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Over the past few decades the extremes at which life thrives

has continued to challenge our understanding of biochemistry,

biology and evolution. As more new extremophiles are brought

into laboratory culture, they have provided a multitude of

potential applications for biotechnology. More recently,

innovative culturing approaches, environmental genome

sequencing and whole genome sequencing have provided

new opportunities for the biotechnological exploration of

extremophiles.
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Introduction
Organisms that live at the extremes of pH (>pH 8.5,<pH

5.0), temperature (>45 8C,<15 8C), pressure (>500 atmo-

spheres), salinity (>1.0 M NaCl) and in high concentra-

tions of recalcitrant substances or heavy metals

(extremophiles) represent one of the last frontiers for

biotechnological and industrial discovery. As we learn

more about the extremes at which life can survive and

thrive, more of these extremophiles are brought into

culture and their genomes sequenced. In many cases,

biotechnological applications of extremophiles and their

biomolecules (e.g. enzymes) have been the driving force in

both academic and industrial research of these organisms.

Extremophiles and extremozymes occupy an important

place in the multibillion dollar environmental biotechnol-

ogy industry, with applications spanning agricultural, bio-

medical and industrial sectors. Owing to the highly

competitive nature of industrial R&D, in most cases the

path from an extremophile to a successful commercial

application is not documented in peer reviewed scientific

publications and can be partially followed through patents,

biotechnology meetings and company websites. In this

review, we will consider a few new developments as
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several recent reviews have focused on the biotechnolo-

gical applications of extremophiles [1–4,5��].

Extremophiles and biomolecules
The most direct application of extremophiles in biotech-

nological processes involves the organisms themselves.

Among the most established is biomining (bioleaching),

in which microbial consortia are used to extract metals

such as copper, cobalt, gold and uranium from ores

(reviewed in [6,7]). This area has received considerable

interest lately, propelled by developments in microbial

isolation and the application of genomic approaches for

studying the individual organisms and their community

[8]. These processes involve iron- or sulfur-oxidizing

acidophilic microorganisms adapted to different tempera-

ture ranges, from mesophiles (bacteria such as Acidithio-
bacillus, Leptospirillum and the archaea Ferroplasma) to

thermophiles (archaea from the genera Sulfolobus, Metallo-
spharea and Acidianus). When the activity of such extreme

acidophiles is not controlled in biomining operations, this

can lead to acid mine drainage (AMD), which causes

considerable environmental damage. Although the

microbes responsible for bioleaching and AMD are inher-

ently adapted to extremely low pH and high concentra-

tion of metals, they are part of an open and dynamic

consortia and continuously adapt to the particular condi-

tions they are facing. In commercial bioleaching opera-

tions this can result in the selection of more robust and

efficient strains, with reduced sensitivity to metal toxicity.

For example, arsenic resistance genes have been horizon-

tally transferred via a transposon from an unidentified

bacterium to Acidithiobacillus caldus and Leptospirillum
ferriphilum, resulting in substantially increased resistance

to arsenic in gold-bearing arsenopyrite bioreactors [9�].
This demonstrates that phylogeny alone is not necessarily

predictive of the physiological fitness of an individual

organism and that the community gene pool can impact

the adaptability of the constituent members across phy-

logenic barriers. Such strain engineering and selection for

improved biotechnological characteristics can be applied

to a wide range of bioremediation projects, as has been

done for contaminating petroleum hydrocarbons acciden-

tally released in arctic environments [10,11].

Most applications involving extremophiles are based on

their biomolecules, primarily enzymes but also other

proteins (e.g. cryoprotectant antifreeze proteins), lipids,

and various small molecules. The most well-known

example of a successful application of an extremophile-

derived product is Taq DNA polymerase, which was

isolated from Thermus aquaticus — first isolated from a
www.sciencedirect.com
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geothermal spring in Yellowstone National Park. This

enzyme approaches sales of about half a billion dollars per

year. Molecular biology research tool enzymes not only

include a wide range of other thermostable polymerases

and ligases, but also include enzymes isolated from psy-

chrophilic (cold-loving) organisms, such as the ‘Antarctic

phosphatase’ from New England Biolabs. Genencor com-

mercialized one of the first industrial extremozymes for

use in textile detergents, a cellulase isolated from an

alkaliphilic bacterium from an east African soda lake.

Numerous other examples are reviewed in the article

by Antranikian [5��].

Enzymes that have optimal activity at extreme tempera-

tures and pH are widely used in household detergents and

in the food, textile, pulp and paper, leather processing,

and chemical industries. For each application, the

enzymes have to fulfill numerous requirements related

to features such as activity and stability, substrate speci-

ficity and enantioselectivity. As a result, natural enzymes

are often not optimal for the desired biotechnological

application. Consequently, a variety of approaches have

been used to modify enzyme properties. These include

error-prone PCR, saturation mutagenesis, structure-based

protein engineering and in vitro evolution approaches

[12,13]. Such approaches are best combined with genetic

selection or high-throughput screening, to identify the

rare mutants that approach the target characteristics,

followed by an iterative process of building fitness into

the resulting variants. For example, thermostability was

built into a suite of engineered pectinases used in cotton

fabric processing [14] and increased alkaline stability was

obtained for a previously engineered xylanase from the

fungus Trichoderma reessei [15]. Furthermore, based on

genomics, structural data and computational modeling,

certain protein architectures and trends in amino acid

usage provide clues as to mechanisms of protein thermo-

stablity [16] and promise to lead to predictive protein

thermostabilization [17,18��].

Extremophile genomics expose
biotechnological potential
Extremophiles, including eukarya (e.g. Alvinella pompe-
jana, Tetrahymena thermophila and Dunaliella salina), have

been prime subjects for genomic sequencing projects in

an effort to understand the fundamental mechanisms of

adaptation to specific environments and to develop prac-

tical applications (e.g. reviewed in [19–21]). Recently, the

complete genome sequences of four psychrophilic bac-

teria have been published: two from arctic sediments,

Desulfotaleas psychrophila [22] and Colwellia psycherythraea
[23], one from coastal Antarctic waters, Pseudoalteromonas
haloplankis [24], and one from Photobacterium profundum, a

deep sea bacterium that is adapted to both low tempera-

tures and high pressure [25�]. Although there does not

appear to be a distinct genomic trait unifying these cold-

adapted organisms, they share several characteristics,
www.sciencedirect.com
most notably a membrane with an increased proportion

of polyunsaturated and branched fatty acids to increase

fluidity at low temperatures (and high pressure) and the

presence of cold shock proteins, which are believed to

increase translation efficiency by destabilizing secondary

structures in mRNA. Additionally, cryoprotectants

increase the capacity for nutrient uptake. Owing to the

higher solubility of oxygen at low temperatures, and

hence potential for oxidative damage within the cell,

metabolic reactions that generate reactive oxygen are

reduced and molybdopterin-dependent metabolism is

eliminated (in P. haplokantis) or the number of catalase

and superoxide dismutatase genes increased (in C. psy-
cherythraea and D. psychrophila). Although there are spe-

cific trends in amino acid usage that appear to correlate

with the psychrophilic proteomes, the most important

adaptation for cold-adapted enzymes appears to be a high

specific activity at low temperatures. This is achieved

through a highly flexible catalytic center at the expense of

overall reduced protein stability and susceptibility for

thermal denaturation [26]. Such enzymatic characteristics

are currently exploited in food biotechnological applica-

tions that require low temperatures (e.g. milk and fruit

juice processing). Beside cold adaptation, P. profundum is

also able to withstand high pressure and has become a

model organism for understanding piezophily. For exam-

ple, transport processes and energy generation by cyto-

chrome respiration are impacted by high pressure [27].

Similar to the situation in cold adaptation, the intrinsic

properties of nucleic acids, lipids and enzymes/proteins

allow thermophiles to flourish in high temperature envir-

onments, and specific composition biases and structural

adaptations have been identified [16,28–31]. Recent pub-

lications describing the genomes of two hyperthermophi-

lic archaea (Nanoarchaeum equitans and Thermococcus
kodakaraensis [32�,33]), one archaeal thermoacidophile

(Sulfolobus acidocaldarius) [34] and one thermophilic bac-

terium (Carboxydothermus hydrogenoformans) [35], although

not significantly changing the perception of high tem-

perature adaptation, bring together several exciting

novelties on various aspects of the biology, genome

evolution and metabolic versatility in specific thermo-

philic environments. The genome of N. equitans became

available shortly after the discovery of this unusual organ-

ism, which represents the first case of an archaeon that is

an obligate symbiont on another archaeon, a species of the

marine crenarchaeote Ignicoccus [36��]. The genome

abounds in oddities, from being at the smallest end of

the spectrum of cellular genome sizes and encoding

virtually no metabolic pathways, to containing a large

number of split genes including uniquely split tRNA

genes [37��]. One of the split genes is represented by

two separate open reading frames encoding DNA poly-

merase B (also fused with a split intein), which trans splice

at high temperature to restore a functional polymerase

[38].
Current Opinion in Biotechnology 2006, 17:250–255
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The S. acidocaldarius genome sequence represents an

important landmark in archaeal genomics, because this

organism also represents an Archaeal laboratory genetic

system [34]. The S. acidocadarius genome has several

similarities and differences with two other Sulfolobus
species, and will facilitate future experimental studies

and overall biotechnological applications of these Cre-

narchaeaota. The bacterial thermophile, C. hydrogenofor-
mans [35], has a remarkable efficiency to carry out carbon

monooxide oxidation owing to the presence of five anae-

robic carbon monoxide dehydrogenase complexes. The

genomic blueprint of this microrganism should allow

detailed studies of hydrogenogenesis, which could

become an important industrial process for generating

hydrogen. The most thermoacidophilic organism known,

Picrophilus torridus, inhabits solfataric environments with

a pH below 1 and a temperature of about 60 8C [39]. The

low pH-adapted enzymes of this organism will most likely

be found useful for biotechnological applications requir-

ing acidic conditions. To cope with such conditions, P.
torridus has evolved a membrane with low proton perme-

ability and special lipid composition together with effi-

cient transport mechanisms to maintain the internal pH at

values compatible with biochemical functions. Unlike

other organisms, which use sodium ion and ATP-driven

primary transporters, P. torridus predominantly uses the

internal high proton concentration (pH 4) to power a large

number of solute secondary transporters.

At the other extreme, the genome of a haloalkaliphilic

archaeon from highly alkaline soda lakes, Natronomonas
pharaonis, has revealed several adaptations to this envir-

onment [40]. These include an overall modification of the

proteome to increase the fraction of acidic amino acids and

reduce protein hydrophobicity, a coating of the cell mem-

brane with glycoproteins and secreted enzymes attached

by lipid anchors, and an efficient transport system for

heavy metals and nitrogen compounds which are scarce

in hypersaline environments. The halophilic bacterium

Salinibacter ruber [41] displays similar adaptation mechan-

isms to hypersaline environments and some of these could

have been acquired via lateral gene transfer. No doubt

many more surprises are hidden in these genomes that can

be exploited for biotechnological purposes.

Tapping into the hidden biotechnological
potential through metagenomics
Most microbial communities are highly complex and con-

sist of hundreds of species, few of which have been

cultured. Even if their cultivation were feasible, the sheer

numbers makes individual studies of every species imprac-

tical for the foreseeable future. Nevertheless, to unlock the

vast amount of genetic information from the uncultured

microbial majority for fundamental scientific and potential

practical application, a wide range of approaches have been

used over the past two decades or so. These approaches

have been collectively described as environmental,
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community genomics or metagenomics. Few areas of

biology have witnessed such a surge in interest as meta-

genomics (e.g. [42��,43]) and this field has already had a

significant impact on biotechnology [44�,45].

The use of environmental genomic expression libraries to

identify specific enzymatic activities using specific selec-

tion schemes or high-throughput screening has been the

method of choice. Strategies can often be tailored to

directly identify enzymes that will have the desired

specificity and physico-chemical optima. Such

approaches also enable the rapid screening of a large

number of libraries that can represent highly complex

communities. For example, over a hundred novel nitri-

lases, encompassing several previously unknown subfa-

milies, have been selected from numerous environments

around the world, including the deep sea, arctic regions

and Antarctica [46]. Combining enzymatic specificity

analysis with biogeographical and genomic data not only

made possible phylogenetic-based predictions of enzy-

matic specificities that are important for biotechnological

applications, but also resulted in new evolutionary

hypotheses regarding this gene family [47�]. In a different

study, several esterases with high salt tolerance were

identified using screening of a metagenomic library from

a hypersaline environment [48]. These types of

approaches are, however, limited to enzymatic activities

for which very focused screening/selection schemes can

be developed, which generate little information about the

biology of the community.

Sequence-based approaches to study the metabolism of

microbial communities have also been in use for over a

decade and involve hybridization as well as random or

targeted sequencing of cloned genomic inserts. These

approaches can yield a vast amount of information about

the genomic potential of the community, which can

translate into potential biotechnological applications.

For example, an acid mine drainage low-diversity biofilm

from the Iron Mountain [49��] was used to generate over

76 Mbp of sequence data. This community was domi-

nated by Leptospirillum species and also contained the

archaeon Ferroplasma acidarmanus. The study repre-

sented a landmark in genomic research, as a genome

for an uncultivated microbe was almost completely

assembled and reconstructed. Important insights were

gained into the community metabolism and population

genetics and this set the stage for subsequent genomics-

driven studies of this model acidophilic community. One

such follow-up study was the successful cultivation of a

novel bacterium, Leptospirillum ferrodiazotrophum, a minor

representative of the community responsible for nitrogen

fixation in the biofilms and predicted to have that func-

tion solely on the basis of sequence analysis [50�]. This

example of ‘reverse metagenomics’ demonstrates how

microbial cultivation and physiology can directly benefit

from community shotgun sequencing. The sequence data
www.sciencedirect.com
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also allowed the first metaproteomic analysis of a micro-

bial community, going beyond the genomic blueprint of

the community [51].

Several other large-scale metagenomic sequencing efforts

have been directed at communities from extreme envir-

onments (e.g. [52�,53�]). Tringe et al. [53�] targeted three

deep sea communities associated with decomposing

whale carcasses. These remains, owing to the amount

of organic carbon and lipids they contain, represent

important ‘oases’ for life on the seafloor. The authors

propose a gene-centric approach to analyze microbial

communities, focusing not on species, genomes or even

full-length genes, but instead on gene signatures (‘envir-

onmental genomic tags’ or EGTs). Analyzed in a com-

parative metabolic framework, EGTs can signal specific

traits of a community defining adaptations of microbes to

specific conditions. For example, the whale carcass com-

munities had an increased frequency of genes associated

with lipid degradation as compared with other commu-

nities (e.g. soil), indicating the presence of microbes

specialized in using the high lipid content in whale bones.

Such genomic markers (EGTs), used in the design of

microarrays for example, could provide quick screening of

samples that might have certain metabolic properties of

biotechnological interest. Furthermore, a combination of

environmental genomic sequencing with direct phenoty-

pic detection (transcriptomics, proteomics and metabo-

lomics) could soon become standard approaches to

analyze and monitor communities, and hence provide

further insights into potential novel applications.

Unexplored frontiers and future prospects
Microbial communities continue to be discovered in

environments once thought to be too hostile to support

any form of life (e.g. [54,55]). Often overlooked are the

viruses of some of these extremophiles, which also have

significant interest for controlling microbial community

structure or as sources of extremozymes [56]. With the

development of innovative culturing technologies and

new tools for exploring remote areas such as the deep-

sea and ice-covered oceans, tapping into the biodiversity

of extreme environments will continue to provide a rich

resource for biotechnology.
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11. Head IM, Jones MD, Röling WFM: Marine microorganisms make
a meal of oil. Nat Rev Microbiol 2006, 4:173-182.

12. Robertson DE, Noel JP (Eds): Methods in Enzymology: Protein
Engineering, vol. 388. Elsevier; 2004.

13. Arnold FH, Georgiou G (Eds): Directed Enzyme Evolution:
Screening and Selection Methods. Methods in Molecular Biology
Series. Humana Press; 2003.

14. Solbak AI, Richardson TH, McCann RT, Kline KA,
Bartnek F, Tomlinson G, Tan X, Parra-Gessert L, Frey GJ,
Podar M et al.: Discovery of pectin-degrading enzymes
and directed evolution of a novel pectate lyase for
processing cotton fabric. J Biol Chem 2005,
11:9431-9438.

15. Fenel F, Zitting AJ, Kantelinen A: Increased alkali stability in
Trichoderma reesei endo-1, 4-b-xylanase II by site directed
mutagenesis. J Biotechnol 2006, 121:102-107.

16. Berezovsky IN, Shakhnovich EI: Physics and evolution of
thermophilic adaptation. Proc Natl Acad Sci USA 2005,
102:12742-12747.

17. Hoppe C, Schomburg D: Prediction of protein thermostability
with a direction- and distance-dependent knowledge-based
potential. Protein Sci 2005, 14:2682-2692.

18.
��

Korkegian A, Black ME, Baker D, Stoddard BL:
Computational thermostabilization of an enzyme.
Science 2005, 308:857-860.

A predictive protein thermostabilization study combined with structural
and metabolic analyses.

19. Ward N, Fraser CM: How genomics has affected the concept of
microbiology. Curr Opin Microbiol 2005, 8:564-571.

20. DeLong EF, Karl DM: Genomic perspectives in microbial
oceanography. Nature 2005, 437:336-342.

21. Galperin MY: The secret of being cool. Environ Microbiol 2005,
7:1499-1504.

22. Rabus R, Ruepp A, Frickey T, Rattei T, Fartmann B, Stark M,
Bauer M, Zibat A, Lombardot T, Becker I et al.: The genome of
Desulfotalea psychrophila, a sulfate-reducing bacterium from
Current Opinion in Biotechnology 2006, 17:250–255



254 Environmental biotechnology
permanently cold Arctic sediments. Environ Microbiol 2004,
6:887-902.

23. Methe BA, Nelson KE, Deming JW, Momen B, Melamud E,
Zhang X, Moult J, Madupu R, Nelson WC, Dodson RJ et al.:
The psychrophilic lifestyle as revealed by the genome
sequence of Colwellia psychrerythraea 34H through genomic
and proteomic analyses. Proc Natl Acad Sci USA 2005,
102:10913-10918.

24. Medigue C, Krin E, Pascal G, Barbe V, Bernsel A, Bertin PN,
Cheung F, Cruveiller S, D’Amico S, Duilio A et al.: Coping with
cold: the genome of the versatile marine Antarctica bacterium
Pseudoalteromonas haloplanktis TAC125. Genome Res 2005,
15:1325-1335.

25.
�

Vezzi A, Campanaro S, D’Angelo M, Simonato F, Vitulo N,
Lauro FM, Cestaro A, Malacrida G, Simionati B, Cannata N
et al.: Life at depth: Photobacterium profundum genome
sequence and expression analysis. Science 2005,
307:1459-1461.

A study of the genomic determinants of bacterial adaptation to high
pressure and low temperature.

26. Feller G, Gerday C: Psychrophilic enzymes: hot topics in cold
adaptation. Nat Rev Microbiol 2003, 1:200-208.

27. Campanaro S, Vezzi A, Vitulo N, Lauro FM, D’Angelo M,
Simonato F, Cestaro A, Malacrida G, Bertoloni G, Valle G,
Bartlett DH: Laterally transferred elements and high
pressure adaptation in Photobacterium profundum strains.
BMC Genomics 2005, 6:122.

28. Makarova KS, Wolf Y, Koonin EV: Potential genomic
determinants of hyperthermophily. Trends Genet 2003,
19:172-176.

29. Atomi H, Matsumi R, Imanaka T: Reverse gyrase is not a
prerequisite for hyperthermophilic life. J Bacteriol 2004,
186:4829-4833.

30. Khachane AN, Timmis KN, Dos Santos VA: Uracil content of
16S rRNA of thermophilic and psychrophilic prokaryotes
correlates inversely with their optimal growth temperatures.
Nucleic Acids Res 2005, 33:4016-4022.

31. Berezovsky IN, Chen WW, Chi PJ, Shakhnovich EI: Entropic
stabilization of proteins and its proteomic consequences.
PLoS Comput Biol 2005, 1:e47.

32.
�

Waters E, Hohn MJ, Ahel I, Graham DE, Adams MD, Barnstead M,
Beeson KY, Bibbs L, Bolanos R, Keller M et al.: The genome of
Nanoarchaeum equitans: insights into early archaeal
evolution and derived parasitism. Proc Natl Acad Sci USA 2003,
100:12984-12988.

The first genome of an obligate archaeal symbiont with numerous unique
genomic features. The authors propose that Nanoarchaea are a basal
archaeal lineage.

33. Fukui T, Atomi H, Kanai T, Matsumi R, Fujiwara S, Imanaka T:
Complete genome sequence of the hyperthermophilic
archaeon Thermococcus kodakaraensis KOD1 and
comparison with Pyrococcus genomes. Genome Res 2005,
15:352-363.

34. Chen L, Brugger K, Skovgaard M, Redder P, She Q, Torarinsson E,
Greve B, Awayez M, Zibat A, Klenk HP, Garrett RA: The genome
of Sulfolobus acidocaldarius, a model organism of the
Crenarchaeota. J Bacteriol 2005, 187:4992-4999.

35. Wu M, Ren Q, Durkin AS, Daugherty SC, Brinkac LM, Dodson RJ,
Madupu R, Sullivan SA, Kolonay JF, Nelson WC et al.: Life in hot
carbon monoxide: the complete genome sequence of
Carboxydothermus hydrogenoformans Z-2901. PLoS Genet
2005, 1:e65.

36.
��

Huber H, Hohn MJ, Rachel R, Fuchs T, Wimmer VC,
Stetter KO: A new phylum of Archaea represented by a
nanosized hyperthermophilic symbiont. Nature 2002,
417:63-67.

The discovery of a new group of Archaea, the first obligate symbiont on
another archaeon.

37.
��

Randau L, Munch R, Hohn MJ, Jahn D, Soll D: Nanoarchaeum
equitans creates functional tRNAs from separate genes for
their 50- and 30-halves. Nature 2005, 433:537-541.
Current Opinion in Biotechnology 2006, 17:250–255
Reports the computational prediction and experimental confirmation of
the presence of split tRNA genes in N. equitans, the only organism known
so far in which such tRNA trans-splicing occurs.

38. Choi JJ, Nam KH, Min B, Kim SJ, Soll D, Kwon S: Protein trans-
splicing and characterization of a split family B-type DNA
polymerase from the hyperthermophilic archaeal parasite
Nanoarchaeum equitans. J Mol Biol 2006, 356:1093-1106.

39. Futterer O, Angelov A, Liesegang H, Gottschalk G, Schleper C,
Schepers B, Dock C, Antranikian G, Liebl W: Genome sequence
of Picrophilus torridus and its implications for life around pH 0.
Proc Natl Acad Sci USA 2004, 101:9091-9096.

40. Falb M, Pfeiffer F, Palm P, Rodewald K, Hickmann V, Tittor J,
Oesterhelt D: Living with two extremes: conclusions from
the genome sequence of Natronomonas pharaonis.
Genome Res 2005, 15:1336-1343.

41. Mongodin EF, Nelson KE, Daugherty S, Deboy RT, Wister J,
Khouri H, Weidman J, Walsh DA, Papke RT, Sanchez Perez G
et al.: The genome of Salinibacter ruber: convergence and
gene exchange among hyperhalophilic bacteria and archaea.
Proc Natl Acad Sci USA 2005, 102:18147-18152.

42.
��

Handelsman J: Metagenomics: application of genomics to
uncultured microorganisms. Microbiol Mol Biol Rev 2004,
68:669-685.

A detailed review of the types of metagenomic approaches used to study
microbial communities and how they can be mined for useful genes.

43. Allen EF, Banfield JF: Community genomics in microbial
ecology and evolution. Nat Rev Microbiol 2005, 3:489-498.

44.
�

Lorenz P, Eck J: Metagenomics and industrial applications.
Nat Rev Microbiol 2005, 3:510-516.

A chronological and approach-specific review of how genomics and
metagenomics have impacted the biotechnology industry.

45. Ferrer M, Martinez-Abarca F, Golyshin PN: Mining genomes and
‘metagenomes’ for novel catalysts. Curr Opin Biotechnol 2005,
16:588-593.

46. Robertson DE, Chaplin JA, DeSantis G, Podar M, Madden M,
Chi E, Richardson T, Milan A, Miller M, Weiner DP et al.: Exploring
nitrilase sequence space for enantioselective catalysis.
Appl Environ Microbiol 2004, 70:2429-2436.

47.
�

Podar M, Eads JR, Richardson TH: Evolution of a microbial
nitrilase gene family: a comparative and environmental
genomics study. BMC Evol Biol 2005, 5:42.

A combination of genomic, metagenomic and biochemical data with
phylogenetic analysis leading to new hypotheses on the evolution and
function of nitrilases.

48. Ferrer M, Golyshina OV, Chernikova TN, Khachane AN,
Martins Dos Santos VA, Yakimov MM, Timmis KN, Golyshin PN:
Microbial enzymes mined from the Urania deep-sea
hypersaline anoxic basin. Chem Biol 2005, 12:895-904.

49.
��

Tyson GW, Chapman J, Hugenholtz P, Allen EE, Ram RJ,
Richardson PM, Solovyev VV, Rubin EM, Rokhsar DS, Banfield JF:
Community structure and metabolism through reconstruction
of microbial genomes from the environment. Nature 2004,
428:37-43.

The first genomic assembly and detailed microbial community analysis
using random sequencing of environmental DNA libraries.

50.
�

Tyson GW, Lo I, Baker BJ, Allen EE, Hugenholtz P, Banfield JF:
Genome-directed isolation of the key nitrogen fixer
Leptospirillum ferrodiazotrophum sp. nov. from an acidophilic
microbial community. Appl Environ Microbiol 2005,
71:6319-6324.

The first microorganism to be isolated using experimental conditions
designed on the basis of metagenomic analyses of the microbial com-
munity.

51. Ram RJ, Verberkmoes NC, Thelen MP, Tyson GW, Baker BJ,
Blake RC II, Shah M, Hettich RL, Banfield JF: Community
proteomics of a natural microbial biofilms. Science 2005,
308:1915-1920.

52.
�

Hallam SJ, Putnam N, Preston CM, Detter JC, Rokhsar D,
Richardson PM, DeLong EF: Reverse methanogenesis:
testing the hypothesis with environmental genomics.
Science 2004, 305:1457-1462.
www.sciencedirect.com



Extremophiles in biotechnology Podar and Reysenbach 255
The authors used selective enrichment techniques and metagenomic
sequencing and analysis to identify genes and infer metabolic character-
istics of deep-sea archaeal methanotrophs.

53.
�

Tringe SG, von Mering C, Kobayashi A, Salamov AA, Chen K,
Chang HW, Podar M, Short JM, Mathur EJ, Detter JC et al.:
Comparative metagenomics of microbial communities.
Science 2005, 308:554-557.

A metagenomic study of three whale fall microbial communities and a soil
sample. Comparative analysis of the data with other public metagenomic
sequences revealed specific gene signatures and metabolic features that
can be used to identify and characterize different consortia.
www.sciencedirect.com
54. Tung HC, Bramall NE, Price PB: Microbial origin of excess
methane in glacial ice and implications for life on Mars.
Proc Natl Acad Sci USA 2005, 102:18292-18296.

55. Steven B, Leveille R, Pollard WH, Whyte LG: Microbial ecology
and biodiversity in permafrost. Extremophiles 2006, 10:
Epub ahead of print.

56. Rice G, Stedman K, Snyder J, Wiedenheft B, Willits D,
Brumfield S, McDermott T, Young M: Novel viruses from
extreme thermal environments. Proc Natl Acad Sci USA 2001,
98:13341-13345.
Current Opinion in Biotechnology 2006, 17:250–255


	New opportunities revealed by biotechnological �explorations of extremophiles
	Introduction
	Extremophiles and biomolecules
	Extremophile genomics expose biotechnological potential
	Tapping into the hidden biotechnological potential through metagenomics
	Unexplored frontiers and future prospects
	Acknowledgements
	References and recommended reading


