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Abstract

:

Copper is a critical metal nutrient required by marine microalgae but may be toxic when supplied in excess. Maintaining an optimal intracellular Cu content is thus fundamentally necessary for microalgae and relies on cellular regulatory metabolisms and the process of Cu uptake that buffers the variation in environmental Cu availability. In this article the current progress in understanding the Cu requirements and acquisition mechanisms of marine microalgae is reviewed. Cu requirement by microalgae is primarily determined by the amount of Cu-dependent enzymes involved in cellular metabolisms and can be adjusted by Cu-sparing pathways. Decrease in metabolic Cu quotas caused a decline in the abundance of cuproenzymes and the dependent cellular metabolisms, and an induction of Cu acquisition pathways. Conventional models of Cu uptake describe the dependence of Cu uptake rate on free Cu2+ ions or kinetically labile species. A reductive, high-affinity Cu uptake system in marine microalgae is identified which enables cells to directly utilize organically complexed Cu, highlighting the importance of cell surface Cu reduction in the marine Cu cycle. This review provides new insights into Cu uptake models that may update the existing knowledge of Cu availability in the ocean.
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1. Introduction


Marine microalgae require both macronutrients (e.g., nitrogen, phosphorus, silica) and micronutrients (e.g., vitamin and trace metals) to grow. The trace metals mainly function in metabolic pathways as cofactors of enzymes, and their availability is a crucial environmental factor regulating algal growth [1,2]. Copper (Cu), one of about ten known essential metals, is indispensable for microalgae because of its role as a cofactor of redox proteins involved in electron transfer and oxygen cycling [3,4]. Meanwhile, free intracellular Cu is toxic to cells because it produces harmful reactive oxygen species and disrupts protein function by displacing other metal cofactors from critical sites [5,6,7]. In the ocean, dissolved Cu concentrations in surface waters are so low [8,9,10] that the supply of Cu may be less than its demand by many microalgae, leading to Cu limitation in some remote regions of open seas [11,12], while in some Cu-enriched coastal regions, elevated Cu levels may have negative effects [13,14]. Acquisition of Cu by marine microalgae is thus of fundamental importance because it controls the entry of Cu into cellular storage pools and buffers the variation in ambient Cu availability [15]. Conventional models of metal uptake by marine microalgae describe the dependence of uptake on the concentration of hydrated metal ions or kinetically labile species [16]. Some early studies on Cu toxicity show that biological responses of marine microalgae to Cu were directly related to the concentration of free cupric ion but not the total Cu [17,18,19]. More recent experimental and modeling results suggest organically complexed Cu, the predominant forms in the dissolved Cu pool in surface seawater, is also accessible to marine microalgae [20,21]. Experimental evidence for direct utilization of organic Cu by marine diatoms was recently explored and established, highlighting the critical role of organic forms of Cu and the reductive Cu uptake pathways in the marine Cu cycle [22,23]. Here, we review the current progress in Cu requirements and acquisition mechanisms of marine microalgae. The characterized reductive Cu uptake pathways enable marine microalgae to directly utilize organically complexed Cu; these findings may update the existing knowledge of Cu availability in the ocean.




2. Copper in the Ocean


2.1. Cu Concentration and Distribution


Dissolved Cu, like other essential trace metal nutrients, is present at very low concentrations in surface oceans due to the low solubility of Cu in alkaline seawater (e.g., Cu(OH)2) and biological uptake [1,24,25]. Total dissolved Cu concentration varies between ~0.5 to 3 nM in offshore, surface seawater and increases from lower to higher latitudes and in coastal regions [8,9,10,20,25,26,27]. The elevated Cu concentration in coastal waters, up to 50 nM, is a result of a number of processes, including upwelling of Cu-rich deep water, fluvial and aeolian input, and anthropogenic pollution, and may inhibit algal growth [13,28,29,30]. Vertical profiles of dissolved Cu in the ocean show a nutrient-type distribution with low concentration in the sea surface and high concentration at depth [9,24,31]. Remineralization of sinking particles and diffusion of dissolved Cu from ocean sediments contribute to the high concentration in deep waters. Unlike a typical nutrient profile that shows a rapid increase below nutricline, dissolved Cu concentration increases linearly with depth, possibly due to remineralization and reversible scavenging of Cu in deep waters [20,24,32].




2.2. Cu Chemical Speciation


Chemical speciation of Cu in the ocean is controlled by complexation reactions with organic ligands that bind more than 99.7% of the total dissolved pool [8,31]. Two classes of organic ligands are identified according to their Cu-binding affinity: a strong ligand class (L1) present at relatively low concentrations of 2–4 nM with conditional stability constants log K′ = 13–16, and a weak ligand class (L2) present at relatively high concentrations of 5–10 nM with log K′ = 8–13 [10,33,34,35]. Distribution of L1 ligands tightly correlates with Cu but with a slightly higher concentration in the upper ocean [10,35]. Elevated L1 in surface waters has been interpreted to imply a biological origin of the ligand. Indeed, marine cyanobacteria are known to secrete strong Cu-binding ligands that are comparable to the natural L1 ligands in response to Cu exposure [34,36]. So far, the composition of natural Cu ligands has not been elucidated, but they appear to contain some thiols, humic substances and chalkophores [35]. Strong complexation by L1 reduces the equilibrium concentration of Cu2+ to femptomolar levels (10−15–10−14 M) [9,10,33,35].



Copper also exists in the ocean in two oxidation states, Cu(I) and Cu(II). Cu(II) is thermodynamically favored in oxygenated waters, but some Cu(I) may also be present. Current estimates are that about 10% of the total dissolved Cu in surface waters exists as Cu(I), stabilized by chloride ions or thiol ligands [37,38,39]. Photochemical processes that lead to ligand to metal charge transfer [39,40], and superoxide-mediated reduction [41], are thought to contribute to the bulk of Cu(I) production in the ocean. Biologically mediated Cu(II) reduction may also be important [23,42,43].




2.3. Cu Bioavailability


Metal availability and speciation regulate microalgae community composition and growth and thus affect ocean primary production [2,44]. Boyle and Edmond [45] proposed that Cu was a limiting resource in surface waters of the southwest Pacific Ocean based on their observation that the dissolved Cu:P ratio in seawater was less than in marine algae. Growth of diatoms in laboratory cultures is limited at Cu concentrations of 10−15.1–10−14.4 M free Cu2+, similar to levels found in the open sea [12,22,46]. Thus, Cu may naturally limit growth of diatoms in parts of the ocean. Indeed, addition of 2–4 nM Cu significantly stimulated phytoplankton growth and production rates in the subarctic Pacific Ocean [11,12], confirming that Cu is a limiting resource. Copper deficiency in marine microalgae may be more severe in low Fe environments, such as the high-nutrient, low-chlorophyll regions, because the high-affinity Fe uptake system contains a Cu-dependent ferroxidase and its up-regulation requires more Cu [12,47,48].



Copper toxicity occasionally occurs in some Cu-enriched environments, such as coastal regions that may receive a large quantity of atmospheric aerosols containing high Cu concentrations and is thought to alter the abundance of particular microalgae [13,30,49,50,51,52]. Because of the difference in metabolic Cu requirements and capacity of Cu uptake in different species, marine microalgae show interspecies differences in Cu sensitivity, among which cyanobacteria are the most sensitive microalgae to Cu toxicity (reproduction inhibited by [Cu2+] above 10−12 M) and eukaryotic algae more tolerant to Cu overload, assessed by growth performance at high Cu concentrations [51,53,54,55]. To minimize its toxic effects, cyanobacteria secrete strong Cu-binding ligands that complex Cu and reduce the concentration of bioavailable Cu in the environment [36,56]. Some eukaryotic algae also secrete Cu ligands, but with weaker binding affinity, in response to high Cu stress [56,57]. Eukaryotes evolved a shuttle system that delivers Cu to specific targets via Cu chaperons and maintains free cellular Cu concentration at undetectable levels [58]. Moreover, eukaryotic algae, for example, marine diatoms, contain an inducible Cu uptake system that tightly regulates Cu uptake and maintains optimal levels of cellular Cu [59].





3. Cu Requirement of Marine Microalgae


3.1. Cu Quotas


Metabolic Cu quotas are the amount of cellular Cu required by Cu-dependent metabolisms. The quotas are usually maintained within narrow limits by tightly regulated cellular processes even as environmental concentrations vary by orders of magnitude [59,60]. At low limiting concentrations, quotas invariably decline and become growth limiting, whereas at high concentrations, cellular Cu may accumulate to toxic levels. Cellular quotas are regulated by efficient Cu uptake and efflux systems to maintain an optimal storage of intracellular Cu that will ultimately influence growth rate of microalgae [59,61]. An oceanic diatom was able to grow in culture medium containing inorganic Cu (Cu′) concentrations varying by six orders of magnitude, primarily due to the presence of a tightly regulated, high-affinity Cu uptake system [22].



Cu quotas also vary among species by a factor of 10 [62] because of differences in cellular metabolisms. For example, oceanic diatoms require 10-fold more Cu for growth than closely related coastal isolates, primarily due to the presence of a Cu-containing protein, plastocyanin, that is absent in other coastal species [63]. It is estimated that about 50–70% of intracellular metabolic Cu is allocated to plastocyanin in diatoms and green algae [46,63,64]. Copper also plays an essential role in iron nutrition because Cu is required for high-affinity Fe uptake [65]. Cellular Fe quotas and uptake rates decrease in Cu-limited diatoms [12,66] and more Cu is required for growth when Fe is limiting [66]. Field observations had shown cellular stoichiometric Cu:P ratios were higher in microalgae in the Southern Ocean, where Fe limitation prevails [67,68], than in the Equatorial Pacific Ocean and the North Atlantic Ocean [69], indicating a higher Cu requirement for microalgae in low Fe environments [20,32]. A decrease in environmental Cu concentration reduces the cellular Cu:C ratio in microalgae [59,66] and presumably Cu-dependent pathways are down-regulated. Growth rate declines coincidentally and is positively correlated to cellular Cu content under Cu-limiting conditions [46].




3.2. Cuproenzymes


The rise of dissolved oxygen produced by oxygenic photosynthesis changed the redox state of the paleoocean, greatly increasing the solubility of dissolved Cu and decreasing the bioavailability of iron [70]. Since then, Cu has been available to organisms and utilized as a cofactor of high redox potential in metalloenzymes [71]. Except for a few Cu-dependent proteins (cuproenzymes) in aerobic bacteria and cyanobacteria, most cuproenzymes are found in eukaryotes; these organisms evolved after the increase in Cu availability in oxygenated seawater [70,72,73]. The cuproenzymes of eukaryotes primarily function in redox reactions involved in electron transport and oxygen chemistry [3,4].



The three most abundant cuproenzymes in eukaryotic microalgae are plastocyanin, cytochrome c oxidase and multicopper oxidase [64,74]. Plastocyanin is a photosynthetic electron transfer protein that transfers electrons from cytochrome b6/f complex to photosystem I [75]. Cytochrome c oxidase catalyzes the final step of respiration by reducing oxygen to water [76]. Multicopper oxidase is a Cu-containing ferroxidase and functions in iron acquisition [48,65]. Other important cuproenzymes in algae include amine oxidase involved in amino acid metabolisms, Cu-Zn superoxide dismutase for free radical scavenging, urate oxidase in the urea cycle, tyrosinase and laccase for betalain and melanin synthesis [77,78,79,80]. Some low molecular weight proteins found in algal cells also bind Cu, including metallothioneins and phytochelatins, but are not considered as cuproenzymes, because they bind Cu temporarily as a detoxification strategy and Cu does not regulate their functions as a cofactor [81,82].




3.3. Cu-Regulated Metabolisms


Under Cu deficiency, the cellular concentration of cuproenzymes declines with the decrease in the amount of cellular Cu [64]. Plastocyanin, for example, the most abundant cuproenzyme in photoautotrophs, is down-regulated by more than 3-fold in Cu-limited diatoms [83,84] and decreased to an undetectable level in Cu-limited Chlamydomonas [74,85]. Down-regulation of plastocyanin allows Cu to be relocated to cytochrome c oxidase and multicopper oxidase [86] and the loss of plastocyanin function in Chlamydomonas can be restored by up-regulation of a Fe-containing protein, cytochrome c6 [87]. The replacement of cuproenzymes with functional equivalents is also shown in Cu-containing amine oxidase and multicopper reductase, which can be substituted by a flavin-dependent amine oxidase [74] and a CRD2 protein [47,88] under Cu limiting conditions. If such Cu sparing mechanisms are absent in microalgae—for example, oceanic diatoms only contain plastocyanin but no functional cytochrome c6 [84], then a decrease in the abundance of cuproenzymes will cause defects in cellular metabolisms and reduce growth rate. For example, Cu deficiency caused downregulation of most anabolic metabolisms and energy-yielding reactions, such as photosynthesis, carbon fixation, nitrogen assimilation and glycolysis, to accommodate slower growth of a plastocyanin-dependent diatom [84,89]. Because of the critical role of plastocyanin in photosynthesis and its binding of the majority of Cu quotas, the initial targets of Cu deficiency are believed to be localized in chloroplasts of plastocyanin-containing species where decreased abundance of plastocyanin impaired photosynthetic electron flow and oxidative defense systems were activated primarily in chloroplasts to counterbalance low Cu-induced oxidative stress [89].





4. Cu Acquisition Mechanisms


4.1. Cu Uptake and Cu Transporters


Copper uptake is of great importance in maintaining cellular Cu homeostasis, because it controls the amount of Cu that is transported into cells. Uptake proceeds by a two-step reaction involving binding of the metal to a specific transport ligand on the cell surface followed by internalization [90]. In marine and freshwater microalgae, the Cu uptake rate follows a saturation curve, described by Michaelis–Menten kinetics [91,92,93]. In some species, uptake is biphasic and includes both a low and a high-affinity Cu uptake system [93,94]. Half-saturation constants (Km) of the low-affinity uptake systems are between 1.82 to 15.5 pM free Cu2+ (pCu = 10.8 to 11.7; pCu = −log[Cu2+]) in marine cyanobacteria and diatoms [91,93,94] and thus thought to function at high environmental Cu concentration. High-affinity Cu uptake was first described in yeast and selectively transports monovalent Cu ions (Cu+) via specific cuprous transporters [95,96]. In the green alga, Chlamydomonas, the high-affinity system is induced by low Cu and increases the uptake rate by 20-fold in Cu-limited compared to Cu-replete cells [92]. Half-saturation constants of the high-affinity uptake systems in freshwater and marine algae are between 5.62 and 68.4 fM Cu2+ (pCu = 13.2 to 14.2), more than 100-fold lower than the Km of low-affinity uptake systems [93,94]. Thus, high-affinity Cu uptake is considered to be more important for marine microalgae in low Cu environments where effective Cu scavenging is at a premium.



High-affinity Cu uptake systems feature high specificity for Cu+ transportation and consist of two molecular components, high-affinity CTR-type Cu transporters (CTR) and cupric reductases [97]. CTRs were first described in yeast [95] and later found to be widespread in eukaryotes. CTR proteins contain essential amino acid motifs and protein domains that are conserved throughout eukaryotic lineages [60,97]. The conserved regions include methionine and/or histidine-rich motifs in the N-terminus for capturing Cu at the cell surface, an ion channel constituted by three α-helices in the transmembrane domains for transporting Cu, and cysteine and/or histidine motifs in the C-terminus for delivering Cu to intracellular chaperones. An amino acid motif MxxxM-x12-GxxxG in transmembrane domains is characterized as the signature motif found in all CTR proteins [98]. The N-terminal methionine motifs preferably bind Cu(I) [99], and Cu uptake via CTR transporters is facilitated by Cu(I) but not Cu(II) in yeast [96]. CTRs are also present in vacuolar membranes of yeast and plant cells, shuttling Cu between vacuole and cytoplasm but with a relatively low affinity [100,101,102]. Marine species also contain homologues of CTR transporters and their function in Cu transportation was examined in an oceanic diatom, Thalassiosira oceanica, by functional complementation of a CTR-defect yeast mutant [22]. Expression of CTR genes of T. oceanica in the yeast mutant successfully restored growth in Cu-deficient medium and the expressed proteins selectively transported Cu(I). A closely related coastal isolate, T. pseudonana, also contained candidate CTR genes, but the expressed proteins failed to restore growth of the yeast mutant [103]. The possible reason could be that coastal species have a lower Cu requirement and thus do not need a high-affinity uptake system to acquire Cu in coastal regions containing relatively high Cu concentrations. Gene expression of CTRs is regulated at transcriptional level by cellular Cu nutritional state and inducible by environmental concentrations [60]. For example, CTR is highly expressed in Cu-limited algal cells [22,60,74] and degraded in response to high Cu exposure [104,105].



Low-affinity uptake proceeds by some non-specific divalent metal ion transporters. One type of this assimilatory Cu transporter is the NRAMP (Natural Resistance-Associated Macrophage Protein) family of divalent metal transporters. NRAMP was named for its first detection in membranes of macrophages and its function in the digestion of intracellular parasites [106]. The human NRAMP (NRAMP1, NRAMP2) and its homologues in yeasts (SMF1, SMF2, SMF3) and mammals (DMT1/DCT1) are general metal ion transporters that transport a broad range of metal substrates across the plasma membrane, including Fe2+, Mn2+, Co2+, Zn2+, Cd2+, Cu2+, Ni2+ and Pb2+ [107,108]. The NRAMP family proteins have ten to twelve conserved transmembrane domains, but their function in metal transport as a proton/metal ion symporter or an antiporter remains controversial [108,109]. The marine diatom, T. pseudonana, contains an NRAMP homologue protein (TpNRAMP) in its genome and its expression increases by 2-fold in Cu-limited cells [110]. Very similar to NRAMP, the ZIP (Zrt, Irt-like Protein) family of metal transporters that were originally identified as zinc and iron transporters in yeast and Arabidopsis [111,112,113] use a broad range of substrates [114]. Inhibition of Zn uptake by Cu in Arabidopsis, suggested that ZIP may also transport Cu [115]. Expression of one ZIP gene is upregulated by 20-fold in Cu-limited Chlamydomonas [74], but the molecular mechanism of ZIP-mediated Cu uptake in marine species is still unknown.




4.2. Cu Reduction and Cupric Reductases


The first description of Cu reduction in marine algae showed that Cu(II) bound to inorganic and organic complexes was reduced to Cu(I) extracellularly [42,116]. Extracellular Cu(II) reduction was later observed in other species, including diatoms, green algae and in a coccolithophorid [23,92,117,118,119]. The importance of redox cycling of Cu in the ocean was initially considered in a chemical context, as a catalyst in photochemistry of carbon and oxygen cycling in the ocean [39]. Not until high-affinity CTR cuprous transporters were characterized in yeast [95], was the biological function of Cu reduction appreciated as an important step in Cu uptake. Inhibition of Cu reductase activity in yeast reduced the Cu uptake rate substantially, providing the first experimental evidence for the dependence of Cu reduction on uptake [96]. The presence of functional CTRs in marine diatoms implied that extracellular Cu(II) reduction was a necessary step in Cu uptake, because dissolved Cu is present predominantly as oxidation state of Cu(II) in the surface ocean [38]. Addition of bathocuproinedisulfonate, a strong Cu(I)-binding ligand, decreased Cu uptake rate of a marine diatom by more than 75% and completely inhibited growth in Cu-deficient medium, demonstrating Cu(II) reduction was an obligatory first step in Cu uptake in this species [23].



The molecular mechanism of cell surface Cu reduction in marine species is poorly understood, but there is some evidence that it is associated with nitrate reductase activity [42,116]. In yeast, cell surface Cu reduction is mediated by two ferrireductases, FRE1 and FRE2 [96,120], that were initially described for Fe reduction [121,122]. FREs belong to the protein superfamily of flavocytochromes and are homologous to the β-subunit, gp91phox, of human NADPH oxidases [123]. NADPH oxidase and its protein homologue, the respiratory burst oxidase in plants, catalyze the production of superoxide radicals by reducing oxygen with electrons donated from intracellular NADPH and transferred by two cofactors, flavin adenine dinucleotide (FAD) and two b-type hemes [124,125]. Putative FREs identified in marine diatoms (e.g., TpFRE1,2 of T. pseudonana, PtFRE1,2 of Phaeodactylum tricornutum, ToFRE1,2 of T. oceanica) share conserved amino acid motifs and protein domains with yeast FREs and NADPH oxidases [43,126,127,128]. These include multiple transmembrane domains, FAD and NADPH binding motifs on the cytosolic side, and a bis-heme motif in transmembrane domains.



Biochemical function of cupric reductases was originally investigated in Saccharomyces cerevisiae [96,120]. A small number of studies had examined the identity and function of cupric reductases in marine microalgae; they showed that expression of putative FRE genes is regulated by Cu in marine diatoms, indicating a possible role in Cu homeostasis [89,110]. Cupric reductase activity of two FRE genes of a marine diatom were recently validated by functionally complementing a Cu reduction-deficient yeast mutant. Transformation and expression of diatom FRE genes in the yeast mutant significantly increased the rate of Cu reduction by more than 2-fold relative to the non-transformed mutant strain [43]. Some studies suggest metal ions may be directly reduced at the enzymatic site of reductases or via some intermediate metabolites, such as superoxide anions (O2−) [128,129], so the biochemical mechanism of how cupric reductases reduce Cu at the cell surface is still uncertain. Half-saturation constants of Cu reduction kinetics measured in marine microalgae are between 2 to 123 μM [42,117]. Given that the ambient Cu concentration is more than 1000-fold lower than measured half-saturation constants, enzymes that mediate Cu reduction may not function primarily for trace metal reduction and may have a more broad range of substrates of higher concentrations, such as nitrate and dissolved oxygen. In addition to biologically mediated Cu reduction, abiotic reduction of Cu occurs by photochemical processes and by superoxide [41,130], and may supply Cu(I) to marine algae.




4.3. New Insights into Metal Uptake Models


The initial work on the relationship between Cu availability and algae growth showed that the toxicity of Cu in freshwater and marine species was related to the concentration of free Cu2+ but not organically complexed Cu [17,19,53]. The general principles of the conventional metal uptake model, the free-ion activity model (FIAM), describe the dependence of growth and metal uptake on free metal ions or kinetically labile species and were applicable to many metals (e.g., Cd2+, Cu2+, Fe3+, Mn2+, Zn2+) [17,131,132,133]. Exceptions to FIAM were reported in more recent studies showing free Cu2+ or inorganic Cu′ species cannot fulfill the Cu requirements for uptake at growth limiting concentrations of Cu because of its extremely low concentration [66,134,135]. For example, rates of Cu uptake are 2 to 1000-fold faster than the rates of diffusion of Cu′ to the cell surface [21,66,134,135,136], so other chemical species of Cu are thought to be utilized directly by microalgae for growth. In EDTA-buffered growth media, rates of Cu reduction in a marine diatom depended on the concentrations of Cu(II)EDTA but not Cu′, further proving direct utilization of organic Cu by some marine algae [23]. Similar observations were shown for Fe and Zn uptake when measured rates of metal uptake exceeded the maximum diffusion flux rate of inorganic species to the cell surface [137,138]. It has been shown that marine microalgae are able to utilize Fe bound to siderophores, and extracellular reduction of organic Fe makes Fe available to algal cells [138,139,140]. Alternatively, siderophore-bound Fe could be transported directly into cells as a complex by endocytosis-mediated siderophore uptake [141]. Acquisition of Zn could be facilitated with weak binding ligands and transported as a Zn-cysteine complex through cysteine specific transporters [137]. So far, direct transport of organic Cu complexes has not been reported. Instead, the reduction-dependent, high-affinity Cu uptake system characterized in marine diatoms enables cells to utilize organically complexed Cu after it is reduced at the cell surface [22,23].



The possession of both high-affinity (reductive) and low-affinity (nonreductive) Cu uptake systems allows marine diatoms to adjust strategies to acquire Cu from different environments (e.g., low Cu and high Cu environments). For example, at growth-limiting, low Cu environments, concentrations of Cu′ (including free Cu2+) are so low that uptake of Cu′ via low-affinity transporters contributes only a negligible amount to the bulk uptake of Cu from the environment (Figure 1). Instead, molecular components of high-affinity Cu uptake system, including CTRs and FREs, are highly expressed in response to low Cu (Figure 1). An upregulated high-affinity uptake system reduces organic Cu (Cu-L) at cell surface and makes it available for transport via CTRs. Because concentrations of Cu-L are more than 1000-fold higher than Cu′ in strong ligand-buffered (e.g., EDTA) culture medium and natural seawater, the reductive Cu uptake pathway predominates in the process of Cu uptake and relies on total Cu concentration under Cu limiting conditions. At high Cu environments, the reductive pathways are downregulated and concentrations of Cu′ are high enough to meet the requirements of Cu uptake by marine microalgae (Figure 1). Addition of a strong Cu(I)-binding ligand did not affect algal growth at high Cu concentrations [23], indicating that Cu is transported as the oxidation state of Cu(II) by the low-affinity uptake system and that the nonreductive pathway predominates in the bulk uptake of Cu at high Cu environments (Figure 1). Thus, the principles of FIAM are still valid but only at high environmental Cu concentrations. The presence of reductive Cu uptake pathways in some marine species allows the utilization of organic Cu and its regulation by environmental Cu availability provides new insights into metal uptake model and highlights the importance of organic Cu in marine Cu cycles.





5. Conclusions and Future Perspectives


Marine microalgae adjust cellular metabolisms and regulate Cu uptake to maintain an optimal intracellular Cu content and growth when growing in environments with variations in environmental Cu availability. Cu deficiency causes a decrease in metabolic Cu quotas, which reduces the abundance of cuproenzymes and affects the dependent cellular metabolisms. Cu uptake is inducible in response to Cu availability and its regulation by cellular Cu nutritional state buffers the changes in environmental Cu concentrations. The possession of a reductive Cu uptake pathway allows marine diatoms to directly utilize organically complexed Cu, the previously unrecognized forms of bioavailable Cu. CTR transporters are widespread in eukaryotes that include marine microalgae so that other marine species have the potential to acquire Cu by the same CTR-mediated Cu pathway, especially in open oceans where Cu is predominantly complexed by strong ligands and present at extremely low Cu concentrations. The high-affinity Cu uptake pathway requires a prerequisite Cu reduction step that Cu(II) is reduced to Cu(I) prior to Cu internalization. Biological and photochemical reactions that catalyze reactions of Cu(II) reduction are thus fundamental to Cu uptake by marine microalgae in the ocean. Current views recognize that extracellular Cu(II) reduction is required for Cu(I) uptake by Cu(I) transporters, but pay little attention to the reduction step [54,93,94]. A recent study shows Cu(II) reduction is the rate-determining step in Cu acquisition by a diatom and identifies a previously overlooked regulatory step in Cu uptake [43]. If the reduction step determines the rate of Cu uptake and the reductive pathways are widespread in marine microorganisms, then the properties of the Cu complexing ligands and the chemical or biological reactions for redox cycling of Cu should be considered primarily, rather than the chemical equilibrium of inorganic Cu species, when determining Cu availability in the sea. This is relevant to understanding how environmental (e.g., Cu concentrations, light, temperature) and chemical (e.g., electrostatic and steric factors, and reduction potentials of organic Cu complexes) parameters affect Cu uptake by marine microalgae in the sea and biogeochemical cycling of metals in aquatic ecosystems.







Funding


This research received no external funding.




Data Availability Statement


Data supporting this study are available in cited articles where they were originally reported.




Acknowledgments


Two anonymous reviewers made valuable comments that improved this review.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Morel, F.M.M.; Price, N.M. The Biogeochemical Cycles of Trace Metals in the Oceans. Science 2003, 300, 944–947. [Google Scholar] [CrossRef] [PubMed]

	



Sunda, W.G. Feedback Interactions between Trace Metal Nutrients and Phytoplankton in the Ocean. Front. Microbiol. 2012, 3, 204. [Google Scholar] [CrossRef] [PubMed]

	



Burkhead, J.L.; Gogolin Reynolds, K.A.; Abdel-Ghany, S.E.; Cohu, C.M.; Pilon, M. Copper homeostasis. New Phytol. 2009, 182, 799–816. [Google Scholar] [CrossRef]

	



Ridge, P.G.; Zhang, Y.; Gladyshev, V.N. Comparative Genomic Analyses of Copper Transporters and Cuproproteomes Reveal Evolutionary Dynamics of Copper Utilization and Its Link to Oxygen. PLoS ONE 2008, 3, e1378. [Google Scholar] [CrossRef]

	



Gaetke, L.M.; Chow, C.K. Copper toxicity, oxidative stress, and antioxidant nutrients. Toxicology 2003, 189, 147–163. [Google Scholar] [CrossRef]

	



Hartwig, A. Zinc Finger Proteins as Potential Targets for Toxic Metal Ions: Differential Effects on Structure and Function. Antioxid. Redox Signal. 2001, 3, 625–634. [Google Scholar] [CrossRef]

	



Macomber, L.; Imlay, J.A. The iron-sulfur clusters of dehydratases are primary intracellular targets of copper toxicity. Proc. Natl. Acad. Sci. USA 2009, 106, 8344–8349. [Google Scholar] [CrossRef]

	



Coale, K.H.; Bruland, K.W. Spatial and temporal variability in copper complexation in the North Pacific. Deep Sea Res. Part A Oceanogr. Res. Pap. 1990, 37, 317–336. [Google Scholar] [CrossRef]

	



Jacquot, J.; Kondo, Y.; Knapp, A.; Moffett, J.W. The speciation of copper across active gradients in nitrogen-cycle processes in the eastern tropical South Pacific. Limnol. Oceanogr. 2013, 58, 1387–1394. [Google Scholar] [CrossRef]

	



Moffett, J.W.; Dupont, C. Cu complexation by organic ligands in the sub-arctic NW Pacific and Bering Sea. Deep Sea Res. Part I Oceanogr. Res. Pap. 2007, 54, 586–595. [Google Scholar] [CrossRef]

	



Coale, K.H. Effects of iron, manganese, copper, and zinc enrichments on productivity and biomass in the subarctic Pacific. Limnol. Oceanogr. 1991, 36, 1851–1864. [Google Scholar] [CrossRef]

	



Peers, G.; Quesnel, S.-A.; Price, N.M. Copper requirements for iron acquisition and growth of coastal and oceanic diatoms. Limnol. Oceanogr. 2005, 50, 1149–1158. [Google Scholar] [CrossRef]

	



Jordi, A.; Basterretxea, G.; Tovar-Sánchez, A.; Alastuey, A.; Querol, X. Copper aerosols inhibit phytoplankton growth in the Mediterranean Sea. Proc. Natl. Acad. Sci. USA 2012, 109, 21246–21249. [Google Scholar] [CrossRef] [PubMed]

	



Paytan, A.; Mackey, K.R.M.; Chen, Y.; Lima, I.D.; Doney, S.C.; Mahowald, N.; Labiosa, R.; Post, A.F. Toxicity of atmospheric aerosols on marine phytoplankton. Proc. Natl. Acad. Sci. USA 2009, 106, 4601–4605. [Google Scholar] [CrossRef] [PubMed]

	



Merchant, S.S.; Helmann, J.D. Elemental economy: Microbial strategies for optimizing growth in the face of nutrient limitation. Adv. Microb. Physiol. 2012, 60, 91–210. [Google Scholar] [PubMed]

	



Morel, F.M.M.; Hering, J.G. Principles and Applications of Aquatic Chemistry; John Wiley & Sons: New York, NY, USA, 1993. [Google Scholar]

	



Anderson, D.M.; Morel, F.M.M. Copper sensitivity of Gonyaulax tamarensis 1. Limnol. Oceanogr. 1978, 23, 283–295. [Google Scholar] [CrossRef]

	



Jackson, G.A.; Morgan, J.J. Trace metal-chelator interactions and phytoplankton growth in seawater media: Theoretical analysis and comparison with reported observations 1. Limnol. Oceanogr. 1978, 23, 268–282. [Google Scholar] [CrossRef]

	



Sunda, W.G.; Guillard, R.R.L. The relationship between cupric ion activity and the toxicity of copper to phytoplankton. J. Mar. Res. 1976, 34, 511–529. [Google Scholar]

	



Richon, C.; Tagliabue, A. Insights Into the Major Processes Driving the Global Distribution of Copper in the Ocean From a Global Model. Glob. Biogeochem. Cycles 2019, 33, 1594–1610. [Google Scholar] [CrossRef]

	



Semeniuk, D.M.; Bundy, R.M.; Payne, C.D.; Barbeau, K.A.; Maldonado, M.T. Acquisition of organically complexed copper by marine phytoplankton and bacteria in the northeast subarctic Pacific Ocean. Mar. Chem. 2015, 173, 222–233. [Google Scholar] [CrossRef]

	



Kong, L.; Price, N.M. Functional CTR-type Cu(I) transporters in an oceanic diatom. Environ. Microbiol. 2018, 21, 98–110. [Google Scholar] [CrossRef] [PubMed]

	



Kong, L.; Price, N.M. A reduction-dependent copper uptake pathway in an oceanic diatom. Limnol. Oceanogr. 2019, 65, 601–611. [Google Scholar] [CrossRef]

	



Bruland, K.W. Oceanographic distributions of cadmium, zinc, nickel, and copper in the North Pacific. Earth Planet. Sci. Lett. 1980, 47, 176–198. [Google Scholar] [CrossRef]

	



Bruland, K.W.; Franks, R.P. Mn, Ni, Cu, Zn and Cd in the Western North Atlantic. Trace Met. Sea Water 1983, 9, 395–414. [Google Scholar] [CrossRef]

	



Boyle, E.; Sclater, F.; Edmond, J. The distribution of dissolved copper in the Pacific. Earth Planet. Sci. Lett. 1977, 37, 38–54. [Google Scholar] [CrossRef]

	



Schlitzer, R.; Anderson, R.F.; Dodas, E.M.; Lohan, M.; Geibert, W.; Tagliabue, A.; Bowie, A.; Jeandel, C.; Maldonado, M.T.; Landing, W.M.; et al. The GEOTRACES Intermediate Data Product 2017. Chem. Geol. 2018, 493, 210–223. [Google Scholar] [CrossRef]

	



Duan, X.; Guo, C.; Zhang, C.; Li, H.; Zhou, Y.; Gao, H.; Xia, X.; He, H.; McMinn, A.; Wang, M. Effect of East Asian atmospheric particulate matter deposition on bacterial activity and community structure in the oligotrophic Northwest Pacific. Environ. Pollut. 2021, 283, 117088. [Google Scholar] [CrossRef]

	



Mart, L.; Rutzel, H.; Klahre, P.; Sipos, L.; Platzek, U.; Valenta, P.; Nürnberg, H.W. Comparative studies on the distribution of heavy metals in the oceans and coastal waters. Sci. Total Environ. 1982, 26, 1–17. [Google Scholar] [CrossRef]

	



Moffett, J.W.; Brand, L.E.; Croot, P.L.; Barbeau, K.A. Cu speciation and cyanobacterial distribution in harbors subject to anthropogenic Cu inputs. Limnol. Oceanogr. 1997, 42, 789–799. [Google Scholar] [CrossRef]

	



Coale, K.H.; Bruland, K.W. Copper complexation in the Northeast Pacific. Limnol. Oceanogr. 1988, 33, 1084–1101. [Google Scholar] [CrossRef]

	



Cui, M.; Gnanadesikan, A. Characterizing the Roles of Biogeochemical Cycling and Ocean Circulation in Regulating Marine Copper Distributions. J. Geophys. Res. Oceans 2022, 127, e2021JC017742. [Google Scholar] [CrossRef]

	



Bundy, R.M.; Barbeau, K.A.; Buck, K.N. Sources of strong copper-binding ligands in Antarctic Peninsula surface waters. Deep Sea Res. Part II Top. Stud. Oceanogr. 2012, 90, 134–146. [Google Scholar] [CrossRef]

	



Moffett, J.; Zika, R.; Brand, L. Distribution and potential sources and sinks of copper chelators in the Sargasso Sea. Deep Sea Res. Part A Oceanogr. Res. Pap. 1990, 37, 27–36. [Google Scholar] [CrossRef]

	



Whitby, H.; Posacka, A.M.; Maldonado, M.T.; Van den Berg, C.M. Copper-binding ligands in the NE Pacific. Mar. Chem. 2018, 204, 36–48. [Google Scholar] [CrossRef]

	



Moffett, J.W.; Brand, L.E. Production of strong, extracellular Cu chelators by marine cyanobacteria in response to Cu stress. Limnol. Oceanogr. 1996, 41, 388–395. [Google Scholar] [CrossRef]

	



Leal, M.F.C.; Van den Berg, C. Evidence for Strong Copper(I) Complexation by Organic Ligands in Seawater. Aquat. Geochem. 1998, 4, 49–75. [Google Scholar] [CrossRef]

	



Moffett, J.W.; Zika, R.G. Oxidation kinetics of Cu(I) in seawater: Implications for its existence in the marine environment. Mar. Chem. 1983, 13, 239–251. [Google Scholar] [CrossRef]

	



Moffett, J.W.; Zika, R.G. Measurement of copper(I) in surface waters of the subtropical Atlantic and Gulf of Mexico. Geochim. Cosmochim. Acta 1988, 52, 1849–1857. [Google Scholar] [CrossRef]

	



Zika, R.G. Chapter 10 Marine Organic Photochemistry. Elsevier Oceanogr. Ser. 1981, 31, 299–325. [Google Scholar] [CrossRef]

	



Voelker, B.M.; Sedlak, A.D.L.; Zafiriou, O.C. Chemistry of Superoxide Radical in Seawater: Reactions with Organic Cu Complexes. Environ. Sci. Technol. 2000, 34, 1036–1042. [Google Scholar] [CrossRef]

	



Jones, G.J.; Palenik, B.P.; Morel, F.M.M. Trace metal reduction by phytoplankton: The role of plasmalemma redox enzymes. J. Phycol. 1987, 23, 237–244. [Google Scholar] [CrossRef]

	



Kong, L.; Price, N.M. Light Stimulates Copper-Limited Growth of an Oceanic Diatom by Increasing Cellular Copper(II) Reduction─A Rate-Determining Step in Copper Uptake. Environ. Sci. Technol. 2022, 56, 9103–9111. [Google Scholar] [CrossRef] [PubMed]

	



Bruland, K.W.; Donat, J.R.; Hutchins, D.A. Interactive influences of bioactive trace metals on biological production in oceanic waters. Limnol. Oceanogr. 1991, 36, 1555–1577. [Google Scholar] [CrossRef]

	



Boyle, E.; Edmond, J.M. Copper in surface waters south of New Zealand. Nature 1975, 253, 107–109. [Google Scholar] [CrossRef]

	



Kim, J.-W.; Price, N.M. The influence of light on copper-limited growth of an oceanic diatom, Thalassiosira oceanica (Coscinodiscophyceae). J. Phycol. 2017, 53, 938–950. [Google Scholar] [CrossRef]

	



Chen, J.-C.; Hsieh, S.I.; Kropat, J.; Merchant, S.S. A Ferroxidase Encoded by FOX1 Contributes to Iron Assimilation under Conditions of Poor Iron Nutrition in Chlamydomonas. Eukaryot. Cell 2008, 7, 541–545. [Google Scholar] [CrossRef]

	



Maldonado, M.T.; Allen, A.E.; Chong, J.S.; Lin, K.; Leus, D.; Karpenko, N.; Harris, S.L. Copper-dependent iron transport in coastal and oceanic diatoms. Limnol. Oceanogr. 2006, 51, 1729–1743. [Google Scholar] [CrossRef]

	



DiTullio, G.R.; Laws, E.A. Impact of an atmospheric-oceanic disturbance on phytoplankton community dynamics in the North Pacific Central Gyre. Deep Sea Res. Part A Oceanogr. Res. Pap. 1991, 38, 1305–1329. [Google Scholar] [CrossRef]

	



Guo, C.; Zhou, Y.; Zhou, H.; Su, C.; Kong, L. Aerosol Nutrients and Their Biological Influence on the Northwest Pacific Ocean (NWPO) and Its Marginal Seas. Biology 2022, 11, 842. [Google Scholar] [CrossRef]

	



Lopez, J.S.; Lee, L.; Mackey, K.R.M. The Toxicity of Copper to Crocosphaera watsonii and Other Marine Phytoplankton: A Systematic Review. Front. Mar. Sci. 2019, 5, 511. [Google Scholar] [CrossRef]

	



Mann, E.L.; Ahlgren, N.; Moffett, J.W.; Chisholm, S.W. Copper toxicity and cyanobacteria ecology in the Sargasso Sea. Limnol. Oceanogr. 2002, 47, 976–988. [Google Scholar] [CrossRef]

	



Brand, L.E.; Sunda, W.G.; Guillard, R.R. Reduction of marine phytoplankton reproduction rates by copper and cadmium. J. Exp. Mar. Biol. Ecol. 1986, 96, 225–250. [Google Scholar] [CrossRef]

	



Levy, J.L.; Angel, B.; Stauber, J.L.; Poon, W.L.; Simpson, S.; Cheng, S.H.; Jolley, D. Uptake and internalisation of copper by three marine microalgae: Comparison of copper-sensitive and copper-tolerant species. Aquat. Toxicol. 2008, 89, 82–93. [Google Scholar] [CrossRef]

	



Levy, J.L.; Stauber, J.L.; Jolley, D. Sensitivity of marine microalgae to copper: The effect of biotic factors on copper adsorption and toxicity. Sci. Total Environ. 2007, 387, 141–154. [Google Scholar] [CrossRef]

	



Croot, P.L.; Moffett, J.W.; Brand, L.E. Production of extracellular Cu complexing ligands by eucaryotic phytoplankton in response to Cu stress. Limnol. Oceanogr. 2000, 45, 619–627. [Google Scholar] [CrossRef]

	



McKnight, D.M.; Morel, F.M.M. Release of weak and strong copper-complexing agents by algae1. Limnol. Oceanogr. 1979, 24, 823–837. [Google Scholar] [CrossRef]

	



Rae, T.D.; Schmidt, P.J.; Pufahl, R.A.; Culotta, V.C.; O’Halloran, T.V. Undetectable Intracellular Free Copper: The Requirement of a Copper Chaperone for Superoxide Dismutase. Science 1999, 284, 805–808. [Google Scholar] [CrossRef]

	



Sunda, W.G.; Huntsman, S.A. Regulation of copper concentration in the oceanic nutricline by phytoplankton uptake and regeneration cycles. Limnol. Oceanogr. 1995, 40, 132–137. [Google Scholar] [CrossRef]

	



Page, M.D.; Kropat, J.; Hamel, P.P.; Merchant, S.S. Two Chlamydomonas CTR Copper Transporters with a Novel Cys-Met Motif Are Localized to the Plasma Membrane and Function in Copper Assimilation. Plant Cell 2009, 21, 928–943. [Google Scholar] [CrossRef]

	



Walsh, M.; Ahner, B.A. Copper export contributes to low copper levels and copper tolerance in Emiliania huxleyi. Limnol. Oceanogr. 2014, 59, 827–839. [Google Scholar] [CrossRef]

	



Guo, J.; Lapi, S.; Ruth, T.J.; Maldonado, M.T. The effects of iron and copper availability on the copper stoichiometry of marine phytoplankton. J. Phycol. 2012, 48, 312–325. [Google Scholar] [CrossRef] [PubMed]

	



Peers, G.; Price, N. Copper-containing plastocyanin used for electron transport by an oceanic diatom. Nature 2006, 441, 341–344. [Google Scholar] [CrossRef] [PubMed]

	



Merchant, S.S.; Allen, M.D.; Kropat, J.; Moseley, J.L.; Long, J.C.; Tottey, S.; Terauchi, A.M. Between a rock and a hard place: Trace element nutrition in Chlamydomonas. Biochim. Biophys. Acta Mol. Cell Res. 2006, 1763, 578–594. [Google Scholar] [CrossRef] [PubMed]

	



Askwith, C.; Eide, D.; Van Ho, A.; Bernard, P.S.; Li, L.; Davis-Kaplan, S.; Sipe, D.M.; Kaplan, J. The FET3 gene of S. cerevisiae encodes a multicopper oxidase required for ferrous iron uptake. Cell 1994, 76, 403–410. [Google Scholar] [CrossRef]

	



Annett, A.L.; Lapi, S.; Ruth, T.J.; Maldonado, M.T. The effects of Cu and Fe availability on the growth and Cu:C ratios of marine diatoms. Limnol. Oceanogr. 2008, 53, 2451–2461. [Google Scholar] [CrossRef]

	



Moore, C.M.; Mills, M.M.; Arrigo, K.R.; Berman-Frank, I.; Bopp, L.; Boyd, P.W.; Galbraith, E.D.; Geider, R.J.; Guieu, C.; Jaccard, S.L.; et al. Processes and patterns of oceanic nutrient limitation. Nat. Geosci. 2013, 6, 701–710. [Google Scholar] [CrossRef]

	



Tagliabue, A.; Bowie, A.R.; Boyd, P.W.; Buck, K.N.; Johnson, K.S.; Saito, M.A. The integral role of iron in ocean biogeochemistry. Nature 2017, 543, 51–59. [Google Scholar] [CrossRef]

	



Twining, B.S.; Baines, S.B. The Trace Metal Composition of Marine Phytoplankton. Annu. Rev. Mar. Sci. 2013, 5, 191–215. [Google Scholar] [CrossRef]

	



Saito, M.A.; Sigman, D.M.; Morel, F.M. The bioinorganic chemistry of the ancient ocean: The co-evolution of cyanobacterial metal requirements and biogeochemical cycles at the Archean–Proterozoic boundary? Inorg. Chim. Acta 2003, 356, 308–318. [Google Scholar] [CrossRef]

	



Crichton, R.; Pierre, J.-L. Old Iron, Young Copper: From Mars to Venus. Biometals 2001, 14, 99–112. [Google Scholar] [CrossRef]

	



Ochiai, E.-I. Copper and the biological evolution. Biosystems 1983, 16, 81–86. [Google Scholar] [CrossRef]

	



Quigg, A.; Finkel, Z.; Irwin, A.; Rosenthal, Y.; Ho, T.-Y.; Reinfelder, J.; Schofield, O.; Morel, F.M.M.; Falkowski, P.G. The evolutionary inheritance of elemental stoichiometry in marine phytoplankton. Nature 2003, 425, 291–294. [Google Scholar] [CrossRef] [PubMed]

	



Castruita, M.; Casero, D.; Karpowicz, S.J.; Kropat, J.; Vieler, A.; Hsieh, S.I.; Yan, W.; Cokus, S.; Loo, J.A.; Benning, C.; et al. Systems Biology Approach in Chlamydomonas Reveals Connections between Copper Nutrition and Multiple Metabolic Steps. Plant Cell 2011, 23, 1273–1292. [Google Scholar] [CrossRef] [PubMed]

	



Boulter, D. Chemistry, function, and evolution of plastocyanin. Int. Rev. Biochem. Plant Biochem. II 1977, 13, 1–40. [Google Scholar]

	



Capaldi, R.A. Structure and function of cytochrome c oxidase. Ann. Rev. Biochem. 1990, 59, 569–596. [Google Scholar] [CrossRef]

	



Medda, R.; Padiglia, A.; Floris, G. Plant copper-amine oxidases. Phytochemistry 1995, 39, 1–9. [Google Scholar] [CrossRef]

	



Alscher, R.G.; Erturk, N.; Heath, L.S. Role of superoxide dismutases (SODs) in controlling oxidative stress in plants. J. Exp. Bot. 2002, 53, 1331–1341. [Google Scholar] [CrossRef]

	



Alamillo, J.M.; Cárdenas, J.; Pineda, M. Purification and molecular properties of urate oxidase from Chlamydomonas reinhardtii. Biochim. Biophys. Acta BBA Protein Struct. Mol. Enzym. 1991, 1076, 203–208. [Google Scholar] [CrossRef]

	



Steiner, U.; Schliemann, W.; Böhm, H.; Strack, D. Tyrosinase involved in betalain biosynthesis of higher plants. Planta 1999, 208, 114–124. [Google Scholar] [CrossRef]

	



Davis, A.K.; Hildebrand, M.; Palenik, B. Gene Expression Induced by Copper Stress in the Diatom Thalassiosira pseudonana. Eukaryot. Cell 2006, 5, 1157–1168. [Google Scholar] [CrossRef]

	



Fernandes, J.C.; Henriques, F.S. Biochemical, physiological, and structural effects of excess copper in plants. Bot. Rev. 1991, 57, 246–273. [Google Scholar] [CrossRef]

	



Hippmann, A.A.; Schuback, N.; Moon, K.-M.; McCrow, J.; Allen, A.; Foster, L.J.; Green, B.R.; Maldonado, M.T. Contrasting effects of copper limitation on the photosynthetic apparatus in two strains of the open ocean diatom Thalassiosira oceanica. PLoS ONE 2017, 12, e0181753. [Google Scholar] [CrossRef]

	



Kong, L.; Price, N.M. Identification of copper-regulated proteins in an oceanic diatom, Thalassiosira oceanica 1005. Metallomics 2020, 12, 1106–1117. [Google Scholar] [CrossRef]

	



Hsieh, S.I.; Castruita, M.; Malasarn, D.; Urzica, E.; Erde, J.; Page, M.D.; Yamasaki, H.; Casero, D.; Pellegrini, M.; Merchant, S.S.; et al. The Proteome of Copper, Iron, Zinc, and Manganese Micronutrient Deficiency in Chlamydomonas reinhardtii. Mol. Cell. Proteom. 2013, 12, 65–86. [Google Scholar] [CrossRef]

	



Kropat, J.; Gallaher, S.D.; Urzica, E.I.; Nakamoto, S.S.; Strenkert, D.; Tottey, S.; Mason, A.Z.; Merchant, S.S. Copper economy in Chlamydomonas: Prioritized allocation and reallocation of copper to respiration vs. photosynthesis. Proc. Natl. Acad. Sci. USA 2015, 112, 2644–2651. [Google Scholar] [CrossRef]

	



Merchant, S.S.; Bogorad, L. Regulation by copper of the expression of plastocyanin and cytochrome c552 in Chlamydomonas reinhardi. Mol. Cell. Biol. 1986, 6, 462–469. [Google Scholar]

	



Eriksson, M.; Moseley, J.L.; Tottey, S.; Del Campo, J.A.; Quinn, J.; Kim, Y.; Merchant, S. Genetic Dissection of Nutritional Copper Signaling in Chlamydomonas Distinguishes Regulatory and Target Genes. Genetics 2004, 168, 795–807. [Google Scholar] [CrossRef]

	



Kong, L.; Price, N.M. Transcriptomes of an oceanic diatom reveal the initial and final stages of acclimation to copper deficiency. Environ. Microbiol. 2021, 24, 951–966. [Google Scholar] [CrossRef]

	



Hudson, R.J.; Morel, F.M. Trace metal transport by marine microorganisms: Implications of metal coordination kinetics. Deep Sea Res. Part I Oceanogr. Res. Pap. 1993, 40, 129–150. [Google Scholar] [CrossRef]

	



Croot, P.; Bengt, K.; Van Elteren, J.T.; Kroon, J.J. Uptake and efflux of 64 Cu by the marine cyanobacterium Synechococcus (WH7803). Limnol. Oceanogr. 2003, 48, 179–188. [Google Scholar] [CrossRef]

	



Hill, K.L.; Hassett, R.; Kosman, D.; Merchant, S. Regulated Copper Uptake in Chlamydomonas reinhardtii in Response to Copper Availability. Plant Physiol. 1996, 112, 697–704. [Google Scholar] [CrossRef] [PubMed]

	



Knauer, K.; Behra, R.; Sigg, L. Adsorption and uptake of copper by the green alga Scenedesmus subspicatus (Chlorophyta). J. Phycol. 1997, 33, 596–601. [Google Scholar] [CrossRef]

	



Guo, J.; Annett, A.L.; Taylor, R.L.; Lapi, S.; Ruth, T.J.; Maldonado, M.T. Copper-uptake kinetics of coastal and oceanic diatoms. J. Phycol. 2010, 46, 1218–1228. [Google Scholar] [CrossRef]

	



Dancis, A.; Yuan, D.S.; Haile, D.; Askwith, C.; Eide, D.; Moehle, C.; Kaplan, J.; Klausner, R.D. Molecular characterization of a copper transport protein in S. cerevisiae: An unexpected role for copper in iron transport. Cell 1994, 76, 393–402. [Google Scholar] [CrossRef]

	



Hassett, R.; Kosman, D.J. Evidence for Cu(II) Reduction as a Component of Copper Uptake by Saccharomyces cerevisiae. J. Biol. Chem. 1995, 270, 128–134. [Google Scholar] [CrossRef]

	



Puig, S.; Thiele, D.J. Molecular mechanisms of copper uptake and distribution. Curr. Opin. Chem. Biol. 2002, 6, 171–180. [Google Scholar] [CrossRef]

	



De Feo, C.J.; Aller, S.G.; Unger, V.M. A structural perspective on copper uptake in eukaryotes. Biometals 2007, 20, 705–716. [Google Scholar] [CrossRef]

	



Jiang, J.; Nadas, I.A.; Kim, M.A.; Franz, K.J. A Mets Motif Peptide Found in Copper Transport Proteins Selectively Binds Cu(I) with Methionine-Only Coordination. Inorg. Chem. 2005, 44, 9787–9794. [Google Scholar] [CrossRef]

	



Bellemare, D.R.; Shaner, L.; Morano, K.A.; Beaudoin, J.; Langlois, R.; Labbé, S. Ctr6, a Vacuolar Membrane Copper Transporter in Schizosaccharomyces pombe. J. Biol. Chem. 2002, 277, 46676–46686. [Google Scholar] [CrossRef]

	



Klaumann, S.; Nickolaus, S.D.; Fürst, S.H.; Starck, S.; Schneider, S.; Neuhaus, H.E.; Trentmann, O. The tonoplast copper transporter COPT5 acts as an exporter and is required for interorgan allocation of copper in Arabidopsis thaliana. New Phytol. 2011, 192, 393–404. [Google Scholar] [CrossRef]

	



Portnoy, M.E.; Schmidt, P.J.; Rogers, R.S.; Culotta, V.C. Metal transporters that contribute copper to metallochaperones in Saccharomyces cerevisiae. Mol. Genet. Genom. 2001, 265, 873–882. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J. Copper Requirements and Acquisition Mechanisms in Marine Phytoplankton. Ph.D. Thesis, University of British Columbia, Vancouver, BC, Canada, 2012. [Google Scholar]

	



Ooil, C.E.; Rabinovich, E.; Dancis, A.; Bonifacinol, J.S.; Klausnerl, R.D. Copper-dependent degradation of the Saccharomyces cerevisiae plasma membrane copper transporter Ctrlp in the apparent absence of endocytosis. EMBO J. 1996, 15, 3515–3523. [Google Scholar]

	



Petris, M.J.; Smith, K.; Lee, J.; Thiele, D.J. Copper-stimulated Endocytosis and Degradation of the Human Copper Transporter, hCtr1. J. Biol. Chem. 2003, 278, 9639–9646. [Google Scholar] [CrossRef] [PubMed]

	



Vidal, S.M.; Malo, D.; Vogan, K.; Skamene, E.; Gros, P. Natural resistance to infection with intracellular parasites: Isolation of a candidate for Bcg. Cell 1993, 73, 469–485. [Google Scholar] [CrossRef]

	



Gunshin, H.; MacKenzie, B.; Berger, U.V.; Gunshin, Y.; Romero, M.F.; Boron, W.F.; Nussberger, S.; Gollan, J.L.; Hediger, M.A. Cloning and characterization of a mammalian proton-coupled metal-ion transporter. Nature 1997, 388, 482–488. [Google Scholar] [CrossRef] [PubMed]

	



Nevo, Y.; Nelson, N. The NRAMP family of metal-ion transporters. Biochim. Biophys. Acta 2006, 1763, 609–620. [Google Scholar] [CrossRef]

	



Blaby-Haas, C.E.; Merchant, S.S. The ins and outs of algal metal transport. Biochim. Biophys. Acta BBA Bioenerg. 2012, 1823, 1531–1552. [Google Scholar] [CrossRef]

	



Guo, J.; Green, B.R.; Maldonado, M.T. Sequence Analysis and Gene Expression of Potential Components of Copper Transport and Homeostasis in Thalassiosira pseudonana. Protist 2014, 166, 58–77. [Google Scholar] [CrossRef]

	



Eide, D.; Broderius, M.; Fett, J.; Guerinot, M.L. A novel iron-regulated metal transporter from plants identified by functional expression in yeast. Proc. Natl. Acad. Sci. USA 1996, 93, 5624–5628. [Google Scholar] [CrossRef]

	



Zhao, H.; Eide, D. The ZRT2 gene encodes the low affinity zinc transporter in Saccharomyces cerevisiae. J. Biol. Chem. 1996, 271, 23203–23210. [Google Scholar] [CrossRef]

	



Zhao, H.; Eide, D. The yeast ZRT1 gene encodes the zinc transporter protein of a high-affinity uptake system induced by zinc limitation. Proc. Natl. Acad. Sci. USA 1996, 93, 2454–2458. [Google Scholar] [CrossRef] [PubMed]

	



Guerinot, M.L. The ZIP family of metal transporters. Biochim. Biophys. Acta BBA Biomembr. 2000, 1465, 190–198. [Google Scholar] [CrossRef]

	



Grotz, N.; Fox, T.; Connolly, E.; Park, W.; Guerinot, M.L.; Eide, D. Identification of a family of zinc transporter genes from Arabidopsis that respond to zinc deficiency. Proc. Natl. Acad. Sci. USA 1998, 95, 7220–7224. [Google Scholar] [CrossRef] [PubMed]

	



Jones, G.J.; Morel, F.M. Plasmalemma redox activity in the diatom Thalassiosira: A possible role for nitrate reductase. Plant Physiol. 1988, 87, 143–147. [Google Scholar] [CrossRef]

	



Walsh, M.; Goodnow, S.D.; Vezeau, G.E.; Richter, L.V.; Ahner, B.A. Cysteine Enhances Bioavailability of Copper to Marine Phytoplankton. Environ. Sci. Technol. 2015, 49, 12145–12152. [Google Scholar] [CrossRef]

	



Weger, H.G. Ferric and cupric reductase activities in the green alga Chlamydomonas reinhardtii: Experiments using iron-limited chemostats. Planta 1999, 207, 377–384. [Google Scholar] [CrossRef]

	



Weger, H.G.; Walker, C.N.; Fink, M.B. Ferric and cupric reductase activities by iron-limited cells of the green alga Chlorella kessleri: Quantification via oxygen electrode. Physiol. Plant. 2007, 131, 322–331. [Google Scholar] [CrossRef]

	



Georgatsou, E.; Mavrogiannis, L.A.; Fragiadakis, G.S.; Alexandraki, D. The Yeast Fre1p/Fre2p Cupric Reductases Facilitate Copper Uptake and Are Regulated by the Copper-modulated Mac1p Activator. J. Biol. Chem. 1997, 272, 13786–13792. [Google Scholar] [CrossRef]

	



Dancis, A.; Klausner, R.; Hinnebusch, A.; Barriocanal, J. Genetic evidence that ferric reductase is required for iron uptake in Saccharomyces cerevisiae. Mol. Cell. Biol. 1990, 10, 2294–2301. [Google Scholar]

	



Eide, D.; Davis-Kaplan, S.; Jordan, I.; Sipe, D.; Kaplan, J. Regulation of iron uptake in Saccharomyces cerevisiae. The ferrireductase and Fe(II) transporter are regulated independently. J. Biol. Chem. 1992, 267, 20774–20781. [Google Scholar] [CrossRef]

	



Shatwell, K.P.; Dancis, A.; Cross, A.R.; Klausner, R.D.; Segal, A.W. The FRE1 ferric reductase of Saccharomyces cerevisiae is a cytochrome b similar to that of NADPH oxidase. J. Biol. Chem. 1996, 271, 14240–14244. [Google Scholar] [CrossRef] [PubMed]

	



Chanock, S.J.; El Benna, J.; Smith, R.M.; Babior, B.M. The respiratory burst oxidase. J. Biol. Chem. 1994, 270, 24519. [Google Scholar] [CrossRef]

	



Sagi, M.; Fluhr, R. Production of Reactive Oxygen Species by Plant NADPH Oxidases. Plant Physiol. 2006, 141, 336–340. [Google Scholar] [CrossRef] [PubMed]

	



Herve, C.; Tonon, T.; Collén, J.; Corre, E.; Boyen, C. NADPH oxidases in Eukaryotes: Red algae provide new hints. Curr. Genet. 2005, 49, 190–204. [Google Scholar] [CrossRef]

	



Kustka, A.B.; Allen, A.E.; Morel, F.M.M. Sequence analysis and transcriptional regulation of iron acquisition genes in two marine diatoms. J. Phycol. 2007, 43, 715–729. [Google Scholar] [CrossRef]

	



Schröder, I.; Johnson, E.; De Vries, S. Microbial ferric iron reductases. FEMS Microbiol. Rev. 2003, 27, 427–447. [Google Scholar] [CrossRef]

	



Kustka, A.B.; Shaked, Y.; Milligan, A.J.; King, D.W.; Morel, F.M.M. Extracellular production of superoxide by marine diatoms: Contrasting effects on iron redox chemistry and bioavailability. Limnol. Oceanogr. 2005, 50, 1172–1180. [Google Scholar] [CrossRef]

	



Moffett, J.W.; Zika, R.G. Photochemistry of copper complexes in sea water. In Photochemistry of Environmental Aquatic Systems; Chapter 9; Zika, R.G., Cooper, W.J., Eds.; ACS Publications: Washington, DC, USA, 1987; pp. 116–130. [Google Scholar]

	



Sanders, B.M.; Jenkins, K.D.; Sunda, W.G.; Costlow, J.D. Free Cupric Ion Activity in Seawater: Effects on Metallothionein and Growth in Crab Larvae. Science 1983, 222, 53–55. [Google Scholar] [CrossRef]

	



Stoecker, D.K.; Sunda, W.G.; Davis, L.H. Effects of copper and zinc on two planktonic ciliates. Mar. Biol. 1986, 92, 21–29. [Google Scholar] [CrossRef]

	



Sunda, W.G.; Tester, P.A.; Huntsman, S.A. Effects of cupric and zinc ion activities on the survival and reproduction of marine copepods. Mar. Biol. 1987, 94, 203–210. [Google Scholar] [CrossRef]

	



Hudson, R. Which aqueous species control the rates of trace metal uptake by aquatic biota? Observations and predictions of non-equilibrium effects. Sci. Total Environ. 1998, 219, 95–115. [Google Scholar] [CrossRef]

	



Quigg, A.; Reinfelder, J.; Fisher, N.S. Copper uptake kinetics in diverse marine phytoplankton. Limnol. Oceanogr. 2006, 51, 893–899. [Google Scholar] [CrossRef]

	



Semeniuk, D.M.; Cullen, J.T.; Johnson, W.K.; Gagnon, K.; Ruth, T.J.; Maldonado, M.T. Plankton copper requirements and uptake in the subarctic Northeast Pacific Ocean. Deep Sea Res. Part I Oceanogr. Res. Pap. 2009, 56, 1130–1142. [Google Scholar] [CrossRef]

	



Aristilde, L.; Xu, Y.; Morel, F.M.M. Weak Organic Ligands Enhance Zinc Uptake in Marine Phytoplankton. Environ. Sci. Technol. 2012, 46, 5438–5445. [Google Scholar] [CrossRef]

	



Maldonado, M.T.; Price, N.M. Reduction and transport of organically bound iron by Thalassiosira oceanica (Bacillariophyceae). J. Phycol. 2001, 37, 298–310. [Google Scholar] [CrossRef]

	



Maldonado, M.T.; Price, N.M. Utilization of iron bound to strong organic ligands by plankton communities in the subarctic Pacific Ocean. Deep Sea Res. Part II Top. Stud. Oceanogr. 1999, 46, 2447–2473. [Google Scholar] [CrossRef]

	



Shaked, Y.; Kustka, A.B.; Morel, F.M.M. A general kinetic model for iron acquisition by eukaryotic phytoplankton. Limnol. Oceanogr. 2005, 50, 872–882. [Google Scholar] [CrossRef]

	



Kazamia, E.; Sutak, R.; Paz-Yepes, J.; Dorrell, R.G.; Vieira, F.R.J.; Mach, J.; Morrissey, J.; Leon, S.; Lam, F.; Pelletier, E.; et al. Endocytosis-mediated siderophore uptake as a strategy for Fe acquisition in diatoms. Sci. Adv. 2018, 4, eaar4536. [Google Scholar] [CrossRef]








[image: Microorganisms 10 01853 g001 550] 





Figure 1. Model of copper uptake by a marine diatom in low and high Cu environments. The graph was replotted according to data reported by Kong and Price [22,23,43,89]. Organically complexed Cu (Cu-L) is dissociated to Cu2+ by equilibrium or to Cu+ by reduction at the cell surface. Cu+ is transported across the cell membrane by high-affinity CTR cuprous transporters and Cu2+ is transported into cells by low-affinity divalent metal transporters (DMT). Expression of CTR transporters and reductases (FRE) are regulated by environmental Cu concentrations. A larger size of the CTR and FRE symbols represents higher abundance of expressed proteins in low Cu environments. The dominant pathway at low or high Cu is identified by the thick lines. 
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