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MINIREVIEW

Ecological Aspects of the Distribution of Different Autotrophic
CO2 Fixation Pathways�
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Mikrobiologie, Fakultät für Biologie, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany

Autotrophic CO2 fixation represents the most important biosynthetic process in biology. Besides the well-
known Calvin-Benson cycle, five other totally different autotrophic mechanisms are known today. This mini-
review discusses the factors determining their distribution. As will be made clear, the observed diversity reflects
the variety of the organisms and the ecological niches existing in nature.

Autotrophic CO2 fixation represents the most important
biosynthetic process in nature, being responsible for the net
fixation of 7 � 1016 g carbon annually, corresponding to the
conservation of 2.8 � 1018 kJ of energy (107). The photosyn-
thetic path of carbon in algae and plants was elucidated in the
laboratory of Melvin Calvin in the 1940s and 1950s; the dis-
covered reductive pentose phosphate (Calvin-Benson [CB])
cycle was immediately proposed to be the universal au-
totrophic carbon dioxide assimilation pathway, and the pres-
ence of its key enzyme, ribulose-1,5-bisphosphate carboxylase,
was regarded as a synonym for autotrophy. This idea fit per-
fectly with the central biological dogma of that time, the bio-
chemical unity of life (74). However, already in 1966 the sec-
ond autotrophic CO2 fixation cycle (the reductive citric acid
cycle) had been discovered in the laboratory of Daniel Arnon
(33). Today, six autotrophic CO2 fixation mechanisms are
known, raising the question of why so many pathways are
necessary. In this review, the factors determining their distri-
bution are discussed. As will be made clear, the observed
diversity reflects the variety of the organisms and the ecological
niches existing in nature. First, the general aspects of au-
totrophic CO2 fixation will be discussed; then the known path-
ways will be introduced in the order of their discovery, high-
lighting their main characteristic features; finally, the main
factors determining their distribution will be summarized. For
those interested in a more detailed discussion of different as-
pects of autotrophy, several highly valuable reviews published
in the last few years can be recommended, covering the func-
tion, structure, and evolution of ribulose-1,5-bisphosphate car-
boxylase (7, 101–103, 111) and carboxysomes (61, 126); the
reductive acetyl coenzyme A (acetyl-CoA) pathway (25, 78, 80)
and the reductive citric acid cycle (2); CO2 fixation in Archaea
(14) and in deep-sea vent chemoautotrophs (73); and autotro-
phy in various oceanic ecosystems (47).

GENERAL ASPECTS OF AUTOTROPHIC CO2 FIXATION

In general terms, the assimilation of CO2 (oxidation state of
�4) into cellular carbon (average oxidation state of 0, as in
carbohydrates) requires four reducing equivalents. An input of
energy is also required for the reductive conversion of CO2 to
cell carbon and is provided by ATP hydrolysis. Anaerobes
often use low-potential electron donors like reduced ferre-
doxin for CO2 fixation, whereas aerobes usually rely on
NAD(P)H as a reductant. Since reduced ferredoxin bears
more energy than NADPH (ferredoxin, E0� � �400 mV;
NADPH, E0� � �320 mV), aerobic pathways usually require
more ATP equivalents than anaerobic ones. A carboxylating
enzyme links either CO2 or HCO3� with an organic acceptor
molecule, which must be regenerated in the following steps of
the pathway. These inorganic carbon species are related by the
pH-dependent equilibrium CO2 � H2O 7 H2CO3 7 H� �
HCO3

�7 2H� � CO3
2�, with apparent pKa [HCO3

�/CO2] �
6.3. Therefore, the bicarbonate concentration under slightly
alkaline conditions (e.g., in marine water) is much higher than
the concentration of dissolved CO2, and the usage of bicar-
bonate instead of CO2 may be advantageous; the solubility of
CO2 is also affected by the salt concentration and temperature.
The product of the autotrophic pathway that is drained off
should be a central metabolite, from which carbohydrates,
proteins, nucleic acids, and lipids can be derived. However,
these macromolecules are made from different building blocks,
and their content varies in different organisms, making one
CO2 fixation product/pathway preferable to another.

The enzymes catalyzing mechanistically difficult steps in a
given pathway (e.g., ribulose-1,5-bisphosphate carboxylase, CO
dehydrogenase/acetyl-CoA synthase) evolved just once during
the evolution, are conserved, and are often regarded as its key
enzymes. They may be present in large amounts in the cell.
Their synthesis itself devours a lot of energy and may actually
determine the energy costs of the pathway. In contrast, non-
characteristic enzymes belong to large enzyme families (car-
boxylic acid-CoA ligases, enoyl-CoA hydratases, different de-
hydrogenases, etc.). The corresponding genes may easily be
recruited from the gene pools and mutated in order to perform
the required function.

* Mailing address: Mikrobiologie, Fakultät für Biologie, Schän-
zlestrasse 1, D-79104 Freiburg, Germany. Phone: 49-761-2032777. Fax:
49-761-2032626. E-mail: ivan.berg@biologie.uni-freiburg.de.

� Published ahead of print on 7 January 2011.

1925



ROUTE 1: THE CALVIN-BENSON REDUCTIVE
PENTOSE PHOSPHATE CYCLE

The reductive pentose phosphate cycle is the quantitatively
most important mechanism of autotrophic CO2 fixation in na-
ture. It is centered around carbohydrates and can primarily be
found in organisms synthesizing large ammounts of sugars (i.e.,
plants). High detachment of the CB cycle from the rest of the
central carbon metabolism allows its effective regulation. The
success of the CB cycle was probably governed by the full
robustness of its enzymes to molecular oxygen. The key en-
zymes are ribulose-1,5-bisphosphate carboxylase/oxygenase
(RubisCO; 121) and phosphoribulokinase. In addition, the se-
doheptulose bisphosphatase reaction can also be regarded as
specific for the cycle. RubisCO catalyzes the electrophilic ad-
dition of CO2 to the C5 sugar ribulose-1,5-bisphosphate in its
enediolate form, giving rise to an unstable C6 intermediate
(23). The latter is subsequently spontaneously hydrolyzed into
two molecules of 3-phosphoglycerate, which are further re-
duced with NADPH to glyceraldehyde-3-phosphate. This re-
duction is catalyzed by two gluconeogenic reactions and driven
by ATP hydrolysis. The regeneration part of the cycle com-
prises the interconversion of triose phosphates via various
sugar phosphates to ribulose-5-phosphate, which is phosphor-
ylated by phosphoribulokinase to ribulose-1,5-bisphosphate,
closing the cycle (Fig. 1). The cycle requires nine ATP equiv-
alents and six NADPHs for the synthesis of one glyceralde-
hyde-3-phosphate molecule.

The CB cycle operates in some thermophiles but never in
hyperthermophiles—its upper temperature limit appears to be
at �70 to 75°C. This may be explained by the heat instability of
some intermediates of the cycle, mainly of glyceraldehyde-3-
phosphate, producing toxic methylglyoxal at high temperature
(50, 75). The CB cycle operates in plants, algae, cyanobacteria,

and many aerobic or facultative aerobic proteobacteria belong-
ing to the alpha, beta, and gamma subgroups. It was also shown
for Sulfobacillus spp., iron and sulfur-oxidizing members of the
firmicutes (19, 129), some mycobacteria (65), and green non-
sulfur bacteria of the genus Oscillochloris (phylum Chloroflexi)
(12, 51). The CB cycle not only functions in autotrophic CO2

fixation but is also required as an electron sink for (anaerobic)
photoheterotrophic growth of some purple bacteria (e.g., Rho-
dobacter, Rhodospirillum, and Rhodopseudomonas) on sub-
strates, which are more reduced than the average cell carbon
(54, 118).

The key CB cycle enzyme, RubisCO, is the most abundant
protein in the world (29), as it can comprise up to 50% of the
total soluble protein in chloroplasts of a C3 plant or in bacteria
using this cycle (85, 121). This fact is a consequence of the
notorious catalytic inefficiency of RubisCO—i.e., low affinity
for CO2, slow catalytic turnover rate (kcat � 1 to 12 s�1) (7),
and a wasteful oxygenase side reaction responsible for photo-
respiration, resulting in a futile cleavage of the substrate to
form toxic phosphoglycolate (1) as a side product. The assim-
ilation (or detoxification) of phosphoglycolate starts with its
conversion to glyoxylate, which can only be returned to the
metabolism by wasting fixed carbon (1 CO2 per 2 glyoxylate
molecules). The presence of three different routes for glyoxy-
late assimilation in cyanobacteria emphasizes the importance
of this scavenging pathway in the metabolism (27) (Fig. 2).
Although the precise loss of carbon caused by the photorespi-
ration in bacteria is not known, it was estimated to be 21% of
the net CO2 fixation for C3 plants (21).

These considerations can help us to understand the require-
ment of concentrating mechanisms for inorganic carbon in
organisms using the CB cycle. These mechanisms involve
transmembrane pumps actively concentrating bicarbonate in-
side the cell (for a review, see references 8 and 77). Further-
more, in order to increase the CO2 concentration in the vicinity
of RubisCO and decrease photorespiration, some prokaryotes
evolved special carbon-fixing organelle-like microcompart-
ments called carboxysomes. Carboxysomes are filled with
RubisCO. They are present in cyanobacteria, where a satu-
rated oxygen concentration occurs, and in some (aerobic che-
moautotrophic) proteobacteria (7, 94, 95). The shell of these
bacterial microcompartments is easily permeable for the neg-
atively charged RubisCO substrates/products (ribulose-1,5-
bisphosphate and bicarbonate, 3-phosphoglycerate) but less
for oxygen, which allows depletion of O2 from the RubisCO
active site (60). Besides RubisCO, carboxysomes contain car-
bonic anhydrase, which converts bicarbonate to CO2, the ac-
tual RubisCO substrate (76).

Crassulacean acid metabolism and C4 photosynthesis func-
tioning in many higher plants may also be regarded as carbon-
concentrating mechanisms (59). The primary carboxylating en-
zyme in these pathways is phosphoenolpyruvate (PEP)
carboxylase, which is much faster than RubisCO, uses bicar-
bonate instead of CO2 as a substrate and has a much lower Km

value for the inorganic carbon (56). Although these mecha-
nisms require almost twice as much ATP as the “classical” CB
cycle, ATP supply is not the major problem for phototrophs.
Their growth is rather limited by the supply of water, phos-
phorus, nitrogen, or iron.

FIG. 1. The reductive pentose phosphate (Calvin-Benson) cycle.
Enzymes: 1, ribulose-1,5-bisphosphate carboxylase/oxygenase; 2,
3-phosphoglycerate kinase; 3, glyceraldehyde-3-phosphate dehydroge-
nase; 4, triose-phosphate isomerase; 5, fructose-bisphosphate aldolase;
6, fructose-bisphosphate phosphatase; 7, transketolase; 8, sedoheptu-
lose-bisphosphate aldolase; 9, sedoheptulose-bisphosphate phospha-
tase; 10, ribose-phosphate isomerase; 11, ribulose-phosphate epi-
merase; and 12, phosphoribulokinase.
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Forms of RubisCO. Photorespiration in an oxygen-contain-
ing atmosphere is probably inevitable, because RubisCO is
unable to strictly discriminate between the two fairly similar
CO2 and O2 molecules (68). Futhermore, even the fastest
RubisCOs adapted to anoxic conditions have a low catalytic
efficiency (63). Nevertheless, RubisCO properties are shaped
by selective pressure, and all RubisCOs seem to be optimized
to their environment (7, 106). The improvement of a given
property (e.g., of Km to CO2, kcat, or decrease of the photores-
piration rate) comes at some cost to other properties. In other
words, for the optimized enzyme, an increase of the maximal
velocity leads to a decrease in the affinity for the substrate(s).
Furthermore, increase of the carboxylation/oxygenation ratio
can be exerted at the expense of the overall reaction rate, and
more discriminatory RubisCOs adapted to a lower CO2/O2

ratio are slower (106). As a consequence of these factors,

different forms of the enzyme with different catalytic properties
evolved, and some organisms express different RubisCO isoen-
zymes, depending on the growth conditions. The preference of
RubisCO for CO2 versus O2 is represented by the specificity
factor � (� � VcKo/VoKc), which is the ratio of the catalytic
efficiency (Vmax/Km ) for the carboxylase (Vc/Kc) and oxygenase
(Vo/Ko) reactions.

Up to now, four forms of RubisCO had been recognized,
with forms I to III being bona fide ribulose-1,5-bisphosphate
carboxylases (101). The fastest of all are the enzymes of Ar-
chaea belonging to form III (kcat � 23 s�1 for Archaeoglobus
enzyme), which have, however, unusually high affinity to oxy-
gen (� � 4) (63). Form III RubisCO is not known to partic-
ipate in autotrophy, and its function in metabolism is at issue
(14, 86, 101). RubisCOs participating in autotrophic CO2 as-
similation via the CB cycle belong to form I or II. Form I
consists of large (L) and small (S) subunits and has an L8S8

structure, whereas form II contains only the large subunit (L2).
The small subunits influence the catalytic efficiency and spec-
ificity of RubisCO (96), and the form I enzyme usually has
lower Vmax and kcat but also higher specificity to CO2, than the
form II RubisCO (7, 43, 53, 106). Consequently, the specificity
factor � for form II enzymes (� � 10 to 15) is much lower than
that for form I (� � 25 to 75 in bacteria, �80 in higher plants,
and 100 to 240 in nongreen algae) (100).

Purple non-sulfur bacteria possessing RubisCO form II (i.e.,
Rhodobacter, Rhodospirillum, and Rhodopseudomonas) preferen-
tially grow photoheterotrophically under anoxic conditions (7, 64,
101). In addition, many of them have form I enzyme, which is
used in response to carbon limitation (54). Only the form II
enzyme is present in Magnetospirillum strains; accordingly, they
grow autotrophically under microoxic conditions, where the oxy-
genase side reaction of the form II is not of great importance (37).
The obligately autotrophic hydrogen-oxidizing gammaproteobac-
terium Hydrogenovibrio marinus possesses three sets of RubisCO:
i.e., one copy of the form II enzyme and two of form I—cytoplas-
matic and carboxysome associated. They are expressed depending
on the inorganic carbon supply, with form II RubisCO exclusively
expressed under very high CO2 conditions (15%), carboxysomal
form I at 0.15% CO2, and cytoplasmatic form I in between (note,
however, that all three forms are synthesized at ambient air CO2

concentration) (127). Inorganic carbon limitation can also be a
result of alkaliphilic growth conditions, where inorganic carbon
exists preferentially in the form of bicarbonate, which is not a
RubisCO substrate. The occurrence of different RubisCO forms
in the phylogenetic group Hydrogenovibrio/Thiomicrospira/Thioal-
kalimicrobium illustrates the importance of this factor. Hydrog-
enovibrio and related neutrophilic species with three RubisCO
genes may probably represent an ancestral status for this group
(110); alkalitolerant Thiomicrospira pelophila lost the cytoplas-
matic form I RubisCO, whereas obligate alkaliphilc species pos-
sess only the carboxysome-associated enzyme, which is adapted to
support better growth at low CO2 concentration (110).

ROUTE 2: THE REDUCTIVE CITRIC ACID CYCLE
(ARNON-BUCHANAN CYCLE)

The reductive citric acid cycle (or reductive tricarboxylic
acid [rTCA] cycle) was first proposed for the green sulfur
bacterium Chlorobium limicola (Chlorobi) (33, 36, 52). Later

FIG. 2. Photorespiration. RubisCO-catalyzed oxygenation of ribu-
lose-1,5-bisphosphate (enzyme 1) leads to the formation of 3-phospho-
glycerate and 2-phosphoglycolate. 3-Phosphoglycerate returns to the
CB cycle, whereas 2-phosphoglycolate is converted to glycolate by
2-phosphoglycolate phosphatase (enzyme 2). Glycolate can either be
excreted or oxidized to glyoxylate by glycolate dehydrogenase or gly-
colate oxidase (enzyme 3). In the classical pathway functioning in, e.g.,
plants, glyoxylate is converted to glycine by glutamate-glyoxylate ami-
notransferase (enzyme 4) and serine-glyoxylate transaminase (enzyme
5). One molecule of glycine is then oxidized by the glycine decarbox-
ylase complex (enzymes 6) to methylene-tetrahydrofolate (THF),
which reacts with the second glycine molecule in the reaction, cata-
lyzed by serine hydroxymethyltransferase (enzyme 7). The resulting
serine is transaminated to hydroxypyruvate (enzyme 5) and then con-
verted to 3-phosphoglycerate by hydroxypyruvate reductase (enzyme
8) and glycerate kinase (enzyme 9). An alternative pathway of glyoxy-
late assimilation is the condensation of two glyoxylate molecules giving
rise to tartronic semialdehyde (glyoxylate carboligase [enzyme 10]).
Tartronic semialdehyde reductase reaction (enzyme 11) leads to glyc-
erate, and the latter is converted to 3-phosphoglycerate. Ribulose-1,5-
bisphosphate regeneration proceeds via the CB cycle reactions (step
12). In some cases, glyoxylate can also be completely oxidized to CO2
in reactions catalyzed by hydroxyacid dehydrogenase (enzyme 13),
oxalate decarboxylase (enzyme 14), and formate dehydrogenase (en-
zyme 15). All of these pathways can be found in cyanobacteria (27).

VOL. 77, 2011 MINIREVIEW 1927



it was found in anaerobic or microaerobic members of var-
ious other phyla such as Aquificae (11, 49, 92), Proteobacte-
ria (especially of the delta and epsilon subdivisions) (20, 48,
70, 89, 104, 122), and Nitrospirae (e.g., Nitrospira and Lep-
tospirillum) (38, 66, 69). This cycle may in fact be widespread
among anaerobic or microaerobic bacteria, but until now it
had not been found in the archaeal domain (14, 81). It
reverses the reactions of the oxidative citric acid cycle
(Krebs cycle) and forms acetyl-CoA from two CO2s (Fig. 3).
Three reactions of the conventional Krebs cycle are consid-
ered to be irreversible and have to be substituted by other
reactions/enzymes to reverse the cycle: succinate dehydro-
genase is replaced by fumarate reductase, NAD�-depen-
dent 2-oxoglutarate dehydrogenase by ferredoxin-dependent
2-oxoglutarate synthase, and citrate synthase by ATP-citrate
lyase (33, 34, 52). These three enzymes are usually regarded as
the characteristic enzymes of the cycle.

The primary CO2 fixation product of the cycle, acetyl-CoA,
must be further converted to other central intermediates of the
carbon metabolism: i.e., to pyruvate/phosphoenolpyruvate
(PEP), oxaloacetate, and 2-oxoglutarate. Therefore, bacteria
using the rTCA cycle require additional enzymes for acetyl-
CoA assimilation. Acetyl-CoA is reductively carboxylated to
pyruvate by ferredoxin-dependent pyruvate synthase. Pyruvate
can be further converted to PEP. Oxaloacetate is synthesized
in pyruvate or PEP carboxylase reactions (33, 92) (Fig. 3).

Although most of the species using this cycle are meso-
philes, representatives of the Aquificae are thermophiles
growing best at 70°C or above (Aquifex aeolicus up to 95°C).
The most heat-labile intermediate of the cycle is succinyl-
CoA. Its hydrolysis does not result in the formation of any
toxic intermediate and just leads to succinate and CoA, but

it eventually results in a loss of energy, becoming stronger
with temperature increase. In the classical Chlorobium vari-
ant of the cycle (Fig. 3), the reactions involved in further
conversion of succinyl-CoA (up to oxaloacetate and acetyl-
CoA) work preferably in the reverse direction. Conse-
quently, heat-labile succinyl-CoA (24) forms a large pool
and cannot be effectively removed and trapped in stabile
intermediates of the pathway. Aquificae (as studied in Hy-
drogenobacter thermophilus) solve this problem by investing
additional ATP in the conversion of 2-oxoglutarate to isoci-
trate by the combined action of an irreversible biotin-de-
pendent 2-oxoglutarate carboxylase and a nondecarboxylat-
ing isocitrate dehydrogenase (3, 6). Together with low Km

values of 2-oxoglutarate synthase for succinyl-CoA (125),
this probably makes the process reasonably effective and
irreversible at elevated temperatures. Other (mesophilic)
bacteria using the rTCA cycle seem to possess normal re-
versible (decarboxylating) isocitrate dehydrogenase for the
conversion of 2-oxoglutarate to isocitrate (57).

In some species, there are further minor modifications of the
cycle. Citrate cleavage can be catalyzed by two enzymes, citryl-
CoA synthetase and citryl-CoA lyase, rather than by ATP-
citrate lyase. Citryl-CoA synthetase and citryl-CoA lyase are,
however, phylogenetically related to ATP-citrate lyase (4, 5,
49). They were found in representatives of Aquificaceae (but
not in other Aquificae) (4, 5, 49) and proposed for Leptospiril-
lum (66). Furthermore, some proteobacteria (e.g., Magneto-
coccus sp. strain MC-1) probably have a novel type of ATP-
citrate lyase (47, 70, 91).

The rTCA cycle uses both reduced ferredoxin and
NAD(P)H as electron donors. Although the native electron
donor for fumarate reductase in Chlorobium is not known, it
was shown to be NADH in Hydrogenobacter (72). The cycle
requires (at least in Chlorobium) only two ATP equivalents
to form pyruvate (and three additional ATPs to convert it
to triosephosphates) and is therefore less energy-consuming than
the CB cycle. Interestingly, the usage of the rTCA cycle fits
perfectly with the lifestyle of green sulfur bacteria. These bac-
teria possess a FeS photosynthetic reaction center type I ca-
pable of direct reduction of ferredoxin (18). Furthermore, they
are adapted to low light intensities (10, 113), and ATP supply
may therefore be a factor limiting their growth. This is in a
striking contrast to, e.g., purple bacteria, which use the CB
cycle (and the quinone reaction center type II, which produces
the weak reductant [i.e., reduced quinone]) and are adapted to
high light conditions.

Desulfobacter hydrogenophilus uses the rTCA cycle (with
ATP-citrate lyase and 2-oxoglutarate:ferredoxin oxidoreduc-
tase), not only for autotrophic CO2 fixation, but also in the
reversed (oxidative) direction for acetyl-CoA oxidation (89,
109). This underlines the absence of the irreversible steps in
the cycle. Interestingly, in acetate oxidation in D. hydrogenophi-
lus, succinyl-CoA is used for substrate activation by a CoA-
transferase, and ATP synthesis during condensation of acetyl-
CoA and oxaloacetate catalyzed by ATP-citrate lyase is the
only substrate phosphorylation step (89, 109).

Although the rTCA cycle was first discovered in Chlorobium,
it was most intensively studied in the thermophilic aerobic
hydrogen-oxidizing bacterium Hydrogenobacter thermophilus
(Aquificae) (2–6, 72, 92, 124, 125). How can aerobic organisms

FIG. 3. The reductive citric acid (Arnon-Buchanan) cycle as it
functions in green sulfur bacteria (33, 52). The pathway of acetyl-CoA
assimilation to pyruvate, phosphoenolpyruvate (PEP), and oxaloace-
tate is shown as well. For deviations from this variant of the cycle, see
the text. Enzymes: 1, ATP-citrate lyase; 2, malate dehydrogenase; 3,
fumarate hydratase; 4, fumarate reductase (natural electron donor is
not known); 5, succinyl-CoA synthetase; 6, ferredoxin (Fd)-dependent
2-oxoglutarate synthase; 7, isocitrate dehydrogenase; 8, aconitate hy-
dratase; 9, Fd-dependent pyruvate synthase; 10, PEP synthase; 11, PEP
carboxylase.
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make use of enzymes requiring reduced ferredoxin for their
activity, growing at up to 40% of oxygen in the gas phase? The
solubility of oxygen at the optimum growth temperature of
Hydrogenobacter (70°C) is reduced, especially in the cytoplasm,
which is protected by active respiration. Furthermore, the or-
ganism possesses special biochemical adaptations to oxic con-
ditions, such as two isoforms of 2-oxoglutarate:ferredoxin ox-
idoreductase with different sensitivities to molecular oxygen
(124). Under oxic conditions, a five-subunit form of the en-
zyme (that is O2 tolerant) is preferentially synthesized. How-
ever, its robustness comes at the expense of a 	5-times-lower
specific activity, compared to the two-subunit anaerobic 2-oxo-
glutarate:ferredoxin oxidoreductase (125). Therefore, this aer-
obic izoenzyme may probably constitute a substantial part of
the cellular soluble protein under oxic conditions. Interest-
ingly, a similar five-subunit 2-oxoglutarate:ferredoxin oxi-
doreductase was identified in the genomes of aerobic Nitro-
spira and Leptospirillum spp. (66, 69). In addition, some still
unknown mechanisms may contribute to the O2 robustness of
the cycle in aerobes; however, this protection may significantly
increase the energy demands of the cycle. Growth of Nitrospira
and Leptospirillum in biofilms and flocs could offer additional
protection from ambient O2 (69). Note that the mechanism for
ferredoxin reduction in these aerobic organisms is not known.

ROUTE 3: THE REDUCTIVE ACETYL-COA
(WOOD-LJUNGDAHL) PATHWAY

The Wood-Ljungdahl pathway is a noncyclic pathway that
results in the fixation of two CO2 molecules to form acetyl-
CoA, with a coenzyme and an enzyme metal center as CO2

acceptors (67, 78, 80, 123). One molecule of CO2 is reduced to
the level of a methyl group, which is bound to a tetrahydrop-
terin coenzyme (Fig. 4). Another CO2 molecule is reduced to
carbon monoxide bound to nickel in the reaction center of CO
dehydrogenase, which also acts as an acetyl-CoA synthase. It
accepts the methyl group from the methylated tetrahydrop-
terin via a methylated corrinoid protein, combines it with CO
to form an enzyme-bound Ni-acetyl group, and releases this

group with coenzyme A to form acetyl-CoA. This key enzyme
(CO dehydrogenase/acetyl-CoA synthase) may represent a
substantial part of soluble cell protein (e.g., 6 to 9% of soluble
cell protein together with the corrinoid protein in Moorella
thermoacetica) (83). CO dehydrogenase/acetyl-CoA synthase
has common roots in all prokaryotes using this pathway (79), in
contrast to the enzymes involved in the formation of methyl-
tetrahydropterin from CO2.

This pathway is preferred by prokaryotes living close to the
thermodynamic limit, like acetogenic bacteria and methano-
genic archaea. Methanogens and acetogens use the reductive
acetyl-CoA pathway, not only for CO2 fixation but also for
energy conservation via generation of an electrochemical gra-
dient (16, 80, 108). In the process of energy conservation dur-
ing autotrophic growth or fermentation, acetogens generate
acetate, whereas methanogens withdraw methyltetrahy-
dromethanopterine from the pathway and reduce it via methyl
coenzyme M to methane. The reductive acetyl-CoA pathway
functions also in anaerobic ammonia-oxidizing planctomycetes
(98), sulfate-reducing bacteria (Desulfobacterium sp., Deltapro-
teobacteria) (88), and in autotrophic Archaeoglobales (Eur-
yarchaeota) growing by means of anaerobic respiration (114,
115).

The assimilation of acetyl-CoA synthesized in the reductive
acetyl-CoA pathway proceeds via pyruvate synthase, as de-
scribed above for the rTCA cycle. However, the pathways of
2-oxoglutarate synthesis may differ. Many organisms use an
incomplete oxidative (horseshoe) citric acid cycle, in which
2-oxoglutarate oxidation enzyme is lacking (26, 28, 114, 115,
120). Others form 2-oxoglutarate via the reductive branch of
the citric acid cycle, involving ferredoxin-dependent 2-oxoglu-
tarate synthase (35).

There are many variants of the pathway that differ in the use
of coenzymes and electron carriers. The variant of the Wood-
Ljungdahl pathway functioning in methanogens does not re-
quire any additonal ATP input, but chemiosmotical energy is
used for the reduction of ferredoxin and for the reduction of
CO2 to the level of formylmethanofuran. In bacteria, usage of
NADPH instead of reduced ferredoxin for the reduction

FIG. 4. The reductive acetyl-CoA (Wood-Ljungdahl) pathway. One CO2 molecule is reduced to carbon monoxide bound to a nickel atom in
the active center of CO dehydrogenase, and another is reduced to a methyl group bound to the carrier tetrahydropterin; subsequent methyl transfer
to nickel-bound CO leads to acetyl-CoA synthesis. The upper part (red) shows the variant of the pathway functioning in acetogens, and the lower
part (blue) depicts the pathway in methanogens. Fd, ferredoxin; THF, tetrahydrofolate; H4TPT, tetrahydropterin (THF in acetogens and
tetrahydromethanopterin or tetrahydrosarcinopterin in methanogens); MFR, methanofuran; F420, coenzyme F420. Enzymes: 1, formate dehydro-
genase; 2; formyl-THF synthetase; 3, formyl-MFR dehydrogenase; 4, formyl-MFR:tetrahydromethanopterin formyltransferase; 5, methenyl-THF
cyclohydrolase; 6, methenyl-tetrahydromethanopterin cyclohydrolase; 7, methylene-THF dehydrogenase; 8, methylene-tetrahydromethanopterin
dehydrogenase; 9, methylene-THF reductase; 10, methylene-tetrahydromethanopterin reductase; 11, CO dehydrogenase/acetyl-CoA synthase.
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of CO2 in the methyl branch of the pathway dictates the ne-
cessity of spending an additional ATP equivalent for the for-
mation of formyltetrahydrofolate (Fig. 4).

The pathway can also be used for the assimilation of a
variety of C1 compounds like CO, formaldehyde, methanol,
methylamine, methylmercaptane, and methyl groups of aro-
matic O-methyl ethers/esters. Since CO2 reduction to acetate
through the Wood-Ljungdahl pathway does not dissipate ATP,
it can be exploited for channeling electrons produced during
fermentations to CO2 (acetogenesis). Acetoclastic methano-
genic archaea disproportionate acetate through the pathway
into CH4 plus CO2, and hydrogenotrophic methanogens use its
methyl branch for methane formation (accompanied with en-
ergy production), in addition to autotrophic CO2 fixation. In
many organisms, the Wood-Ljungdahl pathway may be re-
versed for the complete oxidation of acetyl-CoA, and some-
times even in organisms which can use it for acetyl-CoA pro-
duction in the course of autotrophic CO2 fixation (42, 88).

The reductive acetyl-CoA pathway functions in psychro-
philes as well as hyperthermophiles. Its currently known upper
temperature limit is the same as the maximum for possible cell
proliferation (Methanopyrus kandleri; 122°C) (105).

The functioning of the pathway requires strict anoxic condi-
tions, since some of its enzymes, notably CO dehydrogenase/
acetyl-CoA synthase, are highly oxygen sensitive. Since organ-
isms possessing the pathway can be isolated from environments
with fluctuating oxygen tensions like soils, they had to evolve
some strategies to deal with oxidative stress. Among these are

the synthesis of enzymes of oxidative response (catalase, per-
oxidase, etc.), switching to other electron acceptors, and sym-
biotic relationships with O2-consuming partners (25, 93). This,
however, does not render oxygen-tolerant organisms into true
aerobes. A related problem of the acetyl-CoA pathway is the
high requirement for metals (Mo or W, Co, Ni, and Fe), which
are water soluble preferentially in the reduced oxidation state
(i.e., under anoxic conditions). Furthermore, the pathway
makes extensive use of coenzymes (tetrahydropterin and co-
balamin); for example, methanogens synthesize up to �2 mg/g
dry mass cobamides (99). Therefore, the demand for metals,
cofactors, and anaerobiosis restricts the pathway to a limited
number of ecological niches, despite its high energetic effi-
ciency.

ROUTE 4: THE HYDROXYPROPIONATE (FUCHS-HOLO)
BI-CYCLE (3-HYDROXYPROPIONATE CYCLE)

The 3-hydroxypropionate cycle was discovered in Chloro-
flexus aurantiacus by Helge Holo, who designed the first draft
of the pathway (45), and Georg Fuchs, whose laboratory closed
and completely elucidated it (44, 97, 130), and is named here
after its discoverers as the “Fuchs-Holo (bi-)cycle.” Originally,
glyoxylate was proposed as the primary CO2 fixation product in
Chloroflexus (97). However, glyoxylate is not a central precur-
sor metabolite, and its conversion to the cellular building
blocks requires a second cycle (44). Therefore, the cycle turned
out to be a bi-cycle (Fig. 5; 130). In the first glyoxylate synthesis

FIG. 5. The 3-hydroxypropionate (Fuchs-Holo) bi-cycle (130). Enzymes: 1, acetyl-CoA carboxylase; 2, malonyl-CoA reductase; 3, propionyl-
CoA synthase; 4, propionyl-CoA carboxylase; 5, methylmalonyl-CoA epimerase; 6, methylmalonyl-CoA mutase; 7, succinyl-CoA:(S)-malate-CoA
transferase; 8, succinate dehydrogenase; 9, fumarate hydratase; 10a, -b, and -c, trifunctional (S)-malyl-CoA (a)/
-methylmalyl-CoA (b)/(S)-
citramalyl-CoA lyase (c); 11, mesaconyl-C1-CoA hydratase; 12, mesaconyl-CoA C1-C4 CoA transferase; 13, mesaconyl-C4-CoA hydratase.
(Reprinted from reference 130 with permission.)
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cycle, acetyl-CoA is carboxylated to malonyl-CoA, which is
further reduced to propionyl-CoA via 3-hydroxypropionate as
a free characteristic intermediate. Subsequent carboxylation of
propionyl-CoA followed by carbon rearrangement yields suc-
cinyl-CoA. Succinyl-CoA is converted to (S)-malyl-CoA, the
second characteristic intermediate of the cycle. (S)-Malyl-CoA
cleavage regenerates the starting molecule acetyl-CoA and
releases glyoxylate as a first carbon fixation product (97). A
second glyoxylate assimilation cycle starts with glyoxylate ad-
dition to propionyl-CoA, forming 
-methylmalyl-CoA, which
in turn is converted via mesaconyl-CoA to citramalyl-CoA. The
latter is cleaved into pyruvate and acetyl-CoA. Acetyl-CoA
conversion to propionyl-CoA occurs as described above, clos-
ing the second cycle (44, 130).

The energy costs of the 3-hydroxypropionate bi-cycle are
high: it requires seven ATP equivalents for the synthesis of
pyruvate and three additional ATPs for triose phosphate.
However, its key carboxylase(s), biotin-dependent acetyl-CoA/
propionyl-CoA carboxylase, is virtually irreversible and uses
bicarbonate as an active inorganic carbon species. This may be
especially advantageous under neutrophilic and alkaliphilic
conditions (i.e., in the natural environment for the organisms
using this pathway).

The 3-hydroxypropionate bi-cycle allows coassimilation of
numerous compounds (e.g., fermentation products like ace-
tate, propionate, and succinate—substrates that are metabo-
lized via acetyl-CoA or propionyl-CoA; or 3-hydroxypropi-
onate, an intermediate in the metabolism of the ubiquitous
osmoprotectant dimethylsulfoniopropionate) (130). This
makes the pathway best suitable for mixotrophy. It functions in
the green non-sulfur phototrophs of the Chloroflexaceae fam-
ily, which grow preferentially under photoheterotrophic con-
ditions. The only autotrophic representative of this family
found so far is Chloroflexus aurantiacus, in which the bi-cycle
was discovered. Although its preferable growth mode is pho-
toheterotrophy, it can grow autotrophically, not only in the
laboratory but also in situ in hot spring microbial mats (112).
The rather limited distribution of the 3-hydroxypropionate bi-
cycle suggests that it was a singular invention and evolved in
the Chloroflexaceae ancestors. Various widespread marine aer-
obic phototrophic bacteria (e.g., Erythrobacter sp. strain NAP1)
harbor genes of a rudimentary 3-hydroxypropionate bi-cycle
required for the conversion of acetyl-CoA to succinyl-CoA
(130). Likewise, the heterotrophic Congregibacter litoralis and
Nitrococcus mobilis and the photoautotrophic Chloroherpeton
thalassium contain the propionyl-CoA synthase gene only.
They are probably used for assimilation of acetate, 3-hy-
droxypropionate, and/or propionate under oligotrophic condi-
tions (130). The 3-hydroxypropinate bi-cycle does not make
use of low-potential electron donors like ferredoxin. This is in
accordance with the quinone-type of photosynthetic reaction
center present in Chloroflexus (18).

An interesting feature of this cycle is the presence of a
number of bi- and multifunctional enzymes (Fig. 5): the path-
way involving 19 steps requires only 13 enzymes (130). It does
not contain oxygen-sensitive steps, and all of its enzymes can
function under aerobic conditions (130). Taking into account
the high efficiency of the carboxylases of the cycle in compar-
ison to RubisCO, the question arises: why this cycle did not
spread over oxygenic phototrophs. Probably, it is not O2 tol-

erant enough. Although B12-dependent methylmalonyl-CoA
mutase can normally be measured and even purified under oxic
conditions, the conditions in the cells of oxygenic phototrophs
are much more tough: combination of saturated oxygen con-
centration and light may result in inadequately high rates of
inactivation of this radical B12-dependent enzyme and its co-
factor, preventing its functioning in these organisms.

ROUTES 5 AND 6: THE 3-HYDROXYPROPIONATE/
4-HYDROXYBUTYRATE AND DICARBOXYLATE/

4-HYDROXYBUTYRATE CYCLES

The 3-hydroxypropionate/4-hydroxybutyrate (hydroxypropi-
onate/hydroxybutyrate) (HP/HB) cycle and the dicarboxylate/
4-hydroxybutyrate (dicarboxylate/hydroxybutyrate) (DC/HB)
cycle are two autotrophic CO2 fixation cycles recently de-
scribed in Crenarchaeota (13, 46). In both cycles (named to-
gether as the 4-hydroxybutyrate cycles), acetyl-CoA and two
inorganic carbons are converted to succinyl-CoA, although this
is accomplished with different carboxylases (Fig. 6). In the
HP/HB cycle, acetyl-CoA/propionyl-CoA carboxylase fixes two
molecules of bicarbonate, and in the DC/HB cycle, pyruvate
synthase and PEP carboxylase are the two carboxylating en-
zymes. Yet, the regeneration of acetyl-CoA, the primary CO2

acceptor, from succinyl-CoA proceeds through the same inter-
mediates in both pathways. Succinyl-CoA is reduced to 4-hy-
droxybutyrate, which is then activated to 4-hydroxybutyryl-
CoA. Its dehydratation to crotonyl-CoA is catalyzed by
4-hydroxybutyryl-CoA dehydratase, which is considered a key
enzyme of both cycles. Crotonyl-CoA is oxidized to aceto-
acetyl-CoA and cleaved into two acetyl-CoA molecules, closing
the cycle(s) and generating an additional molecule of acetyl-
CoA for biosynthesis. While both cycles produce acetyl-CoA,
they differ with respect to how they are linked to the central
carbon metabolism. The anaerobic DC/HB cycle uses pyruvate
synthase to synthesize pyruvate and from there the other cen-
tral precusor molecules. The aerobic HP/HB cycle requires
another half turn of the cycle to make succinyl-CoA, which is
oxidatively converted to oxaloacetate, pyruvate, and PEP (31).

Although the 4-hydroxybutyrate cycles share many common
enzymes and intermediates, the fundamental difference lies in
their sensitivity to oxygen. The enzymes of the HP/HB cycle
tolerate oxygen. Even though 4-hydroxybutyryl-CoA dehy-
dratase is a radical enzyme and is inactivated by oxygen in
clostridia, it seems to be sufficiently robust to oxygen in Cren-
archaeota (15). In contrast, the oxygen sensitivity of some of
the enzymes and electron carriers of the DC/HB cycle (i.e.,
pyruvate synthase and ferredoxin) restricts this cycle to organ-
isms growing under anoxic conditions. Consequently, the
HP/HB cycle functions in (micro)aerobic Sulfolobales (13–15),
and the DC/HB cycle is present in mostly anaerobic autotro-
phic representatives of Thermoproteales and Desulfurococcales
(14, 46, 81). The presence of genes coding for the characteristic
enzymes of the HP/HB cycle in the mesophilic aerobic “marine
group I” Archaea (“Thaumarchaeota”) suggests that these
abundant marine archaea also use this cycle (13, 41, 117).

Interestingly, Stygiolobus azoricus, a strictly anaerobic repre-
sentative of Sulfolobales, has turned to an anaerobic lifestyle
while keeping its enzyme outfit and using the aerobic HP/HB
cycle (15). On the contrary, the anaerobic DC/HB cycle func-
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tions in a facultative aerobe of the Desulfurococcales, Pyrolobus
fumarii (15). However, its growth is possible only at very low
O2 concentrations (up to 0.3% in the gas phase) (17), and the
actual conditions in the cytoplasm of actively respiring cells are
probably anoxic, especially at the optimal growth temperature
of 106°C.

Many Crenarchaeota are (hyper)thermophilic organisms (for
example, P. fumarii grows up to 113°C) (17), and their meta-
bolic pathways must cope with the hot environment. Although
succinyl-CoA occurring in both cycles can easily be hydrolyzed
under thermophilic conditions, its further conversion in the
cycle is highly exergonic. Moreover, this conversion is catalyzed
by enzymes which are fairly active and exhibit high affinity for
succinyl-CoA (13, 62, 82), ensuring its effective conversion into
stabile intermediates.

In terms of ATP costs, both cycles are expensive; as usual, the
anaerobic one is “cheaper” but uses low-potential electron accep-
tors (Fig. 6). The synthesis of one pyruvate requires five ATP
equivalents in the DC/HB cycle (one pyrophosphate is formed)
and nine ATP equivalents in the HP/HB cycle (generating three
molecules of pyrophosphate). The synthesis of one triose phos-
phate (for gluconeogenesis) from pyruvate needs three additional

ATP equivalents; however, Archaea usually do not possess large
polysaccharide cell walls and therefore require only small
amounts of sugars (see, for example, references 39 and 128),
leaving pyruvate and acetyl-CoA as the main biosynthetic
precursors. Note that pyrophosphate may serve as an energy
source, if its hydrolysis is catalyzed by a membrane-bound
pyrophosphatase. This would improve the ATP balance of
the HP/HB cycle.

As we have seen, other autotrophic pathways are formally
more energetically efficient than the 4-hydroxybutyrate cycles:
then why have they been this successful during evolution?
Possibly, their thermotolerance is an important feature for
hyperthermophilic crenarchaea. Moreover, the 4-hydroxybu-
tyrate cycles do not have as high demands for metals and
coenzymes as the Wood-Ljungdahl pathway. Furthermore, the
postulated functioning of the HP/HB cycle in mesophilic “ma-
rine group I” archaea representing �20% of all picoplankton
cells in the world oceans (58) may indicate that this strategy is
highly successful in mesophiles as well. The key to success here
is probably the O2 robustness of the cycle; the absence of a
wasteful oxygenase side reaction; and its specificity for bicar-

FIG. 6. The 4-hydroxybutyrate cycles of autotrophic CO2 fixation (14). (A) The dicarboxylate/4-hydroxybutyrate cycle functioning in Desulfu-
rococcales and Thermoproteales; (B) the 3-hydroxypropionate/4-hydroxybutyrate cycle functioning in Sulfolobales. Note that succinyl-CoA reduc-
tase in Thermoproteales and Sulfolobales uses NADPH (13, 62, 81, 82) and probably reduced ferredoxin (Fdred) in Desulfurococcales (15, 46).
Enzymes: 1, pyruvate synthase; 2, pyruvate:water dikinase; 3, PEP carboxylase; 4, malate dehydrogenase; 5, fumarate hydratase; 6, fumarate
reductase (natural electron acceptor is not known); 7, succinyl-CoA synthetase; 8, acetyl-CoA/propionyl-CoA carboxylase; 9, malonyl-CoA
reductase; 10, malonic semialdehyde reductase; 11, 3-hydroxypropionate-CoA ligase; 12, 3-hydroxypropionyl-CoA dehydratase; 13, acryloyl-
CoA reductase; 14, methylmalonyl-CoA epimerase; 15, methylmalonyl-CoA mutase; 16, succinyl-CoA reductase; 17, succinic semialdehyde
reductase; 18, 4-hydroxybutyrate-CoA ligase; 19, 4-hydroxybutyryl-CoA dehydratase; 20, crotonyl-CoA hydratase; 21, (S)-3-hydroxybutyryl-CoA
dehydrogenase (NAD�); 22, acetoacetyl-CoA 
-ketothiolase. Fd, ferredoxin. (Adapted from reference 14.)
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bonate (not CO2), which is the main inorganic carbon species
in slightly alkaline marine water.

Interestingly, the 3-hydroxypropionate part of the HP/HB
cycle resembles the first part of the Chloroflexus 3-hydroxypro-
pionate bi-cycle (Fig. 5 and 6). However, the enzymes cata-
lyzing the conversion of malonyl-CoA to propionyl-CoA are
not homologous (13, 14, 130), and these pathways evolved
independently in archaea and Chloroflexaceae, giving an im-
pressive example of a convergent evolution. This emphasizes
that carboxyphosphate, which is used in the biotin-dependent
carboxylase reactions, might be an attractive model for carbon
fixation during chemoevolution.

COEXISTENCE OF DIFFERENT AUTOTROPHIC
PATHWAYS IN ONE SPECIES

An uncultured endosymbiont (gammaproteobacteria) of a
deep-sea tube worm possesses the CB cycle and the rTCA
cycle and uses them, depending on the energy supply. In a
high-energy situation, the symbiont fixes CO2 via the CB cycle,
whereas under low-energy conditions, it switches to the ener-
getically more favorable rTCA cycle (70). This allows us to
speculate that the conditional usage of different CO2 fixation
pathways may be especially advantageous for bacterial symbi-
onts. The regular movement of the host between oxic and
anoxic zones results in the periodical (not fluctuational)
changes in oxygen and reductant supply and allows the host to
combine the energetically efficient anaerobic pathway with the
less efficient but aerobic one.

There are further examples of organisms in which the ge-
nome analysis suggests the presence of two different autotro-
phic pathways. Ammonifex degensii (Clostridia) and Ferroglobus
placidus (Archaeoglobales, Euryarchaeota) possess genes en-
coding the key enzymes of the reductive acetyl-CoA pathway;
in addition, their genomes harbor genes for the archaeal form
III RubisCO as well as for a putative phosphoribulokinase
(both genomes are available at http://www.jgi.doe.gov). The
possible presence of the CB cycle in these organisms needs to
be addressed experimentally. In conclusion, although there is
only one example of the coexistence of two autotrophic path-
ways in one species, this strategy may give an advantage for
those organisms living under varying environmental condi-
tions.

REASONS BEHIND DIVERSITY:
CONCLUDING REMARKS

According to the “metabolism first” theory, life started in a
hydrothermal vent setting in the Hadean ocean with catalytic
metal sulfide surfaces or compartments (71, 116), and the
reductive acetyl-CoA pathway may have evolved as the first
metabolic cycle (14, 34, 84, 123). The further distribution of life
drove the first organisms into diverse ecological niches, con-
fronting them with different problems; this led to the appear-
ance of new metabolic strategies. Not only were the conditions
different, the organisms diversified as well, thus creating addi-
tional factors that influenced their metabolism. Indeed, an
autotrophic pathway centered around sugars is probably not
beneficial for those organisms, which barely produce them
(e.g., autotrophic archaea); the organisms directly reducing

ferredoxin during photosynthesis may profit from the usage of
this low-potential electron donor for CO2 fixation (e.g., green
sulfur bacteria). For the pathways possessing only one or two
characteristic enzymes (e.g., the CB cycle or the rTCA cycle),
the lateral gene transfer might significantly facilitate their dis-
tribution. RubisCO genes are often carried on plasmids (64);
even lateral transfer of the more complicated pathways is prob-
ably not unprecedented (22).

One of the most important ecological factors in the modern
biosphere is the presence and concentration of oxygen. Al-
though the aerobic pathways require generally higher input of
energy, the corresponding organisms profit from the higher
energetic productivity of aerobic metabolism. Oxygen is an
important factor for anaerobes as well, since they often have to
cope with fluctuating concentrations of this compound in their
environment and therefore need additional protection against
oxidative stress.

Life at the thermodynamical limit does not favor the usage
of metabolic schemes with high energy demands. For example,
anaerobic methane oxidation with sulfate is thermodynami-
cally less favorable than O2-mediated “anaerobic” methane
oxidation with nitrite, and autotrophy proceeds in these species
either via the reductive acetyl-CoA pathway or the CB cycle,
with respect to the energy demands (32, 40). The reversibility
of the reductive acetyl-CoA pathway and the rTCA cycle may
give additional metabolic plasticity to the organisms possessing
these pathways. However, the usage of a more energetically
efficient pathway is not necessarily advantageous, since it en-
sures the higher growth yields but may result in slower growth
rates.

(Hyper)thermophiles must cope with the heat instability of
some of their metabolites. Such metabolites should be con-
verted quickly and effectively into more stable compounds in
order to prevent their breakdown. The triose phosphate glyc-
eraldehyde-3-phosphate is a striking example. This heat-labile
compound, probably governing the temperature limits of the
CB cycle, is also an intermediate in glycolysis and gluconeo-
genesis. In (hyper)thermophiles, glycolysis and gluconeogene-
sis have some deviations from the classical form. In glycolysis,
glyceraldehyde-3-phosphate oxidation to 3-phosphoglycerate
is irreversible, nonphosphorylative, and highly exergonic (90).
In gluconeogenesis, the quick removal of triose phosphates
in stabile fructose-6-phosphate is catalyzed by the bifunc-
tional (unidirectional) fructose-1,6-bisphosphate aldolase/
phosphatase, which is even regarded as one of the determi-
nants of hyperthermophily (87).

How many CO2 fixation pathways exist in nature? Is the
autotrophic repertoire exhausted with the six routes described
so far? Possibly not. From genome analyses, we know, that
some autotrophs do not possess genes of any known autotro-
phic CO2 fixation pathway (e.g., Pyrobaculum arsenaticum and
Ferroplasma acidiphilum) (14). Furthermore, RubisCO dele-
tion mutants of Rhodobacter sphaeroides and Rhodospirillum
rubrum were able to grow autotrophically under certain con-
ditions, although the growth rates were extremely low (119).
The biochemistry of this phenomenon is unknown (55). Does
this hidden pathway participate in CO2 fixation in the wild-type
strain, or is this an example of evolution in the laboratory? If
the latter is true, it will show how novel pathways could evolve
following the mutational loss of the existing features and the
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experiencing of environmental pressure. With our current
knowledge of CO2 fixation pathways, we can now design au-
totrophic pathways with given properties (9), and even a ratio-
nal design of novel carboxylases on the scaffold of already
known enzymes is possible (30). After more than 70 years of
research on autotrophic CO2 fixation, this topic is still an
exciting subject for future fundamental and applied research.
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91. Schübbe, S., et al. 2009. Complete genome sequence of the chemolithoau-
totrophic marine magnetotactic coccus strain MC-1. Appl. Environ. Micro-
biol. 75:4835–4852.

92. Shiba, H., T. Kawasumi, Y. Igarashi, T. Kodama, and Y. Minoda. 1985. The
CO2 assimilation via the reductive tricarboxylic acid cycle in an obligately
autotrophic, aerobic hydrogen-oxidizing bacterium, Hydrogenobacter ther-
mophilus. Arch. Microbiol. 141:198–203.

93. Shima, S., et al. 2001. Characterization of a heme-dependent catalase from
Methanobrevibacter arboriphilus. Appl. Environ. Microbiol. 67:3041–3045.

94. Shively, J. M., F. Ball, D. H. Brown, and R. E. Saunders. 1973. Functional
organelles in prokaryotes: polyhedral inclusions (carboxysomes) of Thioba-
cillus neapolitanus. Science 182:584–586.

95. Shively, J. M., G. van Keulen, and W. G. Meijer. 1998. Something from
almost nothing: carbon dioxide fixation in chemoautotrophs. Annu. Rev.
Microbiol. 52:191–230.

96. Spreitzer, R. J. 2003. Role of the small subunit in ribulose-1,5-bisphosphate
carboxylase/oxygenase. Arch. Biochem. Biophys. 414:141–149.

97. Strauss, G., and G. Fuchs. 1993. Enzymes of a novel autotrophic CO2
fixation pathway in the phototrophic bacterium Chloroflexus aurantiacus,
the 3-hydroxypropionate cycle. Eur. J. Biochem. 215:633–643.

98. Strous, M., et al. 2006. Deciphering the evolution and metabolism of an
anammox bacterium from a community genome. Nature 440:790–794.
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