
Microbe–metal interactions in marine hydrothermal environments
James F Holden and Michael W W Adams�

Marine hydrothermal microorganisms respond rapidly to

changes in the concentrations and availability of metals within

their environment. Hyperthermophilic archaea appear to

possess novel mechanisms for metal detoxification,

dissimilatory metal reduction and metal assimilation that may be

absent in their mesophilic and bacterial counterparts. For

example, tungsten was found in high concentrations in a

hydrothermal sulfide deposit where hyperthermophiles were also

most abundant, consistent with the unique requirement of these

organisms for this element. Furthermore, newly isolated genera

of iron-reducing hyperthermophiles expand the scope of carbon

cycling in hydrothermal environments. The advent of genome

sequences and new molecular techniques will facilitate our

further understanding of microbe–mineral interactions in these

environments.
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Abbreviations
BAB back-arc basin
MOSC mid-ocean spreading center

SMV shallow marine vent

Introduction
One of the most metal-rich biotopes known are hydro-

thermal environments where geothermally heated water

reacts with its host rock forming fluids that nourish a

diverse array of geothermally dependent microorganisms.

These sites include deep-sea hydrothermal vents along

mid-ocean spreading centers (MOSCs) and terrestrial hot

springs, as well as lesser-known shallow marine vents

(SMVs) and marine back-arc basins (BABs) (i.e. zones

of oceanic lithosphere subduction). Little is known about

how microorganisms from marine hydrothermal environ-

ments interact with metals in situ, but their interactions

are generally described in one of three ways: the metals

are toxic and illicit a response; they are oxidized or

reduced to conserve energy in dissimilatory reactions;

or they are taken up and utilized in assimilatory reactions.

This review focuses on recent findings involving all three

of these metal–microbe interactions and their significance

with respect to the physiology and ecology of microbes in

hydrothermal environments.

Fluid chemistries of marine hydrothermal
environments
Hydrothermal fluids differ from seawater (Table 1)

because of a series of seawater–host-rock chemical reac-

tions as the fluids circulate through the seafloor [1��]. In

general, cool seawater migrates downward in the crust

through a fine-scale network of cracks. At temperatures

below 1008C, alkalis such as K, Rb and Cs as well as rare-

earth elements are stripped from seawater during mineral

replacement reactions with the host pillow basalts and

sheet flows. Uptake of these elements is balanced in the

rocks by loss of Mg, Si and S. As temperatures reach

350–5508C, elements such as Cu, Zn, Fe, Pb and S, as well

as SiO2, are leached out of the rocks and into the circulat-

ing fluids. As the hot buoyant fluids ascend to the surface,

elements such as K, Rb, Li and rare-earth elements are

leached from the basaltic material at temperatures above

1508C. In most deep-sea basaltic environments, these

fluids reach the seafloor at temperatures of 350–4008C
and are reduced and acidic (pH 2–6). Relative to seawater,

they are highly enriched in Fe, Mn, Zn, Cu, Co and As,

depleted in Mg, and either enriched or depleted in Ca, Se

and Mo depending on the chemical composition of the

basaltic rock at the fluid–rock interfaces during their down-

ward and upward migrations. Hydrothermal fluid may also

mix with seawater within the crust, resulting in exit fluids

with both seawater and hydrothermal fluid traits.

The inventory and reactivity of metal species in marine

hydrothermal fluids vary both spatially and temporally

due to the chemical compositions of the fluids and rocks

involved, the input of allochthanous (i.e. imported from a

contiguous system) material, and the temperatures and

pressures of the reactions (Table 1). MOSC hydrothermal

environments are found typically in lightly sedimented

young rocks composed primarily of basalts and gabbros.

Seawater enters a MOSC and frequently evolves into

hydrothermal fluid by passing through a two-phase con-

dition during its sub-seafloor reaction path due to the high

temperatures and pressures experienced by the fluid [2].

This phase separation creates a low-chlorinity, low-metal

vapour phase that is emitted from the seafloor before the

release of the high-metal, low-vapour brine phase. The

exception to this process involves those metals that form

volatile species, such as arsenic and antimony, which are
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elevated in vapour-phase fluids [3]. Phase separation

significantly affects the kinds of microorganisms found

associated with hydrothermal environments as well as the

level of microbial activity within the environment [2]. By

contrast, BAB hydrothermal environments are found in

sediment-covered acidic rocks [3] and the high acidity of

BAB fluids results in much higher metal concentrations

than are found in MOSC or SMV hydrothermal fluids

(Table 1). On the other hand, the metal concentrations

within SMV fluids are higher than in seawater but are not

as elevated as those found at MOSC and BAB sites

(Table 1) due to the absence of phase separation and

to differences in rock composition [4].

Microorganisms found in marine
hydrothermal environments
The microorganisms associated with marine hydrother-

mal environments are generally described in one of four

ways on the basis of their habitat: those in the pore spaces

and cracks below the surface; those on the outer surface of

the sulfide deposits, typically as mats; those on and within

invertebrates often as symbionts; and those within the

plume of hydrothermal fluid in the overlying seawater [1].

The latter three groups are generally mesophilic (i.e.

optimal growth 20–458C) aerobic bacteria, some of which

oxidize Fe and Mn for their respiration. Subsurface

microbes are primarily aerobic bacteria at lower tempera-

tures and shift to mostly anaerobic archaea as tempera-

tures reach 1008C (i.e. hyperthermophiles, optimal

growth >808C). Bacteria and archaea are unicellular

organisms that lack a nucleus making them distinct from

eukaryotes. However, these two domains of life are dis-

tinguished by their ribosomal nucleotide sequences [5]

and the presence of ester-linked lipids in bacteria and

ether-linked lipids in archaea.

Toxicity responses
Microorganisms respond to the presence of potentially

toxic metal ions through several intrinsic mechanisms to

regulate intracellular concentrations [6,7]:

1. Exopolysaccharide production.

2. Detoxification through specific efflux systems.

3. Metal sequestration by specific mineral ion binding

components.

4. Tight coupling between membrane transport metal

efflux proteins and ATPases.

5. Enzymatic transformation converting more toxic to

less toxic or less available metal-ion species.

In this regard, the archaea that are found in hydrothermal

vent systems appear to have unusual responses. For

example, 16 anaerobic hyperthermophilic sulfur-reduc-

ing organisms, 10 of the archaeal order Thermococcales and

six of the bacterial order Thermotogales, were isolated from

a BAB site to test their susceptibility to heavy metals [8].

The Thermococcales could withstand Cd and Zn concen-

trations that were 100–1000 fold and 10–100 fold higher,

respectively, than those withstood by the Thermotogales as

well as the moderately thermophilic Bacillus strains iso-

lated from the same site. The significantly higher metal

resistance in the Thermococcales suggests that hyperther-

mophilic archaea possess one or more novel mechanisms

for dealing with the toxic metals that are found within

hydrothermal environments, mechanisms that are lack-

ing or underdeveloped in their bacterial counterparts.

Indeed, complete genome sequences of several mem-

bers of the Thermococcales are now available and close to

half of their putative genes are of unknown function,

many of which are unique to archaea [9�]. These unique

unknown genes may encode for these putative novel

mechanisms.

Tolerance to toxic metal ions in hydrothermal vents is not

limited to hyperthermophilic organisms. One study

involved a moderately thermophilic Bacillus strain, which

grows at 658C, collected from the same BAB site. Resis-

tance to Cd was higher when cultures were previously

grown in the presence of the metal, suggesting that this

acclimation was induced [8]. Similarly, 10 tellurite- and

selenite-reducing strains of Pseudoalteromonas spp. were

Table 1

Metals in various types of hydrothermal fluids.

Metal (conc.) Biological response MOSCs [25�,34] BABs [25�,34] SMVs [4] Seawater [35]

Fe (mM) D,A 0.01–1362 1.2–2.9 0–0.9 0.000061
Mn (mM) D 0.1–1150 5.8–7.1 0–0.3 0.000007

Ca (mM) A 2–109 28–41 0.5–18 10

Mg (mM) A 0–53 0–53 0.3–67 53

Zn (mM) T,A 0.7–780 1200–3100 0–17 0.076

Cu (mM) T,A 0.1–21 15–35 0.02–1.9 0.014

Ni (nM) T,A nd nd 2–586 112

Co (nM) T,A 35–1430 3800–7000 2–287 7

As (nM) T,D 30–1074 6000–11 000 8–1789 35

Se (nM) T,D,A 0.6–103 nd 10–456 11

Mo (nM) A 1–33 nd 3–4200 104

W (nM) A 2 nd 0.5–315 0.5

Abbreviations: A, assimilatory reaction; D, dissimilatory reaction; nd, no available data; T, toxicity response.
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isolated at 308C from a MOSC site in the north-eastern

Pacific Ocean [10�]. The lowest concentrations of

K2TeO3 and Na2SeO3 that inhibited growth were

1500 mg ml�1 and 6000 mg ml�1, respectively, which are

comparable to the highest levels of tellurite and selenite

resistance known in bacteria [10�]. The mechanisms of

Te or Se resistance or the induced Cd tolerance are poorly

understood. As with the hyperthermophiles, there may be

novel physiological adaptations among mesophilic bac-

teria to hydrothermal ecosystems or, more specifically, to

their unique inventory and speciation of metals.

Dissimilatory reactions
In dissimilatory reactions, the metal ion is used as an

electron donor or acceptor during respiration and is typi-

cally not incorporated into the cell. The use of iron now

appears to be a common metal-dependent respiratory

mode. In fact, organisms with this ability appear to be

readily able to colonize hydrothermal environments. For

example, following the 1996 volcanic eruption at a MOSC

site off the Oregon coast, phase separation of hydrother-

mal fluids led to extensive microbial growth within the

seafloor [11]. Remarkably, there was no evidence of

hydrothermal venting or extensive microbial commu-

nities at the site before the eruption. Nevertheless, thick

(>10 cm) mats of nearly exclusive iron-oxidizing bacteria

were associated with the more-evolved metal-rich brine

fluids (Figure 1a). In addition, copious biogenic-sulfur

flocculent material, high concentrations of morphologi-

cally diverse microorganisms, and primarily sulfur-oxi-

dizing bacterial mats, but few iron-oxidizers, were

associated with metal-poor fluids found venting 30 km

away as a result of the same eruption (Figure 1b) [11].

Iron-oxidizing bacteria also were ubiquitous around

hydrothermal venting at Loihi Seamount, Hawaii and

were major inhabitants of newly formed vents following

a 1996 eruption on the seamount [12�]. A conservative

estimate suggests that up to 60% of the iron oxide

deposition around the Loihi vents is due to iron-oxidiz-

ing bacteria, which is comparable to the iron oxidizing

activity measured in freshwater microcosm experiments.

These examples nicely illustrate the ability of pre-

viously quiescent microbes to sense and mount a rapid

response to the sudden emergence of hydrothermal

fluids of a specific chemical composition, again by as-

yet unknown mechanisms.

Some hyperthermophiles appear to be highly adapted to

toxic metal ions (or metalloids). Arsenate and selenate

are generally toxic to microorganisms; however, the

hyperthermophilic crenarchaeon Pyrobaculum arsenati-
cum, which was isolated from a hot, freshwater spring

near Naples, Italy, grows on hydrogen and carbon dioxide

as its energy and carbon sources using 10 mM arsenate or

50 mM selenate as the electron acceptor [13]. Pyrobacu-
lum islandicum is capable of oxidizing H2 or components of

peptone or yeast extract and reducing various metals such

as Fe(III), U(VI), Tc(VII), Cr(VI), Co(III) and Mn(IV) at

1008C but the organism did not reduce As(V) or Se(VI)

[14]. P. islandicum also oxidized humic compounds and

the humic analogue anthraquinone-2,6-disulfonate

(AQDS). These reactions greatly accelerated the rate

of reduction of poorly crystalline Fe(III) oxide, suggest-

ing that humic compounds may serve as an extracellular

electron shuttle for metal reduction [15]. Iron reduction in

P. islandicum occurs by a mechanism that differs from the

NADH- and cytochrome c-dependent process that occurs

in mesophilic iron reducers such as species of Shewanella
and Geobacter. P. islandicum does not contain c-type cyto-

chromes and NADPH was better than NADH (Km ¼ 0:04

and 3.33 mM, respectively) as an electron donor for

Fe(III) reductase activity [16��].

It has been suggested that iron reduction is widespread

among hyperthermophiles and may represent a primitive

metabolism [17]. For example, the number of culturable

thermophilic (52–908C) iron reducers in MOSC sulfide

material was estimated to range from 10 to 107 cells cm�3

[18�]. A hyperthermophilic iron reducer belonging to the

genus Thermococcus was purified from a vent sample [18�]
and thermophilic iron reducers belonging to the genera

Thermoanaerobacter, Thermotoga and Thermococcus were

also isolated from a 60–848C deep subsurface petroleum

reservoir in western Siberia [19]. These organisms there-

fore appear to be ubiquitous in geothermal environments,

Figure 1

Thin-section electron micrographs of bacterial mat material collected

from the CoAxial segment MOSC site in the north-eastern Pacific

Ocean three months after a volcanic eruption had occurred producing

new hydrothermal venting (Holden JF, Baross JA, unpublished data).

The samples were from (a) high metal and brine, low-vapour containing
fluids and (b) low metal and brine, high vapour containing hydrothermal

fluids that were 30 km apart but created from the same eruption. Iron

oxidizers that deposit iron onto their sheaths are seen in (a) whereas, in

(b), putative methane-oxidizing bacteria (lower left), protozoa and sulfur

oxidizers that deposit elemental sulfur onto their sheaths (top right) are

seen. Scale bars: (a), 0.5 mm; (b), 1 mm.
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although it is not clear if any of them are able to gain

energy from the process of iron reduction, or whether

these fermentative organisms simply use it as an electron

acceptor. However, there are some hyperthermophiles

that use Fe(III) in respiratory processes, and these

include the novel dissimilatory iron reducers Geoglobus
ahangari and Geothermobacterium ferrireducens, which were

isolated from the Guaymas Basin MOSC site and Yellow-

stone National Park, respectively [20��,21��]. Moreover,

the ability of G. ahangari and Ferroglobus placidus to couple

the oxidation of acetate to Fe(III) reduction in essence

completed the carbon cycle at hyperthermophilic tem-

peratures. Thus, CO2 fixation by autotrophs and CO2 and

acetate production by heterotrophs could be linked by the

conversion of acetate to CO2 [22��]. Reductive gold

precipitation (Au(III) to Au(0)) was also observed in four

of seven hyperthermophile species tested (P. islandicum,

G. ahangari, Pyrococcus furiosus and Thermotoga maritima,

but not Pyrobaculum aerophilum, Archaeoglobus fulgidus or

F. placidus) with H2 as the electron donor and deposition

of the gold on the exterior surface of the cells [23�].
However, the physiological significance of such reactions

is unclear since neither P. furiosus nor T. maritima are

known to oxidize H2.

Assimilatory reactions
With assimilatory reactions, the metal that is oxidized or

reduced is incorporated into cellular material as a cofactor

in enzymes (e.g. in oxidoreductases). Unfortunately, not

much is known about the assimilation of metals by

microorganisms in hydrothermal environments, with

two notable exceptions. The first is iron assimilation in

Archaeoglobus fulgidus, which appears to occur via a novel

cytoplasmic ferric reductase [24,25�]. This protein is a

40 kDa homodimer that uses FMN as a cofactor and

reduces Fe3þ–EDTA using both NADH and NADPH

as electron donors. Its catalytic activity resembles bacter-

ial and eukaryotic assimilatory ferric reductases, but its

high cellular abundance (�0.75% of the total soluble

protein) suggests a possible catabolic role for this enzyme

as the terminal electron acceptor [25�].

The second notable example of metal assimilation

involves the role of the metal tungsten (W). In general,

studies with a wide range of microorganisms indicate that

W is typically preferred over molybdenum (Mo) with

increasing growth temperatures above 608C or so. These

metals are used in the active sites of a range of oxido-

reductase-type enzymes and mesophilic organisms

almost exclusively utilize Mo. The preference for W at

the higher temperatures appears to be due both to the

differences in the chemical properties of W and Mo as

well as their availability in hydrothermal environments

[26�]. With both metals, the active site of the enzymes

contains a mononuclear centre that is coordinated by two

or four dithiolene sulfur atoms from one or two pterin

molecules that frequently function in conjunction with a

single [Fe4–S4] cluster [26�]. W complexes appear to

display greater thermal stability and, although they are

also much more O2-sensitive than Mo complexes, the

W-enzymes are typically found in obligate anaerobes. It

was thought that W was used exclusively at temperatures

near 1008C [27], but P. aerophilum was shown to use Mo as

well as W [28]. By contrast, P. furiosus appears incapable

of utilizing Mo even when cells are limited for W [29].

There also seems to be a correlation between the

amounts of W present and the environments where

hyperthermophiles are found. In such hydrothermal

ecosystems, sulfide deposits form when metal–sulfide-

rich hydrothermal fluids react with oxic seawater and

these deposits form a habitat for hyperthermophiles. One

rather unusual type of hydrothermal deposit is known as a

flange and consists of a horizontal outcrop of sulfidic rock

that traps hot buoyant hydrothermal fluid on the under-

side of the outcrop (Figure 2) [30]. The hot fluid ‘spills’

over the edge of the flange and also percolates through

the porous rock creating a temperature gradient from

200–3508C below the outcrop to 1–28C (ambient sea-

water temperature) above it. An analysis for W within one

such flange revealed that the concentrations of W were

highest in the soft porous Zn–Fe–S layer composed of

marcasite, wurtzite and sphalerite (Adams MWW, Baross

J, unpublished data) that precipitates from hydrothermal

fluids at temperatures below 2508C (Figure 2) [31]. A

vertical profile lipid analysis of a similar flange revealed

Figure 2

350°C
(Hydrothermal pool)

2°C
(Ambient seawater)

Macrofauna
(270)

Crust
(161)

SiO2 Layer
(200–217)

Zn–Fe–S Layer
(319–582)

Cu–Fe–S Layer
(314)

100°C

200°C

300°C

Current Opinion in Chemical Biology

Tungsten concentrations (mmol g�1) in various regions of a

hydrothermal sulfide deposit, or a flange, collected from the Endeavour

segment MOSC site in the north-eastern Pacific Ocean (Adams MWW,

Baross J, unpublished data).
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that the highest concentrations of ether-linked lipids,

which are only produced by archaea, was in the Zn–Fe–S

deposition zone where bacterial lipid concentrations

were significantly lower [32]. Hyperthermophilic archaea

rather than hyperthermophilic bacteria are readily pur-

ified from this Zn–Fe–S sulfide material. Therefore, this

correlation between W and hyperthermophile concen-

trations begs the question of whether the high W con-

centrations are due to geochemical reactions that then

attract hyperthermophiles or whether the W is accumu-

lated and deposited in this layer by the hyperther-

mophiles, which may have a high affinity for W in

hydrothermal fluids.

Conclusions
Although microorganisms found in hydrothermal envir-

onments must interact with toxic and non-toxic metals

in much the same way that other microorganisms inter-

act with metals in their environments, there appear to

be exciting and novel differences regarding the details

of interactions within this environment. It appears that

hyperthermophilic archaea may be more resilient to

toxic metals than their bacterial counterparts and may

catalyse dissimilatory metal reduction in a manner not

found previously. Furthermore, hyperthermophiles

have a preference for W over Mo, although it is not

clear whether this is primarily a consequence of W

availability or the chemical properties of the element

with regard to the catalysis of low potential reactions at

high temperatures. Insights into these potentially novel

processes may be elucidated using functional genomic

approaches as the genomes of ten hyperthermophilic

archaea have been completely sequenced and annotated

[33]. However, very little is known about the envi-

ronmental signaling and physiological responses of

microbes when they encounter various metals, particu-

larly in hydrothermal vent environments. In addition,

there is little information on the properties of natural

assemblages of microorganisms, particularly in biofilms.

Coupled with the dearth of data from hydrothermal fluid

metal analyses, especially from BAB and SMV environ-

ments, our basic understanding of microbe–metal inter-

actions in hydrothermal environments is still extremely

limited. Analyses of these environments that examine

spatial and temporal variations of metals and microbes

in fluids are clearly needed, and these need to be related

to physiological studies on natural microbial commu-

nities. It is hoped that the reports referred to in this

article will stimulate new experimental approaches to

studying metals in hot environments, about which little

is really known.
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