
UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

EXTREMOPHILES – Vol. III - Metallophiles and Acidophiles in Metal-Rich Environments - Max Mergeay 

©Encyclopedia of Life Support Systems (EOLSS) 

METALLOPHILES AND ACIDOPHILES IN METAL-RICH 
ENVIRONMENTS 
 
Max Mergeay 
Laboratory for Microbiology, Center of Studies for Nuclear Energy, Mol, Belgium 
 
Keywords: anthropogenic, bioremediation, copper belt of Austral Africa, efflux, 
firmicutes, Geobacter metallireducens, hydrogenotrophy, metallophytes, minimum 
inhibitory concentration, mobile genetic elements, natural metal-rich biotopes, New 
Caledonia, plasmids, proteobacteria, Ralstonia metallidurans, reduction, zinc desert 
 
Contents 
 
1. Introduction: industrial biotopes as a reservoirs for extremophiles 
2. Bacteria and the periodic table 
3. Bacteria and metals 
4. How to track metal-resistant bacteria? 
5. Metal-rich biotopes as sources of metal-resistant bacteria 
5.1. Natural Metal-Rich Soil Biotopes 
5.2. Anthropogenic Metal-Rich Soil Biotopes 
6. Metal resistance: a role for mobile genetic elements  
7. The organization of metal-resistance genes in Ralstonia metallidurans 
7.1. A Preliminary View at the Genomic Level 
7.2. Regulation Modules in Metal-Resistance Operons 
8. Other bacteria involved in biogeochemical processes involving metals 
9. Environmental applications of bacteria adapted to heavy metals or able to process 
heavy metals 
10.Conclusions 
Acknowledgements  
Glossary 
Bibliography 
Biographical Sketch 
 
Summary 
 
This article describes some bacteria that are specifically adapted to metal-rich biotopes 
and can therefore be considered as a kind of extremophile. Metal-rich biotopes may be 
divided up to some extent into natural and anthropogenic biotopes. Natural biotopes 
correspond to a variety of geological events that often shelter endemic populations of 
plants (metallophytes). Some deep-sea or terrestrial hydrothermal sources may be also 
being considered as natural metal-rich biotopes. 

In their extreme form, anthropogenic metal-rich biotopes are mainly industrial, and may 
be found around metal-processing factories or in dumping sites. They are also 
characteristic of the Industrial Revolution of the last 200–300 years. Their 
multiplication on the earth’s surface has promoted the large-scale redistribution of 
bacterial populations. The harsh selection pressure, linked to the chemical mixtures they 
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contain, has likely forced some key genetic rearrangements in these populations, and is 
therefore significant from the point of view of evolution. 

Ralstonia metallidurans and related species are regularly found in such anthropogenic 
biotopes. Their resistance to high concentrations of heavy metals such as cadmium, 
chromium, cobalt, copper, mercury, nickel, lead, thallium, and zinc is mainly plasmid-
borne. Plasmid-borne resistance to heavy metals in other bacteria also includes 
resistance to the group of oxyanions formed by arsenite, arsenate, and antimonite, to 
tellurite and to silver. 

The draft sequence of R. metallidurans is now available, and makes it possible to 
identify genes involved in metal resistance, and adaptation on both the chromosome and 
the large plasmids. Yet plasmid-borne genes seem to be organized in more complex 
clusters. Some of these genes encode for unique proteins that have, to date, no 
equivalents in genomic databases. 

Other adaptations to heavy metals not necessarily bound to metal-rich biotopes are also 
mentioned, such as the metal-reducing anaerobic bacteria. The diversity of mechanisms 
of metal resistances, metal bioprecipitation or mineralization, and of metal 
solubilization, also provides an arsenal of remediation tools to process polluted soils or 
effluents, mixed wastes (metals, radionuclides), and recalcitrant synthetic organic 
compounds (xenobiotics). 

1. Introduction: Industrial Biotopes as a Reservoir for Extremophiles 

The Industrial Revolution that has lasted for the last 200 years has generated plenty of 
new biotopes in soils, rivers, lakes, and sediments, mainly via the dumping of metal-rich 
wastes that were often mixed with recalcitrant synthetic chemical compounds 
(chloroaromatic compounds). The extreme variety of these industrial sites and their 
geographical dispersion across the surface of the earth has provoked a huge and yet 
almost unnoticed redistribution of bacterial populations, probably including those that 
were already adapted to heavy metals, and has surely exerted evolutionary pressures on 
their genotypes. 

That visible evolutionary processes occurred during the Industrial Revolution may be 
deduced from the adaptation of various catabolic pathways to recalcitrant synthetic 
chemicals which are now released in high amounts to the environment. These chemicals 
did not exist before the Industrial Revolution. Evolutionary pressures have also played a 
role in the adaptation to new habitats that, because of human activities (the dumping of 
industrial wastes), poor vegetal coverage, and food scarcity, are constantly exposed to 
strong variations in physicochemical conditions (chemical toxicity, temperature, 
moisture, osmotic pressure, and so on) which are rarely balanced. 

Therefore, the Industrial Revolution has pushed for the selection of new 
“extremophiles” among bacteria, with the additional point that the evolutionary trends at 
work towards this selection can be considered as accessible and even measurable. The 
current development of comparative genomics, the direct analysis of soil microbial 
populations with molecular tools, the availability of bacterial strain collections dating 
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from about 1900, and long-term experimental evolution with microbes, will help 
considerably in this respect. 

2. Bacteria and the Periodic Table 

Life in prokaryotes (Bacteria and Archaea), as well as in eukaryotes, relies on various 
elements from the Periodic Table, the basic ones being carbon, nitrogen, oxygen, 
hydrogen, sulfur, and phosphor. Metals are also required for life: calcium, magnesium, 
potassium, and sodium are tolerated or required in substantial concentrations. The 
biological requirements for iron and manganese are satisfied at lower concentrations. 
Metallic trace elements essential for bacterial life include copper, cobalt, nickel, 
chromium, molybdenum, vanadium, tungsten, and zinc, but concentrations even slightly 
exceeding those satisfying the requirements for the trace elements are generally toxic. 
Tungsten (which can also substitute for molybdenum in various molybdoenzymes) 
deserves a special mention as far as extremophiles are concerned. Tungsten (W) is 
essential for the growth of the hyperthermophiles Pyrococcus furiosus and 
Thermococcus littoralis, and up to now, looks to be the essential metal with the highest 
atomic number: 74. 

Among the other elements of the Periodic Table, chloride is required for ionic 
equilibrium and may be tolerated through a broad range of concentration. Silicium 
content is conspicuous in some biological structures, such as in the diatoms. 

The nonmetallic elements boron, fluoride, arsenic, selenium, and iodine may be added 
to the list of biological trace elements in prokaryotes or in eukaryotes (natural 
brominated or chlorinated organic molecules have been reported, but mainly look like 
secondary metabolites). But outside the basic metallic elements that are essential for life, 
all the other metals and elements are generally toxic when they are bioavailable. 
(Bioavailable means soluble at biological pH, and/or having access to the various 
transport pathways that cross the biological membranes.) Cadmium, silver, mercury, 
thallium, and lead ions are the most toxic for living beings, and constitute major sources 
of concern in environmental toxicology. 

For completeness, a special mention has to be made of metallic species such as U(VI) 
and Tc(VII) on which some bacteria can respire in anaerobic conditions. In this respect, 
the case of technetium (a transition element) is remarkable, as this element does not 
currently exist on earth, even as a natural radioisotope. 

3. Bacteria and Metals 

For soil microbes, there is a special challenge as they may come in contact with metallic 
ores or with locally high concentrations of metals. This occurs in a lot of natural 
situations dictated by the geological history of the earth: deep hydrothermal sources, 
volcanic areas, and the nickel-rich ultramafic soils of New Caledonia are a few 
examples of such natural situations. Metal-tolerant or even metal-accumulating plants 
colonize such terrestrial biotopes, and feed bacterial communities through root exudates. 
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Anthropogenic situations have to be considered as well: the dumping sites of 
metallurgical waste or of waste from processed ores, and areas desertified by aerial 
releases of roasted sulfide. These biotopes may contain very high amounts of metals, of 
which a part becomes bioavailable. 

Metal release in agricultural practices may also affect bacterial communities from soil: 
copper-based fungicides play a role in this respect in the vineyards that were treated 
during decennia with “Bordeaux mixture” (mixtures with copper sulfate as the main 
active agent), but these agriculturally polluted biotopes do not seem to be as selective of 
extremophiles as industrial biotopes. However, the action of copper-based fungicides 
allowed the selection of plasmid-borne resistances to copper in bacteria pathogenic for 
vegetable crops (Pseudomonas syringae var tomato, Xanthomonas campestris, and so 
on) and the colonizing of plant aerial parts (particularly their leaf surface). In the same 
way, copper resistant E. coli strains have been found in the manure of pigs fed with 
copper additives. Similarly, the use of arsenic derivatives as a bactericidal agent for 
veterinary purposes most likely led to the emergence of arsenic-resistant Yersinia 
enterocolitica strains in pigs. 

In the metal-rich biotopes that are reservoirs of extremophiles, most of the attention has 
been focused on metal-resistant heterotrophic bacteria. Nevertheless, these bacteria 
most likely form only a small part of the biodiversity of these biotopes, and much 
research has still to be done to provide exhaustive studies of the real biodiversity of 
these biotopes and their long-term evolution. In the same way, although they do not 
specifically colonize “extreme” metal-rich biotopes, other bacteria that are remarkable 
because of functions linked to metal metabolism or processing will briefly be described 
or mentioned. Therefore, it will be also possible to get a hint of the microbial arsenal 
that is involved in metal biogeochemistry. or that could be integrated in bioremediation 
studies. 

4. How to Track Metal-Resistant Bacteria? 

Selective media for metal-resistant bacteria have to be designed in order to reduce as 
much as possible the apparent minimal inhibitory concentration. Broth media are not 
convenient in this respect as they chelate many metals. If broth media have to be used as 
selective media, the concentration of metals has to be increased in order to make the 
medium selective enough. Phosphate also has to be reduced to a minimum and, as a 
buffering agent, has to be replaced by agents such as Tris or MOPS. 

A first indication of a selective pressure linked to the presence of bioavailable 
concentrations of heavy metals may arise when the viable counts of heterotrophic 
bacteria on selective media (with metals) are similar to those observed in the absence of 
selection. Further evidence that bacteria carry specific resistance to heavy metals may 
be provided by the use of molecular techniques such as hybridization with specific 
probes, or by PCR-mediated amplification of key sequences from metal-resistant 
colonies. 

A complete chemical analysis of the soil samples is also of importance for the 
phenotypic determination of the bacteria of interest, and data must be produced 
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concerning the total metal content, the bioavailable fraction, and the determination of 
the main metallic compounds. 

5. Metal-Rich Biotopes as Sources of Metal-Resistant Bacteria 

5.1. Natural Metal-Rich Soil Biotopes 

Natural metal-rich biotopes are often the consequence of geological accidents, and have 
been studied for their endemic vegetation; they include the copper belt of Austral Africa 
that extends from Katanga through Zambia and Zimbabwe to South Africa, and the 
ultramafic soils of New Caledonia that are extremely rich in nickel. It is mainly in New 
Caledonia that attempts were made to also look at metal-resistant bacteria in the 
rhizosphere of metal-accumulating plants (Figure 1). 

 
 

Figure1. In New Caledonia, nickel-rich ultramafic soils shelter around 300 endemic 
plants adapted to this metal. Latex of Sebertia acuminata, shown on the stamp, contains 
up to 20% nickel. Dry leaves contain up to 1% nickel. The rhizosphere of these plants 
contains nickel-resistant bacteria with ncc genes very similar to those found in bacteria 

from industrial sites, although the bacteria are taxonomically quite different. 

Attention has been given to nickel-resistant Proteobacteria, some of them carrying genes 
that are very similar to those found in Ralstonia or other bacteria characteristic of 
industrial metal-rich biotopes, and also to Thallobacteria (high GC Gram-positives) 
belonging to the N2 fixating Frankia, which colonize the roots of various trees of New 
Caledonia (Casuerina sp., Gymnostoma deplancheanum) and are studied by Isabelle 
Navarro in Lyon. 
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More studies should be done on the rhizosphere of the endemic plants that are 
characteristic of these areas, and need to focus on the possible synergies between 
bacteria and plants with respect to metal detoxification or accumulation. 

Many metallophytes are also known in temperate areas of the Northern Hemisphere, 
and act as indicators of metal-rich biotopes, including natural biotopes, but also some 
anthropogenic biotopes that correspond to abandoned metallurgical plants or disaffected 
mining sites, such as the site of Plombières (a name that clearly refers to the element Pb, 
lead) in eastern Belgium. This small site, now arranged as a natural reservation, is 
extremely rich in lead and zinc, and is extensively colonized by Thlaspi caerulescens 
var calaminaria (zinc pennycress), Viola calaminaria, Armeria maritime, and some 
Festuca. 

Volcanic areas should also attract the attention of soil microbiologists, especially soon 
after eruptive events, at the moment where pioneering bacteria begin to colonize 
surfaces covered by ash. 

Geothermal environments are also a source of interesting microorganisms adapted to 
heavy metals: bacteria were reported to rapidly oxidize inorganic As(III) to As(V) from 
arsenic-rich terrestrial geothermal environments or from hot springs in the Yellowstone 
National Park (USA). Some of these bacteria belong to the genus Thermus: one of these 
Thermus strains is able not only to oxidize As(III) to As(V) but also to respire on As(V) 
in anaerobic conditions. 

Deep-sea hydrothermal sources are also environments that are studied for the adaptation 
of bacteria to heavy metals. 

- 
- 
- 
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