlike the Ni response, the abundances of these three transcripts appear to 

be the same in the CRR1 and crr1 strains in the Cu dataset, suggesting that the 

corresponding genes are not direct targets of CRR1.

In Cu-deficient C. reinhardtii, Cu allocation to cytochrome oxidase in the mitochondrion is 

prioritized over plastocyanin in the chloroplast.34 Indeed, we found that the transcripts 

encoding the two Cu transporting P-type ATPases that function in tandem to provide Cu to 

plastocyanin are reduced in the presence of Ni, while transcripts encoding proteins involved 

in Cu delivery to cytochrome oxidase are increased in abundance following Ni addition 

(Figure 6D). Although Cu does not become limiting after Ni addition18, there may be a 

CRR1-dependent process that mediates re-prioritization of Cu between organelles.

In this cluster, we also identified an isoform of uroporphyrinogen-III synthase, which is 

involved in tetrapyrrole biosynthesis. Tetrapyrroles are important cofactors, especially in 

photosynthetic organisms where the pathway branches to yield both heme and chlorophyll. 

Two oxygen-dependent enzymes that act at rate-limiting steps in the pathway, 

coproporphyrinogen III oxidase and the aerobic oxidative cyclase, are expressed at higher 

levels in copper-deficient or hypoxic cells.35-37 This results from increased expression of 

one of two isoforms that encode these activities, namely CPX1 and CRD1.1, 2 In this work, 

we identified another step in tetrapyrrole biosynthesis that may be a direct or indirect target 

of CRR1. UROS2 is one of 2 genes encoding uroporphyrinogen-III synthase. The 

corresponding transcript increases in abundance both upon Ni addition and in Cu-deficient 

cells. Unlike for the cytochrome oxidase chaperones above, the increase of UROS2 
transcript abundance upon Ni treatment and Cu depletion is dependent on CRR1 function 

(Figure 7B). This gene was not included in the CRR1 target list (Table S3) because the 

change in its expression (1.9) did not meet the 2.0 fold cutoff. Uroporphyrinogen-III 

synthase may represent a third step in tetrapyrrole biosynthesis that is regulated by CRR1. 

Nevertheless, the increase is not as large as that observed for CPX1 and CRD1. Indeed, 

while CPX1 and CRD1 become the dominant isoforms during Cu deficiency, UROS2 does 

not (Figure 7C). Also, while the combined abundances for CPX1/CPX2 and CTH1/CRD1 
increase (Figure 7C), combined abundances for UROS1 and UROS2 transcripts remain 

constant between Cu sufficiency and deficiency.

This CRR1-target cluster also contained 5 transcripts encoding enzymes that are 

documented or are candidates for function in ergosterol biosynthesis (Figure 6A). ERG3, 
ERG1, CYP710B1 and CYP51G1 made the cutoffs used to identify CRR1 targets, while the 

fold change of SMT1 between the Cu-deficient CRR1 and crr1 strains (1.8) did not meet the 

2.0-fold cutoff. Ergosterol is a sterol found in membranes and has roles in maintaining 

membrane fluidity and permeability.38 Whether these transcript changes affect ergosterol 
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membrane content and/or are related to the previously measured increase in unsaturated fatty 

acids in Cu-deficient relative to Cu-replete cells1 is yet to be determined.

 Proteostasis among the most highly affected processes in response to Ni treatment

In addition to activating the CRR1-dependent regulon, Ni is a toxin that inhibits the growth 

of C. reinhardtii. 39 We manually annotated the proteins encoded by the 559 transcripts 

whose abundances increase in the presence of Ni (in any strain) and classified them by 

function (Table S1). In the wild-type CRR1 strain (Table S4), Ni addition caused reductions 

in the abundances of transcripts encoding cell-wall proteins and proteins involved in DNA 

replication, such as MCM (mini-chromosome maintenance) complex proteins, DNA 

topoisomerase II, and the eukaryotic δ subunit of DNA polymerase. At the same time, Ni 

caused the increased abundances of transcripts encoding proteins involved in protein 

folding/degradation and lipid biosynthesis, including 7 candidate enzymes of ergosterol 

biosynthesis. We also found transcripts encoding proteins involved or putatively involved in 

apoptosis and autophagy. These changes suggest a reprioritization of cellular resources from 

cell division to repair of protein and lipid damage.

Proteostasis was also among the most highly affected processes in the strain-independent 

response to Ni treatment (107 transcripts increased in abundance and 13 transcript decreased 

in abundance following Ni treatment in all strains; Table S5). The main functional categories 

include protein degradation (both proteases and proteins potentially involved in 

ubiquitination and the proteasome), molecular chaperones (such as HSP22C, HSP22E and 

HSP22F), ROS detoxification (specifically protein-oxidation repair, such as two methionine-

sulfoxide reductases and thioredoxin-like proteins, three proteins with glutathione-S-

transferase domains, and one protein involved in ascorbate biosynthesis), and proteins 

associated with the endoplasmic reticulum, Golgi apparatus and the secretory pathway 

(Figure 5E). The enrichment of transcripts corresponding to proteostasis and ROS 

detoxification suggests that Ni stress causes transcriptomic changes consistent with protein 

damage and perturbed redox balance.40 Many of these transcriptional changes could also be 

connected to the induction of autophagy (a self-degradation process that involves clearing of 

damaged cellular components ranging from mis-folded proteins to entire organelles41), as 

previously described.40

Among transcripts shared between the strains, we did not find a candidate transporter for Ni 

efflux. We did find a single transcript with similarity to the ATPase component of ABC-type 

transporters, but this protein and similar proteins have yet to be characterized. Of the 22 

transcripts without a predicted domain, 3 had at least 2 putative transmembrane helixes, but 

it is unknown whether they could have a role in metal efflux. Alternatively, the large number 

of transcripts that fell into categories related to protein stress and the role of autophagy in 

responding to Ni stress40 could point to exocytosis of Ni through a general detoxification 

pathway.

Of the transcripts reduced in abundances in the presence of Ni, most of these (9 out of 13) 

are cell wall proteins, including 5 pherophorins. Pherophorins are hydroxyproline-rich 

glycoproteins that are thought to make up a large proportion of the cell wall and are involved 
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in cell wall synthesis.42-44 These transcript changes could, therefore, be an indication of de-

prioritization of cell growth in response to Ni stress.

 Effect of Ni addition on metal quota

The abundances of transcripts encoding Cu importers and a predicted Fe transporter are 

increased in Ni-treated cells, dependent on CRR1 function. To assess the impact of these 

increases, we measured the metal content of the crr1, CRR1 and CRR1(Δcys) strains grown 

in the absence or presence of Ni. Although the crr1 strain had significantly less Cu than the 

other strains in either the presence or absence of Ni (roughly 85% less than the CRR1 
strains, pvalue <0.02), which correlated with the reduced abundances of the CTR1, CTR2 
and CTR3 transcripts (encoding assimilatory Cu transporters), there was no significant effect 

of Ni addition (pvalue >0.2) on the Cu quota (Figure 8A). On the other hand, Ni addition did 

affect the Fe and Mn content of the strains (pvalue 0.001 and <0.001, respectively) (Figure 

8A). Although the increase was also observed for the crr1 strain (10% increase in Fe 

content, pvalue <0.02, and 30% increase in Mn content, pvalue <0.008, upon Ni treatment), 

the crr1 strain had significantly less Mn and Fe compared to the other strains upon Ni 

treatment (pvalue <0.0002 for Fe and <0.02 for Mn). It is possible that these differences 

upon Ni treatment are attributable to differential abundance of the transcripts encoding the 

divalent metal cation transporter IRT2 and/or the Fe-assimilatory proteins FEA1 and FEA2 

(Table S1). As noted previously3, the CRR1(Δcys) strain hyper-accumulated Zn, and we 

found that this phenotype was not affected by Ni addition.

In addition to the reduced Cu quota (resulting presumably from reduced expression of the 

assimilatory CTR transporters), we found that crr1 also accumulated less Ni (Figure 8A) 

(although, we note that the difference between the strains only reaches significance between 

crr1 and CRR1-1, pvalue 0.03). The Ni content of the strains may have an impact on the 

number of differentially expressed transcripts. There are 35% and 68% fewer differentially 

expressed transcripts from the crr1 strain than from the CRR1(Δcys) and CRR1 strains, 

respectively. However, at this point we cannot differentiate between a possible effect caused 

by unequal Ni accumulation and the contribution mis-regulation of CRR1 targets during Cu 

sufficiency has on the observed differences between the strains.

 Discussion

Ni treatment leads to substantial transcriptome remodelling in C. reinhardtii. In part these 

changes are due to activation of the CRR1-dependent regulon. Transcript abundances for 

85% of the putative CRR1 Cu targets were affected by Ni addition, and the Ni-

responsiveness of 90% of these transcripts was abolished in the crr1 mutant. We were also 

able to determine that the effect of Ni on transcript abundances of these targets parallels the 

effect of Cu deficiency (Figure 3A), whereas the correlation between the Cu response and 

hypoxia response was not as strong. This observation suggests that Ni addition mimics Cu 

deficiency and activates CRR1 whereas additional factors are involved in the hypoxia-

induced expression of several CRR1 targets.31

This analysis also provides genome-wide insight of Ni-stress on C. reinhardtii. As shown 

previously, Ni treatment induces autophagy40 and transcriptomic changes are consistent with 
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protein and ROS stress. This response and the cellular perturbations that cause this response 

are particularly relevant to studies that employ the CYC6 promoter as a Ni-inducible system 

for the expression of transgenes.18, 45 Researchers employing the CYC6 promoter should be 

aware of the stresses highlighted here that are caused by Ni treatment. Correlating 

physiology and other parameters with transgene expression should be performed side-by-

side with wild-type cells (not expressing the transgene) treated with Ni.

 Parallels with the animal HIF system

The ability of Ni to interfere with signaling is not unique to Cu sensing in C. reinhardtii. 
Interestingly, Ni mimics oxygen deficiency in animals46, 47, where both oxygen deficiency 

and Ni lead to inactivation of the prolyl hydroxylases that are involved in targeting the alpha 

subunit of the hypoxic response regulator, HIF-1, for degradation.15, 48 The result is that in 

the presence of Ni (or absence of O2) the HIF-1α subunit is not modified by the prolyl 

hydroxylase and is not degraded leading to activation of the hypoxic-response regulon. A 

similar mechanism involving prolyl-hydroxylase-mediated regulation of CRR1 could 

explain in part why both hypoxia and Ni lead to increased transcript abundances of CRR1 

targets in C. reinhardtii.

Another parallel between the HIF system and our current data is that roughly half of the 

CRR1 targets are also affected by Fe limitation.49 Because Fe is an essential cofactor for the 

HIF-1α prolyl hydroxylases, Fe limitation also inhibits HIF-1α degradation and activates 

hypoxic signaling.50 In C. reinhardtii, a physiological link between Fe limitation and Cu 

homeostasis exists. A higher demand for Cu (and thus activation of CRR1) would be needed 

during Fe limitation to support the maturation of a multi-Cu oxidase that is homologous to 

ceruloplasmin in human and involved in high-affinity Fe uptake across the plasma 

membrane.51, 52 Therefore, a yet to be characterized prolyl hydroxylase could tie together 

the Cu-, Ni-, oxygen- and Fe-dependent regulation of CRR1 targets. Based on the 

involvement of the cysteine-rich region of CRR1 in the Ni and hypoxia responses, but not 

the Cu response, one possibility is that activity of this prolyl hydroxylase leads to 

degradation of a co-activator that interacts with CRR1 through this cysteine-rich domain. 

During hypoxia and Ni treatment, the prolyl hydroxylase is inactivated and the co-activator 

binds CRR1 leading to induction of the target genes.

The role of post-translational modification and co-activators in the regulation of CRR1 

activity has yet to be explored, but there are several prolyl hydroxylases (Cre02.g084450, 

Cre09.g408464, Cre03.g179500, Cre02.g084400, and Cre10.g443050) among the putative 

CRR1 targets. Cre09.g408464 is a promising candidate in connecting CRR1 to Ni, hypoxia 

and Fe status. This uncharacterized protein is fungal-like (not found in land plants) and 

shares similarity with Ofd1, a prolyl hydroxylase that regulates the degradation of a 

hypoxic-response regulator in fission yeast.53

 Consequences of CRR1 mis-regulation

While the mechanism responsible for CRR1-dependent regulation remains to be elucidated, 

this study has provided systems-level insight into the effect of Ni on CRR1-regulated 

transcripts and the consequence of mis-regulation during Cu sufficiency. Although the Ni-
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responsive CRR1 Cu regulon has only 56 members, there were a total of 259 transcripts 

whose abundance was affected by Ni in the CRR1 strain but not in either the crr1 or 

CRR1(Δcys) strains. This pattern suggests that genes for these transcripts are responding to 

increased (or decreased) abundance of the CRR1 targets during Cu sufficiency. While we 

found some evidence for chloroplast stress, such as increased abundance of PTOX2 
transcript (encoding an oxidase involved in chlororespiration54), we were surprised to find 

that several transcripts encoding assembly factors of cytochrome c oxidase in the 

mictochondrion were increased in abundance (Figure 6A and B). These transcript changes 

could be in response to the mis-regulation of CRR1 targets in the presence of Ni.

Cytochrome oxidase in the second most abundant Cu-dependent protein in C. reinhardtii 
(during Fe sufficiency) and receives Cu with higher priority during Cu deficiency.34 While 

transcripts encoding Cu chaperones involved in Cu delivery to cytochrome oxidase are 

marginally increased in abundance during Cu deficiency, many of them are at least 2 fold 

higher in the presence of Ni. The effect of Ni was attenuated or absent in the crr1 or 

CRR1(Δcys) strains. In addition to Cu chaperones and subunits of cytochrome oxidase, 

transcripts encoding cytochrome c were also increased specifically in CRR1 as were several 

transcripts encoding enzymes in ubiquinone biosynthesis, suggesting that multiple steps 

along the electron transfer chain are affected by mis-regulation of CRR1 targets.

We were also surprised to find that the transcript abundances for some CRR1 targets were 

lower in the crr1 mutant than in the CRR1 strain under standard growth conditions. This 

difference between strains may account in part for the 210 transcripts that were at least 2-

fold higher in crr1 compared to the CRR1 strain. These transcripts could be responding to 

the lower Cu content of crr1 (Figure 8A) (and thus responding independently of CRR1 to Cu 

deficiency) and/or to the consequence of lower transcript abundance of CRR1 targets. For 

instance, transcript encoding alternative oxidase is increased 2.3 fold in crr1 compared to the 

complemented strain suggesting that the activity of cytochrome c oxidase may be 

compromised. There are also several transcripts in this subset that respond also to high light 

and/or low CO2 (which are stress conditions in C. reinhardtii) suggesting that Ni treatment 

generates stress in the chloroplast. While there have not been any obvious phenotypes 

reported for the crr1 mutant grown under this condition, it is likely that either the reduced 

abundances of these CRR1 targets are physiologically subtle (except for the noticeable 

reduction of cellular Cu concentration) or these 210 transcripts are responsible for 

acclimating to their loss.

 Conclusion

Genome-wide and comparative analyses of transcriptome changes in response to 

environmental perturbations provide the opportunity to gain insight into the mechanisms that 

link regulatory networks. Because of their central roles in catalysis and protein activity, the 

regulation of metal ion homeostasis is often linked to the physiological state of the cell. One 

such relationship exists between Cu homeostasis and oxygen deficiency in C. reinhardtii, 
and we have found that to a certain extent Ni artificially activates this link. It is clear from 

this analysis and from previous work that the connection between Cu and oxygen involves at 

least an additional yet to be identified factor. One promising candidate would be a prolyl 
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hydroxylase such as the CRR1 target Cre09.g408464, which is homologous to a prolyl 

hydroxylase in yeast that is responsible for oxygen sensing. The transcriptome analyses 

presented here promote a model where the inactivation of a prolyl hydroxylase (by oxygen 

deficiency or Ni) leads to the interaction between a co-activator and CRR1. Additionally, the 

cysteine-rich region that is deleted in the CRR1(Δcys) mutant would be a likely interaction 

domain, since deletion of this domain abolishes or attenuates the ability of oxygen 

deficiency or Ni to activate CRR1-dependent expression.
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Refer to Web version on PubMed Central for supplementary material.
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Significance to Metallomics statement

For most eukaryotic organisms, Ni does not have a catalytic role in the cell, and its 

presence can be detrimental. However, understanding how toxicity arises is challenging. 

This study provides transcriptome-level insight into the consequences of Ni treatment on 

the cell with specific attention on the pharmacological interaction between Ni and the 

regulation of Cu and oxygen homeostasis.
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Fig 1. Schematic of CRR1 and effect of CRR1 mutations on CYC6 expression
A, the crr1 strain used in this study has a single base-pair deletion in the CRR1 gene 

corresponding to codon 780 in the protein sequence. This mutation is predicted to cause a 

frameshift (indicated by a red box) and premature termination. B, the two other strains in 

this study were created by transforming the crr1 strain with either a WT copy of the CRR1 
gene encoding the WT CRR1 protein (CRR1) or a deletion construct where the sequence 

encoding the cysteine-rich region was deleted (CRR1ΔCys).3 The response of the CYC6 
gene in each strain to Cu deficiency (−Cu), Ni addition (+Ni) or hypoxia (−O2) is shown to 

the right3; an X indicates no response and a checkmark indicates a response was observed. 

The recombinantly produced SBP domain of CRR1 was shown to bind to the GTAC core of 

the Cu response element in the CYC6 and CPX1 promoters.10 Domain abbreviations: SBP, 

SQUAMOSA-promoter binding protein; extSBP, extended region with similarity to other 

SBPs; Ank, ankyrin repeats; Cys, cysteine-rich region.
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Fig 2. Identification of CRR1 Cu targets and effect of Ni on their expression
A, schematic of strains (listed above flask cartoons) and culture conditions (listed below 

flask cartoons) that were compared to identify differentially accumulating transcripts. The 

numbers of transcripts resulting from these pairwise comparisons are shown as scaled Venn 

diagrams. “Up” corresponds to those transcripts with higher transcript abundance in absence 

of Cu (comparison 1), in CRR1 (comparison 2), or presence of Ni (comparison 3). “Down” 

corresponds to those transcripts with higher abundance in the presence Cu (comparison 1), 

in crr1 (comparison 2) and absence of Ni (comparison 3). B, transcript abundances of the 36 

CRR1 targets that had at least a 2-fold increase in transcript abundance in the presence of Ni 

in the CRR1 strain but less than 2 fold increase in both the crr1 and CRR1(Δcys) strains. The 

solid black bars represent the average FPKM value for each strain and condition.
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Fig 3. Ni addition mimics the Cu-deficiency response of CRR1 target transcripts
A, scatter plot of transcript abundances from cells grown in absence of Cu and cells grown 

in the presence of Ni. The power regression trend line (R2 value of 0.85) is shown as a solid 

black line. The grey dashed lines represent a 1-to-1 correlation. B, scatter plot of transcript 

abundances from cells grown in presence of Ni and cells grown under 6 h of anoxic 

conditions. The linear regression trend line (R2 value of 0.83) is shown as a solid black line. 

The grey dashed lines represent a 1-to-1 correlation. C, scatter plot of transcript abundances 

from cells grown in absence of Cu and cells grown under 6 h of anoxic conditions. The 

linear regression trend line (R2 value of 0.41) is shown as a solid black line. The grey dashed 

lines represent a 1-to-1 correlation. D, transcript abundances of CTR1 from Ni, Cu and 

hypoxia transcriptomes. E, transcript abundances of CYC6 from Ni, Cu and hypoxia 

transcriptomes. In the legend to panels D and E on the right, “standard” refers to untreated, 

standard growth condition.
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Fig 4. Ni-responsive CRR1 target genes can be group into four hypoxia-response sets
Transcript abundances of the 36 CRR1 targets from Figure 1C prior to (0 h) and 6 hours (6 

h) after the crr1, CRR1 and CRR1(Δcys) strains were transferred to dark anoxic conditions. 

FPKM values were calculated with realigned reads from the published anoxic RNA-Seq 

dataset of Hemschemeier, et al.2 The solid black bars represent the average FPKM value for 

each strain and condition. A, transcript abundances of CRR1 target genes with a similar 

expression pattern to CYC6. B, transcript abundances of CRR1 target genes with a similar 

expression pattern to CPX1. C, transcript abundances of CRR1 target genes with a similar 

expression pattern to HYDA1. D, transcript abundances of CRR1 target genes that did not 

meet our cutoffs for differential accumulation in each pairwise comparison.
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Fig 5. Identification of differentially accumulating transcripts in response to Ni treatment
A total of 559 transcripts were at least 2-fold higher in abundance in the presence of Ni vs. 

the absence of Ni in any given strain and 71 transcripts that were at least 2-fold lower in 

abundance in the presence of Ni (Table S1). A, schematic of culture conditions and strains 

compared in panels B, C, D and E. B, using a filter of 2.0-fold change and 10 FPKM, the 

number of transcripts that are less abundant in the presence of Ni (“down”) and those that 

are more abundant in the presence of Ni (“up”) for each strain is shown. C, scaled Venn 

diagram representing the number of differentially accumulating transcripts identified in each 

pairwise comparison illustrated in panel A and the overlaps between the three sets. We used 

the q-values from CuffDiff for each pairwise comparison to determine if the abundances of a 

transcript changed in the same direction between strains. D, the number of transcripts that 

are less abundant in the presence of Ni (“down”) and those that are more abundant in the 

presence of Ni (“up”) for each area of the Venn diagram is given. E, manually annotated 

function enrichment for the “up” transcripts in panel D.
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Fig 6. Ni addition and Cu deficiency affect expression of cytochrome oxidase maturation 
components
A, hierarchical clustering of transcript abundances from crr1, CRR1, CRR1(Δcys), and 

CC-4532 in the presence or absence of Ni or Cu. The genes identified as CRR1 targets are 

marked with a red block to the right. The scale bar is on a log scale. B, transcript abundances 

normalized to the max (either in Ni experiments or Cu experiments) encoding Ni-responsive 

cytochrome oxidase Cu chaperones. Note that Castruita, et al.1 did not perform RNA-Seq on 

the CRR1 and crr1 strains grown in the presence of Cu (+Cu). C, transcript abundances 

normalized as in B of selected CRR1 target transcripts. D, overview of transcript abundance 

changes in the presence of Ni vs. absence of Ni for proteins involved in Cu delivery to 

plastocyanin in the chloroplast or cytochrome oxidase in the mitochondrion. Fold change is 

on a linear scale. TM, thylakoid membrane; IE inner envelope; OE, outer envelope; OM, 

outer membrane; IM, inner membrane.
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Fig 7. Transcript abundances for genes in the tetrapyrrole biosynthesis pathway
A, hierarchal clustering and corresponding heatmap of transcripts involved in tetrapyrrole 

biosynthesis and catabolism. The experiment labels are the same as in Fig. 6. The CRR1-

target cluster is highlighted. The target identified in this study, UROS2, is in red. The scale 

bar is on a log scale. B, transcript abundances normalized to the max (either in Ni 

experiments or Cu experiments) corresponding to the genes for uroporphyrinogen-III 

synthase. C, relative transcript abundant (FPKM) of isoforms corresponding to Cu-regulated 

steps of the tetrapyrrole pathway. Transcripts that are higher in Cu deficiency compared to 

Cu-replete growth medium are in yellow. The relative sizes of the pie charts for each step are 

normalized to total FPKM. Magnification of the CPX1/CPX2 and CTH1/CRD1 charts 

representing relative transcript abundances in the presence of Cu is shown on the right.
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Fig 8. Effect of Ni addition on the metal content
A, The metal content of the crr1 strain, two independent transformants of crr1 transformed 

with the WT copy of CRR1 (CRR1-1 and CRR1-2) and two independent transformants of 

crr1 transformed with the CRR1(Δcys) construct (Δcys-1 and Δcys-2) was measured by ICP-

MS. Each data point represents a biological replicate for each strain and condition (cells 

were collected independently from three separate cultures for each strain and condition 

combination). B, transcript abundances of the assimilatory Cu transporters that likely affect 

the measured Cu quotas.
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