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A new field in life sciences was founded at the end
of the 19th century; the role of S.N. Winogradsky’s
great discovery becomes more evident with the passage
of time and with accumulation of data concerning
chemoautotrophy.

Winogradsky’s initial research on chemosynthesis
was performed on sulfur bacteria, in particular, on a
community of 

 

Beggiatoa

 

 with other microorganisms.
Sulfur bacteria were demonstrated to oxidize hydrogen
sulfide to sulfur; sulfur was accumulated in the cells
and was later oxidized to sulfuric acid. This process is
the only source of energy available to sulfur bacteria
[1]. However, the capability of nonphotosynthetic bac-
teria to fix 

 

CO

 

2

 

 and to grow autotrophically was con-
firmed only after Winogradsky isolated and investi-
gated pure cultures of nitrifying bacteria.

The discovery of chemosynthesis in nitrifying bac-
teria confirmed the concept of a new type of bacterial
physiology, termed autotrophy. The discovery of
autotrophs heralded a new era in science.

S.V. Winogradsky was a pioneer in the study of
microbial ecology and microbial geochemical activity.
He established the importance of the study of microbial
communities in their natural environment. He termed
microbial activity in the environment “a collective self-
organizing work” [2].

The authors of this review intended to use the exam-
ple of research on colorless sulfur bacteria and acido-
philic microorganisms in order to demonstrate the glo-
rious fruits of Winogradky’s ideas.

COLORLESS SULFUR BACTERIA

Colorless sulfur bacteria (CSB) constitute a large
group of morphologically conspicuous prokaryotes.
Big cell size and intracellular deposition of elemental
sulfur are the unique characteristics of this group.
Under certain conditions, sulfur can be subsequently
oxidized to sulfate, used as an electron acceptor in sus-
taining metabolism, and or reduced to sulfide. Some of
the recently described CSB are among the largest
known prokaryotes. The comparative morphological
characteristics of some sulfur bacteria demonstrates
that the cell volume of most of the marine and freshwa-
ter species is 3–8 orders of magnitude higher than that
of common rod-shaped bacteria (Table 1). The large
cells of sulfur bacteria have unique ecophysiological
properties and can occupy ecological niches unavail-
able to other sulfur-oxidizing bacteria.

TAXONOMY OF COLORLESS SULFUR 
BACTERIA

CSB form a highly heterogeneous group from the
taxonomic, phylogenetic, and physiological points of
view. Most of the known morphotypes or phylotypes
are uncultured organisms, and few of the representa-
tives of this group have been studied in pure cultures.
The application of modern molecular genetic methods
to the analysis of material from environmental popula-
tions of sulfur bacteria over the last 20 years has
resulted in marked progress in the study of communi-
ties of CSB, especially in marine environments. Thus,
our understanding of the taxonomic composition, phy-
logeny, and evolutionary position of the representatives
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Table 1.

 

  Taxonomy and morphology of colorless sulfur bacteria

Genera and species 
or groups 

of phylotypes
Cell shape

Maximal cell size,*
Cultures 

species or 
strains (st)

Phylo-
types

Habitats
Type of 
metabo-
lism **

Refer-
enceMarine Freshwater

Filamentous

 

Beggiatoa

 

, 
group 1 Disk-shaped – 8 + – l, ? [18]

 

Beggiatoa

 

, 
group 2

Cylindrical 2 st – + – l, ? [19]

 

Beggiatoa

 

, 
group 3 Cylindrical 5 st – + l, o [19–21]

 

Thioploca araucae

 

Disk-shaped – 1 + – ? [22]

 

Thioploca

 

 sp. Cylindrical – 2 – + ? [24, 25]

 

Thiothrix

 

 spp. Cylindrical 11 – – + 4 l, 7 o [23]

 

Leucothrix

 

 
(3‚ species) Cylindrical 3 – + – l [14–16]

 

Sphaerotilus

 

 
(

 

S. gallus

 

) Cylindrical 1 – + l, o [17]

Unicellular 

 

Thiomargarita 
namibiensis

 

Spherical – 1 + – l [26]

 

Achromatium ox-
liferum

 

Ellipsoidal – 3 + + l, o [27]

 

Macromonas

 

 
(

 

M. mobilis

 

)
Ellipsoidal
and rod-shaped – 1 -– + [28]

 

M. bipunctata

 

 Ellipsoidal 
and rod-shaped 1 – + o [5]

 

Thiovulum

 

 
(

 

T. majus

 

) Spherical – 1 + + l [29]

 

Spirillum

 

Spiral 2 – + o [11]

 

Titanospirillum

 

Spiral 1 + – [9]

 

Aquaspirillum

 

Spiral 1  – + o [30]

 

Giesbergeria

 

Spiral 2  – + o [12]

 

Simplispira

 

Spiral 2  – + o [12]

µm

volume, µm3
---------------------------------

200 60×
2000000
----------------------

4 9×
110
------------

43 30a×
40000

--------------------

18 75×
10000
------------------

2.5 5×
25

----------------

4 6×
70

------------

2.4 10×
43

-------------------

750
200000000
------------------------------

35 95×
80000
------------------

14 30×
4500

------------------

4 10×
80

---------------

18
3000
------------

2.3 50×
180

-------------------

9 30×
600

---------------

2 18×
55

---------------

2.1 60×
210

-------------------

1.3 8.5×
110

---------------------
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of this group, as well as of a number of their physiolog-
ical characteristics, has been improved [3, 4].

In the second edition of 

 

Bergey’s Manual of System-
atic Bacteriology

 

, most of the known CSB were arbi-
trarily assigned to the new family 

 

“Thiotrichaceae” of
the order Thiotrichales

 

 within the class 

 

Gammaproteo-
bacteria

 

 [4]. This family includes the filamentous sul-
fur bacteria 

 

Beggiatoa, Thiothrix, Thioploca

 

, and 

 

Leu-
cothrix

 

, and the unicellular sulfur bacteria 

 

Achroma-
tium, Thiomargarita, Thiobacterium

 

, and 

 

Thiospira.

 

According to the results of 16S rRNA gene sequencing,
the representatives of the known genus 

 

Macromonas

 

were placed among betaproteobacteria, in the family

 

Comamonadaceae

 

 [5, 6]. Other representatives of sul-
fur bacteria were classified with other taxa: the genus

 

Thiovulum

 

 was placed in the family 

 

Helicobacteri-
aceae

 

 (class 

 

Epsilonproteobacteria

 

) [7] and aerotoler-
ant free-living spirochetes, the predominant component
of the 

 

“Thiodendron”

 

 sulfur mats, in the new taxon in
the family 

 

Spirochaetaceae

 

, class 

 

Spirochaetales

 

 [18].
The phylogenetic position of the giant marine spirilla,
which were described as a new genus 

 

“Titanospiril-
lum”

 

 on the basis of morphological criteria [9], and of
uncultured 

 

Thiobacterium

 

 species [10] is still not clear.
The taxonomic characteristics of the species composi-
tion and the physiologo-morphological features of sul-
fur bacteria are presented in [4]. The phylogenetic posi-
tion of the known CSB within the class 

 

Gammaproteo-
bacteria

 

 is shown in Fig. 1.

A number of new genera of filamentous and unicel-
lular sulfur bacteria have recently been described.
Among these organisms are bacteria of the genus 

 

Spir-
illum, S. winogradskii

 

 (basonym 

 

Thiospira winograd-
skii

 

), 

 

S. kriegii

 

 [11], and of the new genera 

 

Giesberge-

ria

 

 (

 

G. voronezhensis, G. kuznetsovii

 

) [12], 

 

Simpli-
cispira

 

 (

 

S. metamorpha

 

) [12], and 

 

Levispirillum

 

(

 

L. itersonii

 

) [13]. Three 

 

Leucothrix

 

 species, including
the type species 

 

L. mucor

 

 [14–16] and the novel repre-
sentative of the genus 

 

Sphaerotilus, S. gallus 

 

capable of
lithotrophic growth by sulfide or thiosulfate oxidation
[17] were classified as filamentous sulfur bacteria.

The data presented in Table 1 demonstrate that the
majority of the known morphological types or phylo-
types of sulfur bacteria are uncultured organisms. The
possibilities for investigation of their metabolic diver-
sity and of their function in natural environments are
therefore limited.

Metabolically, CSB can be either lithotrophs or obli-
gate organoheterotrophs. The representatives of the lat-
ter group perform oxidation of reduced sulfur com-
pounds and accumulation of intracellular sulfur, not
coupled with energy metabolism.

The metabolism and ecophysiology of these two
groups will be described below.

LITHOTROPHIC COLORLESS
SULFUR BACTERIA

 

Metabolism of Lithotrophic CSB

 

Utilization of inorganic sulfur compounds as elec-
tron donors for autotrophic, mixo-, or lithohet-
erotrophic growth has been strictly confirmed for a few
of the numerous isolates of filamentous and unicellular
sulfur bacteria (Table 2).

No correlation occurs between the inability of
certain 

 

Beggiatoa, Thiothrix

 

, and 

 

Leucothrix

 

 strains
to grow autotrophically and the presence of the genes
encoding the big subunit of RubisCO (ribulose 1,5-

 

Table 1. 

 

 (Contd.)

Genera and species 
or groups 

of phylotypes
Cell shape

Maximal cell size,* Cultures 
species or 
strains (st)

Phylo-
types

Habitats Type of 
metabo-
lism

 

**

 

Refer-
ence

Marine Freshwate

 

Levispirillum

 

Spiral

 

1  – + Ó [13]

 

Spirochaeta

 

 P

 

b

 

Spiral

 

1 (3 st) – 1 – Ó [8]

 

Escherichia coli

 

c 

 

(2 

 

species

 

)

 

Rod-shaped

 

1 – + Ó –

 

Note:

 

a

 

, multicellular filaments, length up to several cm, containing thousands of cells; the size of individual cells is presented; 

 

b

 

, aerotol-
erant sulfur-oxidizing spirochetes from the “Thiodendron” sulfur mats; 

 

c

 

, E. coli is included for comparison.
“–”, absent; ** l, lithotrophic; o, organotrophic; * from [3], supplemented.

µm

volume, µm3
---------------------------------

1.4 4×
6

----------------

0.4 20–200×
4–40

--------------------------------

1 2×
1.5

------------
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Thiomicrospira kuenenii
Thiomicrosa crunogena

Thiomicrospira chilensis
Thiomicrospira pelophila

Bathymodiolus thermophilus symbiont
Calyptogena magnifica symbiont

Vesicomya chordata symbiont
Leucotrix mucor
Thiothrix disciformis

Thiothrix nivea
Thiothrix ramosa

Thiothrix defluvii

Solemya occidentalis symbiont
Solemya velum symbiont

Anodontia phillipiana symbiont
Thyastra flexulosa symbiont

Riftia pachyptila symbiont
Codakia orbicularis symbiont

Lucinoma aequizonata symbiont
Lucina floridana symbiont

Solemya reidi symbiont
Halorhodospira halochloris

Halorhodospira halophila
Thiothrix eikelboomi

Achromatium oxaliferum
Thermochromatium tepidum

Allochromatium vinosum
Inanidrilus leukodermatus symbiont

Laxus sp. symbiont

Beggiatoa sp. MS-81-1c
Beggiatoa sp. OH-75-2a
Beggiatoa alba B15LD

Beggiatoa alba B18LD
Beggiatoa sp. 402
Beggiatoa sp. 401

Beggiatoa sp. AA5A
Beggiatoa sp. 1401-13

Beggiatoa sp. Limfjord L9
Beggiatoa sp. Dandast A9

Beggiatoa sp. Limfjord L10
Thioploca ingrica

Thiomargarita nabiensis
Beggiatoa sp. ‘Monterey Canyon’

Beggiatoa sp. ‘Bay Concepcion’
Beggiatoa sp. Limfjord L6

Beggiatoa sp. Limfjord D4
Beggiatoa sp. Limfjord L22
Halothiobacillus hydrothermalis

Acidithiobacillus ferrooxidans
Acidithiobacillus thiooxidans

E. coli

100

Beggiatoa sp. MS-81-6

100
100

88

65100

100
100

100

100
100

65

100
59

89
100

91

89

100

100

100

55

67

53

75

100

81
58

100
77

93

98

57

57
100

99

100

100
100

100
92

98

0.02

I

III

II

Fig. 1. Phylogenetic relations of freshwater and marine colorless sulfur bacteria of the class Gammaproteobacteria as revealed by
16S rRNA nucleotide sequence analysis [3, supplemented] I, Thioploca, Thiomargarita, big marine Beggiatoa; II, marine Beggia-
toa; III, freshwater Beggiatoa. The scale corresponds to 2 nucleotide replacements per 100 nucleotides. Figures, the statistical reli-
ability of the branching order determined by bootstrap analysis (the values above 95 are significant).

bisphosphate carboxylase), the key enzyme of the
Calvin cycle. These strains utilize sulfur as an energy
source for mixotrophic or lithoheterotrophic growth.
Decreased expression of the RubisCO gene under
unfavorable environmental conditions may be one of
the causes of the absence of autotrophic growth [31].
This gene may have been lost in the course of evolu-

tion due to adaptation of the organism to the more
oxidized conditions of freshwater environments
[21]. Numerous attempts to obtain autotrophic or
mixotrophic growth of marine and freshwater Beg-
giatoa strains in H2S–O2 gradients or in chemostat
cultures have given no positive results [21, 32,
35, 36].
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Within a species, even in the case of phenotypically
and genetically very close strains, the capability to
grow autotrophically can vary. For example, in spite of
the 99.5% DNA homology between two B. leptomiti-
formis strains, D405 and D402, only the latter can grow
autotrophically, lithoheterotrophically, and mixotroph-
ically, as well as heterotrophically in the absence of
reduced sulfur in the medium. Since the gene encoding
RubisCO was not detected in the second strain, D405,
its inability to utilize sulfur compounds in dissimilatory

processes is probably genetically determined [34]. For
other species and strains of filamentous sulfur bacteria,
Beggiatoa, Leucothrix, and Thiothrix, a similar picture
was observed (Table 2).

The application of molecular techniques of cloning
and DNA analysis for RubisCO-encoding genes to
environmental populations of sulfur bacteria from
marine sulfur mats, together with direct measurement
of the enzymatic activity in cell suspensions has
improved our knowledge concerning the autotrophic

Table 2.  Effect of environmental factors and some genomic characteristics on the metabolic type of lithotrophic sulfur bacteria

Species and strains

 Presence of RubisCO

Type of metabolism

Refer-
ences

lithoautotrophic mixotrophic lithohet-
erotrophic

organ-
otrophic

Activity Gene and form*
O2, µM Organic substrate

≥15 ≤10 excess  limitation

Beggiatoa alba B15 
LD, ATCC 35556

+a [33]

B. alba B 18 LD (neo-
type), ATCC 35555

+b – + ++ [35–37]

B. alba OH–75–2a +b + – – – – ++ [35, 36]

B. leptomitiformis 
D402 (neotype), DSM 
74945 

+ Gene cbbL (red type 
form I RubisCO)

– + + ++ +++a [20, 21]

B. leptomitiformis 
D405

– – – – – – +++a [20]

Beggiatoa spp. 
(13 strains from Pring-
sheim collection)

– ND – – –  +++a [33]

Thiothrix nivea DSM 
5205

+ + + ND + + +++ [38]

T. ramosa T2 + ND + ND – +c ++a [39–41]

T. arctophila IN – Gene cbbM 
(form II RubisCO)

– – + + ++ [42]

T. unzii Al, ATCC 
49747

ND ND – – – + + [44]

Thiothrix spp., strains 
No 4 and No 19

ND ND + + – ++ ++ [47]

Sphaerotilus gallus 377 – ND – – – + +++ [17]

Beggiatoa MS-81 – 1 c + + – + – – – [45, 46]

Beggiatoa MS-81 – 6 c + + – + – +b + [45, 46]

Leucothrix mucor 
DSMZ 2157

– - – – – + +++ [16]

L. thiophila 2 WS, 
DSMZ 13 602

– Gene cbbL (green type 
form I RubisCO)

– – + ++ + [14, 43]

Leucothrix sp. strain 5 
WS, DSM 13604

– – – – + + + [14, 43]

Note: a, lysis in the absence of thiosulfate; b, RubisCO activity not at physiological level, several orders of magnitude lower than in marine
strains; c, diauxy; ND, not determined; “–” no growth or no RubisCO activity detected; * RubisCO forms and genes are given accord-
ing to [34], bor B. alba, according to [37].
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potential and metabolism of a number of uncultured
sulfur bacteria, their taxonomical diversity, and phylo-
genetic relations. Apart from the presence of the
RubisCO-encoding gene, the capability of autotrophic
growth of marine populations of Beggiatoa and Thi-
oploca was confirmed by the discovery of high activity
of the Calvin cycle enzymes (RubisCO and phosphor-
ibulokinase) and of sulfite oxidoreductase, the key
enzyme of sulfur metabolism [64]. The presence of
membrane-bound nitrate reductase in the cells of
marine [48] and freshwater [49, 50] Beggiatoa and Thi-
oploca populations indicates the possibility of anaero-
bic sulfur oxidation coupled with nitrate reduction or,
more probably, with denitrification. The in situ determi-
nation of CO2 fixation rates and radioautography with
radioactive carbon isotopes were used to demonstrate
autotrophic growth of filamentous (Beggiatoa, Thio-
thrix, Thioploca [51, 68]) and unicellular (Achroma-
tium [53]) sulfur bacteria from the sulfur mats of
marine hydrotherms. However, the results of radioau-
tography of various populations of sulfur bacteria also
demonstrated their capability to utilize, apart from
CO2, other carbon sources (acetate, certain amino
acids, etc.), probably for mixotrophic or heterotrophic
growth. The types of carbon metabolism in environ-
mental populations of filamentous and unicellular sul-
fur bacteria are therefore probably heterogeneous. The
rates of 14CO2 fixation determined for some marine
populations did not exceed the average level of het-
erotrophic CO2assimilation [54].

Physiological studies of certain big marine and
freshwater Thioploca [55] and, later, of Beggiatoa [48,
56] and Thiomargarita [26] from environmental sam-
ples led to the most important discovery of the last
decade. Unique structures were found in the cytoplasm
of these bacteria, huge vacuoles for nitrate accumula-
tion; nitrate was used as an electron acceptor for anaer-
obic sulfide oxidation. Nitrate concentration in the vac-
uoles can be as high as 160–500 mM [48, 51, 55]. Vacu-
olated sulfur bacteria were capable of oxidizing sulfide
to sulfur anaerobically; nitrate was reduced to NH3. In
some Thioploca populations, up to 15% of nitrate nitro-
gen was reduced to N2 via denitrification [57]. The
presence of nitrate reductase in the membrane fraction
of giant Beggiatoa filaments confirms the relation
between anaerobic sulfide oxidation and the function-
ing of an electron transport chain (ETC) [48]. It is still
not clear whether this process participates in only main-
tenance metabolism, or whether bacteria are capable of
prolonged activity with nitrate as an electron acceptor.

Thin filaments of marine and freshwater Beggiatoa
deprived of vacuoles are not capable of such nitrate
reduction. The nitrate reductase of the freshwater strain
B. alba B18 LD [34] and in the thin filaments of several
marine Beggiatoa strains belongs to the soluble cell
fraction and probably does not participate in dissimila-
tory oxidation of sulfur compounds.

A number of freshwater and marine Beggiatoa
strains with small cells (groups 2 and 3 in Table 1) were
found to be capable of dinitrogen fixation [57].

Novel big marine sulfur bacteria with both intracel-
lular sulfur inclusions and large vacuoles were
described in 2004. These bacteria are attached to the
substrate; although morphologically close to Thiothrix,
they are quite distant from it phylogenetically and clus-
ter together with vacuolated marine Beggiatoa and Thi-
oploca. The vacuoles of these sulfur bacteria were
shown not to be involved in respiratory nitrate accumu-
lation [59]. The authors suggested that their function
was to store dissolved oxygen and probably to increase
the buoyancy of nonmotile filaments.

Unlike marine Beggiatoa strains, a number of fresh-
water ones can utilize intracellular or exogenous ele-
mental sulfur as an electron acceptor for maintenance
metabolism; under anaerobic conditions, H2S produc-
tion is coupled with the oxidation of cellular storage
compounds [35, 46, 60]. These strains can therefore
survive short-term anaerobiosis, which occurs under
the unstable oxygen regime of the surface layers of bot-
tom sediments.

Thus, the cultured species of lithotrophic sulfur bac-
teria have a broad range of metabolic capabilities. As
can be seen from the data of Table 2, their realization
depends on both genetic determination and environ-
mental conditions. The main factors determining the
realization of the metabolic potential are the presence
and availability of alternative electron donors and
acceptors, H2S (or organic matter for mixotrophic
growth) and O2 (or  under anaerobic conditions).

Regulation of the Energy and Constructive
Metabolism in CSB

Variability of the types of energy and construction
metabolism has been reported for a number of species
and strains of lithotrophic sulfur bacteria (Table 2).
Under environmental growth limitation by electron
donors or acceptors, these organisms gain advantages
of both obligate autotrophs and heterotrophs. The
mechanisms of metabolic switching caused by changes
in growth conditions remained unclear until recently. In
the presence of reduced sulfur, oxygen concentration
and the presence of organic compounds in the medium
were demonstrated to be the main factors determining
the direction of energy and constructive metabolism in
the freshwater strain Beggiatoa leptomitiformis D402
(Table 2) [19, 20]. Autotrophic growth with thiosulfate
oxidation was possible only in the absence of organic
substrates and under strictly anaerobic conditions (oxy-
gen concentrations not above 3–16 µM). Oxygen con-
centration in the medium above 20 µM resulted in
arrested growth due to the inhibition of RubisCO activ-
ity, although the enzymes of oxidative sulfur metabo-
lism retained high activity even under aerobic condi-
tions. Depending on acetate concentration in the

NO3
−
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medium, bacteria grew mixotrophically, with thiosul-
fate and acetate as energy substrates, or lithohet-
erotrophically. In the last case, acetate was utilized only
for assimilative purposes [20]. During transition of
strain D402 from organotrophic to mixotrophic growth,
carbon metabolism was modified and the enzymatic
activity of the main metabolic pathways (TCA cycle
and glyoxylate cycle) changed. In the presence of
reduced sulfur compounds, the TCA cycle acted mostly
as an anabolic pathway; the dehydrogenase portion was
bridged by the glyoxylate cycle and produced the inter-
mediates for biosynthetic purposes [61, 62]. Strain
D402 reacted to the changes in nutrition type and aera-
tion mode by changes of the respiratory chain. During
organotrophic growth, an ‡‡3 type cytochrome oxidase
was active in the terminal part of the ETC. Transition to
mixotrophic, lithotrophic, or autotrophic growth
resulted in the inhibition of ‡‡3 type oxidase biosynthe-
sis and in enhanced biosynthesis of cbb3 type oxidase,
which is known to have high affinity to é2 (äå = 8–
20 mM) [63].

In B. leptomitiformis D402, the regulation and
switching of the metabolic pathways is achieved via
restructuring of the malate dehydrogenase (MDH) sys-
tem and production of the stable isomers of this
enzyme, dimers, and trimers. MDH is the key enzyme
of carbon metabolism. A tetrameric form of the enzyme
is active under lithotrophic conditions; it is involved in
the regulation of anabolic reactions of the glyoxylate
cycle. The emergence of the dimeric form, which main-
tains the TCA cycle energetic metabolism, is linked to
organotrophic growth [61].

The rate of restructuring of the metabolic pathways
is important for bacterial adaptation to environmental
conditions. This can be exemplified by the transition of
B. leptomitiformis D402 from mixotrophic to organ-
otrophic growth caused by the exhaustion of thiosul-

fate, and back to mixotrophic growth on thiosulfate
addition (Fig. 2). The ratio of MDH isomers in the
course of bacterial development reflects the relative
contribution of organic and inorganic substrates in the
energy metabolism [61].

The synthesis of an additional MDH isoform was
detected in the heterotrophic strain B. alba DSM 1416
under oxygen stress. Compared to microaerobic
growth, it resulted in the intensification of the glyoxy-
late cycle and in the activation of biosynthetic pro-
cesses not related to growth (enhanced exopolysaccha-
ride synthesis as protection from oxygen excess). Het-
erotrophic growth of all known sulfur bacteria is
inhibited at the concentrations of organic substrates
above 0.05–0.1% due to intracellular H2O2 accumula-
tion.

Thus, in a number of filamentous sulfur bacteria, the
adaptation to the changes in growth conditions is
achieved by means of restructuring of the key enzyme
of carbon metabolism; this leads, in turn, to changes in
the activity of the major enzymatic pathways and redis-
tribution of the flow of reduced equivalents in the cell.
Mechanisms of metabolic regulation in response to
changing growth conditions similar to those of B. lept-
omitiformis and B. alba were revealed in other filamen-
tous sulfur bacteria Leucothrix mucor and L. thiophila
[15, 16]; they are probably common to a number of
organisms with variable metabolic types.

Ecophysiology of Lithotrophic CSB

Simultaneous presence of oxygen and sulfide is a
necessary condition for growth of lithotrophic sulfur
bacteria. The coexistence of these compounds in water
is unstable due to both the high reactivity of sulfide and
such factors as diurnal oxygen rhythms, tidal fluctua-
tions of water level, and other hydrodynamic effects in
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Fig. 2. Regulation of Beggiatoa leptomitiformis D402 constructive metabolism by the isoforms of malate dehydrogenase (MDH 2
and MDH 4) under limitation of mixotrophic growth by thiosulfate. Arrows indicate additional thiosulfate introduction in a series
of parallel experiments. 1, MDH 4; 2, MDH 2; 3, MDH 4 after additional thiosulfate introduction in a series of parallel experiments
[62]; 4, thiosulfate oxidation.
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the zone where subterranean or hydrothermal sulfide-
rich flows mix with oxygen-saturated water.

While the representatives of colorless sulfur bacte-
ria have respiratory metabolism, they differ in their
resistance to O2 and the capability to utilize alternative

electron acceptors (N , S0). Few Thiothrix species
can grow in the flow of oxygen-saturated medium
mixed with sulfide-containing water (in mineral
springs, in underwater hydrothermal vents or low-tem-
perature deep water, and in freshwater sediments with
low rates of H2S production). Most of the known sulfur
bacteria, however, are obligatory or facultative
microaerophiles or gradient microorganisms. The latter
can thrive only in the narrow zone of H2S–O2 microgra-
dient, at substrate concentrations not exceeding 2–
10 µM.

Unique physiological features and ecophysiological
adaptive mechanisms of sulfur bacteria living in con-
tact with both é2 and H2S were revealed with the help
of high-resolution selective microelectrodes (for char-
acterization of the physicochemical properties of their
habitats) together with molecular (fluorescent in situ
hybridization), enzymological, and other modern tech-
niques.

Due to the large size of their cells, sulfur bacteria
gain some ecological and physiological advantages.
High motion rates (an order of magnitude higher than
those of small bacterial cells) and the presence of giant
vacuoles (up to 80–98% of the cell volume) used for
storage of alternative electron acceptors (nitrate and
possibly oxygen under é2 deficiency) are among these
advantages. Various strategies and adaptive mecha-
nisms are used in order to achieve the optimal growth
conditions within the H2S–é2 gradient. Gradient sulfur
bacteria Beggiatoa and Thiovuhum for example, exhibit
pronounced chemotactic reactions and phobic
responses to H2S and é2. The narrow Beggiatoa growth
zone is located either on the surface of bottom sedi-
ments in the microgradient at H2S and é2 concentra-
tions 2–10 µM or less, or as a narrow 50–100 µM band
precisely in the zone of oxygen–sulfide contact. The fil-
aments glide rapidly and purposefully along the border
between H2S and é2 layers, and in the case of their
increased diffusion flow, they maintain a stable gradient
by active consumption of the substrates [64]. The
chemotactic behavior of Beggiatoa and other filamen-
tous sulfur bacteria (Thioploca) is believed to deter-
mine their capacity to form sulfur mats [65].

The unicellular gradient organism Thiovulum majus
utilizes a different strategy [29, 52]. Single highly
motile cells aggregate, forming mucous suspensions
(veils), which can move into the zone of optimal condi-
tions, usually in the water 0.5 mm above the sediment.
The main function of this mucous structure is to create
a physical barrier preventing contact of the cells with
nonoptimal é2 and H2S concentrations.

O3
–

In both cases, the purposeful (caused by chemot-
axis) movement of Beggiatoa and Thiovulum counter-
acts the diffusion substrate limitation.

In marine [49, 55, 64] and freshwater [24, 25, 50]
representatives of Thioploca, unique mechanisms were
revealed for the adaptation to environmental conditions
in the microniches occupied by sulfur bacteria. The
giant filaments of marine Thioploca (trichomes 130–
200 µm wide), which form massive sulfur mats in the
upwelling zones along the Peruvian and Chilean coasts,
perform sulfide oxidation coupled with nitrate reduc-
tion [66]. The Thioploca mats occur in highly produc-
tive marine coastal regions with high sedimentation
rates; oxygen is absent from the bottom water, while
nitrates are accumulated. It was already mentioned
above that the Thioploca cells contain huge vacuoles
(up to 98% of the cell volume) where nitrate is accumu-
lated in concentrations of up to 500 mM. The cytoplasm
forms a thin peripheral layer; S0 inclusions are accumu-
lated in the periplasm [49, 64]. The thickness of ThiÓ-
ploca mats can sometimes reach several meters [65].

Similar intracellular structures were revealed in the
filaments of marine Beggiatoa from underwater hydro-
therms [48, 64].

Big marine, nitrate-storing Thioploca and Beggia-
toa occupy different microniches. While the Thioploca
filaments migrate within their sheaths from the surface
to the lower, sulfide-rich layers of the sediment, Beg-
giatoa niches are located at the border between anoxic,
nitrate-containing bottom waters and the upper sedi-
ment layer with relatively high H2S concentrations. The
intracellular nitrate store is used as an electron acceptor
for nitrate reduction in the course of sulfide oxidation to
sulfur and then to sulfate [48, 64].

The structure of the sulfur mats formed by some
Thioploca populations is unique. The sheaths and fila-
ments are vertical; the latter can move shuttle-like
within the sheaths, from the near-bottom anoxic,
nitrate-containing water, to the lower layers of sulfide
sediments. The sulfur mat can be 30 cm thick or more
[55, 65].

These filamentous sulfur bacteria, therefore, utilize
a sort of active shuttle-like transport system for nitrate
storage with subsequent utilization in the lower mat
horizons, which are in contact with sulfide-containing
sediments. Thus, the supply of energy substrates
becomes independent of diffusion flows. As was men-
tioned above, the detection of active membrane-bound
nitrate reductase, the enzymes of sulfur metabolism,
and the high activity of RubisCO in large Beggiatoa
and Thioploca indicated the existence of such a mech-
anism; this mechanism can conceivably be used for
chemoautotrophic growth under strictly anaerobic con-
ditions. The data indicating the close phylogenetic rela-
tionship between large marine Çeggiatoa and Thi-
oploca correlate well with the similarity of their metab-
olism, i.e., their capacity to accumulate nitrates and to
oxidize sulfur anaerobically. Thus, marine sulfur bacte-
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ria Beggiatoa and Thioploca occupy ecological niches
unavailable to other sulfur-oxidizing bacteria, where
oxygen, nitrate, and sulfide are absent. Some of them
can utilize a supplementary mechanism to receive the
energy substrate due to their symbiotic relations with
filamentous sulfate-reducing Desulfonema. Des-
ulfonema filaments form a layer on the surface of Thi-
oploca sheaths; they consume the organic compounds
produced by sulfur bacteria and provide them with sul-
fide originating from sulfate reduction [68].

The biggest known prokaryotes, Thiomargarita
namibiensis, use a similar mechanism to overcome sub-
strate limitation by nitrate accumulation [26]. Unlike
Thioploca and Beggiatoa, in this bacterium, nitrate
accumulation in the vacuoles and sulfide oxidation are
separated in time due to the seasonal and periodic sup-
ply of electron donors and acceptors.

Nonmotile filamentous sulfur bacteria Thiothrix,
and probably the sulfur-oxidizing populations of Leu-
cothrix apply several strategies for the optimization of
their growth conditions. These bacteria overgrow solid
substrates, aquatic plants, or form ectosymbioses with
a number of marine animals. They develop in sulfide
mineral springs where oxygen- and sulfide-saturated
waters mix in a turbulent flow. They also grow on
marine and freshwater shallows with intense H2S input
and an unstable oxygen regime. Thiothrix grows abun-
dantly in such anthropogenic systems as activated
sludge and the waters of purification plants. As with
Thiomargarita, a number of adaptive mechanisms exist
which compensate for the immobility of the filaments
incapable of choosing the optimal zone. These mecha-
nisms include the presence of motile gonidia migrating
into the zone of optimal conditions, metabolic versatil-
ity [39, 41, 66, 67], and the formation of syntrophic
associations. For example, up to 107 cells of sulfur
reducers were detected in the mucous layer of Thiothrix
overgrowth of the White Sea littoral. Ectosymbiosis of
Thiothrix-related sulfur bacteria is known with various
representatives of marine fauna, including the shrimps
of hydrothermal vents [69–71]. Filamentous sulfur bac-
teria are believed to gain advantages for mixotrophic or
possibly autotrophic growth in the vicinity of hydro-
thermal vents; shrimps deliver them to these environ-
ments and persist in the water column in the zone of
hydrothermal sulfide flows.

Most of the cultured Thiothrix species and natural
populations are relatively independent from high oxy-
gen concentrations. This is to a great degree due to their
thick polysaccharide sheaths (or mucous capsules in
the case of Leucothrix), which regulate oxygen diffu-
sion to nonmotile filaments. Exopolysaccharides
(mucous sheaths, capsules, mucous dredge) play a sim-
ilar role of protecting microaerophilic cells from toxic
high concentrations of é2 and H2S.

HETEROTROPHIC COLORLESS
SULFUR BACTERIA

Taxonomic Position and Phylogenetic Relations

The morphologically conspicuous microorganisms
capable of intracellular sulfur accumulation but not
able to utilize reduced sulfur compounds in energy
metabolism form a group of heterotrophic colorless
sulfur bacteria. This group is highly heterogeneous
from the evolutionary and taxonomic viewpoints,
including the representatives of phylogenetically
remote taxa of alpha-, beta-, and gammaproteobacteria,
aerotolerant “Spirochaetaceae” of the order “Spiro-
chaetales”, and possibly the members of other taxa
(with the taxonomic position not yet established
according to the modern principles of classification).
The numerous isolates from the known genera of
lithotrophic sulfur bacteria (Beggiatoa and Thiothrix)
with strictly heterotrophic metabolism and genetically
determined absence of the enzymes of autotrophic ëé2
fixation and dissimilatory oxidation of sulfur com-
pounds should also be assigned to heterotrophic sulfur
bacteria. For example, only four of the eleven known
Thiothrix species are lithotrophs [23]. Of the Sphaero-
tilus strains isolated from sulfide-rich environments
(mineral sulfur springs, water treatment plants), only
one strain of the new species S. gallus 373 was capable
of lithotrophic growth by oxidation of sulfur com-
pounds [17]. Heterotrophic sulfur bacteria belonging to
the five known and novel genera of spiral-shaped cells
constitute a large taxonomic group (Table 1). The abil-
ity to accumulate elemental sulfur in the course of sul-
fide oxidation was previously reported for Aquaspiril-
lum serpens, the type species of this genus of het-
erotrophic spirilla [30]; other representatives of the
known genera of heterotrophic spirilla possibly share
this feature.

Functional Role of Inorganic Sulfur Compounds
in Heterotrophic Sulfur Bacteria

Although massive accumulation of elemental sulfur
on sulfide-containing media is similar in lithotrophic
and heterotrophic sulfur bacteria, the metabolic role
and the mechanism of oxidation of sulfur compounds in
these groups are profoundly different. No organ-
otrophic sulfur bacteria are known to have dissimilative
enzymatic systems participating in the oxidation of sul-
fur compounds; this oxidation is therefore not coupled
with ETC functioning and energy metabolism [60, 74].

The heterotrophic sulfur bacteria listed above differ
from the lithotrophic species also in the mechanisms
and terminal products of transformation of reduced sul-
fur compounds. They can oxidize sulfide only incom-
pletely, to S0; thiosulfate is qualitatively oxidized to
tetrathionate. Experiments with environmental samples
of an uncultured freshwater Achromatium revealed H2S
oxidation only to S0 [27], unlike marine autotrophic
populations, which accumulate sulfate as well as sulfur.
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Most sulfur bacteria, both lithotrophic and het-
erotrophic, are microaerophilic. Their microaerophily,
however, is the result of different physiological reasons.
Many lithotrophs are microaerophilic because they
require the simultaneous presence of both electron

donor and acceptor (S2– and ); bacteria became
physiologically adapted to the specific environmental
conditions where the supply of growth substrates is
provided. Heterotrophic sulfur bacteria are microaero-
philes because under these conditions they avoid the
oxidative stress of aerated water in the absence of exter-
nal detoxifying agents acting on reactive oxygen spe-
cies (ROS).

Production of ROS, primarily ç2O2 and , in lytic
concentrations is the main cause of the oxidative stress
dangerous for many microaerophiles [35, 73, 75]. Pro-
duction and accumulation of ç2O2 in the cells of het-
erotrophic bacteria are known to be the result of several
factors. The characteristics of ETC composition and
function are the most important. Accumulation of ç2O2
can occur at the initial dehydrogenase part of the ETC
[75, 76] or (in the case of unbalanced ETC functioning)
at the level of the soluble cytochrome Ò acting as the ter-
minal oxidase. The latter can be due, among other fac-
tors, to the low activity of dehydrogenases that supply
reductive equivalents to ETC [16, 77]. In heterotrophic
strains of Beggiatoa alba and B. leptomitiformis D405,
as well as in the facultatively autotrophic strain D402
grown heterotrophically, formation of noticeable
amounts of ç2O2 has been revealed [21, 63, 75]. The
absence or low activity of the enzymatic system for
ROS protection, primarily of cytoplasmic catalase and
periplasmic cytochrome c peroxidase, promotes ç2é2
accumulation in the cells. Most of the heterotrophic and
lithotrophic sulfur bacteria lack catalase, or it is 1–2
orders of magnitude less active than in aerobic het-
erotrophs. Thus, microaerophily and production of lytic
ROS concentrations can be caused by multiple factors.

Prevention of the toxic effect of ç2O2 and other
ROS on aerobically grown sulfur bacteria is the physi-
ological rationale for the processes of oxidation of sul-
fur compounds. For Spirillum winogradskii D427, up
to 80% of the cell yield in the exponential growth phase
was shown to be lysed by ç2O2 in the course of aerobic
cultivation. In S kriegii D430, another species of sulfur
spirilla, microaerophily is more pronounced, and the
lytic effect of ç2O2 is much stronger.

The net positive effect of thiosulfate is to raise the
so-called antioxidative state of the cells of various sul-
fur bacteria to several times higher than of other aero-
bic, oxygen-resistant heterotrophs [73]. This integral
parameter reflects the nonspecific increase in the cell
antioxidant functions caused by the activation and
maintenance of a high pool of SH-containing cell com-
ponents (proteins, amino acids, and enzymes) [74].

The degree of the positive role of thiosulfate can be
understood by assessing its effect on such growth char-

O2
–
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acteristics as the maximum yield and the efficiency of
utilization of the main substrate. The former is the
result of prevention of direct toxic damage of cell struc-
tures by ç2O2 and oxygen radicals, as well as of stabi-
lization of certain enzymatic reactions and metabolic
processes. The latter is caused by a decrease in
expenses for the assimilatory processes not related to
growth. Polysaccharide synthesis for protection against
excessive oxygen concentrations, which requires high
energy consumption, is an example of such processes.

The Role of Reduced Sulfur Compounds
in the Metabolism of Aerotolerant

Sulfur-Oxidizing Spirochetes

Aerotolerant sulfur-oxidizing spirochetes are the
sole or the dominant mat-forming component of “Thio-
dendron” bacterial communities [8]. Their mass devel-
opment occurs in highly productive regions of marine
coasts, in marine and oceanic environments with exten-
sive supply of biogenic, volcanic, or hydrothermal sul-
fide, or in saline sulfur springs. Unlike the other sulfuret
types formed by photo- or chemoautotrophic sulfur-
oxidizing bacteria, “Thiodendron” sulfur mats are
formed by spirochetes; obligate heterotrophs with fer-
mentative metabolism [79, 80]. In nature, such mats are
formed on or above the sediment surface, often in the
presence of Fucus algae, under an unstable oxygen
regime with O2 concentrations varying from 0.01 to 5–
7 mg/l. Laboratory experiments revealed that oxygen
concentrations 8–25 é2 were optimal for spirochete
growth when reduced sulfur compounds or thiosulfate
were present.

Spirochetes grown under microaerobic conditions
were found to profit from involving oxygen in the cata-
bolic processes not related to ATP accumulation; an
alternative pathway of glucose metabolism was used.
The catabolic reactions of pyruvate (the product of glu-
cose glycolysis) transformation along a shortened path-
way resulted in the formation of more oxidized prod-
ucts, mainly acetate and Cé2, unlike strictly anaerobic
glucose decomposition to ethanol, formate, ç2, and
pyruvate. The aerobic pathway of glucose utilization is
more profitable for spirochetes; it results in a twofold
increase in cell yield and substrate utilization effi-
ciency. Enzymatic formation of ç2O2 from é2 by
NADH peroxidase is among the undesired effects of
aerobic metabolism. Nonenzymatic ç2O2 removal
occurs by its interaction with sulfide or thiosulfate; it
results in the deposition of large amounts of elemental
sulfur in the periplasmic space of the spirochetes. Due
to this process of ç2O2 removal, the presence of
reduced sulfur compounds is obligatory for the aerobic
growth of aerotolerant spirochetes. In the absence of
é2, intracellular sulfur is used as an external electron
acceptor to drain the excess of reductive equivalents,
i.e., to remove ç2 produced by fermentation [81].
Aerotolerant spirochetes, like other sulfur bacteria, use
accumulation of exopolysaccharides in the sulfur mat
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zones and in culture media in order to decrease exces-
sive é2 concentrations.

The efficiency of aerobic glucose utilization is twice
as high as that under anaerobic conditions, even with
the energy and nutrient expense in gluconeogenesis for
polysaccharide synthesis taken into account. A more
stable oxygen regime for spirochete development in
sulfur mats, as well as an additional supply of sulfide
are achieved due to the dense interactions with the sul-
fur-reducing bacteria of the genera Desulfobacter and
Dethiosulfovibrio [8, 82]. This dense symbiotic associ-
ation was originally described by B.V. Perfil’ev on the
basis of microscopic investigations of sulfur mats as a
Thiodendron latens bacterium with a complex growth
cycle [78]. The symbiosis is profitable for both compo-
nents; the sulfur reducers utilize acetate and pyruvate,
the products of glucose metabolism, while the spiro-
chetes gain an additional sulfide supply.

It was mentioned above that such close associations
are known for some marine sulfur bacteria (marine
communities of Thioploca–Desulfonema and Thio-
thrix–sulfidogenic bacteria). The trophic relations
within such communities of sulfur mats are, however,
practically not studied.

Aerotolerant spirochetes profit from the simulta-
neous utilization of é2in the enzymatic reactions not
related to energy metabolism, and of ç2S for H2O2
removal in order to maintain aerobic growth.

Research with radiolabeled N S was performed in
the Crater Bay in the Sea of Japan and in a mineral
spring of the Staraya Russa resort in order to assess the
rate of sulfide oxidation by spirochetes in the “Thio-
dendron” sulfur mats. The values obtained (up to
200 mg S2–/m2 day) [79] were comparable to or
exceeded the rates of the oxidation processes in bacte-
rial communities of the sulfur mats formed in marine
environments by lithotrophic bacteria [54, 69, 71].
Such studies, however, are not numerous, and it is
therefore impossible to qualitatively assess the environ-
mental role of lithotrophic and heterotrophic colorless
sulfur bacteria in the oxidative reactions of the sulfur
cycle and in the processes of destruction and produc-
tion in the carbon cycle.

Research on communities of sulfur bacteria has pro-
vided new information in microbial biology concerning
the structure of prokaryotic cells and their taxonomic,
physiological, and phylogenetic diversity. Further
research on colorless sulfur bacteria is impeded by the
difficulty of their isolation and of maintaining them on
laboratory media under stable conditions. The develop-
ment of new cultivation techniques considering the
characteristics and adaptive capabilities of colorless
sulfur bacteria is essential for further investigation of
the cooperative trophic and functional relations with
other microbial groups in natural environments and for
the understanding of the functioning of natural ecosys-
tems.

a2
35

ACIDOPHILIC CHEMOLITHOTROPHIC 
MICROORGANISMS

Phenotypic Diversity

The most remarkable characteristic of acidophilic
chemolithotrophic microorganisms is their striking
phylogenetic heterogeneity. Although they belong to
remote taxa at the phylum, class, order, and family level
(Tables 3–5), they share some physiological character-
istics, i.e., acidophily, utilization of inorganic substrates
as energy sources, and high resistance to metal ions.

Acidophilic chemolithotrophs can be subdivided
into three groups. The first includes the microorganisms
with a broad range of energy substrates (Fe2+, S2–/S0,
and sulfide minerals). They belong to the phyla Proteo-
bacteria, Firmicutes, and Crenarchaeota (Table 3).

Acidithiobacillus ferrooxidans are strictly aerobic,
obligately chemolithoautotrophic gram-negative motile
rods, 0.3–0.5 × 1.0–1.7 µm. Some strains oxidize ç2.
Oxidation of S0 can occur under anaerobic conditions,
with Fe3+ as the terminal electron acceptor [83].

The genus Sulfobacillus comprises gram-positive
nonmotile rods, 0.6–0.8 × 1.0–4.0 µm, with round or
slightly oval endospores located terminally or subter-
minally. They are strictly aerobic, mixotrophic organ-
isms, able to survive only several transfers under het-
erotrophic conditions. Some species grow on S0 anaer-
obically, with Fe3+ as the terminal electron acceptor
[84–86].

Acidianus brierleyi are nonmotile archaea of spher-
ical shape, 1.0–1.5 µm. Gram reaction is negative. The
organism is a facultative autotroph capable of organ-
otrophic growth on such complex organic substrates as
yeast extract [87, 88].

Metallosphaera sedula and M. prunae are gram-
negative, motile aerobic coccoid archaea, 0.8–1.2 µm.
Gram reaction is negative. These organisms are faculta-
tive chemolithoautotrophs, capable of aerobic ç2 oxi-
dation. Organotrophic growth occurs on complex
organic compounds; S0 is not reduced under anaerobic
conditions in the presence of ç2 [89, 90].

Sulfurococcus yellowstonensis are gram-negative
aerobic coccoid archaea, 0.8–1.2 µm. Gram reaction is
negative. They are facultative lithotrophs and grow het-
erotrophically on complex organic compounds [91].

Sulfolobus metallicus are gram-negative aerobic
coccoid archaea, 0.8–2.0 µm. Gram reaction is nega-
tive. They grow organotrophically on complex organic
substrates and carbohydrates [92].

Acidophilic microorganisms of the second group
oxidize practically exclusively Fe2+ and consist of aci-
dophilic representatives of the phyla Nitrospirae, Acti-
nobacteria, and Euryarchaeota (Table 4). Representa-
tives of the three phyla discussed above have not yet
been found in this group,

Leptospirillum ferrooxidans are strictly aerobic,
obligately chemolithoautotrophic, gram-negative,
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motile vibrios, spirals, or pseudococci, 0.2–0.5 × 0.9–
2.0 µm [93, 94].

Leptospirillum thermoferrooxidans are phenotypi-
cally close to L. ferrooxidans, but have different tem-
perature requirements. The organism can grow mix-
otrophically in the presence of 0.02% yeast extract
[95].

Acidimicrobium ferrooxidans are acidophilic, ther-
motolerant or moderately thermophilic, gram-positive
rods, 0.35–0.4 × 1.0–1.5 µm. They grow autotrophically
with Fe2+ and heterotrophically on yeast extract. Het-
erotrophically grown cells are motile. Aerobes [96].

Ferroplasma acidiphilum are strictly aerobic, aci-
dophilic, gram-negative coccoid archaea. Cell shape
can vary from spherical to threadlike, 0.3–1.0 × 1.0–
3.0 µm. Gram reaction is negative. The cell wall is
absent. Strict chemolithotrophs, incapable of growth on
organic compounds; require yeast extract as a growth
factor [97, 98].

Ferroplasma acidarmanus is close to F. acidiphi-
lum. The organism, however, is chemoorganotrophic
and grows at higher temperature and lower pH values
(Table 4) [99].

Table 3.  Acidophilic chemolithotrophic microorganisms oxidizing Fe2+, S2–/S0, and sulfide minerals

Domain, phy-
lum Class Order Family Genus Species G+C, 

mol %

Tempera-
ture (range), 

optimum

pH (range), 
optimum

Bacteria, 
Proteobacte-
ria

Gam-
maproteo-
bacteria

Acidithio-
bacillales

Acidithioba-
cillaceae

Acidithioba-
cillus

ferrooxidans 55–57 (2–37) 
28–30

(0.8–6.0) 
1.8–2.0

Bacteria, 
“Firmicutes”

Bacilli Bacillales “Alicycloba-
cillaceae”

Sulfobacillus thermosulfi-
dooxidans

47.2 (20–60) 
50–55

(1.1–2.4) 
1.7–1.8

sibiricus 48.2 (17–60) 55 (1.1–2.6) 2.0

thermotolerans 48.1 (20–60) 
40–42

(1.2–2.4) 2.0

acidophilus 55–57 45–50 2.0

Archaea, 
Crenarchaeota

Thermopro-
tei

Sulfolo-
bales

Sulfolobaceae Sulfolobus metallicus 38 (50–75) 
70

(1.0–4.5)

Acidianus brierleyi ~31 (45–75) 70 (1.0–6.0)

Metal-
losphaera

sedula ~45 (50–80) 75 (1.0–4.5)

prunae ~46 (55–80) 75 (1.0–4.5)

Sulfurococ-
cus

yellowstonen-
sis

44.6 60–65 (1.0–5.5) 
2.0–2.4

Table 4.  Acidophilic chemolithotrophic microorganisms oxidizing only Fe2+

Domain, phy-
lum Class  Order Family Genus  Species G+C, 

mol %

Tempera-
ture (range), 

optimum

 pH (range), 
optimum

Bacteria, 
Nitrospirae

Nitrospira Nitrospi-
rales

Nitrospi-
raceae

Leptospiril-
lum

ferrooxidans 51–56 (2–37) 
28–30

(1.1–2.5) 2.0

“ferriphilum” 55–58 41 1.0–1.5

thermoferrooxi-
dans

56 (30–55) 
45–50

(min 1.3) 
1.65–1.90

Actinobacte-
ria

Actinobac-
teria

Acidimicro-
biales

Acidimicro-
biaceae

Acidimicro-
bium

ferrooxidans 67–69 ~45–50 (1.5–5.0) 2.0

Archaea, 
Euryarchaeota

Thermo-
plasma

Thermoplas-
matales

Ferroplas-
maceae

Ferroplas-
ma

acidiphilum* 36.5 (15–47) 
35–36

(1.3–2.2) 1.7

acidarmanus ND (32–51) 42 (0.2–2.5) 1.2

* Some strains grow at the optimal temperature 40–42°C. ND, no data.
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The third group of acidophilic chemolithotrophs
comprises the microorganisms capable of oxidizing
only elemental sulfur and reduced sulfur compounds.
They belong to the phyla Proteobacteria and Crenar-
chaeota (Table 5). Representatives of Euryarchaeota
and Firmicutes were not found in this group.

Acidithiobacillus thiooxidans are mesophilic, aero-
bic, gram-negative motile rods, 0.5 × 1.0–2.0 µm, obli-
gate autotrophs [100, 101].

Äcidithiobacillus caldus are moderately thermo-
philic, aerobic, gram-negative motile rods, 0.7–0.8 ×
1.2–1.8 µm. Mixotrophs; growth on S4  occurs with
glucose or yeast extract [102].

Acidithiobacillus albertensis are mesophilic, strictly
aerobic, gram-negative motile rods, 0.45 × 1.2–1.5 µm,
obligate autotrophs [103].

Sulfolobus acidocaldarius are thermophilic, aero-
bic, nonmotile coccoid cells, 0.7–2.0 µm. Gram reac-
tion is negative. Grow on complex organic substrates,
are facultative chemolithoautotrophs, weakly oxidize
ç2 [104, 105].

Sulfolobus solfataricus are aerobic, coccoid
archaea, 0.8–2.0 µm. Gram reaction is negative. Grow
on complex organic substrates; weak growth on ç2.
Facultative chemolithoautotrophs [104, 106].

Sulfolobus shibatae are thermophilic, aerobic,
weakly motile coccoid archaea 0.7−1.5 µm. Gram reac-
tion is negative. Grow on organic substrates. Faculta-
tive chemolithoautotrophic growth occurs by sulfur
oxidation [107, 108].

O6
2–

Sulfolobus hakonensis are aerobic, thermophilic,
nonmotile coccoid archaea, 0.9–1.1 µm. Gram reaction
is negative. Facultative chemolithoautotrophs; weak
growth occurs on organic media with 1.0% maltose,
glutamic acid, or tryptophan as sole carbon and energy
source [109].

Acidianus infernus are facultatively anaerobic, ther-
mophilic, coccoid archaea, 0.5–2.0 µm. Gram reaction
is negative. Grow autotrophically or mixotrophically.
Some strains grow heterotrophically on complex
organic substrates. Grow aerobically by S0 or ç2 oxida-
tion. Under anaerobic conditions, reduce sulfur and
oxidize ç2 [110, 111].

Stydiolobus azoricus are thermophilic, motile coc-
coid archaea, 0.5–1.8 µm. Gram reaction is negative.
Obligate aerobes, chemolithoautotrophs capable of S0

reduction with ç2 oxidation. Yeast extract at 0.005–
0.02% (wt/vol) is stimulatory [112].

Sulfurococcus mirabilis are thermophilic, budding,
motile coccoid archaea, 0.8–1.2 µm. Gram reaction is
negative. Aerobes, facultative autotrophs. Yeast extract
at 0.005–0.02% stimulates growth and sulfur oxidation.
Grow on organic substrates at concentrations not
exceeding 0.1–0.25% [113].

Acidianus ambivalens are nonmotile coccoid
archaea, 0.5–2.0 µm. Gram reaction is negative. Obli-
gate chemolithoautotrophs, oxidize or reduce sulfur
[114, 115].

The evolution of various acidophilic chem-
olithotrophic microorganisms in specific ecological

Table 5.  Acidophilic chemolithotrophic microorganisms oxidizing only S2–/S0 

Domain, phy-
lum Class Order Family Genus Species G+C,

mol %

Temperature 
(range), 
optimum

pH (range),
optimum

Bacteria, 
Proteobacte-
ria

Gam-
maproteo-
bacteria

Acidithio
bacillales

Acidithio-
bacillaceae

Acidithioba-
cillus

thiooxidans 55–57 (2–37) 
28–30

(0.5–5.5) 
2.0–3.0

caldus 63.1–63.9 (32–52) 45 (1.0–3.5) 
2.0–2.5

albertensis 61.5 25–30 (2.0–4.5) 
3.5–4.0

Archaea, 
Crenarchaeota

Thermo-
protei

Sulfolo-
bales

Sulfolo-
baceae

Sulfolobus acidocaldarius ~37 (55–85)
70–75

(1.0–6.0) 
2.0–3.0

solfataricus ~35 (50–87)
75–87

(2.0–5.5) ~4.5

shibatae 35 (50–86) 81 (1.0–4.0) 3.0

hakonensis 38.4 (50–80) 70 (1.0–4.0) 3.0

Acidianus infernus ~31 (65–96) 90 (1.0–5.5) ~2.0

ambivalens ~32.7 (60–87) 80 (1.0–3.5) ~2.5

Stydiolobus azoricus 38 (57–89) 80 (1.0–5.0) 2.5

Sulfurococ-
cus

mirabilis 43–46 (50–85)
70–75

(1.0–5.8) 2.0–
2.6
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niches evidently took two main directions: develop-
ment of a specific type of energy metabolism based on
mineral energy sources (electron donors) and tempera-
ture (emergence of mesophilic, moderately thermo-
philic, and thermophilic chemolithotrophs).

Sulfur-oxidizing communities were formed to a
great degree in sulfur-containing therms in regions of
active volcanism (Table 5). The conditions in ore
deposits and in sulfide-containing hydrotherms favored
the evolution of microorganisms oxidizing Fe2+, sulfide
minerals, and sulfur (Tables 3, 4).

The diversity in various taxa of adaptive mutation
processes aimed at providing a supply of electron
donors can not be assessed at present; it will be consid-
ered below with acidophilic chemolithotrophs as an
example.

The evolution of constructive metabolism in chem-
olithotrophs (autotrophic, mixotrophic, or het-
erotrophic) was probably affected by another factor,
viz., the gaseous environment, specifically é2 and ëé2,
since their solubility at elevated temperatures decreases
drastically, especially in acidic media enriched with
metal ions and deprived of carbonates.

This is possibly the reason why, unlike mesophilic
chemolithotrophs, practically all acidophilic thermo-
philic and moderately thermophilic bacteria and
archaea, no matter what their taxonomic position, pos-
sess wider metabolic capabilities. Apart from ëé2, they
metabolize organic compounds. They are either mix-
otrophs or facultative autotrophs.

Variability in Acidophilic Chemolithotrophic 
Microorganisms

Variability is a way for organisms to adapt to new
environmental conditions, leading to the emergence of
organisms with new features. Survival of a species
depends on its ability to vary. The more flexible its
genome, the quicker an organism adapts to changing
environmental conditions. Strain polymorphism within
a species is a manifestation of this capability.

Strain polymorphism in acidophilic chem-
olithotrophs. The diversity of the phenotypic charac-
teristics between strains of acidophilic chemolithotro-
phs is known. Among them, growth rate, the rate of oxi-
dation of an energy source, pH and temperature values
optimal for growth and energetic processes, and resis-
tance to metal ions are the most important [98, 116–
118]. The strains of A. ferrooxidans differ also in the
rate and efficiency of their adaptation to new energy
substrates [119], to pH below optimal values [120], and
to elevated concentrations of heavy and toxic elements
[118].

The phenotypic strain diversity of A. ferrooxidans is
the result of genotypic strain polymorphism. The
strains of A. ferrooxidans differ in genome size (from
2.2 × 109 to 2.8 × 109 Da) and in DNA G+C content
(from 56.1 to 58.1 mol %) [121]. DNA–DNA hybrid-

ization analysis of total genomes of 23 strains, with 17
used as reference ones, revealed the high degree of
genetic heterogeneity. Four groups (genomovars) were
revealed, which were characterized by high degrees of
genomic similarity; six strains did not belong to any of
these groups. The genomic similarity of these strains
with each other and with the other genomovar strains
was from 13 to 43%; this finding implies the existence
of at least ten genomovars of this chemolithotrophic
species. Genetic heterogeneity of A. ferrooxidans can
be observed at the level of comparative analysis of 16S
rRNA gene sequences, which are considerably more
conservative than the nucleotide sequences of the total
bacterial genome. Several phylogenetic groups of
A. ferrooxidans were revealed within the phylogenetic
cluster.

All the strains of A. ferrooxidans, as well as of Sul-
fobacillus and archaeal Ferroplasma, possess a unique
structure of chromosome DNA, as indicated by the dif-
ferent profiles of DNA fragments produced by a single
restriction endonuclease and analyzed by pulse electro-
phoresis [122]. The polymorphism of the chromosome
DNA structure is the result of transpositions of big
genomic segments; some authors [123] believe the lat-
ter to be caused by homologous recombinations
between the transposable elements distributed in the
genome. These are the main source of genome plastic-
ity. The polymorphism of the chromosome DNA struc-
ture is a stable strain characteristics; it can be used for
strain identification and monitoring in the environment,
in technological processes, and in experiments.

Strain polymorphism is a stage of formation of new
microbial species in the course of accumulation of dif-
ferences in the DNA nucleotide sequences encoding
vitally important characteristics.

Information on strain polymorphism in the structure
of individual genes in chemolithotrophs is being accu-
mulated. For example, in A. ferrooxidans ATCC 19859,
a set of RubisCO genes, 1422 and 333 bp, was found,
encoding a big and small unit, respectively [124]. Two
sets of genes encoding this enzyme were revealed in
A. ferrooxidans Fe1, rbcL1-rbcS1, and rbcL2-rbcS2
[125]. In A. ferrooxidans TFI-35, multiple gene copies
were revealed by Southern blot hybridization of cloven
genomic DNA with 32P-labeled PstI/EcoRI, the frag-
ment of the pLS401 plasmid containing the RubisCO
big subunit gene [126]. The number of copies of this
gene is not surprising, considering that in A. ferrooxi-
dans, RubisCO constitutes from 2 to 5% of the total
protein. Strain polymorphism in the number of
RubisCO gene sets and their copies can be expected in
this bacterial species.

Strain polymorphism in A. ferrooxidans was dem-
onstrated in the structure of iro gene encoding the first
key enzyme in the chain of electron transfer from Fe2+–
Fe(II) oxygenase [127].

One to seven plasmids (from 2 to 70 kbp) were
revealed in the cells of 75% of A. ferrooxidans strains
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[128]. Among the 20 strains from different geographic
locations, isolated from the substrates of different com-
position and ratio of sulfide minerals, 16 strains con-
tained from one to six plasmids of various size and in
varying number of copies [129, 130].

In the A. ferrooxidans genome, IS elements belong-
ing to the families ISAfe1 (IST1) and IST2, with the size
of 1300 and 1400 bp respectively, are present [131].
Among the 22 analyzed strains isolated from different
continents (America, Europe, Asia), the majority (12
strains) contained IS elements of both families in their
genomes. One strain contained only the IST1 element
and three strains only IST2; in six strains, IS elements
were not revealed. In the strains containing IS elements,
the number of IST2 copies varied from 15 to 25 and the
number of IST1 copies from 1 to 10. A new IS element,
IST3091, was found in the pTFI91 plasmid of A. fer-
rooxidans TFI-91 [132]. Its length was 1063 bp. In a
number of strains, from 10 to 20 copies per genome of
another IS element, IST3091 were present [133]. Its
size was 1200 bp. While IST2 elements were revealed
in all of the five A. ferrooxidans strains isolated from
ore concentrates of different composition, ISAfe1 ele-
ments were present in four of them [134]. The partial
sequencing of ISAfe1 5' and 3' terminal nucleotide
sequences in two strains, TFBk and TFL-2, and com-
plete sequencing of ISAfe1 from strain TFBk revealed
nucleotide substitutions in comparison with the proto-
type, ISAfe1 element of A. ferrooxidans ATCC 19859.
The partial sequencing of IST2 5' and 3' terminal nucle-
otide sequences in strains TFO, TFBk, and TFL-2
revealed numerous nucleotide substitutions in compar-
ison with the IST2 element of the prototype strain.
Complete sequencing of IST2 from strain TFBk
revealed 21.2% divergence between IST2 of strain
TFBK and the prototype. Three A. ferrooxidans strains,
TFV-1, TFN-d, and TFO, contained an IS element
600 bp long, named ISAfe600. The new IS element dif-
fered from the known ones in its high guanine and
cytosine content. The strains differed in the number of
copies of IS elements and in their localization on the
chromosome DNA fragments. Strain TFBk contained
the highest number of copies of IS elements.

Compared to A. ferrooxidans, other representatives
of acidophilic chemolithotrophic microorganisms are
poorly studied. However, in some of them (S. sibiricus
and F. acidiphilum), strain polymorphism was
reported in DNA G+C content and in the level of DNA
homology [119, 135].

The structure of the chromosome DNA analyzed by
pulse electrophoresis is the most characteristic mani-
festation of strain polymorphism in acidophilic chem-
olithotrophs. Every strain of A. ferrooxidans, A. thioox-
idans, S. thermosulfidooxidans, S. sibiricus, and F. acid-
iphilum has a unique structure of the chromosome DNA
[135–137].

These examples of strain polymorphism in acido-
philic chemolithotrophic microorganisms demonstrate

the divergence of their characteristics within a species,
caused by natural selection of the clones best adapted to
environmental conditions within genetically heteroge-
neous natural populations. A successful clone becomes
the predominant one in the population and the progen-
itor of a new strain. Strain polymorphism is a stage in
the formation of new microbial species in the course of
accumulation of differences in important DNA nucle-
otide sequences encoding vitally important characteris-
tics.

Environmental factors and strain polymor-
phism. The energy substrate, pH value, temperature,
and concentrations of metal ions are the environmental
factors most important for acidophilic chemolithotro-
phs. The effect of these factors on strains, primarily of
A. ferrooxidans, was investigated in relation to their
chromosome DNA structure as revealed by pulse elec-
trophoresis, Southern hybridization of phosphorus-
labeled plasmids with chromosome DNA fragments,
and analysis of the number of copies and localization of
IS elements on the fragments of chromosomal DNA.

Adaptation of A. ferrooxidans strains to pH values
below optimum revealed the lowest pH (0.8) for growth
and oxidation of the energy source (Fe2+) [120]. No
changes in the structure of chromosomal DNA were
found in adapted strains compared to the original ones.
The pH values reached in the course of adaptation were
possibly within the reaction norm of each of the strains.

The effect of increased resistance to the ions of cop-
per, arsenic, nickel, mercury, zinc, and ferric iron on the
structure of chromosomal DNA was investigated. Each
strain had a specific threshold concentration of metal
ions, which enabled growth and oxidation of ferrous
iron. Increase of resistance to nickel (0.18 g/l) and cop-
per (20.0 g/l) did not result in changes of the chromo-
somal DNA structure. Increase of resistance to trivalent
arsenic (from 1.5 g/l in the original strain VKM B-458
to 4.0 g/l in strain TFAs2) or to zinc ions (from 40 g/l in
the original strain to 70 g/l in strain TFZ) resulted in
amplification of individual DNA fragments: 28 kbp in
the arsenic-resistant strain and 98 kbp in the zinc-resis-
tant one [122]. Amplification of the 28 kbp DNA frag-
ment also occurred in strain 458 after prolonged culti-
vation on media with arsenic-containing concentrates
from the ores of several deposits [138]. These changes
were reversible and disappeared after transfers on
arsenic-free medium.

After prolonged cultivation of A. ferrooxidans TFI
on the medium with gradually increasing concentra-
tions of ferric iron, irreversible changes in the structure
of chromosomal DNA were observed [118]. The strain
TFI-Fe, resistant to 50 g/l of Fe3+ was obtained; the
structure of its chromosomal DNA was altered com-
pared to the parent strain. These structural changes did
not disappear after multiple transfers of strain TFI-Fe in
the medium with 9 g/l iron. Thus, a new strain with the
chromosomal DNA structure changed compared to the
parent strain and with increased resistance to Fe3+ ions
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was obtained under experimental conditions of increas-
ing concentrations of ferric iron. Formation of new
A. ferrooxidans strains caused by changed concentra-
tions of metal ions is evidently possible in nature.

The energy substrate is the environmental factor
most important for acidophilic chemolithotrophs.
Changes in the structure of chromosomal DNA were
observed in the course of adaptation of five A. ferroox-
idans strains (collection strain VKM B-458 and TFBk,
TFN-d, TFO, and TFV-1 isolated from dense ore pulps)
to new oxidized substrates (iron, elemental sulfur,
pyrites from the ores of different deposits, arsenopyrite
concentrate, and gold-arsenic pyrite-arsenopyrite con-
centrates from the ores of different deposits, including
those containing pyrrhotite and copper ore). For exam-
ple, changes in the chromosomal DNA structure were
revealed in strain TFBk in the course of adaptation to
elemental sulfur, pyrite from Akchatau deposits, and
ore concentrates of the Olimpiadinskoe and Nezhdan-
inskoe deposits [138, 139]. Adaptation to the ore con-
centrate of the Nezhdaninskoe deposits resulted in
changes to the chromosomal DNA structure in strains
TFN-d and TFV-1. These changes were usually revers-
ible and disappeared after transfer to the medium with
ferrous iron. For two other strains, 458 and TFO,
mutants with irreversible changes in the structure of
chromosomal DNA were obtained as a result of energy
substrate changes [138, 140]. Strain 458M was isolated
after numerous transfers of strain 458 onto media with
pyrite-arsenopyrite concentrates from ores of various
deposits. In the mutant, the size of one fragment
decreased by 10 kbp and the numbers of two other frag-
ments changed. Unlike strain TFO, isolated from the
surface ore of the Olimpiadinskoe deposit, strain FTO-2
was isolated from the ore concentrate of deeper levels
of this deposit, with a lower degree of oxidation. Strains
TFO and TFO-2 differed in the structure of chromo-
somal DNA. Thus, one strain was obtained experimen-
tally, while the other was isolated due to the changes in
the characteristics of the natural substrate.

In S. thermosulfidooxidans 41 strain 41 [136] and in
an archaeon of the genus Ferroplasma [141], changes
in the structure of chromosomal DNA in response to
changes of the substrates were revealed.

The influence of the physical, chemical, and physi-
cochemical characteristics of two pyrites with different
types of conductivity (electron and vacancy-based) on
the genotypic characteristics of two A. ferrooxidans
strains, TFBk and TFV-1, isolated from different
energy substrates was investigated [142]. In both
strains adapted to pyrites (TFV-1 adapted to pyrite with
electron-type conductivity and TFBk adapted to both
pyrite types), changes in the chromosomal DNA struc-
ture were revealed. Changes in plasmid size and num-
bers were detected in strain TFV-1. In strain TFBk, the
plasmid composition was the same on the medium with
ferrous iron and after adaptation to pyrites.

Thus, the energy substrate was demonstrated to be
one of the main environmental factors causing both
reversible and irreversible changes in the structure of
chromosomal DNA. It is therefore the factor which
causes the microevolutionary processes leading to the
formation of new strains.

The mechanisms causing strain polymorphism.
Changes in the structure of chromosomal DNA can be
the result of genome changes caused by mutation,
recombination, and insertion (of IS elements, trans-
posons, and plasmids). Plasmids are present in most A.
ferrooxidans strains. They are believed to be cryptic.
We revealed plasmids in all strains isolated from gold-
containing pyrite-arsenopyrite ores and concentrates of
complex composition, in 9 out of the 11 strains isolated
from ores and concentrates of more simple composition
containing nonferrous metals, and only in a half of the
strains isolated from such substrates as mine water,
pyritized coals, and activated sludge [129]. The simpler
the substrate composition, the higher is the ratio of
strains containing no plasmids. Plasmids, therefore,
possibly participate in the regulation of the processes of
oxidation of energy substrates.

Plasmid profiles were obtained for the strains grown
on media with ferrous iron and then adapted to different
substrates (elemental sulfur, pyrite, sulfide concentrate)
[143–145]. For some strains (TFL-2, TFO, TFBk), the
number of plasmid copies was shown to depend on the
oxidizing substrate. The number of plasmids was
changed as a result of adaptation of strain TFN-d to the
concentrate and of strain TFV-1 to sulfur, pyrite, and
concentrate.

Although the plasmids of this species are believed to
be cryptic, our results indicate their possible contribu-
tion to the adaptation to changing environmental condi-
tions, as well as to the information exchange between
plasmid and chromosomal DNA and to the regulation
of the activity of chromosomal genes. Localization of
expressed genes of resistance to mercury on chromo-
somal DNA and of certain genes of a deficient mercury
operon on A. ferrooxidans pTF-FC2 plasmid are exam-
ples of such exchange [146].

Laboratory simulation of the conditions inducing
the genotypic variability revealed the possible role of
plasmids and IS elements in the microevolution pro-
cesses and in the emergence of strain polymorphism.
Plasmids of strain TFBk were used as probes for South-
ern hybridization with the blots of macrorestriction
profiles of the chromosomal DNA from several strains
adapted to different energy substrates [145]. Weak
hybridization signals were detected on many fragments
of the chromosomal DNA of all the strains investigated.
Localization of the bands with weak hybridization sig-
nals changed in some cases of the adaptation to new
oxidized substrates. These results demonstrated that
multiple nucleotide sequences complementary to the
sequences of the strain TFBk plasmid were present in
the chromosomal DNA of all these strains. These
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sequences belong to IS elements, as is indicated by
their small size (evidenced by the low intensity of
hybridization signals), their multiple number, and
localization on chromosomal and plasmid DNA.
Changes in the localization of IS elements in the course
of adaptation to new oxidation substrates suggest their
participation in the regulation of the processes of oxida-
tion of new energy sources. This hypothesis was ini-
tially proposed by Holmes and Haq [146]; they sug-
gested the role of mobile genomic elements in the
mechanism of adaptation to changing environmental
conditions, in the evolution of gene structure and func-
tion, in the regulation of expression of the biochemical
pathways, and in exchange of genetic information
between strains.

In some cases, for example, in strains TFO and
TFN-d adapted to pyrite, apart from multiple weak
hybridization signals, stronger DNA hybridization with
pTFK2 plasmid was revealed. The cells of these strains
contain plasmids with extensive nucleotide sequences
homologous to pTFK2 plasmid of strain TFBk. Strong
hybridization signals were possibly the result of incor-
poration of the plasmid DNA into the chromosome in
the course of metabolic switching to the oxidation of a
new energy substrate.

Thus, the possibility was demonstrated for interac-
tion between the plasmid and chromosomal DNA in
A. ferrooxidans strains in the course of their adaptation
to new energy substrates. This mechanism may be
involved in the intraspecific variability underlining the
microevolution processes, which result in genotypic
and phenotypic strain polymorphism.

The role of IS elements in the adaptation to new
energy substrates was demonstrated in experiments on
localization and the number of copies of IS elements in
chromosomal DNA fragments of A. ferrooxidans
grown on media with ferrous iron or adapted to elemen-
tal sulfur [134]. The labeled DNA of IST2 element, 32P-
labeled DNA of the complete ISAfe1 element, and the
32P-labeled internal part of the ISAfe1 element were
used as a probe for Southern hybridization; the latter
probe is unique and has no homologies with the known
sequenced prokaryotic nucleotide sequences. The
labeled probes were hybridized with EcoRI restricts of
five A. ferrooxidans strains. Changes in the number and
intensity of hybridization bands were revealed in the
course of adaptation of A. ferrooxidans strains to ele-
mental sulfur. The reaction of IS elements to the adap-
tation to a new energy substrate varied from strain to
strain. Strains TFBk and TFO exhibited the most pro-
nounced changes; in the latter case, adaptation to sulfur
resulted in numerous hybridization bands in EcoRI
restricts which were not present in the strain grown on
ferrous iron. Strain TFO was originally isolated from
the pyrrhotite-containing concentrate of a pyrite-arse-
nopyrite ore; its oxidation results in the formation of
large amounts of elemental sulfur. This strain was more
active in oxidizing elemental sulfur and quicker to

adapt to the new substrate than strain TFBk [119]. In
the course of adaptation to elemental sulfur, transposi-
tion of IST2 elements to new loci was revealed in both
strains TFO and TFBk and transposition of ISAfe1 ele-
ments was revealed in strain TFO. When the complete
ISAfe1 element was used as a probe for Southern
hybridization, changes in the localization of IS ele-
ments were detected in all the A. ferrooxidans strains
studied. These results indicate the role of IS elements in
the regulation of metabolic switching from ferrous iron
to sulfur oxidation. In some strains (TFO), ISAfe1 and
in others (TFBk), IST2 elements probably play the
major part in the adaptation to elemental sulfur.

Transpositions of IS elements in A. ferrooxidans
chromosomal DNA caused by changes in the cultiva-
tion conditions have been described previously. For
example, genomic localization of repeating IST1 DNA
elements (ISAfe1) was analyzed before and after sev-
eral months' transfers of A. ferrooxidans ATCC 19859
on copper-containing silicon waste [147]. Changes in
the position of one of the copies of the IST1 element
were revealed. In the cells adapted to the Cu2+ concen-
trations toxic for the culture, other positional changes
were observed. The authors concluded that the changes
in the localization of IS elements were related to the
process of adaptation and that the genetic instability of
bacteria containing IS elements could provide for the
genotypic and phenotypic flexibility in response to
changing environmental conditions. Other authors also
reported the phenotypic changes of A. ferrooxidans
strains caused by changes in the localization of IS ele-
ments [147–150].

The ability to adapt to changes in the environment is
the main characteristic of every living organism. The
genotypic and phenotypic heterogeneity of every natu-
ral microbial population is the result of mutations,
chromosomal recombinations, the presence of labile
genomic elements (plasmids, transposons, and IS ele-
ments), and of their participation in genetic variability.

The wide distribution of acidophilic chem-
olithotrophic microorganisms in nature and their high
variability are the result of the diversity of conditions in
their habitats, primarily with respect to the broad spec-
trum of such oxidized energy substrates as sulfide min-
erals; their combination and quantitative proportion in
sulfide ores is variable. For example, several strains of
the same species S. sibiricus differing in the structure of
chromosomal DNA were recovered from a small parcel
(4 m2) in the zone of spontaneous heating of a pyrite-
arsenopyrite ore [135]. The strains differed in the rates
of oxidation of ferrous iron, elemental sulfur, and indi-
vidual sulfide minerals; their optimal temperature and
pH values were different (unpublished results). Evi-
dently, an active process of strain microevolution
occurs, which helps the species to maintain viability
under changing environmental conditions.

These processes occur under technological condi-
tions. For example, a change of the A. ferrooxidans
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strain dominant in the oxidation of the zinc-containing
industrial product occurred after the pH of the medium
was experimentally changed and maintained for at least
a month at the new level [118]. Decrease in the degree
of ore oxidation and increase in its antimony content
also resulted in the substitution of the microbial strains
predominant in the process of biohydrometallurgy
[140].

It was stated above that changes in the energy sub-
strate and increase of the concentration of metal ions in
experiments with pure cultures of acidophilic chem-
olithotrophic microorganisms often result in changes in
the structure of chromosomal DNA (including localiza-
tion of IS elements on chromosomal DNA), of the num-
ber of plasmids and their copies. This may be the result
of either the genetic heterogeneity of the population
under study, or of adaptive mutagenesis. Although
microbial strains for every experiment were obtained
from individual colonies, the population became genet-
ically heterogeneous after one cell division. Thus, the
changes in chromosomal DNA structure which were
revealed in a strain which had been adapted, for exam-
ple, to a new energy substrate for several transfers,
could have been explained by the substitution of
another clone within the population, more adapted to
the oxidation of the new energy source. In such a case,
reversal to the original energy substrate would have
also required several transfers for all the changes in the
chromosomal DNA structure to disappear. If the
changes in the structure of chromosomal DNA disap-
peared in the first transfer to the original energy sub-
strate, they were possibly the result of adaptive
mutagenesis caused by other mechanisms (reversible
intrachromosomal or plasmid–chromosomal recombi-
nations, changes in numbers or localization of IS ele-
ments). Evidently, the same mechanisms of adaptation
of microbial populations to environmental changes
operate under natural conditions as well.

Pure microbial cultures are unknown to nature.
Microbial associations participating in decomposition
of specific substrates and exchanging products of their
metabolism, as well as microbial communities of a cer-
tain ecological niche are constantly changing systems,
which respond to environmental changes and thus
enable the survival of the community as a whole and of
most of its component species.

Acidophily of Chemolithotrophs

Hot solutions, including acidic ones, are the normal
environment for many chemolithotrophic bacteria and
archaea, which oxidize sulfur or sulfide minerals. This
is their main physiological characteristic. Sulfuric acid
is the end product of microbial oxidation. However, the
nature of acidophily is not completely understood.
Since the surface structures contact with the medium at
pH 0 and higher, while the intracellular pH is about
5.5–6.8 [151–153], the role of these structures is cer-
tainly important.

Morphological heterogeneity of the cellular sur-
face structures. Acidophilic chemolithotrophs exhibit
a great diversity of cellular surface structures, even
under similar acidophilic conditions with elevated con-
centrations of metal ions, in a broad temperature range.

The cell wall of gram-negative acidophilic chem-
olithotrophs is typical for this bacterial group. It
includes an external triple membrane, a murein layer,
and periplasmic space. Depending on environmental
conditions, mucous microcapsules can be present. Sur-
face membrane structures were revealed in A. thiooxi-
dans grown on elemental sulfur [154, 155].

The cell wall of gram-positive acidophilic sulfoba-
cilli is typical for this bacterial group. It includes a pep-
tidoglycan layer with an adjacent S layer. The S layer
consists of regularly organized protein or glycoprotein
subunits. These are ordered to such a high degree that
the structure can be termed paracrystalline [156–158].
The specific porous structure of S layers is the result of
their paracrystalline nature.

In acidophilic archaea, the S layer is the only com-
ponent of the cell wall, attached directly to the cytoplas-
mic membrane [159, 160]. Acidophilic archaea of the
genus Ferroplasma lack the cell wall completely [97].

The periplasmic space is the most important com-
partmented structure of the cell wall [160], especially
the periplasm, i.e., the functionally active compounds
of the periplasmic space. The fact that the pH there is
close to external values (~2.0 and lower) and the pro-
teins (enzymes) are acid-resistant is important. Thus,
the cytoplasmic membrane, rather than the surface
structures that have other important functions, is the
main chemical barrier between the cell and its environ-
ment.

Many authors have demonstrated that the periplas-
mic space is one of the most active and important met-
abolic centers of a prokaryotic cell [159, 160]. Bever-
idge [160] maintained that all bacteria, with rare excep-
tions, possess a periplasm. The periplasm, i.e., the
functionally active compounds of the cellular surface
structures, must be present, although not necessarily as
a compartmentalized structure. The periplasm of
archaea and gram-positive bacteria may be integrated
with their S layers. 

It is still difficult to explain how archaea without cell
walls, such as Ferroplasma and Thermoplasma, func-
tion under acidic conditions. The cytoplasmic mem-
brane evidently performs all the functions of the surface
structures; alternatively, some yet unknown lipid struc-
tures may exist on the membrane surface.

Analysis of the chemical composition of the cell
walls revealed that in gram-negative bacteria A. fer-
rooxidans, lipopolysaccharides are among its major
components, with phosphatidyl serine as the major
component of the phospholipid part of the lipopolysac-
charide complex, which was found both in the cells and
in the medium. The amino acid composition of S layers
of some archaea and eubacteria was investigated. It was
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characterized by the prevalence of acidic amino acids
over basic ones. For example, acidic amino acids con-
stituted 21.5% of the S. thermosulfidooxidans S layer,
and basic ones, 8.2% [156].

Interestingly, the S layer proteins of gram-positive
bacteria, including chemolithotrophic sulfobacilli are
similar to those of sulfur-oxidizing archaea [156]. The
S layers, being proteins with paracrystalline structure
can possibly be understood, at least in certain func-
tional respects, as specific surface biological mem-
branes. The functional unity is evident in all the mor-
phological diversity of the surface structures of chem-
olithotrophic eubacteria and archaea.

Heterogeneity of lipid composition. The surface
structures contain proteins which are stable at low pH
values. The physiologically active compounds con-
tained therein function at low pH. In the cytoplasm,
under near-neutral pH, the conditions are entirely dif-
ferent.

The cytoplasmic membrane, specifically its lipids
that maintain its stability and the proton gradient, acts
as a biochemical border between the cell surface and
the cytoplasm.

The lipid composition of acidophilic archaea is
known to be unique [161, 162]. Unlike eubacteria, the
lipids of thermophilic archaea Sulfolobus do not con-
tain glycerol esters of fatty acids. They mostly contain
isoprenoid and hydroisoprenoid hydrocarbons and iso-
prenyl glycerol esters. The lipids of thermophilic
archaea Acidianus consist of isoprenoid esters, those of
Thermoplasma, of dibiphytanilic (ë40) diglycerol tet-
raesters. The main lipid components of mesophilic
archaea Ferroplasma are β-D-glycopyranosyl caldar-
chaetidyglycerol (~55%) and trihexosyl caldarchaeti-
dyglycerol (26%) [163]. Depending on the growth con-
ditions, up to 60% of ω-cyclohexylundecanic and up to
10% of ω-cyclohexyltridecanic acid are found in gram-
positive moderately thermophilic bacteria Sulfobacil-
lus. Up to 3% of ω-cyclohexyl-α-oxyundecanic acid
was also detected. These acids are present in het-
erotrophic Alicyclobacillus. Branched fatty acids,
mostly antheiso acids constitute the main part of the
fatty acids of sulfobacilli [164].

Gram-negative acidophilic Acidithiobacillus are
rich in lipopolysaccharides and phospholipids.

The nature of acidophily. The major differences in
cell structure and biochemistry between acidophilic
chemolithotrophic microorganisms did not enable us to
discern specific information concerning the nature of
their acidophilic behavior. The membrane lipids are
known to play an important role in maintaining the con-
stant cellular pH and the membrane proton gradient;
they also provide for the functioning of the membrane-
bound ATP synthase. Concerning acidophilic archaea
with proton-impermeable tetraester membranes, Mak-
lady and coworkers [165] suggested that the lipid
monolayer of the membrane played the key role in sur-
vival in highly acidic conditions. This concept can pos-

sibly be applied to other acidophilic microorganisms,
with other types of membrane lipids performing similar
functions.

Kinetic and Metabolic Characteristics
of Acidophilic Chemolithotrophs

Chemolithotrophic growth. Acidophilic chem-
olithotrophs can be subdivided into two groups, obli-
gate chemolithoautotrophs and mixotrophs (or, in some
cases, facultative autotrophs). Only mesophilic bacteria
of the genera Acidithiobacillus and Leptospirillum and
archaea of the genus Ferroplasma (F. acidiphilum) are
obligate acidophilic chemolithoautotrophs (Tables 3,
4). The moderately thermophilic Sulfobacillus and
probably practically all the thermophilic and moder-
ately thermophilic archaea are mixotrophs (Tables 3,
5). It was demonstrated for many strains of sulfobacilli
that stable growth occurred only under mixotrophic
conditions; autotrophic or heterotrophic growth
resulted in lysis after between two and ten transfers,
depending on the strain. There is less information con-
cerning archaeal behavior in this respect. In some
hydrotherms where ëé2 is available via abyssal supply,
autotrophic metabolism of certain archaea can probably
be expected in the presence of sulfur or ç2.

Acidophilic chemolithotrophs, whatever their taxo-
nomic position, have relatively low growth rates on
mineral substrates (Table 6). In obligate mesophilic
autotrophs, e.g., in archaeal Ferroplasma, it is lower.
The rate of CO2 fixation by F. acidiphilum is ca.
12.5 times lower than by A. ferrooxidans under optimal
conditions (Table 7) [98]. For the moderately thermo-
philic bacteria Sulfobacillus, the highest growth rate
was observed under mixotrophic conditions, with Fe2+

and S0 as electron donors. Growth under autotrophic or
heterotrophic conditions is weak and occurs only for
several transfers. With the exception of A. infernus, the
archaea oxidizing only S0 have lower growth rates
(Table 5).

Unfortunately, in most of these studies, growth
kinetics was analyzed for a limited number of strains of
one and the same species; no adaptation for the sub-
strates or other growth conditions was performed.
Fig. 3 demonstrates the different rates of S0 oxidation
by various aboriginal A. ferrooxidans strains; all of
them were less active than A. triooxidans T. 3S. These
differences are the result of their previous history in the
environment, primarily related to their sulfur sources
(the type of sulfide minerals and the presence of sulfur).
Adaptation to a substrate can considerably enhance
growth and oxidation of Fe2+, S0, and sulfide minerals
by the strains (Fig. 4–6).

The ecology of the strains, their pheno- and geno-
typic polymorphism and adaptive variability are usu-
ally not considered in such works. Together with the
application of artificial growth media, this constitutes a
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serous shortcoming. As A.J. Kluyver stated, many of
the pure cultures were physiological artifacts [quote 2].

In natural or stable technogenic environments,
chemolithotrophic communities participate in the
transformations of complex sulfide concentrates. They
either compete for the substrate, as Winogradsky
described, or interact (e.g., chemolithoautotrophs pro-

vide organic compounds for the mixotrophic sulfoba-
cilli and archaea). Laboratory results on growth kinet-
ics can therefore reflect only growth under specific con-
ditions.

Carbon metabolism in chemolithotrophs. Even a
century after its discovery, autotrophy, including obligate
autotrophy still requires a satisfactory explanation [166].

Table 6.  Growth rates (µmax, h–1)  and generation times (td, h) for some acidophilic chemolithotrophic strains under different
growth conditions

 Microorganisms
 (substrate)

µmax/td

 Microorganisms
 (substrate)

µmax/td

Autotro-
phic

Mix-
otrophic 

with yeast 
extract

Het-
erotrophic

Autotro-
phic

Mixo-
trophic 

with yeast 
extract

Hetero-
trophic

Moderately thermophilic 
mixotrophs S. hakonensis (S0) – –

S. thermosulfidooxidans 
subsp. asporogenes, 41 
(Fe2+)

– A. infernus (S0) – –

" (S0) – – A. ambivalens (S0) – –

Gold-arsenic sulfide con-
centrate – – F. acidiphilum (Fe2+) – –

S. thermosulfidooxidans, 
1269 (Fe2+) Mesophilic autotrophs

S. sibiricus, N 1 (Fe2+) A. ferrooxidans (Fe2+) – –

S. thermotolerans, Kr1 
(S0) – – A. ferrooxidans (S2O3 ) – –

" (Fe2+) – – " (S0) – –

S. acidophilus, N, ALV, 
NAL, 2B – – " (CuFeS2) – –

", BC1, 3C, LM1 – – " (CuS, Cu2S, Cu2FeS4) – –

Archaea A. thiooxidans (S0) – –

S. yellowstonensis (Fe2+) –
(on fruc-

tose)

L. ferrooxidans (Fe2+) – –

" (S0) – Acidophilic heterotrophs

" (FeS2) – – Alicyclobacillus – –

M. sedula (ore) – –

0.075
9.2

-------------

0.035
19.8
------------- 0.33

2.1
---------- 0.028

2.5
-------------

0.21
3.3
---------- 0.17

4.0
----------

0.14
5

---------- 0.016
43.3
-------------

0.09
7.7
---------- 0.29

2.39
---------- 0.09

7.7
----------

0.06
11.55
------------- 0.53

1.3
---------- 0.063

11
------------- 0.19

3.65
----------

0.38
1.82
---------- 0.05

14
----------

0.35
1.98
---------- 0.069

10
-------------

0.12
5.78
---------- 0.05

14
----------

0.087
7.97
------------- 0.04

18
----------

0.046
15

-------------

0.023
30

-------------

0.013
53.3
-------------

0.069
10

-------------

0.033
21

-------------

0.004
173.3
------------- 0.46

1.5
----------

0.13
5.3
----------

2–
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The concept of obligate autotrophs emerged after
the discovery of chemosynthesis by Winogradsky.

A number of organic compounds are toxic to chem-
olithoautotrophs for various reasons, such as penetra-
tion into the cell and affecting the intracellular pH or
disruption of the regulatory metabolic mechanisms.
However, formic acid was demonstrated to act as the
sole energy source for A. ferrooxidans [167].

Analyzing obligate methanotrophy and obligate
autotrophy in chemo- and photolithotrophic bacteria,
Wood et al. [166] hypothesized that the absence of
active α-ketoglutarate dehydrogenase could be the rea-
son for autotrophy. This implies an incomplete TCA
cycle broken at the level of 2-oxoglutarate; such a cycle

can perform only biosynthetic functions. However,
mixotrophic Sulfobacillus exhibit the same feature.
They possess all the enzymes of the TCA cycle, except
for 2-oxoketoglutarate dehydrogenase [168]. Sulfoba-
cilli are known to be capable of autotrophic or het-
erotrophic growth for several transfers, although they
lyse afterwards. The specificity of autotrophic genomes
is, most probably, the essence of autotrophy. All the
autotrophs have genomes of a small size; this size, how-
ever, should be sufficient for obligate autotrophy [169].
The average genome size measured for 23 A. ferrooxi-
dans strains was 3.8 Mbp [121]. The most common
genome size was 3.6–3.8 Mbp. Other authors deter-
mined the chromosome size of autotrophic A. ferrooxi-
dans (eight strains), A. thiooxidans, and L. ferrooxidans
as 2.29–3.33, 3.14, and 1.90 Mbp, respectively [170,
171]. Genome size of mixotrophic acidophilic S. ther-
mosulfidooxidans 1269, S. sibiricus N1, and S. thermo-
sulfidooxidans subsp. asporogenes 41 was determined
as 5.85, 5.53, and 4.7 Mbp, respectively [84, 85, 172].
These values are close to those of such heterotrophs as
E. coli (4.64 Mbp), B. subtilis (4.21 Mbp), and Strepto-
myces (8.66 Mbp). Microorganisms with greater
genome size probably have greater metabolic possibil-
ities due to the expression of a greater number of active
enzymes.

Table 7.  14CO2 fixation by strains YT and Y-2 in compari-
son with A. ferrooxidans

Microorganism
Cell radioactivity, 

pulse/(min  mg pro-
tein)

CO2 fixation, 
nmol 14C/(min mg 

protein)

A. ferrooxidans 190592 0.125

F. acidiphilum Y-2 28258 0.01

F. acidiphilum YT 30783 0.01
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Fig. 3. Rates of growth and S0 oxidation by A. ferrooxidans strains.
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Chemolithoautotrophs are slow-growing, highly
specialized microorganisms with limited metabolic
capabilities.

Biochemistry of ëé2 assimilation. The enzymatic
conversion of ëé2 to the carboxyl of 3-phosphoglycer-
ate, reduction of this product to triosephosphate and
regeneration of the ëé2 acceptor occur in the well-
known Calvin–Benson reductive pentose phosphate
cycle. RubisCO, the key enzyme of this cycle, was
found in the extracts of practically all the known meso-
philic chemolithotrophic aerobes and facultative anaer-
obes. It catalyzes the initial stage of carbon assimilation
via the Calvin cycle. Dissolved nonhydrated CO2,
rather than bicarbonate ion, is the real substrate of this
enzyme. Multiple copies of two sets of RubisCO genes
were revealed in the A. ferrooxidans genome [124–
126]. Two forms of RubisCO differing in molecular
weight (460 and 640 kDa), in their affinity to the sub-
strates, and in the relative role of carboxylase and oxy-
genase functions were revealed in A. thiooxidans [173].
We detected RubisCO in all the studied strains of sulfo-
bacilli [174–176]. These organisms are mixotrophic
and survive only a few transfers under autotrophic or
heterotrophic conditions. The maximal RubisCO activ-
ity under autotrophic, mixotrophic, and heterotrophic
conditions was 44.6, 18.0, and 1.5 nmol ëé2 /min mg
protein respectively for S. thermosulfidooxidans [174]
and 12.8, 7.0, and 4.8 nmol ëé2/(min mg protein)
respectively for S. sibiricus N1 [175]. Yeast extract
(0.02%) was added for mixotrophic growth. However,
high activity of this carboxylase in the cells of strain 41
(31.0 nmol ëé2/(min mg protein)) persisted after the
introduction of 0.02–0.05% glucose as a carbon source.
The inability of sulfobacilli to grow autotrophically is
the result of some factor other than the activity of these
carboxylases.

Phosphoenolpyruvate carboxylase (FEP carboxy-
lase) and pyruvate carboxylase activities were revealed

in sulfobacillar strains 41 and N1. The highest FEP car-
boxylase activity in S. thermosulfidooxidans 41 was
achieved under mixotrophic conditions with yeast
extract and Fe2+ (20.7 nmol/(min mg protein)); under
autotrophic and heterotrophic conditions, it decreased
to 8.7 and 0.2 nmol/(min mg protein) respectively
[174]. The level of this enzyme activity in strain N1 was
lower under autotrophic (1.8 nmol/(min mg protein))
and mixotrophic (0.6 nmol/(min mg protein)) condi-
tions than during heterotrophic growth (2.2 nmol/(min
mg protein)) [175]. Both strains exhibited low pyruvate
carboxylase activity under various growth conditions.
S. sibiricus N1 grown mixotrophically had the highest
activity (9.8 nmol/(min mg protein)).

Reactions of pyruvate and phosphoenolpyruvate
carboxylation leading to oxalacetate regeneration are
probably one of the mechanisms which supply the TCA
cycle with amino acids precursors.

Carbohydrate metabolism. Carbohydrate metabo-
lism is best studied for some sulfobacilli [175–177].
The key enzymes of the pentosephosphate pathway and
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of the Embden–Meyerhof–Parnas and Entner–Doudor-
off pathways were detected in the cell-free extracts of
S. thermosulfidooxidans 1269 and 41; only the first two
pathways were active in S. sibiricus N1, while the Ent-
ner–Doudoroff pathway was not involved in sugar
metabolism. In S. acidophilus ALV, the activity of the
key enzymes of the Entner–Doudoroff pathway was
also not detected [178]. However, both the activity of
the enzymes of carbohydrate metabolism and the
amount of sugar utilized indicate that these two strains,
N1 and AVL, are more tolerant to heterotrophic condi-
tions than strains 1269 and 41.

Functions of the TCA cycle. Like other microor-
ganisms, chemolithotrophs perform the oxidation of
organic substrates via TCA cycle reactions. Chem-
olithotrophs lack the complete TCA cycle, as was men-
tioned above; it is opened due to the absence of 2-oxo-
glutarate dehydrogenase. Its individual reactions, how-
ever, function under all growth conditions. They
perform biosynthetic functions. In none of the studied
thiobacilli, was the activity of isocitrate lyase, one of
the key enzymes of the glyoxylate pathway, revealed.
The glyoxylate pathway in these organisms is therefore
inactive [174, 175].

Since under mixotrophic conditions, protein accu-
mulation by sulfobacilli is maximal and the enzymes of
carbohydrate metabolism are more active, sulfobacilli
can probably use glucose oxidation as a supplementary
energy source for mixotrophic growth. Growth under
these conditions is stable.

Carbon metabolism in chemolithotrophic archaea is
scarcely studied. ëé2 assimilation in the autotrophi-
cally growing thermophilic archaeon S. brierleyi (A.
brierleyi) was reported to occur via the reductive TCA
cycle [179].

Bioenergetics of acidophilic chemolithotrophs.
Oxidation of inorganic substrates and energy genera-
tion by acidophilic chemolithotrophic microorganisms
occurs in accordance to P. Mitchel’s chemiosmotic the-
ory. The process is best studied in the mesophilic A. fer-

rooxidans grown on Fe2+ [151, 152, 180]. This ion pen-
etrates into the periplasmic space (probably in a com-
plex with lipopolysaccharides); the electrons (Fe2+ 
Fe3+ + ) are then transported to the terminal acceptor,
é2, via the electron-transport chain. This system
includes the porins of the external membrane; Fe2+ oxi-
dase bound to cytochrome c552; at least one c4 type of
cytochrome c552; rusticyanin, a small, copper-contain-
ing protein; and the terminal cytochrome c oxidase.
Electron transport along the ETC generates the trans-
membrane electrochemical gradient of hydrogen ions
(∆ ), a combination of the electrochemical (∆ψ) and

the chemical (gradient of ç+ concentration ∆ç; pH
~2.0 in the medium and in the surface structures and pH
6.5–6.8 in the cytosol) components. Proton influx into
the cells is performed by ç+ translocating ATPase, and
the membrane potential of 256 mV for ATP synthesis is
generated. The protons are consumed via an oxidase
reaction. The mechanism of intracellular pH regulation
is also coupled with the second half of the Fe2+ oxida-
tion reaction (2  + 2ç+ + 1/2é2  ç2é). Thus,
microbial anodic oxidation of mineral substrates is a
typical electrochemical reaction catalyzed by enzymes.
A high-molecular-weight cytochrome c (22 kDa) was
recently isolated from the cell wall membrane [181]. It
probably acts as the first electron transporter in the
course of Fe2+ oxidation in the electron transport chain.

The sulfur-oxidizing system of mesophilic chem-
olithotrophs is known to a lesser degree. In
A. ferrooxidans, the enzymes sulfur(sulfide)-Fe3+ oxi-
doreductase (S0 + 4Fe3+ + 3H2O   H2SO3 + 4Fe2+ +
4H+), sulfite-Fe2+ oxidoreductase (H2SO3 + 2Fe3+ +
4ç2O  H2SO4 + 2Fe2+ + 2H+), and sulfite-cyto-
chrome c oxidoreductase were revealed [182].
A. thiooxidans contains membrane-bound sulfite oxi-
dase with a high molecular mass (400 kDa) resembling
the sulfite-Fe3+oxidoreductase of Fe2+-grown A. fer-
rooxidans (650 kDa). Mansch and Sand [183] believe
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that cytochromes b and ‡‡3 constitute a part of the A.
ferrooxidans sulfur-oxidizing system. Since sulfur oxi-
dation by this organism was strongly inhibited by CN–

and , terminal oxidases were probably involved in
this process. The cells of A. ferrooxidans grown on sul-
fur contained S0 dioxygenase, thiosulfate dehydroge-
nase, rhodanese, APS reductase, and sulfite oxygenase.
Mixotrophically grown Sulfobacillus strains oxidizing
S4  and S0 exhibited activity of thiosulfate oxidase,

tetrathionate hydrolase, rhodanese, and S0 oxygenase
[176, 183]. This enzymatic system is similar to that of
acidithiobacilli.

The enzymatic electron transporting systems of
L. ferrooxidans are scarcely studied. Sugio and
coworkers [184] detected sulfur(sulfide)-Fe3+-OH oxi-
doreductase, although its activity was low. Rusticyanin,
a copper-containing protein, was not found [185]. The
cells grown with Fe2+ contained large amounts of a red,
acid-resistant, acid-soluble cytochrome c with an
adsorption peak at 579 nm. This is the key protein in the
respiratory chain of these bacteria [186].

A number of experimental articles dealt with the
organization of the respiratory chain of acidophilic
archaea. Many of these works were summarized by
Schafer and coworkers [187].

A. ambivalens was found to contain the simplest
aerobic respiratory chain. It consisted of reduced
NADH dehydrogenase of type II, succinate: quinone
oxidoreductase [188], caldariellaquinone, and a simple
‡‡3-type terminal quinone oxidase [189–192].

The respiratory chain of S. acidocaldarius is much
more complex. It includes two different terminal oxi-
dase complexes, the SoxABCD complex and SoxM
supercomplex. SoxM includes FeS/a587, sulfocyanin (a
blue copper-containing protein), and cytochrome ba3.
SoxABCD includes cytochromes a587/ and ‡‡3 [193–
195]. The major NADH dehydrogenase of S. metallicus
is a type II enzyme with unusual properties. Its flavin
group is covalently bound and contains flavin mononu-
cleotide instead of flavin dinucleotide [196]. The spec-
troscopic analysis of the respiratory chain revealed,
however, a new type of iron–sulfur clusters and certain
respiratory enzymes [187, 197]. NADH dehydrogenase
(complex I), an important component of the bacterial
respiratory chain, was not detected in Sulfolobales
[187, 198]. The representatives of Sulfolobales contain
a unique type of quinones. Apart from caldariel-
laquinone (CQ) [199, 200], benzo-[β]-thiophene-4,7
quinone, termed “sulfolobus quinone” (SQ) was found
in large amounts in A. infernus and A. ambivalens and
in trace amounts in S. acidocaldarius [201]. These
components of the respiratory chain vary with growth
conditions. Aerobically grown A. ambivalens cells con-
tained only 1/3 of the SQ amount present in anaerobi-
cally grown cells. In A. infernus, SQ was not present
under aerobic conditions and CQ was detected under
anaerobic conditions. Strain Sulfolobus MT4 contained

N3
–

O6
2–

a tricyclic benzo[1,2-β; 4,5-β] dithiophene-4,8 quinone
[202]. This was not found in M. sedula [89]; in S. sol-
fataricus, the ratio between SQ and CQ varied signifi-
cantly depending on the growth temperature [203].

Activity of CoA-acylated 2-oxoid:ferredoxin oxi-
doreductase was detected in cell-free extracts of S. aci-
docaldarius [204]. Two [4Fe-4S]2+(2+, 1+) clusters per
ferredoxin molecule are probably present. A [3Fe-4s]
cluster was found in Sulfolobales. Ferredoxin is a small
monomeric protein with one [3Fe-4S]+/0 center and one
[4Fe-4S]2+/+] center [205, 206]. The subsequent ele-
ments of the S. acidocaldarius respiratory chain consist
of ‡- and b-type cytochromes [207, 208]. The genes
encoding Rieske proteins and cytochromes b were
detected in genomes of various Sulfolobus species
[198, 209]. Type c cytochromes are not present in Sul-
folobales.

The electron-transport chain of Ferroplasma
archaea (type II, organotrophic growth) was recon-
structed using the sequence library created by environ-
mental genome shotgun. A presumable terminal oxi-
dase containing copper and iron and cytochrome b
associated with an in iron-sulfur Rieske protein and a
blue copper-containing protein were revealed [210].
These proteins are supposed to form a terminal oxidase
supercomplex, similar to the S. acidocaldarius SoxN
supercomplex. The unique respiratory supercomplex
had been previously demonstrated to combine the fea-
tures of quinol and cytochrome c oxidase [211].

The sequencing of the blue copper-containing pro-
tein of some Ferroplasma strains revealed homology
with A. ferrooxidans rusticyanin and Sulfolobus sulfo-
cyanin (SoxE). This protein was probably a component
of the electron transport chain used for Fe2+ oxidation
and heterotrophic growth [210]. Analysis of the level of
protein expression in several strains closely related to
the chemoorganotrophic species F. acidarmanus
revealed that Fe2+ oxidation can occur via a copper-con-
taining heme protein sulfocyanin; it transports elec-
trons to the terminal electron acceptor, cbb3 [212]. Sul-
focyanin (596 nm) was present in the membrane during
mixotrophic growth, while during chemoorganotrophic
growth its content decreased drastically.

The electron transport chain is probably basically
similar in various chemolithotrophic acidophilic
archaea, although its deeper study may reveal certain
differences. It is, however, different from the ETC of
bacteria Acidithiobacillus, Sulfobacillus, Leptospiril-
lum, and some others.

The mechanism of ATP formation in acidophilic
chemolithotrophic archaea is possibly also related to
the existence of two systems of proton translocation, by
the ETC and by ç+-ATPase. As with chemolithotrophic
bacteria, the activity of these systems results in the for-
mation of the transmembrane electrochemical proton
potential and in ATP synthesis. Membrane-bound
ATPases were isolated from a number of representa-
tives of Sulfolobus.
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Apart from ATP, reduced pyridine nucleotide
(HADç2) is required for ëé2 fixation. It has a low
potential of ca. –320 mV. The substrates oxidized by
chemolithotrophs (electron donors: Fe2+, S0, etc.) have
higher potentials (+420 mV for Fe2+). They are incor-
porated into the respiration chain at the cytochrome
level and therefore obviously cannot reduce NAD+. A
system of reverse electron transport exists at least in
acidithiobacilli (A. ferrooxidans and A. thiooxidans)
and in some other chemolithotrophic bacteria; this sys-
tem consumes energy as ATP [213].

The mechanisms of oxidation of inorganic sub-
strates (Fe2+, S2–/S0, and sulfide minerals) by acido-
philic chemolithotrophic archaea are insufficiently
studied [214]. The pathway of sulfur oxidation in
A. ambivalens was described. Soluble sulfur oxi-
doreductase (SOR) catalyses initial stages of sulfur oxi-
dation by sulfur disproportionation with sulfite, thiosul-
fate, and sulfide, the products of these reactions. Thio-
sulfate is oxidized to S4  by a new type of
thiosulfate:quinone oxidoreductase [215].

Sulfite, another SOR product, is oxidized by two
different pathways [216]. Membrane-bound
sulfite:acceptor oxidoreductase activity was revealed.
Soluble enzymes, including adenylyl sulfate adenylyl
transferase and adenosine phosphate reductase, also
oxidize sulfite with energy conservation via substrate
phosphorylation.

CONCLUSIONS

Winogradsky’s concept of chemolithotrophy and
chemolithoautotrophy has developed successfully and
has brilliant prospects. It is an important branch of
modern natural sciences, in accord with the develop-
ment of biosphere science and of geological microbiol-
ogy. Chemolithotrophic microorganisms with similar
functions exhibit a striking taxonomic diversity. Acido-
philic chemolithotrophs are the best studied in this
respect. It is still not clear, however, how the evolution
of the same function, i.e., of the ability to gain energy
from the oxidation of in organic substrates, occurred in
phylogenetically remote microbial groups. The energy
substrate, the carbon source, and the temperature in a
given environment were likely to be the main factors
affecting the evolutionary processes.

Acidophilic chemolithotrophs with relatively small
genomes form a highly specialized microbial group
inhabiting low-temperature niches (up to 35°ë). Both
bacteria and archaea (some ferroplasms) are present in
this group. More complicated survival mechanisms
were required at higher temperatures, when CO2 solu-
bility under acidic conditions decreases drastically.
Thermophiles and moderate thermophiles developed
more complicated genomes and consequently, a more
complex enzymatic apparatus for the anabolic and cat-
abolic processes. Mixotrophs predominate in this
group.

O6
2–

The phylogenetic diversity of the organisms dis-
cussed in this review could be the result of the horizon-
tal transfer of genetic information between the organ-
isms of different taxa, which existed simultaneously in
the same ecological niche. Their subsequent evolution
resulted in divergence, which caused a striking diver-
sity of morphotypes, energetic, and constructive meta-
bolic pathways. They, however, retained their main
characteristics, i.e., the ability to generate the trans-
membrane electrochemical proton gradient, which is
the basis for ATP synthesis and maintenance of intrac-
ellular homeostasis.

Physiological and biochemical inventarization of
chemolithotrophs in the biosphere should be a high-pri-
ority task for future progress.

This review does not deal with ecologo-geographi-
cal studies of chemolithotrophs. This research is, how-
ever, highly important for the understanding of poten-
tial and actual capabilities of chemolithotrophs in envi-
ronmental communities. The production of bacterial
chemosynthesis in the regions of hydrothermal and vol-
canic activity in the oceans is known to be comparable
with the production in the photic zones of these regions.
Chemolithoautotrophs act as primary producers in the
hydrothermal ecosystems of ocean depths; they gain
energy by metabolizing the reduced gases from the
interior of the earth. A new type of symbiosis was
revealed and explained—the ectosymbiosis of aquatic
fauna with filamentous sulfur bacteria [217].

Acidophilic chemolithotrophic microorganisms
produce sulfuric acid as a result of oxidation of reduced
sulfur compounds. The scale of these processes is enor-
mous. They result in the formation of oxidation zones
in ore deposits, in carrying out of heavy metal ions, etc.

Large-scale research of the biosphere promoted the
solution of a number of practical problems. The scien-
tific basis was developed for the estimation of the role
of chemolithotrophs in the turnovers of sulfur, iron, and
nitrogen, especially for the conditions of increasing
anthropogenic load. Biogeotechnology, a new branch
of applied science was developed in order to deal with
the problems of extraction and recovery of valuable
minerals. The biohydrometallurgic technology for
recovery of gold-arsenic ores is already functioning in
the Russian Federation (Siberia) and in other countries.
Realization of other biohydrometallurgic industrial
technologies and development of their new generations
is a prospective task.

Modern science requires an integrated approach to
various problems. Classical microbiological techniques
are relevant for this field, as well as molecular biologi-
cal techniques, which provide knowledge on microbial
activity in natural and technogenic environments, and
physicochemical techniques, which provide knowledge
concerning the environment and the properties of the
oxidized substrates.
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Chemolithoautotrophy exemplifies the close rela-
tion, if not the unity, of life sciences and earth sciences.
The concept of Winogradsky is in this sense planetary.
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