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Résumé : Etude de la toxicité de l'argent sur le génome de l'algue verte Chlamydomonas reinhardtii.

Le XX ième siècle a été marqué par une forte industrialisation entrainant une augmentation des rejets d'eau usées directement dans les cours d'eau et de la concentration de certains métaux lourds dans l'environnement. Les mines, l'industrie photographique et les rejets domestiques sont responsables d'une concentration élevée en argent ionique (Ag + ) dans le milieu naturel. De par ses propriétés, ce métal lourd est nocif pour la santé humaine, animale ou végétale. Cependant, peu de travaux de recherche ont été effectués afin de comprendre comment, au niveau moléculaire, l'argent peut affecter les cellules : mécanismes d'entrée/sortie inconnus etc. Afin d'appréhender mieux ces mécanismes, des expériences de toxicité de l'argent ont été menées sur l'algue unicellulaire Chlamydomonas reinhardtii. : sur le type sauvage (CC-5515) et sur 18 mutants, portant chacun une protéine non-fonctionnelle suite à la non expression volontaire du gène la codant.

La caractérisation de ces mutants a été réalisée par PCR et 14 d'entre eux se sont avérés porteurs de la mutation attendue. Le type sauvage Chlamydomonas reinhardtii et les mutants validés précédemment ont été exposés à différentes concentrations en argent dans une solution tampon de MOPS. La toxicité à Ag + a été évaluée par fluorescence à travers la diminution de l'activité photosynthétique de l'algue lors de l'exposition à des concentrations croissantes en argent. Sous des conditions expérimentales similaires, des expériences de bioaccumulation ont été réalisées afin de déterminer la concentration intracellulaire en argent (avec ICP-MS) des mutants ayant une sensibilité différente de la souche sauvage.

La comparaison des CE50s des différents mutants par rapport à celui de la souche sauvage permet d'affirmer que la perte fonctionnelle de plusieurs gènes amèneraient à un changement de sensibilité de l'algue à Ag + . Ainsi, 4 gènes (PTB2, PTB6, CTR3, FAP42) ont été identifiés comme inducteur d'un changement de sensibilité de l'algue vis-à-vis de l'argent. Certains d'entre eux y sont très sensible comme en témoigne leurs CE50s : CE50 CTR3 = 55,18 nM, CE50 PTB2 = 63,18 nM, CE50 FAP42 = 71,18 nM, ce qui correspond à respectivement 46%, 36%, 28% d'inhibition induit par l'argent par comparaison avec le type sauvage (98,87 nM). Seul le gène PTB6 s'avère tolérant à Ag + avec un CE50 PTB6 = 122,70 ,ce qui représente une augmentation de la tolérance à l'argent de 24% par rapport au type sauvage. La sensibilité des autres gènes à l'argent n'était pas statistiquement différente du type sauvage. Les gènes impliqués dans les mécanismes d'entrée ou sortie d'Ag + dans la cellule, codent pour deux transporteurs de phosphate (PTB2 et PTB6), pour un transporteur de cuivre (CTR3) et pour une protéine associée au flagelle (FAP42). Ces gènes ont mené à l'hypothèse que les transporteurs du cuivre et du phosphate pouvaient assurer le transport de l'argent intracellulaire (entre diverses organites) mais aussi du milieu extérieur dans l'algue. La sensibilité de FAP42 a amené à conjecturer que le flagelle pouvait être impliquer dans les mécanismes de désintoxication de l'algue.

The characterization of the 18 mutants was done by PCR and only 14 of them were confirmed to carry the expected mutations. The WT and the confirmed mutants were exposed to different AgNO3 concentrations in a MOPS buffer. The toxicity of Ag + to Chlamydomonas reinhardtii was measured as the reduction in photosynthetic activity using fluorometry. Under the same experimental conditions, bioaccumulation experiments were performed to determine the intracellular silver concentration by ICP-MS for those mutants which turned out to be sensitive or tolerant to silver compared to the WT.

The comparison of the EC50 values between the mutants and the WT established that loss-of-function of four separate genes (PTB2, PTB6, CTR3, FAP42) leads to a change in sensitivity to silver. The effect concentrations measured for the sensitive were : EC50 CTR3 = 55.18 nM, EC50 PTB2 = 63.18 nM, EC50 FAP42 = 71.18 nM corresponding to 46%, 36%, 28% inhibition silver effect compare to the WT (98.87 nM). The only mutant more tolerant than the WT was PTB6 with a EC50 PTB6 = 122.70 corresponding to an increase in EC50 of 24%. The sensitivity to silver of the other tested mutant did not statistically significantly differ from the WT. The genes of the affected mutants encode for two phosphate transporters (PTB6 and PTB2), one copper transporter (CTR3) and one flagella associated protein (FAP42), leading to a hypothesis that copper and phosphate transporters are used to shuttle silver intracellularly and between intracellular and extracellular compartments and that flagella are involved in silver detoxification mechanisms. 
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I. Introduction

Human activities and industrialization have led to an accumulation of heavy metals in the environment. The principal sources of heavy metal pollution are combustion of fossil fuels, mining and smelting activities, release of wastes and improper waste disposal. Some heavy metal, such as silver, can have harmful effects both on human health and the environment [59]. Silver has been used since ancient times for its ornamental and antibacterial properties [START_REF] Fortin | Thiosulfate enhances silver uptake by a green alga: Role of anion transporters in metal uptake Environmental Science and Technology[END_REF]. Gold Fields Mineral Services (GFMS) reported on their World Silver Survey that from the 25 kt (1 kt = 10 6 kg) of silver produced in 2009, 40% were used for industrial purposes, 18% for jewellery, 10% in the photographic industry, 9% for coinage and 7% for sterlingware (GFMS 2010). It is estimated that worldwide, more than 13 000 tons of silver are released in the environment annually. Approximately 400 tons are released directly into aquatic system through domestic and industrial effluents [START_REF] Eckelman | Silver emissions and their environmental impacts: A multilevel assessment[END_REF]. In aquatic systems, the concentrations of free silver ions (Ag + ) range from a maximum of 10 nM in the effluents of sewage treatment plants (STP) to subnanomolar or picomolar concentrations in downstream environments. Nowadays, the permissible exposure limit (PEL) recommended by the Occupational Safety and Health Administration and the Mine Safety and Health Administration 0.01 mg/m 3 i.e. 0.006 nM for all forms of silver.

Silver is highly toxic to many aquatic species especially in its ionic form, due to its high reactivity. Because of its stability, silver accumulates in animal and plants tissues and can disrupt the entire food chain. However, the biological uptake of Ag + in natural environments is limited because it can be quickly bound by DOC, dissolved organic carbon, and amino group containing complexing agents [59]. Among aquatic species, freshwater green algae are known to be very sensitive to silver free ions [START_REF] Ratte | Bioaccumulation and toxicity of silver compounds: A review[END_REF]. Two freshwater green algae (Chlamydomonas reinhardtii and Pseudokirchneriella subcapitata) have been shown to be inhibited in growth already in nanomolar Ag + concentrations range [60]. The exact mechanisms of silver toxicity in green algae are not known, however currently the hypothesis that silver is taken up via copper transmembrane transporters and then replaces copper in copper metalloproteins, thereby decreasing their function in the cell [START_REF] Pillai | Linking toxicity and adaptive responses across the transcriptome, proteome, and phenotype of Chlamydomonas reinhardtii exposed to silver[END_REF].

The goal of our study was to test eighteen loss-of-function genetic mutant strains of Chlamydomonas reinhardtii for sensitivity/tolerance to silver exposure. The mutants have been selected in a previous computational study, in which genes were prioritized according to similarity of gene expression between them and known copper transporters in C. reinhardtii. The underlying assumptions behind this selection was that 1) at least one copper transporter is responsible for uptake of silver in C. reinhardtii and 2) that gene co-expression is a marker of genes involved in similar processes. In the study, we first validated the mutation present in each mutant strain using PCR and then estimated the sensitivity of photosynthesis of the different strains to silver exposure and compared this to the sensitivity of the wild type strain. For the mutant strains that were significantly more/less sensitive to silver than the wild type we also performed a silver accumulation study to validate the hypothesis that uptake/efflux of silver is responsible to the observed differences in sensitivity.

II. Review of literature 1. Chlamydomonas reinhardtii as a model organism a. Presentation of the genus Chlamydomonas

The genus Chlamydomonas is now used as a generic term for certain unicellular photosynthetic flagellates (Figure 1). The genus was definitely redefined based on the laboratory wild-type strain of C. reinhardtii isolated in 1945 in Massachusetts. Although cell body shape and size vary among Chlamydomonas species (defined on morphological criteria), the overall polar structure, with paired apical flagella and basal chloroplast, is constant. Cells are usually free-swimming in liquid media. The nucleus is usually centrally located, with a prominent nucleolus. Most species have a prominent colored eyespot and two or more contractile vacuoles. These features are all apparent by light microscopy and they have been the basis for species recognition [START_REF] Kozminski | A motility in the eukaryotic flagellum unrelated to flagellar beating[END_REF]. Cells of Chlamydomonas are haploid and about 3 -20 μm in size. As it represents a photoautotrophic species it gains energy and carbon from photosynthesis and needs only a simple medium of inorganic salts for growth. However, Chlamydomonas can also grow in darkness if acetate is provided as an alternative carbon source. Reproduction can be sexual or asexual, depending on the environmental conditions. If there is no lack of nutrients, asexual reproduction is predominant [START_REF] Grossman | Phylogenomic analysis of the Chlamydomonas genome unmasks proteins potentially involved in photosynthetic function and regulation[END_REF]. This alga is particularly suitable for studies of photosynthesis because it can grow heterotrophically with acetate as a carbon and energy source, allowing the isolation of mutants deficient in photosynthesis [START_REF] Goodenough | Historical perspective on Chlamydomonas as a model for basic research: 1950-1970[END_REF]. b. Presentation of the species Chlamydomonas reinhardtii C. reinhardtii, the most commonly studied species of Chlamydomonas, has a relatively simple genome, which has been entirely sequenced. It is the only organism for which the transformation of the nuclear, the chloroplastic and the mitochondrial genomes has been achieved [START_REF] Kindle | The molecular biology of chloroplasts and mitochondria in Chlamydomonas[END_REF]. For more than 40 years, this unicellular eukaryote has been intensively used for studies of physiological processes such as photosynthesis, respiration, nitrogen assimilation, flagellar motility and basal body function [START_REF] Kindle | The molecular biology of chloroplasts and mitochondria in Chlamydomonas[END_REF][START_REF] Pillai | Linking toxicity and adaptive responses across the transcriptome, proteome, and phenotype of Chlamydomonas reinhardtii exposed to silver[END_REF]. Gametic differentiation, zygote production, induction of meiosis, isolation of diploid strains are easily controlled in C.

reinhardtii. With its whole genome entirely sequenced and its haploidy, C. reinhardtii can be used as a model organism for cell and molecular investigations [START_REF] Harris | The Chlamydomonas sourcebook. a comprehensive guide to biology and laboratory use[END_REF][START_REF] Harris | Chlamydomonas as a model organism[END_REF][START_REF] Merchant | The Chlamydomonas genome reveals the evolution of key animal and plant functions[END_REF]42].

Silver and algae

a. Silver properties and characteristics

Silver (Ag) is a member of Group 11 of the periodic table and of the second transition series, being situated below copper and above gold. It has an atomic mass of 107.87. It is a rare element that is naturally present in the earth's crust, mainly in the form of metallic silver (associated with other metals, such as gold and copper) but it can be also found as silver salts in minerals [START_REF]Silver facts: Silver as an Element[END_REF].

Silver toxicity to aquatic organisms, historically, has been a concern because of the effluents of photo-processing and mining industries. The toxicity is particularly related to free silver ions (Ag + ) which are highly toxic. Because silver binds weakly to water, its toxicity to bacteria and aquatic organisms is really important. Silver ions can also make some complexes with high affinity to ligands, such as sulfide, chloride, dissolved organic carbon, and biomolecules, that renders the Ag + non bioavailable.

Several heavy metals (such as copper, zinc and iron) are essential for physiological processes but can be toxic at supra or suboptimal concentrations. For instance, copper serves as an essential cofactor for the activity of cytochrome C oxidase in mitochondria, the enzyme that is central for respiration [START_REF] Puig | Copper and iron homeostasis inArabidopsis: Responses to metal deficiencies, interactions and biotechnological applications[END_REF]. Like other organisms, Chlamydomonas is able to keep the homeostasis of essential metal ions in different cellular compartments. There are also other heavy metals (such as silver or mercury) which are not physiologically essential and generally toxic at low concentrations in cells [START_REF] Hanikenne | Chlamydomonas reinhardtii as a eukaryotic photosynthetic model for studies of heavy metal homeostasis and tolerance[END_REF]. Ag + seems to mimic the reduced form of copper Cu + , so it may be transported by either a copper transporter like CTR1 or by a Cu-specific pumps such as P-type Cu-ATPase. Both Ag + and Cu + are Lewis acids, with similar reactivity. Silver can also mimic Na + , thus it may be transported by Na + channels and pumps such as Na + /K + -ATPase [START_REF] Braune | Homeostasis and Toxicology of Essential Metals[END_REF].

b. Ag + uptake and toxicity mechanisms in green algae

Silver perturbs many different molecular pathways and cell function in C. reinhardtii [START_REF] Pillai | Linking toxicity and adaptive responses across the transcriptome, proteome, and phenotype of Chlamydomonas reinhardtii exposed to silver[END_REF]. The main known and hypothesized toxic responses and adaptive response are given in Figure 2. The cumulative effects of all the depicted perturbations leads to a global effect by decreasing drastically the growth of the algae. 

Uptake and Transport of Silver :

The intracellular concentration confirms that Ag + in C. reinhardtii is taken up fast and the bioconcentration factor seems to be high [42]. Cu + transporters CTR1, CTR2 and CTR3 which facilitate Cu + transport across the plasma membrane have been shown to be regulated by Ag + . Regulation of cytoplasmic copper metallo-chapperones (whose role is to transport Cu + to copper containing metalloproteins) by silver has also been demonstrated [START_REF] Pillai | Linking toxicity and adaptive responses across the transcriptome, proteome, and phenotype of Chlamydomonas reinhardtii exposed to silver[END_REF].

Photosynthesis : Exposure to Ag + adversely affects the photosynthetic yield of photosystem II (PSII). The inhibition of the PSII yield is observed already within 15 minutes of exposure. Within one hour, exposure to 200 nM Ag + decreases the photosynthetic yield by nearly 50%. The inhibition of PSII can be explained by the sensitivity of the photosynthetic machinery to Ag + , which can bind to thiols of functional proteins, displacing and replacing trace metals such as Cu + in the process, making the proteins non-functional [START_REF] Xu | Silver(I), mercury(II), cadmium(II), and zinc(II) target exposed enzymic iron-sulfur clusters when they toxify Escherichia coli[END_REF]. This disturbance results in the production of reactive oxygen species (ROS) in the chloroplast compartment.

Antioxidant response : Excessive ROS causes oxidative stress, for example peroxidation of membrane lipids, damage to proteins and DNA. In response to ROS, transcriptional programs are activated which enhance detoxification and repair processes [START_REF] Fischer | The glutathione peroxidase homologous gene Gpxh in Chlamydomonas reinhardtii is upregulated by singlet oxygen produced in photosystem II[END_REF]. In the cytoplasm, ROS can regulate specific stress response transcription factors and damage several other biological functions by interfering with electron transfer chains [START_REF] Marri | Prompt and easy activation by specific thioredoxins of Calvin cycle enzymes of Arabidopsis thaliana associated in the GAPDH/CP12/PRK supramolecular complex[END_REF].

Energy :

The ATP content in response to Ag + exposure decreases significantly in C. reinhardtii at concentrations above 100 nM. The chloroplast and mitochondria are the primary sites of ATP production. The inhibition of the functions of these organelles might be explained by the regulation of key proteins that lead to decrease of the ATP content [START_REF] Pillai | Linking toxicity and adaptive responses across the transcriptome, proteome, and phenotype of Chlamydomonas reinhardtii exposed to silver[END_REF]. Moreover, the replacement of Cu + by Ag + inactivates NADH-dehydrogenase and causes the formation of an inactive complex that can result in inefficient pumping of protons across the membrane [START_REF] Zhang | Highthroughput genotyping of green algal mutants reveals random distribution of mutagenic insertion sites and endonucleolytic cleavage of transforming DNA[END_REF].

Lipid metabolism and autophagy : Ag + can induce lipid bodies directly as a response to lipid membrane damage, acting as storage for precursors of lipid membranes. The number of the lipid bodies in a dose dependent manner upon exposure to silver; the higher the dose, the more lipid bodies there are. The accumulation of lipid bodies can also trigger the autophagy program, which includes destruction of cytoplasmic and chloroplastic ribosomes, regulation of the proteasome, and decrease of carbon fixation. This can begin at very low silver concentration where no effect on photosynthesis or growth are observed [START_REF] Pillai | Linking toxicity and adaptive responses across the transcriptome, proteome, and phenotype of Chlamydomonas reinhardtii exposed to silver[END_REF].

Targeting and transport of proteins : Protein targeting to various organelles is regulated in Ag + exposure. mRNA transcripts of proteins involved in transport of proteins and molecules to the nucleus, endoplasmic reticulum (ER), and plasma membrane are up-regulated whereas transcripts of proteins involved in protein export to the chloroplast and mitochondria are down-regulated [START_REF] Pillai | Linking toxicity and adaptive responses across the transcriptome, proteome, and phenotype of Chlamydomonas reinhardtii exposed to silver[END_REF]. Mitochondria and chloroplast, both organelles of prokaryotic origin, are affected by Ag + , by reducing their functionality but also by decreasing the transport of essential proteins to these organelles.

Growth rate : Upon exposure to Ag + , the growth rate of C. reinhardtii is significantly reduced in a dose-dependent manner. Whereas at 500 nM of Ag + , growth is completely inhibited, growth rates is notably reduced even for low concentrations between 20 and 200 nM [START_REF] Pillai | Linking toxicity and adaptive responses across the transcriptome, proteome, and phenotype of Chlamydomonas reinhardtii exposed to silver[END_REF].

Chlamydomonas reinhardtii mutants

a.

Mutant generation principle

When working with mutants strains, understanding the procedures used to generate them and the encountered difficulties is really important. In the past, using Chlamydomonas as a model organism has been limited by difficulties to obtain mutants very specific genes [START_REF] Li | An Indexed, Mapped Mutant Library Enables Reverse Genetics Studies of Biological Processes in Chlamydomonas reinhardtii[END_REF]. The reason was that homologous recombination, which is normally utilized for mutant generation, isn't really a useful tool in Chlamydomonas. It does not readily express heterologous genes and does not allow targeted integration of foreign DNA into its genome easily [START_REF] Slaninová | Is it possible to improve homologous recombination in Chlamydomonas reinhardtii?[END_REF]. As a result, mutants need to be generated using insertion of DNA sequences into random positions of the genome and later mapped [START_REF] Zhang | Highthroughput genotyping of green algal mutants reveals random distribution of mutagenic insertion sites and endonucleolytic cleavage of transforming DNA[END_REF].

Mutant strains used in our study were generated in the Jonikas lab at Carnegie Institution of Science (Stanford, US). In short, DNA cassettes (CIB1 for LMJ.RY0402 mutants) conferring resistance to paromomycin were transfected into Chlamydomonas strain "CMJ030" by electroporation [START_REF] Li | An Indexed, Mapped Mutant Library Enables Reverse Genetics Studies of Biological Processes in Chlamydomonas reinhardtii[END_REF]. The transfected cells were then grown in antibiotic containing media, where the C. reinhardtii mutants that were able to inactivate paromomycin (to which non-transfected cells are sensitive) were enriched [42]. When DNA insertions were characterized, it was shown that clean insertions were rare, instead small genomic deletions and duplications were often observed, and the majority of mutants contained compound insertions including genomic DNA fragments from distant loci and/or multiple cassettes. The accuracy of insertion site mapping to individual genes was challenging because of insertion of random fragments of genomic DNA from distant loci between the cassette (exogenous DNA) and the "true" genomic flanking sequence. As a result, only around 75% of the mutants are estimated to be correctly mapped in the resulting library. The details of insertion mapping and confidence in the mapping for the 18 mutants used in our study is shown in Table 1.

Mutants

Mutation 

b. Information on the genes selection procedure

The mutants strains used in the study were selected based on previous computational work, using the Netoxi pipeline.

Netoxi-network analysis of toxicity pathways in aquatic organisms-is an integrative systems biology workflow, which infers mutual information co-expression networks by taking in account bioinformatics, statistical analyses of large and diverse collections of omics datasets and important collections of transcriptome data [Appendix 2]. Gene co-expression networks connects genes with similar expression patterns across various conditions, which are likely under common transcriptional regulatory programs and involved in the same biological processes [START_REF] Schmid | Network analysis predicts genes associated with silver toxicity in Chlamydomonas reinhardtii[END_REF]. This approach is particularly relevant because it can provide information on function of genes that have so far not been annotated, and among them genes potentially involved in silver toxicity. Within Netoxi, co-expression networks are build using the aracne algorithm for calculation of mutual information between gene expression profiles and selection of statistically significantly co-expressed genes [START_REF] Margolin | ARACNE: An algorithm for the reconstruction of gene regulatory networks in a mammalian cellular context[END_REF].

The co-expression network of Chlamydomonas reinhardtii which was used for gene prioritization was based on 650 transcriptome samples taken from public databases [START_REF] Schmid | Network analysis predicts genes associated with silver toxicity in Chlamydomonas reinhardtii[END_REF]. Since each gene in the network had many connections, testing all immediate neighbours of the copper transporters (at least one of which was assumed to be the point of uptake of silver into the cell) would be prohibitively time consuming. Therefore, further prioritization of genes was achieved using the following criteria based on known genetic functional annotation and expert knowledge.

1) The first requirements for candidate genes was that they were in the immediate neighbourhood (1 st and 2 nd neighbours) of known copper transporters (CTR1, CTR2, CTR3 and COPT1) or on the shortest path between copper transporters and the copper responsive transcription factor CRR1 (main copper responsive regulator of Chlamydomonas) [START_REF] Schmid | Network analysis predicts genes associated with silver toxicity in Chlamydomonas reinhardtii[END_REF]. 2) candidate genes had to be differentially expressed under silver or copper exposure. 3) Candidate genes were further prioritized if annotated as transporters/transcription factors because the study focused most on the transport part of silver toxicity. 4) Genes were prioritized if their functional annotation was enriched in the immediate neighbourhood of the copper transporters (the hypothesis being that this increases the probability that the genes are involved in similar processes than copper transporters). After considering all these criteria, 40 genes were selected from the 19'500 genes in C. reinhardtii.

For these 40 genes, we checked whether loss-of-function mutants strains were available in the Jonikas library and to which gene part the inserted sequences were mapped. If there were several strains available for a gene, we selected strains with mutations in the coding region and the 5' part of the gene, since these are more likely to lead to a dysfunctional gene. If there were several mutants with a mutation in the coding region, the mutant with the highest probability of correct mapping was chosen. If there weren't any mutations in the coding region, we selected first mutations in the 5'UTR and last those in the 3'UTR. Indeed, the 5'UTR is more stable with regard to the folding of their sequences. According to availability and calculated probability of correctly mapped DNA insertion, we finally selected 18 mutants for toxicity testing. 2 : Main features of the mutants selected in the study. Chromosome locations (CL.) are where the cassette is predicted to be inserted into the chromosome. If there are several chromosome locations, there are several cassettes insertions in the mutant. The length is the gene length without the cassette. In red, there are copper transporters mutants, in dark blue phosphate transporter mutants, in purple the mutants which are involved in Proteins and DNA binding, in orange the FAP mutants, in green the mutant which is involved in metabolic process and in light blue one which deals with targeting of proteins and autophagy [START_REF]Chlamydomonas mutants ordering and information[END_REF][START_REF][END_REF].

Copper transporters (CTR and COPT1) : mutants 1, 11 and 19

Copper transporters are used to transport copper ions between different intracellular compartments and between the outside and inside of the cell. The transporters encoded by CTR and COPT genes are composed of several protein domains, some of which are hydrophobic and used for embedding into the cell membrane. In contrast to many other transporters, the CTR family of copper transporters do not use ATP energy for transport.

Chlamydomonas expresses several CTR family copper transporters, encoded by the COPT1, CTR1, and CTR2 genes and a fourth gene, CTR3. Knock out of the CTR1 gene is lethal for Chlamydomonas species . Therefore, there is no mutant carrying a mutation of this gene in the library. The Chlamydomonas CTR family copper transporter differ widely in size and degree of sequence similarity but have a well-defined domain structure. Their central domain is defined by three membrane-spanning (TM) α-helices; the first (TM1) and second (TM2) are separated by a cytoplasmic loop, while TM2 and TM3 are separated by few amino acids [START_REF] Page | Two Chlamydomonas CTR Copper Transporters with a Novel Cys-Met Motif Are Localized to the Plasma Membrane and Function in Copper Assimilation[END_REF]. Hydrophilic N-terminal and C-terminal domains are oriented to the extracellular environment and the cytoplasm, respectively. These domains are generally rich in metal binding amino acids like Met which is known to be able to bind copper ions and to transfer them to cytosolic copper chaperones . All these features are present in CTR1, CTR2, and COPT1 of Chlamydomonas as shown in Figure 5. The Cys-Met motif, present in all the CTRs offers the highest available affinity for Cu (I) under hypoxic or anoxic conditions and the Met residues offers lower, but still valuable, affinity under more oxidizing conditions. This motif is also interesting because the presence of the 6 Cys residues may be necessary for a correct conformation during the transfer of copper [START_REF] Hanikenne | Chlamydomonas reinhardtii as a eukaryotic photosynthetic model for studies of heavy metal homeostasis and tolerance[END_REF].

In contrast to the other copper transporter, CTR3 hasn't any membrane-spanning αhelices (that means no characteristic transmembrane domain) and it may be a soluble protein.

This suggests that CTR3 is probably not a copper transporter in the conventional sense, but its observed upregulation under conditions of copper deficiency shows that CTR3 has some role in Chlamydomonas copper homeostasis. Since CTR2 and CTR3 lie only 31.7 kb apart in the genome, and exons 1 to 4 of CTR3 map closely onto exons 1 to 4 of CTR2 (79% identity, 85% similarity), it seems that CTR3 is a partial duplication of CTR2 [START_REF] Page | Two Chlamydomonas CTR Copper Transporters with a Novel Cys-Met Motif Are Localized to the Plasma Membrane and Function in Copper Assimilation[END_REF].

The expression of CTR1, CTR2, and CTR3 is upregulated under conditions of copper deficiency, with mRNAs levels increasing up to 20-, 30-, and 15-fold, respectively, depending on the copper concentration. CTR1, CTR2, and CTR3 represent three targets of the CRR1-mediated copper deficiency response pathway in Chlamydomonas. Research has shown that CTR1 is potentially a high-affinity transporter whereas CTR2 is expected to be a low-affinity transporter. Human CTR1 appears to be inhibited by silver while the low-affinity copper transporter doesn't seem to be affected by silver [START_REF] Gupta | Human copper transporters: mechanism, role in human diseases and therapeutic potential[END_REF].

In Chlamydomonas, it has been shown that silver uses copper transporters to enter into the cell, but we don't really know which copper transporter is used. By disrupting the transmembrane copper transporter genes, we hypothesized that silver couldn't enter any more into the cell. If main means of transport is through CTR2 and COPT1, the mutants would be found more tolerant to silver. Since CTR3 is not a soluble protein and therefore not a conventional transporter, it's more difficult to predict how the mutant without the soluble protein CTR3 would react when exposed to silver.

Phosphate transporters : mutants 4, 5 and 6

The directed movement of phosphate into, out of, within a cell, or between cells is regulated by phosphate transporters. Phosphate transporters can work equally in either direction and are driven by a chemiosmotic source of energy. Phosphate transporters are mostly symporters i.e. they use a mechanism of transport in which two different molecules move in the same direction across a membrane. Often, one molecule can move up an electrochemical gradient, taking advantage of another that is moving down its gradient.

In the algae, there are two main families of phosphate transporters: the type B (PTB) and the type A (PTA). Mutants 5 and 6 represent loss-of-function of two members of the PTB family while mutant 4 of a member of the PTA family.

PT-B proteins are believed to be Na + /Pi symporters, catalysing Phosphate inorganic (PI) uptake in chlorophytes . Na + travels down its concentration gradient, while Pi goes against the gradient. The concentration of Na + in the extracellular compartment is approximately 12-fold higher than in the intracellular compartment. The intracellular concentration of Na + is kept low by the Na-K ATPase which is an active transport pump. As long as the Na-K ATPase is functioning the intracellular concentration of Na + is kept low and the symporter will transport Na and phosphate into the cell.

The protein of the PTB family have many transmembrane domains (TMs) and a large hydrophilic loop between the seventh and the eight TMs. PTB2 and PTB6 share the same structure with 12 TMs and the hydrophilic loop after the TM 7 [START_REF] Bonnot | Functional PTB phosphate transporters are present in streptophyte algae and early diverging land plants[END_REF]. PTB6 (mutant 6) is mostly present in the chloroplastic inner membrane. However, its density among the mitochondrial membrane is also approximately 2 fold higher than the one of the PTB2 transporter (mutant 5). [START_REF] Bonnot | Functional PTB phosphate transporters are present in streptophyte algae and early diverging land plants[END_REF] The PTA proteins are mostly H + /Pi symporters, located in the chloroplast envelope . H + /Pi co-transport depends on the electrochemical proton gradient and therefore on the activity of an H + -extrusion pump such as the P-type H + -ATPase.

We hypothesized that PTB6 and PTB2 are not functional, most of inner membrane chloroplast and mitochondrial transporters are not there, potentially preventing silver from entering into the organelle and disrupting the electron transfer chains. Loss-of-function of PTB6 and PTB2 could therefore lead to higher tolerance to silver. Because of its localization in the chloroplast envelope, PTA1 is probably a transporter which exports H + to the cytosol. Therefore, we can assume that this transporter could be involved in the detoxification mechanisms by driving the silver out of the organelles. Without this protein, the mutant of PTA1 is expected to be more sensitive to silver.

Proteins and DNA binding : mutants 2, 8, 9, 10 and 13

Protein binding means specific interactions with any proteins, protein complex, and nonprotein molecules, such as metal ions or DNA. The concerned domains, which are among the most common structural motifs in known proteins, mediate mostly either protein-protein or DNA-protein interactions. They occur in a large number of functionally diverse proteins, such as transcriptional initiators, cell cycle regulators, ion transporters and signal transducers.

Mutant 8 and Ankyrin repeat region

The tetratricopeptide repeat (TPR) is a 34 amino acid structural motif which is identified in a wide variety of proteins. This domain is composed of repeated alpha-helix pair usually gathered in a solenoid. Thus, the TPR possesses a mixture of small and large hydrophobic residues including Leucine 7, Glycine 8, Tyrosine 11, Alanine 20. This mutant (Cre01.g001250) was prioritized by the computational method, without a clear hypothesis of how it should affect silver toxicity.

Mutant 10 and BTB domain

The BTB domain (also known as the POZ domain) is a versatile protein-protein interaction motif that participates in a wide range of cellular functions, including transcriptional regulation and cytoskeleton dynamics. Many members of this large family have been characterized as important transcriptional factors because their architecture suggests a model in which the dimeric BTB domain connects DNA binding regions [START_REF] Stogios | Sequence and structural analysis of BTB domain proteins[END_REF].

The BTB domain are mainly represented by the BTB-zinc finger (BTB-ZF). The structure of the dimerised ZF BTB/POZ domain consists in a closely intertwined homodimer [START_REF] Stogios | Sequence and structural analysis of BTB domain proteins[END_REF]. The central scaffolding of the protein, mostly composed of alpha-helices, allows some interactions with accessory proteins which take part in chromatin remodelling and transcription repression. This mutant (Cre06.g278184) was prioritized by the computational method, without a clear hypothesis of how it should affect silver toxicity.

Mutant 9 and ankyrin domain

The ankyrin repeat is a 33 amino acid structural motif gathered in two alpha helixes separated by loops. Ankyrin repeats typically fold together in a single, linear solenoid structure called ankyrin repeat domains. The wide lateral surface of ankyrin repeat structure is composed of mostly hydrophobic residues. Because the protein has potential metal-binding domains, we hypothesize that it may be involved in Ag binding in the cytoplasm [START_REF] Behal | Subunit Interactions and Organization of the Chlamydomonas reinhardtii Intraflagellar Transport Complex A Proteins[END_REF].

Mutant 2 : CRR1 Copper Response Regulator 1

Copper response regulator 1 (CRR1) is a SBP-domain transcription factor. This is the main regulator of nutritional copper signaling in Chlamydomonas reinhardtii, which means it can activate necessary genes during periods of copper deficiency. Chlamydomonas CRR1 is located in to the nucleus, a location consistent with its function as a transcription factor. Moreover, this gene possesses a lot of Ankyrin repeat and BTB domains.

The Zn binding SBP domain of CRR1 binds copper ions in vitro. Cu(I) can replace Zn(II), but the Cu(II) form is unstable [START_REF] Sommer | The CRR1 nutritional copper sensor in Chlamydomonas contains two distinct metal-responsive domains[END_REF]. The DNA binding activity is inhibited in vitro by Cu(II) or Hg(II) ions, which also prevent activation of transcription in vivo, but some metals such as Co(II) or Ni(II) don't have any effect on its activity. These results implicate the SBP domain in copper sensing [START_REF] Sommer | The CRR1 nutritional copper sensor in Chlamydomonas contains two distinct metal-responsive domains[END_REF]. CRR1 is activated by changes in Cu concentrations, so if a CRR1 mutant is less/more sensitive to silver than the WT, we would expect silver toxicity to act via copper ion bioavailability.

Mutant 13 and Small MutS-Related domain

The Small MutS-Related (SMR) domain was originally found in the C-terminal domain of a protein, MutS2 which is a member of the MutS family. There are 3 subfamilies and every one shows endonuclease activity and specificity for branched DNA structures. That's why MutS is a key enzyme in DNA mismatch. It repairs and corrects mismatched bases produced during DNA replication and other biological processes. [START_REF] Gan | The fission yeast Schizosaccharomyces pombe has two distinct tRNase ZL s encoded by two different genes and differentially targeted to the nucleus and mitochondria[END_REF] MutS2 is thought to suppress homologous recombination by endonucleolytic resolution of early intermediates in the process [START_REF] Gan | The fission yeast Schizosaccharomyces pombe has two distinct tRNase ZL s encoded by two different genes and differentially targeted to the nucleus and mitochondria[END_REF]. This mutant (Cre10.g418400) was prioritized by the computational method, without a clear hypothesis of how it should affect silver toxicity

Photosynthesis : mutant 3

Cytochromes P450 constitute the largest and functionally most versatile enzyme superfamily found in nature [START_REF] Lamb | Unusual properties of the cytochrome P450 superfamily[END_REF]. These heme-containing enzymes are found in throughout life because of their extremely diverse amino acid sequences. They participate in many different biological processes dealing with general biosynthetic functions (e.g., steroid, terpenoid and carotenoid biosynthesis) or in specific metabolism (plant defence molecules) or in detoxification of xenobiotic chemicals such as drugs and pollutants [START_REF] Mellor | Fusion of Ferredoxin and Cytochrome P450 Enables Direct Light-Driven Biosynthesis[END_REF][START_REF] Lamb | Unusual properties of the cytochrome P450 superfamily[END_REF].

The gene CYP745A1 encodes a protein which is involved in photosynthesis ; the cytochrome P450. The majority of these cytochromes is located in the ER and in chloroplast membranes by means of an N-terminal transmembrane span [START_REF] Zhao | Research progress relating to the role of cytochrome P450 in the biosynthesis of terpenoids in medicinal plants[END_REF].

For their catalytic activity (introduction of atmospheric oxygen into nonactivated carbon-hydrogen bonds), P450s requires reducing equivalents, which are usually provided by NADPH or NADH, depending on the specific P450 oxidoreductases (POR) [START_REF] Lamb | Unusual properties of the cytochrome P450 superfamily[END_REF]. Some of these cytochrome P450 are present in C. reinhardtii chloroplasts, they target the enzyme to the thylakoid membrane and drive the reaction using reduced ferredoxin (Fd) [START_REF] Mellor | Fusion of Ferredoxin and Cytochrome P450 Enables Direct Light-Driven Biosynthesis[END_REF]. This mutant (CYP17) was prioritized by the computational method, without a clear hypothesis of how it should affect silver toxicity.

Targeting and transport of proteins along the flagella : mutants 12, 14 and 16

These proteins affected in mutants 12,14 and 16 have two important properties. First, they are Flagellar Associated Proteins and secondly they are mostly involved in signal transduction. These FAP are mostly involved in Intraflagellar Transport, IFT [START_REF] Behal | Subunit Interactions and Organization of the Chlamydomonas reinhardtii Intraflagellar Transport Complex A Proteins[END_REF]. First identified in Chlamydomonas reinhardtii, IFT is characterized by the bidirectional transport of large protein particles along the axonemal microtubules of eukaryotic cilia and flagella [START_REF] Kozminski | A motility in the eukaryotic flagellum unrelated to flagellar beating[END_REF][START_REF] Kozminski | The Chlamydomonas kinesin-like protein FLA10 is involved in motility associated with the flagellar membrane[END_REF]. While there is no immediately clear hypothesis for involvement of FAP proteins in silver toxicity, one option is that the IFT is somehow involved in AG detoxification and disrupting IFT would therefore disrupt Ag detoxification, making the FAP mutants more sensitive to silver exposure.

Features of the EF-hand domain pair with the mutant 14

The EF-hand is one of the most common structural motifs in animal genomes and EF-hand Ca 2+ binding proteins (EFCaBPs) are widely distributed throughout the cell. This is a common helix-loop-helix motif which unites a pair of motifs together to constitute a structurally stable four-helix bundle domain [START_REF] Chazin | Relating Form and Function of EF-hand Calcium Binding Proteins[END_REF]. EF-hand Ca 2+ binding proteins (EFCaBPs) are central players in all aspects of Ca 2+ signaling events, with diverse roles dealing with controlling the opening and closing of Ca 2+ channels by modulating the intensity and duration of Ca 2+ signals and by transducing these signals into biochemical and biomechanical responses [START_REF] Chazin | Relating Form and Function of EF-hand Calcium Binding Proteins[END_REF].

Features of the PAS domain with the mutant 12

A Per-Arnt-Sim (PAS) domain is a protein domain which acts as a molecular velcro whereby small molecules and other proteins can be associated to. Due to this velcro ability, the PAS domain has been shown as the key structural domain involved in protein-protein interactions but it's especially found in signaling proteins, where it acts as a signaling sensor. Signals can be propagated within PAS domains as a combination of conformational and dynamic changes [START_REF] Möglich | Structure and Signaling Mechanism of Per-ARNT-Sim Domains[END_REF]. These domains are frequently found on proteins with other environmental sensing mechanisms; thus many of them are attached to photoreceptive cells.

The FAL11 protein is similar to Flagellar Associated Protein FAP 154. The mutant 12 is hypothesized to carry a mutation which is supposed to prevent the signal transduction from being able to trigger environmental sensing mechanisms.

Features of the adenylate kinase with the mutant 16

FAP42 is predicted to have adenylate kinase activity. Adenylate kinase is an enzyme which is present at high levels in all energetically active tissues. It catalyses the interconversion of the adenine nucleotides: AMP + ATP = 2 ADP. This reaction is essential to generate AMP to ADP (and subsequently to ATP) and necessary for all metabolisms. If adenylate kinase is inactivated, the conversion of AMP to ADP is disturbed. Changes in the relative concentrations of the adenine nucleotides will affect the regulation of energy metabolism of the cell [START_REF] Glembotski | Adenylate energy charge in Escherichia coli CR341T28 and properties of heat-sensitive adenylate kinase[END_REF]. Further, a decrease in the concentration of ADP might become a limiting factor in oxidative phosphorylation and, thus, in growth. This can lead to a decrease in phospholipid biosynthesis, which may impair the membrane function by limiting electron transport phosphorylation. FAP42 is a adenylate/guanylate kinase-like protein which is involved in all protein transport process and indirectly in a lot of intracellular signal transduction [START_REF] Pazour | The DHC1b (DHC2) isoform of cytoplasmic dynein is required for flagellar assembly[END_REF]. A mutation of this gene (mutant 16) could block protein particles movement along the axonemal microtubules of the flagella and the smooth functioning of the energy metabolism.

Energy and metabolism : mutant 7

UDP-Glucose Pyrophosphorylase (474 aa) is a protein which plays a very important role in the amino sugar and nucleotide sugar metabolism. The nucleotide sugar biosynthesis creates from the glucose many other sugars and also starch which are necessary for the algae growth [START_REF] Li | Isolation and characterization of a sodium-dependent phosphate transporter gene in Dunaliella viridis[END_REF]. Without this protein family, it's the initial step of this specific and essential metabolism that can't be carried out. This mutant (UGP1) was prioritized by the computational method, without a clear hypothesis of how it should affect silver toxicity.

Targeting of proteins and autophagy : mutant 17

tRNase enzyme family are involved in the correct formation of mRNA from the cleavage to the maturation. Among the endonucleases, the RNase J and RNase E are thought to be the most relevant enzymes for intercistronic mRNA cleavage in chloroplasts, while RNase Z (TRZ2) and PRORP are important for the maturation of tRNAs [START_REF] Li | An Indexed, Mapped Mutant Library Enables Reverse Genetics Studies of Biological Processes in Chlamydomonas reinhardtii[END_REF].

The overexpression of trz2 is known to cause a dosage-dependent growth defect in S. pombe cells, abnormalities in cell-cycle progression and apoptotic cell death, suggesting that trz2 expression is under a precise control to avoid overexpression of the gene [START_REF] Gan | The fission yeast Schizosaccharomyces pombe has two distinct tRNase ZL s encoded by two different genes and differentially targeted to the nucleus and mitochondria[END_REF]. These previous findings and others also suggest that a low level of Trz2 is sufficient for mitochondrial tRNA 3¢-end maturation [START_REF] Gan | The fission yeast Schizosaccharomyces pombe has two distinct tRNase ZL s encoded by two different genes and differentially targeted to the nucleus and mitochondria[END_REF][START_REF] Glembotski | Adenylate energy charge in Escherichia coli CR341T28 and properties of heat-sensitive adenylate kinase[END_REF][START_REF] Goodenough | Historical perspective on Chlamydomonas as a model for basic research: 1950-1970[END_REF][START_REF] Grossman | Phylogenomic analysis of the Chlamydomonas genome unmasks proteins potentially involved in photosynthetic function and regulation[END_REF][START_REF] Gupta | Human copper transporters: mechanism, role in human diseases and therapeutic potential[END_REF][START_REF] Hanikenne | Chlamydomonas reinhardtii as a eukaryotic photosynthetic model for studies of heavy metal homeostasis and tolerance[END_REF][START_REF] Harris | The Chlamydomonas sourcebook. a comprehensive guide to biology and laboratory use[END_REF][START_REF] Harris | Introduction to Chlamydomonas and its Laboratory Use. The Chlamydomonas Sourcebook[END_REF][START_REF] Harris | Chlamydomonas as a model organism[END_REF][START_REF] Hooton | Randomization tests: statistics for experimenters[END_REF][START_REF] Jackson | Instructions for characterizing insertion sites by PCR[END_REF][START_REF] Kindle | The molecular biology of chloroplasts and mitochondria in Chlamydomonas[END_REF][START_REF] Kozminski | A motility in the eukaryotic flagellum unrelated to flagellar beating[END_REF][START_REF] Kozminski | The Chlamydomonas kinesin-like protein FLA10 is involved in motility associated with the flagellar membrane[END_REF][START_REF] Lamb | Unusual properties of the cytochrome P450 superfamily[END_REF][START_REF] Li | Isolation and characterization of a sodium-dependent phosphate transporter gene in Dunaliella viridis[END_REF][START_REF] Li | An Indexed, Mapped Mutant Library Enables Reverse Genetics Studies of Biological Processes in Chlamydomonas reinhardtii[END_REF][START_REF] Page | Two Chlamydomonas CTR Copper Transporters with a Novel Cys-Met Motif Are Localized to the Plasma Membrane and Function in Copper Assimilation[END_REF][START_REF] Magdeldin | TwoDimensional Polyacrylamide Gel Electrophoresis -A Practical Perspective[END_REF]. Nevertheless, we don't have any clear assumption of how the disruption of TRZ2 could change silver pathways into the cell.

Mutant 15

There is no information about this gene and we don't have a clear hypothesis how Cre07.g353900 could be involved in in silver toxicity in algae.

III. Materials and methods

Culture a. Culturing algae on Agar plates

Stock cultures for all strains of Chlamydomonas were obtained from the Chlamydomonas Resource Center (University of Minnesota, USA). Each month after obtaining the initial cultures, the algae were transferred from the old plates to fresh ones. Individual colonies were picked by touching them with the tip of a toothpick, and transferring them to a plate; each plate contained approximately 200 μL of liquid TAP medium. These plates were incubated in a multitron under constant conditions of temperature, light and rotatory agitation (25 ºC, 276 µE m -2 s -1 , 90 min -1 ), which allowed to keep the strains alive for the duration of the study. Agar plates are made with a mixture containing 2.5 g of agar, 5 μg/mL of paromomycin diluted in one liter of TAP medium.

b. Dividing a mutant strain into several colonies

To have individual colonies, a clump of algae cells is streaked from the outside border of the agar plate toward to center by rubbing it back and forth on the agar. The goal is to spread out the cells as much as possible to pick up a small number of cells. Then, the just generated streak is rubbed across with the toothpick ; the goal of this second streak is to pick up the smallest number of cells possible by trying to avoid the clump of cells deposited in the prior step. Without lifting the toothpick off the agar, the last step is to rub it back and forth over an untouched part of the agar plate. This is the region where single cells should form colonies.

Once grown, these colonies are visually recognizable as round colonies physically separated from the other colonies, and are selected to DNA extraction. Growing the algae in TAP medium

Cultures are grown in TAP medium, an inorganic growth medium containing all necessary salts, nutrients and trace metals for growth of C. reinhardtii. The composition of TAP medium is listed in Table 7. Algal growth takes place in glass Erlenmeyer flasks placed in a Multitron incubator. Algae are acclimated to the culture medium TAP (described above) by using successive cultures (25 ºC, 276 µE m -2 s -1 , 90 min -1 ). Three successive cultures in TAP medium are always performed to obtain three replicates for each experiment. To remove the algae from the "old" medium, the cultures are centrifuged at 1500 rpm for 10 min and at 23 °C with a Megafuge 1.0R ((Heraeus® Megafuge 1.0R, Thermo Scientific, Waltham, USA) in 50 mL polypropylene (PP) Falcon tubes.

New batch cultures are prepared by transferring the pellet of algae in the exponential growth phase (expected to occur between 24 and 40 h after the inoculum, 28h is chosen) of the pre-culture into fresh culture medium. After 28 hours of growth time since the last replacement of fresh TAP, the algae are in the exponential growth phase and can be used for the experiment. The density of algae to start a new subculture in fresh culture medium is measured with spectrophotometer (Uvikon 930) at 685 nm wavelength and kept between 0.05 and 0.1 optical density (OD). This range of OD corresponds with an approximate density of 2 x 10 5 cells per ml. To allow optimal and comparable growth conditions, a timetable of culture growth is maintained (Table 3). 

Start

Exposure

In all experiments, exponentially growing algae (i.e. time point 28 hours) are used to assure their fitness, because stress can occur afterwards due to nutrient reduction. The exposure to free silver ions is performed in 25 ml glass vials. As a preliminary step 10 ml MOPS is added into each glass vial corresponding to the control samples; 9,9 mL of MOPS and 100 ul of silver are poured in all the others glass vials at the final concentration of 0, 20, 40, 80, 120, 160, 200 and 500 nM. For each concentration in our study, there were three culture replicates (i.e. biological replicates) and experiments were repeated three times (i.e. technical replicates).

Exponentially growing algae are centrifuged and resuspended in the glass vials to the following concentration : 2•10 5 cell mL -1 . Right after the start of the algal exposure, the glass vials are put into a Multitron, where they remain during the whole experiment. Time measurement starts when the algae is added to the silver/MOPS solution. After 1 hour of exposure, 3.5 mL aliquots of each flask are pipetted into 4 mL quartz cuvettes for fluorometry. Magnetic stirring is applied throughout the experiment. The short exposure times (1 hours) also help to avoid the interaction of silver with algal exudates, which can increase silver speciation [START_REF] Fortin | Thiosulfate enhances silver uptake by a green alga: Role of anion transporters in metal uptake Environmental Science and Technology[END_REF].

Measurement of photosynthetic activity by fluorometry

The photosynthetic activity of Chlamydomonas reinhardtii was measured with a pulse-amplitude-modulated Phyto-PAM chlorophyll fluorometer (Heinz Walz Gmbh, Effeltrich, Germany), equipped with a Photomultipler-Detector, which is used to detect fluorescence. For the PSII yield determination, the PHYTO-PAM instrument uses four LED lamps of 470, 520, 645 and 665 nm wavelengths, which emit short saturation pulses of 10 μs.

Chlorophyll fluorescence is used as proxy for photosynthetic efficiency. It is based on the principle that light energy captured by the chlorophyll molecules can be used to drive photosynthesis (photochemistry), and the excess of energy can be dissipated as heat or emitted as light or fluorescence. The parameter that measures the efficiency of photosystem II photochemistry is the quantum yield of PSII photochemistry, ΦPSII [START_REF] Maxwell | Chlorophyll fluorescence -a practical guide[END_REF].

The reaction centers of the Photosystem are closed due to the light pulses and the electron acceptors (e.g. Plastocyanin) are in the reduced state, which allow us to measure a maximum fluorescence (Fm). The steady-state fluorescence (background fluorescence, Ft) is achieved by exposing the sample to an actinic (i.e. photosynthetic) light for a suitable period of time. The comparison between the maximum fluorescence and the fluorescence in the steady-state lets us to calculate the maximum quantum yield of PSII (фM) (Equation 1).

фM = = (1)
Inhibition due to Ag will decrease Fm and with it also the yield of PSII corresponding to the photosynthetic yield.

Bioaccumulation with the "wash experiments"

a. Principle

Silver is particularly dangerous because it tends to bioaccumulate. Bioaccumulation means an increase, in the concentration, in our study of silver in a biological organism over time, compared to the silver's concentration in the environment. Compounds accumulate when they are taken up and stored faster than they are metabolized or excreted.

Bioaccumulation experiments are essential to measure both total and intracellular Ag + concentrations. The intracellular concentration is determined by washing the algae with cysteine which acts as a ligand for extracellular silver over time. The cysteine washing time is chosen to be 5 min, which is enough long to complex most of the extracellular bounded Ag + , but not too long for possible intracellular Ag complexation. b.

Technique

The day before the experiment started, cellulose-nitrate filters (pore size 0.45 μm; Sartorius, Goettingen, Germany) are boiled at 90 °C in HNO 3 0.03 M. The filters are installed in small plastic dishes and heated in an oven overnight at 50°C. All the experimental devices (i.e. plastic tweezers, filtration unit, magnetic stir bars, PP volumetric flasks) are cleaned with HNO 3 0.03 M before use.

Exponentially growing algae are centrifuged and resuspended in 350 mL 10 mM MOPS with a final concentration of 5•10 6 cell/ml. Magnetic stirring is applied throughout the experiment to assure the same conditions in the three 150 ml Erlenmeyer. After 15 minutes of acclimatization, a 40 ml aliquot is filtered using a PC filter holder (SM 16510, Sartorius AG; Goettingen, Germany) for vacuum filtration, to control for silver contamination. Filters are carefully removed using plastic tweezers and enclosed in a Petri dish. Then, algae are exposed to 30 nM AgNO 3 for 1 hour. After the exposure, an aliquot is filtered for quantification for the total silver (i.e. extra-and intracellular). A final concentration of cysteine of 0.5 mM is added to complexate the extracellular silver. After 5 minute wash, again 40 ml of the sample content is filtered for the intracellular Ag determination. The experiment is repeated for three culture replicates.

The filters are put in small plastic dishes and heated in an oven overnight at 50°C. they are stored in a dessicator until being digesting and putting in the HR-ICP-MS.

DNA extraction

The extraction of DNA is performed in 2.5 ml plastic tubes. As a preliminary step, 50 μL of 10 mM EDTA is added to as many PCR tubes as DNA samples being extracted (e.g. 8 tubes for 8 samples). After letting the colonies grow until at least 3mm diameter (to have enough DNA for subsequent PCR) the bulk of a single colony is picked with a sterile toothpick into each tube and swirled to be resuspended. After swirling, the solution in the tube is light green. Every colony, from which DNA is extracted, must be stored because it can be useful for starting future experiments with the specific colony that give the desired PCR results [START_REF] Jackson | Instructions for characterizing insertion sites by PCR[END_REF] .

Maintaining the homogeneity of this mixture by shaking the tubes regularly (before boiling them at 100°C for 10 minutes and cooling at 4°C for 1 minute) is necessary. The solution is centrifuged at 1000g for 1 minute to separate the supernatant which should now contain DNA from the algae pellet. To finish, the supernatant is transferred to a fresh tube and can be frozen at -20°C [START_REF] Jackson | Instructions for characterizing insertion sites by PCR[END_REF].

PCR (Polymerase Chain Reaction)

a. Principle

The basic PCR principle is simple. As the name implies, it is a chain reaction: one DNA molecule is used to produce two copies, then four, then eight and so forth. This laboratory technique for DNA replication allows a "target" DNA sequence to be selectively amplified by using a small sample of DNA and cloning and amplifying it into millions of copies. The PCR involves a primer with some enzymes to amplify a precise sequence of DNA. The basic principle of replicating a piece of DNA using two primers had already been described by Gobind Khorana in 1971. "PCR is based on using the ability of DNA polymerase to synthesize new strand of DNA complementary to the offered template strand."

The PCR reaction requires five components: the DNA Template (the double stranded DNA of interest), the DNA Polymerase (specific proteins and able to link together individual DNA building blocks to form long double stranded DNA, their optimum temperature is about 70°C), the oligonucleotide primers (short pieces of single stranded DNA which are complementary to the 3' ends of the sense and anti-sense strands of the target sequence) [Appendix 3], the desoxynucleotide triphosphates (the supply of DNA building blocks, i.e. the nucleotides consisting of the four bases (A,T, C and G) and a buffer system (assuring the optimal conditions for DNA denaturation and renaturation but also for polymerase activity, stability and fidelity) [54]. There are three major steps in a PCR cycle : denaturation, annealing, and extension (Figure 8). The first is the denaturation, which involves heating the reaction mixture to 95°C for 30 seconds. The double stranded DNA is denatured to single strands due to breaks in weak hydrogen bonds. The second step is the annealing which happens at a lower temperature, 50-60°C for 45 seconds. This allows the primers to bind (anneal) to their complementary sequence template DNA strands The newly-formed DNA strand of primer attached to template is then used to create identical copies of the original template strands desired. The extension occurs at the end of the annealed primers to create a complementary copy strand of DNA (72°C for 2 minutes). The polymerase enzyme sequentially adds bases to the 3′ of each primer, extending the DNA sequence from the 5′ to 3′ extremity. Under optimal conditions, DNA polymerase will add about 1,000 base pairs/minute.

b. Technique

A GoTaq® G2 Green Master Mix was used for carrying out the PCR. This mixture is a premixed ready-to-use solution containing the GoTaq® G2 DNA Polymerase, dNTPs, and all the components of the buffer system at optimal concentration for an efficient amplification of the DNA templates by PCR. There are several DNA templates, corresponding to all the different strains isolated for each mutants. Each mutant has its own designed primers corresponding to the sequence we want to amplify. In every tube prepared for the PCR, a very precise reaction mixes on ice for a 25 μL reaction volume is put together (Table 4).

Components

Volume A special programme was created to fit well to Chlamydomonas mutants DNA according to the library protocol (Table 5) [START_REF] Jackson | Instructions for characterizing insertion sites by PCR[END_REF]. 

Chlamydomonas reinhardtii

Electrophoresis a. Principle

Gel electrophoresis is a technique used to separate DNA fragments (or other macromolecules, such as RNA and proteins) based on their size and charge. Electrophoresis involves running a current through a gel containing the molecules of interest. Based on their size and charge, the molecules travel through the gel at different speeds, allowing them to be separated from each other. All DNA molecules have the same amount of charge per mass. So, gel electrophoresis of DNA fragments separates them only based on size. Once the fragments have been separated, we can examine the gel and see what sizes of bands are found on it.

One well is reserved for a DNA ladder, a standard reference that contains DNA fragments of known lengths. Commercial DNA ladders come in different size ranges, so we wanted to pick one with good "coverage" of the size range of our expected fragments.

[Appendix 4] The matrix used for electrophoresis should have adjustable but regular pore sizes and be chemically inert, and the choice of which gel matrix to use depends primarily on the sizes of the fragments being separated. The percentage of agarose used depends on the size of DNA fragments (Table 6). The concentration of agarose is referred to as a percentage of agarose to volume of buffer (w/v), and agarose gels are normally in the range of 0.2% to 3%. The lower the concentration of agarose, the faster the DNA fragments migrate. In general, if the aim is to separate large DNA fragments, a low concentration of agarose should be used, and if the aim is to separate small DNA fragments, a high concentration of agarose is recommended [START_REF] Magdeldin | TwoDimensional Polyacrylamide Gel Electrophoresis -A Practical Perspective[END_REF]. 

b. Technique

To prepare the gel, 1.5 g of agarose powder is mixed with 100 ml of electrophoresis TAE-buffer to the desired concentration, and heated in a microwave oven to melt it. The expected sizes of the genotype-specific PCR products are between 650 and 2000 bp. Therefore, 1.5% agarose concentration was used for the electrophoresis of the PCR amplicons. SYBR Safe, a variant of SYBR Green, is added to the gel (final concentration 0.5 ug/ml) to facilitate visualization of DNA after electrophoresis. After cooling the solution to about 60 o C, it is poured into a casting tray containing a sample comb and allowed to solidify at room temperature. After the gel has solidified, the comb is removed, taking care not to rip the bottom of the wells. The gel, still in plastic tray, is inserted horizontally into the electrophoresis chamber and is covered with buffer TAE for 45 min at 100V. Samples containing DNA mixed with loading buffer are then pipetted into the sample wells, the lid and power leads are placed on the apparatus (Figure 9), and a current is applied. The current flow can be confirmed by observing bubbles coming off the electrodes. DNA will migrate towards the positive electrode, which is usually colored red, in view of its negative charge. The distance DNA has migrated in the gel can be judged by visually monitoring migration of the tracking dyes like bromophenol blue and xylene cyanol dyes (Figure 9)

Chemicals

All stock solutions, working solutions and dilutions were prepared in deionized nanopure water (18.2 MΩ, Thermo Scientific Barnstead Nanopure, Skan AG, Basel-Allschwil, Switzerland).

a. TAP medium b. EDTA EDTA was used for the DNA extraction procedure, in order to maintain an environment favourable to the conservation of the DNA. An EDTA stock solution of 200 mM was produced and stored in the fridge to prevent redox reactions.

Components

Final concentration uM Na2EDTA pH 6. [START_REF] Chazin | Relating Form and Function of EF-hand Calcium Binding Proteins[END_REF] 

c. Silver

Silver nitrate (AgNO3) was used as the source of silver ions for the experiments, since it readily dissolves in water. Silver solutions were prepared using silver nitrate (AgNO3; ≥ 99.5%) from Fluka.

Figuring out the best array of concentrations for the toxicity experiments is very important to be able to construct the dose response curve (DRC). The DRC can be defined as a X-Y graph illustrating the relation between exposure concentration of silver and the proportion of photosynthetic yield. The inflection point of the curve is the EC50. We need to have enough points on the slope for a good fit of the dose response curve. Based on previous work, we have selected the following concentrations for silver exposure : 0, 20, 40, 80, 120, 160, 200 and 500 nM.

Ag (nM)

ml/10 ml 20 

d. MOPS

The buffer 3-morpholinopropanesulfonic acid (MOPS) was used to prepare the exposure medium for the experiments, since it does not interact with silver and it maintains a constant pH at 7.5. MOPS dilutions were prepared from a powder stock and stored as 0.1 M dilution in nanopure water in an acid-washed 1 L Schott flask after autoclave. For the experiments, a 10 mM dilution was prepared in nanopure water. However, MOPS does not contain essential nutrients for algae, therefore algae are not able to survive in MOPS for a long time. MOPS without chloride in the composition was used since it can lead to the formation of AgCl, which is able to cross the membrane by passive diffusion due to its electroneutrality [START_REF] Fortin | Silver uptake by the green alga Chlamydomonas reinhardtii in relation to chemical speciation: Influence of chloride[END_REF].

e. TAE

The buffer TA is a combination of Tris which is a strong base (T), acetate (A) which is an acid and EDTA (E), which is a buffer at slightly alcaline range (pH 8-8.5). TAE buffer is added to maintain the pH of the DNA solution to neutral. Electrolysis can lead to electrolysis of water molecules and thereby release of H+ ions. These H+ ions can interact with the negatively charged DNA, neutralizing it and therefore stopping electrophoretic movement of DNA. EDTA is a chelating agent that sequesters divalent ions, in particular magnesium ions. Thus, it can inactivate enzymes that degrade DNA (since most DNA degradation enzymes require metal ions to function, chelating these ions will prevent these enzymes from working well).

To prepare 1 liter of 50× TAE 242 g Tris base, 57.1 ml glacial acetic acid and 100 ml 0.5 M EDTA (pH 8.0) are dissolved in 600 ml of deionized water. The final volume is adjusted to 1 liter with deionized water.

f. Agarose

Agarose is a natural linear polymer extracted from seaweed that forms a gel matrix by hydrogen-bonding when heated in a buffer and allowed to cool. Therefore, agarose gels are simple and fast to prepare [START_REF] Chawla | Basic techniques[END_REF]. They are the most popular medium for the separation of moderate and large-sized nucleic acids and have a wide range of separation but a relatively low resolving power, since the bands formed in the gels tend to be fuzzy and spread apart.

Data analysis a. Toxicity tests

Toxicity experiments were carried out for each algae mutant exposed to silver ions. These experiments were performed by measuring the photosynthetic yield of Photosystem II (PSII) with a pulse-amplitude modulation (PHYTO-PAM) instrument by fluorometry. First, the average photosynthetic yield of the green algae was determined by averaging over three measurements (cf: the three pulses). Then, the data were normalized, i.e. the control value (the first Erlenmeyer without any trace of silver) was set to 100 % and this allow us to calculate the effect of each concentration of silver relative to the control photosynthetic yield.

Normalization

Determination of the EC50 using non-linear regression

The EC50, which is the Half maximal effective concentration (concentration of a toxicant which induces a response halfway between the baseline and maximum after a specified exposure time, i.e. the concentration of silver where 50% of its maximal effect is observed ) was calculated using non-linear regression. The following two-parameters logistic curve was used to model the dependence of photosynthetic yield on silver concentration (Equation 2).

(2)

Where :

Yield = relative photosynthetic yield of PSII (%)
= silver concentration in exposure media (mol. L -1 ) Hillslope = largest absolute value of the slope of the curve The gradient-descent algorithm was used for the optimization, while the sum of squared residuals (chi-square) was used as objective function

EC50 confidence intervals using non-linear regression and profile likelihood

Profile likelihood can be used to infer confidence intervals for model based parameters, using sequential optimization. In our case, the non-linear regression curve has two parameters, the logEC50 and the Hill slope. Starting from the optimum parameter value, the confidence intervals are determined by fixing the values of one parameter, while using the other one for optimization. This is repeated for values further and further away from the optimum, until the fit is worse than a predefined threshold. In our case, the threshold was set as the 0.05 quantile of the chi-squared distribution with degree of freedom equal to 3. (Figure 10) 

b. Analysis of PCR and electrophoresis

The results of the PCR were shown on the agarose gel. By comparing the electrophoresis driven migration of the ladder of DNA fragments to the migration of our sample, it is possible to deduce whether mutants strains carry the expected mutation. The accuracy of DNA size by electrophoresis is around 50 bp. (Base pairs) For all mutants, the organisation of the gel is the same : in the first column there is a 1k bp ladder and there are several strains per mutant. Each strains has tree columns. In the first column it is checked that the junction between the cassette and the target gene is present. The second column is to confirm that the cassette (whole or partial) can be found inside the gene. The third is a control on one random gene just to check if the DNA of the algae is trustable or not [START_REF] Jackson | Instructions for characterizing insertion sites by PCR[END_REF].

The ideal conditions to be able to validate the mutants are as follow : In the column concerning the junction cassette-gene, a band with a fixed size is expected for every gene. That means that the sequence recognized by a special primer mixture is amplified. It could be either the junction between the "Target gene" forward and the cassette reverse or the one between the other side of the cassette characterized by the primer forward and the "Target gene" reverse. A band shows that there is at least a part of the cassette (through the junction cassette-genome), which is supposed to be enough to render the gene dysfunctional. In the second column, the size of the gene is measured thanks to the primers TG-fwd and TG-rev. Several cases are relevant to mention. Here, there are several possible outcomes. If there is a band of the gene size, that means that there isn't any cassette in the gene, so this mutant isn't a mutant. If the band is higher than expected, there is probably a more or less complete part of the cassette inserted. If there are multiple bands below the one representing the gene, the primers probably aren't specific enough. The length of the whole cassette is approximately 2500 bp. That's why, it's too large to be amplified by a standard PCR. So, if the cassette is well inserted, there isn't any band in this column.

Finally, one band corresponding with a positive DNA control is expected in the third column. The insertion sites in the mutants can be very complicated. For example, it's possible to have at least a part of the cassette and no band or not the expected one in the first column, but still the required mutation. If there is just the middle of the cassette inserted into the gene, this junction can't be recognized and amplified by the primers even if it is the expected mutant. 

IV. Results

Results of the mutants characterization

Of the 18 mutants tested, 14 (74%) were validated by PCR, consistent with the 75% confirmation rate observed for the mutant library [START_REF] Li | An Indexed, Mapped Mutant Library Enables Reverse Genetics Studies of Biological Processes in Chlamydomonas reinhardtii[END_REF]. We present here an example of a validated mutant, a couple of rejected mutants and some troubleshooting examples. The PCR analysis for the remaining mutants can be found in Appendix 7 and the summary of the results is given in Table 10.

Mutants

Number 

a. Example of validated mutant with CTR2

Six different colonies were tested for the presence of the predicted loss-of-function mutation of the gene CTR2. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done (last column for each colonies). For colonies 1_B and 1_D, no product (i.e. no bands) is observed in the second column, indicating the presence of a large insert in the gene : the whole cassette. In the others strains, there are weak bands below the expected size which indicates that the primers did not work well enough to measure the inserted DNA sequence. Finally, the first column has a product of expected size for all colonies, indicating that the DNA insertion is present at the predicted site in the gene, therefore this mutant definitely carries the expected loss-of-function mutation. Since the best visual results were achieved with 1_B and 1_D, one of them was chosen for the toxicity experiments (1_D) as shown in Figure 14.

b. Example of non-validated mutant with mutant 12

Eight different colonies were tested for the presence of the predicted loss-offunction mutation of the gene FAP154. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done (last column for each colonies). There is an unexpected product in every colonies in the second column corresponding to the size of the gene without the cassette (Figure 15). Moreover, a lack of a product in the first column related to the junction cassette-genome indicates that the insertion is not present in any of the tested colonies. Combining these two observations, the PCR results are conclusive that the tested strain does not carry the expected mutation. Since it is known that the WT is present in 25% of the mutants in the library and the PCR results are conclusive with the WT genome, we decided to order a new mutant for this gene. . c. Example of CTR3 and how to solve some problems First, seven different colonies were tested for the presence of the predicted loss-offunction mutation of the gene CTR3. Thanks to the Control DNA, it's possible to assume that the DNA extraction was okay. Because there isn't any PCR product in the second column, the insertion of the cassette is supposed to be clean but there is also no band "Wild type control" [Appendix 7, Figure S21]. A problem with the primers is hypothetized. To verify this assumption, the primers and the gene were superimposed together with BLAST ® ,Global Alignment (NCBI : National Center for Biotechnology Information advances science and health by providing access to biomedical and genomic information). The primers and the gene don't fit well together. To face this issue, new primers were designed with BLAST ® , Primer-BLAST, and the PCR and electrophoresis were run. The wild type control with the new designed pairs of primers shows an only band at approximately 1800 bp. However, this band isn't present in this column. The insertion of the cassette probably isn't very clean or the primers aren't specific enough (Figure 17). Among the strains which have no bands in this column (19_C, 19_G), the strain with the clearest junction cassette-genome would be chosen i.e. 19_C. Indeed, a band with the expected size (about 1000 bp) for the foreside of the cassette, highlights that this strain should carry the right mutation. 

Toxicity tests with the analyses of the dose response curves

In this section, the results of short-term exposure of Chlamydomonas Wild type and mutants to AgNO 3 are presented. The results of the bioaccumulation experiments are still awaiting for the ICP-MS measurement.

The dose response curve for AgNO3 are shown in Figure 18. The photosynthetic activity in percentage versus a control (Y-axis) is plotted against the AgNO3 log concentration in nM (X-axis). The round filled symbols correspond to the measurement for each biological replicate after 1 hour of exposure to silver. In all cases, the dose-responsecurve (Equation 2) fits the data well and is of similar shape. The dotted curves are the upper and lower confidence intervals. As expected, the photosynthetic yield decreases with increasing silver concentration for the WT and all mutants, but distinct trends are observed for some of the mutants. There is a slight increase in photosynthesis activity at low silver concentration of 20 nM followed by a quick decline of photosynthetic from within exposure concentration from 80 to 500 nM. The sensitivity of Chlamydomonas mutants to silver is estimated by comparing the EC50 of each mutant to the WT. a.

Copper transporters (CTR)

The CTR family is expected to play an important role in silver uptake in algae because silver is supposed to hijack copper transporters [START_REF] Dae-Young | Contrasting effects of chloride on the toxicity of silver to two green algae, Pseudokirchneriella subcapitata and Chlamydomonas reinhardtii[END_REF]. Depending on whether the hijacked transporter leads to less or more bioavailable silver in the cell, we expected the mutants of this group to be either more tolerant or more sensitive to silver than the WT. A lot of literature highlights the importance of Copper Transporter family as the main way of silver uptake in the cell . Our results show that the mutants of CTR2 and COPT1 are not sensitive to silver. Indeed, their EC50s, valued at 86.6 nM and 98.8 nM, are closed to 98.8 nM for the WT (p = 0.1429 and p = 0.994) as shown in Table 11. Therefore, we can hypothesize that either they are not transporter involved in silver transport or at least not as the dominant mechanisms of transport. It is also possible, that another transporter could compensate the loss-of-function of CTR2 and COPT1, for instance, CTR1, which is a high affinity copper transporter and is an essential gene in

Chlamydomonas.

The only mutant with statistically different sensitivity to the WT is mutant of CTR3 (mutant 19, Figures 19 and23). Moreover, its EC50 is the lowest, valued at 55.2 nM, versus 98.8 nM for the WT (p = 0.0001). Since CTR3 is predicted to be a soluble protein, it is somewhat surprising to find such a strong effect of its loss. Since CTR3 is most probably cytoplasmic, we hypothesize that it is involved in either intracellular trafficking of silver or in efflux of silver from the cell. It might therefore act as a silver chelator, i.e. a protein able to bind stably bind ionic silver and thus decreasing its bioavailability in the cell. This bond would give a totally stable, inactive, non-toxic and soluble complex and being an efficient way to store silver in the cell before getting rid of it. It is however, also possible that a membrane protein domain of CTR3 has not been recognized and it is a normal membranebound transporter.

b.

Phosphates transporters (PT)

The phosphate transporter type B class (PTB) and the phosphate transporter type A class (PTA) are potentially some pathways for silver uptake. PTB are Na + /Pi whereas PTA are mostly H + /Pi symporters. As shown in Figure 20, the phosphate transporter (both from the PTB family) mutants differ in silver sensitivity to the WT. Both mutants 5 and 6 are Na+/Pi symporters and share many structural similarities. They are in the membrane of two important organelles in Chlamydomonas: mitochondria and chloroplasts. If silver can mimic sodium, these Na + /Pi symporters can be hypothesized to be involved in the silver uptake in both specific organelles.

Our results show that only the mutant (of all tested mutants) of PTB6 is tolerant to silver (mutant 6, Figures 20 and23). Its EC50 is estimated at 122.7 nM, versus 98.8 nM for the WT (p = 0.00072) as shown in Table 11. Since PTB6 is mostly present in the inner chloroplast and mitochondrial membrane, we hypothesise that it is involved in silver entrance in the cell. Without it, silver loses its main pathway to entering into the algae organelles. This could be an efficient way to protect mitochondria and chloroplasts from being disturb by silver.

The most sensitive mutant, among the phosphate transporter, is the mutant 5 with a EC50 estimated at 63.2 nM versus 98.8 nM for the WT (p = 0.0001) (mutant 5, Figures 20 and23). PTB2 is also present in the inner chloroplast and mitochondrial membrane but in lower density than PTB6. The opposite response to PTB6 is difficult to explain, since both are supposed to have similar functions and are present on the same intracellular membranes. One explanation could be that one of them is more active in the chloroplast and one in the mitochondrion, and that effect of silver in one organelle are protective (potentially because less silver is available for the other organelle) and the other disruptive. c.

Flagellar Associated Proteins (FAP)

These mutants, located in the flagella, are supposed to be involved in the bidirectional transport of proteins along the axonemal microtubule in especially the intracellular signal transduction. As shown in Figure 21, the FAP mutants differ in silver sensitivity to the WT. We will not focus on FAP115 ( mutant 14) because its sensitivity is to close to the WT, meaning the gene probably has nothing to do with silver pathway in the cell.

FAP42 is particularly sensitive to silver with a EC50 estimated to 71.2 nM versus 98.8 nM for the WT (p = 0.0004) (mutant 16, Figures 21 and23). Since FAP42 is expected to have adenylate kinase activity, the cell content of ATP is probably reduced in this mutant. Less ATP can lead to a disruption of the functioning of, for instance, chloroplastic electrons chains and to a reduction of the energy metabolism. Since it's a Flagellar associated protein, less ATP could be available to the intraflagellar transport and consequently less efficient detoxification of silver (provided that the transport play a role in detoxification).

d. Others mutants

None of the other mutants tested has a changed sensitivity to silver compared to the wild type (Figures 22 and23, Table 11). However most of these mutants were chosen for testing by a computational method and there was no clear hypothesis to involve them in silver toxicity. Among them, there was one mutant with a very clear silver toxicity related hypothesis: CRR1 (mutant 2). As the main Copper Response Regulator, it is a central component of copper response pathway. Since CRR1 is known to be activated by changes of intracellular ionic copper concentration, our interpretation of the result is that either presence of silver does not affect copper homeostasis in Chlamydomonas, or that the copper response, even if activated, does not play a role in silver toxicity. 

e. Validation with the randomization test

Ten thousand permutations were performed foe each randomization analysis. Every replicate for every mutant and the wild type are mixed together and the effect values at each concentration are randomly assigned to one of the conditions. The level of statistical significance or p-value is calculated with the randomization test. It gives us a probability (i.e., the p-value) of observing the sample result (or more extreme) given that the null hypothesis is true.

We assume H 0 = "The mutants have the same sensibility to free silver ions as the WT during a short-term exposure". It means that none of the selected genes is involved in either silver uptake or silver assimilation pathway.

The randomization test shows that most of the mutants are as tolerant to silver as the WT, which highlights that the genes whose function is lost in the mutant does not play a role in silver toxicity. Nevertheless, several mutants are different from the WT, with EC50: 0.0001 for the mutant 5 and 19, and 0.004 for the mutant 16. Because this value (0.0001) is the smallest we could obtain, we consider these three the most robust of our results. Thus, this statistical test confirms that CTR3, PTB2 and FAP42 are involved in silver uptake and/or assimilation pathway. The p-value is slightly smaller for PTB6, (although still below the alpha = 0.05), while mutant 10 has a p-value just above significance. 

Conclusion

The aim of my master thesis was to verify the computational predictions of genes involved in silver toxicity on the model green algae Chlamydomonas reinhardtii. In this framework, eighteen loss-of-function genetic Chlamydomonas mutant strains were characterized by using PCR and electrophoresis. For the validated mutants i.e. the one which carry unfunctional genes, toxicity tests were realized to measure their sensitivity/tolerance to silver exposure. The effect of silver was measured through the decrease of photosynthesis. On the fourteen tested mutants, four had changed sensitivity of silver, compared to the WT; two phosphate transporters, one copper transporter and a FAP protein.

The presented study has a few limitations that need to be considered when interpreting the results. Firstly, only one biological endpoint was measured: the photosynthesis. To further increase the strength of the results, in future effects of silver on intracellular ATP content or on the cell growth and volume could be estimated to verify the observed trends. Secondly, time is a crucial point in toxicity and in this study we only focused on short-term toxicity experiment (1 hour). Doing long-term toxicity experiments would allow us to observe the effects on a longer-time scale and see whether the measured advantage/disadvantage of the mutants disappear under chronic exposure. The last main limitation concerns the growth of individual mutants. Indeed, in the study we considered that there are no difference between the wild type and Chlamydomonas mutant's growth and our measurements have generally confirmed that the mutants grow at about the same rate. However, there were in fact small differences between the mutants, i.e. some grew slightly faster and some slightly slower than the WT. Therefore, in a few cases, when conducting the exposure experiment, we observed more cell division occurring, which could potentially affect our results.

We can conclude that Netoxi computational predictions are a promising method for prediction of genes involved in chemical toxicity. In this case, approximately one third of the mutants (4/14) turned had significantly different susceptibility to silver compared to the WT.

Although we have identified a couple of genes that play a role in silver toxicity, many questions remain unanswered and would require further work. One are silver total intracellular silver bioaccumulation experiments, which were performed in my master thesis, but now await for quantification of samples with ICP-MS. The next step is to measure the distribution of silver within the cell to see whether it's disproportionally present in any cellular compartment and see whether this explains the results reported in this study and brings us closer to understanding the molecular mechanisms of silver toxicity, first in Chlamydomonas reinhardtii and later in other silver sensitive organisms. Four different colonies were tested for the presence of the predicted loss-of-function mutation of the gene CRR1. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done (last column for each colonies). There is a weak band which has a lower size (approximately 800 bp) compared to the one expected (around 1400 bp) concerning the whole gene without the cassette. This band below the expected size indicates that the primers did not work well enough to measure the inserted DNA sequence. Finally, the first column has a product of expected size for two colonies : the 2_C and the 2_D. This indicates that the DNA insertion is present at the predicted site in the gene, therefore this mutant definitely carries the expected loss-of-function mutation. Even if these two colonies carry the required mutation, we chose the 2_D because there is just one band which is amplified by the primers and not several as shown in Figure S2.

Mutant 3

Five different colonies were tested for the presence of the predicted loss-of-function mutation of the gene CYP17. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done (last column for each colonies). There is an unexpected product in every colonies in the second column corresponding to the size of the gene without the cassette but the junction cassette-gene seems to be correct. (Figure S3). Indeed, the size of the band which is in the first column indicate that this mutant carries the expected mutation. It was decided to divide the colonie E into several colonies to check if there could have a mixture of several mutants, by using a more precise ladder. The second PCR and the second gel allow us to determine more precisely the size of all the bands : approximately 1600 bp, which is superior to the one without the cassette. So, by taking into account that the inserts of the cassette are rarely clean, we can hypothesized that the whole cassette isn't here but at least there is a piece of it as shown in Figure S4. Because they carry the mutation they are supposed to carry, we can validate one of these colonies : 3E_1 was chosen.

Mutant 4

Two different colonies were tested for the presence of the predicted loss-of-function mutation of the gene PTA1. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done. For both colonies, no product is observed in the second column, indicating the presence of the whole cassette in the gene. In the colony 4_B, there are weak bands above the expected size for the junction cassette-gene, which indicates that the primers did not work well enough to measure the inserted DNA sequence. We considered that the DNA insertion is present at the predicted site in the gene, therefore this mutant definitely carries the expected loss-of-function mutation. Since the best visual results were achieved with 4_A, this colony was chosen for the toxicity experiments as shown in Figure S5.

Mutant 5

Five different colonies were tested for the presence of the predicted loss-of-function mutation of the gene PTB2. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done. For both colonies, no product is observed in the second column, indicating the presence of the whole cassette in the gene. In the colony 5_A, 5_B and 5_C, there are the expected bands in the first column concerning the junction cassette-gene. Therefore, we considered that the DNA insertion is present at the predicted site in the gene, therefore this mutant definitely carries the expected loss-of-function mutation. Since the best visual results were achieved with 5_C, this colony was chosen for the toxicity experiments as shown in Figure S6. Two different colonies were tested for the presence of the predicted loss-of-function mutation of the gene PTB6. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done. For both colonies, there are several bands below the size of the gene without the cassette (confirms by the WT control : Figure S21), which indicate that the primers did not work well enough to measure the inserted DNA sequence. The band that we find in the first column hasn't the expected size. Indeed, there are approximately 400 less bases pairs compared to the one expected. We thought that this difference could be explaining by the second insertion. Therefore, we considered that the DNA insertion is present at the predicted site in the gene and this mutant definitely carries the expected loss-of-function mutation. Since the best visual results were achieved with 6_A, this colony was chosen for the toxicity experiments as shown in Figure S7. the DNA extraction was correctly done. For all colonies, there is a much lower band than the expected size of the gene without the cassette as shown in Figure S8. The same band could be found in the PCR realized with the WT control (Figure S21). This means that there is a trouble either with the gene itself or with the primers which don't recognize the correct gene.

Thus, we rejected this mutant because we assume there could have a deletion in the gene itself.

Mutant 8

Eight different colonies were tested for the presence of the predicted loss-of-function mutation of the gene Cre01.g001250. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done. For all colonies, there are several bands below the expected size of the gene without the cassette. The comparison with the "Wild Type control" shows the presence of all these bands meaning that there could have some troubles with the primers (not specific enough) or with the gene in question. We can assume that this mutant doesn't have the expected mutation. The results with the other pairs of primers are the same without any band in the junction cassette-gene. Thus, there aren't any bands to confirm the presence of the mutation that there are supposed to carry.

We know that there are two insertions of two cassettes in this mutants in two different genes. So, the probability that the mutant is well mapped is just around 73%. That's why, we decided not to considere this mutant as a real well mapped mutant. 

Mutant 9

For all of these seven colonies, a product in the Control DNA column shows that the DNA extraction was correctly done. For both colonies, no product is observed in the second column, indicating the presence of the whole cassette in the gene. Nevertheless, with regard to the WT control (Figure S21). Indeed, there seems no to have the gene recognized by these primers in the wild type genome. To verify this assumption, the primers and the gene were superimposed together with BLAST ® ,Global Alignment. It shows that the Target forward primors cant't superimpose with the sequence of the gene. That's why, a PCR was done with the second pair of primers. It confirms the previous results without any bands in the column "junction cassette-gene". We decided not to continue further experiments with this mutant because we can't conclude anything concernming the expected mutation. Four different colonies were tested for the presence of the predicted loss-of-function mutation of the gene Cre06.g278184. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done. For both colonies, there is a band below the one of the gene without the cassette, which means that the cassette is well inserted even if the primers are not specific enough. This assumption is confirmed with the WT control (Figure S21). Even if there is no product in the column concerning the junction, we considered that the DNA insertion is present. Since there is no difference between each colonies, we chose one randomly for the toxicity experiments.

Mutant 10

Mutant 11

Seven different colonies were tested for the presence of the predicted loss-of-function mutation of the gene COPT1. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done. For both colonies, there is a band above the size of the gene without the cassette (3,000 and 4 000 bp), which means that the performed insertion is not very clean. In this case, the whole cassette isn't present in the gene, but in order to make the gene not functional, a part of the cassette is sufficient. Only two colonies ( 11_B and 11_F) have bands in the column concerning the junction cassette-gene, but the first one has two bands and the second one has only one. Moreover, the probability for this mutant to be well mapped is about 95%. Therefore, we considered that the DNA insertion is present at the predicted site in the gene and this mutant definitely carries the expected loss-of-function mutation. Since the best visual results were achieved with 11_B, this colony was chosen for the toxicity experiments as shown in Figure S12. 

Mutant 12

Eight different colonies were tested for the presence of the predicted loss-of-function mutation of the gene FAP154. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done. There is an unexpected product in every colonies in the second column corresponding to the size of the gene without the cassette. Moreover, a lack of a product in the first column related to the junction cassette-genome indicates that the insertion is not present in any of the tested colonies. Combining these two observations, the PCR results are conclusive that the tested strain does not carry the expected mutation. Since it is known that the WT is present in 25% of the mutants in the library and the PCR results are conclusive with the WT genome, we decided to order a new mutant for this gene.

Mutant 13

Four different colonies were tested for the presence of the predicted loss-of-function mutation of the gene Cre10.g418400. For half of them (13_A and 13_B), a product in the Control DNA column shows that the DNA extraction was correctly done. There is an unexpected product in every colonies in the second column corresponding to the size of the gene without the cassette. However, there are also two bands in the column concerning the cassette-gene junction, including one showing the expected size if there is the expected mutation (Figure S14). So, we wondered if it could be a mixture of several strains inside the 13_A or the 13_B. That's why, it was decided to divided the 13_B in several strains to verify this hypothesis.

This kind of PCR doesn't really allow us to be precise to about fifty base pairs but we can conclude that there is exactly the same band in the Wild Type Control as in the second column. Combining to the fact that there are actually 4 insertions in this mutant including 2 intergenics and 2 in the same gene, the PCR results are conclusive that the tested strain does not carry the expected mutation. Moreover, all these insertions decrease the probability that the mutant should be well mapped to about 58%. With these insights, we preferred to eliminate this mutant. Five different colonies were tested for the presence of the predicted loss-of-function mutation of the gene FAP115. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done. For most of the colonies, there is a band above the size of the gene without the cassette (approximately 5 000 bp) which means that the performed insertion is not very clean. In this case, the whole cassette isn't present in the gene, but in order to make the gene not functional, a part of the cassette is sufficient. Only one colonies (14_E) doesn't have the expected band in the column concerning the junction cassette-gene. Therefore, we considered that the DNA insertion is present at the predicted site in the gene and this mutant definitely carries the expected loss-of-function mutation. Since the best visual results were achieved with 14_A, this colony was chosen for the toxicity experiments as shown in Figure S16.

Mutant 14

13_B1 13_B2 13_B3 13_B4 14_A 14_B 14_C 14_D 14_E

Mutant 15

Six different colonies were tested for the presence of the predicted loss-of-function mutation of the gene Cre 07.g353900. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done. For most of the colonies, there is a band above the size of the gene without the cassette (approximately 7 000 bp) which means that the performed insertion is not very clean. In this case, the whole cassette isn't present in the gene, but in order to make the gene not functional, a part of the cassette is sufficient. Four colonies (15_A, 15_B, 15_C, 15_D) carry the expected band in the column concerning the junction cassette-gene. Therefore, we considered that the DNA insertion is present at the predicted site in the gene and this mutant definitely carries the expected loss-of-function mutation. Since the best visual results were achieved with 15_B (no product in the second column and one clear band in the junction cassette-gene column), this colony was chosen for the toxicity experiments as shown in Figure S17. 

Mutant 16

Three different colonies were tested for the presence of the predicted loss-of-function mutation of the gene FAP42. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done. There is a band above the size of the gene without the cassette (approximately 7 000 bp) which means that the performed insertion is not very clean. There are several bands below the size of the gene without the cassette which indicate that the primers did not work well enough to measure the inserted DNA sequence. The comparison with the WT control (Figure S21) shows that there is a unique band around 1300 bp which is the one testifying if the cassette is in the gene or not. Nevertheless, there are also other bands below showing that the primers are not really specific. Thus, the band which is present in some strains at about 2,000 base pairs, demonstrates that at least a part of the cassette is present in the gene. The strain 16_A is probably carrying the expected mutation but it wasn't really easy to be sure of this. Therefore, we have decided to divided more the original mutant in other strains.

Actually, the other strains are not better as the first because they carry a mutation but just around 500 bp concerning the junction cassette-gene, which is far away the 800 expected. Since the best visual results were achieved with 16_A, this colony was chosen for the toxicity experiments as shown in Figure S18.

Mutant 17

Four different colonies were tested for the presence of the predicted loss-of-function mutation of the gene TRZ2. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done (last column for each colonies). No product is observed in the second column, indicating the presence of the whole cassette in the gene. Given the multitude of bands, we assume that the primers are not really specific. That's why, we select the strain 17_D because of the sharpness of the bands and the fact that there is only one more band than expected in the first column. Therefore, the DNA insertion is present at the predicted site in the gene, this mutant definitely carries the expected loss-of-function mutation. Since the best visual results were achieved with 17_D, it was chosen for the toxicity experiments as shown in Figure S20.

But there is no band on the WT control testifying that the gene without the cassette could be recognisable by the primers (Figure S21). To verify if primers and genes are well complementary, they were superimposed together with BLAST ® ,Global Alignment. This let us know that, there are no superimposition between both of them only one primers in this pairs was functional. 

Appendix 8 : Introduction in French

Les activités humaines et l'industrialisation ont mené à une augmentation de la concentration en métaux lourd dans l'environnement. Les principales sources de cette pollution sont la combustion de combustibles fossiles, les activités minières d'extraction et de fusion ainsi que les rejets de déchets et d'eaux usées directement dans les cours d'eau. Certains métaux lourds, comme l'argent, peuvent avoir des effets toxiques sur la santé humaine et sur l'environnement [59]. Gold Fields Mineral Services (GFMS) ont reporté dans leur rapport mondial annuel, que sur les 25 kt (1 kt = 10 6 kg) d'argent produit en 2009, 40 % ont été utilisés à des fins industrielles, 18 % pour la bijouterie, 10 % dans l'industrie photographique et 9 % pour la frappe de la monnaie. Il est estimé qu'à l'échelle mondiale, plus de 13 000 tonnes d'argent sont rejetées dans l'environnement chaque année dont 400 tonnes directement dans les systèmes aquatiques par les effluents domestiques et industriels [START_REF] Eckelman | Silver emissions and their environmental impacts: A multilevel assessment[END_REF]. Dans les cours d'eau, les concentrations d'argent ionique (Ag + ) s'étalent de concentrations subnanomolaires ou picomolaires dans les environnements peu exposés à une concentration de 10 nM dans les effluents des stations d'épuration des eaux usées. Aujourd'hui, la limite d'exposition admissible (PEL) recommandée par la Occupational Safety and Health Administration et la Mine Safety and Health Administration, est de 0,01 mg/m3 soit 0,006 nM pour toutes les formes d'argent.

L'argent ionique est très toxique pour de nombreuses espèces aquatiques en raison de sa grande réactivité. De par sa stabilité élevée dans l'environnement, il peut s'accumuler dans les tissus animaux et végétaux, perturbant ainsi toute la chaîne alimentaire. Cependant, l'absorption biologique d'Ag + est limitée par certains groupes pouvant le complexer comme COD, le carbone organique dissous [59]. Parmi les espèces aquatiques, les algues vertes d'eau douce se sont avérées très sensibles à Ag + [START_REF] Ratte | Bioaccumulation and toxicity of silver compounds: A review[END_REF]. Déjà à des concentrations nanomolaires, cet ion peut inhiber la croissance d'algues d'eau douce comme Chlamydomonas reinhardtii et Pseudokirchneriella subcapitata [60]. Les mécanismes exacts de la toxicité de l'argent dans les algues vertes ne sont pas connus, mais l'hypothèse actuelle est que l'argent pourrait être transporté par les transporteurs transmembranaires du cuivre et ensuite, le remplacer dans les métalloprotéines du cuivre, diminuant ainsi leur fonction dans la cellule [START_REF] Pillai | Linking toxicity and adaptive responses across the transcriptome, proteome, and phenotype of Chlamydomonas reinhardtii exposed to silver[END_REF].

L'objectif de notre étude était de tester la sensibilité/tolérance de dix-huit souches mutantes, chacune porteuse d'un gène non exprimé donc d'une protéine non-fonctionnelle de Chlamydomonas reinhardtii en les exposant à l'argent. Les mutants ont été sélectionnés lors d'une étude informatique précédente, dans laquelle les gènes ont été classés par ordre de priorité en fonction de la similarité de l'expression génétique entre eux et des transporteurs connus du cuivre chez C. reinhardtii. Les hypothèses sous-jacentes de cette sélection étaient que 1) au moins un transporteur de cuivre était responsable de l'absorption de l'argent dans C. reinhardtii et 2) que la co-expression des gènes est un marqueur de gènes impliqués dans des processus similaires. Dans l'étude, nous avons d'abord validé la mutation présente dans chaque souche mutante en utilisant la méthode de PCR ( Polymerase Chain Reaction), puis nous avons estimé le rendement photosynthétique des différentes souches à l'argent à travers le CE50, que nous avons comparé à celui de la souche sauvage (La Concentration Efficace médiane correspond à la concentration pour laquelle le rendement photosynthétique a diminué de moitié). Pour les souches mutantes qui présentaient une différence signifiante dans leur sensibilité à l'argent par rapport au type sauvage, nous avons réalisé des expériences de bioaccumulation de Ag + pour valider les résultats précédemment obtenus.

Brève présentation de l'organisme d'accueil

Eawag -Institut Fédéral Suisse des Sciences et Technologies de l'Eau-est un des instituts de recherche les plus avancés en Europe et dans le monde dans le domaine des sciences et technologies liées à l'eau mais aussi en matière de recherche fondamentale. Plus de 300 scientifiques y travaillent, répartis en 12 départements de recherche.

Le département de toxicologie environnementale travaillent sur des projets visant à connaitre les conséquences des produits chimiques sur l'environnement et particulièrement sur les organismes d'eau douce. L'étude des réponses adaptives et toxicologiques y est réalisée afin de développer des modèles conceptuels et informatiques pour augmenter la connaissance des risques dus à la présence de certains polluants dans l'environnement. J'ai été intégrée au sein du groupe de la « Biologie des systèmes » dont le directeur est le Dr. Anze Zupanic. Ce groupe cherche à évaluer le risque de facteurs de stress chimiques et environnementaux pour l'organisme à travers la compréhension des effets toxiques au niveau cellulaire. Savoir quelles molécules de l'organisme peuvent être la cible de substances chimiques, quelles sont les réponses cellulaires induites par ces interactions (par exemple sous la forme d'une régulation de l'expression génique, et comment la cellule s'adapte ou pas), sont des questions dont les réponses seront utilisées afin de développer de nouveaux systèmes expérimentaux via des modélisations mathématiques.

  Curves EC50 Half maximal effective concentration EDTA Ethylene-Diamine-Tetra-Acetic acid FAP Flagellar Associated Proteins HR-ICP-MS High resolution inductively coupled plasma mass spectrometry MOPS 3
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Figure 1 :

 1 Figure 1: Cell structure of Chlamydomonas reinhardtii with the central nucleus (N) and its nucleolus (Nu), the couple of isoform flagella (F), the cup-shaped chloroplast (C) with its eyespot (E), the pyrenoid (P), the mitochondrion (M), the Golgi vesicle (G), starch grains (S) and some vacuoles (V). A : cartoon representative of a cell and B : Microscopic image of Chlamydomonas reinhardtii Extracted from Nickelsen and Kück (2000).

Figure 2 :

 2 Figure 2 : Summary of the main responses to silver exposure in Chlamydomonas reinhardtii [38].

Figure 3 :

 3 Figure 3 : Co-expression network generated by Netoxi for Chlamydomonas reinhardtii, focused on the immediate neighbourhood of three copper transporters. Each node represents a gene and is connected to other nodes that are significantly co-expressed. The colour of the node depends on the variation of the expression on exposure of several heavy metals (Blue : silver, green : copper, purple : chore, grey : sodium). The shape either triangular or square depends on proteins annotations : transporters (Tp) or transcription factors (TF). The edges represent the gene-gene associations, in grey, when they are co-expressed. Network realized by Diana Coman Schmid.

Figure 4 :

 4 Figure 4 : Overview of the network with all the mutants we were able to obtain. Network realized by Diana Coman Schmid.

Figure 5 :

 5 Figure 5 : Predicted structural organization of CTR1, CTR2, CTR3, and COPT1. Black bars represent the protein chains. Black boxes are the predicted membrane-spanning α-helices (TM1, TM2, and TM3) whereas grey boxes indicate the positions of novel Cys-Met motifs in CTR1, CTR2, and CTR3. White boxes indicate the position of a very conserved motif in CTR1 and CTR2. Grey lines underneath the protein chains designate the closed N-terminal signal sequences. Sizes of the predicted precursor proteins are given on the right [29].

Figure 6 :

 6 Figure 6 : Several strains of Chlamydomonas mutants in the multitron (left), details on a agar plate to illustrate the streaks ( EAWAG, 10 th march 2018)

Figure 7 :

 7 Figure 7 : Wild type and mutant 1 average growth based on 9 replicates. Curves based on data of Bettina Wagner. 28 hours is the important spot in the beginning of the exponential phase. Algal concentration is measured with a Casy-TT cell counter from a 1:8 dilution in cosyton (electrolytic solution; Beckman Coulter, Brea, CA) (capillary 60 μM; Program 3, aperture 50 μm, volume 0.1 mL, particle range 2.70-10.64 μm; Z2 Coulter Counter, Beckman Coulter, Brea, CA, 3 measure cycles). Each new algal culture is realized with a starting concentration of 2 x 10 5 cells per ml. To the concentrated algae suspension (i.e. the algae

Figure 8 :

 8 Figure 8 : Principle of PCR [54]

Figure 9 :

 9 Figure 9 : Left, gel in the electrophoresis chamber at the beginning of the migration. Right, gel at the end of the migration, ready to be exposed to UV light ( EAWAG, 10 th February ).

  Data were analysed by using firstly Microsoft Office Excel 2007 (Microsoft Corporation) and R (R Development Core Team (2008)) in-house code [Appendix 5].

Figure 10 :

 10 Figure 10 : Profile likehood for mutant 19.

  Every primer has approximately 20 base pairs [Appendix 3].

Figure 11 :

 11 Figure 11 : Map of a Chlamydomonas mutant.

Figure 12 :

 12 Figure 12 : First step to characterize the presence of the paromomycin cassette in the Chlamydomonas mutants. Cg j means cassette gene junctions DNA, Ct means control DNA, WT means wild type DNA and Mt means Mutant template DNA.

Figure 13 :

 13 Figure 13 : Second step in the mutant characterization process with the identification of the genomecassette junction.

Figure 14 :

 14 Figure 14 : Electrophorese gel with six colonies of the mutant 1. The expected size of the junction cassette-gene (first column) is 980 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1455 bp and the last column is the Control DNA estimated to 1315 bp.

Figure 15 :

 15 Figure 15 : Electrophorese gel with eight colonies of the mutant 12. The expected size of the junction cassette-gene (first column) is 942 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1509 bp and the last column is the Control DNA estimated to 1315 bp.

Figure 16 :

 16 Figure 16 : Electrophoresis gel with seven colonies of the mutant 19. The expected size of the junction cassette-gene (first column) is 1276 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1576 bp and the last column is the Control DNA estimated to 1315 bp.

Figure 17 :

 17 Figure 17 : Electrophorese gel with nine colonies of the mutant 19. The expected size of the first side of the junction cassette-gene (first column) is 1026 bp, the one for the other side is 892 bp (second column), the size of the Mutant Template DNA is 1826 bp and the last column is the Control DNA estimated to 1315 bp.

Figure 18 :

 18 Figure 18 : Dose response curves for AgNO 3 after 1 hour exposure to silver for all the mutants and the Wild type. Each curve represents the average of three biological replicates (itself. average of three technical replicates). . In red: copper transporter mutants, in dark blue: phosphate transporter, in purple: mutants involved in Proteins and DNA binding, in orange the FAP mutants, in green the mutant involved in metabolic process and in light blue the mutant, which functions in Targeting of proteins and autophagy.

Figure 19 :

 19 Figure 19 : Dose-response curves for AgNO 3 after 1 hour for the CTR mutants compared to the Wild type.

Figure 20 :

 20 Figure 20 : Dose-response curves for AgNO 3 after 1 hour for the PT mutants compared to the Wild type.

Figure 21 :

 21 Figure 21 : Dose-response curves for AgNO 3 after 1 hour for the FAP mutants compared to the WT.

Figure 22 :

 22 Figure 22 : Dose-response curves for AgNO 3 after 1 hour for the others mutants compared to the WT.

Figure 23 :

 23 Figure 23 : EC50s of each mutant with their confidence Intervals.

Figure S3 :

 S3 Figure S3 : Electrophorese gel with five colonies of the mutant 3. The expected size of the junction cassette-gene (first column) is 688 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1377 bp and the last column is the Control DNA estimated to 1315 bp, N is a negative control.

Figure S4 :Figure S5 :

 S4S5 Figure S4 : Electrophorese gel with four colonies of the mutant 3E. The expected size of the junction cassette-gene (first column) is 688 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1377 bp and the last column is the Control DNA estimated to 1315 bp 3E_1 3E_2 3E_3 3E_4

Figure S6 : 6 Figure S7 :

 S66S7 Figure S6 : Electrophorese gel with five colonies of the mutant 5. The expected size of the junction cassette-gene (first column) is 954 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1377 bp and the last column is the Control DNA estimated to 1315 bp.

Figure S8 :

 S8 Figure S8 : Electrophorese gel with eight colonies of the mutant 7. The expected size of the junction cassette-gene (first column) is 902 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1575 bp and the last column is the Control DNA estimated to 1315 bp.

Figure S9 :

 S9 Figure S9 : Electrophorese gel with eight strains of the mutant 8. The expected size of the junction cassette-gene (first column) is 853 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1333 bp and the last column is the Control DNA estimated to 1315 bp.

Figure S10 :Figure S11 :

 S10S11 Figure S10 : Electrophorese gel with seven colonies of the mutant 9. The expected size of the junction cassette-gene (first column) is 948 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1847 bp and the last column is the Control DNA estimated to 1315 bp.

Figure S12 :

 S12 Figure S12 : Electrophorese gel with seven colonies of the mutant 11. The expected size of the junction cassette-gene (first column) is 930 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1415 bp and the last column is the Control DNA estimated to 1315 bp.

Figure S14 :

 S14 Figure S14 : Electrophorese gel with 4 strains of the mutant 13. The expected size of the junction cassette-gene (first column) is 879 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1352 bp and the last column is the Control DNA estimated to 1315 bp.

Figure S13 :

 S13 Figure S13 : Electrophorese gel with eight colonies of the mutant 12. The expected size of the junction cassette-gene (first column) is 942 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1509 bp and the last column is the Control DNA estimated to 1315 bp.

Figure S15 :

 S15 Figure S15 : Electrophorese gel with 4 colonies of the mutant 13_B. The expected size of the junction cassette-gene (first column) is 879 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1352 bp and the last column is the Control DNA estimated to 1315 bp.

Figure S16 :

 S16 Figure S16 : Electrophorese gel with 5 colonies of the mutant 14. The expected size of the junction cassette-gene (first column) is 846 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1708 bp and the last column is the Control DNA estimated to 1315 bp.

Figure S17 :

 S17 Figure S17 : Electrophorese gel with 6 strains of the mutant 15. The expected size of the junction cassette-gene (first column) is 922 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1355 bp and the last column is the Control DNA estimated to 1315 bp.

Figure S18 :Figure S19 :

 S18S19 Figure S18 : Electrophorese gel with 3 colonies of the mutant 16. The expected size of the junction cassette-gene (first column) is 827 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1306 bp and the last column is the Control DNA estimated to 1315 bp.

Figure S20 :

 S20 Figure S20 : Electrophorese gel with 4 colonies of the mutant 17. The expected size of the junction cassette-gene (first column) is 714 bp, the one for the Mutant Template DNA (i.e. the gene without the cassette) is 1044 bp and the last column is the Control DNA estimated to 1315 bp.

  

  

  

  

Table 1 :

 1 Main features of the junction cassette-genome for each mutant.

		site % confidence	Number of insertions
	1	Coding region	95 %	2 insertions into the same gene
	2	3'UTR	73 %	1
	3	3'UTR	73 %	1
	4	Coding region	73 %	1
	5	5'UTR intron	73 %	1
	6	Coding region	95 %	2 insertions into the same gene
	7	3'UTR	73 %	1
	8	3'UTR	73 %	2 insertions, one in another gene (73 %)
	9	3'UTR	73 %	1
	10	Coding region	73 %	1
	11	3'UTR	73 %	2 insertions into the same gene
	12	Coding region	95 %	3 insertions into the same gene + 1 insertion intergenic with 58 %
	13	5'UTR intron	58 %	2 insertions into the same gene + 2 insertions intergenic with 95 %
	14	Coding region	73 %	1
	15	Coding region	73 %	1
	16	3'UTR	58 %	2 insertions into different gene (73 %)
	17	Coding region	95 %	2 insertions into the same gene
	19	Coding region	73 %	1

Mutant 6 LMF.RY0402.240629

  c. Information on genes selected for toxicity testing

	Chlamydomonas strains	Genes	Chromosome	CL.	Length	Molecular functions
	Chlamydomonas strains Mutant 10 LMF.RY0402.060178	Genes Cre06.g278184	Chromosome 6	Chromosome locations 3919533	Length 2698	Molecular functions Protein binding to BTB domain
	Mutant 1 LMF.RY0402.151308 Mutant 11 LMF.RY0402.182306	CTR2 Cre10.g434350 COPT1 Cre05.g247050	10 5	2267916 2267957 939638 939639	4958 2256	Copper transporter enriched with Proline ion transmembrane extensin Copper ion transmembrane transporter
	Mutant 2 LMF.RY0402.228018 Mutant 3 LMF.RY0402.097909 Mutant 12 LMF.RY0402.181946 Mutant 13 LMF.RY0402.169037	CRR1 Cre09.g390023 FAL11 or FAP154 Cre08.g362100 CYP745A1 CYP17 Cre05.g234100 Cre10.g418400	9 8 5 10	3569092 3569092 1051067 1051074 204175 102008 102344	6945 1797 5117 4809	Family 31, member 1 DNA binding to Ankyrin repeat region and BTB/POZ domain Oxidation-reduction process Signal transduction with the PAS : domain monooxygenase, oxidoreductase and electron carrier activity Heme with iron ion binding DNA binding on Small MutS-related domain
	Mutant 4 LMF.RY0402.090385 Mutant 14 LMF.RY0402.105592	PTA1 Cre02.g075050 FAP115 Cre02.g142126	9 2	283800 8669089	5518 3103	Proton/phosphate symporter Signal transduction with EF-hand Transmembrane domain pair
	Mutant 5 LMF.RY0402.190778 Mutant 15 LMF.RY0402.185520	PTB2 Cre07.g325741 Cre07.g353900	7 7	1902893 5889085	4963 4962	Inorganic Phosphate ion transporter via Na + /Pi (Sodium/phosphate) No further information
						symporter	
		PTB6b Cre16.g655200	16	1790178 1790397	6624	Sodium/phosphate symporter
						Metabolic process :	UDP-glucose
	Mutant 7 LMF.RY0402.055633	UGP1 Cre04.g229700	4	3813823	6799	pyrophosphorylase activity, UTP-glucose-1-phosphate
						uridylyltransferase activity,
	Mutant 8 LMF.RY0402.136757	Cre01.g001250 Cre01.g024050	1	169462 3740647	10644 3678	Binding especially protein Tetratricopeptide repeats	to
	Mutant 9 LMF.RY0402.187038	Cre01.g010950	1	169462 2054520	10516	Protein binding to zinc ion, to Tetratricopeptide repeats and to Ankyrin repeat region

Mutant 16 LMF.RY0402.163848 FAP42

  

						Nucleobase-containing	compound
		Cre12.g519950	12	4318599	10572	metabolic and kinase (Adenylate kinase…), Proteolysis process
	Mutant 17 LMF.RY0402.178557	TRZ2 Cre16.g680678	16	7138180 7138183	10262	Beta-lactamase superfamily domain, tRNase Z
	Mutant 19 LMJ.RY0402.124384	CTR3 Cre10.g434650	10	2302473	5002	Copper transporter	ion	transmembrane
	Table							

Table 3 :

 3 Timetable of culture growth.

for each reaction μL

  

	Master mix GotaqGreen	12,5
	Primer forward 10 uM*	1
	Primer reverse 10 uM*	1
	Template DNA	1
	Nuclease free water	9,5
	Total volume	25

Table 4 :

 4 Quantity of each components in every individual tubes.

Table 5 :

 5 Details on each PCR cycles.

	Temperature	Time
	95	5 min
	95	30 s
	55	45 s
	72	2 min
	72	10 min
	4	∞

Table 6 :

 6 Agarose gel concentration for resolving linear DNA molecules[START_REF] Magdeldin | TwoDimensional Polyacrylamide Gel Electrophoresis -A Practical Perspective[END_REF].

	Concentration of agarose (%)	DNA size range (bp)
	0.2	5000-40000
	0.4	5000-30000
	0.6	3000-10000
	0.8	1000-7000
	1	500-5000
	1.5	300-3000
	2	200-1500
	3	100-1000

Table 7 :

 7 Components of TAP medium and their respective concentrations.

	TAP, Tris Acetate Phosphate Media, is optimized for the growth and maintenance
	of Chlamydomonas reinhardtii. It's suitable for those algae which use NH 4	+ instead of NO 3
	Components	Final concentration mM
	Salts	
	CaCl2*H2O	0.34
	MgSO4*7H2O	0.41
	Nutrients	
	NH4Cl	7
	K2HPO4	0.64
	KH2PO4#	0.41
	Trace elements	
	EDTA_Trace Metal mix	
	Tris base	19.97
	Acetic acid	0.10%
	H 2 O	

as a nitrogen source. TAP was prepared according to Gorman & Levine

(1965)

. EDTA was added to maintain constant metal free ion concentrations.

Table 8 :

 8 Components of EDTA and their respective concentrations.

	(KOH)	130
	H3BO3	200
	Na2MoO4*2H2O	0.9
	CuSO4*5H2O	6.3
	MnCl2*4H2O	25
	ZnSO4*7H2O	80
	FeCl3*6H2O (H2SO4)	33
	CoCl2*6H2O	6.8

Table 9 :

 9 Concentration of silver used for our experiments.

		1 ml of 200 nM
	40	0.018
	80	0.036
	120	0.054
	160	0.072
	200	0.091
	500	0.227

Table 10 :

 10 PCR analysis summary. The letter after the label of the mutant is the chosen strain.

Table 11 :

 11 p-values on one parameter EC50 estimated by randomization, EC50s and the Confidence intervals.

	Mutant	p-value EC50	EC50 EC50_highCI EC50_lowCI
	Mut1	0.1429	86.64	2.01	1.86
	Mut2	0.4311	92,40	2.04	1.88
	Mut3	0.1928	88,04	2.01	1.87
	Mut4	0.3434	91,22	2.03	1.88
	Mut5	0.0001	63,18	1.88	1.70
	Mut6	0.00072	122,70	2.14	2.02
	Mut10	0.0836	115,79	2.13	1.98
	Mut11	0.994	98,87	2.07	1.91
	Mut14	0.4907	104,78	2.05	1.93
	Mut15	0.4568	91,52	2.08	1.95
	Mut16	0.0004	71,18	2.04	1.88
	Mut17	0.2246	89,19	1.91	1.78
	Mut19	0.0001	55,18	2.01	1.88
	WT	-----	98,97	1.83	1.64

  the best estimate for the dose response function parameters, together with their confidence intervals using the profile likelihood method ## IMPORTANT: THIS CODE CALCULATES THE EC50 AND CONFIDENCE INTERVALS AT THE MOMENT. YOU CAN ONLY DO THIS, IF THE EC50 IS AN EXPLICIT PARAMETER IN THE DOSE-RESPONSE FUNCTION# collect the file names available in the workinG directory # this script is written for data in xlsx and in a particular tabular format (see example.xlsx and other example files) # but it can be "easily" changed to include other file types and tabular formats... # please close all excel files before running this code .list = list.files(dat.path, pattern = "*.xlsx")

	7 8 9	ATGTTGTAGCCGTAGGTGGC CGCGATTGTCTTATTCAGCA GCCACTGCTGCTTCATGTC ACACCGGGTTATCGAAGATG TCTTACAACTTCCCATCCGC AATAACCGTGCCAAGCAATC GCAAGGCAAAGACACACTCA AAGTGGTTGAAACGGGTCAG TGGTGCGGGTAGTGTGAATA CGAAAAGAAAGAACAAGCCG AAGGCTAGTAAACAGCGCCA TCTAACTTGGTTTGGGCTCG CTACCGAACACCACACACCT Mutants Primer Mix GCTCCCCGTTACTGACACAT GAGATTGGAAAGGAGGGGAG ATGCCAGACACCGAGGAG GTTCAGAAAAGGGCTAGGGG TTTTAGTTGCGTTTTCGCCT TGGCCTACTGTCTCATGCTG GCTCTGGACCAAGCCTACAG TAATGACCGCCTAAACTGCC CCTCAAGTGCGCTGATGTTA ACGATTCTTTGGCGCATATC CGGAAGAGACTGCAGGTAGG CCTCATCTACCTCAAGCCCA CTAGTGCACCCGTGTATCCC Size of the junction cassette-GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC GCACCAATCATGTCAAGCCT GACGTTACAGCACACCCTTG ATGCTTCTCTGCATCCGTCT ATGTTTTACGTCCAGTCCGC gene foreside Size of the whole gene without the cassette Size of the junction cassette-gene backside 1 TG-fwd+CLB-rev 930 1455 2 TG-rev+CLB-fwd 694 1399 3 TG-rev+CLB-fwd 688 1377 4 TG-fwd+CLB-rev 700 1263 5 TG-fwd+CLB-rev 954 1692 6 TG-rev+CLB-fwd 1033 1456 7 TG-rev+CLB-fwd 902 1575 8 TG-fwd+CLB-rev 952 1333 9 TG-rev+CLB-fwd 987 1847 10 TG-rev+CLB-fwd 870 1723 11 TG-fwd+CLB-rev 743 1120 12 TG-rev+CLB-fwd 942 1509 13 TG-rev+CLB-fwd 879 1352 14 TG-fwd+CLB-rev 846 1708 15 TG-fwd+CLB-rev 992 1355 16 TG-rev+CLB-fwd 827 1306 17 TG-rev+CLB-fwd 714 1044 19 TG-rev+CLB-fwd names(dat.in) <-gsub(" ","_",names(dat.in)) for (n in names(dat.in)){ names(dat.in[[n]]) <-gsub(" ","_",names(dat.in[[n]])) } 999 ## remove spaces from excel workbook (files) and worksheet names ## preparing the output files and doing all the calculations: # format input (wide to long format) # add replication information # fit model # automatically save results to excel workbooks-worksheets with names corresponding to the input files # reports: # tables: coefficients (EC50) and model estimate,SD, CI,slope; EC 10,20,50,90 # the profile likelihood CI estimates are appended # figures: model fit, residuals vs. fitted and normal QQ-plot # the profile likelihood plots are saved separately to PDFs # make an output dataset dat.out <-list() # for each file run the entire for loop for (b in names(dat.in)){ # for each file make own output subdataset dat.out.t <-list() # open a new excel file (this is where the results of the analysis will go) res.wb <-loadWorkbook(file.path(res.path,paste("Res_",b,sep="")),create=TRUE) # on screen output tell you which file you are processing cat(paste("Processing Workbook >>", b, "\n", sep='')) # for each sheet in the file for (s in names(dat.in[[b]])){ # on screen output tell you which sheet you are processing cat(paste("Processing Workbook >>", b," Worksheet >>",s, "\n", sep='')) # this is now a dataframe with the data of the sheet df <-dat.in[[b]][[s]][,-2]# omit the "stdev.conc" column df.long <-na.omit(melt(df,id="conc"))# switch from wide to long format and omit "NA" entries # omit any line if the concentration is 0 (ctr) # if the first line is the control if (any(df.long$conc == 0)) { # if there is a control (0) concentration, then it is removed index0 = which(df.long$conc == 0) df.long = df.long[-index0,] } rep <-max( substring(as.character(df.long$variable), 2, 2))# get the number of bioReps are available !!!!!!!!!!!!!! this only works if the header names in the files are correct df.long$bioRep <-as.factor(paste("bioRep",substring(as.character(df.long$variable), 2, 2),sep=""))# add column with biological replication info colnames(df.long) <-c("conc","var","pViab","bioRep") # change column names in the dataframe # log the concentration values df.long$conc = log10(df.long$conc) # as a results of this you get a list with all file names ## format all files # read in the excel workbooks (files) containing sheets for each chemical/lab dat.in <-list() # for each file in the folder # load the excel file # read each sheet # write data into dat.in for (f in names(file.list)){ wb <-loadWorkbook(file.path(dat.path,f)) ws = readWorksheet(wb, sheet = getSheets(wb)) # get all sheets at once # in case there is a single sheet if (is.data.frame(ws)) { nameSheet = getSheets(wb) ws2 = list(ws) names(ws2) = nameSheet ws = ws2 } dat.in[[f]] <-ws } # as a results of this you get another list (dat.in) # in this list there are two lists (one for each file) # in each of the two lists, there are the same number of dataframes as there are sheets in the file ## remove spaces from excel workbook (files) and worksheet names names(dat.in) <-gsub(" ","_",names(dat.in)) for (n in names(dat.in)){ names(dat.in[[n]]) <-gsub(" ","_",names(dat.in[[n]])) } ## preparing the output files and doing all the calculations: # format input (wide to long format) # add replication information # fit model # automatically save results to excel workbooks-worksheets with names corresponding to the input files # make an output dataset dat.out <-list() # for each file run the entire for loop for (b in names(dat.in)){ # for each file make own output subdataset dat.out.t <-list() # open a new excel file (this is where the results of the analysis will go) res.wb <-loadWorkbook(file.path(res.path,paste("Res_",b,sep="")),create=TRUE) # on screen output tell you which file you are processing ## calculate names(file.list) <-file.list cat(paste("Processing Workbook >>", b, "\n", sep=''))
		# for each sheet in the file
		for (s in names(dat.in[[b]])){
		# on screen output tell you which sheet you are processing

Index of tables

 11: P-values on one parameter EC50 estimated by randomization, EC50 and the CI. .

Statistical testing of the difference in EC50 between WT and the mutants: randomization tests

To test for statistical significance between the EC50 of the WT and the tested mutants, we used a randomization test . The null hypothesis was that there is no difference in the EC50 between the mutants and the WT, which means that random assignment of labels to individual measurements should not affect the inferred EC50 values. In practice, the randomization test works by randomly assigning a label to each measured data point. For instance, if we measured the effect of silver at a concentration three times for a mutant and the WT, these measurements are randomly assigned to either the mutant or the WT within each concentration. Then, the EC50 is inferred (see above) for the mutant and the WT and the difference in EC50 is noted. This is repeated many times (10'000 times in our case, see Appendix 6 for the in-house R code used) and the fraction of times that the randomized calculations lead to differences in EC50 larger than that originally measured is the p-value (probability with which to reject the null hypothesis).

The advantage of this method is that unbalanced designs and missing values are easily accommodated and that the inferred p-value does not depend on a particular error distribution. The lowest possible significance value then depends on the number of permutations included in the random sample. With 1000 permutations the lowest value possible value would be P = 0.001, and with 10000 permutations it would be P = 0.0001 [START_REF] Hooton | Randomization tests: statistics for experimenters[END_REF].

Appendixes

Appendix 1 : Main metabolic processes in the cell.

UTP-glucose-1-phosphate uridylyltransferase activity

Catalysis of the reaction: alpha-D-glucose 1-phosphate + UTP = diphosphate + UDP-D-glucose.

UDP-glucose metabolic process

The chemical reactions and pathways involving UDP-glucose, a substance composed of glucose in glycosidic linkage with uridine diphosphate.

Nucleotidyltransferase activity

Catalysis of the transfer of a nucleotidyl group to a reactant.

Uridylyltransferase activity

Catalysis of the transfer of an uridylyl group to an acceptor.

UDP-glucose pyrophosphorylase

UTP--glucose- ]] <-ws} # as a results of this you get another list (dat.in) # in this list there are two lists (one for each file) # in each of the two lists, there are the same number of dataframes as there are sheets in the file Appendix 5 : In-house R script for calculating the profile likelihood for both EC50 and slope realized by Diana Coman Schmid and Anze Zupanic. rep.n <-unique(df.long$bioRep) names(rep.n) <-unique(df.long$bioRep) ## for each biological replicate separately for (br in names(rep.n)){ cat(paste("Calculating 95% Profile Likelihood CI for Workbook >>", b," Worksheet >>",s,"Replicate",br, "\n", sep='')) # confidence interval for EC50 conc_opt <-seq(min(df.long$conc),max(df.long$conc),length.out=1000) # the search for the EC50 and confidence intervals is limited to used concentrations ( TEST: if the intervals are at the limit of measured concentrations, then the conc-opt should be increased) goodnessfit <-rep(NA, length(conc_opt

.pl },error=function(e){cat("Error :", conditionMessage(e),"\n")} ) goodnessfit[i] <-sqrt(sum(residuals(mod1.pl)^2)) coefficient = coef(mod1.pl) slope_value[i] = coefficient [START_REF] Behal | Subunit Interactions and Organization of the Chlamydomonas reinhardtii Intraflagellar Transport Complex A Proteins[END_REF] } index1 <-which(goodnessfit<(min(goodnessfit)+qchisq(p=0.95, df=3))) # calculate the CIs (95%) index2 <-which(goodnessfit==(min(goodnessfit)))

# calculate the best fit best_EC50_lower

# confidence interval for slope slope_opt <-seq(-0.5,-5,length.out=1000) # the search for the EC50 and confidence intervals is limited to used concentrations ( TEST: if the intervals are at the limit of measured concentrations, then the conc-opt should be increased) # save results into excel file (EC50s, EC50 CIs, Slope) cat(paste("Saving model estimates to Workbook >>", b," Worksheet >>",s, "\n", sep='')) pl_ci <-as.data.frame(rbind(cbind(paste("EC50_PL95%CI_Lower Limit:",br,sep=""),as.character(best_EC50_lower)), cbind(paste("EC50_PL95%CI_Upper Limit:",br,sep=""),as.character(best_EC50_upper))))

pl_ci <-as.data.frame(rbind(pl_ci,cbind(paste("EC50_PL:",br,sep=""),as.character(best_EC50)))) pl_ci <-as.data.frame(rbind(pl_ci, cbind(paste("Slope_PL95%CI_Lower Limit:",br,sep=""),as.character(best_Slope_lower)), cbind(paste("Slope_PL95%CI_Upper Limit:",br,sep=""),as.character(best_Slope_upper))))

pl_ci <-as.data.frame(rbind(pl_ci,cbind(paste("Slope_PL:",br,sep=""),as.character(best_Slope)))) createSheet(res.wb, name = paste(s,br,"_EC50",sep="")) createName(res.wb, name = paste(s,br,"_EC50",sep=""), formula = paste(s,br,"_EC50","!$B$2",sep = "")) writeWorksheet(res.wb,pl_ci,paste(s,br,"_EC50",sep=""))# save coefficients of each model (EC50) # save results into excel file (concentration values and viability for the fitted curves, from min to max, in 150 steps) cat(paste("Saving fitted curve to Workbook >>", b," Worksheet >>",s, "\n", sep='')) concentrations = seq(min(data_for_fit$conc),max(data_for_fit$conc),length.out=150) curve_values = predict(curvefit, newdata = data.frame(conc = c(concentrations))) curve_data = cbind(concentrations, curve_values) createSheet(res.wb, name = paste(s,br,"_Data",sep="")) createName(res.wb, name = paste(s,br,"_Data",sep=""), formula = paste(s,br,"_Data","!$B$2",sep = "")) writeWorksheet(res.wb,curve_data,paste(s,br,"_Data",sep=""))# save coefficients of each model (EC50) # make figure Functional genomics in the green alga Chlamydomonas reinhardtii exposed to silver 69 names(df) [START_REF] Behal | Subunit Interactions and Organization of the Chlamydomonas reinhardtii Intraflagellar Transport Complex A Proteins[END_REF] = "conc" # switch from wide to long format and omit "NA" entries df.long <-na.omit(melt(df,id="conc")) # add column with condition info ONLY WORKS IF COLUMN NAMES ARE CORRECT (CHEM1.X, CHEM2.X) df.long$Cond<-as.factor(paste("condition",substring(as.character(df.long$variable), 5, 5),sep="")) colnames(df.long) <-c("conc","var","pViab"," 

]) P_EC50 = (1+sum(diffEC50_Permuted>diffEC50_Originals))/nPermute P_Slope = (1+sum(diffSlope_Permuted>diffSlope_Originals))/nPermute # save results into excel file (EC50s, EC50 CIs, Slope) cat(paste("Saving model estimates to Workbook >>", b," Worksheet >>",s, "\n", sep='')) pl_ci <-as.data.frame(rbind(cbind(paste("P_EC50:"),as.character(P_EC50)), cbind(paste("P_Slope:"),as.character(P_Slope)))) createSheet(res.wb, name = paste(s,"_P_values",sep="")) createName(res.wb, name = paste(s,"_P_values",sep=""), formula = paste(s,"P_values","!$B$2",sep = "")) writeWorksheet(res.wb,pl_ci,paste(s,"_P_values",sep=""))# save p-values } saveWorkbook(res.wb)

Appendix 7 : PCRs results on all the mutants Mutant 1

Six different colonies were tested for the presence of the predicted loss-of-function mutation of the gene CTR2. For all of them, a product in the Control DNA column shows that the DNA extraction was correctly done (last column for each colonies). For colonies 1_B and 1_D, no product (i.e. no bands) is observed in the second column, indicating the presence of a large insert in the gene : the whole cassette. In the others strains, there are weak bands below the expected size which indicates that the primers did not work well enough to measure the inserted DNA sequence. Finally, the first column has a product of expected size for all colonies, indicating that the DNA insertion is present at the predicted site in the gene, therefore this mutant definitely carries the expected loss-of-function mutation. Since the best visual results were achieved with 1_B and 1_D, one of them was chosen for the toxicity experiments (1_D) as shown in Figure S1. 

Wild type

This PCR was done to verify that there are no problems either with the selected genes or with the primers. A band of a precise size (size of each mutated genes without the cassette) is expected.

Mutant 19

Thanks to the Control DNA, it's possible to assume that the DNA extraction was okay. Because there isn't any PCR product in the second column, the insertion of the cassette is supposed to be clean but there is also no band "Wild type control" [Appendix 7, Figure S21]. A problem with the primers is hypothetized. To verify this assumption, the primers and the gene were superimposed together with BLAST ® ,Global Alignment (NCBI : National Center for Biotechnology Information advances science and health by providing access to biomedical and genomic information). The primers and the gene don't fit well together. To face this issue, new primers were designed with BLAST ® , Primer-BLAST, and the PCR and electrophoresis were run. The wild type control with the new designed pairs of primers shows an only band at approximately 1800 bp. However, this band isn't present in this column. The insertion of the cassette probably isn't very clean or the primers aren't specific enough (Figure S23). Among the strains which have no bands in this column (19_C, 19_G), the strain with the clearest junction cassette-genome would be chosen i.e. 19_C. Indeed, a band with the expected size (about 1000 bp) for the foreside of the cassette, highlights that this strain should carry the right mutation. 

Appendix 9 : Conclusion in French

Le but de mon Travail de Fin d'Etude (TFE) était de vérifier les prédictions informatiques concernant l'implication de certains gènes dans la toxicité de l'argent sur l'algue verte modèle Chlamydomonas reinhardtii. Dans ce cadre, dix-huit souches mutantes génétiques Chlamydomonas ont été caractérisées par PCR et électrophorèse. Pour les mutants validés, c'est-à-dire ceux portant des gènes non exprimés donc des protéines non fonctionnelles, des tests de toxicité de l'argent. ont été réalisés pour mesurer leur sensibilité/tolérance. L'effet de l'argent a été mesuré par la diminution de la photosynthèse. Sur les quatorze mutants testés, quatre présentent une sensibilité différente de la souche sauvage vis-à-vis de l'argent : deux transporteurs de phosphate, un transporteur de cuivre et une protéine FAP.

La présente étude comporte quelques limites qui doivent être prises en compte lors de l'interprétation des résultats. Tout d'abord, un seul paramètre biologique a été mesuré : la photosynthèse. Afin d'augmenter encore la force des résultats, on pourrait estimer les effets de l'argent sur la teneur en ATP intracellulaire ou sur la croissance et le volume des cellules afin de vérifier les tendances observées. Deuxièmement, le temps est un point crucial dans la toxicité et dans cette étude, nous nous sommes concentrés uniquement sur l'expérience de toxicité à court terme (1 heure). Faire des expériences de toxicité à long terme nous permettrait d'observer les effets à plus long terme et de voir si l'avantage/désavantage mesuré des mutants disparaît sous une exposition chronique ou de plus longue durée. La dernière limitation principale concerne la croissance des mutants. En effet, nous avons considéré qu'il n'y a pas de différence entre la croissance du type sauvage Chlamydomonas et celle de chaque mutant. Nos mesures ont confirmé que les mutants se développaient à peu près au même rythme mais de petites différences de quelques heures entre les mutants a pu être noté, traduisant un croissance relativement proche de celle de la souche sauvage. Par conséquent, dans quelques cas, lors d'expérience d'exposition, nous avons pu observer une plus grande division cellulaire, ce qui pourrait potentiellement affecter nos résultats.

Nous pouvons conclure que les prédictions informatiques de Netoxi constituent une méthode prometteuse dans la prédiction des gènes impliqués dans la toxicité chimique. Dans notre étude, environ un tiers des mutants (4/14) se sont révélés porteurs d'une sensibilité visà-vis de l'argent, significativement différente de celle de la souche sauvage.

Bien que nous ayons identifié quelques gènes jouant un rôle dans la toxicité de l'argent, de nombreuses questions restent sans réponse et nécessiteraient des travaux supplémentaires. Mesurer la concentration intracellulaire en argent des mutants présentant une sensibilité particulière, serait une priorité. Des expériences de bioaccumulation ont été réalisées dans le cadre de mon TFE mais attendent maintenant la quantification des échantillons avec l'ICP-MS. L'étape suivante consisterait à mesurer la distribution de l'argent dans la cellule pour examiner sa répartition au sein des différents organites et vérifier les résultats rapportés dans cette étude. Ces travaux supplémentaires nous rapprocheraient de la compréhension des mécanismes moléculaires de la toxicité de l'argent, d'abord pour Chlamydomonas reinhardtii, et dans le futur pour d'autres organismes sensibles à l'argent.