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Abstract

Living systems are built from a small subset of the atomic elements, including the bulk 

macronutrients (C,H,N,O,P,S) and ions (Mg,K,Na,Ca) together with a small but variable set of 

trace elements (micronutrients). Here, we provide a global survey of how chemical elements 

contribute to life. We define five classes of elements: those that are (i) essential for all life, (ii) 

essential for many organisms in all three domains of life, (iii) essential or beneficial for many 

organisms in at least one domain, (iv) beneficial to at least some species, and (v) of no known 

beneficial use. The ability of cells to sustain life when individual elements are absent or limiting 

relies on complex physiological and evolutionary mechanisms (elemental economy). This survey 

of elemental use across the tree of life is encapsulated in a web-based, interactive periodic table 

that summarizes the roles chemical elements in biology and highlights corresponding mechanisms 

of elemental economy.
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1. Elemental Requirements for Life

Life requires only a selected subset of the atomic elements. The major macromolecules 

of the cell account for the bulk of life’s mass and are composed almost entirely of six 

elements (C,H,N,O,P, and S; abbreviated as CHNOPS). These macromolecules include the 

DNA genome, RNA as genetic messenger (mRNA) and for protein synthesis (rRNA, tRNA) 

and regulation, and proteins. Polysaccharides function in carbon storage (e.g. glycogen), in 

cell surface structures, in exoskeletons (e.g. chitin), and as the major structural constituent in 

woody plants (cellulose). The cell is defined by a lipid membrane, commonly a phospholipid 

bilayer, that is studded with essential transport and signaling proteins. Within the cell, life 

processes are a manifestation of carefully constrained chemistry. Enzymes play the key 

role as catalysts by degrading nutrients to provide energy (catabolism) and in assembly of 

cell constituents (anabolism). Globally, enzymes mediate the most important reactions in 

the biogeochemical cycling of elements, including the life-sustaining processes of carbon 

fixation through photosynthesis and nitrogen fixation from atmospheric dinitrogen gas. 
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While CHNOPS provide the foundation for life, these six elements are by no means 

sufficient; other elements are required to provide cofactors for catalysis and an appropriate 

chemical environment for cell function.

We here present a current perspective on the biological roles, if any, of each chemical 

element. We consider elements from the lightest (hydrogen, 1H) to the heaviest (uranium, 

92U) that occur naturally on Earth, with a focus on those with either essential or beneficial 

roles. Elements will be referenced by symbols, with a subscript to indicate atomic number 

when first introduced (for simplicity, oxidation states are specified only when necessary). A 

current summary of the biological utility of each element can be mapped onto the periodic 

table <Figure 1>. We assign each element into one of five classes: (i) essential for all life, 

(ii) essential for many organisms in all three domains of life, (iii) essential or beneficial for 

many organisms in at least one domain, (iv) beneficial (and rarely, essential) to at least some 

species, and (v) of no known beneficial use. A summary of the key roles of each element in 

biology, as well as notable mechanisms of elemental sparing, is presented in a supplemental 

web resource (https://elementaleconomics.wixsite.com/website, see section 10.5).

Our element-by-element tour through the periodic table begins with the major 

macronutrients (CHNOPS) and then proceeds (from left to right) from group 1 (alkali 

metals) through 17 (halogens). Within each group, elements are considered in order of 

increasing atomic number rather than biological importance. The group 18 elements (noble 

gases) are non-reactive and not biologically important.

We conclude with efforts to define a common core of essential elements (required for 

all life). Even complex life forms such as animals and plants have a modest number of 

essential elements, with best estimates of 20 for humans and 17 for plants. Microbes get 

by with even fewer. This overview is by necessity superficial and seeks to emphasize 

those advances that have occurred in recent years. Foundational ideas can be found in the 

important monograph The biological chemistry of the elements: the inorganic chemistry of 
life (Fraústo da Silva & Williams, 2001). We also build on concepts of elemental economy, 

the ability of organisms to adapt to limitation for one element by re-routing metabolism 

through alternative pathways or enzymes, as reviewed previously in this series (Merchant 

& Helmann, 2012). This is a vast topic and touches on areas as diverse as microbiology, 

cell biology, biochemistry, biogeochemistry, marine sciences, agriculture, plant sciences, 

astrobiology, and human nutrition.

1.1 Macronutrients, Micronutrients, and Trace Elements

Life relies on a variable subset of chemical elements, and the roles of many elements (if 

any) are still unknown. As educators (and parents) will appreciate, the simplest questions 

often are the hardest to answer. Of note, we are not yet able to confidently answer the 

question: What is the minimum set of elements essential to sustain life? An important 

corollary is: Which elements have a beneficial role in biology, and which are either ignored, 
only adventitiously accumulated, or consistently deleterious? We approach these questions 

with a broad purview that embraces all three domains of life: Bacteria, Archaea, and 

Eukarya. The elements required to sustain microbial life will of course vary depending 

on the nutrients available in the environment. For organisms that harbor symbionts or 
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commensal partners, the elemental requirements for growth may be considered also at the 

level of the host together with its microbial partners (the holobiont) (Postler & Ghosh, 

2017; Vandenkoornhuyse et al., 2015). Finally, the elemental requirements for a healthy 

ecosystem will encompass the needs of diverse organisms at different trophic levels. Here, 

for simplicity, we will focus on individual organisms, both microbial and multicellular.

There is consensus on the core macronutrients that are required for all known life on 

Earth. Six macronutrients (CHNOPS) account for >99% of all elements in the human body 

(Fraústo_da_Silva & Williams, 2001). Life also requires other elements, many of which 

function as ions. These may be relatively abundant in cells (e.g. K, Mg) or present at lower 

levels, leading to their designation as micronutrients or trace elements. The trace elements 

include several transition metals, but the actual set required for life varies. Some elements 

accumulate adventitiously, whereas others are actively imported, which is suggestive of a 

beneficial role. Importantly, even in the best studied organisms, the precise set of essential 

and beneficial elements is still debated.

The selection of life’s elements from those present on the surface of Earth has been 

much debated but likely reflects three main parameters. First, relative abundance must be 

considered: life evolved to take advantage of those elements that were readily available in 

the environment. While the elemental composition of the many habitats on Earth varies, as 

a proxy for overall abundance we consider typical levels found in the oceans and in Earth’s 

continental crust <Figure 2>. The transition elements of greatest utility to life are those that 

are both abundant in the crust and mobilized into the aqueous phase readily, as judged by 

their concentration in seawater divided by that in the lithosphere (Nies, 2022a). Second, 

elements were selected for their utility, either in the formation or stabilization of complex 

molecular structures or their ability to promote chemical reactions. Third, elements were 

selected for their compatibility with the chemical milieu of the cytosol: those elements that 

interfere with biological processes were rejected by the earliest cells and are often actively 

exported.

1.2. The Challenge of Defining Essential Elements

We use the term essential for those elements that are required for growth and viability of 

an organism under all known conditions. In microbial systems, efforts to define essential 

elements benefit from an ability to grow cells in chemically defined medium. However, the 

ultimate criterion to exclude a biological role is to demonstrate growth with less than 1 

atom per cell of any given element. This represents a formidable technical challenge that has 

rarely been met. Moreover, elements may be conditionally essential: required under some 

growth conditions but not others. This includes sets of elements that are redundant.

Functional redundancy is most common for micronutrients, including many metal ions, 

where deficiency of one element may be compensated by substitution with another 

(Merchant & Helmann, 2012). This is often mediated by expression of an alternative 

enzyme with a distinct metal cofactor preference. More rarely, enzymes may be able to 

function with more than one metal cofactor. As one notable example, the ancient antioxidant 

enzyme superoxide dismutase (SOD) may have originally functioned with either Fe or 

Mn as cofactor (Valenti et al., 2022). Enzymes that function with both metals (termed 
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cambialistic) are still present in several bacterial species, but most members of the Fe/Mn-

SOD family are specific for one or the other metal (Frye et al., 2022). The ability of one 

element to substitute for another can result in a phenomenon ecologists term colimitation, 

a condition in which the addition of any of a set of nutrients can increase growth (Saito 

et al., 2008). Generally, defining essentiality for the chemical elements shares some of the 

same conceptual challenges as efforts to define the minimal genome: genes may be essential, 

conditionally essential, or appear dispensable despite encoding essential functions due to 

genetic redundancy (Reuss et al., 2016; Tarnopol et al., 2019).

The universally essential elements in class (i) are intimately tied to cell physiology. In 

addition, multicellular organisms may require additional elements for specific roles in 

organismal rather than cellular physiology (one notable example is iodine (I) in human 

physiology). Finally, some elements may be important at an ecosystem level in support 

of biogeochemical processes that sustain life on Earth, even if they are not essential for 

some individual species. For example, many nitrogen-fixing Bacteria (diazotrophs) rely on 

molybdenum (Mo) as an essential cofactor for nitrogenase, which is therefore important 

both for those specific organisms, and also for the ecosystem as whole.

1.3 General Strategies of Elemental Economy

Limitation of cells for an element may be compensated by reducing demand. For example, 

cells may suppress the synthesis of cellular constituents rich in the limiting element or 

replace one element with another. These mechanisms may be conditionally expressed in 

a process termed acclimation. For example, organisms may encode two related enzymes 

that differ in their required metal cofactor, with the alternative enzyme induced when the 

cofactor for the dominant element is absent. Alternatively, organisms may have adaptations 
that are genetically encoded to facilitate their survival in environments chronically depleted 

of specific elements. For example, phytoplankton from oceanic regions chronically deficient 

in P have replaced most of their membrane phospholipids with sulfolipids (Van Mooy et al., 

2009). These mechanisms confer “elemental economy” (Merchant & Helmann, 2012).

1.4 Early Earth and cell composition

Earth has been endowed with a complete set of stable elements, as literally “written in 

stone” during our planet’s formation from the solar nebula (~4.6 x 109 years ago; 4.6 giga-

annum or Ga). During the earliest geologic eon (the Hadean), Earth contained a chemically 

complex lithosphere (our planet’s thin, fragile, and mobile crust) and ample surface water 

but was devoid of life. When microbial life evolved on Earth over 3.5 Ga our planet had an 

atmosphere vastly different from the present day. During the Archean eon (~4 to 2.5 Ga) 

the atmosphere had an abundance of carbon dioxide (CO2), methane (CH4), and nitrogen 

gas (N2) and was anoxic (lacking molecular oxygen, O2) (Catling & Zahnle, 2020). The 

origins of the earliest-evolving cells are shrouded in mystery, but they likely developed 

a biochemistry reflective of elemental availability at that time, including the presence of 

FeS and other minerals with catalytic potential. Many consider contemporary Bacteria and 

Archaea to be the earliest evolving lineages, but alternative scenarios are also debated 

(Danchin; Harish et al., 2013; Mariscal & Doolittle, 2015). In the anoxic oceans of the 

early Archean, the level of dissolved Ni and Fe was vastly greater than in current, O2-rich 
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surface waters, whereas Cu and Zn levels were significantly reduced by the precipitation of 

insoluble sulfide complexes (Moore et al., 2017). This, in turn, has led to different preferred 

metal cofactors in early evolving Bacteria and Archaea (greater use of Fe,Ni,Co) compared 

to many later evolving Eukarya (greater use of Cu and Zn) (Dupont et al., 2006; Moore et 

al., 2017).

The single greatest change in Earth’s chemistry resulted from the evolution of oxygenic 

photosynthesis. The great oxidation event (GOE) has been dated to 2.4 Ga and led to a 

>104-fold increase in atmospheric O2 from <10−5 of present atmospheric level (PAL=21%) 

in the Archean atmosphere to levels near 0.1 PAL. The GOE resulted from the evolution 

in cyanobacteria (~ 2.7 Ga) of a novel form of photosynthesis that used electrons from 

water as a reductant for fixing CO2 into organic matter (Sanchez-Baracaldo et al., 2022). 

Oxygenic photosynthesis releases oxygen gas (O2) as a waste product. After a delay of at 

least 300 million years, excess O2 began accumulating in the atmosphere, leading to the 

GOE of ~2.4 Ga. This prolonged delay is thought to be due to chemical inertia: for many 

millions of years O2 was consumed as fast as it was produced. This consumption was due 

to in part to oxidation of dissolved ferrous Fe in ancient oceans to insoluble ferric oxides 

visible now in sedimentary rocks as thick banded iron deposits. In addition, O2 released to 

the atmosphere was consumed by photochemical reaction with methane (Goldblatt et al., 

2006). One possible driving factor that contributed to increased O2 accumulation at the time 

of the GOE is a depletion of oceanic nickel (Ni), an abundant element in the Archean ocean 

that functions as an essential cofactor in methane-generating microorganisms (Konhauser et 

al., 2009). The resulting Ni famine, likely resulting from a reduction in Ni release from the 

mantle, may have limited methanogenesis, decreased atmospheric methane, and favored O2 

accumulation (Konhauser et al., 2009; Saito, 2009). Clearly, the GOE was not an “event” in 

the common understanding of the word and is instead a process that played out over many 

millions of years. The English language lacks good descriptors for such slow processes: 

even “glacial pace” suggests an unrealistic rapidity in this context!

Even after the GOE, atmospheric O2 levels were low by contemporary standards and likely 

fluctuated around ~1% of current levels during much of the Proterozoic eon (2.5 to ~0.8 

Ga). This low level of O2 was sufficient to support the evolution of aerobic respiration 

in a subset of then extant Bacterial and Archaeal lineages (Brochier-Armanet et al., 2008; 

Soo et al., 2017). The Eukarya arose during this time (~1.2 and 1.8 Ga), although earlier 

arising (now extinct) Eukaryal lineages are possible (Cohen & Kodner, 2022; Porter, 2020). 

The later origin of multicellular plants and animals (~0.6 Ga) is much better understood 

since it is recorded in the fossil record. Aerobic respiration is a defining feature for nearly 

all Eukarya, including plants and animals (Fischer, 2016; Zhang et al., 2016). Geologic 

evidence suggests that there were repeated periods of relative anoxia during the Proterozoic 

(Reinhard & Planavsky, 2022): a stable, O2-rich atmosphere similar to that present today 

(~21%) did not arise until after the Earth’s land surfaces were widely colonized by vascular 

plants during the Devonian period some ~0.4 Ga (Reinhard & Planavsky, 2022).
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2. Elemental Economy and Life’s Macronutrients (CHNOPS)

All life requires six macronutrients (CHNOPS) as the major building blocks (class (i) 

elements). We begin by considering these six universally required macronutrients and some 

of the better understood mechanisms that allow cells to acclimate or adapt to elemental 

limitation. A summary of class (i) and class (ii) elements is presented in <Table 1>.

2.1 Hydrogen (1H) and Oxygen (8O)

Life evolved in water (H2O), and cells are mostly water. H is the most abundant element 

in the universe, and O, formed in early generations of stars, is the third most abundant (a 

distant third, after 2He). Water itself is a primordial compound, and likely one of the most 

abundant molecules in the universe (Frenkel-Pinter et al., 2021). Water was abundant in the 

accretion disk that led to our solar system. Earth has a favored environment that allows water 

to be abundant in all three physical states: solid, liquid, and gas.

We cannot consider the role of H and O in biology without first considering water. The 

properties of water are unusual for a molecule of its size, with strong H-bonding that allows 

H2O to maintain a liquid state over a wide-range of temperatures. These and other properties 

contribute to the unique role (as far as is known) of water as “an active matrix” that serves 

as both a solvent for and a participant in life’s processes (Ball, 2017; Frenkel-Pinter et 

al., 2021). Escherichia coli (as a model for the Bacteria) and Saccharomyces cerevisiae 
(representing the Eukarya) both contain ~65-75% water by weight (Milo et al., 2010). Water 

is incorporated in molecules by both hydrolysis and hydration reactions and is generated 

as a product during dehydration-based syntheses. Studies in E. coli have suggested that as 

much as 70% of cytosolic H2O is a product of metabolism (Kreuzer-Martin et al., 2005). 

Flux calculations for E. coli growing aerobically on glucose conclude that 15.7% of cell 

water derives from reduction of O2 (Frenkel-Pinter et al., 2021). The vast majority of cell 

metabolism involves water as reactant or product, and the average water molecule in the cell 

is chemically transformed ~3 to 4 times during each cell cycle (Frenkel-Pinter et al., 2021). 

These calculations refute any notion of water as a largely passive solvent for life’s processes. 

The reversible chemical consumption of water by hydration reactions is not only a feature of 

biological systems, but of Earth’s geology. Water reacts with CO2 to generate carbonic acid 

in the hydrosphere, and water bound in hydrated minerals in the lithosphere can be released 

by metamorphic dehydration during subduction of the continental crust (Brovarone et al., 

2020). Indeed, the total amount of water inside the Earth (in the crust and mantle layers) is 

likely to be greater than that on the surface (Genda, 2016; Spiga et al., 2019).

Access to water is crucial for sustaining life. In environments with little available water 

the amount of biomass that can be sustained is very limited and growth is slow. Areas 

of the Earth with limited or very low water availability are classified as deserts. The 

Atacama Desert in Chile, in the rain shadow of the Andes mountains, is an extreme 

example and considered one of the most arid regions on Earth. Even here, microbial life is 

ubiquitous (approaching 106 cells per gm of soil). Desert microbiomes are often dominated 

by cyanobacteria and actinomycetes and are host to legions of yet to be cultivated organisms 

(Azua-Bustos et al., 2012; Bull et al., 2016). One adaptation to this hostile environment is 

for photosynthetic Bacteria to colonize spaces within rocks and to access water adsorbed 
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from the atmosphere, a process called deliquescence (Gómez-Silva, 2018; Wierzchos et 

al., 2006). Limiting access to water can also prevent food spoilage: dried foods and sugar-

rich concentrates such as honey and maple syrup have low available water that impedes 

microbial growth (Lievens et al., 2015).

Considering the ubiquitous presence of water in living systems, cells have ready access to 

both H and O. Note that here we are focused on the elements; H and O also form diatomic 

gases that are important for many cells. For example, O2 is required for organisms from all 

three domains of life that generate energy by aerobic respiration, and H2 is important for 

Archaea that reduce CO2 to methane (methanogens) (Gregory et al., 2019). Both H and O 

are ubiquitous constituents of the organic molecules and macromolecules of life, and these 

elements are often (not always) derived from water.

Although our atmosphere has not always been rich in O2 gas, there is no shortage of O 

on Earth. Indeed, O is the second most abundant element (after Fe) in the overall chemical 

composition of our planet and at ~46% by mass is the single most abundant element in the 

continental crust (Figure 2) (Haynes, 2016). The continental crust is largely composed of 

rocks that are oxides of other elements, particularly Si and Al. Given that both H and O are 

ubiquitous in nature, we can confidently assign both H and O (as elements) and H2O (as a 

molecule) as universally required for life as we know it. Unlike the other members of the 

class (i) essential elements, no mechanisms of elemental sparing are known for atomic H 

and O.

2.2 Carbon (6C) and Nitrogen (7N)

Carbon (C) is the basis of life. Most C in biology has its origins in CO2, which comprises 

~0.041% (~410 ppm) of the present-day atmosphere. Fixation of CO2 into organic 

molecules, predominantly by ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) 

in the Calvin-Benson cycle of photosynthesis, provides the bulk of C that supports life. 

Indeed, RuBisCO is considered the most abundant protein on Earth (Bar-On & Milo, 2019; 

von Caemmerer, 2020). Organisms that use this or other (rarer) pathways that allow growth 

on CO2 are autotrophs.

Nitrogen is also universally required for life. Nitrogen gas (N2) is the major component 

of the atmosphere (80%), so it is abundant in most environments. However, N2 is not 

assimilated by most organisms, which rely instead on “fixed” forms of nitrogen such as 

ammonia, amines, or nitrate. The ability to fix N2 into ammonia is found in a relatively 

small subset of Bacteria and Archaea (diazotrophs) that harbor the enzyme nitrogenase 

(Dos Santos et al., 2012). Diazotrophs therefore play a critical role in converting N2 into 

a bioavailable form for use by other organisms. Some Bacteria (rhizobia) are symbionts of 

leguminous plants and are therefore important in agriculture (e.g. supplanting or reducing 

the requirement for chemically synthesized, nitrogen-rich fertilizers). In marine systems, 

cyanobacteria and other phytoplankton may fix N2 as well as CO2 and thereby provide a 

foundation for marine food chains (Gruber, 2019).

Given their central role in cell composition, it is no surprise that growth ceases when C or 

N become limiting. For both elements, mechanisms of elemental economy may be engaged 
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as a response to limitation. Indeed, the evolutionary pressure exerted on cells by limitation 

for these critical elements has left an imprint (albeit subtle) on macromolecular composition. 

In general, the signatures of resource conservation are most dramatic for proteins that are 

highly expressed under nutrient limitation (Bragg et al., 2012).

In several microbes, proteins expressed when cells are C-limited have, on average, fewer 

amino acids with longer (C-rich) side chains (Bragg et al., 2012). This presumably functions 

as an acclimation mechanism to conserve C, the limiting elemental resource. Similarly, 

in baker’s yeast (Saccharomycess cerevisiae) transporters used to assimilate N-containing 

compounds are preferentially built from amino acids containing, on average, fewer N atoms 

(e.g. substitution of Asp for Asn) than proteins for sulfur assimilation (Baudouin-Cornu et 

al., 2001). In the model photosynthetic eukaryote, the alga Chlamydomonas reinhardtii, 
N-limitation leads to a global decrease (by ~6%) in the N content of the proteome 

(Schmollinger et al., 2014). Although these amino acid changes make a modest impact 

on the cellular atomic budget, even small savings can (over many generations) confer a 

significant growth advantage.

Optimization of resource allocation by fine-tuning of proteome composition is also apparent 

in organisms that live in relatively stable environments. In marine systems, the surface 

waters are more typically limited by N rather than C, whereas the converse may be true 

in deeper waters (Polz & Cordero, 2020). In organisms prevalent in ocean surface waters, 

the imprint of selection against N-rich amino acids in abundant proteins is readily apparent. 

Indeed, the predicted proteomes from metagenomic samples of ocean surface waters are 

depleted in N-rich amino acids when compared to the predicted proteomes from microbial 

communities in coastal waters (Dittberner et al., 2018; Grzymski & Dussaq, 2012). An 

additional consequence is that the genomes of organisms from N-limited surface waters tend 

to have a higher fraction of adenine:thymine (AT) base pairs, which require less N than 

a similarly-sized, GC-rich genome (Shenhav & Zeevi, 2020). Prochloroccus, an abundant 

marine cyanobacteria, also responds dynamically to N-limitation by increasing the use of 

internal transcription start sites, possibly to reduce the N-cost associated with mRNA and 

protein synthesis (Read et al., 2017). Although many examples are known of microbes 

adapting their proteomes and genomes to N availability, a similar signature was not apparent 

in marine isopods, leading to the suggestion that these adaptations may be largely limited to 

the microbial world (Francois et al., 2016).

In addition to optimization of the proteome and genome to efficiently utilize limiting 

resources, many cells recycle their nutrients. In the case of abundant macronutrients such 

as C, N, and P, this recycling may involve the targeted degradation of macromolecules or 

sub-cellular organelles, a process known as autophagy in Eukarya (Gross & Graef, 2020). 

When targeted to the ribosome, this is known as ribophagy <Figure 3>. Since ribosomes 

are abundant during rapid growth, but only needed at low levels in slow growing cells, 

their degradation is an efficient mechanism for elemental recycling and is seen in all 

three domains of life. In baker’s yeast (S. cerevisiae) and Escherichia coli, ribosomes may 

be degraded under N-limitation and, in some conditions, during C-limitation (Kaplan & 

Apirion, 1975; Kraft et al., 2008). Similarly, abundant proteins are degraded in response to 

N-limitation in both mammals (Vabulas & Hartl, 2005) and in the alga C. reinhardtii (Martin 
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et al., 1976). As these examples illustrate, even elements as ubiquitous as C and N can be 

either transiently or chronically limiting, and mechanisms of elemental economy help cells 

to sustain growth.

2.3 Phosphorus (15P)

Phosphorus (P), most commonly in the form of phosphate (PO4 or Pi), is universally 

required for life. The utility of phosphate as a chemical linkage relies on the stability of its 

phosphoryl esters (Westheimer, 1987). P is a constituent of many of the signature molecules 

of life, including DNA, RNA, nucleotides, and phospholipids. The phosphoryl group is a 

key facilitator for many of the transformations in central metabolism. For example, in E. 
coli growing on glucose, the metabolite pool is ~300 mM and accounts for ~3% of cell 

mass (Bennett et al., 2009). On a molar basis, this pool is dominated by glutamate and 

other amino acids (~50%). However, the majority of the remaining molecules, including 

nucleotides and glycolysis intermediates, contain at least one phosphoryl group (Bennett et 

al., 2009). Collectively, rRNA and NTPs represent the bulk of P in rapidly growing bacterial 

cells (R. E. Bruna et al., 2022).

For most of its uses in physiology and metabolism, P is irreplaceable. However, one 

major contributor to P-demand is for phospholipids in the membrane bilayer. The 

demand for phospholipids can be reduced by their replacement with other types of 

lipids that lack phosphate. Many photosynthetic organisms synthesize abundant thylakoid 

membranes. In P-limited plants and algae, the chloroplast membranes may have high 

levels of neutral glycolipids (digalactosyldiacylglycerol) and anionic glycolipids such as 

sulfoquinovosyldiacylglycerol, SQDG (Holzl & Dormann, 2019). In the plant Arabidopsis 
thaliana, mutants defective in SQDG synthesis are growth defective under P-limitation 

(Yu et al., 2002). Marine phytoplankton, particularly those found in P-limited areas, 

may also substitute phospholipids with sulfolipids. For example, Prochlorococcus, a 

dominant cyanobacterium in P-limited environments, can accumulate SQDG as up to 

66% of total membrane lipids (Yu et al., 2002). In some algae, betaine lipids and 

glucuronosyldiacylglycerol may substitute for some phospholipids (Kalisch et al., 2016). 

A reduction in membrane phospholipids is not limited to photosynthetic organisms; the 

pathogenic fungus Crytococcus neoformans responds to P-limitation by up-regulating the 

synthesis of P-free betaine lipids (Lev et al., 2019). Conservation of P by reducing the 

demand for phospholipids has likely evolved independently in multiple lineages.

Limitation for P may also trigger the active remodeling or recycling of other components 

of the cell envelope. For example, the Gram-positive bacterium Bacillus subtilis has a thick 

peptidoglycan cell wall that is covalently linked with an abundant anionic polymer, wall 

teichoic acid (WTA). The WTA in B. subtilis 168 is an alternating copolymer of glycerol 

and phosphate. However, under conditions of P-limitation the cell instead synthesizes a 

distinct, P-free anionic polymer known as teichuronic acid with the negative charge from 

Pi replaced by carboxylate groups (Qi & Hulett, 1998). A similar strategy is found in E. 
coli when a P-starvation inducible enzyme (WaaH) modifies cell surface lipopolysaccharide 

(LPS) to replace phosphate groups with negatively charged glucuronic acid moieties, 

presumably to liberate Pi for import into the cell (Gardner et al., 2019; Klein et al., 2013).
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Starvation for P also elicits a reduction in ribosome synthesis, and existing ribosomes may 

be degraded to recycle P. The content of ribosomes in E. coli is reduced by up to 50% 

within 80 minutes of onset of P starvation and at slower rates in cells starved for C (Fessler 

et al., 2020). Turnover of ribosomes is also triggered during longer term stationary phase 

elicited by P limitation to replenish both Pi and NTP pools (Himeoka et al., 2022). More 

generally, the turnover of NTPs is a major source of Pi in growing cells. Translation, as 

a major NTP-dependent process in growing cells, is strongly affected by changes in both 

cytosolic Pi and Mg pools (Pontes & Groisman, 2018). Acclimation to P-limitation in the 

red yeast Rhodosporidium toruloides also involves active degradation of RNA and inhibition 

of ribosome synthesis. The TCA cycle is inhibited, while triacylglycerol biosynthesis is 

activated, which leads to a flux of carbon into storage lipids (Wang, Zhang, et al., 2018).

Arsenic (33As) lies immediately below P in the periodic table and has somewhat similar 

chemical properties. This allows As to substitute for P in some chemical reactions. However, 

arsenoesters are many orders of magnitude less stable than phosphoesters, and this lability 

precludes their use in place of phosphate in nucleic acids and NTPs (Westheimer, 1987). 

Despite this, a bacterium (GFAJ-1) isolated from the As-rich waters of Mono Lake, 

California was proposed to substitute As for P, thereby allowing growth in the absence of P 

(Wolfe-Simon et al., 2011). However, the “minus-P” medium used contained biologically 

ample levels of P, as apparent from the authors’ own analysis, and the evidence for 

incorporation of As into macromolecules was technically flawed (Erb et al., 2012; Reaves et 

al., 2012). Subsequent work refuted the notion that this bacterium uses As in place of P (Erb 

et al., 2012; Reaves et al., 2012). GFAJ-1 is better considered as a P-dependent organism 

that can tolerate high levels of As. Indeed, it has evolved a binding protein for phosphate 

uptake that has an enhanced ability to discriminate against As (Elias et al., 2012). There is 

no broadly accepted evidence that GFAJ-1 benefits from or even uses As in its metabolism.

2.4 Sulfur (16S)

Sulfur is universally essential for all life. It is necessary for the synthesis of proteins because 

it is contained in the amino acids methionine (Met) and cysteine (Cys). Sulfur is also found 

in low molecular weight thiols (glutathione, mycothiol, bacillithiol), coenzyme A, biotin, 

and lipoic acid (Francioso et al., 2020). On early Earth, reduced forms of sulfur (sulfides) 

were common, and similar chemistry is represented in contemporary organisms in FeS 

clusters, an important class of enzyme cofactor. In many aerobic environments, S is present 

in its oxidized state as sulfate.

Sulfur limitation has been a selective pressure in plants and microbes, so these organisms 

have evolved mechanisms to sustain growth even under S-limited conditions. As for 

many nutrients, one of the most universal responses to limitation is to increase import of 

sulfate and other S-containing molecules. These efforts at S-acquisition are complemented 

by elemental sparing responses that help optimize use of available S. One response to 

S limitation in microbes is to alter cellular protein composition to reduce demand for 

S-containing amino acids. This strategy was first revealed when it was noted that the content 

of Cys and Met is greatly reduced in proteins expressed under S limitation in both E. coli 
and the yeast S. cerevisiae (Baudouin-Cornu et al., 2001). In S. cerevisiae, S limitation is 
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triggered when cells are exposed to Cd due to the defensive synthesis of large amounts of 

the S-containing metabolite glutathione (Fauchon et al., 2002). The resultant depletion of S 

pools triggers a remodeling of the proteome in which some highly abundant enzymes from 

central metabolism are replaced by isozymes that are depleted of S-containing amino acids. 

This proteome remodeling reduces the amount of assimilated S used for protein synthesis 

from 80% to 20% of the total, and contributes to an estimated 30% decrease in the total S 

demand to support protein synthesis (Fauchon et al., 2002).

S limitation does not impact all metabolic pathways equally. Studies in yeast first revealed 

that media limited for S selectively reduces the levels of the 2-thiouridine (s2U) nucleoside 

present in the wobble position of the anticodon loop in some tRNAs. Modification of tRNAs 

to incorporate S represents a significant investment; under S-replete conditions the total S 

in tRNAs corresponds to ~20 μM, comparable to the S concentration present in free Met 

pools (Laxman et al., 2013). As cells become S-limited, tRNA thiolation is reduced, and this 

spares the limiting S atoms to help sustain overall protein synthesis. The resulting drop in 

S-thiolated tRNAs serves as a cellular stress signal to reroute metabolism (Gupta & Laxman, 

2020). Remarkably, studies in B. subtilis have revealed that diminished S-availability also 

affects tRNA S-thiolation. In this case, the enzymes required for tRNA modification are 

reduced in abundance in S-limited conditions, whereas other enzymes involved in synthesis 

of S-containing molecules are not. As a result, s2U modification decreases, whereas other 

S-modified tRNA nucleotides and FeS enzymes are unaffected. These results further support 

the suggestion that s2U in tRNA may serve as a molecular signal of cellular S status 

(Edwards et al., 2022).

The S-sparing response has been well characterized in the alga C. reinhardtii. Sulfolipids 

(e.g. SQDG) are a major component of the thylakoid membrane, which reduces cellular 

P demand. However, these same SQDG lipids represent a significant store of S and can 

represent 13% of total cell S (Saroussi et al., 2017). During S limitation, degradation 

of SQDG and mobilization of the constituent S can provide a large percentage of the 

S needed for ongoing protein synthesis (Sugimoto et al., 2010). The S-demand is also 

reduced by proteome remodeling, including production of a sulfur-depleted variant of 

a major light-harvesting complex protein in photosystem II (LHCBM9) (Nguyen et al., 

2008). Increased expression of S-import, recycling, and redistribution pathways enables 

S-deprived cells to prioritize maintenance of an adequate Cys pool to support protein 

synthesis, while production of S-containing cofactors needed in comparatively low amounts 

(S-adenosylmethionine, thiamine, biotin) is down-regulated (González-Ballester et al., 

2010).

The full diversity of S-sparing mechanisms is yet to be appreciated. In the cyanobacterium 

Calothrix sp. PCC7601 three different operons encode phycocyanins, one of which (cpc3) 

is induced in response to S limitation and encodes a protein selectively depleted of S-

containing amino acids (Mazel & Marliere, 1989). Another strategy employed by many 

photosynthetic organisms under S limitation is to recycle existing cell constituents to free up 

S for essential tasks. For example, phycobilisome complexes, which constitute about half of 

the total protein in Synechococcus, are targeted for degradation in response to either N or 

S limitation (Collier & Grossman, 1992). Since phycobilisomes function in photosynthetic 
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energy generation and C fixation, they are in excess in cells limited for N or S. A S-sparing 

response is also observed in land plants. For example, in seeds of soybeans the S content of 

storage proteins is determined by the level of S nutrition: S-rich glycinin is the major protein 

if S is available, but S-depleted B-conglycinin accumulates when S is limited (Kim et al., 

1999). Thus, various organisms all adapt to S limitation with mechanisms that reduce the S 

content of the proteome and redeploy S from reservoirs accumulated in times of plenty.

3. Monovalent Cations (group 1)

Biologically, the group 1 elements are present as highly soluble, monovalent cations. The 

sole element in group 1 that is essential for all organisms (class (i)) is potassium (K). Both 

sodium (Na) and K are essential elements for humans, but Na is not required for growth 

of many organisms and is here assigned as class (iii). Why early evolving cells chose K, 

rather than more abundant Na, as the major intracellular monovalent cation is unclear. This 

choice could reflect a specific chemical property of this cation in key biochemical reactions, 

or perhaps it is an accident of evolution (Danchin & Nikel, 2019). Although group 1 also 

includes lithium (Li), rubidium (Rb), cesium (Cs), and francium (Fr) as congeners (elements 

within a common group in the period table), none of these are thought to be essential in any 

organism. However, Li can replace Na to at least some level, and Rb can partially replace 

K. This raises the possibility that these elements might have a modest beneficial effect 

under specific conditions, and they can (perhaps generously) be assigned as class (iv). Many 

enzymes require a monovalent cation for efficient catalysis, and in some cases this activity 

is very sensitive to cation identity (Gohara & Di Cera, 2016; Vasak & Schnabl, 2016). For 

cytosolic enzymes, activity may require any of several monovalent cations (typically, Na or 

K) or may be specific (most often requiring K). A summary of elements with beneficial 

effects is provided in Table 2.

3.1 Lithium (3Li)

The lightest group 1 cation is lithium (Li). At 20 ppm in the Earth’s crust (Figure 2) Li is 

rare among the light elements and when compared to the other group 1 elements sodium 

(Na) and potassium (K). This scarcity, which Li shares with Be (2.8 ppm) and B (10 ppm), 

reflects the overall scarcity of these elements in our solar system. This is due, in turn, to the 

nature of nucleosynthesis during fusion reactions in stars, which bypasses these elements: 

they are primarily generated later in fission reactions triggered by cosmic rays interacting 

with heavier elements in interstellar space (cosmogenic nucleosynthesis) (Johnson, 2019).

Although Li is not known to be required for any organism, Li may partially substitute for 

Na in some select situations. Li had been suggested to be essential for mammals based on 

studies with rats and goats fed Li-deficient diets (Schrauzer, 2002). However, the effects 

were largely limited to decreased fecundity and were manifested over several generations. 

Although low levels of Li are ubiquitous in many foods and water supplies, there is little 

evidence for effects of deficiency in either plants or animals. The current consensus seems 

to indicate a mildly beneficial, although not essential, role in eukaryotes (Szklarska & 

Rzymski, 2019). Some of the most notable effects of Li are on mood. Li salts are used in 
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the treatment of manic-depressive disorders, and several studies have established an inverse 

correlation between dietary Li and suicide, for example (Del Matto et al., 2020).

Although there are currently no known organisms that require Li, it has the potential to be 

beneficial for certain Bacteria as part of a Na-sparing response. Vibrio parahaemolyticus is 

a halophilic bacterium that requires high NaCl for growth. Optimal growth occurs at 0.5 

M NaCl, although this can be reduced to 0.1 M in the presence of sucrose as an osmotic 

stabilizing agent. The requirement for Na can be largely but not completely replaced by 

Li, and to some extent other monovalent cations. However, a minimum concentration of 3 

mM Na was still required for growth, presumably for proper function of Na-coupled import 

systems (Morishita & Takada, 1976). Li can also functionally substitute for some Na in 

several species of Salinispora, a marine actinomycete, to maintain maximal growth and yield 

(Tsueng & Lam, 2010).

It is unclear whether Li is beneficial in natural settings. Perhaps the best candidates for 

organisms with a Li requirement are those that grow in extremely Li-rich environments. 

For example, there are extensive salars (salt flats generated by solar evaporation) with very 

high Li content in the Andes mountains. Two Bacillus spp. isolates obtained from these 

salars were able to grow in Li levels of 1.44 M, but also grew well in the absence of Li 

salts (Cubillos et al., 2019). Similarly, other Bacteria can tolerate high levels of Li salts, 

but without any demonstrable requirement for growth (N. Bruna et al., 2022; Kamekura & 

Onishi, 1982). Thus, Li is best viewed as a biologically unimportant element, but with a 

potential to benefit some select microbes under very specific conditions of Na limitation. 

The extent to which microbes benefit from Li in natural settings is not well established, but 

at least for humans there is epidemiological support for some beneficial effect on cognition 

(Szklarska & Rzymski, 2019). Thus, Li is tentatively assigned to class (iv): beneficial to at 

least some species.

3.2 Sodium (11Na)

Both sodium (Na) and potassium (K) are very abundant elements (6th and 8th most abundant 

in the lithosphere; Figure 2) and Na ion is the second most abundant solute in marine 

systems (closely behind chloride). Despite its ubiquity, Na was a disfavored element during 

the evolution of life, and K is the dominant intracellular cation (Danchin & Nikel, 2019). 

Na is a required element for some animals and selected microbes, but not for most plants 

(Nieves-Cordones et al., 2016). Therefore, we assign Na to class (iii): essential or beneficial 

for many organisms in at least one domain.

Na is a required nutrient for animals, which rely on the Na+/K+ pump to maintain resting 

potential across the cell membrane. The essential nature of Na, typically consumed in the 

form of its common salt, NaCl, has been appreciated throughout history. Access to salt has 

determined the location of numerous cities and trade routes and has influenced geopolitics, 

including the French revolution and the campaign for Indian independence (Cirillo et al., 

1994).

Although Na is most noted for its role as a major extracellular cation, Na may occasionally 

also serve as a cellular osmolyte. Most intracellular enzymes that require a monovalent 
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cation prefer K, which is likely the physiological cofactor. A specific requirement for 

Na in enzyme catalysis is seemingly rare and often a feature of enzymes that function 

extracellularly, where Na in excess of K both in multicellular organisms and in many 

environments.

Because of its requirement for animal but not plant life, Na availability can provide an 

important constraint at the ecosystem level (Kaspari, 2020). Plants vary widely in Na 

content, and this variance may be under selective pressure. For example, secretion of Na-rich 

nectars may attract pollinators and beneficial insects, whereas reduced Na levels in plants 

may make them less attractive to herbivores (Kaspari, 2020). K activates several enzymes in 

the plant cell. Na is often able to functionally substitute in activating these enzymes, though 

it may be less effective (Wakeel et al., 2011). K is the most common ion used to maintain 

osmotic pressure in the plant cell, but under K-limitation, Na, Mg, and Ca can partially 

replace K in sustaining the internal osmotic pressure. In the red beet, photosynthesis remains 

high under K limitation if there is high Na (Subbarao et al., 1999). In this plant, Na 

may functionally replace more than 95% of cellular K, suggestive of a beneficial function 

(Subbarao et al., 1999).

Na is essential for some Bacteria, including many marine organisms, for transport, pH 

regulation, and motility. There is a correlation between the presence of a Na pump 

and an obligate Na requirement in 22 of 27 marine isolates (Oh et al., 1991). In 

Vibrio parahaemolyticus, Na cannot be entirely replaced by other cations, although 

supplementation with Li can reduce the Na requirement from 100 mM (in isotonic medium) 

to 3 mM (Morishita & Takada, 1976). In marine Bacteria, a sodium motive force (SMF) 

generated by respiration is used to power active transport and flagellar motility. One 

exception is the fish pathogen V. anguillarum, where Na is not required for growth, although 

it is important for survival under nutrient-depleted conditions (Fujiwara-Nagata & Eguchi, 

2004). Na is also an obligate growth requirement for many Bacteria in the rumen of 

herbivores and cannot be replaced by other monovalent cations (Caldwell & Hudson, 1974). 

In sum, Na is essential for animals and a subset of microbes.

3.3 Potassium (19K)

Potassium (K) ion appears to be universally required for life as a major cellular osmolyte 

and is therefore included in class (i). K functions as a counterion to balance the negative 

charges of carboxylates and phosphates and as a required cofactor for enzymes (Danchin & 

Nikel, 2019). The concentration of K is much greater than the concentration of Na in the cell 

cytosol, and Na is actively extruded by most organisms. One hypothesis for the essentiality 

of K is that cells evolved in K-rich environments, perhaps on the surface of minerals such as 

biotite (Hansma, 2022). Subsequently, as life moved to more Na-rich environments like the 

ocean, Na efflux became critical for life (Dibrova et al., 2015).

The essential role of K may be due, in part, to its use as an enzymatic cofactor. In plants, K 

is thought to be a required cofactor for several key enzymes of central metabolism: pyruvate 

kinase, pyruvate dehydrogenase, succinyl-CoA synthetase, asparaginase, and fructose 1,6-

bisphosphatase (Cui & Tcherkez, 2021). K ions are also considered essential for the proper 

assembly and function of the ribosomes (Rozov et al., 2019). Whether this role of K could 
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ever be replaced by another cation is not clear (see section 4.2). Finally, K is critical for 

maintenance of an ionic environment compatible with life. Given these varied and complex 

requirements for K, it is not surprising that there are no reported examples of organisms that 

are viable in the absence of K, although this is within the realm of possibility.

Bacteria have well-established requirements for K. For example, B. subtilis has 3 K 

importers (Gundlach et al., 2017). In the absence of these transporters, cell growth is K-

limited and the bacterium is unable to survive unless it acquires a compensatory (suppressor) 

mutation. One class of suppressor mutations increases production of positively charged 

amino acids like ornithine, citrulline, and arginine. It is likely that these positively charged 

amino acids partially substitute for the functions of K in the cell, and their supplementation 

supports growth under K-limited conditions (Gundlach et al., 2017). In this case, cationic 

amino acids can augment K as dominant intracellular osmolytes but do not replace 

its function as an enzyme cofactor. K is also essential in yeast, and depletion induces 

autophagy, presumably as a mechanism to free up this limiting nutrient (Rangarajan et al., 

2020).

3.4 Rubidium (37Rb) and Cesium (55Cs)

The heavier elements in group 1 include Rb and Cs. Francium (87Fr) is too short-lived (22 

minute half-life) and rare to be biologically relevant. Rb is relatively abundant both in the 

Earth’s crust (at 90 ppm, comparable to Zn) and in seawater (18th most abundant element), 

but only rarely have beneficial roles been suggested. Cs (3 ppm) is 30-fold less abundant 

than Rb and ranks as the 45th most abundant element in the Earth’s crust.

In some organisms facing K-limiting conditions, Rb may be able to substitute for K 

(Subbarao et al., 2003). The growth of sugar beets increased when Rb was supplemented 

to a K-deficient medium (El-Sheikh et al., 1967). Some halophiles rely on exceptionally 

high cytosolic concentrations of K to sustain growth. The archaeal halophile Haloarcula 
marismortui accumulates intracellular K to 2.4 M in medium amended with high K (120 

mM) (Jensen et al., 2015). At low concentrations (8 mM) of K, the intracellular K level is 

reduced to ~1.4 M. If Rb or Cs are available these cations accumulate to levels of ~0.6 and 

0.3 M, respectively, with a concomitant reduction in K (Jensen et al., 2015). This provides 

evidence for a potential beneficial role for both Rb and Cs in these specific laboratory 

conditions. It is not yet established if this type of substitution is relevant in any natural 

setting, since K is normally much more abundant than Rb.

The effects of Rb have also been characterized in mammals. At the cellular level, Rb can 

displace a fraction of intracellular K, but the sum of the two ions remains relatively constant 

(Kirk et al., 1984). Replacement of K by Rb (and even Cs) in rats can be dramatic, with Rb 

or Cs replacing up to ~40% of intracellular K in muscle tissue (Meltzer, 1991; Relman et 

al., 1957). In the plasma, however, Rb and Cs levels are maintained at less than 1% of the 

group I cations. This displacement is not without consequence, and both Rb and Cs are toxic 

(Meltzer, 1991; Relman et al., 1957). Overall, we suggest that Rb can be tentatively assigned 

as class (iv) since, in some environments, it could plausibly be of marginal benefit to some 

species.

Remick and Helmann Page 15

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A biological role for Cs seems less likely. Cs is produced in large-scale for use in drilling 

fluids used for petroleum extraction (Vidal et al., 2020). Radioactive 137Cs is a by-product 

in commercial nuclear reactors, and contamination is an environmental concern in regions 

such as those affected by the 2011 accident at the Fukushima Daiichi Nuclear Power Plant. 
137Cs in soils can be bioremediated by absorption in plants and mushrooms (Avery, 1995; 

Duff & Ramsey, 2008) and 137Cs in foods may be partially remediated by adsorption into 

intestinal bacteria that leads to elimination from the host (Saito et al., 2019). Although Cs 

is bioaccumulated by some organisms, likely through K uptake systems, we classify Cs as 

class (v) since it has no documented beneficial effect to cells under conditions likely to be 

present outside the laboratory.

4. Divalent Cations (group 2)

The group 2 elements are present in biological systems as the divalent cation. The primary 

focus is on magnesium (12Mg) and calcium (20Ca), which are common rock-forming 

elements that account for 2.33 and 4.15% of crustal material by weight, respectively (Figure 

2). Mg (~52 mM) and Ca (~10 mM) are also abundant in the ocean. These two cations 

are essential for many enzymes, although they can occasionally be substituted with other 

cations. Of the other elements in the group [beryllium (Be), strontium (Sr), barium (Ba), and 

radium (Ra)], only Sr and Ba have beneficial roles.

4.1 Beryllium (4Be)

Be (2.8 ppm) is one of the least abundant of the lighter elements in the crust (Figure 2); 

like Li, Be is not a significant product of stellar nucleosynthesis (Johnson, 2019). Be is often 

present as a divalent cation, but due to its small size and high charge density it also forms 

covalent complexes, and some have notable biological activities. For example, BeF3
− anion 

is a phosphate mimic widely used in protein structural studies (Jin et al., 2017). Be is toxic 

to both animals and plants, and soil contamination can lead to a reduction in plant growth 

(Shah et al., 2016; Strupp, 2010). Toxicity likely arises, in part, from the ability of Be to 

compete for Mg and Zn binding sites in enzymes (Fromm, 2020) and its ability to catalyze 

structural changes in cell surface polysaccharides and glycoproteins (Buchner, 2020).

In humans, Be inhalation in industrial settings can result in a type of lung inflammation 

(pneumonitis) known as berylliosis (chronic beryllium disease), which can lead to lung 

cancer (Buchner, 2020; Perera et al., 2017). Lung inflammation has been linked, by 

both genetic correlation and structural studies, to the binding of Be to a class II major 

histocompatibility complex (MHC) protein (human leukocyte antigen HLA-DPB1) in 

combination with specific peptides (Clayton et al., 2014). This complex triggers T cell 

proliferation, inflammation, and granuloma formation (MacMurdo et al., 2020). In sum, Be 

has no known beneficial functions and is a toxic element (class (v)).

4.2 Magnesium (12Mg)

Mg is a major cation universally essential for life (class (i)). Hundreds of enzymes require 

Mg to be catalytically active, including most reactions that use ATP or other nucleotides. 

Although total cellular Mg is often in the range of 100 mM (Nierhaus, 2014), ~90% of 

this is complexed by binding to NTPs, anionic molecules and nucleic acids (Sieg et al., 
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2022). Mg plays an essential role in the assembly and function of the ribosome (Nierhaus, 

2014). In rapidly growing cells, including many Bacteria and S. cerevisiae, the majority 

(>80%) of RNA is in the ribosome (rRNA). The folding of rRNA and ribosome assembly 

generally relies on charge neutralization of the RNA phosphate backbone by counterions. 

These include inorganic ions, polyamines, and the ribosomal proteins themselves.

Although Mg is an essential component of the ribosome, there is still controversy about 

the number and nature of the ribosome-associated cations. Analysis of one high resolution 

structure (from Thermus thermophilus; PDB 4V6F) reveals ~1400 ions in a translation 

initiation complex, initially assigned as Mg (Jenner et al., 2010). However, this assignment 

has been challenged. One recent study suggests ~1000 Mg and 367 K ions (Rozov et al., 

2019). An alternative view, based on stereochemical constraints, suggests instead only ~200 

specific Mg ions and ~700-800 monovalent ions, presumably K (Auffinger et al., 2020). 

While the precise numbers are not critical for our purposes, this highlights the challenge in 

assigning biologically relevant cations in large complexes like the ribosome.

No other cations can fully replace Mg in the structure and function of the ribosome. 

However, it is plausible that ribosome-associated counterions may have changed over time. 

For example, life evolved in an environment with higher ambient Fe and Mn concentrations, 

and these ions may have helped support ribosome function early in evolution (Bray et al., 

2018). Indeed, the translation activity of E. coli ribosomes with limiting amounts of Mg can 

be restored by adding Fe or Mn, which bind to levels of ~500 ions per ribosome. Although 

Mg was not quantified in this study, the authors suggest that Fe or Mn may be able to largely 

substitute for Mg (Bray et al., 2018). The ability of Fe and Mn to bind directly to rRNA is 

also observed in vivo. In yeast strains with elevated cytosolic Fe, the production of reactive 

oxygen species (ROS) leads to rRNA fragmentation, suggestive of a direct association of 

Fe. Moreover, this effect can be ameliorated by supplementation with Mn, which likely 

competes for these same sites (Smethurst et al., 2020). Thus, other divalent cations (Fe, Mn) 

can partially substitute for the Mg requirement for ribosome assembly and function, but 

there is no evidence that the Mg requirement can be eliminated.

Pathogenic bacteria like Salmonella may be deprived of Mg during phagocytosis, making 

Mg deprivation an effective component of nutritional immunity (Blanc-Potard & Groisman, 

2021). Phagocytic cells starve Bacteria of Mg after engulfment by using a transporter 

called NRAMP1 (natural resistance associated macrophage protein 1), which pumps Mg 

out of phagocytic vesicles (Cunrath & Bumann, 2019). Under conditions of low Mg, 

Salmonella enterica serovar Typhimurium adapts by reducing ribosome synthesis (Pontes 

et al., 2016). Elucidation of the molecular details has revealed a complex regulatory circuit 

that promotes the expression of Mg importers and inhibits both the F1FO ATP synthase and 

the synthesis of ribosomes. By reducing the level of both ATP and ribosomes in the cell, 

the cell reallocates Mg to sustain activity of the now diminished pool of ribosomes and 

other essential enzymes. A correlation between cytosolic Mg and ribosome levels is also 

seen in B. subtilis (Akanuma et al., 2014). In plants, Mg is an essential part of the abundant 

chlorophyll molecule and deficiency can reduce crop yield (Tanoi & Kobayashi, 2015). In 

sum, Mg is a critical ion with a multitude of roles in all organisms, including a universal 

requirement for translation.
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4.3 Calcium (20Ca)

Calcium (Ca) is a major cation essential for many Eukarya, including animals and plants. 

Although Ca is inextricably linked to cell physiology, Ca was largely rejected in favor 

of Mg as an intracellular divalent cation during life’s evolution, perhaps because Ca 

forms insoluble precipitates with phosphates (Williams, 2006; Williams, 2000). However, 

this same property has been exploited to store Ca in intracellular vesicles known as 

acidocalcisomes (Docampo & Huang, 2016). These membrane vesicles are rich in phosphate 

(Pi), pyrophosphate, and polyphosphate complexed with Ca and other cations (Docampo 

& Moreno, 2011). Acidocalcisomes play important roles in both phosphate and Ca 

homeostasis, and are considered to be one of the earliest evolving intracellular organelles 

found from Bacteria to man (Docampo et al., 2005).

Unlike Mg, which is maintained at intracellular levels approaching ~10 mM, cytosolic Ca 

levels are typically very low (~100 nM). Most cells have active transport mechanisms to 

export Ca from the cell or into membrane-bound compartments (Clapham, 2007; Williams, 

2006). The transient opening of Ca-channels in membranes can lead to a 10-fold or more 

increase in cytosolic Ca in milliseconds, which is sensed by proteins like calmodulin, 

which are characterized by so-called EF-hand Ca-binding motifs (Mohanta et al., 2019). 

Among the many Ca-activated enzymes are Ca-dependent kinases, which thereby couple 

two dominant classes of cell signaling: Ca fluxes and protein phosphorylation (Clapham, 

2007).

The essentiality of Ca for multicellular Eukarya is unquestioned and its biological roles 

are numerous (Carafoli & Krebs, 2016; Clapham, 2007). In contrast, the requirement for 

Ca in the microbial world is far less defined. Nevertheless, Ca is frequently present in 

defined growth medium for both Bacteria and Archaea. For example, some minimal media 

for the cultivation of E. coli contain Ca (e.g. M9 medium) whereas others do not (e.g. 

M63 medium) (Keseler et al., 2021). Although both E. coli and B. subtilis can be grown in 

medium lacking added Ca, it remains possible that trace levels of Ca support growth. Indeed, 

studies using EGTA as a chemical chelator support a Ca requirement, albeit low, for both E. 
coli (Arakawa et al., 2000) and B. subtilis (Herbaud et al., 1998). However, since chelators 

are not entirely specific, interpreting such experiments is challenging. A tentative conclusion 

is that Ca, while often beneficial, may be dispensable for growth of many Bacteria and 

Archaea.

Bioinformatic approaches also support the notion that Bacteria and Archaea have a variable 

Ca requirement. Although EF-hand proteins and putative Ca transporters are common in 

the microbial world (Dominguez, 2004; Domínguez et al., 2015), their numbers are much 

lower than in multicellular eukaryotes (Marchadier et al., 2016). Bacteria often have the full 

set of proteins needed for Ca-mediated signaling, including Ca channels to allow passive 

import and efflux proteins that can reestablish a transmembrane Ca gradient (Domínguez 

et al., 2015; Lu et al., 2020). Most Ca transporters identified in Bacteria are implicated 

in efflux, and this can be important during pathogenesis (Rosch et al., 2008). In addition, 

energy-dependent Ca import pathways for have recently been defined and may be important 

in environments with low Ca availability (Gupta et al., 2017).
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Ca is a regulatory signal in some microbes. For example, Ca serves as a signal triggering 

biofilm formation in marine Vibrio spp. (Park et al., 2015; Tischler et al., 2018) and in 

Pseudomonas aeruginosa (Broder et al., 2016). For host-associated Bacteria, the difference 

in Ca concentration in interstitial spaces compared to the cell cytosol can be a signal 

that regulates the expression of virulence determinants (King et al., 2020). In E. coli, 
voltage-gated Ca channels generate transient fluxes in cytosolic Ca levels that are important 

in the response to mechanosensation (a bacterial sense of touch) (Bruni et al., 2017). Given 

its wide-ranging roles, and the still uncertain and likely variable requirement for Ca in 

microbes, Ca is best assigned to class (ii).

4.3.1 Calcium and biomineralization—Ca is abundant in both marine and terrestrial 

environments and tends to form insoluble minerals that have been exploited throughout 

evolution. The most important Ca-minerals in biology are based on CaCO3 (calcium 

carbonate) and CaPO4 (e.g. hydroxyapatite) <Figure 4>. Hydroxyapatite-type minerals make 

up ~2/3 of the mass of bone in vertebrates and are present in near solid form as tooth enamel 

(Welborn, 2020).

CaCO3 minerals synthesized by marine plankton play a major role in global elemental 

cycling. Calcification induced by cyanobacteria in mixed photosynthetic communities 

growing in shallow seas is thought to have contributed to the formation of stromatolites: 

biogenic, layered mineral accretions considered to be evidence of early life and dating to 

nearly 3 Ga (Couradeau et al., 2012). Although often considered as an extracellular process, 

in one early-evolving cyanobacterial lineage (Gloeobacterales) intracellular biominerals 

were found that contained Ca along with significant amounts of Mg, Sr, and Ba (Couradeau 

et al., 2012).

CaCO3 exoskeletons became widespread around the time of the Cambrian explosion (~540 

million years ago) and likely emerged multiple times in evolution (Gilbert et al., 2022). 

CaCO3 crystallizes in multiple lattice types, with calcite (the most stable) and aragonite 

being most common in marine systems. The type of lattice that is formed can be controlled 

biologically and is influenced by ocean chemistry, which has varied over geologic time 

(Sandberg, 1983). When the ocean has relatively high levels of Mg (as at present), aragonite 

is easier to generate, whereas during periods with reduced Mg levels, calcite is dominant 

(Turchyn & DePaolo, 2019). Other cations are also found in CaCO3 biominerals, although 

typically at lower levels than would be characteristic of an abiotic precipitation process, 

which suggests that the organism exerts selectivity at the sites of calcification (Gilbert et al., 

2022).

The use of a CaCO3 exoskeleton is seen in single-celled Eukarya including foraminiferans, 

coccolithophorids, algae, and dinoflagellates. The coccolithophores are unicellular 

phytoplankton surrounded by hard, mineralized plates (coccoliths) (Müller, 2019). The 

benefits of calcification may include protection against predation or viruses and protection 

from Ca toxicity when seawater Ca levels are elevated (Monteiro et al., 2016; Müller, 

2019). Sedimentary layers formed from coccolithophores are abundant, and can account 

for large rock outcroppings including, most famously, the white cliffs of Dover in 

England. The foraminifera are single-celled amoeboid protozoa with a hard CaCO3 shell 
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(test), often found in the benthic layers of marine or brackish waters (de Nooijer et 

al., 2014). Collectively, the marine microfossils that arise from the foraminiferans and 

coccolithophorids display enormous diversity and form a rich part of the fossil record that 

provides insights into the chemistry of the ancient oceans (Hayward et al., 2022). There 

are over 200 extant species of coccolithophores (Müller, 2019), and the foraminiferans are 

represented by nearly 9000 extant species, with more than 40,000 in the fossil record. 

Because of their abundance in ocean sediments, foraminiferans are a major component of 

the “Globigerina ooze” that covers one third of Earth’s surface (Hayward et al., 2022). Much 

of this sediment is calcite, since aragonite-based exoskeletons (common in sea snails and 

some foraminifera) are more easily dissolved after sedimentation (Sulpis et al., 2022).

The extracellular precipitation of calcite has also been described in both Gram-negative 

and Gram-positive bacteria. Calcium interacts with and stabilizes anionic surface polymers, 

which can nucleate the formation of CaCO3 minerals (Görgen et al., 2020). Biofilm 

formation in B. subtilis is enhanced in the presence of Ca, which form a CaCO3 (calcite) 

mineral phase and strengthens the extracellular matrix (Keren-Paz & Kolodkin-Gal, 2020; 

Keren-Paz et al., 2022). Biogenic mineralization is being tested as a possible mechanism for 

the development of “self-healing” concrete: encapsulation of Bacillus spores in the concrete 

may allow cracks to seal themselves if exposed to the right conditions, or healing fluids 

containing bacteria that nucleate CaCO3 precipitation may be used to treat fractured surfaces 

(Lee & Park, 2018). In addition to surface-associated mineralization, internal formation of 

amorphous CaCO3 has been documented in Achromatium spp. (a gamma-proteobacterium) 

and in several species of cyanobacteria (Görgen et al., 2020). Formation of intracellular 

Ca-based minerals in cyanobacteria may sometimes be localized to a membrane-bound 

compartment, but the genetic basis of this is poorly understood (Blondeau et al., 2018; 

Couradeau et al., 2012). In sum, insoluble Ca precipitates have been broadly exploited in 

biology (Figure 4).

4.4 Strontium (38Sr)

Strontium (Sr) and barium (Ba) have beneficial roles in several organisms (class (iv)). 

Because it is part of the same chemical group as Ca, Sr is commonly found as an 

element co-mineralized with Ca in CaCO3 or CaPO4 biominerals. For example, corals will 

precipitate Ca and Sr as carbonates in a ratio proportional to their presence in seawater, but 

also dependent on ambient temperature, which allows Sr/Ca ratios to serve as a measure of 

temperature in paleoclimatology (Smith et al., 1979).

Sr can also form skeletal structures surrounding certain protists. Radiolaria are a phylum 

of unicellular, predatory protists (Eukarya) characterized by mineralized exoskeletons and 

are closely related to foraminifera. While most Radiolaria use Si as the basis for their 

exoskeletons, those within the class Acantharea are defined by exoskeletons composed 

of celestite (SrSO4) (Biard, 2022) <Figure 5>. There are over 150 recognized species of 

Acantharea, which have 10 to 20 radially arranged (star-shaped) skeletal elements known 

as spicules. The spicules are formed from SrSO4 and sometimes include BaSO4 (barium 

sulfate), with the precise arrangement and organization of the spicules used to define the 

various species (Decelle & Not, 2015).
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The Acantharea can be abundant in ocean surface waters where they often associate with 

symbiotic photosynthetic algae and thereby contribute to primary productivity. Due to 

their selective use of Sr and Ba for biomineralization, they can, through sedimentation, 

reduce the levels of these elements in ocean surface waters and thereby contribute to their 

biogeochemical cycling (Decelle & Not, 2015). Compared to Ca (400 ppm), both Sr (13 

ppm) and Ba (0.05 ppm) are at much lower levels in ocean waters, and the biological 

mechanisms that allow their concentration and precipitation are poorly understood. It is not 

clear if Acantherea require Sr or Ba for growth, and they are among the few organisms 

where Sr has a clear beneficial role (Raven & Knoll, 2010).

In animals, Sr may also play a role in biomineralization. In hatchling cephalopods, Sr 

appears to be required for statocyst formation and therefore normal development (Hanlon 

et al., 1989). In humans, Sr can be incorporated at low levels in bone, and strontium 

ranelate has been developed as a treatment for severe osteoporosis (Pors Nielsen, 2004). 

While the benefits of Sr in the treatment of osteoporosis and healing of bone fractures is 

well established, increased risks of heart problems have led to contraindications for some 

populations (Reginster et al., 2015). Sr and Ba can also be bioaccumulated by plants, and 

this offers a potential tool for soil bioremediation. However, uptake is associated with 

negative effects on plant fitness (Burger & Lichtscheidl, 2019; Gupta et al., 2018; Ribeiro et 

al., 2018).

4.5 Barium (56Ba)

A small number of organisms selectively mineralize barite (BaSO4) <Figure 6>. Barite 

is a denser mineral (BaSO4 = 4.5 g/cm3) than either celestite (SrSO4 = 3.96 g/cm3) or 

calcite (CaCO3 = ~2.8 g/cm3). This high mass density favors the use of barite in gravity-

sensing statoliths (~1 μm in diameter) found in vacuoles in some freshwater green algae 

(charophytes) and in planktonic flagellates within the class Prymnesiophyceae (Krejci et al., 

2011; Raven & Knoll, 2010). In the freshwater ciliate Loxodes striatus BaSO4 statoliths 

(~3 μm) are enclosed in 3 to 4 membrane-bound vacuoles (Müller vesicles) and attached 

by a ciliary stick (Häder et al., 2017). Changes in cell orientation regulate cilia activity to 

allow cell reorientation (Figure 6). Whether barite is also used in Bacteria or Archaea is 

unexplored, although the soil microbe Myxococcus xanthus can precipitate BaSO4 under 

appropriate conditions (González-Muñoz et al., 2003). BaSO4 precipitates appear most 

common in marine systems, despite the very low concentrations of Ba, which suggests an 

active and selective biological concentration mechanism (Martinez-Ruiz et al., 2019).

5. Rare Earth Elements and the Lanthanides: Group 3

The rare earth elements (REEs) consist of scandium (21Sc), yttrium (39Y), and the 

lanthanides (collectively, Ln) and actinides (collectively, An). REEs share many of the same 

chemical and physical properties and are often found in an oxidation state of +3. REEs 

are used globally in many industries and are expected to be an emerging pollutant in the 

environment (Daumann et al., 2022; Tao et al., 2022). These elements are toxic to many 

organisms, and their beneficial roles often subtle (Ascenzi et al., 2020). Some Ln elements 

function as growth promoters in agriculture, although their beneficial role in plants remains 
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controversial. There is now strong evidence for beneficial roles of Ln elements in some 

microbes (Daumann et al., 2022; Picone & Op den Camp, 2019), and in rare cases they are 

essential for growth (Pol et al., 2014).

5.1 Scandium (21Sc) and Yttrium (39Y)

Scandium (Sc) is the smallest of the REEs, and many organisms can adsorb or 

bioaccumulate Sc. Sc can stimulate the production of microbial secondary metabolites 

(Syrvatka et al., 2022). For example, in B. subtilis, Sc stimulates the production of amylase, 

an extracellular enzyme, as well as bacilysin, an antibiotic (Inaoka & Ochi, 2011). In 

Streptomyces spp., a low concentration of Sc also promotes antibiotic expression (Kawai 

et al., 2007) and expression of secondary metabolite-biosynthetic gene clusters (Syrvatka 

et al., 2022; Tanaka et al., 2010). There is no evidence to suggest that these effects of Sc 

are beneficial, and they may result from stress responses induced by exposure to a toxic 

element.

Yttrium (Y) is chemically similar to the Ln elements. Although Y has no known biological 

roles, it has found great utility in medicine both in imaging compounds and for radiotherapy. 

In nature, Y is found as the 89Y isotope, and a further 8 radioactive isotopes can be 

generated (from 85Y to 93Y) with half-lives from hours to months (Tickner et al., 2020). 

These are used in medical imaging (positron emission tomography) and radiotherapy (90Y). 

Despite these applications, both Sc and Y are classified as class (v): of no known beneficial 

use in natural systems.

5.2 Lanthanides: Lanthanum (57La), Cerium (58Ce), Praseodyminium (59Pr), Neodymium 
(60Nd), and Samarium (62Sm)

The lanthanides (Ln) comprise the 15 metallic elements from atomic number 57 to 71. Ln 

are now appreciated as beneficial nutrients for methylotrophs (Skovran et al., 2019; Tani et 

al., 2021) and can even be essential for growth (Pol et al., 2014). Methylotrophs are Bacteria 

that metabolize methane or methanol as an energy source using methanol dehydrogenase 

(MDH) as a key enzyme <Figure 7>. The first MDH proteins described in 1964 were 

Ca-dependent, and it was revealed only 4 decades later that MDH proteins frequently prefer 

or require Ln as cofactors (Daumann, 2019; Daumann et al., 2022). The role of Ln in 

biology is a very active area of research, as recently reviewed (Cotruvo, 2019; Daumann, 

2022; Daumann & Camp, 2021; Featherston & Cotruvo, 2021).

In one model methylotroph, Methylobacterium extorquens strain AM1, the XoxF1 MDH 

uses Ln cofactors. In this and related species, methylotrophy is supported by a Ca-dependent 

enzyme when no Ln are available. Low levels (~10 nM) of Ln will shut off the Ca-enzyme 

and induce expression of the preferred Ln-dependent enzyme, XoxF1 (Chu & Lidstrom, 

2016; Vu et al., 2016). This “lanthanide switch” provides the bacterium with metabolic 

flexibility depending on metal availability.

The best cofactors for XoxF are the lighter Ln, including lanthanum (La), cerium (Ce), 

praseodyminium (Pr), neodymium (Nd), and perhaps also samarium (Sm) (Daumann, 2019). 

Some methylotrophs, such as Methylotenera mobilis and M. fumariolicum SolV, can oxidize 

methanol using europium (Eu) or gadolinium (Gd) as cofactors, but the catalytic efficiency 
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is decreased compared to the lighter Ln elements (Jahn et al., 2018). Lanthanides are also 

essential for ExaF, a pyrroloquinoline quinone-dependent ethanol dehydrogenase (Good et 

al., 2016). A conditionally expressed, Ln-dependent alcohol dehydrogenase is present in 

both methylotrophs and the non-methylotroph Pseudomonas putida (Wehrmann et al., 2018).

Some methylotrophs produce lanmodulin, a 12 kDa Ln-binding protein with a postulated 

role in Ln import (Cotruvo Jr et al., 2018; Deblonde et al., 2020). Lanmodulin is encoded by 

a subset of Ln-utilizing Bacteria (Methylobacterium, Methylorubrum and Bradyrhizobium) 

but is apparently absent from other methylotrophs (Daumann et al., 2022). Lanmodulin 

undergoes a conformational change upon Ln-binding and retains activity even in highly 

acidic conditions (pH~2.5), high temperature (up to 95 °C), and molar amounts of 

competing metals. The ability of lanmodulin to bind tightly and selectively to Ln, and 

even to actinide elements, is likely to lead to new applications in both medicine and 

bioremediation (G. J.-P. Deblonde et al., 2021; Dong et al., 2021).

An alternative pathway for Ln acquisition has also been proposed. An operon encoding 

a putative Ln chelator has been identified in Methylorubrum extorquens AM1 (Roszczenko-

Jasińska et al., 2020). By analogy with the role of siderophores in Fe uptake, the product 

of this operon has been christened a lanthanophore (Good et al., 2022; Zytnick et al., 

2022). The chemical nature of the lanthanophore is still under investigation, but its import 

is thought to depend on a TonB-dependent outer membrane receptor (LutH), a periplasmic 

binding protein (LutA), and an inner membrane ABC transporter (LutEF) (Daumann et al., 

2022). Once imported, Ln may be stored in association with polyphosphate, possibly in 

acidocalcisome-type vesicles (Good et al., 2022).

Lanthanides are also considered beneficial in plant and animal nutrition (Abdelnour et al., 

2019; Tommasi et al., 2021). A feed additive for animal husbandry that contains La and 

Ce citrate salts (Lancer) has been approved in the European Union (Tommasi et al., 2021). 

Considering their beneficial (and in rare cases, essential) role in methylotrophs, and possible 

beneficial roles in other organisms, several Ln elements are here assigned to class (iv): 

beneficial to at least some species.

5.3 Actinide Elements

Among the actinide (An) series of heavy elements, only thorium (90Th) and uranium (92U) 

have isotopes sufficiently stable that they are still present naturally on Earth (Figure 2). 
232Th, with a half-life >14 billion years, is a stable (if rare) element. 238U, with a half-life 

of >4 billion years, is present in the Earth’s crust at levels comparable to Mo and is 

bioaccumulated by some organisms. U plays a central role in the nuclear energy industry 

since 235U can undergo fission, and if sufficiently enriched this can become a self-sustaining 

chain reaction. Of the naturally occurring An elements, only U has been proposed to have a 

beneficial role in biology (class (iv)).

Some of the An elements can be synthesized in nuclear reactors and have potential 

applications in medicine. All actinium (89Ac) isotopes are radioactive, vanishingly rare in 

the natural world, and have no known beneficial role (class (v)). Ac exists in >30 isotopes, 

with those from 222Ac to 233Ac having half-lives varying from seconds to days. 225Ac, with 
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a half-life of 10 days, decays by alpha-particle emission and is under development for use 

in radiotherapy (Kostelnik & Orvig, 2019). The LanM protein binds tightly to Ln and An 

elements and provides a potential tool for enrichment and recovery of Ac for use in medicine 

(G. J.-P. Deblonde et al., 2021; Mattocks & Cotruvo, 2020). LanM can also form complexes 

with other actinides, including the americium (95Am) and curium (96Cm) ions (G. J. P. 

Deblonde et al., 2021), which are important constituents of radioactive waste from nuclear 

reactors. Although not important in nature, both Am and Cm can support methylotrophic 

growth under laboratory conditions (Singer et al., 2022).

5.3.1 Uranium (92U)—Uranium, at 2.9 ppm in the crust, is a naturally occurring An 

comparable in abundance to tin (Sn). U can be found bound to proteins at low levels 

in at least some species. This is assumed to result from mismetalation of enzymes that 

normally function with other metal ions (Cvetkovic et al., 2010). U can have a beneficial 

use as an external electron acceptor in some Bacteria and is therefore assigned to class 

(iv). Gram-negative bacteria such as Shewanella and Geobacter can reduce U+6 to U+4 

(Koribanics et al., 2015; Richter et al., 2012). The conductive pili of Geobacter are essential 

for extracellular reduction, and the reduced uranium preferentially precipitates at the cell 

surface and in the periplasm (Cologgi et al., 2011), which reduces accumulation within the 

cell (Kolhe et al., 2018; Rogiers et al., 2022). A growth-stimulatory effect of U+6 was seen 

for the thermophilic, gram-positive bacterium Thermoterrabacterium ferrireducens (Khijniak 

et al., 2005). Inclusion of U+6 salts in the medium stimulated growth ~2.5-fold, consistent 

with a direct role of U reduction in energy coupling. Similarly, a gram-negative Bacterium 

(Burkholderia sp.) is capable of uranium-respiration (Koribanics et al., 2015). Although U 

respiration is possible under suitable conditions, evidence for a growth-promoting effect of 

U in natural environments is still limited (Majumder & Wall, 2017).

6. Refractory Transition Metals (groups 4 through 6)

The transition metals in groups 4 through 6 include many considered refractory, an 

indication of their very high melting temperatures. There is a paucity of biologically 

important elements in this region of the periodic table. By far, the most important is 

molybdenum (42Mo), the heaviest element that is widely found to be essential (class (ii)). 

However, vanadium (V) and tungsten (W) are also found as bona fide cofactors in some 

enzymes and have well-documented biological roles in specific organisms (class (iv)).

6.1 Group 4: The Titanium Group

The group 4 elements include titanium (22Ti), zirconium (40Zi), and hafnium (72Hf). These 

elements have little relevance to biology. Anecdotal evidence suggests that Ti may have 

limited utility in some natural systems and can be tentatively included in class (iv) rather 

than class (v). Zi and Hf have no known beneficial roles (class (v)).

6.1.1 Titanium (22Ti)—Titanium, at 5650 ppm, is an abundant element in the Earth’s 

crust (9th most abundant), although it is largely present in insoluble oxides that limit its 

bioavailability. In seawater, the levels of Ti are exceptionally low (4 pM). However, levels as 

high as 100 μM have been noted in hot springs (Çobani & Valentine, 2022).
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Although there are no organisms known to require Ti, it shares with V the property of 

being accumulated to a high level in some marine species (Zierden & Valentine, 2015). 

TiO2 appears to play a structural role in some marine organisms in place of silica, 

SiO2. Biomineralized TiO2 has been reported in diatoms and some foraminifera (Cole & 

Valentine, 2006). Ti is concentrated from the environment, and TiO2 forms a mineralized 

shell (test), indicative of an active concentration mechanism (Çobani & Valentine, 2022). 

Diatoms in culture conditions supplemented with Ti and limited for Si can produce 

mineralized cell walls (frustules) with up to 80% TiO2 by weight (Jeffryes et al., 2008). 

The ability of diatoms and some foraminifera to use Ti may contribute to the depletion of 

this element from the ocean surface layers (Orians et al., 1990). Ti may also play a role in 

ascidians, which accumulate this element as well as V (Thompson et al., 2018; Zierden & 

Valentine, 2015). Some Bacteria have recently been found to liberate Ti from TiO2 minerals 

and incorporate the released Ti into their metallome (Gallo et al., 2019). TiO2 is very 

effective at absorbing ultraviolet radiation, and therefore serves as an effective sunscreen, 

which may contribute to its beneficial role in some organisms. For this same reason, TiO2 

nanoparticles have been adapted for photodynamic therapy in treatment of cancer (Youssef 

et al., 2017; Ziental et al., 2020). In medicine, Ti metal is most appreciated for its utility in 

implants due to its ability to bind well with bone and its biocompatibility (Kaur & Singh, 

2019). Although there is still much to learn, we here assign Ti as a member of class (iv): 

beneficial to at least some species.

6.1.2 Zirconium (40Zi) and Hafnium (72Hf)—Zirconium has been described as an 

enigma, since it is much more abundant in the crust (165 ppm) than Mo (1.2 ppm), 

bioaccumulates in both animals and plants, and yet seems have little beneficial or toxic 

effect (Ghosh et al., 1992). If it has any biological role, it remains to be discovered. Hf (3 

ppm) is similar to Zi and is found co-crystallized in Zi-containing silicate minerals. Because 

of its large nucleus, Hf is very effective at neutron capture and is widely used in control rods 

in nuclear power plants. This same property may prove useful in medicine: Hf is currently 

in development, in the form of Hf oxide nanoparticles, for radiotherapy in cancer treatment 

(Scher et al., 2020). Both Zi and Hf are considered class (v): no known beneficial use in 

natural systems.

6.2 Group 5: The Vanadium Group

Among the transition metals in group 5, only V has known biological roles, and these are 

in specialized functions in some organisms (class (iv)). Niobium (Nb) is a critical element 

in manufacturing, commonly as a steel additive, but of little biological relevance. Tantalum 

(Ta) is industrially useful for production of metal alloys and is medically important for 

implants since it has excellent biocompatibility and does not evoke an immune response 

(Han et al., 2019). Neither Nb nor Ta have known biological roles (class (v)).

6.2.1 Vanadium (23V)—Vanadium, the 20th most abundant element in the Earth’s crust 

(120 ppm), has restricted but well-defined uses in biology (Rehder, 2022). V is among the 

more abundant transition elements in seawater with a concentration of ~30 nM (Rehder, 

2015). One major beneficial function is to allow the synthesis of an alternative nitrogenase 

when Mo is unavailable (Harwood, 2020), as discussed in section 6.3.2. In addition, a small 
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set of V-dependent enzymes have been described (Rehder, 2022). V biochemistry has a rich 

history, and it has even been suggested that V may be essential for some species (Crans et 

al., 2004). V has also been proposed to be a beneficial, or even essential, trace element for 

humans (Tripathi et al., 2018). However, the possible benefits of V are still a topic of debate 

(Harland & Harden-Williams, 1994; Rehder, 2013).

V is often present as an oxyanion (vanadate) and this species is the cofactor for a family 

of V-dependent haloperoxidases (VHPOs) in marine algae and some Bacteria (Wever et 

al., 2018). These enzymes play a presumably beneficial role in the generation of volatile 

organohalogen compounds in marine systems, and thereby affect the biogeochemical 

cycling of the halogens (Baumgartner & McKinnie, 2021; Wever et al., 2018). V is 

also accumulated to high levels (>300 mM) in certain marine invertebrates known as 

sea squirts (tunicates). V is found in complex with specific binding proteins (vanabins) 

within blood cells (vanadocytes) (Michibata et al., 2003; Ueki et al., 2015). Despite the 

presence of specific binding proteins, and a compartment specific accumulation (to levels 10 

million-fold higher than in seawater), the physiological role of V in tunicates has not been 

satisfactorily explained (Rehder, 2015). In a possible example of elemental substitution, 

in some sea squirts V deficiency is correlated with accumulation of niobium (41Nb) or 

even tantalum (73Ta), but a role for these elements is also not established (Carlisle, 1958; 

Kokubu & Hidaka, 1965). Finally, some Bacteria can use vanadate as an electron acceptor in 

dissimilatory respiration (Rehder, 2015). In sum, we suggest that V is class (iv): beneficial 

to at least some species. The proposal that V may be an essential element for humans, while 

not discarded (Chellan & Sadler, 2015), has not gained wide support. It is therefore grouped 

with many other elements that may have a poorly defined beneficial effect.

6.2.2 Niobium (41Nb) and Tantalum (73Ta)—Niobium (Nb) bioaccumulates in 

some marine organisms (Carlisle, 1958; Kokubu & Hidaka, 1965), but does not have a 

documented beneficial role. Tantalum (Ta) is an industrially important element, but the 

environmental fate and distribution of Ta is poorly understood, and there is little evidence 

for toxicity (and none for a beneficial role) (Filella, 2017). Although Ta may bioaccumulate 

in some marine sea squirts (to a level of 0.02% by weight), its biological relevance is not 

understood (Kokubu & Hidaka, 1965). Therefore, we assign both Nb and Ta to class (v).

6.3 Group 6: The Chromium Group

The group 6 elements are transition metals with known or potential biological roles. The role 

of Cr in biology is controversial, and although Cr was long considered essential for human 

biology, that status has been challenged. Both Mo and W are scarce elements in the crust 

(both estimated at ~1.2 ppm), whereas in seawater Mo is much more abundant than W (by 

>105-fold) (L'Vov N et al., 2002). A select set of Mo- and W-dependent enzymes have been 

described. Both Mo and W form chemically similar oxyanions, molybdate (MoO4
2−) and 

tungstate (WO4
2−), often coordinated to S in an organic dithiolate-containing pyranopterin 

cofactor to serve in redox enzymes.

6.3.1 Chromium (24Cr)—Chromium (Cr) was considered an essential trace metal for 

mammals for nearly 60 years, based largely on early studies in rodents (Vincent, 2013). 
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As a result, nutritional supplements containing this metal proliferated, with sales second 

only to Ca (Vincent, 2013). More recent work has led to the removal of Cr from the list of 

essential elements in human nutrition and has questioned whether it even has a beneficial 

role (Vincent, 2017). While it is possible that circulating Cr3+ may act to augment insulin 

signaling, any beneficial effect is likely adventitious and only apparent at doses not normally 

found in the diet (Vincent, 2015).

The interactions of Cr with cells are more commonly negative, with Cr6+ being particularly 

toxic (Gomathy et al., 2022). A diversity of microbes, including Bacteria and fungi, are able 

to reduce Cr6+ to less toxic Cr3+ (Guo et al., 2021), which may be of use in bioremediation 

of contaminated sites (Gutierrez-Corona et al., 2016). Whereas some toxic metals benefit 

cells by serving as electron acceptors in anaerobic respiration, in other cases reduction 

seems to be a detoxication mechanism. For Cr, the current consensus is that microbial 

reduction serves a detoxification function (Guo et al., 2021; Richter et al., 2012). At present, 

we place Cr in class (v), although it may be promoted to class (iv) if convincing evidence of 

a beneficial role is found.

6.3.2 Molybdenum (42Mo)—Molybdenum (Mo) is the most important of the group 6 

elements and is required for many organisms in all three domains of life (class (ii)). There 

is genomic evidence for Mo-dependent enzymes in 68% of Bacteria, 97% of Archaea, 

and 70% of Eukarya (Zhang & Zheng, 2020). Mo is most often found in enzymes as 

molybdenum cofactor, MoCo <Figure 8>. MoCo is a pyranopterin-based redox cofactor 

with Mo bound to two S atoms in a cis-dithiolene group (Metzger & Basu, 2022; Schwarz 

et al., 2009). MoCo is required for at least 50 enzymes across all three domains of life 

(Zhang & Gladyshev, 2008). There are four major MoCo-dependent enzyme families: 

sulfite oxidase, xanthine oxidase, dimethylsulfoxide reductase, and aldehyde:ferredoxin 

oxidoreductase (Schwarz et al., 2009).

In human biology, Mo is an essential trace nutrient. Humans have four MoCo-

dependent enzymes: sulfite oxidase, xanthine oxidase, aldehyde oxidase, and mitochondrial 

amidoxime-reducing component (mARC). Although Mo deficiency does not occur naturally 

in humans, it has been observed in patients (Novotny & Peterson, 2018). Further, there are 

genetic diseases leading to defects in MoCo biosynthesis that lead to neurodegeneration 

and death in childhood (Atwal & Scaglia, 2016). MoCo is also essential for plants, at least 

during growth in most soils. The individual MoCo-dependent enzymes are each dispensable 

but can be conditionally essential depending on nutrient conditions. The cumulative effect of 

MoCo loss is a crippled plant that can only be kept alive under specific laboratory conditions 

(Mendel & Kruse, 2012). In contrast, in S. cerevisiae there are no MoCo-dependent enzymes 

and no Mo requirement (Mendel & Kruse, 2012).

From a global perspective, the most critical role for Mo is as a component of nitrogenase, 

where it is in an Fe- and Mo-containing metal cluster (FeMoCo; Figure 8c) with a 

formula of MoFe7S9 (Burén et al., 2020). Nitrogenase, a key enzyme in biogeochemical 

cycling due to its ability to fix atmospheric N2 into ammonia, evolved ~3.2 Ga when the 

atmosphere was still anaerobic. Even today, nitrogenase is very sensitive to inactivation by 

molecular oxygen, and diazotrophs must develop mechanisms to shield nitrogenase from 
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inactivation by O2. In the filamentous cyanobacterium Anabaena, nitrogenase is spatially 

separated from oxygenic photosynthesis by only being synthesized in periodically spaced, 

non-photosynthetic cells (heterocysts) within the filament. O2 diffusion into these cells 

from adjacent photosynthetic cells is restricted by a thick cell envelope and by rapid O2 

consumption by respiration at the cell membrane (Poole & Hill, 1997). In aerobic Bacteria, 

respiration serves to maintain a low oxygen tension in the cytosol and thereby allows 

functioning of many O2-sensitive enzymes, a mechanism christened a “respiratory shield” 

(Wofford et al., 2019). In unicellular diazotrophs, such as Crocosphaera watsonii (Masuda 

et al., 2022), nitrogen fixation (night) and photosynthesis (day) are instead separated in 

time (Saito et al., 2011; Stöckel et al., 2008). This reduces O2-poisoning of the nitrogenase 

and additionally allows cells to recycle valuable Fe atoms from photosynthetic complexes 

needed during the day into nitrogenase as night. Expression of O2-binding proteins of 

the globin family (cyanoglobins) may additionally help sustain high nitrogenase activity 

(Johnson & Lecomte, 2013). Finally, in the plant-rhizobium symbiosis, nitrogenase is 

protected by plant-produced leghemoglobin, a heme-containing O2 scavenger that buffers 

O2 to levels sufficient to support respiration, but not high enough to damage nitrogenase 

(Rutten & Poole, 2019).

It has been proposed that the intrinsic sensitivity of nitrogenase to inactivation by O2 may 

account, at least in part, for the long lag between the evolution of oxygenic photosynthesis 

and GOE (~2.4 Ga; when atmospheric O2 first accumulated), and the much later increase in 

O2 levels to contemporary levels (~21% O2) (Allen et al., 2019). During the intervening 

nearly 2 billion years (the Proterozoic eon) atmospheric O2 is thought to have rarely 

exceeded ~2% (~10% of current levels), a phenomenon referred to as Proterozoic O2 stasis. 

This stasis might have resulted from a global limitation for fixed nitrogen due to either 

Mo limitation or to a lack of mechanisms to shield nitrogenase from O2-inhibition. In 

support of the latter idea, the cyanobacterial lineage is ancient, but heterocyst formation is 

not evident until the time of the Cambrian explosion at the transition from the Proterozoic 

to the Phanerozoic eon. At this time, land plants proliferated and were able to separate 

aerial photosynthesis from symbiotic nitrogen fixation in the soil, and O2 levels rose to 

near current levels. Simultaneously, nitrogen-fixing microbes developed strategies to avoid 

O2-inhibition (Allen et al., 2019).

When there is a scarcity of Mo, some organisms synthesize alternative forms of nitrogenase 

that replace Mo with V or use an Fe-only cofactor (Harwood, 2020). These alternative 

types of nitrogenase provide a back-up function since they are only found in Bacteria 

and Archaea that also express, usually as the preferred enzyme, a Mo-nitrogenase. The 

expression of alternative nitrogenases is often hierarchically regulated, with the V-enzyme 

expressed when Mo is absent, and the Fe-only enzyme expressed when both Mo and V 

are absent (Appia-Ayme et al., 2022; Harwood, 2020). The current consensus is that the 

Mo-containing nitrogenase is the ancestral form, and alternative metal utilization emerged 

later in evolution (Garcia et al., 2020; Mus et al., 2018).

6.3.3 Tungsten (74W)—There is a small set of tungstoenzymes, including the W-

containing oxidoreductase (WOR) family proteins. Similar to Mo, W-containing enzymes 

often rely on W bound to the pyranopterin cofactor (tungstopterin), although W is 
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often coordinated by two pyranopterins (Milojevic, 2022). The true tungstoenzymes 

include formate dehydrogenase and aldehyde:ferredoxin-oxidoreductases from Bacteria and 

Archaea, with the latter including methanogens, acetogens, and thermophiles (L'Vov N et 

al., 2002; Milojevic, 2022). There is overlap between enzymes that rely on MoCo as a 

cofactor and those that can use W. For some MoCo-dependent enzymes, binding of W to the 

pyranopterin results in enzyme inactivation, and for some others activity is present for both 

the Mo- and W-cofactored forms. However, for most WOR family proteins, only the W-form 

is active (L'Vov N et al., 2002; Schut et al., 2021).

Tungstoenzymes are evolutionarily ancient and perhaps evolved in the anaerobic and sulfidic 

environment of the Archean when W was more available than Mo (Hille, 2002). It is 

estimated that sulfide levels in excess of 10 μM can remove Mo by precipitation, which 

may have contributed to a preferential use of W in sulfidic environments on ancient Earth 

and today in some hot springs and volcanic regions (Buessecker et al., 2022). The GOE 

may have altered metal bioavailability and facilitated the replacement of W with Mo in 

some enzymes. Thus, tungstoenzymes found in obligate and often thermophilic anaerobes 

may be remnants of this ancient world. For example, in one hyperthermophilic Archaea, 

Pyrococcus furiosus, W accumulates to an intracellular concentration of 29 μM, primarily 

due to five W-dependent enzymes (Sevcenco et al., 2009). W is essential for cultivation 

of the Archaean Wolframiiraptor gerlachensis and genomic evidence reveals a widespread 

presence of tungstate (WO4
2−) transporters and tungstoenzymes in related species of the 

Wolframiiraptoraceae family (Buessecker et al., 2022). Similarly, W is essential for growth 

of some representatives of the Thermococcales and Thermoproteales. In Bacteria, the only 

known acetylene hydratase is also a W-dependent enzyme. The prevalence of enzymes that 

selectively use acetylene is curious since acetylene is not naturally present at significant 

levels on Earth. This has led to the suggestion that acetylene hydratase may be a relic of the 

Archean eon, when acetylene may have been a more abundant constituent of the primordial 

reducing atmosphere (Kroneck, 2016).

Bacteria in the human microbiome have been found to encode WOR enzymes together 

with dedicated systems for W import (Schut et al., 2021). Studies of one representative 

organism (a member of the Clostridia class of Bacteria) revealed a W-dependent enzyme 

that oxidizes toxic aldehydes present to the comparatively innocuous carboxylic acids. These 

results suggest that dietary W, present at very low levels in most foods, could impact human 

health by allowing WOR enzymes to oxidize toxic aldehydes present in cooked foods (Schut 

et al., 2021).

Tungstoenzymes may also play a role in allowing specific metabolic processes to continue 

when Mo is limiting. For example, the sulfate-reducing bacterium Desulfovibrio alaskensis 
encodes two formate dehydrogenases: one requires W to function whereas the other can 

use either W or Mo. When Mo is present in the environment, the organism upregulates 

production of the Mo/W isozyme, and when only W is present in the medium, the W 

isozyme is synthesized (Mota et al., 2011). Another example of W functionally replacing 

Mo is in the Archean Methanosarcina acetivorans, which encodes Mo- and W-dependent 

forms of formylmethanofuran dehydrogenases (Rohlin & Gunsalus, 2010). The presence of 
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tungstoenzymes in the Bacteria and Archaea leads us to assign W to class (iv): beneficial to 

at least some species.

7. Transition Metals: groups 7 through 12

The six transition metals in the first period of groups 7 to 12 are all important cofactors 

for enzyme catalysis and electron transport. These elements include some that are essential 

for all (or nearly all) organisms across all three domains of life (Fe,Zn) and others that are 

essential for many organisms in all three domains (Mn,Co,Ni,Cu). The heavier elements 

in groups 7-12 are notable primarily for their toxicity and have only rarely been found to 

have beneficial roles in biology. Nevertheless, some heavier elements in these groups are 

subject to microbially-mediated biotransformation, and microbes may play a role in their 

biogeochemical cycling.

It is estimated that metalloproteins represent one third of all proteins, and nearly one half 

of enzymes. Of the six first-row transition metals, four are essential to both plants and 

animals (Mn,Fe,Cu,Zn). Humans additionally require Co, whereas some plants require Ni. 

The transition metals often function (sometimes interchangeably) as electrophilic centers 

in enzymes (most often as the divalent cation), in redox reactions, and in partnership with 

organic cofactors. The application of bioinformatic techniques to the ever-increasing set of 

genomes from all three domains of life has provided a powerful tool for understanding the 

use of metals by cells (Grosjean & Blaby-Haas, 2020; Zhang & Zheng, 2020).

The metal content of the cell, or quota, is partitioned between ions that are tightly bound, 

often as enzyme cofactors, and a mobile pool of bioavailable metal that can be used in 

the metalation of nascent enzymes (Foster et al., 2022). The avidity with which divalent 

transition metals bind to ligands is summarized as the Irving-Williams Series: Mn2+ < Fe2+ 

< Co2+ < Ni2+ < Cu2+ > Zn2+. Those ions that interact relatively weakly with ligands 

(Mn, Fe) may have a substantial pool of rapidly exchanging, hydrated ions in the cell. 

For example, in the model bacterium B. subtilis, the Mn2+ and Fe2+ quotas are often in 

the range of 500 μM averaged over the cell, with perhaps 1-2% of these ions in a rapidly 

exchangeable, labile pool (~104 atoms per cell) (Helmann, 2014). In contrast, for elements 

at the higher affinity end of the Irving-Williams series the binding affinities are such that 

there is no free (hydrated) metal present, and protein metalation involves ligand-exchange 

reactions between small molecule ligands or protein chaperones and nascent metalloproteins 

(Foster et al., 2022). Thus, the chemical stability with which ions bind to ligands affects the 

nature of the metal pools in the cell, and cellular sensors of metal status (metalloregulatory 

proteins and riboswitches) sense fluctuations around these buffered metal concentrations 

(Foster et al., 2022).

The low solubility and slow exchange kinetics of many metal complexes in the environment 

presents challenges to microbial nutrition. To enhance the solubility of metals and facilitate 

uptake, many microbes synthesize metal-selective chelators (metallophores) and cognate 

uptake systems (Reitz & Medema, 2022). This is a phenomenon first widely appreciated 

for Bacterial and fungal siderophores that enhance Fe(III) uptake (Chu et al., 2010). This 

same strategy extends to the use of zincophores for Zn uptake (Morey & Kehl-Fie, 2020) 
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and methanobactin for Cu uptake (Kenney & Rosenzweig, 2018b). The presence of high-

affinity import systems complicates efforts to rigorously define the metal requirements for 

microbes. One approach, widely used in studies of marine organisms, is the use of chemical 

chelators to buffer metals at very low levels (e.g. Aquil and its successors), which requires 

consideration of both the thermodynamics and kinetics of metal speciation (Martocello et 

al., 2019). In humans, the production of molecules that tightly bind metals can also limit the 

growth of microbes within tissues and cells. Key metal-sequestering functions are provided 

by transferrin (Fe,Mn) (Liu et al., 2021; Vincent & Love, 2012), calprotectin (Mn,Fe,Ni,Zn) 

(Zygiel & Nolan, 2018), and siderocalins (binding of Fe-siderophore complexes) (Sia et al., 

2013). Collectively, these and other mechanisms contribute to innate immunity through a 

mechanism known as nutritional immunity (Murdoch & Skaar, 2022).

7.1 Manganese (25Mn).

In Earth’s crust, Mn (950 ppm) is the 12th most abundant element (and 5th most abundant 

metal) (Horning et al., 2015). Mn is widely used in biology across a vast spectrum of 

organisms and is therefore a class (ii) element (Alejandro et al., 2020; Balachandran et 

al., 2020; Bosma et al., 2021). Globally, one of its most essential roles is in oxygenic 

photosynthesis, leading to a high Mn requirement in photosynthetic Bacteria and Eukarya, 

including all plants. The oxygen-evolving complex (OEC) within photosystem II contains 

a complex metal cofactor (Mn4CaO) that removes electrons from water and is therefore 

responsible for the genesis of virtually all O2 in our atmosphere (Barber, 2016; Oliver et al., 

2022). In addition to its role in the photosynthetic reaction center, Mn functions as a cofactor 

for numerous other enzymes in plants (Alejandro et al., 2020). Studies in Arabidopsis 
suggest that nearly 400 enzymes might contain Mn, but only ~20% are confirmed to be 

active with Mn as a cofactor (Alejandro et al., 2020). In many cases the preferred cofactor 

is not established and a unique dependence on Mn is not known. Indeed, in addition to 

the OEC, only two plant enzymes are known to exclusively depend on Mn, manganese 

superoxide dismutase (MnSOD) and oxalate oxidase (Alejandro et al., 2020). Thus, Mn may 

be generally beneficial and able to activate a wide range of metalloproteins, but it is uniquely 

essential for only a handful. In plant nutrition both Mn limitation and excess are common, 

depending on the type of soil and Mn bioavailability.

Mn is also a required element for animals and many microbes. The key roles of Mn in 

human biology are as enzyme cofactors for MnSOD, arginase, glutamine synthetase, and 

glycosyltransferases (Balachandran et al., 2020). In humans, Mn deficiency is rare. When in 

excess, Mn can cause neurological effects (manganism). Bacteria vary in their preference for 

metalating enzymes with Mn or Fe, with some groups having a more Fe-centric metabolism, 

and others relying more heavily on Mn (Bosma et al., 2021). This variability extends even 

to the level of individual enzymes, with Bacteria encoding Fe-dependent SODs (FeSOD), 

Mn-dependent SODs (MnSOD), or cambialistic enzymes that can function with either metal 

(Frye et al., 2022). Many Bacteria have no documented requirement for Mn, while for others 

it is essential. Mn is sometimes used as a substitute for Fe in Fe-limited conditions to allow 

essential processes in the cell to continue (Merchant & Helmann, 2012). For example, the 

replacement of FeSOD with MnSOD is a widespread iron-sparing mechanism in Bacteria, 

algae, and diatoms (Peers & Price, 2004). In E. coli facing Fe deprivation, an alternative, 
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Mn-utilizing RNR is expressed to replace the Fe-dependent RNR, allowing the essential 

process of DNA replication to continue (Andrews, 2011).

7.2 Iron (26Fe)

Iron (Fe) is the single most abundant element of our planet, making up >30% by weight. 

Much of this Fe is partitioned into the core region (88% Fe), responsible for Earth’s 

magnetic field. On Earth’s surface, Fe is the 4th most abundant element (after O, Al, Si) 

making up 5.63% (56,300 ppm) of the continental crust (Figure 2). This high abundance 

of Fe is quite literally a universal property since Fe is the heaviest element formed through 

fusion reactions in the heaviest stars (nucleosynthesis) and therefore Fe accumulates as stars 

burn; all heavier elements require the collapse of massive stars into neutron stars, visible on 

Earth as supernovae (Domagal-Goldman et al., 2016). In striking contrast with its terrestrial 

abundance, Fe is largely depleted from vast regions of the ocean’s surface waters and this 

can be a major limitation on primary productivity (Moore et al., 2013). Because Fe is a 

ubiquitous presence in biological systems it is intimately involved in the biogeochemical 

cycling of other elements (Kappler et al., 2021).

Fe is essential for almost all organisms. The only known exceptions are Bacteria 

(Lactobacillus spp. and Borrelia burgdorferi) that grow in severely Fe-limited environments 

and are thought to have completely dispensed with an Fe requirement (Posey & Gherardini, 

2000). Myoplasma genitalium, a genome-reduced human pathogen, has also lost or replaced 

many Fe-dependent enzymes and may no longer require Fe for growth (Peralvarez-Marin 

et al., 2021). Although long considered a universally essential element for life, these rare 

exceptions suggest that Fe is a class (ii) element.

In catalysis, Fe can function as an electrophilic center (a Lewis acid) or as a redox center 

with the interconversion of ferrous (Fe2+) and ferric (Fe3+) species. Fe2+ is easily oxidized 

in aerobic environments, and this oxidation contributes to the production of reactive oxygen 

species (ROS) such as superoxide and hydrogen peroxide. This ready oxidation often leads 

to the formation insoluble oxides and hydrates (similar to rust), which contributes to the very 

low availability of Fe in aerated environments.

As an agile redox catalyst, Fe is the most versatile redox-active metal ion in biology. Fe 

is present, on average, in ~4% of encoded proteins in Bacteria and ~1% in Eukarya. In 

humans, Fe is estimated to be present in ~2% of all proteins, half of which are heme 

proteins (Zhang & Zheng, 2020). These values vary widely and in early evolving organisms, 

including representative Archaea, Fe can be more prevalent as a cofactor than Zn (Ferrer 

et al., 2007). Note that these values reflect the number of unique proteins encoded by 

each genome that are thought to contain Fe and do not take into account relative protein 

abundance.

Many Fe-containing proteins are conserved across the tree of life, suggesting an ancient 

origin (Andreini et al., 2009). Notable Fe-dependent enzymes include the cytochromes 

and other heme proteins (Figure 8a), iron-sulfur (FeS) cluster-containing enzymes, and 

proteins with mono- or dinuclear Fe centers. Heme-containing enzymes are ubiquitous 

in biology, and hemoproteins play a major role in electron transfer reactions. Heme also 
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functions in sequestration of O2 by leghemoglobin to support symbiotic N2-fixation in root 

nodules (Rutten & Poole, 2019) and in binding and delivery of O2 to tissues in mammalian 

hemoglobin. Fe may also be coordinated with inorganic sulfide ion (S2−) in FeS clusters. 

FeS clusters are most commonly found in two types, Fe2S2 and Fe4S4, and function as 

electron transfer cofactors and in regulating protein stability and activity (Lill, 2009). More 

complex arrangements with other metals are also common, as seen for example in the FeMo 

cofactor used in nitrogenases (Figure 8c).

In addition to its catalytic role, Fe2+ can serve to nucleate the folding of stable protein 

domains, much as Zn2+ does in Zn-finger proteins. For example, Ferroplasma acidiphilum, 

a member of the Archaea that grows in very low pH environments where Fe2+ is highly 

soluble, has an Fe-enriched proteome. Many proteins that would in other organisms use Zn 

instead contain Fe, which may function as an “iron rivet” to stabilize protein structure or 

in catalysis (Ferrer et al., 2007). Fe has also found other uses in biology. In magnetotactic 

Bacteria, intracellular arrays of magnetite (Fe3O4) crystals are formed as a mechanism 

to sense the Earth’s magnetic field (Figure 6). Phylogenetic comparisons suggest that 

magnetotaxis is an ancient trait that evolved during the Archaean eon more than 3 Ga 

(Lin et al., 2017). The ability to sense the magnetic field, together with other cues, allows 

directional swimming to find more favorable environments across oxic-anoxic gradients 

(Goswami et al., 2022; Müller et al., 2020).

Given the many important roles of Fe in biology, and the potentially toxic effects of Fe 

in contributing to ROS production, organisms must devote considerable resources to Fe 

homeostasis. Obtaining sufficient Fe is a challenge for many microbes that therefore produce 

high affinity organic chelators (siderophores) to solubilize Fe3+ in a form readily recognized 

for import (Chu et al., 2010; Malavia et al., 2017). In mammals, Fe is tightly bound by 

ferritins inside cells and by transferrin in the blood, and immune cells release proteins 

(calprotectin) that can sequester Fe and other metals from microbes (Murdoch & Skaar, 

2022). The molecular mechanisms of Fe trafficking in humans have now been clarified 

allowing an integrated view of Fe fluxes at the cellular, organ, and systemic levels (Katsarou 

& Pantopoulos, 2020; Maio et al., 2021). In the Eukarya, the mitochondria play a central 

role in cellular Fe homeostasis as the major sites of heme and FeS cluster biogenesis 

(Mühlenhoff et al., 2015). Indeed, even intracellular pathogens that have reduced genomes 

have retained remnants of mitochondria (mitosomes) to sustain FeS synthesis (Lill et al., 

2015).

While Fe is essential in plants, animals, and most microbes, the specific enzymes and 

functions that are essential (rather than beneficial) in any given organism are not always 

obvious. In many organisms, Fe likely has multiple essential roles and there is no way to 

adapt to its absence. We can also ask which specific types of Fe cofactor are essential. 

For example, FeS cluster assembly is an evolutionarily ancient process that is essential 

in Eukarya and in many microbes (Esquilin-Lebron et al., 2021; Vinella et al., 2009). 

However, it has been possible to engineer E. coli strains where FeS cluster assembly is 

dispensable. Although E. coli is predicted to encode >100 FeS proteins, only the two 

involved in isoprenoid biosynthesis are essential under all conditions (Trotter et al., 2009). 

By replacing these steps in the endogenous pathway with enzymes from the alternative 
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mevalonate pathway, it was possible to generate strains that no longer required FeS cluster 

biogenesis for growth (Tanaka et al., 2016). B. subtilis has also been engineered to render 

FeS biogenesis dispensable (Yokoyama et al., 2018). Since most organisms in all three 

domains of life encode proteins for FeS biogenesis, it is likely that organisms that no longer 

require (or at least benefit from) synthesis of this cofactor are rare.

Similarly, we can ask how frequently cells may have dispensed with a requirement for 

heme and heme-enzymes. Heme can be assembled by multiple pathways found in all three 

domains of life (Kořený et al., 2022; Layer, 2021). Those organisms that cannot synthesize 

heme may acquire heme from a symbiotic partner or, in the case of some pathogens, obtain 

heme from the host (Choby & Skaar, 2016). However, in selected anaerobic, fermenting 

Bacteria (some Clostridia and Thermotogales) and Archaea (methanogens), there is no 

apparent requirement for heme (Ducluzeau & Nitschke, 2016; Kořený et al., 2022).

Since Fe has so many essential roles in cell physiology, those conditions that lead to Fe 

limitation can have grave consequences. Fe has a myriad of uses in our cells with ~2% of 

human genes encoding Fe proteins distributed between heme proteins (48%), FeS cluster 

proteins (17%), and non-heme, non-FeS proteins (35%) (Zhang & Zheng, 2020). However, 

most of the 5 g of Fe in the human body is in hemoglobin (~70% of the body’s Fe content), 

and the characteristic signature of Fe-limitation is a reduction in red blood cells (anemia). Fe 

deficiency is a widespread nutritional problem affecting well over 1 billion people and ranks 

among the leading health burdens in many countries (Pasricha et al., 2021).

Fe limitation is a concern in certain agricultural sectors due to its central role in electron 

transfer during photosynthesis and its poor bioavailability in alkaline soils (Briat et al., 

2015). In Arabidopsis, over 1000 proteins are thought to contain Fe, including 446 heme 

proteins, 204 FeS proteins, and an additional 330 non-heme, non FeS proteins (Przybyla-

Toscano et al., 2021). Fe-limitation leads to chlorosis, which can be remedied with Fe 

fertilizers. Limitation for Fe is also common in marine systems and is thought to limit 

primary production by phytoplankton in roughly one-third of surface waters (Moore et al., 

2013; Tagliabue et al., 2017).

Fe limitation can be either an acute or chronic stress, and many organisms employ 

mechanisms of elemental economy to reduce Fe demand (Merchant & Helmann, 2012). 

Fe-sparing responses involve replacement of Fe proteins by alternative enzymes (using 

either organic cofactors or other metal ions) and a reduction in synthesis of low-priority Fe 

enzymes to allow Fe use by those pathways most critical for life (Blaby-Haas & Merchant, 

2013; Brault et al., 2015; Oglesby-Sherrouse & Murphy, 2013). As just one example, 

replacement of abundant FeS-containing ferredoxins with flavodoxins is a classic signature 

of Fe-limitation in phytoplankton (Roche et al., 1996).

7.3 Cobalt (27Co)

Although much less abundant in the crust than Fe or Mn (Figure 2), cobalt (Co) is a 

moderately abundant element (25 ppm): comparable to Ni (84 ppm), Cu (60), and Zn (70 

ppm). The levels of these biologically important transition metals are even lower in the 

surface waters of the ocean (< 1 ppm) due to both limited solubility and their important role 
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as nutrients. Phytoplankton and other abundant organisms in the surface waters sequester 

nutrients and much of this biomass is ultimately transported to lower levels of the ocean 

system by sedimentation (Morel & Price, 2003).

Co is required by many Bacteria and Archaea and a subset of the Eukarya, with plants 

and many fungi being notable exceptions (class (ii)). A bioinformatic survey of over ~750 

species concluded that Co is likely beneficial or essential for 76% of Bacteria, 96% of 

Archaea, and 31% of Eukarya (Zhang & Zheng, 2020). Those Bacteria that appear to not 

use Co often have reduced genomes or are host-associated. Among the Archaea, only the 

symbiotic Nanoarchaeota have lost all genes associated with Co-utilization. In the Eukarya, 

Co appears to no longer be used by many fungi, arthropods, and the streptophyta clade of 

plants (Zhang & Zheng, 2020).

The majority of Co-dependent enzymes rely on a complex organic cofactor (cobalamin; 

Figure 8b) with Co held within a corrinoid ring with a variable 5th (lower) ligand (often 

a benzimidazole or purine) and 6th (upper) ligand that participates in catalysis (often a 

methyl or adenosyl group) (Osman et al., 2021). Cobalamin biosynthesis requires nearly 30 

separate steps, and this complex pathway is only found in selected Bacteria and Archaea. 

For example, Salmonella enterica synthesizes cobalamin but E. coli does not. A survey 

of 11,000 sequenced bacterial genomes revealed that ~37% have the complete pathway, 

but many more species have partial pathways (Shelton et al., 2019). Humans are unable 

to synthesize cobalamin and must acquire this nutrient from their diet, which led to its 

designation as vitamin B12.

The sharing of cobalamins and their precursors (cobamides) in microbial communities is 

commonplace. In the Bacteriodetes, often found in the complex community of the animal 

gut microbiome, only 0.6% of sequenced species have the complete synthetic pathway, 

yet 96% have cobamide-dependent enzymes (Shelton et al., 2019). In marine systems, a 

requirement for B12 in both algae and diatoms may be met by an obligate association 

with Bacteria (Amin et al., 2012; Croft et al., 2005). Although many fungi do not contain 

recognizable B12-dependent enzymes, early-branching fungal lineages contain both B12-

dependent enzymes and cobalamin-modifying proteins (Orłowska et al., 2021). While not 

an essential element for plants, Co has been suggested to have beneficial effects, including 

the stimulation of N2-fixation by symbiotic bacteria and possibly for metalation of some 

enzymes that can also use other metal ions as cofactors (Hu et al., 2021). No unique and 

non-redundant role of Co has been identified in land plants and many fungi, and these 

organisms appear to have no Co requirement (Zhang et al., 2019).

Cobalamin-dependent enzymes catalyze three main types of reactions: isomerization, 

methyl transfer, and dehalogenation. In human biology, vitamin B12 deficiency leads 

to pernicious anemia (Green et al., 2017). Humans have two B12-dependent enzymes: 

methyl-cobalamin is a required cofactor in methionine synthesis and adenosyl-cobalamin 

functions in methylmalonyl-CoA mutase. The roles of cobalamin in Bacteria and Archaea 

are more diverse, with a total of 15 identified cobamide-dependent enzyme types (Shelton 

et al., 2019). Co is also essential for growth of the abundant marine cyanobacterium 

Prochlorococcus, and this requirement cannot be met by Zn (Saito et al., 2002). Careful 
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measurements of the growth requirement suggest that fewer than 20 Co atoms are 

sufficient to sustain growth (compared to >5000 atoms of Fe), likely due to the role 

of Co-pseudocobalamin in NrdJ, a component of the essential ribonucleotide reductase 

(RNR) that supports DNA synthesis, and in the MetH methionine biosynthesis enzyme 

(Hawco et al., 2020). In many other cyanobacteria, both functions have been replaced by Co-

independent enzymes. Indeed, the ability of organisms to dispense with a Co requirement 

by replacement with alternative enzymes, and to conditionally express the B12-independent 

version as needed, is a widespread adaptation.

Co also serves as a cofactor in some non-corrin enzymes. For example, Co may serve in 

place of Zn as a cofactor for carbonic anhydrase, a key enzyme in support of photosynthetic 

carbon fixation, as observed in some diatoms and algae (Yee & Morel, 1996). As a result, 

Co can serve to reduce the Zn requirement for growth (Kellogg et al., 2020). In Salmonella, 

Zn-deficiency can also be compensated by provision with Co, which can sustain the activity 

of Zn-dependent enzymes and replace Zn in some ribosomal proteins that normally contain a 

structural Zn (Ammendola et al., 2020). Thus, Co may be generally beneficial in Zn-sparing 

responses.

7.4 Nickel (28Ni)

Nickel (Ni) is essential for plants and beneficial (or conditionally essential) for many 

Bacteria and Archaea. Ni-enzymes are most widely used in anaerobic Bacteria and Archaea, 

which reflects the fact that Ni was prevalent in ancient environments (Hausinger, 2022). 

In most organisms, there are only a handful of Ni enzymes (Zhang et al., 2009), nearly 

all of which mediate reactions that either generate or consume biologically relevant 

gases (CO, CO2, CH4, H2, NH3, and O2) (Alfano & Cavazza, 2020; Ragsdale, 2009). 

Among ~750 analyzed Bacterial species, nearly 60% contain Ni-dependent enzymes 

including representatives of most Bacterial phyla (Zhang & Zheng, 2020). The most 

common Bacterial Ni-dependent enzymes are urease, Ni-Fe hydrogenase, carbon monoxide 

dehydrogenase, and a Ni-dependent superoxide dismutase SodN. Ni enzymes were even 

more common in Archaea, being found in 83% of genomes and commonly include urease, 

Ni-Fe hydrogenase, carbon monoxide dehydrogenase, and methyl-coenzyme M reductase 

(Zhang et al., 2009). These enzymes can deploy Ni2+ as a Lewis acid (electrophilic center), 

as seen in urease and glyoxalase I, or use redox chemistry as seen in NiSOD, Ni-Fe 

hydrogenase and CO dehydrogenase (Maroney & Ciurli, 2014).

In Eukarya, Ni utilization is less common, with 32% of species encoding Ni-dependent 

enzymes (Zhang & Zheng, 2020). Urease is the only commonly occurring Ni-dependent 

enzyme, and Ni utilization is most commonly a trait of fungi and plants. The requirement 

for Ni in urease has been suggested to account for the essential role of this element in plant 

physiology, but Ni may also be a cofactor for glyoxalase I, important in the degradation 

of the toxic metabolite methylglyoxal (Fabiano et al., 2015). Ni is important in some 

marine diatoms and genomics studies implicate NiSOD as one key Ni-dependent enzyme 

(Dupont et al., 2008; Twining et al., 2012). Many marine cyanobacteria express a NiSOD 

that can reduce Fe demand by supplanting FeSOD (Dupont et al., 2008). Phylogenetic 

arguments suggest that in the Archean, and prior to the GOE, cyanobacteria may have 
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utilized a CuZnSOD, and only much later (at the end of the Proterozoic) did NiSOD become 

widespread (Boden et al., 2021).

Ni plays a particularly important role in the physiology of the human pathogen Helicobacter 
pylori, a Gram-negative bacterium that lives in the acidic environment of the stomach 

(Kumar et al., 2022). In this environment, Ni-dependent urease is critical to help moderate 

local pH by production of NH3 (Gaddy & Haley, 2015). Urease activity requires specific 

pathways for Ni acquisition from dietary sources. Since Ni levels in animal tissues are 

low, Helicobacter spp. that live in the stomachs of carnivores have had to adapt to Ni 

deficiency. In H. mustelae, which colonizes ferrets, Ni-deficiency leads to the expression 

of an alternative Fe-containing urease to replace Ni-urease (Stoof et al., 2008). As these 

examples illustrate, Ni is a broadly beneficial element for many organisms (class (ii)), 

but in many applications the corresponding Ni enzymes can be replaced by alternative 

metalloenzymes.

7.5 Copper (29Cu)

Copper (Cu) is widely, but not universally, employed as a versatile redox cofactor in all 

three domains of life and is (together with Fe and Zn) among the most ubiquitous metals 

in biology (class (ii)). In the Archean eon, Cu was largely absent from aqueous systems 

since the reduced Cu+ ion precipitates as insoluble Cu2S in sulfide-rich environments. With 

the increase in O2 after the GOE, more soluble Cu2+ became available, and cuproenzymes 

became more prevalent. This history is reflected in the current distribution of Cu enzymes, 

which are present in ~80% of Bacteria (missing completely in several phyla), ~50% 

of Archaea, and >95% of the Eukarya sampled (Zhang & Zheng, 2020). Within the 

Eukarya, the only organisms lacking identifiable Cu transporters and cuproproteins are some 

protozoan parasites (Zhang & Zheng, 2020).

Across all three domains of life, Cu is most common in aerobic respiratory chains, where 

it is critical to the reduction of O2 by the cytochrome oxidase complex. Other major 

redox roles for Cu include CuZnSOD and a variety of oxidases, many of which function 

outside the cell. One notable class of Cu-dependent oxidase is the lytic polysaccharide 

monooxygenases (LPMO) found in many fungi and some Bacteria (Johansen, 2016). LPMO 

enzymes play a central role in the degradation of lignocellulose and are therefore critical for 

the decomposition of plant matter. The evolution of LPMO enzymes may have led to the 

end, ~300 million years ago, of the Carboniferous Period and its associated coal deposits 

(Johansen, 2016), although this model has been challenged (Nelsen et al., 2016). Thus, Cu is 

most frequently implicated in reactions involving O2 and in other electron transfer reactions.

Cu homeostasis has been well studied in the model alga C. reinhardtii, where it is critical 

for respiration and conditionally used in plastocyanin. Plastocyanin is a small, Cu-containing 

protein that serves as an electron carrier in photosynthesis in cyanobacteria, many green 

algae, and plants. Under Cu-limited conditions, plastocyanin can be replaced by cytochrome 

c6 (a heme-dependent electron carrier) to spare Cu for cytochrome oxidase, the essential 

terminal enzyme for respiration (García-Cañas et al., 2021; Merchant et al., 2020). Cu 

is also important in Bacteria that can grow on methane, and some methanotrophs switch 

between a soluble Fe-dependent methane monooxygenase and a membrane-localized Cu-
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dependent version depending on Cu availability, a process dubbed the “copper switch” (A. 

A. DiSpirito et al., 2016; Ross & Rosenzweig, 2017). In response to Cu, the particulate 

methane monooxygenase is produced and localized to intracytoplasmic membranes derived 

from the inner membrane (Alan A. DiSpirito et al., 2016).

In addition to its utility as a redox cofactor and electron carrier, Cu can be toxic if not 

carefully managed within the cell (Ladomersky & Petris, 2015). Cu sits at the apex of 

the Irving-Williams series, which reflects the high avidity with which Cu binds to ligands. 

As a result, Cu can displace other metals resulting in enzyme mismetalation and protein 

aggregation (Barwinska-Sendra & Waldron, 2017). Cu import into cells, transfer between 

cell compartments, insertion into enzymes, and export from the cell is all tightly regulated to 

prevent toxicity (Guengerich, 2018).

In Bacteria, Cu is generally restricted to enzymes in the membrane, periplasm, or external 

to the cell; cytosolic Cu-binding proteins are rare (Giachino & Waldron, 2020). Studies in 

the yeast S. cerevisiae led to the discovery of Cu chaperones that guide Cu into selected 

cuproproteins (Robinson & Winge, 2010). Metallochaperones are increasingly appreciated 

for their roles in metal homeostasis, including GTP-dependent chaperones for targeting 

metalation of enzymes by Ni, Zn, Co, and Fe (Chen & O'Halloran, 2022; Edmonds et al., 

2021; Vaccaro & Drennan, 2022). Bacteria may also produce chelators (chalkophores) to 

assist with Cu acquisition (Kenney & Rosenzweig, 2018a). For example, Mycobacterium 
tuberculosis synthesizes a diisonitrile lipopeptide Cu-chelator in response to Cu limitation 

(Buglino et al., 2022).

During infection, the mammalian host can either limit access to Cu or use the toxicity 

imposed by excess Cu to kill pathogens (Culbertson & Culotta, 2021; Garcia-Santamarina 

& Thiele, 2015; Samanovic et al., 2012). The use of Cu intoxication by eukaryotic cells 

predates the rise of multicellular animals; even protozoa deploy Cu as a bioweapon (Hao et 

al., 2016). The antimicrobial properties of Cu have long been appreciated and are an active 

area of medical research (Arendsen et al., 2019). In agriculture, Cu-based antimicrobials 

came to prominence with the discovery by French vintners that CuSO4 solutions (Bordeaux 

mixture) protect against fungal pathogens (Lamichhane et al., 2018). Cu-based compounds 

continue to be widely used in agriculture as antimicrobials, although they are increasingly 

regulated.

Cu is essential for humans, and mutations in genes encoding two homologous Cu 

transporters can lead to either Cu overload (Wilson’s disease) or to Cu deficiency (Menkes’ 

disease) (Bandmann et al., 2015; de Bie et al., 2007; Hordyjewska et al., 2014; Zlatic et al., 

2015). Dysregulation of Cu metabolism is also implicated in the etiology several common 

neurodegenerative diseases, including Alzheimer’s, Parkinson’s, and amyotrophic lateral 

sclerosis (Giampietro et al., 2018). Since Cu is required for cell growth, impeding access to 

Cu has been exploited in new strategies for cancer therapy (Li, 2020; Shanbhag et al., 2021).

In sum, Cu is one of the most versatile metal cofactors in biology, especially valued for 

its redox chemistry and its essential role in aerobic respiration. Yet, this same active redox 
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chemistry, coupled with its high avidity for ligands, necessitates tight regulation of Cu 

import and trafficking.

7.6 Zinc (30Zn)

From our present vantage point, Zn is the only transition metal that appears to be essential 

for all life (class (i)) (Zhang et al., 2019). Whether further investigation of life’s diversity, 

particularly in the Bacteria and Archaea, challenges this rarefied status remains to be seen. 

Under biological conditions, Zn is not redox active and Zn2+ functions as an electrophilic 

center (Lewis acid) in enzymes and nucleates protein folding in Zn-finger proteins. There 

is nothing unique about this function, which in many enzymes can be assumed by other 

divalent metals such as Fe (Ferrer et al., 2007), Co (Yee & Morel, 1996), or Cd (Tang et 

al., 2014; Xu & Morel, 2013). Indeed, many Zn-dependent enzymes can be replaced by 

enzymes that use a different metal or use metal-independent chemistry (Zhang & Gladyshev, 

2010).

Bioinformatics has been used to estimate the Zn content of various proteomes (Andreini et 

al., 2009), and the results are available in several databases (Zhang & Zheng, 2020). These 

studies predict that ~9% of all proteins encoded in Eukarya bind Zn, with a somewhat lower 

level of ~5% in representative Bacteria and Archaea. The higher level in Eukarya reflects, in 

part, a large diversification of Zn-finger containing transcription factors.

Because of its essentiality, Zn deficiency can limit cell growth. It is estimated that the human 

body contains 2 to 3 g of Zn that populates 300 distinct enzymes and 2000 transcription 

factors. Deficiency is thought to affect nearly one in five people globally (Chasapis et 

al., 2020), and in its more severe and chronic forms can lead to anemia, hypogonadism, 

and dwarfism (Roohani et al., 2013). Our immune systems have exploited the universal 

requirement for Zn to restrict bacterial growth through nutritional immunity (Murdoch & 

Skaar, 2022). The metal-chelating protein calprotectin is released by neutrophils and tightly 

sequesters Zn (as well as Mn and Fe) to create a metal-restricted environment for bacteria 

within tissues. Zn shares with Fe the property of being a common growth-limiting nutrient 

for phytoplankton in ocean surface waters (Kellogg et al., 2022; Morel & Price, 2003). Zn is 

also a critical nutrient in agriculture and in some soils is limiting for plant growth leading to 

chlorosis and stunted growth (Stanton et al., 2022).

The immediate cellular response to Zn limitation is an increase in expression of high affinity 

transporters to import Zn from environmental sources. Zn import may additionally benefit 

from the production of Zn chelators (zincophores), high affinity Zn ligands that function like 

siderophores in Fe import (Bellotti et al., 2021). Small molecule zincophores related to the 

plant metabolite nicotianamine have been identified in Bacteria and fungi and are postulated 

to be an ancient adaptation to Zn limitation (Laffont & Arnoux, 2020; Morey & Kehl-Fie, 

2020). In contemporary plants, nicotianamine is thought to be involved in metal trafficking 

within and between tissues (Olsen & Palmgren, 2014). In Mycobacterium tuberculosis, 

another type of Zn-chelator, a kupyaphore, is postulated to assist in Zn acquisition and 

perhaps resistance to excess Zn (Mehdiratta et al., 2022).
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In addition to import, Zn-limited cells mobilize Zn from intracellular stores. Depending 

on the organism, Zn may be stored in the thiol-rich protein metallothionein, mobilizable 

ribosomal proteins, or membrane-bound compartments (vacuoles). For example, in S. 
cerevisiae the Zn quota under replete conditions is ~2.3 x 107 atoms per cell, with ~60% 

stored in the vacuole (Wang, Weisenhorn, et al., 2018). The remaining Zn is largely protein 

associated and distributed among >200 distinct proteins. Under Zn deficient conditions the 

proteome is remodeled, the Zn quota drops more than 2-fold, and many Zn-dependent 

enzymes lack a bound metal ion (they are apoproteins). The combination of increasing 

import capacity and Zn mobilization can delay the onset of Zn limitation, but ultimately 

growth ceases in the absence of Zn.

In some systems it has been possible to infer those processes that are most susceptible to 

Zn depletion by identifying functions that are selectively induced in Zn-deficient cells. As a 

mechanism of elemental economy, many cells express Zn-independent enzymes to maintain 

their metabolism even in the face of Zn limitation. In B. subtilis Zn-deficient cells become 

limited for folate due to the failure of the Zn-dependent GTP cyclohydrolase I (FolEA) 

enzyme (Chandrangsu et al., 2019). Under severe Zn limitation, cells induce expression of 

an alternative, Zn-independent isozyme (Sankaran et al., 2009; Shin & Helmann, 2016). 

Analysis of the Zn deprivation response in the highly metal tolerant Bacterium Cupriavidus 
metallidurans has also been revealing (Nies, 2022b). This organism has an optimal Zn 

quota of 7 x 104 ions, and with ~2 x 104 ions growth becomes Zn-limited. Under this 

condition at least one abundant Zn-requiring metalloprotein (the RpoC subunit of RNA 

polymerase) is aberrantly folded and appears in inclusion bodies (Herzberg et al., 2014). 

This is representative of one effect of Zn limitation (misfolding of enzymes requiring a 

structural Zn ion) but does not imply that RNAP activity is limiting for growth. In general, it 

is common for Zn-independent enzymes and pathways to be induced to mitigate the effects 

of Zn limitation.

Insights into the physiological consequences of Zn deprivation have also emerged from 

studies of Zn chaperones belonging to the COG0523 family of GTPases (Edmonds et 

al., 2021). For example, in B. subtilis cells maintain FolEA activity by expression of a 

specific Zn metallochaperone (ZagA) that functions to deliver Zn to FolEA as a high 

priority destination (Chandrangsu et al., 2019), and when this can no longer be sustained 

a Zn-independent FolEB is induced (Shin & Helmann, 2016). Similarly, in Acinetobacter 
spp., a Zn metallochaperone supports activity of an enzyme critical for riboflavin synthesis 

(Nairn et al., 2016). In C. metallidurans, several Zn metallochaperones are present, and 

these appear to function in both metal delivery and metal storage (Bütof et al., 2019). In 

the Eukarya, COG0523 chaperones define the Zn-regulated GTPase metalloprotein activator 

(ZNG1) family and direct Zn to the critical enzyme methionine aminopeptidase in both S. 
cerevisiae (Pasquini et al., 2022) and in vertebrates (Weiss et al., 2022).

Zn limitation is also common in ocean surface waters. One key role of Zn in this 

environment is as a cofactor for carbonic anhydrase (CA), an abundant enzyme needed for 

the rapid equilibration of carbonic acid with CO2 required for carbon fixation by RuBisCO. 

In Zn-limiting environments many phytoplankton sustain carbonic anhydrase activity with 

Co, Mn, or even Cd (see section 7.7.4) (Jensen et al., 2019; Morel et al., 2020). This 
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substitution allows cells to sustain high rates of photosynthesis and spares precious Zn for 

other vital functions. Members of the ZNG1 family chaperones have also been detected 

in diatoms, presumably as an adaptive response to Zn (and possibly Co) limitation in 

surface waters (Kellogg et al., 2022). However, the identity of the client proteins for these 

metallochaperones is not yet known.

7.7 Heavier Metals

The heavier elements within groups 7 to 12 are all metals of industrial relevance, but 

infrequently used in biology. Of the 12 elements in this region of the periodic table, only 

cadmium (Cd) has a beneficial role in nature (class (iv)). The others are class (v), with no 

documented beneficial role.

7.7.1 Technetium (43Tc) and Rhenium (75Re)—The heavier group 7 elements are 

technetium (43Tc) and rhenium (75Re). Tc is radioactive and does not occur naturally on 

Earth. The longest-lived Tc isotope has a half-life of 4.2 million years, and since our solar 

system formed ~4.5 Ga, there is essentially no Tc remaining from stellar nucleosynthesis. 

The very low level of Tc on Earth arises instead as a fission product from the decay of 

uranium (92U). Tc salts can be reduced by microbes, which offers a potential mechanism 

for bioremediation of Tc-contaminated sites (Icenhower et al., 2010). Although not a 

beneficial element in nature, one metastable Tc isotope (99mTc) is the single most widely 

used radioisotope in medicine due to its short half-life (~6 hours) and low energy gamma 

emission that enables many imaging procedures (Duatti, 2021). Re is also one of the rarest 

elements on Earth and, like other elements of higher atomic number, is a primordial product 

formed through mergers of neutron stars, an intrinsically rare event (Johnson, 2019).

7.7.2 The Platinum Group Metals (Ru,Os,Rh,Ir,Pd,Pt)—The platinum-group 

metals (Ru,Rh,Pd,Os,Ir,Pt) from groups 8-10 are among the least abundant elements in 

Earth’s crust (Figure 2). These metals do not readily form oxides and are siderophilic 

(iron-loving) elements that partitioned into the Fe-rich core of the Earth during planetary 

formation. All the elements in this group are considered noble metals based on their low 

reactivity. Within group 8, ruthenium (44Ru) and osmium (76Os) are notable for their 

toxicity to both microbes and mammalian cells (Meier-Menches et al., 2018; Southam et 

al., 2017). The heavier group 9 elements rhodium (45Rh) and iridium (77Ir) are also toxic, a 

trait that may be harnessed for anti-cancer therapies (Sohrabi et al., 2021). Some Bacteria, or 

bacterial consortia, can reduce Rh3+ to the metal to aid in bioremediation and metal recovery 

(Ngwenya & Whiteley, 2006). The group 10 elements palladium (46Pd) and (78Pt) also form 

toxic complexes and some, such as cis-platin for cancer chemotherapy, are medically useful. 

Both Pd2+ and Pt+4 can be subject to microbial reduction to the elemental metals, which may 

prove useful in biologically-mediated recovery of these valuable metals from waste streams 

(Zhuang et al., 2015).

7.7.3 Silver (47Ag), and Gold (79Au)—Both silver (Ag) and gold (Au) are precious 

coinage metals and of technological relevance. Silver (Ag) has long been appreciated for its 

antimicrobial properties (Rai et al., 2012), and bacterial mechanisms for resistance include 

exporters to pump toxic Ag ions from the cytosol (Mijnendonckx et al., 2013). Both Ag and 
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Au are also subject to biotransformation by microbes (Banik et al., 2022; Pradhan & Turner, 

2022). Some Bacteria and fungi can reduce Ag+ to generate Ag0 nanoparticles (AgNP) 

(Guilger-Casagrande & Lima, 2019), which have a number of developing uses in medicine 

(Burdușel et al., 2018; Eckhardt et al., 2013; Rai et al., 2012). Gold (Au) ion can be reduced 

to metallic Au0 by Bacteria such as Burkholderia contaminans (Wang et al., 2022).

7.7.4 Cadmium (48Cd) and Mercury (80Hg)—Cd and Hg are notable primarily for 

their toxicity. Both are extremely thiophilic metals and bind to sulfur containing metabolites 

and cysteine-rich proteins, often with toxic results. In animals, Cd can induce expression 

of the thiol-rich metal buffering protein metallothionein, and the ability of metallothionein 

to bind Cd can help mitigate toxicity (Nordberg & Nordberg, 2022). However, there are 

no beneficial uses for Cd documented in animals. In contrast, Cd has been confirmed as a 

biologically relevant cofactor for some carbonic anhydrases (CA) in marine microbes and is 

therefore a class (iv) element.

Efficient photosynthesis relies on CA to allow rapid production of CO2, a required substrate 

for RuBisCO. Although most families of CA require Zn, some diatoms express a Cd-

utilizing carbonic anhydrase (CDCA) that can function with either Zn or Cd <Figure 9>. 

This enables cells to sustain their metabolism even in Zn-depleted regions of the open ocean 

(Morel et al., 2020; Xu & Morel, 2013). This mechanism has been described in detail in 

the diatom Thalassiosira weissflogii, where a ζ-class CA (CDCA) functions with Cd, and an 

alternative δ-class enzyme can use Co. Recently, a new class of CA was described that can 

use Mn in place of Zn, further expanding the ability of diatoms to sustain growth when faced 

with Zn limitation (Jensen et al., 2019).

Divalent Cd can also substitute for Zn in other proteins, at least in vitro (Tang et al., 2014). 

However, this is not known to occur in cells and is of uncertain biological relevance. In 

contrast to Cd, Hg has no known beneficial role in biology (Selin, 2009). Mercuric ion is 

detoxified by many microbes by reduction to more volatile metallic Hg or by methylation 

(Yu & Barkay, 2022).

8. Groups 13-16: Metals and Metalloids

The non-metals in these groups include the essential macronutrients that, together with 

hydrogen, make up the CHNOPS macronutrients of life (section 2). The remaining elements 

in groups 13 through 16 include metals and metalloids. Three metalloids have essential 

or beneficial roles in biology (B,Si,Se); the remaining elements are mostly noted for their 

toxicity rather than any beneficial effects (Figure 1).

8.1 Group 13: The Boron (5B) Group

Group 13 includes the metalloid boron (5B) and four metals: aluminum (13Al), gallium 

(31Ga), indium (49In), and thallium (81Tl). These elements are commonly found as trivalent 

ions. As noted earlier, B (10 ppm in the crust) is scarce compared to other elements of low 

atomic number (Figure 2), although it is enriched in the form of hydrated borate oxyanion 

(borax) in deposits left by evaporation of transient lakes. In contrast, Al is the third most 

abundant element in the lithosphere by weight (8.23% or 82,300 ppm), after O (46.1%) and 
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Si (28.2%). Aluminum is an industrially important metal with over 60 million tons produced 

annually. Production of metallic Al is not limited by access due to ample deposits of Al-rich 

minerals, but by the high input of electricity required for production of the metal. Despite its 

abundance in nature, Al concentrations are very low in living systems, which have largely 

rejected but not eliminated this metal from cells (Pogue & Lukiw, 2014). Gallium (31Ga) 

is moderately abundant in the lithosphere (19 ppm), comparable to many of the essential 

transition elements (Figure 2). In contrast, indium (In) and thallium (Tl) are scarce in the 

crust (both <1 ppm).

8.1.1 Boron (5B)—Boron (B) is an essential element for plants (class (iii)), where it 

is a critical constituent of cell walls (Gonzalez-Fontes, 2020; Wimmer et al., 2020). B is 

particularly adept at coordination to vicinal hydroxyl groups (Bolaños et al., 2004), and this 

allows the formation of complexes between B and polysaccharides (rhamnogalacturonan) 

in plant cell walls (O'Neill et al., 2001). The essentiality of B has been challenged and an 

alternative view is that B functions to nullify the toxicity of phenylpropanoids through 

sequestration (Lewis, 2019). This suggestion led to a lively debate that highlights the 

challenge in defining the boundary between essential and beneficial roles (McGrath, 2020). 

Many plant biologists favor the view that B is beneficial, and most likely essential, for 

plants. B is widely used as a soil amendment, and the pathways of borate uptake and 

transport are well studied (Sharma et al., 2022; Yoshinari & Takano, 2017).

B is present largely as boronic acid in the ocean, at concentrations of ~4-5 ppm, and is 

conditionally essential for some marine organisms (Carrano et al., 2009). Essential roles 

for B have been proposed for algae, diatoms, and cyanobacteria. Compared to other trace 

elements, physiological studies to demonstrate the essentiality of B are straightforward. 

Early studies documented that the cyanobacterium Nostoc muscorum becomes chlorotic 

(loss of chlorophyll) when grown with low levels of B (Eyster, 1952). However, it was noted 

that care must be taken to use appropriate glassware since growth in Pyrex (borosilicate) 

glassware precluded detection of B deficiency (Eyster, 1952), a result that highlights the 

capacity of microbes to scavenge needed elements from seemingly recalcitrant sources. The 

cyanobacterium Anabaena sp. PCC 7119 also exhibits a loss of chlorophyll content under 

B-deficiency, although this may be a secondary result of a defect N2 fixation (Mateo et al., 

1986). One critical role of B in filamentous cyanobacteria may be to stabilize the cell wall 

of the N2-fixing heterocysts to prevent oxidative inactivation of nitrogenase (Bonilla et al., 

1990).

B may also have roles in other marine microbes. When the molecular structure of the Vibrio 
harveyi autoinducer 2 (AI-2) molecule bound to its receptor (LuxP) was determined, it was 

serendipitously found to contain B (Chen et al., 2002). Autoinducers are molecules produced 

and sensed by Bacteria as a way of monitoring their population density (Mukherjee & 

Bassler, 2019), and AI-2 was identified as a furanosyl borate diester. The LuxP receptor in 

this study is only found in marine organisms (Vibrio spp.) (Zhang et al., 2020), suggesting 

that these organisms sense extracellular AI-2 that has spontaneously bound to borate ion, 

an abundant constituent of seawater (Bolaños et al., 2004). In contrast, other Bacteria sense 

AI-2 through a different family of receptors that preferentially bind AI-2 that lacks B (Miller 

et al., 2004; Zhang et al., 2020). Thus, Bacteria have adapted to the form of AI-2 most 
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prevalent in their environment. Thus, the ability of Vibrio spp. to recognize AI-2 bound with 

B is advantageous, but not a specific, essential role of B.

8.1.2 Aluminum (13Al)—Aluminum is notable as being one of the most abundant 

elements on Earth, yet one that has been widely ignored by living systems. Because of its 

high abundance in most soils, Al is found at trace levels throughout living systems, but with 

little apparent benefit or harm. There are no dedicated systems for Al uptake, trafficking, 

or storage, and no Al-dependent enzymes (Exley & Mold, 2015). Al is therefore a stealth 

element, with few biologically relevant interactions and no well-documented biochemical 

activities.

Most of the research on Al in biology has been dedicated to exploration of its toxicity at 

high levels, as well as the mechanisms by which plants and animals are able to tolerate high 

Al in the environment (Chandra & Keshavkant, 2021). Humans have caused an increase in 

Al in soils through mining, and increased bioavailability in acidic soils can be problematic 

(Pilon-Smits et al., 2009). There has been some discussion of whether environmental 

exposure, from sources such as cookware and vaccines, could be detrimental to human 

health. However, food intake remains the major source of exposure for most individuals and 

concerns about toxicity have abated over time for all but those with the highest occupational 

exposures (Goullé & Grangeot-Keros, 2020; Lidsky, 2014).

In the oceans, the presence of Al can lead to modest increases in the growth of diatoms 

and other phytoplankton. This is postulated to result from an ability of extracellular Al-

superoxide complexes to reduce ferric iron to the more soluble and bioavailable ferrous 

form. In addition, Al may also lead to an increase in the sedimentation of organic matter 

and thereby impact both the C and P cycles (Duhamel et al., 2021; Zhou et al., 2018). 

Low levels of Al may be beneficial for plant growth, and Al is often bioaccumulated from 

acidic soils. The benefits of Al remain controversial, but may relate to an ability to deter 

herbivores, prevent Fe toxicity, or increase antioxidant defenses (Bojórquez-Quintal et al., 

2017; Pilon-Smits et al., 2009). Al may also alter the composition of the plant-associated 

microbiome to favor beneficial Bacteria, and thereby indirectly contribute to plant health 

(Jiang et al., 2022; Muhammad et al., 2018). Based on this suggested beneficial effect for 

plant physiology, Al can be tentatively assigned as class (iv).

8.1.3 Gallium (31Ga)—Gallium (31Ga) is not known to have a beneficial or nutrient 

role in biology and is therefore a class (v) element. Gallium forms a trivalent ion that can 

replace Fe in some contexts and thereby interfere with Fe metabolism (Chitambar, 2016). 

Compounds containing 31Ga been developed for a variety of medical applications, including 

as anticancer agents. Galliumcan be bound to siderophores to serve as antimicrobials 

that interfere with Fe metabolism, and a similar strategy using porphyrins may target 

pathogens that access heme iron (Centola et al., 2020; Goss et al., 2018; Mouriño & Wilks, 

2021). Gallium nitrate (Ga(NO3)3) has antibacterial activity and has shown promise in the 

clinical treatment of Pseudomonas, a common lung-associated pathogen in cystic fibrosis 

patients (Goss et al., 2018). Since gallium nitrate is already an FDA-approved treatment for 

hypercalcemia in cancer patients, adoption of this therapy could be relatively rapid.
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8.1.4 Indium (49In) and Thallium (81Tl)—Neither In nor Tl have any documented 

beneficial role in biology (class (v)). Indium is a significant component of electronic waste 

(e-waste), and this has raised concerns about its toxicity (White & Shine, 2016). Tl is 

considered highly toxic and, although present naturally at low levels, it can be highly 

enriched in contaminated soils near mining and smelting activities. It is bioaccumulated by 

some plants in the mustard family, which could be of use in bioremediation (Vejvodová et 

al., 2022).

8.2 Group 14: The Carbon Group

The group 14 elements include C (section 2.2), the metalloids silicon (14Si) and germanium 

(32Ge), and the metals tin (50Sn) and lead (82Pb). Apart from C, none of these elements are 

widely used by cells. However, Si is very important for some microbes for biomineralization 

(class (iv)). Ge, Sn, and Pb are noted for their toxicity and are class (v) elements.

8.2.1 Silicon (14Si) and Si Biomineralization—Silicon (Si) is the second most 

abundant element (after O) in Earth’s crust due to an abundance of silicate (SiO4)-based 

minerals, yet Si is essential or beneficial for very few organisms (class (iv)). The Si budget 

of the oceans consists primarily of inputs from weathering of continental crust and transport 

by rivers. These inputs are balanced by removal, primarily in near coastal regions, by 

sedimentation of marine organisms that biomineralize a silicate exoskeleton (Tréguer & De 

La Rocha, 2013). Diatoms are the single most important class of organisms that generate 

biogenic Si (hydrated silica; SiO2·nH2O) in their shells (frustules) <Figure 10>, but Si is 

also used by some radiolarians, flagellates, and sponges. Biogenic silica is often referred 

to as opal, and the sedimentation of dead diatoms has the picturesque name of opal rain. 

Diatoms account for ~40% of ocean primary productivity and, as a result, the ocean Si and 

C cycles are intimately linked (Tréguer et al., 2018). Since it is estimated that roughly half 

of all photosynthetic carbon fixation occurs in the oceans (Field et al., 1998), diatoms alone 

account for ~20% all C fixed into organic matter on Earth.

In diatoms and radiolarians, Si plays a critical structural role and is essential for growth. 

Diatoms make silica-based cell walls, a fascinating process proposed to involve specialized 

micron-sized compartments (silica deposition vesicles or SDVs). However, recent evidence 

suggests that the mineralization process (silicification) may occur outside the cell cytoplasm 

(Mayzel et al., 2021). Thus, there may be multiple pathways for Si deposition, or the 

SDVs may play a support role in Si storage (Hildebrand et al., 2018). Recent studies reveal 

that Si-limitation facilitates viral infection and subsequent death of diatoms (Kranzler et 

al., 2019). Because of the essentiality of Si to the diatom lifecycle, diatoms have evolved 

mechanisms to acclimate to Si limitation. When Si-limited, diatoms may decrease Si content 

by decreasing frustule thickness, although this can lead to an increased vulnerability to 

predators (McNair et al., 2018).

Si is also beneficial to most plants and has a role in plant stress responses, growth, and 

defense mechanisms (Sharma et al., 2021). Therefore, Si has been classed as quasi-essential 

(broadly beneficial but not essential) (Epstein, 1999; Rodrigues & Datnoff, 2015). As a 

major component in most soils, plants have ample access to Si and accumulate Si as ~0.1% 
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to 15% of dry weight, depending on species and growth conditions (Farooq & Dietz, 2015). 

This is higher than some essential elements (including Ca, Mg, S and P). However, some 

plants are considered Si “excluders” and have no growth defect with much lower Si content 

(down to 0.0006%) (Epstein, 1999). In the specific case of horsetails (Equisetum spp.) Si 

is essential, but this is the exception, and most plants can complete their lifecycle in the 

absence of Si (Epstein, 1999). Most plant-associated Si is present in microscopic (typically 

~10 to 30 μm) mineralized, quartz-like inclusions known as phytoliths. These can be both 

inside cells or deposited on cell walls, but the process of silicification is not well understood 

(Kovács et al., 2022). Si availability can be important under drought stress conditions and in 

plant defenses (Wang et al., 2021).

Plants take up Si from the soil as the neutral hydrate silicic acid [Si(OH)4] and have 

dedicated transporters both for import and excretion (Gaur et al., 2020). The silicic acid 

importer, named Lsi1, is a member of the evolutionarily ancient aquaporin family of 

transporters found in all three domains of life (Deshmukh & Bélanger, 2016). Related 

transporters, collectively defined as the Nodulin26-like intrinsic proteins (NIPs), have been 

designated as metalloido-porins to reflect their roles in transport of silicic acid and related 

metalloids across membranes (Pommerrenig et al., 2015).

In humans, Si increases the strength of bones and connective tissue and may have other 

beneficial effects, but these are still under study (Farooq & Dietz, 2015; Rondanelli et al., 

2021). However, because Si is ubiquitous in plant-based foods, dietary insufficiency is not 

observed and there is no official recommendation for daily intake (Rondanelli et al., 2021).

8.2.2 Germanium (32Ge)—Germanium (Ge) is immediately below Si in the periodic 

table and has a related chemistry. In soils, it is commonly present as germanic acid 

(Ge(OH)4), a silicic acid analog. Ge is most noted for its detrimental effects on living 

systems. However, low levels of Ge added to animal feed has been suggested to increase 

fitness. The mechanism behind these effects is not well understood, but may involve 

beneficial effects on immune function (Li et al., 2017). There are no reported instances 

of Ge deficiency leading to health effects in animals. In plants, Ge can be toxic in excess 

(Sharma et al., 2021), but low levels may delay the onset of B deficiency, perhaps by 

increasing the mobility of borate (Rosenberg, 2008).

Like Si, Ge forms oxides (GeO2) that can sometimes be found in biogenic SiO2 minerals 

such as phytoliths in plant tissues (Kaiser et al., 2020). Ge is ~104 less abundant than Si, 

so even when present it is a very minor component. Ge can also be incorporated at low 

levels during silicification in diatoms and sponges, but without any apparent benefit. Indeed, 

Ge may interfere with silicification in some instances, and in high concentrations can cause 

morphological and other defects (Mayzel et al., 2021; Moura & Unterlass, 2020). This 

inhibition is postulated to involve incorporation of Ge oxides that then acts to block further 

Si incorporation (a Ge-capping model) (Marron et al., 2016). In sum, Ge is not essential 

for any organism, and beneficial effects remain anecdotal. We here assign Ge as a class (v) 

element.
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8.2.3 Tin (50Sn) and Lead (82Pb)—Neither tin (Sn) nor lead (Pb) have any 

documented beneficial roles in biology (class (v)). Sn is a trace element in many organisms, 

presumably due to adventitious uptake. Although Sn was once suggested to be essential for 

humans, it is no longer even considered beneficial (Chellan & Sadler, 2015). Similarly, Pb is 

of no known beneficial use and is toxic to most organisms. Toxicity due to environmental Pb 

contamination, including in lead-containing paints and contaminated drinking water, remains 

a major health concern requiring careful remediation (Collin et al., 2022).

8.3 Group 15: The Nitrogen Group

The nitrogen group includes two elements that are essential for all life (N and P) as 

considered in section 2. The remaining elements in this group include arsenic (33As), 

antimony (51Sb), and bismuth (83Bi). These elements are more noted for their toxicity than 

for their rare beneficial roles, which are only seen in selected microbes that take advantage 

of the redox properties of some As and Sb anions.

8.3.1 Arsenic (33As) and Antimony (51Sb)—Both arsenic (As) and antimony (Sb) 

are commonly found as oxyanions and are subject to biologically-mediated redox reactions. 

Arsenate-reducing and arsenite-oxidizing microbes play a major role in the biogeochemical 

cycling of As (Biswas & Sarkar, 2022). Similarly, antimony-oxidizing bacteria oxidize 

antimonite to antimonate, and the reverse reaction can also be microbially catalyzed (Deng 

et al., 2021; Li et al., 2016; Liu et al., 2022).

Metalloid oxidation can support chemolithotrophic growth: As3+ or Sb3+ can serve as an 

electron donor to provide reducing equivalents for the fixation of CO2 into organic matter 

(Deng et al., 2021; Shi et al., 2020). As may also be used in Bacteria for the synthesis of 

organoarsenicals as antibiotics. Arsenicals have a long history in medicine, extending at least 

to the time of the ancient Greeks (Paul et al., 2022). The recent discovery of arsinothricin as 

a bacterially produced organoarsenical antibiotic provides one example of a beneficial role 

for As in microbes (Li et al., 2021). Given their ability to participate as electron donors for 

chemolithotrophs and acceptors for anaerobic respiration, both As and Sb can be considered 

as class (iv) elements, with some utility to selected microbes.

8.3.2 Bismuth (83Bi)—Bi is a low abundance heavy metal present in the crust at levels 

(8.5 ppb) somewhat greater than gold (Au), but less than selenium (Se). Bi was one of the 

earliest metals to be discovered and is often present in ores as sulfides or oxides. Until 

2003, Bi was considered the heaviest stable element in the periodic table. However, the 

natural 209Bi isotope does decay by alpha-particle emission (as predicted by theoreticians), 

but decay is extremely slow (a half-life longer than the age of the universe). Chemically, 

Bi has properties similar to Th and Pb, but with less toxicity (Kanatzidis et al., 2020). 

Bi has no known beneficial role, although Bi compounds have a long history in medicine 

(Li et al., 2019). Bismuth subsalicylate is widely used for gastrointestinal distress, as and 

anti-diarrheal, and other formulations have been developed for the treatment of problematic 

Helicobacter pylori infections (Griffith et al., 2021). For our purposes, we assign Bi as class 

(v).
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8.4 Group 16: The Oxygen Family

Group 16 includes the essential non-metals oxygen (8O) and sulfur (16S) (section 2), the 

nutrient metalloid selenium (34Se), the rarely beneficial metalloid tellurium (52Te), and the 

biologically irrelevant metal polonium (84Po).

8.4.1 Selenium (34Se)—Selenium (Se) is essential for many organisms from all three 

domains of life (class (ii)). Se functions most commonly to replace S in selenocysteine 

(Sec) and in a modified base (5-methylaminomethyl-2-selenouridine; mnm5Se2U) found 

in the wobble position of specific tRNAs. In both pathways, hydrogen selenide (H2Se) 

is first phosphorylated by selenophosphate synthetase (SelD) to generate selenophosphate. 

Selenophosphate is a substrate for both SelA, which converts a tRNA-bound cysteine to Sec, 

and SelU, which replaces S in 2-thiouridine-containing tRNAs with Se.

Selenoproteins represent a small set of proteins that have a site-specific substitution of Sec 

in place of a Cys residue (replacing a S atom with Se), often in an enzyme active site. Sec 

itself is synthesized from Cys after charging of a specific Sec-tRNA. After conversion to 

Sec, this charged tRNA binds with the help of a dedicated elongation factor to ribosomes 

at specific UGA stop codons in response to specific signals. These RNA-associated signals 

(selenocysteine insertion sequences; SECIS) vary between organisms and bind to accessory 

proteins that direct co-translational Sec insertion (Wells et al., 2021). Most selenoproteins 

have a single Sec in a catalytic role, as in glutathione peroxidase. Because of its mechanism 

of co-translational insertion, and the presence of a cognate codon, Sec is considered the 21st 

proteogenic amino acid in biology.

Many Se enzymes are redox active. Sec is a much stronger nucleophile than Cys, which 

increases catalytic efficiency. Sec can be reversibly oxidized to the selenenic acid (Sec-

SeOH), analogous to the oxidation of Cys to sulfenic acid (Cys-SOH). A key distinction, 

however, is that S oxidation often continues further to the sulfinic acid (Cys-SO2H) and 

sulfonic acid (Cys-SO3H); these over-oxidation reactions are much less common with Sec 

and re-reduction is more favorable (Reich & Hondal, 2016). These catalytic advantages 

provide a selective pressure to retain the extra machinery needed for selenoprotein synthesis.

The full suite of biologically important Se-containing compounds has yet to be revealed. 

Bioinformatic studies have revealed that selD genes are commonly found closely associated 

with selA, selU, and several genes of poorly characterized function (Kayrouz et al., 2022). 

This suggests that there may be other pathways that use selenophosphate for biosynthesis. 

One SelD homolog (SenC) initiates a pathway (involving also the SenA and SenB proteins) 

that uses an early intermediate in synthesis of the low molecular weight thiol ergothioneine 

and generates the Se analogue, selenoneine (Kayrouz et al., 2022). In this pathway, 

SenB generates an unusual selenosugar (N-acetyl-1-seleno-β-D-glucosamine; SeGlcNAc). 

SenA then combines this Se donor with N-trimethylated histidine (hercynine) to form 

the unstable intermediate hercyncyl-SeGlcNAc selenoxide, which spontaneously forms the 

product selenoneine. This gene cluster is present in more than 800 Bacteria, including many 

proteobacteria and actinomycetes.
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Se biochemistry is a feature of many Bacteria, Archaea, and Eukarya. Sec biosynthesis 

is energetically costly, with an estimated 25 ATPs required each Sec incorporated (Reich 

& Hondal, 2016), and Sec usage has been lost from many lineages. The presence of 

in-frame “stop” codons and associated SECIS elements allows sites of Sec insertion to 

be predicted based on genomic information. Genome analyses reveal that ~20% of Bacteria 

incorporate Sec in their proteomes and another ~10% use Se in tRNA or have substituted 

Se in place of S in more complex cofactors (Wells et al., 2021; Zhang & Zheng, 2020). The 

most prevalent Sec-containing bacterial enzymes are formate dehydrogenase and glycine 

reductase. In the Archaea, Se usage is rarer with less than 12% of genomes (mostly 

within the Methanococcales, Methanopyrales, and Lokiarchaeota) encoding Sec-containing 

proteins (Zhang et al., 2019; Zhang & Zheng, 2020). There appears to be a correlation 

between Sec-utilization and a facultative or anaerobic lifestyle (Zhang & Zheng, 2020). One 

hypothesis suggests that Se utilization is related to the evolution of antioxidant defenses 

(Reich & Hondal, 2016).

Selenoproteins are essential for vertebrates (with 25 distinct selenoproteins in humans) and 

are found in many plants. Mutational studies in mice reveal that at least four selenoproteins 

(including thioredoxin reductases and a gluthathione peroxidase) are essential (Santesmasses 

et al., 2019). Since selenoproteins are found in unicellular Eukarya, vertebrates, and some 

early evolving fungi, it is currently thought to be an ancestral trait that has been lost in many 

clades (Mariotti et al., 2019; Santesmasses et al., 2020). It is unknown why it has persisted 

in certain lineages for 3.5 Ga and has been lost in others (Wells et al., 2021).

Many land plants, insects, and fungi do not contain the Sec-insertion pathways. Instead, land 

plants are notable for the synthesis of free selenomethionine (SeMet), considered a dietary 

antioxidant for humans. SeMet synthesis initiates with the import of selenate (SeO4
2−) 

through sulfate uptake transporters or selenite (SeO3
2−) mediated by phosphate transporters. 

A glutathione-dependent pathway then allows synthesis of hydrogen selenide (H2Se), which 

is used instead of hydrogen sulfide (H2S) by cysteine synthase. This then leads to Sec and 

ultimately to SeMet (Nasim et al., 2021). In contrast with Sec, which is incorporated with 

high efficiency at specific sites in proteins, SeMet can be incorporated stochastically at a low 

level in place of Met during translation. In sum, the major role of Se in biology is in place of 

S in amino acids.

Some anaerobic Bacteria are capable of dissimilatory respiration of Se (Oremland, 2020). 

Reduction of selenate to selenite has been widely reported, and reduction of selenite has also 

been observed (Wells et al., 2019). Selenotrophs such as Sulfurospirellum barnesii, Bacillus 
selenitireductens, and Bacillus arseniciselenatis respire Se-oxyanions to support growth.

8.4.2 Tellurium (52Te)—Tellerium (Te), like S and Se, can adopt oxidation states 

ranging from −2 to +6, with the most common ions being +6 (tellurate, TeO4
2−) and +4 

(tellurite, TeO3
2−). Although it is one of the rarest elements in the lithosphere (77th in 

abundance at 0.001 ppm), in some areas Te can be concentrated to high levels (Zare et al., 

2017). High Te is present near some deep sea hydrothermal vents and microbes from this 

extreme environment respire using dissimilatory tellurate and tellurite reduction (Csotonyi et 

al., 2006). Genomic studies suggest that this is a common mode of energy generation in this 
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unusual environment and is found in diverse genera including Shewanella, Pseudomonas, 

and Vibrio spp. (Maltman et al., 2016; Maltman & Yurkov, 2019; Presentato et al., 2019).

The tellurite anion (TeO3
2−) can also be toxic to microbes, possibly due to imposition of 

oxidative stress (Chasteen et al., 2009). Genes implicated in resistance to Te are associated 

with efflux, methylation, the production of volatile compounds, or reduction leading to the 

formation of a black Te0 precipitate (Kessi et al., 2022). The formation of Te nanoparticles 

often occurs in the cytoplasm, and likely depends on glutathione as a reductant (Kessi et al., 

2022; Vávrová et al., 2021). Although most biological transformations of Te ions seem to be 

directed at detoxification, Te is of clear physiological benefit to some Bacteria from extreme 

environments such as deep sea hydrothermal vents (Maltman & Yurkov, 2019; Presentato et 

al., 2019). Therefore, we assign Te as a class (iv) element.

8.4.3 Polonium (84Po)—Po is one of the rarest elements in the biosphere (estimated as a 

million-fold less abundant than Te), and each of the dozens of isotopes are radioactive. The 

major isotope found naturally is 210Po (138 day half-life), which is continually produced 

through the decay of 238U and 222Rn. It has no beneficial roles in biology and is acutely 

poisonous due to it radioactive emission of tissue-damaging alpha particles (Ram et al., 

2019). Po is therefore a class (v) element.

9. Group 17: Halogens

The halogens are electronegative elements and include fluorine (9F), chlorine (17Cl), 

bromine (35Br), and iodine (53I). Astatine (85At) is vanishingly rare and radioactive and 

of no relevance to biology (class v). The halogens commonly exist as the anion (halide), but 

also form covalent bonds in organohalogens.

The halogens are both abundant and bioavailable compared to many elements of comparable 

mass. In the Earth’s crust, abundance decreases with atomic number with F (585 ppm) > 

Cl (145 ppm) > Br (2.4 ppm) > I (0.45 ppm). Fluoride is a component in many minerals, 

where it can substitute for hydroxide anion. On the same scale, seawater is exceptionally 

rich in Cl (1.9 x 104 ppm), followed by Br (65 ppm), F (1.4 ppm), and I (0.05 ppm). 

The relative paucity of F in seawater reflects its ability to be incorporated into CaCO3 

minerals (Carpenter, 1969). F is also incorporated into calcium phosphate minerals (apatite), 

to generate fluoroapatite. Thus, biomineralization plays an important role in the depletion of 

F from ocean waters (Schlesinger et al., 2020).

Of the halides, Cl anion is by far the most important and the only one considered to 

be essential for cell physiology. However, the other halides may have beneficial and 

sometimes even essential functions. For example, Br and I are essential trace elements in 

human biology. Most microbes do not require halides to survive, but for selected species 

Cl is essential, and some species synthesize secondary halogen-containing metabolites 

(organohalogens).
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9.1 Fluorine (9F)

Fluorine is not known to be essential for any organism and is noted primarily for its toxicity 

(Johnston & Strobel, 2020). Nevertheless, F may have beneficial roles in some Bacteria, 

plants, and animals and is therefore class (iv). In human biology, F helps strengthen the 

apatite mineral that makes up tooth enamel, which decreases dental caries (Aoun et al., 

2018). Dietary sources of F can include tea, seafood, fluoridated toothpaste, and drinking 

water.

Fluorinated natural products are still exceptionally rare (Chan & O'Hagan, 2012) and the 

benefit to the organism is often not obvious (Carvalho & Oliveira, 2017). For example, 

several genera of tropical and subtropical plants from Africa, Australia and South America 

produce fluoroacetate, which is toxic to mammals due to its ability to be converted to 

fluoroacetyl-CoA and then to fluorocitrate, a potent inhibitor of aconitase (Leong et al., 

2017). From the perspective of the plant, this can presumably be viewed as a beneficial role 

for F. Some Streptomyces spp. produce fluorinated compounds with antimicrobial activity, 

including 4-fluorothreonine and the F-containing compound nucleocidin produced by S. 
cattleya (Zhu et al., 2015).

Fl toxicity has been documented in animals, plants, and microbes (Zuo et al., 2018). Many 

Bacteria and Archaea have evolved specific defense systems for the export of fluoride 

(Johnston & Strobel, 2020). These were originally identified by their association with a 

conserved, RNA-based regulatory element (riboswitch) that was found to serve as a sensor 

of fluoride anion (Baker et al., 2012). Fluoride export systems (FEX) have been documented 

in three model fungi (Neurospora crassa, Saccharomyces cerevisiae, and Candida albicans) 

(Li et al., 2013) and in plants (Banerjee & Roychoudhury, 2019).

9.2 Chlorine (17Cl)

Chlorine (Cl), in the form of the chloride anion, is the most biologically relevant halide and 

is essential for both plants and animals. This is perhaps not surprising since Cl is the single 

most abundant solute in seawater, with a concentration of >19 gm per liter. In contrast, in 

the lithosphere Cl is less abundant than Fl. Since Cl is not essential for many Bacteria and 

Archaea, we assign Cl as a class (iii) element.

In animals, Cl is found in extracellular fluid as a counter ion to positively charged 

cations like K and Na. Since Cl is largely excluded from the cytosol, there is typically a 

transmembrane Cl ion gradient. Early nutrition studies using rats and chicks established that 

Cl deficiency has severe effects on organismal physiology. Chicks, for example, required 

0.15% Cl by weight in their feed for maximal growth, and when fed a diet with <0.02% 

Cl they exhibited numerous symptoms, including nervous system dysfunction (Leach & 

Nesheim, 1963). Supplementation with Br, but not other halides, could restore the growth 

rate of Cl deficient chicks, but could not correct the nervous system defects. This likely 

reflects, at least in part, the irreplaceable role of Cl anion in neuronal cation-chloride 

cotransporters (Kaila et al., 2014). Indeed, the cation-chloride cotransporter family, and 

in particular K+-Cl− cotransporters, emerged very early in evolution, with representatives 

throughout the Eukarya and in some Archaea (Hartmann et al., 2013). In humans, Cl-
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dependent transporters are found throughout the body, and numerous genetic diseases have 

been linked to defects in this important protein family (Poroca et al., 2017).

Cl anion also participates in other important physiological processes in humans. For 

example, gastric acid (HCl) is secreted by parietal cells in the epithelial lining of the 

stomach to aid in food digestion, and the strong oxidant hypochlorous acid (HOCl) is 

generated by activated neutrophils to aid in the killing of bacteria at sites of infection (Ulfig 

& Leichert, 2021). In addition to HOCl, it is estimated that ~10% or so of the hypohalous 

acid produced under physiological conditions is HOBr (Chapman et al., 2009). Cl is also an 

essential micronutrient for plants (Broyer et al., 1954), critical for the proper functioning of 

photosystem II, for the opening and closing of the stomata to control cell turgor and volume, 

and in action potentials and currents (Raven, 2017). Cl deficiency results in wilting of leaves 

at their edges, and eventual curling, chlorosis, and necrosis.

Unlike plants and animals, Cl does not appear to be essential for many microbes. A survey 

of 44 Bacteria did not reveal any with a demonstrable Cl requirement, although in 11 

cases, Cl was beneficial under osmotic stress conditions (Roeßler et al., 2003). In E. coli, 
a well characterized Cl−/H+ antiporter plays an important role in survival under severe 

acid stress: an influx of Cl− can drive export of H+ from the cytosol (Chavan et al., 2020; 

Matulef & Maduke, 2007; Miller, 2021). In some obligate halophiles, including members 

of both Bacteria and Archaea, Cl is essential (Müller & Oren, 2003). For example, in some 

Archaea (Halobacteriaceae) molar concentrations of Na and Cl are pumped into the cells by 

cotransport as osmolytes. Even in halophiles, the requirement for Cl varies widely (Müller 

& Oren, 2003). Thus, Cl is beneficial in this context. Cl-containing secondary metabolites 

(organochlorine compounds) are produced by some species of marine and soil bacteria, 

fungi, and phototrophic eukaryotes and are presumed to be beneficial (Atashgahi et al., 

2018).

9.3 Bromine (35Br)

Bromine (Br) is only known to be essential for animals, due to a key role in assembly of 

some collagen fibers. Specifically, Br is used in hypobromous acid, which functions in the 

formation of crosslinks essential for collagen function, as documented in depletion studies in 

Drosophila (McCall et al., 2014). Hypobromous acid is used for the formation of sulfilimine 

crosslinks in collagen IV by peroxidasin, a heme-containing oxidase. These crosslinks are 

crucial for integrity of basement membranes and therefore tissue development in animals 

(McCall et al., 2014). This is the only known role for Br in animals.

Br is actively concentrated by some marine algae. Bromide anion is present in seawater at 

a level 650-fold lower than Cl. However, certain macroalgae (seaweed) concentrate Br to 

very high levels. In studies of algae from the sea of Japan, many red and brown algae were 

found to contain ~0.1% Br (% dry weight), and two species of red seaweed (Polysiphonia 
japonica and Neorhodomela larix) accumulated Br to >3% (Saenko et al., 1978). This high 

concentration implies a beneficial role.

There is some evidence to suggest that in plants Br can partially substitute for Cl under 

low Cl conditions (Ozanne et al., 1957). Since Cl is an essential micronutrient for plants, 
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this could allow an elemental sparing effect. However, at 2.4 ppm, Br is 60-fold less 

abundant than Cl in the lithosphere, so the relevance in most natural settings is not obvious. 

V-dependent bromoperoxidases may also play a beneficial role in microbes by incorporation 

of Br into secondary metabolites (Cabrita et al., 2010). Since Br is essential in many 

multicellular animals, due to its specialized role in collagen crosslinking, and beneficial for 

some other organisms, we assign Br as class (iii).

9.4 Iodine (53I)

Iodine (I) has beneficial interactions with selected organisms and is essential for mammals 

(class (iv)). Although present at low concentrations in the Earth’s crust, seawater contains 

~60 μg per liter, often exceeding the level of essential micronutrients like Fe, Zn, and Mn. 

Even so, it is the least abundant halide in seawater (Venturi, 2011)

In mammals, I is present in thyroxine and triiodothyronine, thyroid hormones that control 

the metabolic rate of the body and are essential for growth and development. Deficiency can 

cause hypothyroidism, goiter, and other diseases. Societal remedies for I deficiency include 

the iodization of table salt, which helps humans meet their daily requirement. Although 

not required for plants, I may play a beneficial antioxidant role in some aquatic plants 

(Medrano-Macías et al., 2016).

Most beneficial roles of I are associated with the synthesis of organoiodine compounds. 

Indeed, I-containing molecules have been described in more than 100 species, including 

marine bacteria and cyanobacteria, various algae, and diverse animals (Dembitsky, 2006). 

Their biological roles are largely unknown, although some may have antimicrobial activity. 

It has been suggested that V-dependent haloperoxidases evolved as an ancient protection 

mechanism against ROS (Leblanc et al., 2015; Venturi, 2011). Haloperoxidases consume 

H2O2 as substrate using halide ions as reductants and, in the process, can generate 

organohalogen compounds. This chemistry is well studied in brown algae (kelp). The 

macrophytic algae Laminaria concentrates I from seawater, with ~0.5 μM iodide (I−) and 

iodate (IO3
−), by more that 104-fold to millimolar levels (~1% by dry weight). In this 

species, ~80% is retained as iodide ion, and is postulated to function as a cellular osmolyte 

(Nitschke & Stengel, 2014), in addition to its suggested role as an antioxidant (La Barre et 

al., 2010).

10. Essential Elements Revisited

Having completed this survey of the biological roles of elements, we can return to the 

questions that motivated this review: What is the minimum set of elements essential to 
sustain life? and Which elements have a beneficial role in biology, and which are either 
ignored, adventitiously accumulated, or consistently deleterious? One key conclusion is that 

the set of elements essential for all life is reduced when one moves beyond the purview 

of mammalian (or human) physiology and plant biology to also consider the Bacteria 

and Archaea. Conversely, the set of elements that may be of physiological benefit keeps 

expanding as more biology is revealed.
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Determining the metal ion requirements across the tree of life is a particular challenge, 

complicated by the presence of very high affinity and efficient uptake systems and the 

challenges of creating rigorously defined growth media. It is often insufficient to prepare 

medium using the highest purity reagents, since microbes are adept at scavenging trace 

nutrients, even from the walls of their culture vessels! For example, in chemostat studies 

of E. coli grown under Zn limitation, the culture vessel was prepared by acid-washing and 

treatment with chemical chelators to strip any bound metals from the surface. Nevertheless, 

the Zn-limited cells routinely contained much more Zn than added to the culture medium, 

presumably by actively leaching Zn from the glassware (Graham et al., 2009), and this 

effect decreased with repeated culturing as the vessel become more and more depleted of 

associated Zn. Similarly, leaching of B from borosilicate (pyrex) glassware complicated 

early efforts to explore the biological role of B in cyanobacteria (Eyster, 1952). In a third 

example, the serendipitous exposure to traces of V in steel (present in the plunger of a 

Hamilton syringe) pointed to a role for V in supporting activity of a purified haloperoxidase 

(Leblanc et al., 2015; Vilter, 1995).

In addition to the challenge of creating metal-limiting conditions, many metalloenzymes can 

interact with more than one transition metal with variable effects on activity. The situation 

is further compounded since metal ions may exchange during purification, which can lead to 

misleading assignments of the cofactor. In such cases, it has been challenging to know which 

ion is the true cofactor in vivo, or even if there is only one. Most famously, some superoxide 

dismutases (SOD) can function with either Fe or Mn and are designated as cambialistic 

(Frye et al., 2022; Valenti et al., 2022). However, this general principle applies to many 

classes of enzymes (Eom & Song, 2019; Smethurst & Shcherbik, 2021). Further, limitation 

for one metal can often be compensated by the presence of another, often due to the activity 

of an alternative enzyme with distinct metal preferences (Merchant & Helmann, 2012). 

Because of these complexities, and significant uncertainty in defining metalloproteomes 

(Cvetkovic et al., 2010), it is often challenging to define the precise set of metal ions that are 

required for cells.

Another challenge in investigating the biological roles of the elements is that so many can be 

present in cells, perhaps due to adventitious accumulation. Using high sensitivity analytical 

techniques, including inductively-coupled plasma-based methods (ICP-AES and ICP-MS) 

(Becker et al., 2014; Lobo et al., 2018) and laser-induced breakdown spectroscopy (Busser 

et al., 2018), it is possible to measure atomic composition with exquisite sensitivity. The 

ability to simultaneously monitor many elements has given rise to new research strategies 

including “metallomics” and “ionomics” (Haraguchi, 2017; X. Y. Huang & D. E. Salt, 

2016). These approaches can provide insights into compensatory interactions between 

elements (Jeyasingh et al., 2017). However, their high sensitivity presents challenges; in 

one study 74 out of 78 stable elements could be detected in salmon (Haraguchi et al., 2008), 

and 60 or more elements have been reported in human tissues (Chellan & Sadler, 2015). 

The presence of elements does not necessarily indicate a beneficial role; uptake may be 

adventitious. For example, sub-stoichiometric amounts of (presumably) non-physiological 

cofactors (e.g. Pb, U) may be found adventitiously bound to enzymes (Cvetkovic et al., 

2010), and some abundant elements (e.g. Al) are ubiquitous in cells and tissues, but of little 

obvious function.
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10.1 Essential Elements for Humans

Remarkably, the precise suite of elements required in human biology is still controversial 

and may include as many as 25 elements (Chellan & Sadler, 2015; Maret, 2016; Zoroddu 

et al., 2019). However, some elements previously considered essential are now thought 

to be adventitiously accumulated. One recent compilation has defined a core set of 20 

elements as essential for humans (Maret & Blower, 2022). This excludes Cr, one of the 

last elements to be disputed (Vincent, 2017). A current consensus list of 20 essential 

elements in human nutrition includes the 6 bulk elements (CHNOPS), 4 ions from groups 

1 and 2 (Na,K,Mg,Ca), 6 metals (Mo,Mn,Fe,Co,Cu,Zn), the non-metal Se, and three halide 

ions (Cl, Br, I) (Maret & Blower, 2022). Humans require some elements that are not 

widely required by organisms from other domains of life. These include Br for collagen 

crosslinking (McCall et al., 2014) and I for production of thyroid hormone (Opazo et al., 

2020). Neither is needed for the viability of mammalian cells per se; they function instead at 

the tissue or organismal level.

Multivitamin/multimineral supplements are formulated to address possible nutritional 

deficiencies and are a lucrative industry ($30 billion dollars per annum in the USA) (Manson 

& Bassuk, 2018). For people with medically documented deficiencies, mineral supplements 

are of clear value. For example, menstruating women may benefit from supplemental Fe 

(Percy et al., 2017), and vegetarians may benefit from vitamin B12, the biologically relevant 

form of Co (Rizzo et al., 2016). However, many commercially available supplements contain 

numerous elements that are rarely deficient in the diet. A typical formulation might include 

K,Ca,Fe,Cl,Cr,Cu,I,Mg,Mn,P,Se,Zn,B,Ni,Si, and V. Despite being routinely consumed by a 

large fraction (~40%) of the US population, the health benefits of mineral supplements are 

unclear for most healthy people. Current recommendations, and those health conditions that 

might benefit most from supplementation, have been summarized elsewhere (Manson & 

Bassuk, 2018).

10.2 Essential Elements for Plants

For vascular plants, 17 elements are essential (Hell & Mendel, 2010). Unlike animals, plants 

do not require Na, Co, Se, or Br, but they do require Ni. The 17 essential elements for plants 

include the 6 bulk elements (CHNOPS), 3 ions from groups 1 and 2 (K,Mg,Ca), 6 metals 

(Mo,Mn,Fe,Ni,Cu,Zn), boron (B), and 1 halogen (Cl). Co is an additional proposed essential 

element (Hu et al., 2021), which would bring the total to 18. Plants require B, an element not 

commonly required by other forms of life, for cell wall function (Gonzalez-Fontes, 2020; 

Wimmer et al., 2020).

Plant tissues often contain a great diversity of elements. Ionomics studies have been used 

to assess the natural variation in elemental accumulation in the model plant Arabidopsis 
thaliana (Campos et al., 2021; X.-Y. Huang & David E. Salt, 2016). Some of the commonly 

detected elements (e.g. Al, Co, Na, Se, Si) are thought to be beneficial, and others may 

accumulate adventitiously (Pilon-Smits et al., 2009). The ability of plants to accumulate 

toxic elements (e.g. As, Cr, Ni, Cd, V, Pd, U) has also been exploited for bioremediation 

(phytoremediation) of contaminated soils (Aihemaiti et al., 2020; Reeves et al., 2018; Vaid 

et al., 2022; Yaashikaa et al., 2022). In one dramatic example, plants endemic to New 
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Caledonia and adapted to Ni-rich soils can accumulate Ni-citrate in levels of up to 25% dry 

weight, resulting in a blue-green sap (Reeves et al., 2018).

10.3 A Proposed Minimal Set of Essential Elements

As we learn more about life’s vast diversity, and when we include the Bacteria and 

Archaea, our assessment of essential elements becomes more restricted. We speculate 

that the minimal requirement to support a viable cell may include only 9 specific 
universally essential elements together with a variable set of beneficial elements (functional 

redundancy). Current evidence suggests that the shared essential elements include the six 

bulk elements (CHNOPS), a monovalent cation (K), a divalent cation (Mg), and Zn to act 

as an electrophilic catalyst. In addition to these 9 elements (CHNOPS,K,Mg,Zn), most or all 

cells likely require one or more of the remaining transition metals (Mn,Fe,Co,Ni,Cu), and 

many organisms have additional essential elements (e.g. Ca,Se,Mo).

Of the six first-row transition metals, only Zn has a strong claim to being universally 

essential (Zhang & Zheng, 2020). Although widely used as an electrophilic center, Zn 

is limited in that it is not redox active. In some Archaea, it has been noted that Fe can 

functionally replace Zn in many enzymes, with “iron-rivets” replacing Zn fingers in protein 

folding in Ferroplasma acidiphilum (Ferrer et al., 2007). This widespread use of Fe in place 

of Zn is consistent with the higher availability of Fe during early evolution (Williams, 2012). 

Whether access to Zn was required for the very first cells is an open question, and it is 

conceivable that some contemporary microbes retain a Zn-independent physiology. The role 

of Zn in catalysis can be substituted by other metals in many enzyme families.

The other transition metals are all widely used in biology, but not essential for all life 

(Zhang & Zheng, 2020). Fe is often included in lists of essential elements, but this view 

is challenged by the lack of an Fe requirement in some Bacteria, including lactobacilli 

and Borrelia burgdorferi (Posey & Gherardini, 2000). In those rare cases where Fe is not 

required, Mn plays a much more important and presumably essential role in cell physiology. 

This suggests the possibility that while neither Fe nor Mn is universally essential, life may 

require access to at least one of these two ions. Cu is essential for aerobes, but Cu has been 

reported to be dispensable for growth of at some fermenting Bacteria, such as the lactobacilli 

(Bruyneel et al., 1989). In conclusion, we can hypothesize that while metal ions collectively 
provide essential life functions, no single metal ion may be absolutely required for all life.

10.4 An Expanding Suite of Beneficial Elements

In contrast with the shrinking list of universally essential elements, the list of elements 

with a beneficial function in biology has expanded in recent years. For example, Cd serves 

in place of Zn in the Cd-utilizing carbonic anhydrase (CDCA) in some marine diatoms 

(Lane & Morel, 2000; Xu & Morel, 2013). Similarly, the lanthanides were recently revealed 

to serve a beneficial role as enzyme cofactors in Bacteria (Featherston & Cotruvo, 2021; 

Skovran et al., 2019). Since it is difficult to prove a negative, and the diversity of life is vast, 

we should proceed with caution when ruling out a beneficial biological role for any specific 

element. While some class (iv) elements have very specific beneficial roles (e.g. V,W,Cd,Si), 
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for others the benefits are still poorly understood or not known to be relevant in nature (e.g. 

Li,Rb,Al).

10.5. The Elements of Life: A Web-Based Resource

Our understanding of the elements and their roles in living systems continues to evolve; 

new beneficial roles continue to be revealed, and elements once considered critical are now 

considered of little importance. To account for this changing landscape, we have developed 

a companion website for this review. Elements of Life is a moderated, public database 

that provides an accessible platform for exploring the biological role of elements (https://

elementaleconomics.wixsite.com/website). The home page displays a periodic table that 

categorizes elements by class: (i) essential for all life, (ii) essential for many organisms in all 

three domains of life, (iii) essential or beneficial for many organisms in at least one domain, 

(iv) beneficial (and rarely, essential) to at least some species when present, and (v) of no 

known beneficial use. Viewers can click on the essential and beneficial elements to learn 

more about each element’s major functions in biology, environmental and health impacts, 

and notable elemental sparing mechanisms (Merchant & Helmann, 2012). We welcome 

suggestions on this resource and have provided a Feedback page. We hope that this web 

resource will be a useful educational tool and spur interest in this fascinating intersection 

between chemistry and biology.

11 Elements of Life: Peering into the Future

Contemporary life represents a snapshot in time. The totality of life (the biosphere) is 

restricted to a thin layer near the Earth’s surface. At present, it is estimated that life 

has a total mass of ~2.2 teratons (~1018 g) (Elhacham et al., 2020). This corresponds 

to ~550 gigatons (Gt) of carbon (5.5 x 1017 g), 80% of which is accounted for by 

terrestrial plants (Bar-On et al., 2018). The vast majority of the remaining 20% is microbial 

(mostly Bacteria), with animals accounting for less than 1%. Microbial life dominates 

metabolic activity in most habitats and represents an estimated 90% of the ocean’s biomass 

(Cavicchioli et al., 2019). Importantly, marine phytoplankton contribute an estimated 50% of 

photosynthesis (primary production) worldwide (Cavicchioli et al., 2019). The composition 

of the biosphere changes over time, as amply illustrated by the fossil record. The Earth has 

witnessed at least half a dozen major mass extinction events, including one thought to be 

triggered by a major asteroid impact at the end of the Cretaceous period ~66 million years 

ago leading to the extinction of non-avian dinosaurs (Chiarenza et al., 2020). Study of how 

life has adapted to past episodes of climate change may provide insights into what our future 

holds (Payne & Clapham, 2012).

The Earth is widely considered to have now entered a new epoch, the Anthropocene, 

reflecting the large changes to our planet resulting from human activity (Malhi, 2017). This 

includes the ongoing extinction of large numbers of species, sometimes called the sixth 

extinction (Kolbert, 2014). Our collective impact on our planet is underlined by the rapid 

anthropogenic changes in our atmosphere due to the use of fossil fuels. As a result, CO2 

levels have increased by >30% in the last century. The total mass of the anthropogenic 

(human-built) environment (including roads, buildings, and other structures) is estimated 
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to soon surpass the total biomass on Earth (Elhacham et al., 2020). The impact of the 

human species on the biosphere is hard to foresee, but some trends are clear. Climate change 

will increase average temperatures and elevated CO2 levels will lead to ocean acidification, 

thereby impacting the carbon cycle and, through effects on diatoms, the ocean silica cycle 

(Taucher et al., 2022). Ocean acidification may also trigger a calcification crisis (Hönisch 

et al., 2012), although it has been suggested that the decrease in nannoplankton due to past 

episodes of ocean acidification may be overestimated (Slater et al., 2022). Microbial life 

plays a disproportionate role in global nutrient cycling, and discussions of climate change, 

its implications, and possible mitigation strategies will need to explicitly consider these 

activities (Cavicchioli et al., 2019).

Humans are also altering the biosphere by the mobilization and concentration of large 

amounts of industrially relevant metals. The latest compendium of “critical minerals” 

released by the United States Geologic Survey includes 50 elements, ranging from 

Aluminum (Al) to Zirconium (Zr), as “serving an essential function in the manufacturing of 

a product, the absence of which would have significant consequences for the economy or 

national security” (Burton, 2022a). Globally, efforts to recover 25 of the most commercially 

important minerals involves the processing of ~37.6 billion metric tons of ore annually: 

the “equivalent of almost 7,000 Great Pyramids of Giza” (Burton, 2022b). One measure of 

how dispersed elements are in the lithosphere is the rock-to-metal ratio, which refers to the 

magnitude of enrichment required to generate a pure metal from an ore (Nassar et al., 2022). 

For abundant metals (Al, Fe, Cr) little enrichment is required, whereas for the platinum 

group metals (Pt,Pd,Ru,Rh,Ir), the amount of enrichment may be a million times higher. As 

these elements are enriched to high levels of purity and later released into the waste stream, 

we provide a new opportunity for life to exploit previously rare resources (Zhuang et al., 

2015). Whether this will lead to the evolution of new beneficial uses for previously ignored 

elements is an open question.

We should not underestimate the ability of life to exploit newly available resources, both 

molecular and elemental. Laboratory evolution experiments have led to the emergence of a 

methylotroph with a greatly increased capacity to use gadolinium (Gd), a heavy Ln element, 

and to acquire this element from a Gd-containing contrast agent used for magnetic resonance 

imaging (Good et al., 2022). Organoflourine compounds are rare in the natural world but 

represent an abundant and recalcitrant environmental contaminant. Not only do some soil 

Bacteria catabolize these compounds, they can also incorporate metabolites into fatty acid 

synthesis leading to the production of fluorinated phospholipids (Xie et al., 2022). These 

results highlight how xenobiotic compounds in the chemical waste stream may lead to novel 

ways of integrating elements into metabolism. The evolution of new uses for elements may 

be accelerated by efforts in synthetic biology to capitalize on the ability of microbes to 

develop new chemistries (Haas & Nikel, 2022; Reed & Alper, 2018). As we continue to 

inventory the scope and diversity of microbial life, scientists will likely uncover new and 

unexpected functions for elements, and our perception of the elements of life will itself 

evolve.

Remick and Helmann Page 58

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments:

Work related to the elements of life in the authors’ laboratory is supported by a grant from the National Institutes 
of Health (R35GM122461 to JDH). The content is solely the responsibility of the authors and does not necessarily 
represent the official views of the National Institutes of Health. We thank Sabeeha Merchant, Janneke Balk, Antoine 
Danchin, and Azul Pinochet-Barros for their insights.

Bibliography and References Cited

Abdelnour SA, Abd El-Hack ME, Khafaga AF, Noreldin AE, Arif M, Chaudhry MT, Losacco C, 
Abdeen A, & Abdel-Daim MM (2019). Impacts of rare earth elements on animal health and 
production: Highlights of cerium and lanthanum. Science of The Total Environment, 672, 1021–
1032. https://doi.org/10.1016/j.scitotenv.2019.02.270 [PubMed: 30999219] 

Aihemaiti A, Gao Y, Meng Y, Chen X, Liu J, Xiang H, Xu Y, & Jiang J (2020). 
Review of plant-vanadium physiological interactions, bioaccumulation, and bioremediation 
of vanadium-contaminated sites. Science of The Total Environment, 712, 135637. 10.1016/
j.scitotenv.2019.135637 [PubMed: 31810710] 

Akanuma G, Kobayashi A, Suzuki S, Kawamura F, Shiwa Y, Watanabe S, Yoshikawa H, Hanai R, & 
Ishizuka M (2014). Defect in the formation of 70S ribosomes caused by lack of ribosomal protein 
L34 can be suppressed by magnesium. Journal of Bacteriology, 196(22), 3820–3830. 10.1128/
JB.01896-14 [PubMed: 25182490] 

Alejandro S, Höller S, Meier B, & Peiter E (2020). Manganese in Plants: From Acquisition to 
Subcellular Allocation. Frontiers in Plant Science, 11, 300–300. 10.3389/fpls.2020.00300 [PubMed: 
32273877] 

Alfano M, & Cavazza C (2020). Structure, function, and biosynthesis of nickel-dependent enzymes. 
Protein Science, 29(5), 1071–1089. 10.1002/pro.3836 [PubMed: 32022353] 

Allen JF, Thake B, & Martin WF (2019). Nitrogenase Inhibition Limited Oxygenation of Earth’s 
Proterozoic Atmosphere. Trends in Plant Science, 24(11), 1022–1031. https://doi.org/10.1016/
j.tplants.2019.07.007 [PubMed: 31447302] 

Alterio V, Langella E, De Simone G, & Monti SM (2015). Cadmium-Containing Carbonic Anhydrase 
CDCA1 in Marine Diatom Thalassiosira weissflogii. Marine Drugs, 13(4), 1688–1697. https://
www.mdpi.com/1660-3397/13/4/1688 [PubMed: 25815892] 

Amin SA, Parker MS, & Armbrust EV (2012). Interactions between Diatoms and Bacteria. 
Microbiology and Molecular Biology Reviews, 76(3), 667–684. https://doi.org/doi:10.1128/
MMBR.00007-12 [PubMed: 22933565] 

Ammendola S, Ciavardelli D, Consalvo A, & Battistoni A (2020). Cobalt can fully recover the 
phenotypes related to zinc deficiency in Salmonella Typhimurium. Metallomics, 12(12), 2021–
2031. 10.1039/d0mt00145g [PubMed: 33165471] 

Andreini C, Bertini I, & Rosato A (2009). Metalloproteomes: A Bioinformatic Approach. Accounts of 
Chemical Research, 42(10), 1471–1479. 10.1021/ar900015x [PubMed: 19697929] 

Andrews SC (2011). Making DNA without iron - induction of a manganese-dependent ribonucleotide 
reductase in response to iron starvation. Molecular Microbiology, 80(2), 286–289. 10.1111/
j.1365-2958.2011.07594.x [PubMed: 21371140] 

Aoun A, Darwiche F, Al Hayek S, & Doumit J (2018). The Fluoride Debate: The Pros and Cons of 
Fluoridation. Preventive Nutrition and Food Science, 23(3), 171–180. 10.3746/pnf.2018.23.3.171 
[PubMed: 30386744] 

Appia-Ayme C, Little R, Chandra G, de Oliveira Martins C, Bueno Batista M, & Dixon R (2022). 
Interactions between paralogous bacterial enhancer binding proteins enable metal-dependent 
regulation of alternative nitrogenases in Azotobacter vinelandii. Molecular Microbiology, 10.1111/
mmi.14955

Arakawa Y, Saito T, Saito H, Kakegawa T, & Kobayashi H (2000). Ethylene glycol bis (beta-
aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) inhibits the growth of Escherichia coli at 
alkaline pH. Journal of General and Applied Microbiology, 46(3), 127–131. 10.2323/jgam.46.127 
[PubMed: 12483586] 

Remick and Helmann Page 59

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.mdpi.com/1660-3397/13/4/1688
https://www.mdpi.com/1660-3397/13/4/1688


Arendsen LP, Thakar R, & Sultan AH (2019). The Use of Copper as an Antimicrobial Agent 
in Health Care, Including Obstetrics and Gynecology. Clinical Microbiology Reviews, 32(4), 
e00125–00118. https://doi.org/doi:10.1128/CMR.00125-18 [PubMed: 31413046] 

Ascenzi P, Bettinelli M, Boffi A, Botta M, De Simone G, Luchinat C, Marengo E, Mei H, & Aime S 
(2020). Rare earth elements (REE) in biology and medicine. Rendiconti Lincei. Scienze Fisiche e 
Naturali, 31(3), 821–833. 10.1007/s12210-020-00930-w

Atashgahi S, Liebensteiner MG, Janssen DB, Smidt H, Stams AJM, & Sipkema D (2018). Microbial 
Synthesis and Transformation of Inorganic and Organic Chlorine Compounds. Frontiers in 
Microbiology, 9, 3079. 10.3389/fmicb.2018.03079 [PubMed: 30619161] 

Atwal PS, & Scaglia F (2016). Molybdenum cofactor deficiency. Molecular Genetics and Metabolism, 
117(1), 1–4. https://doi.org/10.1016/j.ymgme.2015.11.010 [PubMed: 26653176] 

Auffinger P, Ennifar E, & D'Ascenzo L (2020). Deflating the RNA Mg(2+) bubble. Stereochemistry to 
the rescue! RNA. 10.1261/rna.076067.120

Avery SV (1995). Caesium accumulation by microorganisms: uptake mechanisms, cation competition, 
compartmentalization and toxicity. Journal of Industrial Microbiology and Biotechnology, 14(2), 
76–84. 10.1007/bf01569888

Azua-Bustos A, Urrejola C, & Vicuña R (2012). Life at the dry edge: Microorganisms of the 
Atacama Desert. FEBS Letters, 586(18), 2939–2945. https://doi.org/10.1016/j.febslet.2012.07.025 
[PubMed: 22819826] 

Baker JL, Sudarsan N, Weinberg Z, Roth A, Stockbridge RB, & Breaker RR (2012). Widespread 
Genetic Switches and Toxicity Resistance Proteins for Fluoride. Science, 335(6065), 233–235. 
https://doi.org/doi:10.1126/science.1215063 [PubMed: 22194412] 

Balachandran RC, Mukhopadhyay S, McBride D, Veevers J, Harrison FE, Aschner M, Haynes EN, & 
Bowman AB (2020). Brain manganese and the balance between essential roles and neurotoxicity. 
Journal of Biological Chemistry, 295(19), 6312–6329. 10.1074/jbc.REV119.009453 [PubMed: 
32188696] 

Ball P. (2017). Water is an active matrix of life for cell and molecular biology. Proceedings of the 
National Academy of Sciences of the United States of America, 114(51), 13327–13335. 10.1073/
pnas.1703781114 [PubMed: 28592654] 

Bandmann O, Weiss KH, & Kaler SG (2015). Wilson's disease and other neurological copper 
disorders. The Lancet Neurology, 14(1), 103–113. https://doi.org/10.1016/S1474-4422(14)70190-5 
[PubMed: 25496901] 

Banerjee A, & Roychoudhury A (2019). Structural introspection of a putative fluoride transporter in 
plants. 3 Biotech, 9(3), 103. 10.1007/s13205-019-1629-4

Banik A, Vadivel M, Mondal M, & Sakthivel N (2022). Molecular Mechanisms that Mediate Microbial 
Synthesis of Metal Nanoparticles. In Hurst CJ (Ed.), Microbial Metabolism of Metals and 
Metalloids (pp. 135–166). Springer International Publishing. 10.1007/978-3-030-97185-4_6

Bar-On YM, & Milo R (2019). The global mass and average rate of rubisco. Proceedings of the 
National Academy of Sciences of the United States of America, 116(10), 4738–4743. 10.1073/
pnas.1816654116 [PubMed: 30782794] 

Bar-On YM, Phillips R, & Milo R (2018). The biomass distribution on Earth. Proceedings of the 
National Academy of Sciences of the United States of America, 115(25), 6506–6511. 10.1073/
pnas.1711842115 [PubMed: 29784790] 

Barber J. (2016). Mn(4)Ca Cluster of Photosynthetic Oxygen-Evolving Center: Structure, Function 
and Evolution. Biochemistry, 55(42), 5901–5906. 10.1021/acs.biochem.6b00794 [PubMed: 
27704798] 

Barwinska-Sendra A, & Waldron KJ (2017). The role of intermetal competition and mis-metalation in 
metal toxicity. Advances in microbial physiology, 70, 315–379. [PubMed: 28528650] 

Baudouin-Cornu P, Surdin-Kerjan Y, Marliere P, & Thomas D (2001). Molecular evolution of 
protein atomic composition. Science, 293(5528), 297–300. 10.1126/science.1061052 [PubMed: 
11452124] 

Baumgartner JT, & McKinnie SMK (2021). Investigating the Role of Vanadium-Dependent 
Haloperoxidase Enzymology in Microbial Secondary Metabolism and Chemical Ecology. 
mSystems, 6(4), e0078021–e0078021. 10.1128/mSystems.00780-21 [PubMed: 34427499] 

Remick and Helmann Page 60

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Becker JS, Matusch A, & Wu B (2014). Bioimaging mass spectrometry of trace elements – recent 
advance and applications of LA-ICP-MS: A review. Analytica Chimica Acta, 835, 1–18. https://
doi.org/10.1016/j.aca.2014.04.048 [PubMed: 24952624] 

Bellotti D, Rowińska-Żyrek M, & Remelli M (2021). How Zinc-Binding Systems, 
Expressed by Human Pathogens, Acquire Zinc from the Colonized Host Environment: 
A Critical Review on Zincophores. Current Medicinal Chemistry, 28(35), 7312–7338. 
10.2174/1389200222666210514012945 [PubMed: 33992060] 

Bennett BD, Kimball EH, Gao M, Osterhout R, Van Dien SJ, & Rabinowitz JD (2009). Absolute 
metabolite concentrations and implied enzyme active site occupancy in Escherichia coli. Nature 
Chemical Biology, 5(8), 593–599. 10.1038/nchembio.186 [PubMed: 19561621] 

Biard T. (2022). Diversity and ecology of Radiolaria in modern oceans. Environmental Microbiology, 
24(5), 2179–2200. 10.1111/1462-2920.16004 [PubMed: 35412019] 

Biswas R, & Sarkar A (2022). Microbes: Key Players of the Arsenic Biogeochemical Cycle. In Hurst 
CJ (Ed.), Microbial Metabolism of Metals and Metalloids (pp. 197–221). Springer International 
Publishing. 10.1007/978-3-030-97185-4_8

Blaby-Haas CE, & Merchant SS (2013). Iron sparing and recycling in a compartmentalized cell. 
Current opinion in microbiology, 16(6), 677–685. [PubMed: 23962818] 

Blanc-Potard AB, & Groisman EA (2021). How Pathogens Feel and Overcome Magnesium Limitation 
When in Host Tissues. Trends in Microbiology, 29(2), 98–106. 10.1016/j.tim.2020.07.003 
[PubMed: 32807623] 

Blondeau M, Sachse M, Boulogne C, Gillet C, Guigner J-M, Skouri-Panet F, Poinsot M, Ferard 
C, Miot J, & Benzerara K (2018). Amorphous Calcium Carbonate Granules Form Within 
an Intracellular Compartment in Calcifying Cyanobacteria [Original Research]. Frontiers in 
Microbiology, 9, 1768. 10.3389/fmicb.2018.01768 [PubMed: 30127775] 

Boden JS, Konhauser KO, Robbins LJ, & Sánchez-Baracaldo P (2021). Timing the evolution 
of antioxidant enzymes in cyanobacteria. Nature Communications, 12(1), 4742. 10.1038/
s41467-021-24396-y

Bojórquez-Quintal E, Escalante-Magaña C, Echevarría-Machado I, & Martínez-Estévez M (2017). 
Aluminum, a Friend or Foe of Higher Plants in Acid Soils [Review]. Frontiers in Plant Science, 8. 
10.3389/fpls.2017.01767

Bolaños L, Lukaszewski K, Bonilla I, & Blevins D (2004). Why boron? Plant Physiology 
and Biochemistry, 42(11), 907–912. https://doi.org/10.1016/j.plaphy.2004.11.002 [PubMed: 
15694285] 

Bonilla I, Garcia-Gonzalez M, & Mateo P (1990). Boron requirement in cyanobacteria : its possible 
role in the early evolution of photosynthetic organisms. Plant Physiology, 94(4), 1554–1560. 
10.1104/pp.94.4.1554 [PubMed: 16667889] 

Bosma EF, Rau MH, van Gijtenbeek LA, & Siedler S (2021). Regulation and distinct physiological 
roles of manganese in bacteria. FEMS Microbiology Reviews, 45(6). 10.1093/femsre/fuab028

Bradbury J. (2004). Nature's nanotechnologists: unveiling the secrets of diatoms. PLoS Biology, 2(10), 
e306. 10.1371/journal.pbio.0020306 [PubMed: 15486572] 

Bragg JG, Quigg A, Raven JA, & Wagner A (2012). Protein elemental sparing and codon 
usage bias are correlated among bacteria. Molecular Ecology, 21(10), 2480–2487. 10.1111/
j.1365-294X.2012.05529.x [PubMed: 22439830] 

Brault A, Mourer T, & Labbé S (2015). Molecular basis of the regulation of iron homeostasis in fission 
and filamentous yeasts. IUBMB life, 67(11), 801–815. [PubMed: 26472434] 

Bray MS, Lenz TK, Haynes JW, Bowman JC, Petrov AS, Reddi AR, Hud NV, Williams LD, & Glass 
JB (2018). Multiple prebiotic metals mediate translation. Proceedings of the National Academy 
of Sciences of the United States of America, 115(48), 12164–12169. 10.1073/pnas.1803636115 
[PubMed: 30413624] 

Briat J-F, Dubos C, & Gaymard F (2015). Iron nutrition, biomass production, and plant product 
quality. Trends in Plant Science, 20(1), 33–40. [PubMed: 25153038] 

Brochier-Armanet C, Talla E, & Gribaldo S (2008). The Multiple Evolutionary Histories of Dioxygen 
Reductases: Implications for the Origin and Evolution of Aerobic Respiration. Molecular Biology 
and Evolution, 26(2), 285–297. 10.1093/molbev/msn246 [PubMed: 18974088] 

Remick and Helmann Page 61

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Broder UN, Jaeger T, & Jenal U (2016). LadS is a calcium-responsive kinase that induces acute-to-
chronic virulence switch in Pseudomonas aeruginosa. Nature Microbiology, 2, 16184. 10.1038/
nmicrobiol.2016.184

Brovarone AV, Butch CJ, Ciappa A, Cleaves HJ, Elmaleh A, Faccenda M, Feineman M, Hermann J, 
Nestola F, Cordone A, & Giovannelli D (2020). Let there be water: How hydration/dehydration 
reactions accompany key Earth and life processes. American Mineralogist, 105(8), 1152–1160. 
https://doi.org/doi:10.2138/am-2020-7380

Broyer TC, Carlton AB, Johnson CM, & Stout PR (1954). Chlorine-A Micronutrient Element for 
Higher Plants. Plant Physiology, 29(6), 526–532. 10.1104/pp.29.6.526 [PubMed: 16654714] 

Bruna N, Galliani E, Oyarzún P, Bravo D, Fuentes F, & Pérez-Donoso JM (2022). Biomineralization of 
lithium nanoparticles by Li-resistant Pseudomonas rodhesiae isolated from the Atacama salt flat. 
Biological Research, 55(1), 12. 10.1186/s40659-022-00382-6 [PubMed: 35296351] 

Bruna RE, Kendra CG, & Pontes MH (2022). Coordination of Phosphate and Magnesium 
Metabolism in Bacteria. Advances in Experimental Medicine and Biology, 1362, 135–150. 
10.1007/978-3-030-91623-7_12 [PubMed: 35288878] 

Bruni GN, Weekley RA, Dodd BJT, & Kralj JM (2017). Voltage-gated calcium flux mediates 
Escherichia coli mechanosensation. Proceedings of the National Academy of Sciences, 114(35), 
9445–9450. https://doi.org/doi:10.1073/pnas.1703084114

Bruyneel B, vande Woestyne M, & Verstraete W (1989). Lactic acid bacteria: Micro-organisms able to 
grow in the absence of available iron and copper. Biotechnology Letters, 11(6), 401–406. 10.1007/
BF01089472

Buchner MR (2020). Beryllium-associated diseases from a chemist’s point of view. Zeitschrift für 
Naturforschung B, 75(5), 405–412. https://doi.org/doi:10.1515/znb-2020-0006

Buessecker S, Palmer M, Lai D, Dimapilis J, Mayali X, Mosier D, Jiao JY, Colman DR, Keller LM, 
St John E, Miranda M, Gonzalez C, Gonzalez L, Sam C, Villa C, Zhuo M, Bodman N, Robles 
F, Boyd ES, … Dodsworth JA (2022). An essential role for tungsten in the ecology and evolution 
of a previously uncultivated lineage of anaerobic, thermophilic Archaea. Nature Communication, 
13(1), 3773. 10.1038/s41467-022-31452-8

Buglino JA, Ozakman Y, Xu Y, Chowdhury F, Tan DS, & Glickman MS (2022). Diisonitrile 
Lipopeptides Mediate Resistance to Copper Starvation in Pathogenic Mycobacteria. mBio, 13(5), 
e02513–02522. https://doi.org/doi:10.1128/mbio.02513-22 [PubMed: 36197089] 

Bull AT, Asenjo JA, Goodfellow M, & Gómez-Silva B (2016). The Atacama Desert: Technical 
Resources and the Growing Importance of Novel Microbial Diversity. Annual Review of 
Microbiology, 70, 215–234. 10.1146/annurev-micro-102215-095236

Burdușel A-C, Gherasim O, Grumezescu AM, Mogoantă L, Ficai A, & Andronescu E (2018). 
Biomedical Applications of Silver Nanoparticles: An Up-to-Date Overview. Nanomaterials, 8(9), 
681. https://www.mdpi.com/2079-4991/8/9/681 [PubMed: 30200373] 

Burén S, Jiménez-Vicente E, Echavarri-Erasun C, & Rubio LM (2020). Biosynthesis of Nitrogenase 
Cofactors. Chemical Reviews, 120(12), 4921–4968. 10.1021/acs.chemrev.9b00489 [PubMed: 
31975585] 

Burger A, & Lichtscheidl I (2019). Strontium in the environment: Review about reactions of plants 
towards stable and radioactive strontium isotopes. Science of The Total Environment, 653, 1458–
1512. https://doi.org/10.1016/j.scitotenv.2018.10.312 [PubMed: 30759584] 

Burton J. (2022a). US Geological Survey Releases 2022 List of Critical Metals

Burton J. (2022b). USGS, Apple Develop New Metric to Better Understand Global Mining Impacts of 
Key Minerals and Their Future Supply

Busser B, Moncayo S, Coll J-L, Sancey L, & Motto-Ros V (2018). Elemental imaging using 
laser-induced breakdown spectroscopy: A new and promising approach for biological and 
medical applications. Coordination Chemistry Reviews, 358, 70–79. https://doi.org/10.1016/
j.ccr.2017.12.006

Bütof L, Große C, Lilie H, Herzberg M, Nies DH, & DiRita VJ (2019). Interplay between the Zur 
Regulon Components and Metal Resistance in Cupriavidus metallidurans. Journal of Bacteriology, 
201(15), e00192–00119. https://doi.org/doi:10.1128/JB.00192-19 [PubMed: 31109989] 

Remick and Helmann Page 62

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.mdpi.com/2079-4991/8/9/681


Cabrita MT, Vale C, & Rauter AP (2010). Halogenated compounds from marine algae. Marine Drugs, 
8(8), 2301–2317. 10.3390/md8082301 [PubMed: 20948909] 

Caldwell DR, & Hudson RF (1974). Sodium, an obligate growth requirement for predominant rumen 
bacteria. Applied Microbiology, 27(3), 549–552. https://www.ncbi.nlm.nih.gov/pubmed/4856854 
[PubMed: 4856854] 

Campos ACAL, van Dijk WFA, Ramakrishna P, Giles T, Korte P, Douglas A, Smith P, & Salt DE 
(2021). 1,135 ionomes reveal the global pattern of leaf and seed mineral nutrient and trace element 
diversity in Arabidopsis thaliana. The Plant Journal, 106(2), 536–554. https://doi.org/10.1111/
tpj.15177 [PubMed: 33506585] 

Carafoli E, & Krebs J (2016). Why Calcium? How Calcium Became the Best Communicator. Journal 
of Biological Chemistry, 291(40), 20849–20857. 10.1074/jbc.R116.735894 [PubMed: 27462077] 

Carlisle DB (1958). Niobium in Ascidians. Nature, 181(4613), 933–933. 10.1038/181933a0

Carpenter R. (1969). Factors controlling the marine geochemistry of fluorine. Geochimica et 
Cosmochimica Acta, 33(10), 1153–1167. https://doi.org/10.1016/0016-7037(69)90038-6

Carrano CJ, Schellenberg S, Amin SA, Green DH, & Küpper FC (2009). Boron and Marine 
Life: A New Look at an Enigmatic Bioelement. Marine Biotechnology, 11(4), 431. 10.1007/
s10126-009-9191-4 [PubMed: 19424754] 

Carvalho MF, & Oliveira RS (2017). Natural production of fluorinated compounds and 
biotechnological prospects of the fluorinase enzyme. Critical Reviews in Biotechnology, 37(7), 
880–897. 10.1080/07388551.2016.1267109 [PubMed: 28049355] 

Catling DC, & Zahnle KJ (2020). The Archean atmosphere. Science Advances, 6(9), eaax1420. 
10.1126/sciadv.aax1420 [PubMed: 32133393] 

Cavicchioli R, Ripple WJ, Timmis KN, Azam F, Bakken LR, Baylis M, Behrenfeld MJ, Boetius 
A, Boyd PW, Classen AT, Crowther TW, Danovaro R, Foreman CM, Huisman J, Hutchins DA, 
Jansson JK, Karl DM, Koskella B, Mark Welch DB, … Webster NS (2019). Scientists’ warning 
to humanity: microorganisms and climate change. Nature Reviews Microbiology, 17(9), 569–586. 
10.1038/s41579-019-0222-5 [PubMed: 31213707] 

Centola G, Xue F, & Wilks A (2020). Metallotherapeutics development in the age of iron-clad bacteria. 
Metallomics, 12(12), 1863–1877. 10.1039/d0mt00206b [PubMed: 33242314] 

Chan KKJ, & O'Hagan D (2012). Chapter Eleven - The Rare Fluorinated Natural 
Products and Biotechnological Prospects for Fluorine Enzymology. In Hopwood DA (Ed.), 
Methods in Enzymology (Vol. 516, pp. 219–235). Academic Press. https://doi.org/10.1016/
B978-0-12-394291-3.00003-4 [PubMed: 23034231] 

Chandra J, & Keshavkant S (2021). Mechanisms underlying the phytotoxicity and genotoxicity of 
aluminum and their alleviation strategies: A review. Chemosphere, 278, 130384. https://doi.org/
10.1016/j.chemosphere.2021.130384 [PubMed: 33819888] 

Chandrangsu P, Huang X, Gaballa A, & Helmann JD (2019). Bacillus subtilis FolE is sustained by the 
ZagA zinc metallochaperone and the alarmone ZTP under conditions of zinc deficiency. Molecular 
Microbiology, 112(3), 751–765. 10.1111/mmi.14314 [PubMed: 31132310] 

Chapman Anna L. P., Skaff O, Senthilmohan R, Kettle Anthony J., & Davies Michael J. (2009). 
Hypobromous acid and bromamine production by neutrophils and modulation by superoxide. 
Biochemical Journal, 417(3), 773–781. 10.1042/bj20071563 [PubMed: 18851713] 

Chasapis CT, Ntoupa P-SA, Spiliopoulou CA, & Stefanidou ME (2020). Recent aspects of the effects 
of zinc on human health. Archives of Toxicology, 94(5), 1443–1460. 10.1007/s00204-020-02702-9 
[PubMed: 32394086] 

Chasteen TG, Fuentes DE, Tantaleán JC, & Vásquez CC (2009). Tellurite: history, oxidative stress, 
and molecular mechanisms of resistance. FEMS Microbiology Reviews, 33(4), 820–832. 10.1111/
j.1574-6976.2009.00177.x [PubMed: 19368559] 

Chavan TS, Cheng RC, Jiang T, Mathews II, Stein RA, Koehl A, McHaourab HS, Tajkhorshid E, 
& Maduke M (2020). A CLC-ec1 mutant reveals global conformational change and suggests a 
unifying mechanism for the CLC Cl(−)/H(+) transport cycle. Elife, 9. 10.7554/eLife.53479

Chellan P, & Sadler PJ (2015). The elements of life and medicines. Philosophical Transactions of 
the Royal Society A: Mathematical, Physical and Engineering Sciences, 373(2037). 10.1098/
rsta.2014.0182

Remick and Helmann Page 63

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ncbi.nlm.nih.gov/pubmed/4856854


Chen X, Schauder S, Potier N, Van Dorsselaer A, Pelczer I, Bassler BL, & Hughson FM (2002). 
Structural identification of a bacterial quorum-sensing signal containing boron. Nature, 415(6871), 
545–549. 10.1038/415545a [PubMed: 11823863] 

Chen YY, & O'Halloran TV (2022). A zinc chaperone mediates the flow of an inorganic commodity 
to an important cellular client. Cell, 185(12), 2013–2015. 10.1016/j.cell.2022.05.012 [PubMed: 
35688131] 

Chiarenza AA, Farnsworth A, Mannion PD, Lunt DJ, Valdes PJ, Morgan JV, & Allison PA (2020). 
Asteroid impact, not volcanism, caused the end-Cretaceous dinosaur extinction. Proceedings of the 
National Academy of Sciences of the United States of America, 117(29), 17084–17093. 10.1073/
pnas.2006087117 [PubMed: 32601204] 

Chitambar CR (2016). Gallium and its competing roles with iron in biological systems. Biochimica et 
Biophysica Acta, 1863(8), 2044–2053. 10.1016/j.bbamcr.2016.04.027 [PubMed: 27150508] 

Choby JE, & Skaar EP (2016). Heme Synthesis and Acquisition in Bacterial Pathogens. Journal 
of Molecular Biology, 428(17), 3408–3428. https://doi.org/10.1016/j.jmb.2016.03.018 [PubMed: 
27019298] 

Chu BC, Garcia-Herrero A, Johanson TH, Krewulak KD, Lau CK, Peacock RS, Slavinskaya Z, & 
Vogel HJ (2010). Siderophore uptake in bacteria and the battle for iron with the host; a bird’s eye 
view. Biometals, 23(4), 601–611. 10.1007/s10534-010-9361-x [PubMed: 20596754] 

Chu F, & Lidstrom ME (2016). XoxF Acts as the Predominant Methanol Dehydrogenase in the 
Type I Methanotroph Methylomicrobium buryatense. Journal of Bacteriology, 198(8), 1317–1325. 
10.1128/JB.00959-15 [PubMed: 26858104] 

Cirillo M, Capasso G, Di Leo VA, & De Santo NG (1994). A history of salt. Am J Nephrol, 14(4-6), 
426–431. 10.1159/000168759 [PubMed: 7847480] 

Clapham DE (2007). Calcium signaling. Cell, 131(6), 1047–1058. 10.1016/j.cell.2007.11.028 
[PubMed: 18083096] 

Clayton Gina M., Wang Y, Crawford F, Novikov A, Wimberly Brian T., Kieft Jeffrey S., Falta 
Michael T., Bowerman Natalie A., Marrack P, Fontenot Andrew P., Dai S, & Kappler John 
W. (2014). Structural Basis of Chronic Beryllium Disease: Linking Allergic Hypersensitivity 
and Autoimmunity. Cell, 158(1), 132–142. https://doi.org/10.1016/j.cell.2014.04.048 [PubMed: 
24995984] 

Çobani L, & Valentine AM (2022). Microbial Interactions with Titanium. In Hurst CJ (Ed.), Microbial 
Metabolism of Metals and Metalloids (pp. 527–543). Springer International Publishing. 
10.1007/978-3-030-97185-4_16

Cohen PA, & Kodner RB (2022). The earliest history of eukaryotic life: uncovering an evolutionary 
story through the integration of biological and geological data. Trends in Ecology & Evolution, 
37(3), 246–256. 10.1016/j.tree.2021.11.005 [PubMed: 34949483] 

Cole KE, & Valentine AM (2006). Titanium biomaterials: titania needles in the test of the 
foraminiferan Bathysiphon argenteus. Dalton Transactions(3), 430–432. 10.1039/B508989A

Collier JL, & Grossman AR (1992). Chlorosis induced by nutrient deprivation in Synechococcus sp. 
strain PCC 7942: not all bleaching is the same. Journal of Bacteriology, 174(14), 4718–4726. 
10.1128/jb.174.14.4718-4726.1992 [PubMed: 1624459] 

Collin MS, Venkatraman SK, Vijayakumar N, Kanimozhi V, Arbaaz SM, Stacey RGS, Anusha 
J, Choudhary R, Lvov V, Tovar GI, Senatov F, Koppala S, & Swamiappan S (2022). 
Bioaccumulation of lead (Pb) and its effects on human: A review. Journal of Hazardous Materials 
Advances, 7, 100094. https://doi.org/10.1016/j.hazadv.2022.100094

Cologgi DL, Lampa-Pastirk S, Speers AM, Kelly SD, & Reguera G (2011). Extracellular reduction 
of uranium via Geobacter conductive pili as a protective cellular mechanism. Proceedings of the 
National Academy of Sciences of the United States of America, 108(37), 15248–15252. 10.1073/
pnas.1108616108 [PubMed: 21896750] 

Cotruvo JA Jr. (2019). The Chemistry of Lanthanides in Biology: Recent Discoveries, Emerging 
Principles, and Technological Applications. ACS Central Science, 5(9), 1496–1506. 10.1021/
acscentsci.9b00642 [PubMed: 31572776] 

Remick and Helmann Page 64

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cotruvo JA Jr, Featherston ER, Mattocks JA, Ho JV, & Laremore TN (2018). Lanmodulin: a 
highly selective lanthanide-binding protein from a lanthanide-utilizing bacterium. Journal of the 
American Chemical Society, 140(44), 15056–15061. [PubMed: 30351021] 

Couradeau E, Benzerara K, Gérard E, Moreira D, Bernard S, Brown GE Jr., & López-García P 
(2012). An early-branching microbialite cyanobacterium forms intracellular carbonates. Science, 
336(6080), 459–462. 10.1126/science.1216171 [PubMed: 22539718] 

Crans DC, Smee JJ, Gaidamauskas E, & Yang L (2004). The Chemistry and Biochemistry of 
Vanadium and the Biological Activities Exerted by Vanadium Compounds. Chemical Reviews, 
104(2), 849–902. 10.1021/cr020607t [PubMed: 14871144] 

Croft MT, Lawrence AD, Raux-Deery E, Warren MJ, & Smith AG (2005). Algae acquire vitamin B12 
through a symbiotic relationship with bacteria. Nature, 438(7064), 90–93. 10.1038/nature04056 
[PubMed: 16267554] 

Csotonyi JT, Stackebrandt E, & Yurkov V (2006). Anaerobic Respiration on Tellurate and Other 
Metalloids in Bacteria from Hydrothermal Vent Fields in the Eastern Pacific Ocean. Applied 
and Environmental Microbiology, 72(7), 4950–4956. https://doi.org/doi:10.1128/AEM.00223-06 
[PubMed: 16820492] 

Cubillos CF, Paredes A, Yanez C, Palma J, Severino E, Vejar D, Grageda M, & Dorador C (2019). 
Insights Into the Microbiology of the Chaotropic Brines of Salar de Atacama, Chile. Frontiers in 
Microbiology, 10, 1611. 10.3389/fmicb.2019.01611 [PubMed: 31354691] 

Cui J, & Tcherkez G (2021). Potassium dependency of enzymes in plant primary metabolism. 
Plant Physiology and Biochemistry, 166, 522–530. https://doi.org/10.1016/j.plaphy.2021.06.017 
[PubMed: 34174657] 

Culbertson EM, & Culotta VC (2021). Copper in infectious disease: Using both sides of 
the penny. Seminars in Cell & Developmental Biology, 115, 19–26. https://doi.org/10.1016/
j.semcdb.2020.12.003 [PubMed: 33423931] 

Cunrath O, & Bumann D (2019). Host resistance factor SLC11A1 restricts Salmonella growth through 
magnesium deprivation. Science, 366(6468), 995–999. 10.1126/science.aax7898 [PubMed: 
31753999] 

Cvetkovic A, Menon AL, Thorgersen MP, Scott JW, Poole FL 2nd, Jenney FE Jr., Lancaster WA, 
Praissman JL, Shanmukh S, Vaccaro BJ, Trauger SA, Kalisiak E, Apon JV, Siuzdak G, Yannone 
SM, Tainer JA, & Adams MW (2010). Microbial metalloproteomes are largely uncharacterized. 
Nature, 466(7307), 779–782. 10.1038/nature09265 [PubMed: 20639861] 

Danchin A. The Emergence of the First Cells. In Reviews in Cell Biology and Molecular Medicine 
(pp. 1–25). https://doi.org/10.1002/3527600906.mcb.20130025

Danchin A, & Nikel PI (2019). Why Nature Chose Potassium. Journal of Molecular Evolution, 
87(9-10), 271–288. 10.1007/s00239-019-09915-2 [PubMed: 31659374] 

Daumann LJ (2019). Essential and Ubiquitous: The Emergence of Lanthanide Metallobiochemistry. 
Angewandte Chemie, 58(37), 12795–12802. 10.1002/anie.201904090 [PubMed: 31021478] 

Daumann LJ, & Camp H. J. M. O. d. (2021). 10 THE BIOCHEMISTRY OF RARE 
EARTH ELEMENTS. In Peter K & Martha Sosa T (Eds.), Metals, Microbes, and 
Minerals - The Biogeochemical Side of Life (pp. 299–324). De Gruyter. https://doi.org/
doi:10.1515/9783110589771-016

Daumann LJ, Pol A, Op den Camp HJM, & Martinez-Gomez NC (2022). Chapter One - A perspective 
on the role of lanthanides in biology: Discovery, open questions and possible applications. In 
Poole RK & Kelly DJ (Eds.), Advances in microbial physiology (Vol. 81, pp. 1–24). Academic 
Press. https://doi.org/10.1016/bs.ampbs.2022.06.001 [PubMed: 36167440] 

de Bie P, Muller P, Wijmenga C, & Klomp LW (2007). Molecular pathogenesis of Wilson and Menkes 
disease: correlation of mutations with molecular defects and disease phenotypes. J Med Genet, 
44(11), 673–688. 10.1136/jmg.2007.052746 [PubMed: 17717039] 

de Nooijer LJ, Spero HJ, Erez J, Bijma J, & Reichart GJ (2014). Biomineralization in perforate 
foraminifera. Earth-Science Reviews, 135, 48–58. https://doi.org/10.1016/j.earscirev.2014.03.013

Deblonde GJ, Mattocks JA, Park DM, Reed DW, Cotruvo JA Jr., & Jiao Y (2020). Selective and 
Efficient Biomacromolecular Extraction of Rare-Earth Elements using Lanmodulin. Inorganic 
Chemistry, 59(17), 11855–11867. 10.1021/acs.inorgchem.0c01303 [PubMed: 32686425] 

Remick and Helmann Page 65

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Deblonde GJ-P, Mattocks JA, Dong Z, Wooddy PT, Cotruvo JA, & Zavarin M (2021). Capturing 
an elusive but critical element: Natural protein enables actinium chemistry. Science Advances, 
7(43), eabk0273. https://doi.org/doi:10.1126/sciadv.abk0273 [PubMed: 34669462] 

Deblonde GJP, Mattocks JA, Wang H, Gale EM, Kersting AB, Zavarin M, & Cotruvo JA (2021). 
Characterization of Americium and Curium Complexes with the Protein Lanmodulin: A Potential 
Macromolecular Mechanism for Actinide Mobility in the Environment. Journal of the American 
Chemical Society, 143(38), 15769–15783. 10.1021/jacs.1c07103 [PubMed: 34542285] 

Decelle J, & Not F (2015). Acantharia. In eLS (pp. 1–10). https://doi.org/
10.1002/9780470015902.a0002102.pub2

Del Matto L, Muscas M, Murru A, Verdolini N, Anmella G, Fico G, Corponi F, Carvalho AF, 
Samalin L, Carpiniello B, Fagiolini A, Vieta E, & Pacchiarotti I (2020). Lithium and suicide 
prevention in mood disorders and in the general population: A systematic review. Neuroscience 
& Biobehavioral Reviews, 116, 142–153. https://doi.org/10.1016/j.neubiorev.2020.06.017 
[PubMed: 32561344] 

Dembitsky VM (2006). Biogenic Iodine and Iodine-Containing Metabolites. Natural Product 
Communications, 1(2), 1934578X0600100210. 10.1177/1934578x0600100210

Deng R, Chen Y, Deng X, Huang Z, Zhou S, Ren B, Jin G, & Hursthouse A (2021). A Critical Review 
of Resistance and Oxidation Mechanisms of Sb-Oxidizing Bacteria for the Bioremediation of 
Sb(III) Pollution. Frontiers in Microbiology, 12, 738596. 10.3389/fmicb.2021.738596 [PubMed: 
34557178] 

Deshmukh R, & Bélanger RR (2016). Molecular evolution of aquaporins and silicon influx in plants. 
Functional Ecology, 30(8), 1277–1285.

Dibrova DV, Galperin MY, Koonin EV, & Mulkidjanian AY (2015). Ancient Systems of Sodium/
Potassium Homeostasis as Predecessors of Membrane Bioenergetics. Biochemistry (Mosc), 
80(5), 495–516. 10.1134/S0006297915050016 [PubMed: 26071768] 

DiSpirito AA, Semrau JD, Murrell JC, Gallagher WH, Dennison C, & Vuilleumier S (2016). 
Methanobactin and the Link between Copper and Bacterial Methane Oxidation. Microbiology 
and Molecular Biology Reviews, 80(2), 387–409. https://doi.org/doi:10.1128/MMBR.00058-15 
[PubMed: 26984926] 

Dittberner H, Ohlmann N, & Acquisti C (2018). Stoichio-Metagenomics of Ocean Waters: 
A Molecular Evolution Approach to Trace the Dynamics of Nitrogen Conservation in 
Natural Communities. Frontiers in Microbiology, 9, 1590. 10.3389/fmicb.2018.01590 [PubMed: 
30072968] 

Docampo R, de Souza W, Miranda K, Rohloff P, & Moreno SNJ (2005). Acidocalcisomes ? conserved 
from bacteria to man. Nature Reviews Microbiology, 3(3), 251–261. 10.1038/nrmicro1097 
[PubMed: 15738951] 

Docampo R, & Huang G (2016). Acidocalcisomes of eukaryotes. Current Opinion in Cell Biology, 41, 
66–72. 10.1016/j.ceb.2016.04.007 [PubMed: 27125677] 

Docampo R, & Moreno SN (2011). Acidocalcisomes. Cell Calcium, 50(2), 113–119. 10.1016/
j.ceca.2011.05.012 [PubMed: 21752464] 

Domagal-Goldman SD, Wright KE, Adamala K, Arina de la Rubia L, Bond J, Dartnell LR, Goldman 
AD, Lynch K, Naud ME, Paulino-Lima IG, Singer K, Walther-Antonio M, Abrevaya XC, 
Anderson R, Arney G, Atri D, Azúa-Bustos A, Bowman JS, Brazelton WJ, … Wong T (2016). 
The Astrobiology Primer v2.0. Astrobiology, 16(8), 561–653. 10.1089/ast.2015.1460

Dominguez DC (2004). Calcium signalling in bacteria. Molecular Microbiology, 54(2), 291–297. 
10.1111/j.1365-2958.2004.04276.x [PubMed: 15469503] 

Domínguez DC, Guragain M, & Patrauchan M (2015). Calcium binding proteins and calcium 
signaling in prokaryotes. Cell Calcium, 57(3), 151–165. 10.1016/j.ceca.2014.12.006 [PubMed: 
25555683] 

Dong Z, Mattocks JA, Deblonde GJP, Hu D, Jiao Y, Cotruvo JA, & Park DM (2021). Bridging 
Hydrometallurgy and Biochemistry: A Protein-Based Process for Recovery and Separation 
of Rare Earth Elements. ACS Central Science, 7(11), 1798–1808. 10.1021/acscentsci.1c00724 
[PubMed: 34841054] 

Remick and Helmann Page 66

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dos Santos PC, Fang Z, Mason SW, Setubal JC, & Dixon R (2012). Distribution of nitrogen 
fixation and nitrogenase-like sequences amongst microbial genomes. BMC Genomics, 13(1), 
162. 10.1186/1471-2164-13-162 [PubMed: 22554235] 

Duatti A (2021). Review on 99mTc radiopharmaceuticals with emphasis on new advancements. 
Nuclear Medicine and Biology, 92, 202–216. https://doi.org/10.1016/j.nucmedbio.2020.05.005 
[PubMed: 32475681] 

Ducluzeau A-L, & Nitschke W (2016). When Did Hemes Enter the Scene of Life? On the Natural 
History of Heme Cofactors and Heme-Containing Enzymes. In Cramer WA & Kallas T (Eds.), 
Cytochrome Complexes: Evolution, Structures, Energy Transduction, and Signaling (pp. 13–24). 
Springer Netherlands. 10.1007/978-94-017-7481-9_2

Duff MC, & Ramsey ML (2008). Accumulation of radiocesium by mushrooms in the 
environment: a literature review. Journal of Environmental Radioactivity, 99(6), 912–932. 
10.1016/j.jenvrad.2007.11.017 [PubMed: 18191312] 

Duhamel S, Diaz JM, Adams JC, Djaoudi K, Steck V, & Waggoner EM (2021). Phosphorus as 
an integral component of global marine biogeochemistry. Nature Geoscience, 14(6), 359–368. 
10.1038/s41561-021-00755-8

Dupont C, Neupane K, Shearer J, & Palenik B (2008). Diversity, function and evolution of genes 
coding for putative Ni-containing superoxide dismutases. Environmental Microbiology, 10(7), 
1831–1843. [PubMed: 18412551] 

Dupont CL, Yang S, Palenik B, & Bourne PE (2006). Modern proteomes contain putative imprints 
of ancient shifts in trace metal geochemistry. Proceedings of the National Academy of Sciences 
of the United States of America, 103(47), 17822–17827. 10.1073/pnas.0605798103 [PubMed: 
17098870] 

Eckhardt S, Brunetto PS, Gagnon J, Priebe M, Giese B, & Fromm KM (2013). Nanobio Silver: Its 
Interactions with Peptides and Bacteria, and Its Uses in Medicine. Chemical Reviews, 113(7), 
4708–4754. 10.1021/cr300288v [PubMed: 23488929] 

Edmonds KA, Jordan MR, & Giedroc DP (2021). COG0523 proteins: a functionally diverse family of 
transition metal-regulated G3E P-loop GTP hydrolases from bacteria to man. Metallomics, 13(8). 
10.1093/mtomcs/mfab046

Edwards AM, Black KA, & Dos Santos PC (2022). Sulfur Availability Impacts Accumulation of the 
2-Thiouridine tRNA Modification in Bacillus subtilis. Journal of Bacteriology, 204(5), e0000922. 
10.1128/jb.00009-22 [PubMed: 35467390] 

El-Sheikh AM, Ulrich A, & Broyer TC (1967). Sodium and Rubidium as Possible Nutrients for Sugar 
Beet Plants. Plant Physiology, 42(9), 1202–1208. 10.1104/pp.42.9.1202 [PubMed: 16656641] 

Elhacham E, Ben-Uri L, Grozovski J, Bar-On YM, & Milo R (2020). Global human-made mass 
exceeds all living biomass. Nature, 588(7838), 442–444. 10.1038/s41586-020-3010-5 [PubMed: 
33299177] 

Elias M, Wellner A, Goldin-Azulay K, Chabriere E, Vorholt JA, Erb TJ, & Tawfik DS (2012). The 
molecular basis of phosphate discrimination in arsenate-rich environments. Nature, 491(7422), 
134–137. 10.1038/nature11517 [PubMed: 23034649] 

Eom H, & Song WJ (2019). Emergence of metal selectivity and promiscuity in metalloenzymes. 
Journal of Biological Inorganic Chemistry, 24(4), 517–531. 10.1007/s00775-019-01667-0 
[PubMed: 31115763] 

Epstein E. (1999). SILICON. Annual Review of Plant Physiology and Plant Molecular Biology, 50, 
641–664. 10.1146/annurev.arplant.50.1.641

Erb TJ, Kiefer P, Hattendorf B, Gunther D, & Vorholt JA (2012). GFAJ-1 is an arsenate-resistant, 
phosphate-dependent organism. Science, 337(6093), 467–470. 10.1126/science.1218455 
[PubMed: 22773139] 

Esquilin-Lebron K, Dubrac S, Barras F, & Boyd JM (2021). Bacterial Approaches for Assembling 
Iron-Sulfur Proteins. mBio, 12(6), e0242521. 10.1128/mBio.02425-21 [PubMed: 34781750] 

Exley C, & Mold MJ (2015). The binding, transport and fate of aluminium in biological cells. Journal 
of Trace Elements in Medicine and Biology, 30, 90–95. 10.1016/j.jtemb.2014.11.002 [PubMed: 
25498314] 

Remick and Helmann Page 67

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Eyster C. (1952). Necessity of boron for Nostoc muscorum. Nature, 170(4331), 755. 
10.1038/170755a0 [PubMed: 13002436] 

Fabiano C, Tezotto T, Favarin JL, Polacco J, & Mazzafera P (2015). Essentiality of nickel in plants: a 
role in plant stresses [Perspective]. Frontiers in Plant Science, 6. 10.3389/fpls.2015.00754

Farooq MA, & Dietz KJ (2015). Silicon as Versatile Player in Plant and Human Biology: Overlooked 
and Poorly Understood. Frontiers in Plant Science, 6, 994. 10.3389/fpls.2015.00994 [PubMed: 
26617630] 

Fauchon M, Lagniel G, Aude J-C, Lombardia L, Soularue P, Petat C, Marguerie G, Sentenac 
A, Werner M, & Labarre J (2002). Sulfur Sparing in the Yeast Proteome in Response to 
Sulfur Demand. Molecular Cell, 9(4), 713–723. https://doi.org/10.1016/S1097-2765(02)00500-2 
[PubMed: 11983164] 

Featherston ER, & Cotruvo JA Jr. (2021). The biochemistry of lanthanide acquisition, trafficking, and 
utilization. Biochimica et Biophysica Acta - Molecular Cell Research, 1868(1), 118864. 10.1016/
j.bbamcr.2020.118864 [PubMed: 32979423] 

Ferrer M, Golyshina OV, Beloqui A, Golyshin PN, & Timmis KN (2007). The cellular machinery 
of Ferroplasma acidiphilum is iron-protein-dominated. Nature, 445(7123), 91–94. 10.1038/
nature05362 [PubMed: 17203061] 

Fessler M, Gummesson B, Charbon G, Svenningsen SL, & Sørensen MA (2020). Short-term 
kinetics of rRNA degradation in Escherichia coli upon starvation for carbon, amino acid 
or phosphate. Molecular Microbiology, 113(5), 951–963. https://doi.org/10.1111/mmi.14462 
[PubMed: 31960524] 

Field CB, Behrenfeld MJ, Randerson JT, & Falkowski P (1998). Primary production of the 
biosphere: integrating terrestrial and oceanic components. Science, 281(5374), 237–240. 
10.1126/science.281.5374.237 [PubMed: 9657713] 

Filella M. (2017). Tantalum in the environment. Earth-Science Reviews, 173, 122–140. https://doi.org/
10.1016/j.earscirev.2017.07.002

Fischer WW (2016). Breathing room for early animals. Proceedings of the National Academy 
of Sciences of the United States of America, 113(7), 1686–1688. 10.1073/pnas.1525100113 
[PubMed: 26842839] 

Foster AW, Young TR, Chivers PT, & Robinson NJ (2022). Protein metalation in biology. Current 
Opinion in Chemical Biology, 66, 102095. 10.1016/j.cbpa.2021.102095 [PubMed: 34763208] 

Francioso A, Baseggio Conrado A, Mosca L, & Fontana M (2020). Chemistry and Biochemistry of 
Sulfur Natural Compounds: Key Intermediates of Metabolism and Redox Biology. Oxidative 
Medicine and Cellular Longevity, 2020, 8294158. 10.1155/2020/8294158 [PubMed: 33062147] 

Francois CM, Duret L, Simon L, Mermillod-Blondin F, Malard F, Konecny-Dupré L, Planel R, 
Penel S, Douady CJ, & Lefébure T (2016). No Evidence That Nitrogen Limitation Influences 
the Elemental Composition of Isopod Transcriptomes and Proteomes. Molecular Biology and 
Evolution, 33(10), 2605–2620. 10.1093/molbev/msw131 [PubMed: 27401232] 

Fraústo da Silva JJR, & Williams RJP (2001). The biological chemistry of the elements: the inorganic 
chemistry of life (2nd ed.). Oxford University Press.

Frenkel-Pinter M, Rajaei V, Glass JB, Hud NV, & Williams LD (2021). Water and Life: The Medium 
is the Message. Journal of Molecular Evolution, 89(1), 2–11. 10.1007/s00239-020-09978-6 
[PubMed: 33427903] 

Fromm KM (2020). Chemistry of alkaline earth metals: It is not all ionic and definitely not boring! 
Coordination Chemistry Reviews, 408, 213193. https://doi.org/10.1016/j.ccr.2020.213193

Frye KA, Sendra KM, Waldron KJ, & Kehl-Fie TE (2022). Old dogs, new tricks: New insights into the 
iron/manganese superoxide dismutase family. Journal of Inorganic Biochemistry, 230, 111748. 
https://doi.org/10.1016/j.jinorgbio.2022.111748 [PubMed: 35151099] 

Fujiwara-Nagata E, & Eguchi M (2004). Significance of Na+ in the fish pathogen, Vibrio anguillarum, 
under energy depleted condition. FEMS Microbiology Letters, 234(1), 163–167. 10.1016/
j.femsle.2004.03.026 [PubMed: 15109735] 

Gaddy J, & Haley K (2015). Metalloregulation of Helicobacter pylori physiology and pathogenesis 
[Review]. Frontiers in Microbiology, 6, 911. 10.3389/fmicb.2015.00911 [PubMed: 26388855] 

Remick and Helmann Page 68

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gallo AD, Zierden MR, Profitt LA, Jones KE, Bonafide CP, & Valentine AM (2019). TiO2 exposure 
alters transition metal ion quota in Rhodococcus ruber GIN-1. Metallomics, 12(1), 8–11. 
10.1039/c9mt00305c

Garcia AK, McShea H, Kolaczkowski B, & Kacar B (2020). Reconstructing the evolutionary history of 
nitrogenases: Evidence for ancestral molybdenum-cofactor utilization. Geobiology, 18(3), 394–
411. 10.1111/gbi.12381 [PubMed: 32065506] 

García-Cañas R, Giner-Lamia J, Florencio FJ, & López-Maury L (2021). A protease-mediated 
mechanism regulates the cytochrome c(6)/plastocyanin switch in Synechocystis sp. PCC 6803. 
Proceedings of the National Academy of Sciences of the United States of America, 118(5). 
10.1073/pnas.2017898118

Garcia-Santamarina S, & Thiele DJ (2015). Copper at the Fungal Pathogen-Host Axis. Journal of 
Biological Chemistry, 290(31), 18945–18953. 10.1074/jbc.R115.649129 [PubMed: 26055724] 

Gardner SG, McCleary WR, & Slauch JM (2019). Control of the phoBR Regulon in Escherichia coli. 
EcoSal Plus, 8(2). https://doi.org/doi:10.1128/ecosalplus.ESP-0006-2019

Gaur S, Kumar J, Kumar D, Chauhan DK, Prasad SM, & Srivastava PK (2020). Fascinating impact 
of silicon and silicon transporters in plants: A review. Ecotoxicology and Environmental Safety, 
202, 110885. https://doi.org/10.1016/j.ecoenv.2020.110885 [PubMed: 32650140] 

Genda H. (2016). Origin of Earth’s oceans: An assessment of the total amount, history and supply of 
water. GEOCHEMICAL JOURNAL, 50(1), 27–42. 10.2343/geochemj.2.0398

Ghosh S, Sharma A, & Talukder G (1992). Zirconium. Biological Trace Element Research, 35(3), 
247–271. 10.1007/BF02783770 [PubMed: 1283692] 

Giachino A, & Waldron KJ (2020). Copper tolerance in bacteria requires the activation of 
multiple accessory pathways. Molecular Microbiology, 114(3), 377–390. https://doi.org/10.1111/
mmi.14522 [PubMed: 32329112] 

Giampietro R, Spinelli F, Contino M, & Colabufo NA (2018). The Pivotal Role of Copper in 
Neurodegeneration: A New Strategy for the Therapy of Neurodegenerative Disorders. Molecular 
Pharmaceutics, 15(3), 808–820. 10.1021/acs.molpharmaceut.7b00841 [PubMed: 29323501] 

Gilbert PUPA, Bergmann KD, Boekelheide N, Tambutté S, Mass T, Marin F, Adkins JF, Erez J, 
Gilbert B, Knutson V, Cantine M, Hernández JO, & Knoll AH (2022). Biomineralization: 
Integrating mechanism and evolutionary history. Science Advances, 8(10), eabl9653. https://
doi.org/doi:10.1126/sciadv.abl9653 [PubMed: 35263127] 

Ginet N, Pardoux R, Adryanczyk G, Garcia D, Brutesco C, & Pignol D (2011). Single-step 
production of a recyclable nanobiocatalyst for organophosphate pesticides biodegradation using 
functionalized bacterial magnetosomes. PLoS One, 6(6), e21442. 10.1371/journal.pone.0021442 
[PubMed: 21738665] 

Gohara DW, & Di Cera E (2016). Molecular Mechanisms of Enzyme Activation by Monovalent 
Cations. Journal of Biological Chemistry, 291(40), 20840–20848. 10.1074/jbc.R116.737833 
[PubMed: 27462078] 

Goldblatt C, Lenton TM, & Watson AJ (2006). Bistability of atmospheric oxygen and the Great 
Oxidation. Nature, 443(7112), 683–686. 10.1038/nature05169 [PubMed: 17036001] 

Gomathy M, Sabarinathan KG, Subramaian KS, Sivashankari Devi T, Ananthi K, Kalaiselvi P, 
& Jeyshree M (2022). Microbial Remediation of Chromium. In Hurst CJ (Ed.), Microbial 
Metabolism of Metals and Metalloids (pp. 255–278). Springer International Publishing. 
10.1007/978-3-030-97185-4_10

Gómez-Silva B. (2018). Lithobiontic life: "Atacama rocks are well and alive". Antonie Van 
Leeuwenhoek, 111(8), 1333–1343. 10.1007/s10482-018-1033-9 [PubMed: 29392527] 

González-Ballester D, Casero D, Cokus S, Pellegrini M, Merchant SS, & Grossman AR (2010). 
RNA-seq analysis of sulfur-deprived Chlamydomonas cells reveals aspects of acclimation critical 
for cell survival. Plant Cell, 22(6), 2058–2084. 10.1105/tpc.109.071167 [PubMed: 20587772] 

Gonzalez-Fontes A. (2020). Why boron is an essential element for vascular plants: A comment on 
Lewis (2019) 'Boron: the essential element for vascular plants that never was'. New Phytologist, 
226(5), 1228–1230. 10.1111/nph.16033 [PubMed: 31674053] 

González-Muñoz MT, Fernández-Luque B, Martínez-Ruiz F, Ben Chekroun K, Arias JM, Rodríguez-
Gallego M, Martínez-Cañamero M, de Linares C, & Paytan A (2003). Precipitation of barite by 

Remick and Helmann Page 69

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Myxococcus xanthus: possible implications for the biogeochemical cycle of barium. Applied and 
Environmental Microbiology, 69(9), 5722–5725. 10.1128/aem.69.9.5722-5725.2003 [PubMed: 
12957970] 

Good NM, Fellner M, Demirer K, Hu J, Hausinger RP, & Martinez-Gomez NC (2020). Lanthanide-
dependent alcohol dehydrogenases require an essential aspartate residue for metal coordination 
and enzymatic function. Journal of Biological Chemistry, 295(24), 8272–8284. 10.1074/
jbc.RA120.013227 [PubMed: 32366463] 

Good NM, Lee HD, Hawker ER, Su MZ, Gilad AA, & Martinez-Gomez NC (2022). 
Hyperaccumulation of Gadolinium by Methylorubrum extorquens AM1 Reveals Impacts of 
Lanthanides on Cellular Processes Beyond Methylotrophy. Frontiers in Microbiology, 13, 
820327. 10.3389/fmicb.2022.820327 [PubMed: 35369483] 

Good NM, Vu HN, Suriano CJ, Subuyuj GA, Skovran E, & Martinez-Gomez NC (2016). 
Pyrroloquinoline Quinone Ethanol Dehydrogenase in Methylobacterium extorquens AM1 
Extends Lanthanide-Dependent Metabolism to Multicarbon Substrates. Journal of Bacteriology, 
198(22), 3109–3118. 10.1128/JB.00478-16 [PubMed: 27573017] 

Görgen S, Benzerara K, Skouri-Panet F, Gugger M, Chauvat F, & Cassier-Chauvat C (2020). 
The diversity of molecular mechanisms of carbonate biomineralization by bacteria. Discover 
Materials, 1(1), 2. 10.1007/s43939-020-00001-9

Goss CH, Kaneko Y, Khuu L, Anderson GD, Ravishankar S, Aitken ML, Lechtzin N, Zhou G, 
Czyz DM, McLean K, Olakanmi O, Shuman HA, Teresi M, Wilhelm E, Caldwell E, Salipante 
SJ, Hornick DB, Siehnel RJ, Becker L, … Singh, P. K. (2018). Gallium disrupts bacterial 
iron metabolism and has therapeutic effects in mice and humans with lung infections. Science 
Translational Medicine, 10(460), eaat7520. https://doi.org/doi:10.1126/scitranslmed.aat7520 
[PubMed: 30257953] 

Goswami P, He K, Li J, Pan Y, Roberts AP, & Lin W (2022). Magnetotactic bacteria and 
magnetofossils: ecology, evolution and environmental implications. NPJ Biofilms Microbiomes, 
8(1), 43. 10.1038/s41522-022-00304-0 [PubMed: 35650214] 

Goullé JP, & Grangeot-Keros L (2020). Aluminum and vaccines: Current state of knowledge. 
Médecine et Maladies Infectieuses, 50(1), 16–21. https://doi.org/10.1016/j.medmal.2019.09.012 
[PubMed: 31611133] 

Graham AI, Hunt S, Stokes SL, Bramall N, Bunch J, Cox AG, McLeod CW, & Poole RK (2009). 
Severe zinc depletion of Escherichia coli: roles for high affinity zinc binding by ZinT, zinc 
transport and zinc-independent proteins. Journal of Biological Chemistry, 284(27), 18377–18389. 
10.1074/jbc.M109.001503 [PubMed: 19377097] 

Green R, Allen LH, Bjørke-Monsen A-L, Brito A, Guéant J-L, Miller JW, Molloy AM, Nexo E, 
Stabler S, Toh B-H, Ueland PM, & Yajnik C (2017). Vitamin B12 deficiency. Nature Reviews 
Disease Primers, 3(1), 17040. 10.1038/nrdp.2017.40

Gregory SP, Barnett MJ, Field LP, & Milodowski AE (2019). Subsurface Microbial Hydrogen 
Cycling: Natural Occurrence and Implications for Industry. Microorganisms, 7(2), 53. https://
www.mdpi.com/2076-2607/7/2/53 [PubMed: 30769950] 

Griffith DM, Li H, Werrett MV, Andrews PC, & Sun H (2021). Medicinal chemistry and biomedical 
applications of bismuth-based compounds and nanoparticles. Chemical Society Reviews, 50(21), 
12037–12069. 10.1039/d0cs00031k [PubMed: 34533144] 

Grosjean N, & Blaby-Haas CE (2020). Leveraging computational genomics to understand the 
molecular basis of metal homeostasis. New Phytologist, 228(5), 1472–1489. 10.1111/nph.16820 
[PubMed: 32696981] 

Gross AS, & Graef M (2020). Mechanisms of Autophagy in Metabolic Stress Response. Journal 
of Molecular Biology, 432(1), 28–52. https://doi.org/10.1016/j.jmb.2019.09.005 [PubMed: 
31626805] 

Gruber N. (2019). Consistent patterns of nitrogen fixation identified in the ocean. Nature, 566(7743), 
191–193. 10.1038/d41586-019-00498-y [PubMed: 30760905] 

Grzymski JJ, & Dussaq AM (2012). The significance of nitrogen cost minimization in proteomes 
of marine microorganisms. The ISME Journal, 6(1), 71–80. 10.1038/ismej.2011.72 [PubMed: 
21697958] 

Remick and Helmann Page 70

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.mdpi.com/2076-2607/7/2/53
https://www.mdpi.com/2076-2607/7/2/53


Guengerich FP (2018). Introduction to Metals in Biology 2018: Copper homeostasis and 
utilization in redox enzymes. Journal of Biological Chemistry, 293(13), 4603–4605. 10.1074/
jbc.TM118.002255 [PubMed: 29425098] 

Guilger-Casagrande M, & Lima R. d. (2019). Synthesis of Silver Nanoparticles Mediated by Fungi: A 
Review. Frontiers in Bioengineering and Biotechnology, 7. 10.3389/fbioe.2019.00287

Gundlach J, Herzberg C, Hertel D, Thurmer A, Daniel R, Link H, & Stulke J (2017). Adaptation of 
Bacillus subtilis to Life at Extreme Potassium Limitation. mBio, 8(4). 10.1128/mBio.00861-17

Guo S, Xiao C, Zhou N, & Chi R (2021). Speciation, toxicity, microbial remediation and 
phytoremediation of soil chromium contamination. Environmental Chemistry Letters, 19(2), 
1413–1431. 10.1007/s10311-020-01114-6

Gupta DK, Schulz W, Steinhauser G, & Walther C (2018). Radiostrontium transport in plants 
and phytoremediation. Environmental Science and Pollution Research, 25(30), 29996–30008. 
10.1007/s11356-018-3088-6 [PubMed: 30187403] 

Gupta HK, Shrivastava S, & Sharma R (2017). A Novel Calcium Uptake Transporter of 
Uncharacterized P-Type ATPase Family Supplies Calcium for Cell Surface Integrity in 
Mycobacterium smegmatis. mBio, 8(5). 10.1128/mBio.01388-17

Gupta R, & Laxman S (2020). tRNA wobble-uridine modifications as amino acid sensors and 
regulators of cellular metabolic state. Curr Genet, 66(3), 475–480. 10.1007/s00294-019-01045-y 
[PubMed: 31758251] 

Gutierrez-Corona JF, Romo-Rodriguez P, Santos-Escobar F, Espino-Saldana AE, & Hernandez-Escoto 
H (2016). Microbial interactions with chromium: basic biological processes and applications in 
environmental biotechnology. World Journal of Microbiology and Biotechnology, 32(12), 191. 
10.1007/s11274-016-2150-0 [PubMed: 27718146] 

Haas R, & Nikel PI (2022). Challenges and opportunities in bringing nonbiological atoms to life with 
synthetic metabolism. Trends in Biotechnology. https://doi.org/10.1016/j.tibtech.2022.06.004

Häder D-P, Braun M, Grimm D, & Hemmersbach R (2017). Gravireceptors in eukaryotes—
a comparison of case studies on the cellular level. npj Microgravity, 3(1), 13. 10.1038/
s41526-017-0018-8 [PubMed: 28649635] 

Han Q, Wang C, Chen H, Zhao X, & Wang J (2019). Porous Tantalum and Titanium in 
Orthopedics: A Review. ACS Biomaterials Science & Engineering, 5(11), 5798–5824. 10.1021/
acsbiomaterials.9b00493 [PubMed: 33405672] 

Hanlon RT, Bidwell JP, & Tait R (1989). Strontium is required for statolith development and thus 
normal swimming behaviour of hatchling cephalopods. Journal of Experimental Biology, 141(1), 
187–195. 10.1242/jeb.141.1.187 [PubMed: 2926318] 

Hansma HG (2022). Potassium at the Origins of Life: Did Biology Emerge from Biotite in Micaceous 
Clay? Life (Basel), 12(2). 10.3390/life12020301

Hao X, Lüthje F, Rønn R, German NA, Li X, Huang F, Kisaka J, Huffman D, Alwathnani HA, Zhu Y-
G, & Rensing C (2016). A role for copper in protozoan grazing – two billion years selecting for 
bacterial copper resistance. Molecular Microbiology, 102(4), 628–641. https://doi.org/10.1111/
mmi.13483 [PubMed: 27528008] 

Haraguchi H. (2017). Metallomics: the history over the last decade and a future outlook. Metallomics, 
9(8), 1001–1013. 10.1039/c7mt00023e [PubMed: 28758652] 

Haraguchi H, Ishii A, Hasegawa T, Matsuura H, & Umemura T (2008). Metallomics study on all-
elements analysis of salmon egg cells and fractionation analysis of metals in cell cytoplasm. Pure 
and Applied Chemistry, 80, 2595–2608.

Harish A, Tunlid A, & Kurland CG (2013). Rooted phylogeny of the three superkingdoms. Biochimie, 
95(8), 1593–1604. https://doi.org/10.1016/j.biochi.2013.04.016 [PubMed: 23669449] 

Harland BF, & Harden-Williams BA (1994). Is vanadium of human nutritional importance yet? 
Journal of the American Dietetic Association, 94(8), 891–894. 10.1016/0002-8223(94)92371-x 
[PubMed: 8046184] 

Hartmann A-M, Tesch D, Nothwang HG, & Bininda-Emonds ORP (2013). Evolution of the 
Cation Chloride Cotransporter Family: Ancient Origins, Gene Losses, and Subfunctionalization 
through Duplication. Molecular Biology and Evolution, 31(2), 434–447. 10.1093/molbev/mst225 
[PubMed: 24273324] 

Remick and Helmann Page 71

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Harwood CS (2020). Iron-Only and Vanadium Nitrogenases: Fail-Safe Enzymes or Something More? 
Annual Review of Microbiology, 74(1), 247–266. 10.1146/annurev-micro-022620-014338

Hausinger RP (2019). New metal cofactors and recent metallocofactor insights. Current Opinion in 
Structural Biology, 59, 1–8. https://doi.org/10.1016/j.sbi.2018.12.008 [PubMed: 30711735] 

Hausinger RP (2022). Microbial Metabolism of Nickel. In Hurst CJ (Ed.), Microbial 
Metabolism of Metals and Metalloids (pp. 417–502). Springer International Publishing. 
10.1007/978-3-030-97185-4_14

Hawco NJ, McIlvin MM, Bundy RM, Tagliabue A, Goepfert TJ, Moran DM, Valentin-Alvarado L, 
DiTullio GR, & Saito MA (2020). Minimal cobalt metabolism in the marine cyanobacterium 
Prochlorococcus. Proceedings of the National Academy of Sciences, 117(27), 15740–15747. 
https://doi.org/doi:10.1073/pnas.2001393117

Haynes WMLDRBTJ (2016). CRC handbook of chemistry and physics : a ready-reference book of 
chemical and physical data.

Hayward BW, Le Coze F, Vachard D, & Gross O (2022). World Foraminifera Database. https://
www.marinespecies.org/foraminifera

Hell R, & Mendel R (2010). Cell Biology of Metals and Nutrients (Vol. 17). Springer, Berlin, 
Heidelberg.

Helmann JD (2014). Specificity of metal sensing: iron and manganese homeostasis in Bacillus subtilis. 
Journal of Biological Chemistry, 289(41), 28112–28120. 10.1074/jbc.R114.587071 [PubMed: 
25160631] 

Herbaud M-L, Guiseppi A, Denizot F, Haiech J, & Kilhoffer M-C (1998). Calcium signalling in 
Bacillus subtilis. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1448(2), 
212–226. https://doi.org/10.1016/S0167-4889(98)00145-1 [PubMed: 9920412] 

Herzberg M, Bauer L, & Nies DH (2014). Deletion of the zupT gene for a zinc importer 
influences zinc pools in Cupriavidus metallidurans CH34. Metallomics, 6(3), 421–436. 10.1039/
c3mt00267e [PubMed: 24407051] 

Hildebrand M, Lerch SJL, & Shrestha RP (2018). Understanding Diatom Cell Wall Silicification—
Moving Forward [Review]. Frontiers in Marine Science, 5. 10.3389/fmars.2018.00125

Hille R. (2002). Molybdenum and tungsten in biology. Trends in Biochemical Sciences, 27(7), 360–
367. 10.1016/s0968-0004(02)02107-2 [PubMed: 12114025] 

Himeoka Y, Gummesson B, Sørensen MA, Svenningsen SL, & Mitarai N (2022). Distinct Survival, 
Growth Lag, and rRNA Degradation Kinetics during Long-Term Starvation for Carbon or 
Phosphate. mSphere, e0100621. 10.1128/msphere.01006-21 [PubMed: 35440180] 

Holzl G, & Dormann P (2019). Chloroplast Lipids and Their Biosynthesis. Annual Review of Plant 
Biology, 70, 51–81. 10.1146/annurev-arplant-050718-100202

Hönisch B, Ridgwell A, Schmidt DN, Thomas E, Gibbs SJ, Sluijs A, Zeebe R, Kump L, Martindale 
RC, Greene SE, Kiessling W, Ries J, Zachos JC, Royer DL, Barker S, Marchitto TM, 
Moyer R, Pelejero C, Ziveri P, … Williams B (2012). The Geological Record of Ocean 
Acidification. Science, 335(6072), 1058–1063. https://doi.org/doi:10.1126/science.1208277 
[PubMed: 22383840] 

Hordyjewska A, Popiołek Ł, & Kocot J (2014). The many “faces” of copper in medicine and 
treatment. Biometals, 27(4), 611–621. 10.1007/s10534-014-9736-5 [PubMed: 24748564] 

Horning KJ, Caito SW, Tipps KG, Bowman AB, & Aschner M (2015). Manganese Is Essential for 
Neuronal Health. Annual review of nutrition, 35, 71–108. 10.1146/annurev-nutr-071714-034419

Hu X, Wei X, Ling J, & Chen J (2021). Cobalt: An Essential Micronutrient for Plant Growth? 
Frontiers in Plant Science, 12, 768523. 10.3389/fpls.2021.768523 [PubMed: 34868165] 

Huang X-Y, & Salt David E. (2016). Plant Ionomics: From Elemental Profiling to Environmental 
Adaptation. Molecular Plant, 9(6), 787–797. https://doi.org/10.1016/j.molp.2016.05.003 
[PubMed: 27212388] 

Icenhower JP, Qafoku NP, Zachara JM, & Martin WJ (2010). The biogeochemistry of technetium: A 
review of the behavior of an artificial element in the natural environment. American Journal of 
Science, 310(8), 721–752. 10.2475/08.2010.02

Remick and Helmann Page 72

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.marinespecies.org/foraminifera
https://www.marinespecies.org/foraminifera


Inaoka T, & Ochi K (2011). Scandium stimulates the production of amylase and bacilysin in Bacillus 
subtilis. Applied and Environmental Microbiology, 77(22), 8181–8183. 10.1128/AEM.06205-11 
[PubMed: 21948839] 

Jahn B, Pol A, Lumpe H, Barends TRM, Dietl A, Hogendoorn C, Op den Camp HJM, & 
Daumann LJ (2018). Similar but Not the Same: First Kinetic and Structural Analyses of a 
Methanol Dehydrogenase Containing a Europium Ion in the Active Site. Chembiochem. 10.1002/
cbic.201800130

Jeffryes C, Gutu T, Jiao J, & Rorrer GL (2008). Metabolic insertion of nanostructured TiO2 into the 
patterned biosilica of the diatom Pinnularia sp. by a two-stage bioreactor cultivation process. 
ACS Nano, 2(10), 2103–2112. 10.1021/nn800470x [PubMed: 19206457] 

Jenner LB, Demeshkina N, Yusupova G, & Yusupov M (2010). Structural aspects of messenger RNA 
reading frame maintenance by the ribosome. Nature Structural & Molecular Biology, 17(5), 555–
560. 10.1038/nsmb.1790

Jensen EL, Clement R, Kosta A, Maberly SC, & Gontero B (2019). A new widespread subclass 
of carbonic anhydrase in marine phytoplankton. The ISME Journal, 13(8), 2094–2106. 10.1038/
s41396-019-0426-8 [PubMed: 31024153] 

Jensen MW, Matlock SA, Reinheimer CH, Lawlor CJ, Reinheimer TA, & Gorrell A (2015). Potassium 
stress growth characteristics and energetics in the haloarchaeon Haloarcula marismortui. 
Extremophiles, 19(2), 315–325. 10.1007/s00792-014-0716-z [PubMed: 25503059] 

Jeyasingh PD, Goos JM, Thompson SK, Godwin CM, & Cotner JB (2017). Ecological Stoichiometry 
beyond Redfield: An Ionomic Perspective on Elemental Homeostasis [Perspective]. Frontiers in 
Microbiology, 8, 722. 10.3389/fmicb.2017.00722 [PubMed: 28487686] 

Jiang X, Li WW, Han M, Chen G, Wu J, Lai S, Fu Z, Zhang S, Deng WW, Gao L, & Xia T (2022). 
Aluminum-tolerant, growth-promoting endophytic bacteria as contributors in promoting tea plant 
growth and alleviating aluminum stress. Tree Physiology, 42(5), 1043–1058. 10.1093/treephys/
tpab159 [PubMed: 34850946] 

Jin Y, Richards NG, Waltho JP, & Blackburn GM (2017). Metal Fluorides as Analogues for Studies on 
Phosphoryl Transfer Enzymes. Angewandte Chemie International Edition, 56(15), 4110–4128. 
https://doi.org/10.1002/anie.201606474 [PubMed: 27862756] 

Johansen KS (2016). Lytic Polysaccharide Monooxygenases: The Microbial Power Tool for 
Lignocellulose Degradation. Trends in Plant Science, 21(11), 926–936. https://doi.org/10.1016/
j.tplants.2016.07.012 [PubMed: 27527668] 

Johnson EA, & Lecomte JT (2013). The globins of cyanobacteria and algae. Advances in Microbial 
Physiology, 63, 195–272. 10.1016/b978-0-12-407693-8.00006-6 [PubMed: 24054798] 

Johnson JA (2019). Populating the periodic table: Nucleosynthesis of the elements. Science, 
363(6426), 474–478. https://doi.org/doi:10.1126/science.aau9540 [PubMed: 30705182] 

Johnston NR, & Strobel SA (2020). Principles of fluoride toxicity and the cellular response: a review. 
Archives of Toxicology, 94(4), 1051–1069. 10.1007/s00204-020-02687-5 [PubMed: 32152649] 

Kaila K, Price TJ, Payne JA, Puskarjov M, & Voipio J (2014). Cation-chloride cotransporters in 
neuronal development, plasticity and disease. Nature Reviews Neuroscience, 15(10), 637–654. 
10.1038/nrn3819 [PubMed: 25234263] 

Kaiser S, Wagner S, Moschner C, Funke C, & Wiche O (2020). Accumulation of germanium (Ge) in 
plant tissues of grasses is not solely driven by its incorporation in phytoliths. Biogeochemistry, 
148(1), 49–68. 10.1007/s10533-020-00646-x

Kalisch B, Dormann P, & Holzl G (2016). DGDG and Glycolipids in Plants and Algae. Sub-cellular 
Biochemistry, 86, 51–83. 10.1007/978-3-319-25979-6_3 [PubMed: 27023231] 

Kamekura M, & Onishi H (1982). Cell-associated cations of the moderate halophile Micrococcus 
varians ssp. halophilus grown in media of high concentrations of LiCl, NaCl, KCl, RbCl, or 
CsCl. Canadian Journal of Microbiology, 28(2), 155–161. 10.1139/m82-020

Kanatzidis M, Sun H, & Dehnen S (2020). Bismuth—The Magic Element. Inorganic Chemistry, 59(6), 
3341–3343. 10.1021/acs.inorgchem.0c00222 [PubMed: 32172571] 

Kaplan R, & Apirion D (1975). Decay of ribosomal ribonucleic acid in Escherichia coli cells 
starved for various nutrients. Journal of Biological Chemistry, 250(8), 3174–3178. https://
www.ncbi.nlm.nih.gov/pubmed/1091648 [PubMed: 1091648] 

Remick and Helmann Page 73

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ncbi.nlm.nih.gov/pubmed/1091648
https://www.ncbi.nlm.nih.gov/pubmed/1091648


Kappler A, Bryce C, Mansor M, Lueder U, Byrne JM, & Swanner ED (2021). An evolving view 
on biogeochemical cycling of iron. Nature Reviews Microbiology, 19(6), 360–374. 10.1038/
s41579-020-00502-7 [PubMed: 33526911] 

Kaspari M. (2020). The seventh macronutrient: how sodium shortfall ramifies through populations, 
food webs and ecosystems. Ecology Letters, 23(7), 1153–1168. 10.1111/ele.13517 [PubMed: 
32380580] 

Katsarou A, & Pantopoulos K (2020). Basics and principles of cellular and systemic iron homeostasis. 
Molecular Aspects of Medicine, 75, 100866. https://doi.org/10.1016/j.mam.2020.100866 
[PubMed: 32564977] 

Kaur M, & Singh K (2019). Review on titanium and titanium based alloys as biomaterials for 
orthopaedic applications. Materials Science and Engineering: C, 102, 844–862. https://doi.org/
10.1016/j.msec.2019.04.064

Kawai K, Wang G, Okamoto S, & Ochi K (2007). The rare earth, scandium, causes antibiotic 
overproduction in Streptomyces spp. FEMS Microbiology Letters, 274(2), 311–315. 10.1111/
j.1574-6968.2007.00846.x [PubMed: 17645525] 

Kayrouz CM, Huang J, Hauser N, & Seyedsayamdost MR (2022). Biosynthesis of selenium-
containing small molecules in diverse microorganisms. Nature. 610, 199–204. 10.1038/
s41586-022-05174-2 [PubMed: 36071162] 

Kellogg RM, McIlvin MR, Vedamati J, Twining BS, Moffett JW, Marchetti A, Moran DM, & Saito 
MA (2020). Efficient zinc/cobalt inter-replacement in northeast Pacific diatoms and relationship 
to high surface dissolved Co : Zn ratios. Limnology and Oceanography, 65(11), 2557–2582. 
https://doi.org/10.1002/lno.11471

Kellogg RM, Moosburner MA, Cohen NR, Hawco NJ, McIlvin MR, Moran DM, DiTullio GR, Subhas 
AV, Allen AE, & Saito MA (2022). Adaptive responses of marine diatoms to zinc scarcity and 
ecological implications. Nature Communications, 13(1), 1995. 10.1038/s41467-022-29603-y

Kenney GE, & Rosenzweig AC (2018a). Chalkophores. Annual Review of Biochemistry, 87, 645–676. 
10.1146/annurev-biochem-062917-012300

Kenney GE, & Rosenzweig AC (2018b). Methanobactins: Maintaining copper homeostasis in 
methanotrophs and beyond. Journal of Biological Chemistry, 293(13), 4606–4615. 10.1074/
jbc.TM117.000185 [PubMed: 29348173] 

Keren-Paz A, & Kolodkin-Gal I (2020). A brick in the wall: Discovering a novel mineral component 
of the biofilm extracellular matrix. New Biotechnology, 56, 9–15. https://doi.org/10.1016/
j.nbt.2019.11.002 [PubMed: 31706043] 

Keren-Paz A, Maan H, Karunker I, Olender T, Kapishnikov S, Dersch S, Kartvelishvily E, 
Wolf SG, Gal A, Graumann PL, & Kolodkin-Gal I (2022). The roles of intracellular and 
extracellular calcium in Bacillus subtilis biofilms. iScience, 25(6), 104308. https://doi.org/
10.1016/j.isci.2022.104308 [PubMed: 35663026] 

Keseler IM, Gama-Castro S, Mackie A, Billington R, Bonavides-Martínez C, Caspi R, Kothari A, 
Krummenacker M, Midford PE, Muñiz-Rascado L, Ong WK, Paley S, Santos-Zavaleta A, 
Subhraveti P, Tierrafría VH, Wolfe AJ, Collado-Vides J, Paulsen IT & Karp PD (2021). The 
EcoCyc Database in 2021. Frontiers in Microbiology, 12:711077. 10.3389/fmicb.2021.711077 
[PubMed: 34394059] 

Kessi J, Turner RJ, & Zannoni D (2022). Tellurite and Selenite: how can these two oxyanions be 
chemically different yet so similar in the way they are transformed to their metal forms by 
bacteria? Biological Research, 55(1), 17. 10.1186/s40659-022-00378-2 [PubMed: 35382884] 

Khijniak TV, Slobodkin AI, Coker V, Renshaw JC, Livens FR, Bonch-Osmolovskaya EA, 
Birkeland N-K, Medvedeva-Lyalikova NN, & Lloyd JR (2005). Reduction of Uranium(VI) 
Phosphate during Growth of the Thermophilic Bacterium Thermoterrabacterium ferrireducens. 
Applied and Environmental Microbiology, 71(10), 6423–6426. https://doi.org/doi:10.1128/
AEM.71.10.6423-6426.2005 [PubMed: 16204572] 

Kim H, Hirai MY, Hayashi H, Chino M, Naito S, & Fujiwara T (1999). Role of O-acetyl-l-serine in 
the coordinated regulation of the expression of a soybean seed storage-protein gene by sulfur and 
nitrogen nutrition. Planta, 209(3), 282–289. 10.1007/s004250050634 [PubMed: 10502094] 

Remick and Helmann Page 74

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



King MM, Kayastha BB, Franklin MJ, & Patrauchan MA (2020). Calcium Regulation of 
Bacterial Virulence. Advances in Experimental Medicine and Biology, 1131, 827–855. 
10.1007/978-3-030-12457-1_33 [PubMed: 31646536] 

Kirk RG, Andrews SB, & Lee P (1984). Rubidium uptake in single cells. The Journal of Membrane 
Biology, 82(2), 137–143. 10.1007/BF01868938 [PubMed: 6512848] 

Klein G, Müller-Loennies S, Lindner B, Kobylak N, Brade H, & Raina S (2013). Molecular 
and Structural Basis of Inner Core Lipopolysaccharide Alterations in Escherichia coli: 
INCORPORATION OF GLUCURONIC ACID AND PHOSPHOETHANOLAMINE IN THE 
HEPTOSE REGION. Journal of Biological Chemistry, 288(12), 8111–8127. https://doi.org/
10.1074/jbc.M112.445981 [PubMed: 23372159] 

Kokubu N, & Hidaka T (1965). Tantalum and Niobium in Ascidians. Nature, 205(4975), 1028–1029. 
10.1038/2051028a0

Kolbert E. (2014). The sixth extinction: An unnatural history. A&C Black.

Kolhe N, Zinjarde S, & Acharya C (2018). Responses exhibited by various microbial groups 
relevant to uranium exposure. Biotechnology Advances, 36(7), 1828–1846. https://doi.org/
10.1016/j.biotechadv.2018.07.002 [PubMed: 30017503] 

Konhauser KO, Pecoits E, Lalonde SV, Papineau D, Nisbet EG, Barley ME, Arndt NT, Zahnle K, 
& Kamber BS (2009). Oceanic nickel depletion and a methanogen famine before the Great 
Oxidation Event. Nature, 458(7239), 750–753. 10.1038/nature07858 [PubMed: 19360085] 

Kořený L, Oborník M, Horáková E, Waller RF, & Lukeš J (2022). The convoluted history of 
haem biosynthesis. Biological reviews of the Cambridge Philosophical Society, 97(1), 141–162. 
10.1111/brv.12794 [PubMed: 34472688] 

Koribanics NM, Tuorto SJ, Lopez-Chiaffarelli N, McGuinness LR, Häggblom MM, Williams KH, 
Long PE, & Kerkhof LJ (2015). Spatial distribution of an uranium-respiring betaproteobacterium 
at the Rifle, CO field research site. PLoS One, 10(4), e0123378–e0123378. 10.1371/
journal.pone.0123378 [PubMed: 25874721] 

Kostelnik TI, & Orvig C (2019). Radioactive Main Group and Rare Earth Metals for Imaging 
and Therapy. Chemical Reviews, 119(2), 902–956. 10.1021/acs.chemrev.8b00294 [PubMed: 
30379537] 

Kovács S, Kutasy E, & Csajbók J (2022). The Multiple Role of Silicon Nutrition in Alleviating 
Environmental Stresses in Sustainable Crop Production. Plants (Basel), 11(9). 10.3390/
plants11091223

Kraft C, Deplazes A, Sohrmann M, & Peter M (2008). Mature ribosomes are selectively degraded 
upon starvation by an autophagy pathway requiring the Ubp3p/Bre5p ubiquitin protease. Nature 
Cell Biology, 10(5), 602–610. 10.1038/ncb1723 [PubMed: 18391941] 

Kranzler CF, Krause JW, Brzezinski MA, Edwards BR, Biggs WP, Maniscalco M, McCrow JP, Van 
Mooy BAS, Bidle KD, Allen AE, & Thamatrakoln K (2019). Silicon limitation facilitates virus 
infection and mortality of marine diatoms. Nature Microbiology, 4(11), 1790–1797. 10.1038/
s41564-019-0502-x

Krejci MR, Wasserman B, Finney L, McNulty I, Legnini D, Vogt S, & Joester D (2011). Selectivity 
in biomineralization of barium and strontium. Journal of Structural Biology, 176(2), 192–202. 
https://doi.org/10.1016/j.jsb.2011.08.006 [PubMed: 21871966] 

Kreuzer-Martin HW, Ehleringer JR, & Hegg EL (2005). Oxygen isotopes indicate most intracellular 
water in log-phase Escherichia coli is derived from metabolism. Proceedings of the National 
Academy of Sciences of the United States of America, 102(48), 17337–17341. 10.1073/
pnas.0506531102 [PubMed: 16301541] 

Kroneck PMH (2016). Acetylene hydratase: a non-redox enzyme with tungsten and iron–sulfur 
centers at the active site. JBIC Journal of Biological Inorganic Chemistry, 21(1), 29–38. 10.1007/
s00775-015-1330-y [PubMed: 26790879] 

Kumar S, Vinella D, & De Reuse H (2022). Nickel, an essential virulence determinant of Helicobacter 
pylori: Transport and trafficking pathways and their targeting by bismuth. Advances in Microbial 
Physiology, 80, 1–33. 10.1016/bs.ampbs.2022.01.001 [PubMed: 35489790] 

L'Vov N P, Nosikov AN, & Antipov AN (2002). Tungsten-containing enzymes. Biochemistry (Mosc), 
67(2), 196–200. 10.1023/a:1014461913945 [PubMed: 11952415] 

Remick and Helmann Page 75

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



La Barre S, Potin P, Leblanc C, & Delage L (2010). The halogenated metabolism of brown algae 
(Phaeophyta), its biological importance and its environmental significance. Marine Drugs, 8(4), 
988–1010. 10.3390/md8040988 [PubMed: 20479964] 

Ladomersky E, & Petris MJ (2015). Copper tolerance and virulence in bacteria. Metallomics, 7(6), 
957–964. 10.1039/c4mt00327f [PubMed: 25652326] 

Laffont C, & Arnoux P (2020). The ancient roots of nicotianamine: diversity, role, regulation 
and evolution of nicotianamine-like metallophores. Metallomics, 12(10), 1480–1493. 10.1039/
d0mt00150c [PubMed: 33084706] 

Lamichhane JR, Osdaghi E, Behlau F, Köhl J, Jones JB, & Aubertot J-N (2018). Thirteen decades 
of antimicrobial copper compounds applied in agriculture. A review. Agronomy for Sustainable 
Development, 38(3), 28. 10.1007/s13593-018-0503-9

Lane TW, & Morel FM (2000). A biological function for cadmium in marine diatoms. Proceedings of 
the National Academy of Sciences of the United States of America, 97(9), 4627–4631. 10.1073/
pnas.090091397 [PubMed: 10781068] 

Laxman S, Sutter BM, Wu X, Kumar S, Guo X, Trudgian DC, Mirzaei H, & Tu BP (2013). Sulfur 
amino acids regulate translational capacity and metabolic homeostasis through modulation of 
tRNA thiolation. Cell, 154(2), 416–429. 10.1016/j.cell.2013.06.043 [PubMed: 23870129] 

Layer G. (2021). Heme biosynthesis in prokaryotes. Biochim Biophys Acta Mol Cell Res, 1868(1), 
118861. 10.1016/j.bbamcr.2020.118861 [PubMed: 32976912] 

Leach RM Jr., & Nesheim MC (1963). STUDIES ON CHLORIDE DEFICIENCY IN CHICKS. 
Journal of Nutrition, 81(3), 193–199. 10.1093/jn/81.3.193 [PubMed: 14083232] 

Leblanc C, Vilter H, Fournier JB, Delage L, Potin P, Rebuffet E, Michel G, Solari PL, Feiters 
MC, & Czjzek M (2015). Vanadium haloperoxidases: From the discovery 30 years ago to 
X-ray crystallographic and V K-edge absorption spectroscopic studies. Coordination Chemistry 
Reviews, 301-302, 134–146. https://doi.org/10.1016/j.ccr.2015.02.013

Lee YS, & Park W (2018). Current challenges and future directions for bacterial self-healing concrete. 
Applied Microbiology and Biotechnology, 102(7), 3059–3070. 10.1007/s00253-018-8830-y 
[PubMed: 29487987] 

Leong LEX, Khan S, Davis CK, Denman SE, & McSweeney CS (2017). Fluoroacetate in plants - a 
review of its distribution, toxicity to livestock and microbial detoxification. Journal of Animal 
Science and Biotechnology, 8(1), 55. 10.1186/s40104-017-0180-6 [PubMed: 28674607] 

Lev S, Rupasinghe T, Desmarini D, Kaufman-Francis K, Sorrell TC, Roessner U, & Djordjevic JT 
(2019). The PHO signaling pathway directs lipid remodeling in Cryptococcus neoformans via 
DGTS synthase to recycle phosphate during phosphate deficiency. PLoS One, 14(2), e0212651. 
10.1371/journal.pone.0212651 [PubMed: 30789965] 

Lewis DH (2019). Boron: the essential element for vascular plants that never was. New Phytologist, 
221(4), 1685–1690. 10.1111/nph.15519 [PubMed: 30289999] 

Li H, Wang R, & Sun H (2019). Systems Approaches for Unveiling the Mechanism of Action of 
Bismuth Drugs: New Medicinal Applications beyond Helicobacter pylori Infection. Accounts of 
Chemical Research, 52(1), 216–227. 10.1021/acs.accounts.8b00439 [PubMed: 30596427] 

Li J, Wang Q, Oremland RS, Kulp TR, Rensing C, Wang G, & Drake HL (2016). Microbial Antimony 
Biogeochemistry: Enzymes, Regulation, and Related Metabolic Pathways. Applied and 
Environmental Microbiology, 82(18), 5482–5495. https://doi.org/doi:10.1128/AEM.01375-16 
[PubMed: 27342551] 

Li L, Ruan T, Lyu Y, & Wu B (2017). Advances in effect of germanium or germanium compounds on 
animals—a review. Journal of biosciences and medicines, 5(7), 56–73.

Li S, Smith KD, Davis JH, Gordon PB, Breaker RR, & Strobel SA (2013). Eukaryotic resistance 
to fluoride toxicity mediated by a widespread family of fluoride export proteins. Proceedings 
of the National Academy of Sciences, 110(47), 19018–19023. https://doi.org/doi:10.1073/
pnas.1310439110

Li Y. (2020). Copper homeostasis: Emerging target for cancer treatment. IUBMB life, 72(9), 1900–
1908. 10.1002/iub.2341 [PubMed: 32599675] 

Remick and Helmann Page 76

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Li YP, Ben Fekih I, Chi Fru E, Moraleda-Munoz A, Li X, Rosen BP, Yoshinaga M, & Rensing C 
(2021). Antimicrobial Activity of Metals and Metalloids. Annual Review of Microbiology, 75, 
175–197. 10.1146/annurev-micro-032921-123231

Lidsky TI (2014). Is the Aluminum Hypothesis dead? Journal of Occupational and Environmental 
Medicine, 56(5 Suppl), S73–79. 10.1097/jom.0000000000000063 [PubMed: 24806729] 

Lievens B, Hallsworth JE, Pozo MI, Belgacem ZB, Stevenson A, Willems KA, & Jacquemyn H 
(2015). Microbiology of sugar-rich environments: diversity, ecology and system constraints. 
Environmental Microbiology, 17(2), 278–298. https://doi.org/10.1111/1462-2920.12570 
[PubMed: 25041632] 

Lill R. (2009). Function and biogenesis of iron–sulphur proteins. Nature, 460(7257), 831–838. 
10.1038/nature08301 [PubMed: 19675643] 

Lill R, Dutkiewicz R, Freibert SA, Heidenreich T, Mascarenhas J, Netz DJ, Paul VD, Pierik 
AJ, Richter N, Stümpfig M, Srinivasan V, Stehling O, & Mühlenhoff U (2015). The role 
of mitochondria and the CIA machinery in the maturation of cytosolic and nuclear iron–
sulfur proteins. European Journal of Cell Biology, 94(7), 280–291. https://doi.org/10.1016/
j.ejcb.2015.05.002 [PubMed: 26099175] 

Lin W, Paterson GA, Zhu Q, Wang Y, Kopylova E, Li Y, Knight R, Bazylinski DA, Zhu R, 
Kirschvink JL, & Pan Y (2017). Origin of microbial biomineralization and magnetotaxis during 
the Archean. Proceedings of the National Academy of Sciences, 114(9), 2171–2176. https://
doi.org/doi:10.1073/pnas.1614654114

Liu H, Sun W, & Häggblom MM (2022). Microbial Transformations of Antimony. In Hurst CJ 
(Ed.), Microbial Metabolism of Metals and Metalloids (pp. 223–254). Springer International 
Publishing. 10.1007/978-3-030-97185-4_9

Liu Q, Barker S, & Knutson MD (2021). Iron and manganese transport in mammalian systems. 
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1868(1), 118890. https://
doi.org/10.1016/j.bbamcr.2020.118890 [PubMed: 33091506] 

Lobo L, Pereiro R, & Fernández B (2018). Opportunities and challenges of isotopic analysis by laser 
ablation ICP-MS in biological studies. TrAC Trends in Analytical Chemistry, 105, 380–390. 
https://doi.org/10.1016/j.trac.2018.05.020

Lu S, Li Z, Gorfe AA, & Zheng L (2020). Intracellular Ca(2+) regulation of H(+)/Ca(2+) antiporter 
YfkE mediated by a Ca(2+) mini-sensor. Proceedings of the National Academy of Sciences 
of the United States of America, 117(19), 10313–10321. 10.1073/pnas.1918604117 [PubMed: 
32341169] 

MacMurdo MG, Mroz MM, Culver DA, Dweik RA, & Maier LA (2020). Chronic Beryllium 
Disease: Update on a Moving Target. Chest, 158(6), 2458–2466. https://doi.org/10.1016/
j.chest.2020.07.074 [PubMed: 32768458] 

Maio N, Zhang D-L, Ghosh MC, Jain A, SantaMaria AM, & Rouault TA (2021). Mechanisms of 
cellular iron sensing, regulation of erythropoiesis and mitochondrial iron utilization. Seminars 
in Hematology, 58(3), 161–174. https://doi.org/10.1053/j.seminhematol.2021.06.001 [PubMed: 
34389108] 

Majumder EL-W, & Wall JD (2017). Uranium bio-transformations: chemical or biological processes? 
Open Journal of Inorganic Chemistry, 7(02).

Malavia D, Crawford A, & Wilson D (2017). Nutritional immunity and fungal pathogenesis: the 
struggle for micronutrients at the host–pathogen interface. Advances in microbial physiology, 70, 
85–103. [PubMed: 28528652] 

Malhi Y. (2017). The Concept of the Anthropocene. Annual Review of Environment and Resources, 
42(1), 77–104. 10.1146/annurev-environ-102016-060854

Maltman C, Walter G, & Yurkov V (2016). A Diverse Community of Metal(loid) Oxide Respiring 
Bacteria Is Associated with Tube Worms in the Vicinity of the Juan de Fuca Ridge Black Smoker 
Field. PLoS One, 11(2), e0149812. 10.1371/journal.pone.0149812 [PubMed: 26914590] 

Maltman C, & Yurkov V (2019). Extreme Environments and High-Level Bacterial Tellurite 
Resistance. Microorganisms, 7(12), 601. https://www.mdpi.com/2076-2607/7/12/601 [PubMed: 
31766694] 

Remick and Helmann Page 77

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.mdpi.com/2076-2607/7/12/601


Manson JE, & Bassuk SS (2018). Vitamin and Mineral Supplements: What Clinicians Need to Know. 
Journal of the American Medical Association, 319(9), 859–860. 10.1001/jama.2017.21012 
[PubMed: 29404568] 

Marchadier E, Oates ME, Fang H, Donoghue PCJ, Hetherington AM, & Gough J (2016). Evolution of 
the Calcium-Based Intracellular Signaling System. Genome biology and evolution, 8(7), 2118–
2132. 10.1093/gbe/evw139 [PubMed: 27358427] 

Maret W. (2016). The Metals in the Biological Periodic System of the Elements: Concepts and 
Conjectures. International Journal of Molecular Sciences, 17(1):66. 10.3390/ijms17010066 
[PubMed: 26742035] 

Maret W, & Blower P (2022). Teaching the chemical elements in biochemistry: Elemental biology 
and metallomics. Biochemistry and Molecular Biology Education. 50(3): 283–289. 10.1002/
bmb.21614 [PubMed: 35218613] 

Mariotti M, Salinas G, Gabaldón T, & Gladyshev VN (2019). Utilization of selenocysteine in early-
branching fungal phyla. Nature Microbiology, 4(5), 759–765. 10.1038/s41564-018-0354-9

Mariscal C, & Doolittle WF (2015). Eukaryotes first: how could that be? Philosophical Transactions 
of the Royal Society B: Biological Sciences, 370(1678), 20140322. https://doi.org/doi:10.1098/
rstb.2014.0322

Maroney MJ, & Ciurli S (2014). Nonredox nickel enzymes. Chemical Reviews, 114(8), 4206–4228. 
10.1021/cr4004488 [PubMed: 24369791] 

Marron AO, Chappell H, Ratcliffe S, & Goldstein RE (2016). A model for the effects of germanium 
on silica biomineralization in choanoflagellates. Journal of the Royal Society Interface, 13(122). 
10.1098/rsif.2016.0485

Martin NC, Chiang KS, & Goodenough UW (1976). Turnover of chloroplast and cytoplasmic 
ribosomes during gametogenesis in Chlamydomonas reinhardii. Developmental Biology, 51(2), 
190–201. 10.1016/0012-1606(76)90137-8 [PubMed: 955255] 

Martinez-Ruiz F, Paytan A, Gonzalez-Muñoz MT, Jroundi F, Abad MM, Lam PJ, Bishop JKB, 
Horner TJ, Morton PL, & Kastner M (2019). Barite formation in the ocean: Origin 
of amorphous and crystalline precipitates. Chemical Geology, 511, 441–451. https://doi.org/
10.1016/j.chemgeo.2018.09.011

Martocello DE 3rd, Morel FMM, & McRose DL (2019). H-Aquil: a chemically defined cell culture 
medium for trace metal studies in Vibrios and other marine heterotrophic bacteria. Biometals, 
32(6), 819–828. 10.1007/s10534-019-00215-2 [PubMed: 31542845] 

Masuda T, Inomura K, Mareš J, & Prášil O (2022). Crocosphaera watsonii. Trends in Microbiology, 
30(8), 805–806. https://doi.org/10.1016/j.tim.2022.02.006 [PubMed: 35331632] 

Mateo P, Bonilla I, Fernandez-Valiente E, & Sanchez-Maeso E (1986). Essentiality of Boron for 
Dinitrogen Fixation in Anabaena sp. PCC 7119. Plant Physiology, 81(2), 430–433. 10.1104/
pp.81.2.430 [PubMed: 16664833] 

Mattocks JA, & Cotruvo JA (2020). Biological, biomolecular, and bio-inspired strategies for detection, 
extraction, and separations of lanthanides and actinides. Chemical Society Reviews, 49(22), 
8315–8334. 10.1039/d0cs00653j [PubMed: 33057507] 

Matulef K, & Maduke M (2007). The CLC 'chloride channel' family: revelations from prokaryotes. 
Molecular Membrane Biology, 24(5-6), 342–350. 10.1080/09687680701413874 [PubMed: 
17710638] 

Mayzel B, Aram L, Varsano N, Wolf SG, & Gal A (2021). Structural evidence for extracellular silica 
formation by diatoms. Nature Communications, 12(1), 4639. 10.1038/s41467-021-24944-6

Mazel D, & Marliere P (1989). Adaptive eradication of methionine and cysteine from cyanobacterial 
light-harvesting proteins. Nature, 341(6239), 245–248. 10.1038/341245a0 [PubMed: 2506452] 

McCall AS, Cummings CF, Bhave G, Vanacore R, Page-McCaw A, & Hudson BG (2014). Bromine 
is an essential trace element for assembly of collagen IV scaffolds in tissue development and 
architecture. Cell, 157(6), 1380–1392. 10.1016/j.cell.2014.05.009 [PubMed: 24906154] 

McGrath SP (2020). Arguments surrounding the essentiality of boron to vascular plants. New 
Phytologist, 226(5), 1225–1227. 10.1111/nph.16575 [PubMed: 32356599] 

Remick and Helmann Page 78

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



McNair HM, Brzezinski MA, & Krause JW (2018). Diatom populations in an upwelling environment 
decrease silica content to avoid growth limitation. Environmental Microbiology, 20(11), 4184–
4193. 10.1111/1462-2920.14431 [PubMed: 30253028] 

Medrano-Macías J, Leija-Martínez P, González-Morales S, Juárez-Maldonado A, & Benavides-
Mendoza A (2016). Use of Iodine to Biofortify and Promote Growth and Stress Tolerance in 
Crops. Frontiers in Plant Science, 7, 1146. 10.3389/fpls.2016.01146 [PubMed: 27602033] 

Mehdiratta K, Singh S, Sharma S, Bhosale RS, Choudhury R, Masal DP, Manocha A, Dhamale 
BD, Khan N, Asokachandran V, Sharma P, Ikeh M, Brown AC, Parish T, Ojha AK, Michael 
JS, Faruq M, Medigeshi GR, Mohanty D, … Gokhale RS (2022). Kupyaphores are zinc 
homeostatic metallophores required for colonization of Mycobacterium tuberculosis. Proceedings 
of the National Academy of Sciences of the United States of America, 119(8). 10.1073/
pnas.2110293119

Meier-Menches SM, Gerner C, Berger W, Hartinger CG, & Keppler BK (2018). Structure–activity 
relationships for ruthenium and osmium anticancer agents–towards clinical development. 
Chemical Society Reviews, 47(3), 909–928. [PubMed: 29170783] 

Meltzer HL (1991). A pharmacokinetic analysis of long-term administration of rubidium chloride. 
The Journal of Clinical Pharmacology, 31(2), 179–184. 10.1002/j.1552-4604.1991.tb03704.x 
[PubMed: 2010564] 

Mendel RR, & Kruse T (2012). Cell biology of molybdenum in plants and humans. Biochimica et 
Biophysica Acta (BBA) - Molecular Cell Research, 1823(9), 1568–1579. https://doi.org/10.1016/
j.bbamcr.2012.02.007 [PubMed: 22370186] 

Merchant SS, & Helmann JD (2012). Elemental economy: microbial strategies for optimizing growth 
in the face of nutrient limitation. Advances in Microbial Physiology, 60, 91–210. 10.1016/
B978-0-12-398264-3.00002-4 [PubMed: 22633059] 

Merchant SS, Schmollinger S, Strenkert D, Moseley JL, & Blaby-Haas CE (2020). From 
economy to luxury: Copper homeostasis in Chlamydomonas and other algae. Biochimica et 
Biophysica Acta (BBA) - Molecular Cell Research, 1867(11), 118822. https://doi.org/10.1016/
j.bbamcr.2020.118822 [PubMed: 32800924] 

Metzger MC, & Basu P (2022). Pterin-Containing Microbial Molybdenum Enzymes. In Hurst CJ 
(Ed.), Microbial Metabolism of Metals and Metalloids (pp. 359–415). Springer International 
Publishing. 10.1007/978-3-030-97185-4_13

Michibata H, Yamaguchi N, Uyama T, & Ueki T (2003). Molecular biological approaches to the 
accumulation and reduction of vanadium by ascidians. Coordination Chemistry Reviews, 237(1), 
41–51. https://doi.org/10.1016/S0010-8545(02)00278-3

Mijnendonckx K, Leys N, Mahillon J, Silver S, & Van Houdt R (2013). Antimicrobial silver: uses, 
toxicity and potential for resistance. Biometals, 26(4), 609–621. 10.1007/s10534-013-9645-z 
[PubMed: 23771576] 

Miller C. (2021). Q-cubed mutant cues clues to CLC antiport mechanism. The Journal of General 
Physiology, 153(4). 10.1085/jgp.202112868

Miller ST, Xavier KB, Campagna SR, Taga ME, Semmelhack MF, Bassler BL, & Hughson 
FM (2004). Salmonella typhimurium Recognizes a Chemically Distinct Form of the 
Bacterial Quorum-Sensing Signal AI-2. Molecular Cell, 15(5), 677–687. https://doi.org/10.1016/
j.molcel.2004.07.020 [PubMed: 15350213] 

Milo R, Jorgensen P, Moran U, Weber G, & Springer M (2010). BioNumbers--the database of key 
numbers in molecular and cell biology. Nucleic Acids Research, 38(Database issue), D750–753. 
10.1093/nar/gkp889 [PubMed: 19854939] 

Milojevic T. (2022). Microbial Tungsten Assimilation. In Hurst CJ (Ed.), Microbial 
Metabolism of Metals and Metalloids (pp. 545–561). Springer International Publishing. 
10.1007/978-3-030-97185-4_17

Mohanta TK, Yadav D, Khan AL, Hashem A, Abd_Allah EF, & Al-Harrasi A (2019). Molecular 
Players of EF-hand Containing Calcium Signaling Event in Plants. International Journal 
of Molecular Sciences, 20(6), 1476. https://www.mdpi.com/1422-0067/20/6/1476 [PubMed: 
30909616] 

Remick and Helmann Page 79

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.mdpi.com/1422-0067/20/6/1476


Monteiro FM, Bach LT, Brownlee C, Bown P, Rickaby REM, Poulton AJ, Tyrrell T, Beaufort L, 
Dutkiewicz S, Gibbs S, Gutowska MA, Lee R, Riebesell U, Young J, & Ridgwell A (2016). Why 
marine phytoplankton calcify. Science Advances, 2(7), e1501822. https://doi.org/doi:10.1126/
sciadv.1501822 [PubMed: 27453937] 

Moore CM, Mills MM, Arrigo KR, Berman-Frank I, Bopp L, Boyd PW, Galbraith ED, Geider RJ, 
Guieu C, Jaccard SL, Jickells TD, La Roche J, Lenton TM, Mahowald NM, Marañón E, Marinov 
I, Moore JK, Nakatsuka T, Oschlies A, … Ulloa O (2013). Processes and patterns of oceanic 
nutrient limitation. Nature Geoscience, 6(9), 701–710. 10.1038/ngeo1765

Moore EK, Jelen BI, Giovannelli D, Raanan H, & Falkowski PG (2017). Metal availability and the 
expanding network of microbial metabolisms in the Archaean eon. Nature Geoscience, 10(9), 
629–636. 10.1038/ngeo3006

Morel FM, & Price N (2003). The biogeochemical cycles of trace metals in the oceans. Science, 
300(5621), 944–947. [PubMed: 12738853] 

Morel FMM, Lam PJ, & Saito MA (2020). Trace Metal Substitution in Marine Phytoplankton. Annual 
Review of Earth and Planetary Sciences, 48(1), 491–517. 10.1146/annurev-earth-053018-060108

Morey JR, & Kehl-Fie TE (2020). Bioinformatic Mapping of Opine-Like Zincophore Biosynthesis in 
Bacteria. mSystems, 5(4). 10.1128/mSystems.00554-20

Morishita H, & Takada H (1976). Sparing effect of lithium ion on the specific requirement for sodium 
ion for growth of Vibrio parahaemolyticus. Canadian Journal of Microbiology, 22(9), 1263–1268. 
10.1139/m76-187 [PubMed: 974918] 

Mota CS, Valette O, Gonzalez PJ, Brondino CD, Moura JJ, Moura I, Dolla A, & Rivas MG 
(2011). Effects of molybdate and tungstate on expression levels and biochemical characteristics 
of formate dehydrogenases produced by Desulfovibrio alaskensis NCIMB 13491. Journal of 
Bacteriology, 193(12), 2917–2923. 10.1128/JB.01531-10 [PubMed: 21478344] 

Moura HM, & Unterlass MM (2020). Biogenic Metal Oxides. Biomimetics (Basel), 5(2). 10.3390/
biomimetics5020029

Mouriño S, & Wilks A (2021). Extracellular haem utilization by the opportunistic pathogen 
Pseudomonas aeruginosa and its role in virulence and pathogenesis. Advances in Microbial 
Physiology, 79, 89–132. 10.1016/bs.ampbs.2021.07.004 [PubMed: 34836613] 

Muhammad N, Zvobgo G, & Guo-ping Z (2018). A review: the beneficial effect of aluminum on 
plant growth in acid soil and the possible mechanisms. Journal of Integrative Agriculture, 17, 
60345–60347.

Mühlenhoff U, Hoffmann B, Richter N, Rietzschel N, Spantgar F, Stehling O, Uzarska MA, & Lill R 
(2015). Compartmentalization of iron between mitochondria and the cytosol and its regulation. 
European Journal of Cell Biology, 94(7), 292–308. https://doi.org/10.1016/j.ejcb.2015.05.003 
[PubMed: 26116073] 

Mukherjee S, & Bassler BL (2019). Bacterial quorum sensing in complex and dynamically changing 
environments. Nature Reviews Microbiology, 17(6), 371–382. [PubMed: 30944413] 

Müller FD, Schüler D, & Pfeiffer D (2020). A Compass To Boost Navigation: Cell Biology of 
Bacterial Magnetotaxis. Journal of Bacteriology, 202(21). 10.1128/jb.00398-20

Müller MN (2019). On the Genesis and Function of Coccolithophore Calcification [Opinion]. Frontiers 
in Marine Science, 6. 10.3389/fmars.2019.00049

Müller V, & Oren A (2003). Metabolism of chloride in halophilic prokaryotes. Extremophiles, 7(4), 
261–266. 10.1007/s00792-003-0332-9 [PubMed: 12728360] 

Murdoch CC, & Skaar EP (2022). Nutritional immunity: the battle for nutrient metals at the host-
pathogen interface. Nature Reviews Microbiology, 1–14. 10.1038/s41579-022-00745-6

Mus F, Alleman AB, Pence N, Seefeldt LC, & Peters JW (2018). Exploring the alternatives 
of biological nitrogen fixation. Metallomics, 10(4), 523–538. 10.1039/c8mt00038g [PubMed: 
29629463] 

Mustaffa NIH, Latif MT, & Wurl O (2021). The Role of Extracellular Carbonic Anhydrase in 
Biogeochemical Cycling: Recent Advances and Climate Change Responses. International Journal 
of Molecular Sciences, 22(14), 7413. https://www.mdpi.com/1422-0067/22/14/7413 [PubMed: 
34299033] 

Remick and Helmann Page 80

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.mdpi.com/1422-0067/22/14/7413


Nairn BL, Lonergan ZR, Wang J, Braymer JJ, Zhang Y, Calcutt MW, Lisher JP, Gilston BA, Chazin 
WJ, de Crécy-Lagard V, Giedroc DP, & Skaar EP (2016). The Response of Acinetobacter 
baumannii to Zinc Starvation. Cell Host Microbe, 19(6), 826–836. 10.1016/j.chom.2016.05.007 
[PubMed: 27281572] 

Nasim MJ, Zuraik MM, Abdin AY, Ney Y, & Jacob C (2021). Selenomethionine: A Pink Trojan Redox 
Horse with Implications in Aging and Various Age-Related Diseases. Antioxidants (Basel), 
10(6). 10.3390/antiox10060882

Nassar NT, Lederer GW, Brainard JL, Padilla AJ, & Lessard JD (2022). Rock-to-Metal Ratio: A 
Foundational Metric for Understanding Mine Wastes. Environmental Science & Technology, 
56(10), 6710–6721. 10.1021/acs.est.1c07875 [PubMed: 35467345] 

Nelsen MP, DiMichele WA, Peters SE, & Boyce CK (2016). Delayed fungal evolution did not cause 
the Paleozoic peak in coal production. Proceedings of the National Academy of Sciences of the 
United States of America, 113(9), 2442–2447. 10.1073/pnas.1517943113 [PubMed: 26787881] 

Nguyen AV, Thomas-Hall SR, Malnoe A, Timmins M, Mussgnug JH, Rupprecht J, Kruse O, 
Hankamer B, & Schenk PM (2008). Transcriptome for photobiological hydrogen production 
induced by sulfur deprivation in the green alga Chlamydomonas reinhardtii. Eukaryotic Cell, 
7(11), 1965–1979. 10.1128/EC.00418-07 [PubMed: 18708561] 

Ngwenya N, & Whiteley CG (2006). Recovery of Rhodium(III) from Solutions and Industrial 
Wastewaters by a Sulfate-Reducing Bacteria Consortium. Biotechnology Progress, 22(6), 1604–
1611. https://doi.org/10.1021/bp060167h [PubMed: 17137308] 

Nierhaus KH (2014). Mg2+, K+, and the ribosome. Journal of Bacteriology, 196(22), 3817–3819. 
10.1128/JB.02297-14 [PubMed: 25225274] 

Nies DH (2022a). Chemical Constraints for Transition Metal Cation Allocation. In Hurst CJ (Ed.), 
Microbial Metabolism of Metals and Metalloids (pp. 21–52). Springer International Publishing. 
10.1007/978-3-030-97185-4_2

Nies DH (2022b). How is a Zinc Ion Correctly Allocated to a Zinc-dependent Protein? In Hurst CJ 
(Ed.), Microbial Metabolism of Metals and Metalloids (pp. 579–660). Springer International 
Publishing. 10.1007/978-3-030-97185-4_19

Nieves-Cordones M, Al Shiblawi FR, & Sentenac H (2016). Roles and Transport of Sodium and 
Potassium in Plants. Metal Ions in Life Sciences, 16, 291–324. 10.1007/978-3-319-21756-7_9 
[PubMed: 26860305] 

Nitschke U, & Stengel DB (2014). Iodine contributes to osmotic acclimatisation in the kelp 
Laminaria digitata (Phaeophyceae). Planta, 239(2), 521–530. 10.1007/s00425-013-1992-z 
[PubMed: 24253307] 

Nordberg M, & Nordberg GF (2022). Metallothionein and Cadmium Toxicology - Historical 
Review and Commentary. Biomolecules, 12(3), 360. https://www.mdpi.com/2218-273X/12/3/360 
[PubMed: 35327552] 

Novotny JA, & Peterson CA (2018). Molybdenum. Advances in Nutrition, 9(3), 272–273. 10.1093/
advances/nmx001 [PubMed: 29767695] 

O'Neill MA, Eberhard S, Albersheim P, & Darvill AG (2001). Requirement of borate cross-linking of 
cell wall rhamnogalacturonan II for Arabidopsis growth. Science, 294(5543), 846–849. 10.1126/
science.1062319 [PubMed: 11679668] 

Oglesby-Sherrouse AG, & Murphy ER (2013). Iron-responsive bacterial small RNAs: variations on a 
theme. Metallomics, 5(4), 276–286. [PubMed: 23340911] 

Oh S, Kogure K, Ohwada K, & Simidu U (1991). Correlation between Possession of a Respiration-
Dependent Na Pump and Na Requirement for Growth of Marine Bacteria. Applied and 
Environmental Microbiologyl, 57(6), 1844–1846. 10.1128/AEM.57.6.1844-1846.1991

Oliver N, Avramov AP, Nürnberg DJ, Dau H, & Burnap RL (2022). From manganese oxidation 
to water oxidation: assembly and evolution of the water-splitting complex in photosystem II. 
Photosynthesis Research, 10.1007/s11120-022-00912-z

Olsen LI, & Palmgren MG (2014). Many rivers to cross: the journey of zinc from soil to seed. 
Frontiers in Plant Science, 5, 30. 10.3389/fpls.2014.00030 [PubMed: 24575104] 

Remick and Helmann Page 81

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.mdpi.com/2218-273X/12/3/360


Opazo MC, Coronado-Arrazola I, Vallejos OP, Moreno-Reyes R, Fardella C, Mosso L, Kalergis AM, 
Bueno SM, & Riedel CA (2020). The impact of the micronutrient iodine in health and diseases. 
Critical Reviews in Food Science and Nutrition, 1–14. 10.1080/10408398.2020.1843398

Oremland RS (2020). Got Selenium? FEMS Microbiology Ecology, 96(6). 10.1093/femsec/fiaa094

Orians KJ, Boyle EA, & Bruland KW (1990). Dissolved titanium in the open ocean. Nature, 
348(6299), 322–325. 10.1038/348322a0

Orłowska M, Steczkiewicz K, & Muszewska A (2021). Utilization of Cobalamin Is Ubiquitous in 
Early-Branching Fungal Phyla. Genome biology and evolution, 13(4). 10.1093/gbe/evab043

Osman D, Cooke A, Young TR, Deery E, Robinson NJ, & Warren MJ (2021). The requirement for 
cobalt in vitamin B12: A paradigm for protein metalation. Biochimica et Biophysica Acta (BBA) 
- Molecular Cell Research, 1868(1), 118896. https://doi.org/10.1016/j.bbamcr.2020.118896 
[PubMed: 33096143] 

Ozanne P, Woolley J, & Broyer T (1957). Chlorine and Bromine in the Nutrition of Higher Plants. 
Australian Journal of Biological Sciences, 10(1), 66–79. https://doi.org/10.1071/BI9570066

Park JH, Jo Y, Jang SY, Kwon H, Irie Y, Parsek MR, Kim MH, & Choi SH (2015). The cabABC 
Operon Essential for Biofilm and Rugose Colony Development in Vibrio vulnificus. PLoS 
Pathogens, 11(9), e1005192. 10.1371/journal.ppat.1005192 [PubMed: 26406498] 

Pasquini M, Grosjean N, Hixson KK, Nicora CD, Yee EF, Lipton M, Blaby IK, Haley JD, 
& Blaby-Haas CE (2022). Zng1 is a GTP-dependent zinc transferase needed for activation 
of methionine aminopeptidase. Cell Reports, 39(7), 110834. 10.1016/j.celrep.2022.110834 
[PubMed: 35584675] 

Pasricha SR, Tye-Din J, Muckenthaler MU, & Swinkels DW (2021). Iron deficiency. Lancet, 
397(10270), 233–248. 10.1016/S0140-6736(20)32594-0 [PubMed: 33285139] 

Paul NP, Galván AE, Yoshinaga-Sakurai K, Rosen BP, & Yoshinaga M (2022). Arsenic in medicine: 
past, present and future. Biometals, 1–19. 10.1007/s10534-022-00371-y [PubMed: 35048237] 

Payne JL, & Clapham ME (2012). End-Permian Mass Extinction in the Oceans: An Ancient Analog 
for the Twenty-First Century? Annual Review of Earth and Planetary Sciences, 40(1), 89–111. 
10.1146/annurev-earth-042711-105329

Peers G, & Price NM (2004). A role for manganese in superoxide dismutases and growth of 
iron-deficient diatoms. Limnology and Oceanography, 49(5), 1774–1783. https://doi.org/10.4319/
lo.2004.49.5.1774

Peralvarez-Marin A, Baranowski E, Bierge P, Pich OQ, & Lebrette H (2021). Metal utilization in 
genome-reduced bacteria: Do human mycoplasmas rely on iron? Computational and Structural 
Biotechnology Journal, 19, 5752–5761. 10.1016/j.csbj.2021.10.022 [PubMed: 34765092] 

Percy L, Mansour D, & Fraser I (2017). Iron deficiency and iron deficiency anaemia in women. 
Best Practice & Research Clinical Obstetrics & Gynaecology, 40, 55–67. https://doi.org/10.1016/
j.bpobgyn.2016.09.007 [PubMed: 28029503] 

Perera LC, Raymond O, Henderson W, Brothers PJ, & Plieger PG (2017). Advances in beryllium 
coordination chemistry. Coordination Chemistry Reviews, 352, 264–290. https://doi.org/10.1016/
j.ccr.2017.09.009

Picone N, & Op den Camp HJM (2019). Role of rare earth elements in methanol oxidation. Current 
Opinion in Chemical Biology, 49, 39–44. https://doi.org/10.1016/j.cbpa.2018.09.019 [PubMed: 
30308436] 

Pilon-Smits EA, Quinn CF, Tapken W, Malagoli M, & Schiavon M (2009). Physiological 
functions of beneficial elements. Current Opinion in Plant Biology, 12(3), 267–274. 10.1016/
j.pbi.2009.04.009 [PubMed: 19477676] 

Pogue AI, & Lukiw WJ (2014). The Mobilization of Aluminum into the Biosphere [Opinion]. 
Frontiers in Neurology, 5. 10.3389/fneur.2014.00262

Pol A, Barends TRM, Dietl A, Khadem AF, Eygensteyn J, Jetten MSM, & Op den Camp HJM (2014). 
Rare earth metals are essential for methanotrophic life in volcanic mudpots. Environmental 
Microbiology, 16(1), 255–264. https://doi.org/10.1111/1462-2920.12249 [PubMed: 24034209] 

Polz MF, & Cordero OX (2020). The genetic law of the minimum. Science, 370(6517), 655–656. 
10.1126/science.abf2588 [PubMed: 33154123] 

Remick and Helmann Page 82

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Pommerrenig B, Diehn TA, & Bienert GP (2015). Metalloido-porins: Essentiality of Nodulin 26-like 
intrinsic proteins in metalloid transport. Plant Science, 238, 212–227. https://doi.org/10.1016/
j.plantsci.2015.06.002 [PubMed: 26259189] 

Pontes MH, & Groisman EA (2018). Protein synthesis controls phosphate homeostasis. Genes & 
Development, 32(1), 79–92. 10.1101/gad.309245.117 [PubMed: 29437726] 

Pontes MH, Yeom J, & Groisman EA (2016). Reducing Ribosome Biosynthesis Promotes Translation 
during Low Mg(2+) Stress. Molecular Cell, 64(3), 480–492. 10.1016/j.molcel.2016.05.008 
[PubMed: 27746019] 

Poole RK, & Hill S (1997). Respiratory protection of nitrogenase activity in Azotobacter vinelandii--
roles of the terminal oxidases. Bioscience Reports, 17(3), 303–317. 10.1023/a:1027336712748 
[PubMed: 9337485] 

Poroca DR, Pelis RM, & Chappe VM (2017). ClC Channels and Transporters: Structure, Physiological 
Functions, and Implications in Human Chloride Channelopathies [Review]. Frontiers in 
Pharmacology, 8. 10.3389/fphar.2017.00151

Pors Nielsen S. (2004). The biological role of strontium. Bone, 35(3), 583–588. 10.1016/
j.bone.2004.04.026 [PubMed: 15336592] 

Porter SM (2020). Insights into eukaryogenesis from the fossil record. Interface Focus, 10(4), 
20190105. 10.1098/rsfs.2019.0105 [PubMed: 32642050] 

Posey JE, & Gherardini FC (2000). Lack of a role for iron in the Lyme disease pathogen. Science, 
288(5471), 1651–1653. 10.1126/science.288.5471.1651 [PubMed: 10834845] 

Postler TS, & Ghosh S (2017). Understanding the holobiont: how microbial metabolites affect human 
health and shape the immune system. Cell metabolism, 26(1), 110–130. [PubMed: 28625867] 

Pradhan N, & Turner RJ (2022). Bacterial Production of Metal(loid) Nanostructures. In Hurst CJ 
(Ed.), Microbial Metabolism of Metals and Metalloids (pp. 167–194). Springer International 
Publishing. 10.1007/978-3-030-97185-4_7

Presentato A, Turner RJ, Vásquez CC, Yurkov V, & Zannoni D (2019). Tellurite-dependent blackening 
of bacteria emerges from the dark ages. Environmental Chemistry, 16(4), 266–288. https://
doi.org/10.1071/EN18238

Przybyla-Toscano J, Boussardon C, Law SR, Rouhier N, & Keech O (2021). Gene atlas of 
iron-containing proteins in Arabidopsis thaliana. The Plant Journal, 106(1), 258–274. 10.1111/
tpj.15154 [PubMed: 33423341] 

Qi Y, & Hulett FM (1998). Role of Pho-P in transcriptional regulation of genes involved in cell wall 
anionic polymer biosynthesis in Bacillus subtilis. Journal of Bacteriology, 180(15), 4007–4010. 
10.1128/JB.180.15.4007-4010.1998 [PubMed: 9683503] 

Ragsdale SW (2009). Nickel-based enzyme systems. Journal of Biological Chemistry, 284(28), 18571–
18575. [PubMed: 19363030] 

Rai MK, Deshmukh SD, Ingle AP, & Gade AK (2012). Silver nanoparticles: the powerful nanoweapon 
against multidrug-resistant bacteria. Journal of Applied Microbiology, 112(5), 841–852. https://
doi.org/10.1111/j.1365-2672.2012.05253.x [PubMed: 22324439] 

Ram R, Vaughan J, Etschmann B, & Brugger J (2019). The aqueous chemistry of polonium (Po) 
in environmental and anthropogenic processes. Journal of Hazardous Materials, 380, 120725. 
https://doi.org/10.1016/j.jhazmat.2019.06.002 [PubMed: 31279943] 

Rangarajan N, Kapoor I, Li S, Drossopoulos P, White KK, Madden VJ, & Dohlman HG (2020). 
Potassium starvation induces autophagy in yeast. Journal of Biological Chemistry, 295(41), 
14189–14202. 10.1074/jbc.RA120.014687 [PubMed: 32788210] 

Raven JA (2017). Chloride: essential micronutrient and multifunctional beneficial ion. Journal of 
Experimental Botany, 38(3), 359–367. 10.1093/jxb/erw421 [PubMed: 28040799] 

Raven JA, & Knoll AH (2010). Non-Skeletal Biomineralization by Eukaryotes: Matters of Moment 
and Gravity. Geomicrobiology Journal, 27(6-7), 572–584. 10.1080/01490451003702990

Read RW, Berube PM, Biller SJ, Neveux I, Cubillos-Ruiz A, Chisholm SW, & Grzymski JJ (2017). 
Nitrogen cost minimization is promoted by structural changes in the transcriptome of N-deprived 
Prochlorococcus cells. The ISME Journal, 11(10), 2267–2278. 10.1038/ismej.2017.88 [PubMed: 
28585937] 

Remick and Helmann Page 83

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Reaves ML, Sinha S, Rabinowitz JD, Kruglyak L, & Redfield RJ (2012). Absence of detectable 
arsenate in DNA from arsenate-grown GFAJ-1 cells. Science, 337(6093), 470–473. 10.1126/
science.1219861 [PubMed: 22773140] 

Reed KB, & Alper HS (2018). Expanding beyond canonical metabolism: Interfacing alternative 
elements, synthetic biology, and metabolic engineering. Synthetic and Systems Biotechnology, 
3(1), 20–33. https://doi.org/10.1016/j.synbio.2017.12.002 [PubMed: 29911196] 

Reeves RD, Baker AJM, Jaffré T, Erskine PD, Echevarria G, & van der Ent A (2018). A global 
database for plants that hyperaccumulate metal and metalloid trace elements. New Phytologist, 
218(2), 407–411. 10.1111/nph.14907 [PubMed: 29139134] 

Reginster JY, Brandi ML, Cannata-Andía J, Cooper C, Cortet B, Feron JM, Genant H, Palacios 
S, Ringe JD, & Rizzoli R (2015). The position of strontium ranelate in today’s management 
of osteoporosis. Osteoporosis International, 26(6), 1667–1671. 10.1007/s00198-015-3109-y 
[PubMed: 25868510] 

Rehder D. (2013). Vanadium. Its role for humans. Metal Ions in Life Sciences, 13, 139–169. 
10.1007/978-94-007-7500-8_5 [PubMed: 24470091] 

Rehder D. (2015). The role of vanadium in biology. Metallomics, 7(5), 730–742. 10.1039/c4mt00304g 
[PubMed: 25608665] 

Rehder D. (2022). Vanadium-Based Transformations Effected by Algae and Microbes. In Hurst CJ 
(Ed.), Microbial Metabolism of Metals and Metalloids (pp. 563–577). Springer International 
Publishing. 10.1007/978-3-030-97185-4_18

Reich HJ, & Hondal RJ (2016). Why Nature Chose Selenium. ACS Chemical Biology, 11(4), 821–
841. 10.1021/acschembio.6b00031 [PubMed: 26949981] 

Reinhard CT, & Planavsky NJ (2022). The History of Ocean Oxygenation. Annual Review of Marine 
Science, 14(1), 331–353. 10.1146/annurev-marine-031721-104005

Reitz ZL, & Medema MH (2022). Genome mining strategies for metallophore discovery. Current 
Opinion in Biotechnology, 77, 102757. https://doi.org/10.1016/j.copbio.2022.102757 [PubMed: 
35914390] 

Relman AS, Lambie AT, Burrows BA, & Roy AM (1957). Cation accumulation by muscle tissue: 
the displacement of potassium by rubidium and cesium in the living animal. Journal of Clinical 
Investigation, 36(8), 1249–1256. 10.1172/JCI103522 [PubMed: 13463088] 

Reuss DR, Commichau FM, Gundlach J, Zhu B, & Stulke J (2016). The Blueprint of a Minimal 
Cell: MiniBacillus. Microbiology and Molecular Biology Reviews, 80(4), 955–987. 10.1128/
MMBR.00029-16 [PubMed: 27681641] 

Ribeiro P. R. C. d. C., Viana DG, Pires FR, Egreja Filho FB, Bonomo R, Cargnelutti 
Filho A, Martins LF, Cruz LBS, & Nascimento MCP (2018). Selection of plants for 
phytoremediation of barium-polluted flooded soils. Chemosphere, 206, 522–530. https://doi.org/
10.1016/j.chemosphere.2018.05.056 [PubMed: 29778077] 

Richter K, Schicklberger M, & Gescher J (2012). Dissimilatory reduction of extracellular electron 
acceptors in anaerobic respiration. Applied and Environmental Microbiology, 78(4), 913–921. 
10.1128/AEM.06803-11 [PubMed: 22179232] 

Rizzo G, Laganà AS, Rapisarda AM, La Ferrera GM, Buscema M, Rossetti P, Nigro A, Muscia 
V, Valenti G, Sapia F, Sarpietro G, Zigarelli M, & Vitale SG (2016). Vitamin B12 among 
Vegetarians: Status, Assessment and Supplementation. Nutrients, 8(12). 10.3390/nu8120767

Robinson NJ, & Winge DR (2010). Copper metallochaperones. Annual Review of Biochemistry, 79, 
537–562. 10.1146/annurev-biochem-030409-143539

Roche JL, Boyd PW, McKay RML, & Geider RJ (1996). Flavodoxin as an in situ marker for iron 
stress in phytoplankton. Nature, 382(6594), 802–805.

Rodrigues FA, & Datnoff LE (2015). Silicon and plant diseases. Springer Press.

Roeßler M, Sewald X, & Müller V (2003). Chloride dependence of growth in bacteria. FEMS 
Microbiology Letters, 225(1), 161–165. 10.1016/s0378-1097(03)00509-3 [PubMed: 12900036] 

Rogiers T, Van Houdt R, Williamson A, Leys N, Boon N, & Mijnendonckx K (2022). Molecular 
Mechanisms Underlying Bacterial Uranium Resistance. Frontiers in Microbiology, 13, 822197. 
10.3389/fmicb.2022.822197 [PubMed: 35359714] 

Remick and Helmann Page 84

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rohlin L, & Gunsalus RP (2010). Carbon-dependent control of electron transfer and central carbon 
pathway genes for methane biosynthesis in the Archaean, Methanosarcina acetivorans strain 
C2A. BMC Microbiology, 10, 62. 10.1186/1471-2180-10-62 [PubMed: 20178638] 

Rondanelli M, Faliva MA, Peroni G, Gasparri C, Perna S, Riva A, Petrangolini G, & Tartara A 
(2021). Silicon: A neglected micronutrient essential for bone health. Experimental Biology and 
Medicine, 246(13), 1500–1511. 10.1177/1535370221997072 [PubMed: 33715532] 

Roohani N, Hurrell R, Kelishadi R, & Schulin R (2013). Zinc and its importance for human health: 
An integrative review. Journal of Research in Medical Sciences, 18(2), 144–157. [PubMed: 
23914218] 

Rosch JW, Sublett J, Gao G, Wang Y-D, & Tuomanen EI (2008). Calcium efflux is essential for 
bacterial survival in the eukaryotic host. Molecular Microbiology, 70(2), 435–444. https://doi.org/
10.1111/j.1365-2958.2008.06425.x [PubMed: 18761687] 

Rosenberg E. (2008). Germanium: environmental occurrence, importance and speciation. Reviews in 
Environmental Science and Bio/Technology, 8(1), 29. 10.1007/s11157-008-9143-x

Ross MO, & Rosenzweig AC (2017). A tale of two methane monooxygenases. Journal of Biological 
Inorganic Chemistry, 22(2-3), 307–319. 10.1007/s00775-016-1419-y [PubMed: 27878395] 

Roszczenko-Jasińska P, Vu HN, Subuyuj GA, Crisostomo RV, Cai J, Lien NF, Clippard EJ, Ayala 
EM, Ngo RT, Yarza F, Wingett JP, Raghuraman C, Hoeber CA, Martinez-Gomez NC, & 
Skovran E (2020). Gene products and processes contributing to lanthanide homeostasis and 
methanol metabolism in Methylorubrum extorquens AM1. Scientific Reports, 10(1), 12663. 
10.1038/s41598-020-69401-4 [PubMed: 32728125] 

Rozov A, Khusainov I, El Omari K, Duman R, Mykhaylyk V, Yusupov M, Westhof E, Wagner 
A, & Yusupova G (2019). Importance of potassium ions for ribosome structure and function 
revealed by long-wavelength X-ray diffraction. Nature Communications, 10(1), 2519. 10.1038/
s41467-019-10409-4

Rutten PJ, & Poole PS (2019). Chapter Nine - Oxygen regulatory mechanisms of nitrogen fixation in 
rhizobia. In Poole RK (Ed.), Advances in microbial physiology (Vol. 75, pp. 325–389). Academic 
Press. https://doi.org/10.1016/bs.ampbs.2019.08.001 [PubMed: 31655741] 

Saenko GN, Kravtsova YY, Ivanenko VV, & Sheludko SI (1978). Concentration of lodine and 
bromine by plants in the seas of Japan and Okhotsk. Marine Biology, 47(3), 243–250. 10.1007/
BF00541002

Saito K, Kuroda K, Suzuki R, Kino Y, Sekine T, Shinoda H, Yamashiro H, Fukuda T, Kobayashi J, 
Abe Y, Nishimura J, Urushihara Y, Yoneyama H, Fukumoto M, & Isogai E (2019). Intestinal 
Bacteria as Powerful Trapping Lifeforms for the Elimination of Radioactive Cesium. Frontiers in 
Veterinary Science, 6, 70. 10.3389/fvets.2019.00070 [PubMed: 30915344] 

Saito MA (2009). Less nickel for more oxygen. Nature, 458(7239), 714–715. 10.1038/458714a 
[PubMed: 19360074] 

Saito MA, Bertrand EM, Dutkiewicz S, Bulygin VV, Moran DM, Monteiro FM, Follows MJ, Valois 
FW, & Waterbury JB (2011). Iron conservation by reduction of metalloenzyme inventories in the 
marine diazotroph Crocosphaera watsonii. Proceedings of the National Academy of Sciences 
of the United States of America, 108(6), 2184–2189. 10.1073/pnas.1006943108 [PubMed: 
21248230] 

Saito MA, Goepfert TJ, & Ritt JT (2008). Some thoughts on the concept of colimitation: Three 
definitions and the importance of bioavailability. Limnology and Oceanography, 53(1), 276–290. 
https://doi.org/10.4319/lo.2008.53.1.0276

Saito MA, Moffett JW, Chisholm SW, & Waterbury JB (2002). Cobalt limitation and uptake 
in Prochlorococcus. Limnology and Oceanography, 47(6), 1629–1636. https://doi.org/10.4319/
lo.2002.47.6.1629

Samanovic Marie I., Ding C, Thiele Dennis J., & Darwin KH (2012). Copper in Microbial 
Pathogenesis: Meddling with the Metal. Cell Host & Microbe, 11(2), 106–115. https://doi.org/
10.1016/j.chom.2012.01.009 [PubMed: 22341460] 

Sanchez-Baracaldo P, Bianchini G, Wilson JD, & Knoll AH (2022). Cyanobacteria and 
biogeochemical cycles through Earth history. Trends in Microbiology, 30(2), 143–157. 10.1016/
j.tim.2021.05.008 [PubMed: 34229911] 

Remick and Helmann Page 85

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sandberg PA (1983). An oscillating trend in Phanerozoic non-skeletal carbonate mineralogy. Nature, 
305(5929), 19–22. 10.1038/305019a0

Sankaran B, Bonnett SA, Shah K, Gabriel S, Reddy R, Schimmel P, Rodionov DA, de Crécy-Lagard 
V, Helmann JD, Iwata-Reuyl D, & Swairjo MA (2009). Zinc-independent folate biosynthesis: 
genetic, biochemical, and structural investigations reveal new metal dependence for GTP 
cyclohydrolase IB. Journal of Bacteriology, 191(22), 6936–6949. 10.1128/jb.00287-09 [PubMed: 
19767425] 

Santesmasses D, Mariotti M, & Gladyshev VN (2019). Tolerance to Selenoprotein Loss Differs 
between Human and Mouse. Molecular Biology and Evolution, 37(2), 341–354. 10.1093/molbev/
msz218

Santesmasses D, Mariotti M, & Gladyshev VN (2020). Bioinformatics of Selenoproteins. Antioxidants 
& Redox Signaling, 33(7), 525–536. 10.1089/ars.2020.8044 [PubMed: 32031018] 

Saroussi S, Sanz-Luque E, Kim RG, & Grossman AR (2017). Nutrient scavenging and energy 
management: acclimation responses in nitrogen and sulfur deprived Chlamydomonas. Current 
Opinion in Plant Biology, 39, 114–122. 10.1016/j.pbi.2017.06.002 [PubMed: 28692856] 

Scher N, Bonvalot S, Le Tourneau C, Chajon E, Verry C, Thariat J, & Calugaru V (2020). Review 
of clinical applications of radiation-enhancing nanoparticles. Biotechnology Reports, 28, e00548. 
https://doi.org/10.1016/j.btre.2020.e00548 [PubMed: 33204660] 

Schlesinger WH, Klein EM, & Vengosh A (2020). Global biogeochemical cycle of fluorine. Global 
Biogeochemical Cycles, 34(12), e2020GB006722.

Schmollinger S, Muhlhaus T, Boyle NR, Blaby IK, Casero D, Mettler T, Moseley JL, Kropat 
J, Sommer F, Strenkert D, Hemme D, Pellegrini M, Grossman AR, Stitt M, Schroda 
M, & Merchant SS (2014). Nitrogen-Sparing Mechanisms in Chlamydomonas Affect the 
Transcriptome, the Proteome, and Photosynthetic Metabolism. Plant Cell, 26(4), 1410–1435. 
10.1105/tpc.113.122523 [PubMed: 24748044] 

Schrauzer GN (2002). Lithium: occurrence, dietary intakes, nutritional essentiality. Journal of the 
American College of Nutrition, 21(1), 14–21. 10.1080/07315724.2002.10719188 [PubMed: 
11838882] 

Schut GJ, Thorgersen MP, Poole FL, Haja DK, Putumbaka S, & Adams MWW (2021). Tungsten 
enzymes play a role in detoxifying food and antimicrobial aldehydes in the human gut 
microbiome. Proceedings of the National Academy of Sciences, 118(43), e2109008118. https://
doi.org/doi:10.1073/pnas.2109008118

Schwarz G, Mendel RR, & Ribbe MW (2009). Molybdenum cofactors, enzymes and pathways. 
Nature, 460(7257), 839–847. 10.1038/nature08302 [PubMed: 19675644] 

Selin NE (2009). Global Biogeochemical Cycling of Mercury: A Review. Annual Review of 
Environment and Resources, 34(1), 43–63. 10.1146/annurev.environ.051308.084314

Sevcenco AM, Pinkse MW, Bol E, Krijger GC, Wolterbeek HT, Verhaert PD, Hagedoorn PL, & 
Hagen WR (2009). The tungsten metallome of Pyrococcus furiosus. Metallomics, 1(5), 395–402. 
10.1039/b908175e [PubMed: 21305143] 

Shah AN, Tanveer M, Hussain S, & Yang G (2016). Beryllium in the environment: Whether fatal for 
plant growth? Reviews in Environmental Science and Bio/Technology, 15(4), 549–561. 10.1007/
s11157-016-9412-z

Shanbhag VC, Gudekar N, Jasmer K, Papageorgiou C, Singh K, & Petris MJ (2021). Copper 
metabolism as a unique vulnerability in cancer. Biochimica et Biophysica Acta - Molecular 
Cell Research, 1868(2), 118893. 10.1016/j.bbamcr.2020.118893 [PubMed: 33091507] 

Sharma H, Sharma A, Yashvika Sidhu, S., & Upadhyay SK (2022). Chapter 16 - A glimpse of 
boron transport in plants. In Upadhyay SK (Ed.), Cation Transporters in Plants (pp. 281–306). 
Academic Press. https://doi.org/10.1016/B978-0-323-85790-1.00017-8

Sharma SS, Kumar V, & Dietz KJ (2021). Emerging Trends in Metalloid-Dependent Signaling 
in Plants. Trends in Plant Science, 26(5), 452–471. 10.1016/j.tplants.2020.11.003 [PubMed: 
33257259] 

Shelton AN, Seth EC, Mok KC, Han AW, Jackson SN, Haft DR, & Taga ME (2019). 
Uneven distribution of cobamide biosynthesis and dependence in bacteria predicted by 

Remick and Helmann Page 86

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



comparative genomics. The ISME Journal, 13(3), 789–804. 10.1038/s41396-018-0304-9 
[PubMed: 30429574] 

Shenhav L, & Zeevi D (2020). Resource conservation manifests in the genetic code. Science, 
370(6517), 683–687. 10.1126/science.aaz9642 [PubMed: 33154134] 

Shi K, Wang Q, & Wang G (2020). Microbial Oxidation of Arsenite: Regulation, Chemotaxis, 
Phosphate Metabolism and Energy Generation. Frontiers in Microbiology, 11, 569282. 10.3389/
fmicb.2020.569282 [PubMed: 33072028] 

Shin JH, & Helmann JD (2016). Molecular logic of the Zur-regulated zinc deprivation response in 
Bacillus subtilis. Nature Communications, 7, 12612. 10.1038/ncomms12612

Sia AK, Allred BE, & Raymond KN (2013). Siderocalins: Siderophore binding proteins evolved for 
primary pathogen host defense. Current Opinion in Chemical Biology, 17(2), 150–157. https://
doi.org/10.1016/j.cbpa.2012.11.014 [PubMed: 23265976] 

Sieg JP, McKinley LN, Huot MJ, Yennawar NH, & Bevilacqua PC (2022). The Metabolome Weakens 
RNA Thermodynamic Stability and Strengthens RNA Chemical Stability. Biochemistry. 10.1021/
acs.biochem.2c00488

Singer H, Steudtner R, Klein A, Rulofs C, Zeymer C, Drobot B, Pol A, Martinez-Gomez NC, 
den Camp HO, & Daumann L (2022). Radioactive elements curium and americium support 
methylotrophic bacterial life. ChemRxiv. https://doi.org/https://chemrxiv.org/engage/chemrxiv/
article-details/629f935bf85b59a4dd00b7cb

Skovran E, Raghuraman C, & Martinez-Gomez NC (2019). Lanthanides in Methylotrophy. Current 
Issues in Molecular Biology, 33, 101–116. 10.21775/cimb.033.101 [PubMed: 31166187] 

Slater SM, Bown P, Twitchett RJ, Danise S, & Vajda V (2022). Global record of “ghost” nannofossils 
reveals plankton resilience to high CO2 and warming. Science, 376(6595), 853–856. https://
doi.org/doi:10.1126/science.abm7330 [PubMed: 35587965] 

Smethurst DGJ, Kovalev N, McKenzie ER, Pestov DG, & Shcherbik N (2020). Iron-mediated 
degradation of ribosomes under oxidative stress is attenuated by manganese. Journal of 
Biological Chemistry, 295(50), 17200–17214. 10.1074/jbc.RA120.015025 [PubMed: 33040024] 

Smethurst DGJ, & Shcherbik N (2021). Interchangeable utilization of metals: New perspectives on 
the impacts of metal ions employed in ancient and extant biomolecules. Journal of Biological 
Chemistry, 297(6), 101374. 10.1016/j.jbc.2021.101374 [PubMed: 34732319] 

Smith SV, Buddemeier RW, Redalje RC, & Houck JE (1979). Strontium-Calcium Thermometry in 
Coral Skeletons. Science, 204(4391), 404–407. https://doi.org/doi:10.1126/science.204.4391.404 
[PubMed: 17758014] 

Sohrabi M, Saeedi M, Larijani B, & Mahdavi M (2021). Recent advances in biological activities 
of rhodium complexes: Their applications in drug discovery research. European Journal of 
Medicinal Chemistry, 216, 113308. https://doi.org/10.1016/j.ejmech.2021.113308 [PubMed: 
33713976] 

Soo RM, Hemp J, Parks DH, Fischer WW, & Hugenholtz P (2017). On the origins of oxygenic 
photosynthesis and aerobic respiration in Cyanobacteria. Science, 355(6332), 1436–1440. https://
doi.org/doi:10.1126/science.aal3794 [PubMed: 28360330] 

Southam HM, Butler JA, Chapman JA, & Poole RK (2017). Chapter One - The Microbiology of 
Ruthenium Complexes. In Poole RK (Ed.), Advances in microbial physiology (Vol. 71, pp. 1–
96). Academic Press. https://doi.org/10.1016/bs.ampbs.2017.03.001 [PubMed: 28760320] 

Spiga R, Barbieri C, Bertini I, Lazzarin M, & Nestola F (2019). The origin of water on Earth: 
stars or diamonds? Rendiconti Lincei. Scienze Fisiche e Naturali, 30(2), 261–268. 10.1007/
s12210-018-0753-0

Stanton C, Sanders D, Krämer U, & Podar D (2022). Zinc in plants: Integrating homeostasis 
and biofortification. Molecular Plant, 15(1), 65–85. https://doi.org/10.1016/j.molp.2021.12.008 
[PubMed: 34952215] 

Stöckel J, Welsh EA, Liberton M, Kunnvakkam R, Aurora R, & Pakrasi HB (2008). Global 
transcriptomic analysis of Cyanothece 51142 reveals robust diurnal oscillation of central 
metabolic processes. Proceedings of the National Academy of Sciences, 105(16), 6156–6161. 
https://doi.org/doi:10.1073/pnas.0711068105

Remick and Helmann Page 87

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://chemrxiv.org/engage/chemrxiv/article-details/629f935bf85b59a4dd00b7cb
https://chemrxiv.org/engage/chemrxiv/article-details/629f935bf85b59a4dd00b7cb


Stoof J, Breijer S, Pot RGJ, van der Neut D, Kuipers EJ, Kusters JG, & van Vliet AHM 
(2008). Inverse nickel-responsive regulation of two urease enzymes in the gastric pathogen 
Helicobacter mustelae. Environmental Microbiology, 10(10), 2586–2597. https://doi.org/10.1111/
j.1462-2920.2008.01681.x [PubMed: 18564183] 

Strupp C. (2010). Beryllium Metal II. A Review of the Available Toxicity Data. The Annals of 
Occupational Hygiene, 55(1), 43–56. 10.1093/annhyg/meq073 [PubMed: 21196456] 

Subbarao GV, Ito O, Berry WL, & Wheeler RM (2003). Sodium—A Functional Plant Nutrient. 
Critical Reviews in Plant Sciences, 22(5), 391–416. 10.1080/07352680390243495

Subbarao GV, Wheeler RM, Stutte GW, & Levine LH (1999). How far can sodium 
substitute for potassium in red beet? Journal of Plant Nutrition, 22(11), 1745–1761. 
10.1080/01904169909365751 [PubMed: 11542657] 

Sugimoto K, Tsuzuki M, & Sato N (2010). Regulation of synthesis and degradation of a sulfolipid 
under sulfur-starved conditions and its physiological significance in Chlamydomonas reinhardtii. 
New Phytologist, 185(3), 676–686. 10.1111/j.1469-8137.2009.03115.x [PubMed: 20003074] 

Sulpis O, Agrawal P, Wolthers M, Munhoven G, Walker M, & Middelburg JJ (2022). Aragonite 
dissolution protects calcite at the seafloor. Nature Communications, 13(1), 1104. 10.1038/
s41467-022-28711-z

Syrvatka V, Rabets A, Gromyko O, Luzhetskyy A, & Fedorenko V (2022). Scandium-microorganism 
interactions in new biotechnologies. Trends in Biotechnology, 10.1016/j.tibtech.2022.02.006

Szklarska D, & Rzymski P (2019). Is Lithium a Micronutrient? From Biological Activity and 
Epidemiological Observation to Food Fortification. Biological Trace Element Research, 189(1), 
18–27. 10.1007/s12011-018-1455-2 [PubMed: 30066063] 

Tagliabue A, Bowie AR, Boyd PW, Buck KN, Johnson KS, & Saito MA (2017). The integral role 
of iron in ocean biogeochemistry. Nature, 543(7643), 51–59. 10.1038/nature21058 [PubMed: 
28252066] 

Tanaka N, Kanazawa M, Tonosaki K, Yokoyama N, Kuzuyama T, & Takahashi Y (2016). Novel 
features of the ISC machinery revealed by characterization of Escherichia coli mutants 
that survive without iron-sulfur clusters. Molecular Microbiology, 99(5), 835–848. 10.1111/
mmi.13271 [PubMed: 26560204] 

Tanaka Y, Hosaka T, & Ochi K (2010). Rare earth elements activate the secondary metabolite-
biosynthetic gene clusters in Streptomyces coelicolor A3(2). The Journal of Antibiotics, 63(8), 
477–481. 10.1038/ja.2010.53 [PubMed: 20551989] 

Tang L, Qiu R, Tang Y, & Wang S (2014). Cadmium–zinc exchange and their binary relationship 
in the structure of Zn-related proteins: a mini review. Metallomics, 6(8), 1313–1323. 10.1039/
c4mt00080c [PubMed: 24806548] 

Tani A, Mitsui R, & Nakagawa T (2021). Discovery of lanthanide-dependent methylotrophy and 
screening methods for lanthanide-dependent methylotrophs. Methods in Enzymology, 650, 1–18. 
10.1016/bs.mie.2021.01.031 [PubMed: 33867018] 

Tanoi K, & Kobayashi NI (2015). Leaf Senescence by Magnesium Deficiency. Plants (Basel), 4(4), 
756–772. 10.3390/plants4040756 [PubMed: 27135350] 

Tao Y, Shen L, Feng C, Yang R, Qu J, Ju H, & Zhang Y (2022). Distribution of rare earth elements 
(REEs) and their roles in plant growth: A review. Environmental Pollution, 298, 118540. 
10.1016/j.envpol.2021.118540 [PubMed: 34801619] 

Tarnopol RL, Bowden S, Hinkle K, Balakrishnan K, Nishii A, Kaczmarek CJ, Pawloski T, 
& Vecchiarelli AG (2019). Lessons from a Minimal Genome: What Are the Essential 
Organizing Principles of a Cell Built from Scratch? Chembiochem, 20(20), 2535–2545. 10.1002/
cbic.201900249 [PubMed: 31177625] 

Taucher J, Bach LT, Prowe AEF, Boxhammer T, Kvale K, & Riebesell U (2022). Enhanced silica 
export in a future ocean triggers global diatom decline. Nature, 605(7911), 696–700. 10.1038/
s41586-022-04687-0 [PubMed: 35614245] 

Thompson ED, Hogstrand C, & Glover CN (2018). From sea squirts to squirrelfish: facultative 
trace element hyperaccumulation in animals. Metallomics, 10(6), 777–793. 10.1039/c8mt00078f 
[PubMed: 29850752] 

Remick and Helmann Page 88

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tickner BJ, Stasiuk GJ, Duckett SB, & Angelovski G (2020). The use of yttrium in medical imaging 
and therapy: historical background and future perspectives. Chemical Society Reviews, 49(17), 
6169–6185. [PubMed: 32701076] 

Tischler AH, Lie L, Thompson CM, Visick KL, & O'Toole G (2018). Discovery of Calcium 
as a Biofilm-Promoting Signal for Vibrio fischeri Reveals New Phenotypes and Underlying 
Regulatory Complexity. Journal of Bacteriology, 200(15), e00016–00018. https://doi.org/
doi:10.1128/JB.00016-18 [PubMed: 29463601] 

Tommasi F, Thomas PJ, Pagano G, Perono GA, Oral R, Lyons DM, Toscanesi M, & Trifuoggi M 
(2021). Review of Rare Earth Elements as Fertilizers and Feed Additives: A Knowledge Gap 
Analysis. Archives of Environmental Contamination and Toxicology, 81(4), 531–540. 10.1007/
s00244-020-00773-4 [PubMed: 33141264] 

Tréguer P, Bowler C, Moriceau B, Dutkiewicz S, Gehlen M, Aumont O, Bittner L, Dugdale R, 
Finkel Z, Iudicone D, Jahn O, Guidi L, Lasbleiz M, Leblanc K, Levy M, & Pondaven P (2018). 
Influence of diatom diversity on the ocean biological carbon pump. Nature Geoscience, 11(1), 
27–37. 10.1038/s41561-017-0028-x

Tréguer PJ, & De La Rocha CL (2013). The world ocean silica cycle. Annual Review of Marine 
Science, 5, 477–501. 10.1146/annurev-marine-121211-172346

Tripathi D, Mani V, & Pal RP (2018). Vanadium in Biosphere and Its Role in Biological Processes. 
Biological Trace Element Research, 186(1), 52–67. 10.1007/s12011-018-1289-y [PubMed: 
29524196] 

Trotter V, Vinella D, Loiseau L, Ollagnier de Choudens S, Fontecave M, & Barras F (2009). The CsdA 
cysteine desulphurase promotes Fe/S biogenesis by recruiting Suf components and participates 
to a new sulphur transfer pathway by recruiting CsdL (ex-YgdL), a ubiquitin-modifying-
like protein. Molecular Microbiology, 74(6), 1527–1542. 10.1111/j.1365-2958.2009.06954.x 
[PubMed: 20054882] 

Tsueng G, & Lam KS (2010). A preliminary investigation on the growth requirement for monovalent 
cations, divalent cations and medium ionic strength of marine actinomycete Salinispora. Applied 
Microbiology and Biotechnology, 86(5), 1525–1534. 10.1007/s00253-009-2424-7 [PubMed: 
20084507] 

Turchyn AV, & DePaolo DJ (2019). Seawater Chemistry Through Phanerozoic Time. Annual Review 
of Earth and Planetary Sciences, 47(1), 197–224. 10.1146/annurev-earth-082517-010305

Twining BS, Baines SB, Vogt S, & Nelson DM (2012). Role of diatoms in nickel biogeochemistry in 
the ocean. Global Biogeochemical Cycles, 26(4). https://doi.org/10.1029/2011GB004233

Ueki T, Yamaguchi N, Romaidi, Isago Y, & Tanahashi H (2015). Vanadium accumulation in 
ascidians: A system overview. Coordination Chemistry Reviews, 301-302, 300–308. https://
doi.org/10.1016/j.ccr.2014.09.007

Ulfig A, & Leichert LI (2021). The effects of neutrophil-generated hypochlorous acid and other 
hypohalous acids on host and pathogens. Cellular and Molecular Life Sciences, 78(2), 385–414. 
10.1007/s00018-020-03591-y [PubMed: 32661559] 

Vabulas RM, & Hartl FU (2005). Protein synthesis upon acute nutrient restriction relies on proteasome 
function. Science, 310(5756), 1960–1963. 10.1126/science.1121925 [PubMed: 16373576] 

Vaccaro FA, & Drennan CL (2022). The role of nucleoside triphosphate hydrolase metallochaperones 
in making metalloenzymes. Metallomics, 14(6). 10.1093/mtomcs/mfac030

Vaid N, Sudan J, Dave S, Mangla H, & Pathak H (2022). Insight Into Microbes and Plants 
Ability for Bioremediation of Heavy Metals. Current Microbiology, 79(5), 141. 10.1007/
s00284-022-02829-1 [PubMed: 35320423] 

Valenti R, Jabłońska J, & Tawfik DS (2022). Characterization of ancestral Fe/Mn superoxide 
dismutases indicates their cambialistic origin. Protein Science, 31(10), e4423. https://doi.org/
10.1002/pro.4423 [PubMed: 36173172] 

Van Mooy BA, Fredricks HF, Pedler BE, Dyhrman ST, Karl DM, Koblizek M, Lomas MW, Mincer 
TJ, Moore LR, Moutin T, Rappe MS, & Webb EA (2009). Phytoplankton in the ocean use 
non-phosphorus lipids in response to phosphorus scarcity. Nature, 458(7234), 69–72. 10.1038/
nature07659 [PubMed: 19182781] 

Remick and Helmann Page 89

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A, & Dufresne A (2015). The importance of the 
microbiome of the plant holobiont. New Phytologist, 206(4), 1196–1206. https://doi.org/10.1111/
nph.13312 [PubMed: 25655016] 

Vasak M, & Schnabl J (2016). Sodium and Potassium Ions in Proteins and Enzyme Catalysis. Metal 
Ions in Life Sciences, 16, 259–290. 10.1007/978-3-319-21756-7_8 [PubMed: 26860304] 

Vávrová S, Struhárňanská E, Turňa J, & Stuchlík S (2021). Tellurium: A Rare Element with Influence 
on Prokaryotic and Eukaryotic Biological Systems. International Journal of Molecular Sciences, 
22(11). 10.3390/ijms22115924

Vejvodová K, Vaněk A, Drábek O, & Spasić M (2022). Understanding stable Tl isotopes in industrial 
processes and the environment: A review. Journal of Environmental Management, 315, 115151. 
https://doi.org/10.1016/j.jenvman.2022.115151 [PubMed: 35500486] 

Venturi S. (2011). Evolutionary significance of iodine. Current Chemical Biology, 5(3), 155–162.

Vidal R, Alberola-Borràs J-A, & Mora-Seró I (2020). Abiotic depletion and the potential risk to the 
supply of cesium. Resources Policy, 68, 101792. https://doi.org/10.1016/j.resourpol.2020.101792

Vilter H. (1995). Vanadium-dependent haloperoxidases. Met Ions Biol Syst, 31, 325–362. [PubMed: 
8564812] 

Vincent JB (2013). Chromium: is it essential, pharmacologically relevant, or toxic? Metal Ions in Life 
Sciences, 13, 171–198. 10.1007/978-94-007-7500-8_6 [PubMed: 24470092] 

Vincent JB (2015). Is the Pharmacological Mode of Action of Chromium(III) as a Second Messenger? 
Biological Trace Element Research, 166(1), 7–12. 10.1007/s12011-015-0231-9 [PubMed: 
25595680] 

Vincent JB (2017). New Evidence against Chromium as an Essential Trace Element. Journal of 
Nutrition, 147(12), 2212–2219. 10.3945/jn.117.255901 [PubMed: 29021369] 

Vincent JB, & Love S (2012). The binding and transport of alternative metals by transferrin. 
Biochimica et Biophysica Acta (BBA) - General Subjects, 1820(3), 362–378. https://doi.org/
10.1016/j.bbagen.2011.07.003 [PubMed: 21782896] 

Vinella D, Brochier-Armanet C, Loiseau L, Talla E, & Barras F (2009). Iron-sulfur (Fe/S) protein 
biogenesis: phylogenomic and genetic studies of A-type carriers. PLoS Genetics, 5(5), e1000497. 
10.1371/journal.pgen.1000497 [PubMed: 19478995] 

von Caemmerer S. (2020). Rubisco carboxylase/oxygenase: From the enzyme to the globe: A gas 
exchange perspective. Journal of Plant Physiology, 252, 153240. 10.1016/j.jplph.2020.153240 
[PubMed: 32707452] 

Vu HN, Subuyuj GA, Vijayakumar S, Good NM, Martinez-Gomez NC, Skovran E, & Metcalf WW 
(2016). Lanthanide-Dependent Regulation of Methanol Oxidation Systems in Methylobacterium 
extorquens AM1 and Their Contribution to Methanol Growth. Journal of Bacteriology, 198(8), 
1250–1259. https://doi.org/doi:10.1128/JB.00937-15 [PubMed: 26833413] 

Wakeel A, Farooq M, Qadir M, & Schubert S (2011). Potassium Substitution by Sodium in Plants. 
Critical Reviews in Plant Sciences, 30(4), 401–413. 10.1080/07352689.2011.587728

Wang M, Wang R, Mur LAJ, Ruan J, Shen Q, & Guo S (2021). Functions of silicon in plant drought 
stress responses. Horticulture Research, 8(1), 254. 10.1038/s41438-021-00681-1 [PubMed: 
34848683] 

Wang Y, Weisenhorn E, MacDiarmid CW, Andreini C, Bucci M, Taggart J, Banci L, Russell J, Coon 
JJ, & Eide DJ (2018). The cellular economy of the Saccharomyces cerevisiae zinc proteome. 
Metallomics, 10(12), 1755–1776. 10.1039/c8mt00269j [PubMed: 30358795] 

Wang Y, You LX, Zhong HL, Wu GK, Li YP, Yang XJ, Wang AJ, Nealson KH, Herzberg M, & 
Rensing C (2022). Au(III)-induced extracellular electron transfer by Burkholderia contaminans 
ZCC for the bio-recovery of gold nanoparticles. Environmental Research, 210, 112910. 10.1016/
j.envres.2022.112910 [PubMed: 35151659] 

Wang Y, Zhang S, Zhu Z, Shen H, Lin X, Jin X, Jiao X, & Zhao ZK (2018). Systems analysis 
of phosphate-limitation-induced lipid accumulation by the oleaginous yeast Rhodosporidium 
toruloides. Biotechnology for Biofuels and Bioproducts, 11, 148. 10.1186/s13068-018-1134-8

Wehrmann M, Berthelot C, Billard P, & Klebensberger J (2018). The PedS2/PedR2 Two-Component 
System Is Crucial for the Rare Earth Element Switch in Pseudomonas putida KT2440. mSphere, 
3(4). 10.1128/mSphere.00376-18

Remick and Helmann Page 90

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Weiss A, Murdoch CC, Edmonds KA, Jordan MR, Monteith AJ, Perera YR, Rodríguez Nassif AM, 
Petoletti AM, Beavers WN, Munneke MJ, Drury SL, Krystofiak ES, Thalluri K, Wu H, Kruse 
ARS, DiMarchi RD, Caprioli RM, Spraggins JM, Chazin WJ, … Skaar EP (2022). Zn-regulated 
GTPase metalloprotein activator 1 modulates vertebrate zinc homeostasis. Cell, 185(12), 2148–
2163.e2127. 10.1016/j.cell.2022.04.011 [PubMed: 35584702] 

Welborn VV (2020). Enamel synthesis explained. Proceedings of the National Academy of Sciences, 
117(36), 21847–21848. https://doi.org/doi:10.1073/pnas.2014394117

Wells M, Basu P, & Stolz JF (2021). The physiology and evolution of microbial selenium metabolism. 
Metallomics, 13(6). 10.1093/mtomcs/mfab024

Wells M, McGarry J, Gaye MM, Basu P, Oremland RS, & Stolz JF (2019). Respiratory Selenite 
Reductase from Bacillus selenitireducens Strain MLS10. Journal of Bacteriology, 201(7). 
10.1128/jb.00614-18

Westheimer FH (1987). Why nature chose phosphates. Science, 235(4793), 1173–1178. 10.1126/
science.2434996 [PubMed: 2434996] 

Wever R, Krenn BE, & Renirie R (2018). Chapter Six - Marine Vanadium-Dependent 
Haloperoxidases, Their Isolation, Characterization, and Application. In Moore BS (Ed.), 
Methods in Enzymology (Vol. 605, pp. 141–201). Academic Press. https://doi.org/10.1016/
bs.mie.2018.02.026 [PubMed: 29909824] 

White SJO, & Shine JP (2016). Exposure Potential and Health Impacts of Indium and Gallium, 
Metals Critical to Emerging Electronics and Energy Technologies. Current Environmental Health 
Reports, 3(4), 459–467. 10.1007/s40572-016-0118-8 [PubMed: 27696281] 

Wierzchos J, Ascaso C, & McKay CP (2006). Endolithic cyanobacteria in halite rocks from the 
hyperarid core of the Atacama Desert. Astrobiology, 6(3), 415–422. 10.1089/ast.2006.6.415 
[PubMed: 16805697] 

Williams RJ (2006). The evolution of calcium biochemistry. Biochimica et Biophysica Acta, 1763(11), 
1139–1146. 10.1016/j.bbamcr.2006.08.042 [PubMed: 17023069] 

Williams RJ (2012). Zinc in evolution. Journal of Inorganic Biochemistry, 111, 104–109. 10.1016/
j.jinorgbio.2012.01.004 [PubMed: 22855949] 

Williams RJP (2000). Calcium Homeostasis and Its Evolution. In Carafoli E & Krebs J (Eds.), 
Calcium Homeostasis (pp. 1–28). Springer Berlin Heidelberg. 10.1007/978-3-642-58306-3_1

Wimmer MA, Abreu I, Bell RW, Bienert MD, Brown PH, Dell B, Fujiwara T, Goldbach HE, Lehto T, 
Mock HP, von Wiren N, Bassil E, & Bienert GP (2020). Boron: an essential element for vascular 
plants: A comment on Lewis (2019) 'Boron: the essential element for vascular plants that never 
was'. New Phytologist, 226(5), 1232–1237. 10.1111/nph.16127 [PubMed: 31674046] 

Wofford JD, Bolaji N, Dziuba N, Outten FW, & Lindahl PA (2019). Evidence that a respiratory shield 
in Escherichia coli protects a low-molecular-mass Fe(II) pool from O2-dependent oxidation. 
Journal of Biological Chemistry, 294(1), 50–62. 10.1074/jbc.RA118.005233 [PubMed: 
30337367] 

Wolfe-Simon F, Switzer Blum J, Kulp TR, Gordon GW, Hoeft SE, Pett-Ridge J, Stolz JF, Webb 
SM, Weber PK, Davies PC, Anbar AD, & Oremland RS (2011). A bacterium that can grow by 
using arsenic instead of phosphorus. Science, 332(6034), 1163–1166. 10.1126/science.1197258 
[PubMed: 21127214] 

Xie Y, May AL, Chen G, Brown LP, Powers JB, Tague ED, Campagna SR, & Löffler FE (2022). 
Pseudomonas sp. Strain 273 Incorporates Organofluorine into the Lipid Bilayer during Growth 
with Fluorinated Alkanes. Environmental Science & Technology. 10.1021/acs.est.2c01454

Xu Y, & Morel FM (2013). Cadmium in marine phytoplankton. Metal Ions in Life Sciences, 11, 
509–528. 10.1007/978-94-007-5179-8_16 [PubMed: 23430783] 

Yaashikaa PR, Kumar PS, Jeevanantham S, & Saravanan R (2022). A review on bioremediation 
approach for heavy metal detoxification and accumulation in plants. Environmental Pollution, 
301, 119035. https://doi.org/10.1016/j.envpol.2022.119035 [PubMed: 35196562] 

Yee D, & Morel FM (1996). In vivo substitution of zinc by cobalt in carbonic anhydrase of a marine 
diatom. Limnology and Oceanography, 41(3), 573–577.

Yokoyama N, Nonaka C, Ohashi Y, Shioda M, Terahata T, Chen W, Sakamoto K, Maruyama C, 
Saito T, Yuda E, Tanaka N, Fujishiro T, Kuzuyama T, Asai K, & Takahashi Y (2018). Distinct 

Remick and Helmann Page 91

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



roles for U-type proteins in iron-sulfur cluster biosynthesis revealed by genetic analysis of 
the Bacillus subtilis sufCDSUB operon. Molecular Microbiology, 107(6), 688–703. 10.1111/
mmi.13907 [PubMed: 29292548] 

Yoshinari A, & Takano J (2017). Insights into the Mechanisms Underlying Boron Homeostasis in 
Plants [Mini Review]. Frontiers in Plant Science, 8. 10.3389/fpls.2017.01951

Youssef Z, Vanderesse R, Colombeau L, Baros F, Roques-Carmes T, Frochot C, Wahab H, Toufaily 
J, Hamieh T, Acherar S, & Gazzali AM (2017). The application of titanium dioxide, zinc oxide, 
fullerene, and graphene nanoparticles in photodynamic therapy. Cancer nanotechnology, 8(1), 
6–6. 10.1186/s12645-017-0032-2 [PubMed: 29104699] 

Yu B, Xu C, & Benning C (2002). Arabidopsis disrupted in SQD2 encoding sulfolipid synthase is 
impaired in phosphate-limited growth. Proceedings of the National Academy of Sciences of the 
United States of America, 99(8), 5732–5737. 10.1073/pnas.082696499 [PubMed: 11960029] 

Yu RQ, & Barkay T (2022). Microbial mercury transformations: Molecules, functions and organisms. 
Advances in Applied Microbiology, 118, 31–90. 10.1016/bs.aambs.2022.03.001 [PubMed: 
35461663] 

Zare B, Nami M, & Shahverdi A-R (2017). Tracing Tellurium and Its Nanostructures in Biology. 
Biological Trace Element Research, 180(2), 171–181. 10.1007/s12011-017-1006-2 [PubMed: 
28378115] 

Zhang L, Li S, Liu X, Wang Z, Jiang M, Wang R, Xie L, Liu Q, Xie X, Shang D, Li M, Wei Z, Wang 
Y, Fan C, Luo ZQ, & Shen X (2020). Sensing of autoinducer-2 by functionally distinct receptors 
in prokaryotes. Nature Communications, 11(1), 5371. 10.1038/s41467-020-19243-5

Zhang S, Wang X, Wang H, Bjerrum CJ, Hammarlund EU, Costa MM, Connelly JN, Zhang B, Su 
J, & Canfield DE (2016). Sufficient oxygen for animal respiration 1,400 million years ago. 
Proceedings of the National Academy of Sciences of the United States of America, 113(7), 
1731–1736. 10.1073/pnas.1523449113 [PubMed: 26729865] 

Zhang Y, & Gladyshev VN (2008). Molybdoproteomes and evolution of molybdenum utilization. 
Journal of Molecular Biology, 379(4), 881–899. 10.1016/j.jmb.2008.03.051 [PubMed: 
18485362] 

Zhang Y, & Gladyshev VN (2010). General trends in trace element utilization revealed by comparative 
genomic analyses of Co, Cu, Mo, Ni, and Se. Journal of Biological Chemistry, 285(5), 3393–
3405. 10.1074/jbc.M109.071746 [PubMed: 19887375] 

Zhang Y, Rodionov DA, Gelfand MS, & Gladyshev VN (2009). Comparative genomic analyses of 
nickel, cobalt and vitamin B12 utilization. BMC Genomics, 10, 78. 10.1186/1471-2164-10-78 
[PubMed: 19208259] 

Zhang Y, Ying H, & Xu Y (2019). Comparative genomics and metagenomics of the metallomes. 
Metallomics, 11(6), 1026–1043. 10.1039/c9mt00023b [PubMed: 31021335] 

Zhang Y, & Zheng J (2020). Bioinformatics of Metalloproteins and Metalloproteomes. Molecules, 
25(15). 10.3390/molecules25153366

Zhou L, Tan Y, Huang L, Fortin C, & Campbell PGC (2018). Aluminum effects on marine 
phytoplankton: implications for a revised Iron Hypothesis (Iron–Aluminum Hypothesis). 
Biogeochemistry, 139(2), 123–137. 10.1007/s10533-018-0458-6

Zhu XM, Hackl S, Thaker MN, Kalan L, Weber C, Urgast DS, Krupp EM, Brewer A, Vanner S, 
Szawiola A, Yim G, Feldmann J, Bechthold A, Wright GD, & Zechel DL (2015). Biosynthesis of 
the Fluorinated Natural Product Nucleocidin in Streptomyces calvus Is Dependent on the bldA-
Specified Leu-tRNAUUA Molecule. Chembiochem, 16(17), 2498–2506. https://doi.org/10.1002/
cbic.201500402 [PubMed: 26374477] 

Zhuang W-Q, Fitts JP, Ajo-Franklin CM, Maes S, Alvarez-Cohen L, & Hennebel T (2015). Recovery 
of critical metals using biometallurgy. Current Opinion in Biotechnology, 33, 327–335. https://
doi.org/10.1016/j.copbio.2015.03.019 [PubMed: 25912797] 

Ziental D, Czarczynska-Goslinska B, Mlynarczyk DT, Glowacka-Sobotta A, Stanisz B, Goslinski T, 
& Sobotta L (2020). Titanium Dioxide Nanoparticles: Prospects and Applications in Medicine. 
Nanomaterials, 10(2), 387. https://www.mdpi.com/2079-4991/10/2/387 [PubMed: 32102185] 

Zierden MR, & Valentine AM (2015). Contemplating a role for titanium in organisms. Metallomics, 
8(1), 9–16. 10.1039/c5mt00231a

Remick and Helmann Page 92

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.mdpi.com/2079-4991/10/2/387


Zlatic S, Comstra HS, Gokhale A, Petris MJ, & Faundez V (2015). Molecular basis of 
neurodegeneration and neurodevelopmental defects in Menkes disease. Neurobiology of Disease, 
81, 154–161. https://doi.org/10.1016/j.nbd.2014.12.024 [PubMed: 25583185] 

Zoroddu MA, Aaseth J, Crisponi G, Medici S, Peana M, & Nurchi VM (2019). The essential 
metals for humans: a brief overview. Journal of Inorganic Biochemistry, 195, 120–129. 10.1016/
j.jinorgbio.2019.03.013 [PubMed: 30939379] 

Zuo H, Chen L, Kong M, Qiu L, Lü P, Wu P, Yang Y, & Chen K (2018). Toxic effects of fluoride on 
organisms. Life Sciences, 198, 18–24. 10.1016/j.lfs.2018.02.001 [PubMed: 29432760] 

Zygiel EM, & Nolan EM (2018). Transition Metal Sequestration by the Host-Defense 
Protein Calprotectin. Annual Review of Biochemistry, 87, 621–643. 10.1146/annurev-
biochem-062917-012312

Zytnick AM, Good NM, Barber CC, Phi MT, Gutenthaler SM, Zhang W, Daumann LJ, & 
Martinez-Gomez NC (2022). Identification of a biosynthetic gene cluster encoding a novel 
lanthanide chelator in Methylorubrum extorquens AM1. bioRxiv, 2022.2001.2019.476857. 
10.1101/2022.01.19.476857

Remick and Helmann Page 93

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. A biocentric periodic table of elements.
The chemical elements are organized into 18 groups (columns) and are shaded to indicate 

their importance in biology. The elements essential for all life are class (i): indicated with a 

black background and include the bulk macronutrients (CHNOPS), two ions (K,Mg) and one 

transition metal (Zn). Class (ii) elements (essential for many organisms in all three domains 

of life) are in white font with a dark grey background. The class (iii) elements (essential or 

beneficial for many organisms in at least one domain) are in black font with a dark grey 

background. An additional 23 elements are assigned as class (iv) (beneficial to at least some 

species) have light grey shading. All remaining elements are currently assigned as class (v): 

of no known biological benefit and are in grey font against a white background. Radioactive 

elements with no stable isotope are indicated ( ).
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Figure 2. 
Relative levels of the naturally occurring elements from hydrogen (1H) to uranium (92U) in 

the Earth’s upper (continental) crust. Abundance is on a log10 scale relative to silicon (14Si), 

arbitrarily set to 106. The decline in abundance from lighter to heavier elements reflects a 

similar pattern in the interstellar gases that condensed to form our solar system ~4.5 Ga. The 

rarest metals are those that dissolved well into molten iron (siderophilic) and were depleted 

from the surface when they partitioned into Earth’s iron core during our planet’s formation. 

Note that atomic numbers are indicated by subscripts, and mass by superscripts. There 

are gaps in this chart that correspond to the 6 noble gases (2He, 10Ne, 18Ar, 36Kr, 54Xe, 

86Rn), and 8 unstable (radioactive) elements of low natural abundance: technetium (43Tc), 

promethium (61Pm), polonium (84Po), astatine (85At), francium (87Fr), radium (88Ra), 

actinium (89Ac), and protactinium (91Pa). This leaves 78 naturally occurring elements of 

defined abundance. There is general agreement on the abundance as reported in several 

sources (see https://en.wikipedia.org/wiki/Abundance_of_elements_in_Earth%27s_crust for 

a comparison). In this text, we will use the value derived from (Haynes, 2016).

Image credit: https://commons.wikimedia.org/wiki/File:Elemental_abundances.svg. (public 
domain)
gin

Remick and Helmann Page 95

Adv Microb Physiol. Author manuscript; available in PMC 2023 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://en.wikipedia.org/wiki/Abundance_of_elements_in_Earth%27s_crust
https://commons.wikimedia.org/wiki/File:Elemental_abundances.svg


Figure 3. Recycling of limiting macronutrients by ribosome turnover.
Ribosomes are a major macromolecular constituent of bacteria (accounting for ~25-40% of 

dry weight), with >104 ribosomes per growing cell. Here, ribosomes are seen as the electron 

dense dots in a Caulobacter crescentus cell as imaged by electron microscopy. The ribosome 

itself is a complex assemblage of both RNA and proteins, with a small subunit (green) and 

large subunit (blue) that assemble to form the complete ribosome. Each ribosome has an 

abundance of C,H,N,O,P with lesser amounts of S,Mg,K, and Zn.

Image credits: left image, L. Shapiro, H. McAdams (2012) https://doi.org/doi:10.7295/

W9CIL40123; public domain). Watercolor by David Goodsell; https://pdb101.rcsb.org/

motm/121; public domain).
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Figure 4. Ca-based biomineralization in biology.
A. Hydroxyapatite (Ca5(PO4)3OH2) accounts for the bulk of bone mass in vertebrates, here 

represented by the skeleton of the black bass. Calcite (CaCO3) is the major structural 

component for numerous organisms including B. mollusk shells (~95-99% CaCO3 by 

weight), C. the microscopic coccolithophore Emiliania huxleyi (diameter = 7 μm) where 

CaCO3 forms the mineralized shell (or “coccosphere”), and D. calcareous sponges (Phylum: 

Porifera; Class: Calcarea).

Images are all public domain; credits: A. The skeleton of the black bass; 1900 (Robert W. 

Shufeldt); B. Mollusk shells (Zachi Evenor); C. scanning electron micrograph of Emiliania 
huxleyi (Dr. Jeremy Young) and D. drawing by Ernst Haeckel (Kunstformen der Natur, 

1904).
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Figure 5. Sr-based biomineralization in biology.
Within the Phylum Radiolaria, the class Acantharea are small (0.2 to ~2 mm in size) marine 

plankton that use celestine (SrSO4) for their hard shells. Shown here are drawings from 

Ernst Haeckel (Kunstformen der Natur, 1904, plate 21) of 1. Xiphacantha ciliata (Haeckel) = 

Xiphacantha sp., 2 Xiphacantha spinulosa (Haeckel) = Stauracantha spinulosa (Haeckel, 

1860), 3 Stauracantha quadrifurca (Haeckel) = Phyllostauridae sp.?, 4. Pristacantha 
polyodon (Haeckel), 5. Lithoptera dodecaptera (Haeckel), 6. Acantholonche peripolaris 

(Haeckel) = Gigartaconidae sp.?, core spicule, and 7. Acantholonche favosa (Haeckel) = 

Gigartaconidae sp.?, core spicule.

Image credit: Ernst Haeckel, Kunstformen der Natur (1904), plate 21: Acanthometra This is 

a public domain image.
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Figure 6. Intracellular biominerals and cellular taxis.
A. In the Bacterium Magnetospirillum magneticum linear arrays of magnetite (Fe3O4) 

crystals (enlarged in B) allow cells to swim directionally in response to the magnetic field 

(Ginet et al., 2011). C. The ciliate Loxodes striatus contains membrane-bound vesicles with 

barium sulfate (BaSO4) concretions (3 μm diameter) fixed to a microtubular structure to 

serve as statoliths (courtesy N. Rieder), adapted from (Häder et al., 2017)

Image credits. A and B: image modified under a CC license from (Ginet et al., 2011). C. 

image adapted from (Häder et al., 2017) under a CC BY 4.0 license.
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Figure 7. Biology of the lanthanide elements.
Lanthanides (Ln) serve as a cofactor for one family (XoxF) of methanol dehydrogenase 

(MDH), whereas a second family (MxaF1) uses Ca. MDH allows methyltrophs to use 

methanol (CH3OH) as sole carbon and energy source. A. Catalytic mechanism of alcohol 

oxidation. The reactive C5 carbonyl of PQQ and Asp are required for catalysis in 

coordination with the bound metal cofactor (red M). B. Overall structure of a Ln-dependent 

MDH. The Methylobacterium extorquens AM1 XoxF1 (PDB entry 6OC6) is shown with 

β-sheets in green, α-helices in orange, and coils in gray, and the bound La3+ in red. C. Close 

up of active-site structures of Ce-bound Methylacidiphilum fumariolicum SolV (PDB code 

4MAE) XoxF and Ca-bound MxaFI from Methylobacterium extorquens AM1 (PDB code 

1W6S). PQQ in blue, Ce in red, Ca in yellow, Also shown is a Cys disulfide and a conserved 

Asp (D301, pink in XoxF) that is an Ala (green) in MxaFI. Panels A-C adapted from (Good 
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et al., 2020). D. The lanthanide series elements (shaded as in Figure 1) showing the relative 

crustal abundance of each element (Haynes, 2016).

Image credits. Panels A-C adapted from (Good et al., 2020) under a CC license.
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Figure 8. Representative metal-dependent enzyme cofactors.
A. Heme consists of a porphyrin ring with a central Fe atom. Related porphyrins replace 

the central Fe with Mg (chlorophyll) or Ni (F430 cofactor found in methanogenic Archaea) 

(Hausinger, 2019). B. Most Co-dependent enzymes have Co bound in cobalamin, where the 

R group is either deoxyadenosine in AdoCbl, or methyl in MeCbl. C. Most nitrogenase 

enzymes use an FeMo cofactor (FeMoCo) with formula Fe7MoS9C. One Fe (top) is 

anchored to the protein by Cys. FeMoCo contains 9 sulfides and a central C (carbide) atom, 

in which C is bonded directly to 6 Fe atoms (as far as is known, the sole instance of this type 

of bonding in biology). Mo is attached to three sulfides and to the protein by a His residue. 

The V-containing nitrogenases use a very similar cofactor (FeVCo) in which V replaces Mo, 

and one S is replaced by a carbonate ion (Hausinger, 2019). D. Most Mo-dependent enzymes 
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have Mo bound to two S atoms in a polycyclic pyranopterin known as molydopterin. The 

Mo may be replaced by W in tungstoenzymes.

Image credits: Wikimedia commons (public domain), 994px-Heme.svg.png, 

FeMoco_cluster.svg, Cobalamin_skeletal.svg, Molybdenum cofactor.svg.
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Figure 9. A biological role for Cd.
A. At the ocean surface atmospheric CO2 dissolves and is hydrated to form carbonic acid. 

Optimal photosynthesis requires a carbon-concentrating mechanism (CCM) that relies on 

carbonic anhydrase (CA). CA are Zn-metalloenzymes that allow rapid generation of CO2 

from carbonic acid for use by rubisco. Carbonic acid import (i) and internal carbonic 

anhydrases (iCA, ii) serve this role. Alternatively, CO2 may be generated by external 

carbonic anhydrase (eCA) followed by diffusion through the cell membrane. Adapted from 

(Mustaffa et al., 2021) under license CC BY 4.0. B. Cd functions as an alternative active 

site cofactor in Cd-utilizing carbonic anhydrase (CDCA) in some marine diatoms. The 

Cd-utilizing carbonic anhydrase (CDCA; right in ribbon diagram) is one of the major CA 

enzymes in the diatom Thalassiosira weisflogii (left in SEM image). C. Enlarged view of the 

CDCA active site with the Cd ion in purple. Panels B and C adapted from (Alterio et al., 

2015), under license CC BY 4.0.
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Figure 10. Si-based biomineralization in diatoms.
Biogenic silica (hydrated silica (SiO2·nH2O) as found in A. Frustule of a centric diatom, 

Biddulphia reticulata showing valves and girdle bands (size bar = 10 μm). B. Frustula of a 

two whole pennate diatom, Diploneis sp. size bar = 10 μm). C. A single valve of a centric 

diatom Eupodiscus radiatus. (size bar = 20 μm) (D. Frustule of a centric diatom, Melosira 
varians, showing valves and girdle bands (size bar = 10 μm). Scanning electron micrograph 

images courtesy of Mary Ann Tiffany, San Diego State University as published under a CC 

license in (Bradbury, 2004)).

Copyright: © 2004 Jane Bradbury. This is an open-access article distributed under the terms 

of the Creative Commons Attribution License, which permits unrestricted use, distribution, 

and reproduction in any medium, provided the original work is properly cited.
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Table 1.

The most widely used elements in biology1 (classes i and ii)

class i

     ◼ = Indisputably essential
    ◼ = Presumed essential (no counterexamples known)
    ⬤ = Essential or beneficial for many organisms

Known or presumed essential for all organisms

symbol
Domain2

A B E

C ◼ ◼ ◼ CHNO; Basis for all life chemistry and macromolecules

H ◼ ◼ ◼  Cells vary from 65-90% H2O by weight

N ◼ ◼ ◼  CHNO together account for ~96-98% of most cells

O ◼ ◼ ◼

P ◼ ◼ ◼ Essential for nucleic acids, phospholipids, nucleotides, etc.; ~1% of cell mass

S ◼ ◼ ◼ Essential for proteins (Cys,Met), cofactors, etc.; ~0.2% of cell mass

K ◼◼ ◼ Major intracellular monovalent cation (K+)

Mg ◼ ◼ ◼ Major intracellular divalent cation (Mg2+)

Zn ◼◼ ◼ Major intracellular transition metal (Zn2+); electrophilic catalyst in enzymes and nucleates protein folding in Zn-fingers 
and other proteins

 

class ii Essential for many organisms in all three domains

Ca ⬤⬤◼ Ca is widely used for cell signaling and biomineralization; broadly beneficial but essentiality unclear for many 
microbes

Mo ⬤⬤⬤ A,B,E: Mo-dependent enzymes (using MoCo) in a majority but not all species in each domain; essential for plants and 
animals, but not yeast.

Mn ⬤⬤◼ E: essential for plants and animals; B,A: essential for many but not all species

Fe ⬤⬤◼ B,A,E: essential for nearly all life, but rare exceptions are known in the Bacteria

Co ⬤⬤⬤ B,A,E: bioinformatics supports a broad distribution of Co-dependent enzymes

Ni ⬤⬤⬤ B,A,E: bioinformatics supports a broad distribution of Ni-dependent enzymes

Cu ⬤⬤⬤ B,A,E: bioinformatics suggests Cu-dependent enzymes in most organisms in all 3 domains

Se ⬤⬤⬤ B,A,E: bioinformatics supports a broad distribution of Se-dependent enzymes

1
Assignments presented here should be considered a current educated guess and are subject to revision.

2
Elemental utilization in Bacteria (B), Archaea (A), and Eukarya (E) is summarized.
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Table 2.

Beneficial elements in biology1 (classes iii and iv)

class iii

  ◻ = beneficial (or essential) for many organisms (mechanism known)
 ⭘ = beneficial for a few organisms (mechanism poorly understood)
 ☸ = beneficial: supports biomineralization in selected organisms
 ⌘ = beneficial: supports chemolithotrophy as electron donor/acceptor
 ⯑ = beneficial roles possible, but no described examples

Essential or beneficial for many organisms in at least one domain

symbol Domain2
A B E

Na ◻ ◻ ◻ E: essential for animals, but not most plants; B,A: requirement varies (where known)

B ⯑ ⭘ ◻ E: essential in plants for cell wall stability; B: B-containing secondary metabolites

Cl ◻ ◻ ◻ E: essential for plants and animals; B,A: requirement varies (where known)

Br ⯑ ⭘ ◻ E: essential in multicellular animals for collagen formation; B: Br-containing secondary metabolites

 

class iv Beneficial for at least some species

Li ⯑ ⯑ ⭘ E: beneficial effects of Li on mood in human, B: possible sparing role in microbes, although relevance to natural 
settings is not established

Rb ⯑ ⯑ ⭘ Possible sparing effect on K nutrition, but relevance in nature not shown

Sr ⯑ ⯑ ☸ E: Acantharea (a group of radiolarian protozoa) use SrSO4 for their shells

Ba ⯑ ⯑ ☸ E: Some green algae use BaSO4 crystals as statoliths for gravity-sensing

(Ln)3 ⯑ ◻ ⯑ B: Many methylotrophs use (Ln) elements in methanol dehydrogenase

(An)4 ⯑ ⌘ ⯑ B: U can support chemolithotrophic growth

Ti ⯑ ⯑ ☸ E: Some diatoms and foraminifera have tests of TiO2, Ti accumulated in tunicates

V ◻ ◻ ⯑ B,A: V-cofactored nitrogenases, E; V-dependent haloperoxidases

W ◻ ◻ ⯑ B,A: W-cofactored enzymes often replace Mo-dependent functions

Cd ⯑ ⯑ ◻ E: Cd is a cofactor for carbonic anhydrase in some marine diatoms

Si ⯑ ⯑ ☸ E: diatoms use SiSO4 for their shells (frustules)

As ⯑ ⌘ ⯑ B: As can support chemolithotrophic growth

Sb ⯑ ⌘ ⯑ B: Sb can support chemolithotrophic growth

Te ⯑ ⌘ ⯑ B: Te can support chemolithotrophic growth

F ⯑ ⭘ ⭘ B: synthesis of F-containing secondary metabolites; E: plants make fluoroacetate, likely for defense; beneficial for 
tooth enamel in animals

I ⯑ ⭘ ◻ B,E: synthesis of l-containing secondary metabolites; E: mammals, required for thyroid hormone

Al ⯑ ⯑ ⭘ E: postulated to be a beneficial element for plants

1
Assignments presented here should be considered a current educated guess and are subject to revision.

2
Elemental utilization in Bacteria (B), Archaea (A), and Eukarya (E) is summarized.

3
Ln refers collectively to the lanthanide group of elements with atomic numbers 57 to 71.

4
An refers collectively to the actinide group of elements with atomic numbers 89 to 103.
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