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Abstract—Since the definition of archaea as a separate domain of life along with bacteria and eukaryotes, they have become
one of the most interesting objects of modern microbiology, molecular biology, and biochemistry. Sequencing and analysis
of archaeal genomes were especially important for studies on archaea because of a limited availability of genetic tools for the
majority of these microorganisms and problems associated with their cultivation. Fifteen years since the publication of the
first genome of an archaeon, more than one hundred complete genome sequences of representatives of different phyloge-
netic groups have been determined. Analysis of these genomes has expanded our knowledge of biology of archaea, their
diversity and evolution, and allowed identification and characterization of new deep phylogenetic lineages of archaca. The
development of genome technologies has allowed sequencing the genomes of uncultivated archaea directly from enrichment
cultures, metagenomic samples, and even from single cells. Insights have been gained into the evolution of key biochemical
processes in archaea, such as cell division and DNA replication, the role of horizontal gene transfer in the evolution of

archaea, and new relationships between archaea and eukaryotes have been revealed.
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Archaea were described by Carl Woese as a separate
domain of life, along with bacteria and eukaryotes [1],
and since then they have become one of the most inter-
esting objects of modern microbiology, molecular biology,
and biochemistry. For a long time methanogens, widely
distributed in various anaerobic habitats, represented the
best known group of archaea. Other groups of archaea
were considered as extremophiles because they inhabited
specific ecological niches where other organisms could
not exist — under conditions of high temperature (ther-
mophiles), in acidic or alkaline environments (aci-
dophiles or alkaliphiles), and under high salinity
(halophiles). Thermophilic archaea have been found in
hot springs of Yellowstone Park in the USA, Iceland,
Kamchatka, New Zealand, etc. Among archaea,
microorganisms living under extreme conditions of both
temperature and pH (thermoacidophiles and thermoal-
kaliphiles) have been found [2, 3]. Archaea have been
found in deep sea hydrothermal vents at depths more than

Abbreviations: FISH, fluorescent in situ hybridization; kb,
thousand nucleotide pairs; Mb, million nucleotide pairs;
rRNA, ribosomal RNA.
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1000 m where water remains liquid even at temperatures
significantly higher than 100°C. These studies have result-
ed in isolation of microorganisms capable of growing at
115°C [4] and even at 121°C [5]. Works performed during
the two last decades, and especially works associated with
analysis of gene sequences of ribosomal 16S RNAs isolat-
ed directly from natural sources, have revealed the global
distribution of archaea: they have been found in soils [6-
8], sea water [9, 10] and sediments [11-13], fresh waters
[14, 15], deep subterranean habitats [16], and the intes-
tines of humans and animals [17]. Archaea are important
components of microbial consortia in various habitats,
e.g. in the ocean their fraction is estimated as 10-40% of
all microorganisms [18]. Wide distribution and multiplic-
ity of archaea in different marine and terrestrial ecologi-
cal niches suggest that not only methanogens but also
other groups of archaea can play important roles in glob-
al biogeochemical processes. In particular, this is exem-
plified by the key role of archaea in nitrification process-
es in the ocean [19] and soil [20].

Despite the great interest in archaea, there was no
pronounced success in studies on their molecular biology,
evolution, and metabolism until the mid-1990s. This was
mainly associated with difficulties in cultivation of the
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majority of these microorganisms and with a virtually
complete absence of genetic “tools” (genetic transforma-
tion, expression vectors, gene knockouts, etc.) that would
be similar to those developed for such models as the bac-
terium Escherichia coli. Many evolutionarily ancient line-
ages of archaea that are known due to the 16S rRNA
sequences from natural sequences until now have no cul-
tured representatives and remain practically unstudied.
Therefore, the development of genomics resulting in “the
genome revolution” in microbiology in the mid-1990s
also significantly contributed to studies on archaea.
Initially “medical” objects, i.e. agents of the most impor-
tant human diseases, were the main targets of microbial
genomic projects, but soon organisms interesting for
biotechnology, ecology, and evolution studies also became
objects of genomics. Thus, the archacon Methanococcus
Jjannaschii became the third organism for which the com-
plete nucleotide sequence of the genome was determined
[21]. The role of genome sequencing in the study on M.
Jjannaschii is well illustrated by the number of correspon-
ding publications: 13 papers were published during the
period from the discovery of this archacon in 1983 until
the sequencing of its genome in 1996, and more than five
hundred works were published during the subsequent 15
years. The development of genome techniques allowed
sequencing of genomes of uncultivated archaea directly
from enrichment cultures [22, 23], metagenomic samples
[24-26], and even from single cells [27]. The rapid devel-
opment of genome technologies has promoted an increase
in the number of complete genome sequences and
enlargement of our knowledge about the biology of
archaea, their diversity and evolution [28]. By 2011, about
one hundred complete genomes of archaea have been
sequenced, and 10 of them have been determined by us in
the Centre “Bioengineering” of the Russian Academy of
Sciences in collaboration with the group of Dr. E. A.
Bonch-Osmolovskaya (Institute of Microbiology, Russian
Academy of Sciences) [29]. In this review, the most
important recent results in archaeal biology, diversity, and
evolution obtained due to genome approaches will be
considered.

MAIN FEATURES OF ARCHAEAN GENOMES

The size of archaeal genomes varies from 0.49 Mb in
the obligate symbiont Nanoarchaeum equitans to 5.75 Mb
in the methanogenic archaecon Methanosarcina acetivo-
rans that possesses diverse metabolic pathways. As in the
case of bacteria, the size of the archaeal genome is deter-
mined by the combination of genetic processes, which
comprise gene duplication with their subsequent diversi-
fication, gene acquisition as a result of horizontal transfer
events, gene loss in some lineages, etc. In the overwhelm-
ing majority of cases, the genome size is directly propor-
tional to the number of encoded genes at the ratio of
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about one gene per thousand nucleotide pairs. The
genome size is the smallest in symbionts, such as N. equi-
tans. Among free-living species, small genomes 1.2-
1.3 Mb in size are characteristic for organisms inhabiting
stable ecological niches and having specialized metabo-
lism exemplified by some archaea of the order Desulfuro-
coccales and by nanohaloarchaea. Organisms with large
genomes such as the archaeon M. acetivorans isolated
from marine sediments inhabit structurally complicated
ecological niches under variable conditions.

All genomes of archaea are circular DNA molecules
and as a rule has one chromosome, except Haloarcula
marismortui, which has two circular chromosomes. All
plasmids of archaea also are circular, and no linear repli-
cons have been found to date. As in the case of bacteria,
chromosomes of the majority of archaea have only one
replication initiation site [30, 31], although some archaea
are found to have two or three concurrently active ori-
sites [32, 33]. However, the enzymatic apparatus of DNA
replication in archaea is similar to that in eukaryotes
rather than bacteria. The G + C content of archaeal
genomes varies from 27.63% (Methanosphaera stadt-
manae) to 68.01% (Halobacterium salinarum). Note that
the G + C content in archaea does not correlate with the
temperature of growth. Genomes of the majority of
hyperthermophilic species have a low G + C content and
the chromosome stability depends on the complex of
DNA-binding proteins. The reverse gyrase, an enzyme
responsible for positive supercoiling of DNA, is virtually
the only protein specific for hyperthermophiles. The in
vivo role of this enzyme is not quite clear, but it was found
not only in archaea but also in hyperthermophilic bacte-
ria, which may have gained it as a result of horizontal
transfer of the gene from archaea [34].

In archaea, introns are often found in genes of ribo-
somal and transfer RNAs [35, 36] but not in the protein-
encoding genes, where an intron has only been detected
in the pseudouridine synthase gene in some crenarchaea
[37]. In genomes of archaea different mobile elements are
found, in particular, transposons encoding enzymes
required for their translocation and also miniature invert-
ed repeat transposable elements (MITE). The latter do
not contain genes of transposases, and their translocation
depends on the “parental” transposon activity. The num-
ber of mobile elements in the genomes of archaea varies
over wide limits, some genomes do not have mobile ele-
ments at all, whereas other genomes can have dozens of
mobile elements. For example, the genome of Sulfolobus
solfataricus contains 201 mobile elements representing
11% of the genome [38], whereas no active mobile ele-
ments have been detected in the genome of another rep-
resentative of the same genus, Sulfolobus acidocaldarius
[39]. Transposons of the same families are found in both
archaea and bacteria, which suggests a possibility of
translocation of mobile elements among bacteria and
archaea inhabiting the same ecological niches.
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The majority of archaeal genomes have been found
to contain clusters of short repeated sequences (20-40 bp)
separated by spacers with unique sequences. These clus-
ters found also in genomes of many bacteria were termed
CRISPR (Clustered Regularly Interspaced Palindromic
Short Repeats) [40]. The spacer sequences are supposed
to be “selected” from viruses, plasmids, and transposons
[41], whereas the CRISPR systems inhibit the expansion
of mobile elements with sequences identical to those of
the spacers due to a mechanism similar to RNA interfer-
ence in eukaryotes [42-44].

MAIN PHYLOGENETIC LINEAGES OF ARCHAEA

From the early 1980s the systematics of archaea was
developed on the base of the 16S rRNA gene sequences
used by Woese for constructing a universal phylogenetic
system of prokaryotes [45]. This approach was later used
in the phylogenetic analysis of both cultured archaea and
“uncultivated” lineages represented only by nucleotide
sequences of 16S rRNA genes isolated from natural
sources [46, 47]. However, the subsequent studies
revealed that using only the 16S rRNA gene sequences
was insufficient to determine positions of basic branches
of archaea at the base of the phylogenetic tree because of
either a lack of phylogenetically important sequence dif-
ferences or nucleotide composition biases leading to arti-
facts in constructing the phylogenetic trees [48]. At pres-
ent conservative protein markers, in particular ribosomal
proteins, are used for this purpose [22, 24, 49, 50].
Although a significant number of archaeal genomes have
been sequenced only during recent years, some signifi-
cant changes were introduced into the phylogeny of
archaea immediately after the first phylogenetic trees
based on ribosomal proteins were published [28].

As early as archaea were described as a separate
domain of living organisms, it was established that three
known groups of archaea, the halobacteria,
methanogens, and members of the genus Thermoplasma,
were evolutionary related, whereas a fourth group, the
Sulfolobus genus, was shown to present a separate evolu-
tionary branch. Thus, in the domain Archaea the two
main phyla were established [51]: Crenarchaeota (crenar-
chaea) and Euryarchaeota (euryarchaea). Crenarchaea
and euryarchaea not only form separate branches on the
phylogenetic tree (Fig. 1), but they are significantly dif-
ferent in organization of the apparatus of genome replica-
tion and expression, cell division, and many other basic
genetic processes (see below). Although during the last
decade phylogenetically remote archaeal lineages have
been found that are proposed to be described as new
phyla, the majority of cultured archaea belong to just
these two main phyla.

All cultured crenarchaea belong to only the class
Thermoprotei, which is virtually totally represented by
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thermophiles and includes three orders: Thermopro-
teales, Sulfolobales, and Desulfurococcales. Members of
the genus Sulfolobus were isolated by Thomas Brock in
the mid-1970s from thermal springs of Yellowstone Park
in the USA [52]. Sulfolobales are mainly aerobic lithoau-
totrophic microorganisms capable of oxidizing sulfur and
its reduced compounds. The majority of Sulfolobales are
thermoacidophiles, many of which were isolated from
such acidic thermal habitats as solfataras; their low pH
can be due to activity of Sulfolobales, which aerobically
oxidize sulfur compounds with production of sulfuric
acid. Some members of this order (Acidianus, Stygiolobus,
etc.) are anaerobes that can oxidize hydrogen or organic
compounds using sulfur as an electron acceptor [53].

During the 1980s and 1990s, many genera of crenar-
chaea were isolated, which are mainly neutrophilic or
moderately acidophilic hyperthermophilic anaerobes
[54]. They are members of the orders Thermoproteales
and Desulfurococcales, which comprise, respectively,
rod-shaped and coccus-like hyperthermophilic archaea.
These two orders include both lithoautotrophic and
organotrophic members. Sulfur plays an important role in
the metabolism of many, acting as an electron acceptor
[55]. Many representatives of Thermoproteales can
anaerobically oxidize organic substances and are also
capable of chemoautolithotrophic growth with fixation of
carbon dioxide [53]. Analysis of genomes of Thermopro-
teales has revealed genes of membrane-bound hydroge-
nase and sulfur reductase [56, 57], the combined activity
of which is responsible for chemolithoautotrophic growth
due to oxidation of hydrogen coupled to reduction of sul-
fur. During heterotrophic growth, these archaea can
completely oxidize organic substances to carbon dioxide
and water in the tricarboxylic acid cycle [58]. Some
Thermoproteales, such as representatives of the genus
Pyrobaculum, can use a wide spectrum of electron accep-
tors including nitrate, oxidized iron compounds, and
arsenate, and their genomes encode a large number of
membrane-bound oxidoreductases [59-61].

Metabolic possibilities determined by the genomes
of Desulfurococcales [62-64] are more limited, most per-
forming anaerobic fermentation of organic substances
with reduction of sulfur, but chemolithoautotrophs are
also known, e.g. members of the genus Ignicoccus [65,
66]. Phylogenetic trees constructed on the base of both
16S rRNA and ribosomal protein sequences suggest that
Thermoproteales are evolutionarily the most ancient
group, whereas Sulfolobales and Desulfurococcales
branched out later.

Recently, some crenarchaeal genera have been
described and separated as the new orders Acidilobales
and Fervidicoccales. Representatives of the order
Acidilobales [67] comprising the genera Acidilobus and
Caldisphaera are anaerobic thermoacidophiles. These
microorganisms isolated in thermal springs of Kamchatka
can completely oxidize organic substances to carbon
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Fig. 1. Phylogenetic tree of the main groups of archaea constructed using the Minimum Evolution approach on the basis of comparing con-
catenated sequences of 41 ribosomal proteins. Other approaches (Maximum Likelihood, Neighbor-Joining) resulted in a similar tree struc-
ture. The MUSCLE v3.7 program was used to align 93 sequences, and the trees were constructed using the MEGA 5 Beta program. Numbers
at the branches indicate bootstrap support, only values higher than 50% being shown. The scale corresponds to 0.1 substitution per site.

BIOCHEMISTRY (Moscow) Vol. 77 No. 8 2012



GENOMES OF ARCHAEA

dioxide and water in the tricarboxylic acid cycle under
anaerobic conditions using sulfur as an electron acceptor
[68]. At present, the classification of Acidilobales as a
new order is under discussion [69]. About half of the
genes of Acidilobus saccharovorans are most alike their
analogs from the crenarchaeon Aeropyrum pernix [62] of
the order Desulfurococcales, but the resemblance to
other archaea of the order Desulfurococcales is less than
to members of the orders Thermoproteales and
Sulfolobales [68]. Another newly proposed order of ther-
mophilic archaea, Fervidicoccales, includes the cultured
species Fervidicoccus fontis and also different “uncultivat-
ed” members, which form a separate branch on the 16S
rRNA tree [70]. Fervidicoccus fontis is a moderate ther-
moacidophile capable of anaerobic fermentation of pro-
teinaceous substrates with production of acetate and
hydrogen [70]. Representatives of this order were found
in thermal springs of Kamchatka, Yellowstone Park, and
Iceland.

Euryarchaeota, the second phylum of the archaeal
domain, includes ten orders: Methanopyrales, Thermo-
coccales, Archaeoglobales, Methanobacteriales, Metha-
nococcales, Methanomicrobiales, Methanosarcinales,
Methanocellales, Thermoplasmatales, and Halobacte-
riales. All these orders have cultured representatives;
Methanopyrales, Thermococcales, and Archaeoglobales
include only thermophiles.

The order Thermococcales mainly comprises anaer-
obic heterotrophic archaea fermenting carbohydrates
and/or protein substrates [53]. Sulfur reduced to hydro-
gen sulfide can be used as an electron acceptor, and its
presence stimulates the growth and is necessary for some
species. Representatives of Thermococcales are widely
distributed in marine hydrothermal ecosystems and also
in subterranean thermal habitats (oil reservoirs, etc.), but
species isolated from terrestrial hydrothermal vents are
also known [71]. As a rule, archaea of this order can be
easily grown under laboratory conditions, and many of
them are used as models in studies on biology of archaea
and as sources of new thermostable enzymes (such as the
thermostable Pfu polymerase).

The order Archaeoglobales includes genera Archaeo-
globus, Ferroglobus, and Geoglobus. Archaeoglobus is spec-
ified by its ability to reduce sulfate, and this property is
very rare in archaea. In addition to the Archaeoglobus
[72], sulfate reduction pathway has been found only in
genomes of some crenarchaea of the order Thermopro-
teales [57, 73]. The Archaeoglobus representatives can use
as electron donors different organic substances and
hydrogen; they are isolated from marine hydrothermal
vents and oil holes. Other members of the order
Archaeoglobales can use as oxidizers nitrate or Fe**, and
they oxidize anaerobically organic acids including acetate
[53].

The phylum Euryarchaeota includes six orders that
join methanogenic archaea — Methanopyrales, Metha-
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nobacteriales, Methanococcales, Methanomicrobiales,
Methanocellales, and Methanosarcinales [53]. The order
Methanopyrales has only one species, Methanopyrus kan-
dleri, which inhabits deep-water hydrothermal vents, and
the optimal temperature for its growth is about 105°C
[74]. Other orders include both thermophilic and meso-
philic members, many of which were known long ago
before archaea were defined as a special domain of living
organisms.

The order Halobacteriales includes halophilic
archaea inhabiting salt lakes and other ecological niches
with high concentrations of NaCl, which can be above
150-200 g/liter [75]. Cultured haloarchaea are
mesophilic organisms, and the optimal temperature for
their growth is not higher than 50°C [53]. However, 16S
rRNA sequences assigned to Halobacteriales were detect-
ed in hot springs with temperature of 50-70°C and rela-
tively low salinity [76].

Euryarchaea of the order Thermoplasmatales are
known from the 1970s. They are moderately thermophilic
or mesophilic microorganisms growing at low pH values
(Picrophilus torridus at pH > 0) in acidic thermal springs,
solfataras, and volcanic soils [53]. Members of genera
Thermoplasma and Picrophilus are aerobic organisms
(facultative and obligate, respectively) oxidizing different
organic substances, mainly proteinaceous substrates.
Under anaerobic conditions Thermoplasma sp. can use
sulfur as an electron acceptor [53]. The genus
Ferroplasma includes slowly growing mesophilic archaea
oxidizing iron under aerobic conditions [77]. Some
species can grow anaerobically on organic substrates
using Fe’* as an oxidant. Members of this genus are
resistant to high concentrations of metals (Fe, Zn, Cu,
Cd, As, etc.) that are toxic for the majority of other
organisms. Archaea of the genera Thermoplasma and
Ferroplasma are characterized by the absence of a cell
wall.

ROLE OF GENOMICS IN IDENTIFICATION
AND CHARACTERIZATION
OF NEW LINEAGES OF ARCHAEA

The main lineages of cren- and euryarchaea present-
ed above have been described by isolation of pure cultures
of the microorganisms and their characterization. Many
of these lineages were known before the appearance of
molecular biology and genomic techniques, and
methanogenic archaea have been under study for more
than hundred years. The sequencing of full genomes of
these organisms has significantly contributed to studies
on their biology, but the role of genomics is far greater
than characterization of earlier known organisms: many
new lineages of archaea became known only following the
application of molecular methods for studies on natural
diversity.
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Thus, analyzing natural microbial consortia by 16S
rRNA molecular approaches has shown that as a rule no
more than 0.1-1% of microorganisms can be cultured
under standard laboratory conditions. In particular, analy-
sis of sequences of 16S rRNA genes isolated from samples
taken in terrestrial and marine thermal springs, aquatic
environments, marine and oceanic sediments, and soils
has resulted in identification of some dozens of new phy-
logenetic lineages of archaea of high taxonomic level, and
many of them occupy basic positions on the evolutionary
tree [78-80]. Discovery of these new groups of archaea
stimulated works aimed at obtaining their members in
pure cultures suitable for subsequent microbiological, bio-
chemical, and genomic analysis. However, attempts to
isolate pure cultures for some new lineages have been
unsuccessful, and in such cases genomic approaches can
be used as the main tools because they allow reconstruc-
tion of genomes of the organisms under study as a result of
sequencing of metagenomic samples isolated from natural
sources or by sequencing of genomes of individual cells.

Many new groups of thermophilic archaea have been
found in the hot spring Obsidian Pool (75-90°C) in
Yellowstone National Park. The majority of them are new
archaeal lineages of the Crenarchaeota phylum [46].
However, some sequences of 16S rRNA genes could not
be assigned to the known archaeal phyla based on the
level of homology, and they were described as a new phy-
lum, Korarchaeota. Using specific PCR primers, mem-
bers of Korarchaeota have been detected in hot springs of
Iceland and Kamchatka [81, 82]. The appropriateness of
the separation of Korarchaeota as a new phylum was
confirmed by sequencing and analysis of the full genome
of Korarchaeum cryptofilum, which was the first member
of this group obtained in a stable enrichment culture [22].
Analysis of the genomic data revealed that the genome
lacked genes of many biosynthetic pathways, and just this
could prevent the isolation of this microorganism as a
pure culture [22]. The genome was shown to contain cren-
archaeal-specific genes of ribosomal proteins and sub-
units of RNA polymerase [22] and also euryarchaeal-spe-
cific genes encoding the maturation of tRNA, replication
and repair of DNA, and cell division [22]. All these find-
ings suggest that Korarchaeota represent a separate phy-
lum different from cren- and euryarchaea (Fig. 1).

The description of a new phylum of archaea,
Thaumarchaeota, based on results of the full genome
analysis seems to be one of the most important recent
results [48]. Initially this lincage was known only by
sequences of 16S rRNA isolated from sea water and called
Marine group I. Representatives of this group found in
marine ecosystems were described as mesophilic crenar-
chaea, but during recent years thermophilic species were
also found, e.g. Nitrosocaldus yellowstonii [83]. Analysis of
the genome of the Marine group I member Cenarchaeum
symbiosum, which is a marine sponge symbiont, revealed
in it the presence of specific features of both eury- and
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crenarchaea [23]; therefore the authors, based on results
of the phylogenetic analysis of 16S rRNA and ribosomal
protein sequences, classified this lineage as a new phylum
of archaea, Thaumarchaeota [48]. The appropriateness of
definition of this lineage as a new phylum was confirmed
by results of sequencing the genomes of other members of
this group, the marine archaeon Nitrosopumilus maritimus
[49] and two archaeons isolated from soil, Nitrosophaera
gargensis [50] and Nitrosoarchaeum koreensis [84]. The
reconstruction of a virtually full genome (1.8 Mb) of a
fresh-water thaumarchaeon by sequencing DNA from
several individual cells is also an example of description of
a new microorganism by only genomic methods [27].
Archaea of the phylum Thaumarchaeota are character-
ized by their ability for chemolithoautotrophic growth
due to aerobic oxidation of ammonium, and this explains
the great interest in this group [85]. Nitrification is a key
element of the global nitrogen cycle, and it was described
earlier only for proteobacteria [86]. Considering the mul-
tiplicity of the Thaumarchaeota in marine and soil
ecosystems, they probably play the leading role in nitrifi-
cation processes [20, 87].

The genome of Caldiarchaeum subterraneum, which
is a member of another uncultivated lincage HWCG 1
(Hot Water Crenarchaeotic group I) related to
Thaumarchaeota, has been reconstructed from sequences
obtained from a metagenomic sample isolated from ther-
mal waters in a gold mine [24]. Based on the presence of
homologs of cren-, eury-, and thaumarchael genes in the
genome and on the presence of a specific eukaryotic ubiq-
uitin-like system of protein modification, the authors ini-
tially supposed to separate HWCG I as a new phylum dif-
ferent from Thaumarchaeota. However, the appropriate-
ness of this separation is still under discussion [69]
because on phylogenetic trees based on the ribosomal
protein sequences, C. subterraneum is clustered with
Thaumarchaeota resulting in a “basal” phylogenetic
branch of this type, and differences between C. subterra-
neum and other thaumarchaea are similar to differences
between different orders of Euryarchaeota [69]. Note that
analysis of the C. subterraneum genome did not reveal
pathways of ammonium oxidation, and, on taking into
account the “basal” position of this organism, this indi-
cates that it either has lost the ability for nitrification that
was present in the common ancestor of Thaumarchaeota
or that the corresponding genes were gained by
mesophilic and some thermophilic members of
Thaumarchaeota at a later stage of evolution.

An important result of recent years is determination
of the greater part (82-90%) of the genome sequence of
ANME-1, which represents one of three uncultivated
euryarchaeal lineages capable of anaerobic methane oxi-
dation in consortium with sulfate-reducing bacteria. The
genome was determined by sequencing a metagenome of
methane-oxidizing microbial mat taken from the bottom
of the Black Sea [26]. The data obtained on metabolism
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of these archaea confirmed the hypothesis of a reverse
methanogenesis pathway for the anaerobic oxidation of
methane performed with the same enzymes [88].
Although there are many genome sequences available,
the real diversity of cren- and euryarchaeal lineages, even
those known for a long time, remains unknown. Thus, a
number of different archaeal lineages distantly related to
Thermoplasmatales has been detected on analyzing
sequences of 16S rRNA genes isolated from marine and
terrestrial hydrothermal vents [47], acidic thermal ground-
water of Kamchatka [56], etc. A member of one such line-
ages, DHVE2 (Deep-Sea Hydrothermal Vent Eury-
archaeota), has been successfully isolated in a pure culture
[89]. Analysis of the full genome sequence of this anaero-
bic thermoacidophilic archaeon, Aciduliprofundum boonei,
has shown it to be a representative of the order
Thermoplasmatales, in which it forms a separate phyloge-
netic branch [90] (Fig. 1). This organism is an organotroph
capable of fermenting various proteinaceous substrates.
Nanoarchaea seem to be the most unusual group of
archaea; they were initially identified by analysis of
sequences of 16S rRNA genes. The size of cells of the
only nanoarchaeon cultured so far, Nanoarchaeum equi-
tans [91], is only about 500 nm. This archaeon grows in
deep water hydrothermal vents being attached to living
cells of another archaeon, the chemolithoautotrophic
crenarchaeon Ignicoccus hospitalis. Because of the low
homology of 16S rRNA genes of the Nanoarchaeum with
members of other recognized phyla, the nanoarchaea
were supposed to represent a new phylum, the
Nanoarchaeota [91]. Sequences of 16S rRNA belonging
to nanoarchaea have been identified in various marine
and terrestrial hydrothermal vents [92-94] and also in
mesophilic ecological niches with high salinity [94]. The
N. equitans genome has the smallest size among archaea
(about 490 kb, only 552 genes); it lacks many genes
encoding different biosynthetic pathways including lipid
biosynthesis, and this suggests a specialized symbiosis or
parasitism by this organism [95]. The gene loss in nanoar-
chaea was accompanied by disruption of operons and
“splitting” of some genes, e.g. of the tRNA genes.
Different approaches for comparative genomic analysis
result in different conclusions about the antiquity of ori-
gin of this phylogenetic lineage of archaea, which can be
either the deepest branch of archaea [95, 96] or the rap-
idly evolving lineage of euryarchaea close to the order
Thermococcales [97-99]. Such presumably evolutionari-
ly ancient characteristics as “split” genes of tRNA pro-
duced as a result of trans-splicing [96] were later found in
the crenarchaeon Caldivirga maquilingensis [100].
Another group of archaea with small cell size (with
diameter lower than 500 nm) has been identified as a
minor component in biofilms that develop in mine waters
characterized by a high acidity and the presence of metals
(Richmond Mine, California, USA). These archaea live in
association with euryarchaea of the order Thermoplasma-
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tales. Soon after this group named ARMAN had been
described [101], the sequencing of metagenomes of
microbial mats provided nearly complete genomes of
three representatives of this group, which were named
Parvarchaeum acidiphilum, Parvarchaeum acidophilus,
and Micrarchaeum acidiphilum [101]. The size of the
genomes is about 1 Mb, and they are characterized by a
high AT content and the presence of “split” genes, typical
of symbiotic and parasitic microorganisms [101]. The
genomes of the ARMAN lineage archaea have some spe-
cific features reflecting the evolutionary pressure directed
to decreasing the genome size (compared to other
archaea) — higher fraction of coding sequences in the
genome, lower average length of the gene, and presence of
a significant number of overlapping genes. Phylogenetic
analysis of sequences of ribosomal proteins revealed that
ARMAN are a separate lineage in the Euryarchaeota [69].

Archaea with small cells and genomes were recently
found also among halophiles of the order Halobacteriales.
The genome sequences of two such microorganisms from
the salt lake Tyrrell in Australia were determined by
sequencing a metagenome of a water sample from the lake,
which contained cells with 0.1-0.8-um size [102]. The
phylogenetic analysis of sequences of ribosomal proteins
showed that these “nanohaloarchaea”, called “Candidatus
Nanosalina sp. J07AB43” and “Candidatus Nanosalinarum
sp. JO7AB56”, form a separate phylogenetic branch at the
base of the order Halobacteriales. The novelty of this line-
age is also shown by the absence in GenBank of homologs
for about 60% of all proteins predicted for nanohaloar-
chaea. Analysis of the genome sequences suggests that
these organisms, similarly to common haloarchaea, are
aerobic heterotrophs incapable of anaerobic respiration.
They are characterized by the small size of their genome
(about 1.2 Mb) with low GC content, the absence of gas
vacuoles characteristic of haloarchaea, and the presence of
unusual pathways of carbohydrate metabolism [102].
Analysis of microorganisms from Lake Tyrrell by the FISH
method using specific DNA probes showed that the cells of
these nanohaloarchaea are about 0.6 pm in diameter and
their fraction in the consortium is about 14%. The small
volume of the cells elevates the surface to volume ratio, and
this might be an adaptive feature optimizing nutrient
uptake capacity. It seems that the small volume allows the
nanohaloarchaea to remain suspended in the surface aero-
bic layers of water even in the absence of gas vesicles that
are responsible for the floatation of haloarchaea.

EVOLUTION OF GENOMES —
ROLES OF GENOME REARRANGEMENTS
AND OF HORIZONTAL GENE TRANSFER

The comparison of genomes of closely related organ-
isms posed some hypotheses about mechanisms of
genome evolution. Thus, at the end of the 1990s the
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genome sequences were determined for two species of the
genus Pyrococcus: Pyrococcus abyssi [103] and Pyrococcus
horikoshii [104]. When comparing the genomes, seven
long homologous regions with conserved gene order (syn-
tenic regions) were revealed (I-VII in Fig. 2a), and
genome rearrangements were also identified that
occurred after the separation of these two species: inver-
sions of fragments I and III and transposition of the frag-
ments V and VI [105]. Note the inversion of fragment I
containing the ori-site. Such genome rearrangements are
more frequent than other types of inversions, possibly
because they do not change the direction of gene tran-
scription relative to the direction of the movement of the

’ |
1

Pyrococcus VI
v horikoshii

Pyrococcus

abyssi VIl

replicative fork (they are coincident for the majority of
highly expressed genes). A possible model explaining the
inversion of fragments containing ori-sites is the existence
of a single “replication factory” combining two replica-
tive forks (Fig. 2b) [105].

Inversions, translocations, insertions, and deletions
of relatively short fragments are other types of genome
rearrangements caused by homologous or site-specific
recombination associated with tRNA genes and different
repeated sequences. Studies on genomes of three species
of Pyrococcus, Thermococcus kodakaraensis, and also of
Sulfolobales were informative for understanding the
mechanisms of such events [38, 39, 106]. Thus, in

b

ori
!

ori
}

Fig. 2. Scheme of localization of syntenic fragments in the genomes of Pyrococcus abyssi and Pyrococcus horikoshii (a) and a possible mecha-
nism of inversion of the fragment containing the ori-site (b). The localization and relative orientation of fragments I-VII are shown by arrows.

The position of the replication initiation site is indicated with the arrow.
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Pyrococcus and Sulfolobus the remnants of tRNA genes
were found at borders of the recombination fragments. A
large number of mobile elements in the S. solfataricus and
Sulfolobus tokodaii genomes explain the high frequency of
genome rearrangements in these species caused by
recombination events between the repeated sequences.
The high number of rearrangements in the Pyrococcus
furiosus [107] genome relative to the P. abyssi and P.
horikoshii genomes can be explained in a similar way,
namely, by the presence of 23 insertion elements. A cor-
relation was found between the distribution of mobile ele-
ments in the genome and borders of syntenic regions, and
this suggests the key role of recombination events in the
genome rearrangements during the evolution of P. furio-
sus [105].

Losses of genes, their duplications, and integration
of foreign DNA are main factors influencing genome
content. Although it is rather difficult to evaluate the fre-
quency of gene losses, this process can be active in some
groups of archaea. Thus, in some lineages of archaea
about 15% of ribosomal protein genes can be lost [108].
Frequent gene losses and non-orthologous substitutions
have been described for components of metabolic path-
ways [109]. In some cases, expansion of certain protein
families occurs [109], e.g. about half of 4540 genes of the
methanogen M. acetivorans possessing different metabol-
ic pathways belong to 539 multigenic protein families
[110].

Horizontal transfer or gene loss events can be pre-
dicted by comparing genomes of closely related organ-
isms. For example, in the genome of P. furiosus a region
was identified with the length of about 16 kb that encodes
a complex of enzymes responsible for degradation and
transport of polysaccharides [111]. This region also exists
in the genomes of Thermococcus sibiricus and Thermo-
coccus litoralis, but is absent in other closely related
species (T. kodakaraensis, Thermococcus onnurineus, P.
abyssi, and P. horikoshii), which favors the hypothesis of
its horizontal transfer between archaea of the order
Thermococcales. Such “gene islands” encoding enzyme
complexes, which provide a selective advantage to a recip-
ient in a certain ecological niche, can be transferred also
between organisms of different domains. A genome frag-
ment of about 20 kb length encoding the enzymes respon-
sible for hydrolysis of beta-linked polysaccharides (cellu-
lose, laminarin, etc.) and transport of sugars into the cell
was found in the genome of 7. sibiricus as an insertion in
the cluster of ribosomal protein genes [112]. Such an
insertion was absent in the genomes of closely related
archaeons 7. kodakaraensis and T. onnurineus; moreover,
the closest homologs of enzymes encoded by this gene
island were found in the genomes of thermophilic bacteria
of the Thermotoga genus, which suggests the possibility of
the horizontal transfer of this fragment.

In some specialized ecological niches the efficiency
of horizontal gene transfer can be rather high, even
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between evolutionarily distant groups of archaea. The
genomes of representatives of the orders Thermoplasma-
tales (Picrophilus torridus and Thermoplasma acidophilum)
and Sulfolobales inhabiting hot acidic springs contain a
rather large fraction of genes (6-11%) that are absent in
organisms living under other conditions [113]. As a result
of the frequent horizontal transfer of genes between these
evolutionarily distant cren- and euryarchaea, the pro-
teomes of these organisms are more like one another than
to the proteomes of evolutionarily close organisms of the
corresponding phyla [113]. Thus, 58% of the P. forridus
genes have homologs in S. solfataricus, but only 35% of
the genes were found to have homologs in the genome of
the euryarchaeon P. furiosus, which is closer evolutionar-
ily but inhabiting a different ecological niche (a subma-
rine hydrothermal vent). The set of horizontally trans-
ferred genes mainly includes different proteolytic
enzymes and transport-related proteins but not vertically
inherited components of DNA replication, transcription,
and translation machineries [114]. Genes similar to the
Sulfolobus genes are distributed in the T. acidophilum
genome nonrandomly, and therefore it was supposed that
the genetic exchange included a few events of horizontal
transfer of large genome fragments [114]. About 13% of
the P. torridus genes have homologs among the S. solfa-
taricus genes but not among the 7. acidophilum genes, and
this indicates that these genes have been transferred
between P. torridus and S. solfataricus relatively recently,
already after the divergence of the genera Picrophilus and
Thermoplasma occurred. A high number of homologs of
the Sulfolobales proteins in the proteome of A. saccha-
rovorans from the order Acidilobales is another example of
intense horizontal transfer of genes between thermoaci-
dophiles [68]. However, no evidence of genetic exchange
between A. saccharovorans and Thermoplasmatales has
been found.

Analysis of full genomes of archaea has shown that,
notwithstanding a constantly increasing number of
sequenced genomes, a significant fraction of genes of
every organism (usually 10-30%) does not have homologs
in databases or is homologous only to genes of closely
related organisms, and their functions are also unknown.
Such genes are often found in the chromosome as clusters
containing up to several dozens of genes. Such clusters
can also include genes encoding archaeal proteins with
known functions. One of the possible explanations is a
hypothesis about plasmid or viral origin of these genes as
a result of integration of the corresponding extrachromo-
somal elements into the genome. This correlates with the
existence of a great diversity of such genetic elements in
nature, and the majority of the proteins of archaeal virus-
es have no homologs in the databases [115]. For example,
the genome of the Pyrobaculum Spherical Virus, which is
about 40 kb in size, contains 49 open reading frames with
unknown functions [116]. The majority of such viral
genes integrated into the host genome do not provide a
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selective advantage for the cell and became rapidly elimi-
nated as is shown by the uniqueness of such “viral
islands” concurrently detected only in the genomes of
very close species newly separated from the common
ancestor into the genome of which the integration has
occurred. Thus, various viruses and plasmids can act not
only as transporters of genetic material between different
species of archaea, but they also remain the largest and
virtually uncharacterized reservoir of genetic information
entering the archaeal genomes from the outside [117].

DIFFERENCES BETWEEN THE MAIN ARCHAEAL
LINEAGES ON THE GENOMIC LEVEL

Initially, archaea were subdivided into cren- and
euryarchaea based on the 16S rRNA phylogeny.
Comparative analysis of genomes confirmed such divi-
sion because a number of key proteins involved in the
replication of DNA, cell division, and translation were
specific for cren- and euryarchaea (table). Thus, cell divi-
sion in euryarchaea is provided for by a bacteria-specific
system with the protein FtsZ as a key element. In crenar-
chaea this protein is absent, and cell division is provided
for by the system CdvABC [118], which is related to the
eukaryotic ESCRT-III (in Desulfurococcales and
Sulfolobales) or by an uncharacterized actin-based sys-
tem (Thermopro-teales). Crenarchaea are characterized
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by the absence of DNA polymerase of the D family and
histones, whereas no genes of the ribosomal proteins S30,
S26, S25, and L13 were found in the genomes of
Euryarchaeota. Korarchaeota and Thaumarchaeota are
characterized by different combinations of cren- and eur-
yarchaeal features and also by some unique traits (table).
Thus, among components of cell division both FtsZ and
actins were found in Korarchaeota, whereas thaumar-
chaea were shown to have FtsZ and CdvABC. The phy-
lum Thaumarchaeota is characterized by the presence of
DNA topoisomerase type IB, which seems to substitute
the type IA enzyme found in all other of archaeal phyla
(table).

Such a mosaic distribution of the characters deter-
mining the most important biological processes can be a
result of evolutionarily ancient events of horizontal gene
transfer between different lineages and also a conse-
quence of the loss of genes initially present in the com-
mon ancestor of archaea in different lineages as they
diversified [69]. The hypothesis of gene loss is favored by
results of the comparative study on 28 full genomes of
archaea, which allowed construction of a model of
genome evolution that suggests the gaining, duplication,
and loss of genes in the course of evolution [119]. In the
framework of this hypothesis, the common ancestor of
archaea is a not less complex organism than its modern
specialized descendants. The sequencing and analysis of
genomes of other evolutionarily ancient “uncultivated”

Components of systems responsible for DNA replication and maintenance, cell division, transcription, and transla-

tion in different lineages of archaea

Crenarchaeota Thaumarchaeota Korarchaeota Euryarchaeota
Families of DNA polymerases BI, BII BII, D BI, BII, D BI, D
Topoisomerase 1A + +/— + +
Topoisomerase 1B - + — —
Histones — (D, S) + + %
+(T)
FtsZ — + + +
CdvABC + (D, S) + — —
—(D
Actin — (D, S) — + ek
+(T)
ATPase of the SMC family involved — + + +
in chromosome segregation
RNA polymerase subunit Rpb8 + - + —
Ribosomal proteins S25, S26, S30 + + + -
Notes: +, is present; —, is absent; +/—, is present in some members; D, Desulfurococcales; S, Sulfolobales; T, Thermoproteales; *, is absent in

Thermoplasmatales; **, is present in Thermoplasmatales.
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lineages of archaea are promising for the better under-
standing of early stages of the evolution of life, especially
of archaea and eukaryotes.

During the last 15 years more than 100 full genomes
of archaea have been determined, and now there are full
genome sequences for the majority of the cultured lineag-
es of archaea on the genus/family level. As the genome
sequencing methods became more elaborated, especially
after introducing the method of parallel pyrosequencing
into practice in the end of the 2000s, the sequencing of
genomes of microorganisms became a standard proce-
dure. Along with successfully developing genetic tools
[120], the genome data made a key contribution to stud-
ies on archaea. Interest in genomics of archaea continues
and seems likely to increase in the future. The works of
the last decade have shown that the known cultured line-
ages represent only a small part of the true diversity of
archaea, which are widely distributed and play important
ecological roles in “non-extreme” ecological niches. The
majority of these lineages are still not cultured under lab-
oratory conditions, and this makes genomics the main
approach for their study. It seems that in the nearest
future the main achievements in the genomics of archaea
will be associated with sequencing of the genomes of
uncultivated lineages of archaea directly from enrichment
cultures, metagenomic specimens, and from single cells.
Not less important will be sequencing of the meta-
genomes of natural microbial communities, including
their viral component that seems to be a virtually still
unexplored reservoir of genetic information.
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