
Habitats where temperature considerably exceeds

those typical of most of the Earth’s ecosystems and favor-

able for the majority of living organisms are called ther-

mal habitats, or thermal environments. These include

diverse hot springs and soils of volcanic and rift zones and

subterranean hot hydrosphere, as well as diverse anthro-

pogenic biocenoses, where elevated temperature is due to

natural factors (compost, coal piles) or is maintained arti-

ficially (bioreactors, systems of hot water supply, etc.).

Thermal habitats harbor specialized communities of ther-

mophilic microorganisms, primarily prokaryotes. A few

thermophilic eukaryotes are also known, e.g. the red alga

Cyanidium caldarium (Tmax = 56°C, pH 2-3) [1], the

amoeba Echinamoeba thermarum (Topt = 50°C) [2], and

microscopic fungi (Topt = 45-50°C) [3]. In this review, we

confined ourselves to consideration of the modern sys-

tematics of thermophilic prokaryotes.

Bacteria capable of growing at temperatures sup-

pressing the development of the majority of living organ-

isms have been known for more than a century. However,

they have usually been isolated from anthropogenic ther-

mal habitats where temperature rises only from time to

time, and the upper temperature limit of their growth did

not exceed 70°C, whereas the optimum was at 50-60°C

[4]. The taxonomic position of thermophilic microorgan-

isms appeared trivial at that time; as a rule, these were

thermophilic species belonging to already known genera

that mainly contained mesophiles (Bacillus, Desulfoto-

maculum, Clostridium, Methanobacterium). The investiga-

tions of the microbial communities of hot springs of

Yellowstone National Park, carried out by T. D. Brock

and his students in the 1970s, revealed unique microor-

ganisms [5]. Subsequent intense studies of terrestrial and

marine near-shore volcanic habitats, undertaken in the

1980s-1990s by W. Zillig, K. Stetter, and other

researchers, yielded breathtaking results [6]. Organisms

were discovered whose growth temperature optimum was

above 80°C, and the maximum was close to 100°C. Such

organisms were termed hyperthermophiles. Great meta-
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bolic diversity of thermophilic prokaryotes was revealed:

they included aerobes and anaerobes, organotrophs and

lithoautotrophs, and were able to utilize virtually the

entire spectrum of possible electron donors and acceptors

[6]. Organisms showing best growth at extreme values of

two parameters, temperature and pH (pH 0.5 or 10), were

described [7, 8]. Investigation of high-temperature deep-

sea hydrothermal vents, where, at depths of more than

1000 m, the water occurs in the liquid state at tempera-

tures much higher that 100°C, was a new stage in the

research on thermophiles [9]. As a result of these studies,

the known upper limit of the existence of living organisms

shifted first to 115 [10] and then to 121°C [11].

The phylogenetic diversity of thermophilic prokary-

otes was not inferior to their phenotypic diversity. The

modern systematics of prokaryotic organisms was elabo-

rated in the same period as the main discoveries in the

field of thermophile biodiversity were made; moreover,

these two processes exerted considerable mutual influ-

ence.

CURRENT STATE OF THE ART

IN SYSTEMATICS OF PROKARYOTES

Over the whole history of microbiology, systematics

of prokaryotic organisms has been a most complicated

task, primarily because of the restricted number of recog-

nized phenotypic properties and the uncertainty of their

taxonomic weight. Up to the last quarter of the XXth cen-

tury, the main criteria for subdivision of prokaryotes into

large groups was presence or absence of the cell wall outer

membrane (or Gram staining as an indirect indication)

and certain morphological (spore formation, budding,

mycelium formation) and metabolic features (methano-

genesis, dissimilatory sulfate reduction, photosynthesis).

However, attempts to elaborate for prokaryotes hierarchi-

cal classification systems that would include higher taxa

failed to gain stable recognition. In each of the successive

editions of “Bergey’s Manual of Determinative

Bacteriology” (the most authoritative manual on bacteri-

al systematics), the list, placement, and subordination of

higher taxa changed considerably, until, in the eighth edi-

tion [12], the feeling of the insuperability of the difficul-

ties of hierarchical classification of prokaryotes resulted

in abandoning the strictly hierarchical principle in favor

of a pragmatic fragmentarily hierarchical approach. In

spite of the first successes of phylogenetic systematics of

higher taxa in the 1970s, the force of inertia and the load

of the still unsolved taxonomic problems were so great

that in the ninth edition of “Bergey’s Manual of

Determinative Bacteriology” [13] the hierarchical princi-

ple was totally abandoned. The situation in the first edi-

tion of “Bergey’s Manual of Systematic Bacteriology”

[14] was not much better: the classification suggested

there was fragmentarily hierarchical.

In the mid-1970s, the classification of lower taxa was

much more stable than that of higher taxa. Here, pheno-

typic argumentation was supported by the first methods of

DNA comparison: comparison in terms of G + C content

and DNA–DNA hybridization. As early as in 1957,

advancing E. Chargaff’s works, A. N. Belozersky and his

team demonstrated variation of the G + C content among

the DNAs of bacterial taxa and came to a conclusion that

the similarity of nucleotide compositions is a necessary

but not sufficient condition of common taxonomic affili-

ation [15]. Now, determination of the G + C content of

DNA is a prerequisite of a taxonomic description.

DNA–DNA hybridization is an important method of

delineating prokaryotic species [16]. A DNA–DNA

hybridization level between strains of 70% and higher is

currently the main genosystematic criterion of species

delineation [17, 18]; however, it cannot be excluded that

the concept of the prokaryotic species will be reconsid-

ered in response to data provided by genomics. According

to J. Johnson’s calculations [19, 20], a DNA–DNA

hybridization level of 70% corresponds to 96% homology

of nucleotide sequences. Analysis of genomics data yields

a similar value (94%) [21]. At the same time, it has been

shown (first for Escherichia coli strains) that, in the

genomes of strains of the same species that fulfill the

above condition, as much as one fourth of the genome

genes of one strain may have no orthologs in the genome

of the other; such facts provide grounds for the species

pangenome concept, which implies that the core of genes

common to all strains of a species may be rather small and

may provide the basis for a novel definition of a prokary-

otic species [22, 23].

Further development of molecular methods in the

1970s provided the basis to begin elaboration of a widely

recognized hierarchical systematics of prokaryotes. As

early as in 1958, Belozersky and Spirin noted [24] that the

G + C content in RNA is relatively constant, and this

finding provided an impetus to studies that showed the

evolutionary conservation of the rRNA genes by the

rRNA–DNA hybridization method [25, 26], which was

later successfully used in microbiology to establish the

structure of some large genera [27, 28].

C. Woese’s approach to investigation of phylogenet-

ic relations by comparing 16(18)S rRNA sequences [29]

yielded very soon a profound discovery of the evolution-

ary group of archaebacteria, which turned to be remote

from both eubacteria and eucarya [30, 31], and provided

the basis to start elaboration of a fundamentally new hier-

archical system of living organisms. Instead of the com-

monly accepted among biologists subdivision of living

organisms into the five kingdoms Monera, Protista,

Fungi, Animalia, and Plantae [32, 33], Woese proposed

subdivision into three higher taxa (first, he called them

primary kingdoms [30, 31, 34] and then [35] domains

Archaea, Bacteria, and Eucarya). For the domains

Archaea and Bacteria, Woese elaborated their inner hier-
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archical structure [34-36]. Despite the numerous surpris-

es uncorked by the 16S rRNA-based systematics, its

results usually could be given phenotypic justification,

albeit often an a posteriori one, and in most cases they did

not contradict the results of comparative analysis of other

genes [34, 35, 37] and data of DNA–DNA hybridization.

The interspecies hybridization level (70-100%) corre-

sponded to no less than 97% homology of 16S rRNA

sequences [38] (later it was shown that, if there are no

sequencing errors, this value is not less than 98.5% [39]).

However, it should be mentioned that Woese never strived

for elaboration of a strictly defined taxonomic system; for

example, his phyla and kingdoms coexisted with groups

characterized as probably deserving a phylum (kingdom)

status. We will not consider Woese’s system in detail but

will dwell upon stricter hierarchical taxonomic systems of

prokaryotes.

It should be mentioned that there is no official clas-

sification of prokaryotes. The “Code of Nomenclature of

Prokaryotes” (formerly, “Code of Nomenclature of

Bacteria”) [40] only regulates the rules of taxon descrip-

tion. Currently, in addition to Woese’s classification,

there exist several hierarchical classifications of prokary-

otes that are more or less widely used or at least well

known. Most of them aim to be phylogenetic, are prima-

rily based on the results of comparative analysis of 16S

rRNA sequences, and are fairly similar in the taxonomic

conclusions reached. In this review, we will mainly use the

hierarchical classification of prokaryotes elaborated in

the second edition of “Bergey’s Manual of Systematic

Bacteriology” [41, 42]. Since this classification takes into

account only cultivated organisms, we will also occasion-

ally use the taxonomic systems of NCBI (http://

www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/)

and P. Hugenholtz et al. [43] (http://greengenes.lbl.gov/

cgi-bin/nph-index.cgi), which contain information on

both cultivated and uncultivated organisms but do not

contain phenotypic descriptions and are nontransparent

with respect to the grounds for outlining higher taxa and

assigning to them organisms or phylotypes. It should be

said that, in this review, we will only briefly touch upon

the diversity of uncultured prokaryotes represented solely

by environmental 16S rDNA clones (even if these clones

originate from thermal environments); uncultured

prokaryotes represent many tens of deep phylogenetic

lineages [43-45].

The basis for the currently issued second edition of

“Bergey’s Manual of Systematic Bacteriology” [41] has

been laid since the early 1990s in the course of work that

was initiated at the of Bergey’s Manual Trust Editorial

Office (http://www.bergeys.org/index.html) and pro-

ceeded in cooperation with the Ribosomal Database

Project (http://rdp.cme.msu.edu/) [46] and the ARB

project headed by W. Ludwig (http://www.arb-home.de/)

[47]. The approach developed by G. Garrity, which con-

sists in the application of principle component analysis to

comparative analysis of 16S rRNA sequences [42, 48],

was used as an additional instrument to outline taxonom-

ic groups. It was decided to adopt the subdivision of all

living organisms into three domains: Archaea, Bacteria,

Eucarya; to refrain from using the kingdom rank in order

to avoid conflicts with other nomenclature codes; and to

adopt the species–genus–family–order–class–phy-

lum–domain hierarchical scale. Evaluating the results

arriving from genomics, the editors of “Bergey’s Manual”

and other specialists drawn in reached a consensus opin-

ion [42, 49] that comparison of 16S rRNA sequences

remains the most reliable instrument to reveal the phy-

logeny of the core of cellular genes inherited vertically in

the course of evolution and that the phylogeny of this core

provides reasonable grounds for present-day microbio-

logical classification. Bergey’s Manual Trust organized

issuing of the “Taxonomic Outline of the Prokaryotes”

(http://141.150.157.80/bergeysoutline/main.htm),

where a hierarchical system of prokaryotes to be pub-

lished in “Bergey’s Manual” was outlined.

Recently, the “Taxonomic Outline” resumed being

updated, although now at another site (http://www.taxo-

nomicoutline.org). It is no longer sponsored by Bergey’s

Manual Trust and does not declare the goal to promote

the elaboration of “Bergey’s Manual”. The distinctions

between the taxonomic systems of “Bergey’s Manual”

and the new “Taxonomic Outline” have not become con-

siderable yet.

Worth mentioning is the appearance of a Classifica-

tions section at J. P. Euzeby’s site List of Prokaryotic

names with Standing in Nomenclature (http://www. 

bacterio.cict.fr/), popular with microbiologists. In this

section, Euzeby reproduces (with minor modifications)

the hierarchical classification proposed by Garrity et al. in

the latest version of the “Taxonomic Outline” (http://

www.taxonomicoutline.org) and claims that this classifi-

cation is the one most widely accepted by the community

of microbiologists. Formerly, the site by Euzeby, who is a

member of the International Committee on Systematics

of Prokaryotes, only contained alphabetic lists of validly

published taxa (taxa described in papers published in the

International Journal of Systematic and Evolutionary

Microbiology (IJSEM) or included in Validation Lists pub-

lished ibid). For the issue discussed it is important to men-

tion that valid publication of synonymous names (includ-

ing synonymous names of higher taxa) is admissible. By

allowing publication of later homotypic synonyms without

abolishing earlier synonyms, the Committee thus refrains

from supporting a particular hierarchical system and pro-

vides the community of microbiologists the opportunity to

form itself its opinion about the adequacy of this or that

hierarchical system. Given this traditional stand of the

Committee, Euzeby’s decision to support a particular

hierarchical system is remarkable.

Importantly, the results from the comparison of

completely sequenced prokaryotic genomes by methods
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that proved most adequate for phylogenetic inference

(analysis of concatenated alignments of ribosomal pro-

teins, analysis of identity distributions for orthologs,

computation of parsimonious evolutionary scenarios) on

the whole support the 16S rRNA-based system, although

reveal the important evolutionary role of horizontal gene

transfer and gene duplication and loss [50-52].

Thus, currently, for the discussion of the problems of

prokaryote systematics and phylogeny it is expedient to

use the hierarchical system elaborated in the second edi-

tion of “Bergey’s Manual of Systematic Bacteriology” as

the consensus basis for further development. However, we

feel it necessary to mention the widely known, although

not commonly accepted, alternative classifications: that

validly published in IJSEM by Cavalier-Smith [53] and

the phylogenetic system elaborated by R. Gupta proceed-

ing primarily from amino acid insertions–deletions in

proteins [54, 55].

SPECIFIC FEATURES OF THE PHYLOGENETIC

SYSTEMATICS OF THERMOPHILIC

PROKARYOTES

A specific feature of thermophiles, hindering their

phylogenetic analysis, is an elevated G + C content of

their 16S rRNAs, which determines thermostability (Fig.

1; see also [56, 57]). The increased G + C content results

in a lower rate of the fixation of mutations in the 16S

rDNAs of thermophiles compared with mesophiles, since

the scope for neutral variability is the narrower the more

asymmetrical are the contributions of individual

nucleotides to the composition of the 16S rRNA mole-

cule; therefore, it is narrower in case of the necessity to

maintain the G + C content at a level of 65 mol% (a typ-

ical thermophile) than in case of the necessity to maintain

the level of 55 mol% (a typical mesophile). On the other

hand, at the onset of divergence of thermophilic and

mesophilic lineages, fast accumulation of adaptive dis-

tinctions in 16S rRNAs should occur. These facts hinder

elucidation of the genuine topology of the evolutionary

tree, resulting in the attraction of thermophilic lineages to

each other and to the root. The importance of this prob-

lem for the systematics of prokaryotes was enhanced by

the fact that, in the phylogenetic tree of prokaryotes con-

structed by Woese in the 1980s, the deepest branches were

formed by hyperthermophiles (both in the archaeal and

bacterial parts of the tree), suggesting a hypothesis about

a (hyper)thermophilic nature of the common ancestor

[58]. In the works of Woese et al. devoted to the refine-

ment of the phylogenetic position of the thermophilic

bacteria of the genus Thermus [59] and of the hyperther-

mophilic archaea of the genera Archaeoglobus [60] and

Methanopyrus [61], it was shown that, as distinct from the

Fig. 1. Relationship between the optimum growth temperature and the G + C content of the 16S rRNAs of archaea and bacteria. Data for

the type strains of all archaeal and bacterial families described in Vol. 1 of the 2nd edition of “Bergey’s Manual of Systematic Bacteriology”

[41] were used. The 16S rRNA gene sequences were retrieved from GenBank (http://www.ncbi.nlm.nih.gov/).
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G + C content, the content of purines (and, thus, of

pyrimidines) in 16S rRNA is virtually constant and does

not depend on the temperature optimum of growth. It

was suggested that only those distinctions that arise as a

result of transversions should be taken into account for

the establishment of the phylogenetic position of ther-

mophiles. Trees constructed with the use of different

algorithms were compared, and analysis of sequence sig-

natures (specific nucleotides occurring in highly con-

served positions) was conducted. Some details of these

analysis and their results are discussed below in sections

devoted to the above-mentioned microorganisms. The

works of Woese et al. on the phylogeny of Thermus,

Methanopyrus, and Archaeoglobus highlighted the prob-

lem and directed approaches to its solution.

Nowadays, the methods used to determine the posi-

tions of thermophiles in the phylogenetic system of

prokaryotes include, in addition to analysis of transver-

sions in 16S rDNA, methods used in the phylogenetic

systematics of prokaryotes on the whole. First of all, these

are various advanced methods of comparative analysis of

16S rRNA (it should be noted that the procedures for the

multiple alignment of these molecules have been

improved considerably [43, 62]). Attention is paid to the

exclusion of variable positions from the analysis and

application of various methods of sample variation and

various algorithms of tree construction [49]. Among the

tree construction algorithms, most popular currently are

the maximum parsimony method (e.g. the ARB parsimo-

ny tool, which is an ARB-integrated software [47]) and

the maximum likelihood method [63, 64]. Analysis of 16S

rRNA sequence signatures [34, 61, 65, 66] has shifted

behind the scenes, but it is in fact employed during the

application of the methods of maximum parsimony and,

the more so, maximum likelihood, especially if the posi-

tions are weighted by their degree of conservation. Such

weighting can be conducted both in the course of a par-

ticular analysis or using the entire bulk of available data

[67]. Agreement of the results of different analysis where

precautions against thermophile-specific artifacts had

been taken is considered a criterion of the reliability of

the phylogenetic inference. Analysis of alternative phylo-

genetic markers [49, 68] and comparison of complete

genomes by various methods [50, 51, 69, 70] have still

been applied to a few thermophilic taxa, primarily higher

ones.

According to the current edition of “Bergey’s

Manual”, the prokaryotes that are cultured under labora-

tory conditions are distributed among 26 phyla, two of

which belong to the domain Archaea, and 24 to the

domain Bacteria. Six phyla contain exclusively ther-

mophiles, and eleven phyla contain thermophiles along

with mesophiles, thermophiles being usually separated

phylogenetically and representing high-level taxa (class-

es, orders). Only in nine phyla have no thermophiles yet

been found.

PHYLOGENETIC SYSTEMATICS

OF THERMOPHILIC ARCHAEA

Hyperthermophilic archaea should undoubtedly be

in the center of the description of both phylogenetic and

phenotypic diversity of thermophilic prokaryotes. The

discovery of hyperthermophiles was directly connected

with the interest in archaea aroused by the emergence of

Woese’s phylogenetic system.

The conceptions of the phylogenetic structure of the

domain Archaea were elaborated under the strong influ-

ence of Woese’s method of signature analysis. In 1991,

Woese formulated a definition of the domains Archaea,

Bacteria, and Eucarya in terms of their 16(18)S rRNA

sequence signatures [65]. Subsequently, signature analysis

was widely employed in the analysis of the phylogenetic

positions of cultivated archaea (e.g. Methanopyrus [61])

and of archaeal phylogenetic lineages (including ther-

mophilic ones) represented solely by environmental

rDNA clones [71-73]. As the result of analysis of the new

lineages, the list of signatures characteristic of the archaeal

phyla has undergone changes; however, some of the signa-

tures proposed by Woese remain valid. This is one of the

reasons to believe that the doubts raised by comparative

genome analysis performed by E. Koonin et al. [50, 74] as

to the monophyly of Euryarchaeota in relation to

Crenarchaeota will prove unjustified; for example, they

were not supported by the analysis of ribosomal proteins

and translation factors performed by Brochier et al. [75].

The only representatives of the present-day phylum

Crenarchaeota (Fig. 2, A1 in “Bergey’s Manual”) isolated

before the establishment of Woese’s phylogenetic system

were the moderately thermophilic organisms belonging to

the genus Sulfolobus, which are aerobic lithoautotrophs

oxidizing sulfur compounds [76]. In the 1980s-1990s,

many new crenarchaeotal genera were isolated, which

were hyperthermophilic and for the most part anaerobic

[6]. Currently, cultivated thermophilic Crenarchaeota are

assigned to a sole class Thermoprotei, which includes four

orders. The orders Thermoproteales and Desulfurococcales

contain anaerobic hyperthermophiles, both lithoau-

totrophic and organotrophic. Elemental sulfur plays an

important role in the metabolism of most of them as an

electron acceptor in respiration or facilitated fermentation

[77]. The order Sulfolobales mainly contains aerobic ther-

mophilic organisms that oxidize sulfur as the energy sub-

strate. The acidophilic anaerobic hyperthermophiles iso-

lated from Kamchatka hot springs and assigned to the new

genus Acidilobus [78] should most probably be described as

representing a new order, Acidilobales, on the basis of

their phenotypic properties, low level of 16S rRNA homo-

logy (<90%) with representatives of other Crenarchaeota

orders, and presence of characteristic 16S rRNA sequence

signatures.

Euryarchaeota, the second (A2) phylum of the

domain Archaea, includes, according to “Bergey’s
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Manual”, eight classes. Three of these classes contain

exclusively hyperthermophiles (Thermococci, Archaeo-

globi, Methanopyri), all of which were isolated over the

last decades. As distinct from other archaeal genera, the

genus Thermococcus contains many (more than 20)

species, which are phenotypically quite homogeneous

(anaerobic organotrophic fermenters) but strongly vary in

the DNA G + C content (from 33 to 58 mol%) and

exhibit a low level of DNA–DNA hybridization [79].

The class Methanopyri is represented by a single

species, the hyperthermophilic methanogenic Methanopy-

rus kandleri, which inhabits deep-sea hydrothermal vents

and has a growth temperature optimum of 105°C [80].

The class Archaeoglobi contains a few genera and

species of sulfate- and iron-reducers, which belong to

physiological groups considered to be highly important by

evolutionary biogeochemistry.

The phylum Euryarchaeota also contains many

organisms that were successfully cultivated long before

the emergence of the 16S rRNA-based phylogenetic sys-

tem. These are methanogens (the classes Methanobacte-

ria, Methanococci, Methanomicrobia) and halophiles,

which grow under conditions of high salinity (class

Halobacteria). Among halophiles, no thermophiles have

yet been found; among methanogens, thermophiles are

fairly numerous. The class Methanomicrobia includes

taxonomically dispersed thermophilic species; within the

classes Methanobacteria and Methanococci, ther-

mophilic species were recently united into specially

established genera [81, 82].

The class Thermoplasmata contains moderately

thermophilic acidophilic organisms known since the

1970s, as well as the mesophilic acidophilic family

Ferriplasmataceae [83].

Fig. 2. Phylogenetic tree of archaea constructed proceeding from 16S rRNA gene sequences of the type strains of all archaeal orders described

in the 2nd edition of “Bergey’s Manual of Systematic Bacteriology” [41], as well as some additional sequences. Thermophiles are set in bold-

face. All of the sequences were retrieved from GenBank (http://www.ncbi.nlm.nih.gov/). The tree was constructed with the use of the neigh-

bor-joining method after calculating the distance matrix with taking into account only distinctions due to transversions. Numerals at the

branching points show the reliability of the branching order; only bootstrap values higher that 50% are shown. The software used was MAFFT

v.6 (http://align.bmr.kyushu-u.ac.jp/mafft/online/server/) and TREECONW v.1.3b (http://bioinformatics.psb.ugent.be/software/details/

TREECON).
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The phylogenetic relationships among the eury-

archaeotal classes are of considerable interest, since

knowledge of the branching order allows the ancientness

of methanogenesis and sulfur-dependent metabolism to

be judged. The analyses of Woese and coworkers allowed

them to arrive to a conclusion that Archaeoglobus does not

represent a deep phylogenetic lineage but clusters with

Methanomicrobiales [60], whereas Methanopyrus

branches near the root of the euryarchaeotal lineage [61].

At present, the discussions about the ancientness of the

origin of Archaeoglobus and Methanopyrus is continued

and involves data obtained by various methods of genome

comparison; the conclusions made seem to be far from

final [69, 75, 84, 85].

An important consequence of the elaboration of

Woese’s phylogenetic system was the opportunity to ana-

lyze clone libraries of 16S rDNAs obtained from natural

samples and thus to investigate the phylogenetic compo-

sition of natural microbial populations. This opportunity

produced a breakthrough in microbial ecology; a lot of

prokaryotes discovered in this way proved to be unknown

in laboratory cultures [45, 86]. Thus, abundant nonther-

mophilic Crenarchaeota were discovered in marine and

fresh waters and sediments, as well as in soils and inverte-

brate intestines [87]. By now, only one such organism has

been isolated as a pure culture [88]; one more organism,

which is a mesophilic sponge symbiont, has been rather

well studied but has not been isolated in a pure culture

[89]. Although thermophilic and mesophilic Crenarchae-

ota are deeply diverged phylogenetic lineages, this phy-

lum can no more be considered “purely thermophilic” (as

it is presented in the current edition of “Bergey’s

Manual” [42]).

Analysis of 16S rDNA clone libraries obtained from

terrestrial and marine hot springs also revealed many new

phylogenetic lineages of thermophiles. In the Obsidian

Pool hot spring (75-90°C) in Yellowstone National Park,

many new archaea were found. Most of them represent-

ed new lineages of Crenarchaeota [71]. However, some of

the 16S rDNAs retrieved could not be assigned to the

known archaeal phyla based on the homology levels and

sequence signatures; these phylotypes were termed

Korarchaeota. With the use of specific PCR primers,

Korarchaeota were then discovered in hot springs in var-

ious geographical locations [90]. Completion of the

genome sequencing of one of the korarchaeotal compo-

nents of an enrichment culture was recently announced

at the DOE Joint Genome Institute (http://www.jgi.doe.

gov) and GOLD Genomes OnLine Database (http://

www.genomesonline.org/) web sites. As far as ther-

mophilic Euryarchaeota are concerned, the diversity of

their environmental 16S rDNAs proved to be particular-

ly great in deep-sea hydrothermal vents [72]. Recently,

the DHVE2 phylogenetic lineage described based on

environmental 16S rDNA clones acquired its first culti-

vated representative, “Aciduliprofundum” [91], which

turned out to be an anaerobic thermoacidophilic organo-

troph.

The difficulties of cultivating new microorganisms

led to the situation where many of them, although shown

to be phylogenetically distinct by molecular methods,

cannot be validly described and/or included in “Bergey’s

Manual” because they have not been isolated in pure cul-

tures. Thus, archaea of the genus “Nanoarchaeum” [92],

whose cell size is about 500 nm, are known to occur only

in cultures of the hyperthermophilic archaea of the genus

Ignicoccus. The low level of 16S rRNA sequence homolo-

gy with most closely related taxa allowed a proposal to be

made that “Nanoarchaeum” should be considered a rep-

resentative of a new phylum, Nanoarchaeota. The obli-

gate dependence on the host correlates with the very

small size (490 kb) of the “Nanoarchaeum equitans”

genome where many genes coding for anabolic enzymes

were shown to be lacking [93]. Different methods of com-

parative genome analysis yield different conclusions

about the ancientness of this phylogenetic lineage, which

may prove to be the deepest archaeal branch [93, 94] or a

lineage within Euryarchaeota [52] or even a fast-evolving

(due to the transition to parasitism) euryarchaeotal line-

age related to Thermococcales [95, 96].

PHYLOGENETIC SYSTEMATICS

OF THERMOPHILIC BACTERIA

In the domain Bacteria, the phyla Aquificae,

Thermotogae, Thermodesulfobacteria, Thermomicrobia,

and Dictyoglomi contain thermophiles only. Thermo-

philic taxa also occur in the phyla Deinococcus-

Thermus, Nitrospirae, Deferribacteres, Chloroflexi,

Cyanobacteria, Proteobacteria, Firmicutes, Actinobac-

teria, and Spirochaetes (Fig. 3).

While most thermophilic archaea are hyperther-

mophiles, i.e. have a growth temperature optimum above

80°C and upper limit at about 100°C, thermophilic bacte-

ria are usually so-called extreme thermophiles (Topt =

70°C, Tmax = 80°C) or moderate thermophiles (Topt = 50-

60°C, Tmax = 70°C). Hyperthermophilic bacteria occur

only in the most deeply branching phyla: Aquificae (B1),

Thermotogae (B2), and Thermodesulfobacteria (B3). 

The phylum Aquificae (B1; a sole class Aquificae

and a sole order Aquificales) comprises numerous genera

of extremely thermophilic and hyperthermophilic

prokaryotes with the lithoautotrophic type of metabo-

lism, which use the energy of molecular hydrogen and/or

sulfur compounds for growth under aerobic or anaerobic

conditions. The distinct phylogenetic position of this

group is supported by specific 16S rRNA sequence signa-

tures [66].

The phylum Thermotogae (B2; a sole class

Thermotogae and a sole order Thermotogales) comprises

thermophilic organotrophs varying in their growth tem-
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perature characteristics from hyperthermophiles

(Thermotoga) to organisms that hardly fit the thermophi-

ly criteria (Geotoga with its growth maximum at 45°C and

lower temperature limit of 30°C). While Aquificales are

typical inhabitants of terrestrial and marine hydrothermal

vents, Thermotogales, in addition to these environments,

are widespread in subterranean ecosystems, where, at

depths of greater than 2000 m, the temperature reaches

80°C and more [97]. Thermotogales also occur in ther-

mophilic bioreactors [98]. Most Thermotogales genera

occur in various types of thermal habitats; an exception is

Marinitoga [99, 100], which is endemic to deep-sea

hydrothermal vents.

The phylogenetic tree constructed proceeding from

concatenated alignment of ribosomal proteins allowed

the existence of a common ancestor of Thermotogales

and Aquificales to be assumed [50], although the authors

themselves present this conclusion with certain caution.

One more phylum represented solely by ther-

mophiles was named Thermodesulfobacteria (B3) after

its first isolated representative, the extremely ther-

mophilic sulfate-reducing bacterium Thermodesulfobac-

terium commune [101, 102]. This phylum also includes

Geothermobacterium ferrireducens [103], the organism

that has the highest growth characteristics in the domain

Bacteria. This anaerobic bacterium, which uses a single

energy source (molecular hydrogen) and a single electron

acceptor (ferric oxide), shows best growth at 90°C and has

an upper temperature limit of 110°C. Both of the above-

mentioned bacteria were isolated from the hot springs of

Yellowstone National Park, which are also the habitat of

one more thermophilic sulfate-reducing bacterium,

Thermodesulfovibrio yellowstonii, first thought to cluster

phylogenetically with Thermodesulfobacterium [102], but

assigned to the phylum Nitrospirae (B8) in the current

edition of “Bergey’s Manual”.

Thermophilic bacteria of the genus Thermus were dis-

covered by T. Brock in the course of his investigations of

the hot springs of Yellowstone National Park [104]. They

are aerobic organotrophs widespread in thermal environ-

Fig. 3. Phylogenetic tree showing the evolutionary relationships of the bacterial phyla. The tree is reproduced with minor modifications

from W. Ludwig and H. P. Klenk’s introductory paper to the 2nd edition of “Bergey’s Manual of Systematic Bacteriology” [49]. The tree

was constructed based on the analysis of 16S rRNA genes with the use of the maximum parsimony method (ARB parsimony tool). The

arrow indicates the position of the root. Framed are phyla that include thermophiles; phyla containing thermophiles exclusively are marked

with gray background. Of the 24, 20 bacterial phyla are shown. Of the phyla that include thermophiles, Thermodesulfobacteria and

Thermomicrobia are not presented; of the mesophilic phyla, Chrysiogenetes and Gemmatimonadetes are not shown.
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ments. These bacteria became widely known beyond

microbiology as producers of a thermostable DNA poly-

merase used in PCR. Investigations of deep-sea

hydrothermal vents resulted in the isolation of new

Thermaceae genera whose representatives are distin-

guished by their ability to grow lithoheterotrophically with

molecular hydrogen and by microaerophily [105, 106].

The family Thermaceae belongs to phylum B4, named

Deinococcus–Thermus; this phylum includes, along with

the thermophilic Thermaceae, the widely known

extremophilic genus Deinococcus, which is highly resistant

to radiation and desiccation. Woese [36] considers the dis-

covery of phylogenetic proximity of Thermus and

Deinococcus to be one of the greatest successes of his

method. Interestingly, the first indications of this proxim-

ity were given by methods that have a relatively low resolv-

ing power: 5S rRNA analysis [107] and comparison of

oligonucleotide catalogs of 16S rRNA [108]. Further

investigation of the phylogenetic position of Thermus with

the use of sequenced 16S rRNA genes promoted the

development of the methods of phylogenetic systematics

as applied to thermophiles. The phylogenetic trees con-

structed by the neighbor-joining method widely used at

that time clustered Thermus with other deeply branching

thermophilic lineages but not with Deinococcus [109].

Woese suggested that this clustering might be artificial and

related to the high G + C content of the 16S rRNA of

thermophiles [59]. Restriction of the analysis to the dis-

tinctions determined by transversions only or to low-vari-

ability positions [59] or the inclusion in the analysis of the

sequence of Meiothermus, whose temperature characteris-

tics are more moderate than those of Thermus [110], or

assessment (in the same work [110]) of the evolutionary

remoteness of lineage divergence with the use of the phe-

nomenon of slower evolutionary accumulation of trans-

versions as compared to transitions [60, 111] convincingly

demonstrated the specific relatedness of Thermus and

Deinococcus. Simultaneously, a number of approaches to

phylogenetic systematics of thermophiles were elaborated.

The relatedness between Deinococcus and Thermus

was then confirmed by analysis of several alternative phy-

logenetic markers, e.g. protein RecA [112], and by com-

parison of complete genomes, which, in addition, allowed

the adaptive nature of thermophily in Thermus to be

assumed [70].

Some of the thermophilic genera turned out to be so

distinct phylogenetically that each of them was assigned

to a special separate phylum. These are the aerobic genus

Thermomicrobium, represented by a sole species,

Thermomicrobium roseum [113] and forming the phylum

Thermomicrobia (B7), and the anaerobic genus

Dictyoglomus (phylum Dictyoglomi, B23), which con-

tains fermentative bacteria isolated from continental

hydrothermal vents [114].

The phylum Deferribacteres (B9), in addition to two

mesophilic genera, contains the thermophilic genus

Deferribacter, which comprises bacteria with various types

of anaerobic respiration [115, 116].

A number of thermophilic genera and/or species are

present in the voluminous and evolutionary important

phyla Cyanobacteria (B10), Actinobacteria (B14), and

Bacteroidetes (B20). Thermophilic cyanobacteria devel-

op in terrestrial hot spring in the form of cyanobacterial

mats at temperatures of 40-70°C. These mats also contain

thermophilic anoxygenic phototrophs of the order Chlo-

roflexales. Together with the mesophilic Herpetosiphon-

ales, they form the phylum Chloroflexi.

The phylum Proteobacteria (B12) comprises a large

number of taxa, mainly mesophilic, which are distributed

among five classes (α, β, γ, δ, ε). Thermophiles are

known in all five classes. These are mainly moderate ther-

mophiles; an exception is Thermothrix thiopara [117]—a

bacterium belonging to the class Betaproteobacteria and

performing oxidation of sulfide with atmospheric oxygen

in sulfide-containing terrestrial hot springs with a tem-

perature of about 70°C. The sulfur-reducing moderately

thermophilic bacteria of the genus Desulfurella [118]

occupy a phylogenetically distinct order-level position in

the class Deltaproteobacteria. Thermophilic representa-

tives of the class Epsilonproteobacteria will be discussed

below in the context of the narration about cultivation of

“uncultivated” bacteria.

The phylum Firmicutes (B13) is a group of bacteria

that are easy to cultivate, and it is therefore voluminous

and well studied. Many of the thermophilic bacteria

belonging to it have long been known. However, there is

currently a tendency toward reclassifying them into sepa-

rate genera based on the analysis of 16S rRNA. A vivid

example is the genus Geobacillus, established to include

most thermophilic species of bacilli [119]. It is probable

that the fate of thermophilic representatives of

Desulfotomaculum will be the same. Firmicutes also

include the order Thermoanaerobacteriales, which com-

prises a number of anaerobic organotrophs widespread in

hydrothermal vents [120]. It is quite possible that isola-

tion of phenotypically new representatives of Firmicutes

will result in description of new high-level taxa within this

well-studied phylogenetic lineage. A good example is the

new class Thermolithobacteria, established to include

anaerobic thermophilic gram-positive bacteria utilizing

molecular hydrogen and carbon monoxide [121].

The Spirochaetes (B17) is a phylum in which the

phylogenetic position correlates with unique and uniform

morphology: it unites spirochetes, among which various

extremophiles (thermophiles and alkaliphiles) occur.

Investigation of bacterial 16S rDNA clone libraries

obtained from hydrothermal vents of various types

revealed phylogenetic diversity of thermophilic bacteria

that compares well with the diversity of thermophilic

archaea. In the above-mentioned Obsidian Pool hot

spring, 12 new phylum-level lineages of thermophilic

bacteria were found [122]. Nowadays, the number of
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reports on new uncultured lineages greatly exceeds the

number of reports about successful attempts of their cul-

tivation. However, eventually, new phylogenetic groups

detected by molecular methods acquire their cultured

representatives, which in future will allow them to find

their place in “Bergey’s Manual”. For example, an early

diverged bacterial phylogenetic lineage was detected at

shallow submarine hydrothermal vents in the Aegean Sea

[123]. Several years later, its culturable representative was

isolated from deep-sea hydrothermal vents of the Mid-

Atlantic Ridge. This moderately thermophilic anaerobic

bacterium, named Caldithrix abyssi, is capable of fermen-

tation and hydrogen oxidation with nitrate reduction

[124]; it has not yet been assigned to any of the recog-

nized phyla.

For a long time it was considered that the class

Epsilonproteobacteria comprises only mesophilic bacte-

ria. However, numerous investigations of environmental

16S rDNA clone libraries indicated wide occurrence of

this group in deep-sea hydrothermal vents [66]. The mod-

erately thermophilic bacterium Nautilia lithotrophica

[125] was the first cultured representative of this group,

which has later been described as the order Nautiliales

[126], currently already containing two genera and three

species.

One more example of the emergence of ther-

mophiles in high-level taxa is the isolation of a ther-

mophilic representative of the phylum Verrucomicrobia

(B22). This phylum comprises difficult-to-cultivate

mesophilic bacteria; this lineage is also represented by

numerous 16S rDNA clones isolated from mesophilic

habitats. Recently, a Verrucomicrobia representative that

can grow aerobically on methane at 60°C and pH 2.0 was

isolated from a hot spring of Kamchatka [127].

ON THE PROBABLE HYPERTHERMOPHILIC

NATURE OF THE UNIVERSAL COMMON

ANCESTOR

Investigations of the last decades showed that ther-

mophiles dominate the early diverged phylogenetic line-

ages of prokaryotes. This, together with data on the geo-

chemical conditions on ancient Earth [128], prompted

the hypothesis about the hyperthermophilic nature of the

universal common ancestor [34, 129]. This viewpoint

remains predominant [130], although not proven [131].

Alternative hypotheses exist, e.g. one of them suggests

that the topology of the phylogenetic tree that we can

reconstruct was determined by Earth’s heating due to

heavy meteorite bombardment with consequent frustra-

tion of mesophilic forms of life [132]. One more alterna-

tive scenario is that implied by the already mentioned

phylogenetic system by Cavalier-Smith [53]; in this sce-

nario, thermophily is a late evolutionary invention, and,

moreover, the emergence of archaea is a late evolutionary

event driven by adaptation to thermal environments.

However, the theory of Cavalier-Smith contradicts a too

large bulk of data obtained by analyses of phylogenetic

markers and genome comparisons to be argued against

here.

In recent years, most of the works devoted to the

nature of the universal common ancestor or common

ancestors of particular phylogenetic lineages did not

touch upon the probable temperature characteristics of

the ancestors, probably because it became evident that

the resolving power of the existing methods of analysis is

insufficient to make final conclusions. Almost no qualita-

tive leaps have yet been revealed between the enzymatic

systems or genomes of mesophiles and thermophiles.

Among enzymes specific for (hyper)thermophiles, one

may name reverse gyrase [96] and several hypothetical

enzyme systems predicted based on the analysis of

genomes [133, 134]. Distinctions between orthologous

proteins of mesophiles and thermophiles are not qualita-

tive leaps and include differences in amino acid composi-

tions, loop lengths, number of salt bridges, strength of

hydrophobic interaction, number of disulfide bonds, etc.

[135, 136].

However, comparison of the complete genomes of

Thermus thermophilus and Deinococcus radiodurans

allowed Koonin et al. to suggest that thermophily in

Thermus is an acquired secondary trait [70]. An analogous

assumption can be made, proceeding from general con-

siderations, about the nature of thermophily in those bac-

terial branches that occur in mesophilic portions of the

phylogenetic tree. Such an evolutionary scenario seems to

be more parsimonious, although the problem certainly

requires special investigations.

As for the probable temperature characteristics of the

bacterial common ancestor, the high ratio of archaeal

genes found in the genomes of Thermotoga (24%) [137]

and Aquifex (16%) [138, 139] can be interpreted both as a

reflection of the thermoadaptation process in these bacte-

ria [137] and as a result of sharing common ecological

niches with archaea [139].

P. Forterre et al. consider the question about the

common ancestor via analysis of the topology of the phy-

logenetic tree of reverse gyrases [96, 140]. From the

topology of the tree constructed initially [140], the

authors inferred monophyly of the archaeal part of the

tree and several times repeated transfer of reverse gyrase

from archaea to bacteria; a logical consequence of these

inferences was the adaptive, secondary nature of ther-

mophily in bacteria. The topology of the latest tree [96]

rather suggests inheritance of reverse gyrase by archaeal

and bacterial hyperthermophiles from the common

ancestor; however, Forterre has not abandoned the initial

hypothesis.

One more approach to the investigation of the tem-

perature characteristics of the universal common ancestor

consists in the reconstruction of the most likely primary
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structure of its rRNA with subsequent evaluation of the

organism’s growth temperature optimum from the rRNA

G + C content. Opposite conclusions have been reached

upon application of different reconstruction methods

[141, 142].

A similar approach employs reconstruction of the

most likely primary structure of the proteins of the univer-

sal common ancestor and evaluation of their temperature

characteristics either from the amino acid composition (in

case of purely conceptual reconstruction [143]) or by

studying the properties of “ancestral” proteins after the

expression of cloned genes with required mutations intro-

duced by PCR site-directed mutagenesis [144]. These

works led their authors to a conclusion about the hyper-

thermophilic nature of the universal common ancestor.

The development of microbiology over the last three

decades occurred under a strong influence of the phyloge-

netic systematics of prokaryotes. The choice of the 16S

rRNA gene as a universal phylogenetic marker allowed

placing all organisms into a common system with a quan-

titative measure of evolutionary relatedness. This system is

not final and is subject to constant changes. The occur-

rence of debatable issues and, occasionally, voluntarism in

certain taxonomic decisions should be noted. However,

stable advancement toward ordering microbial taxonomy

is obvious, in spite of the voluminous supply of informa-

tion from genomics and molecular ecology of microbial

communities, which, by the way, originated from the

analysis of 16S rDNAs isolated from natural samples. One

more research field that gained strong impetus from phy-

logenetic systematics is the study of microbial biodiversity,

since the information on the nontrivial phylogenetic posi-

tion often stimulates an in-depth study of the phenotype.

However, it becomes evident that the selectivity of

the cultivation methods may seriously distort our view of

the genuine phylogenetic diversity. For example, some of

the early diverged prokaryotic lineages revealed as yet

only by a molecular method seem to be mesophilic judg-

ing from the habitat or from the G + C content of 16S

rRNA (e.g. the bacterial lineage OP11 [44, 145]). We thus

come back to the questions about the primary or second-

ary nature of thermophily in prokaryotes belonging to

various taxa and about the thermophilic or mesophilic

nature of the common ancestor, a question to which no

final answer seems to be possible yet.
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