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Summary. In recent decades, a number of hypotheses on the autotrophic origin of life have been presented. These proposals
invoke the emergence of reaction networks leading from CO or CO, to the organic molecules required for life. It has also been
suggested that the last (universal) common ancestor (LCA or LUCA) of all extant cell lineages was a chemolitho-autotrophic
thermophilic anaerobe. The antiquity of some carbon fixation pathways, the phylogenetic basal distribution of some autotrophic
organisms, and the catalytic properties of iron-sulfur minerals have been advanced in support of these ideas. Here we critically
examine the phylogenetic distribution and evolution of enzymes that are essential for two of the most ancient autotrophic means
of metabolism: the reductive tricarboxylic acid (rTCA) cycle and the reductive acetyl-CoA pathway. Phylogenetic analysis of
citryl-CoA synthetase and of citryl-CoA lyase, key enzymatic components of the rTCA cycle, and of CO dehydrogenase/acetyl-
CoA synthase, a key enzyme in the reductive acetyl-CoA pathway, revealed that all three enzymes have undergone major lateral
transfer events and therefore cannot be used as proof of the LCA’s metabolic abilities nor as evidence of an autotrophic origin
of life. [Int Microbiol 2014; 17(2):91-97]
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Introduction

Although a heterotrophic origin of life based on the prebiotic
synthesis and accumulation of organic compounds is support-
ed by several major lines of evidence [2], other, competing
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alternatives that advocate an autotrophic emergence of living
systems have been suggested as well [20,28,30,34]. An auto-
trophic origin of life, i.e., the hypothesis that the first organ-
isms fed on CO, as sole carbon source, was proposed in the
19th century. However, in recent decades this proposal has
been reassessed, based on biochemical analyses and new geo-
chemical data. Both sources invoke the emergence of reaction
networks leading from CO or CO, to the organic molecules
required for life [23]. One of the most well-articulated pro-
posals was that of Wachtershiuser [34], who argued that life
began without genetic information and with the appearance of
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a prebiotic autocatalytic reductive tricarboxylic acid (rTCA)
cycle (also called the reductive citric acid cycle, reverse Krebs
cycle, or Arnon cycle), which is assumed to be originally
based on the formation of the highly insoluble mineral pyrite
in sulfur-rich hydrothermal environments. The fact that this
mode of carbon fixation is found in the most deeply divergent
bacteria, i.c., Aquificales, has been used as evidence of its
primitive character [35]. The geochemical emergence of a
primitive version of the reductive acetyl-CoA pathway (or
Wood-Ljungdahl pathway) associated with the FeS-rich min-
eral boundaries of alkaline hydrothermal vents was proposed
by Russell and Hall [20,28]. Accordingly, it has also been sug-
gested that the last common ancestor (LCA) of all extant cell
lineages was a chemolitho-autotrophic thermophilic anaerobe
[19,31,36].

Nonetheless, the hypothesis that the first organisms on
Earth could fix carbon is far from proven, since the ultimate
nature of the first life form is unknown. Phylogenetic analysis
using comparative genomics offers clues to the nature of the
LCA and could provide evidence of its ability to fix carbon.
Even so, the attributes of the first living entities are unknown
and a cladistic approach to the origin of life is not feasible,
given that all possible intermediate organisms that may have
once existed have long since vanished [2,17]. Moreover, it is
not possible to extend an investigation beyond the threshold
that corresponds to a period of cellular evolution in which
protein biosynthesis was already in operation, i.e., the RNA/
protein world [3].

With these caveats, a few clues about the early evolution
of autotrophy have been acquired, by searching in modern ge-
nomes. Extant beings are able to fix carbon in at least six dif-
ferent ways, namely: the reductive pentose phosphate cycle
(Calvin—Benson cycle), the rTCA cycle, the reductive acetyl-
CoA pathway, the dicarboxylate/4-hydroxybutyrate cycle, the
3-hydroxypropionate/4-hydroxybutyrate cycle, and the 3-hy-
droxybutyrate bicycle [13,14]. Here we critically examine the
distribution and phylogenetic evolution of enzymes that are
essential for the purportedly most ancient autotrophic path-
ways, i.e., the rTCA cycle and the reductive acetyl-CoA path-
way [6, 22]. We analyzed sequences from citryl-CoA synthe-
tase and citryl-CoA lyase, two enzymes participating in the
rTCA cycle, and CO dehydrogenase/acetyl-CoA synthase,
from the reductive acetyl-CoA pathway. Our results show that
the early evolution of autotrophy was not free from horizontal
gene transfer. Thus, these pathways cannot be invoked as
proof of the LCA’s metabolic abilities, nor as evidence of an
autotrophic origin of life in volcanic environments rich in
transition-metal sulfides.

Materials and methods

Sequences and genomes. The query sequences citryl-CoA synthetase
(hth:HTH_1737), citryl-CoA lyase (hth:HTH 0311), acetyl-CoA synthase
(mta:Moth_1202), and CO dehydrogenase subunits (mta:Moth 1203) were
retrieved, respectively, from the completely sequenced Hydrogenobacter
thermophilus and Moorella thermoacetica genomes available in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) [16]. Reports on biochemical
information were collected from KEGG, BRENDA [29], MetaCyc [7], and
PDB [5] databases.

Search for homologous genes. Searches for homologous proteins
were carried out by comparing the query sequences to the genomes database
in the KEGG, using BLAST searches of its platform [http://www.genome.jp/
tools/blast/]. The BLASTP cutoff value for homologous identification was set
ate <1 x107 and an identity >34 %.

Phylogenetic analysis. The amino acids sequences of each enzyme
were aligned using MUSCLE 3 [12] software with default parameters.
Neighbor-joining (500 bootstrap replications, maximum composite likeli-
hood distance estimation, and uniform rates among sites) and maximum-
likelihood (model Kimura-2P plus gamma distribution with invariant sites,
selected according to the Bayesian information criterion, 500 bootstrap repli-
cations) phylogenetic trees were constructed using MEGAS software [33].
The root of the trees was placed using the midpoint method.

Results and Discussion

The rTCA cycle can be defined as the (oxidative) Krebs cycle
running in reverse (Fig. 1A). While the Krebs cycle is a cen-
tral pathway in many organisms and is used to oxidize acetyl-
CoA to CO, and to generate intermediates for biosynthesis,
the rTCA cycle allows the inverse process, i.¢., the biosynthe-
sis of acetyl-CoA from two molecules of CO, [14]. Following
its discovery in the anaerobic green sulphur photosynthetic
bacterium Chlorobium limicola, this autotrophic pathway has
been detected in strict anaerobic (and microaerobic) bacteria,
such as some members of Aquificales [13]. Many of the en-
zymes involved in the rTCA and Krebs pathways are the
same, with the exception of the key enzymes that allow the
cycle to run in reverse, namely: 2-oxoglutarate synthase
(2-oxoglutarate:ferredoxin oxidoreductase), fumarate reduc-
tase, and the citrate-cleaving enzymes [13,14].

The key step of the rTCA cycle is the ATP-dependent
cleavage of citrate into acetyl-CoA and oxaloacetate [14]. In
different species, this essential reaction is catalyzed by ATP
citrate lyase (ACL; EC 2.3.3.8) in one step or by citryl-CoA
synthetase (CCS; EC 6.2.1.18) and citryl-CoA lyase (CCL;
EC 4.1.3.34) in two steps. Sequence analysis supports the origin
of ACL through the fusion of the gene encoding CCS and CCL.
Hence, ACL is a derived sequence and our study focused on
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Fig. 1. Reaction schemes of (A) the rTCA cycle and (B) the Wood—Ljungdahl pathway.

its parental enzymes (CCS/CCL). Furthermore, a common
ancestry has been demonstrated between CCS and succinyl-
CoA synthetase (SCS) and between CCL and citrate synthase
(CS), both of which participate in the Krebs cycle [1].

A feasible evolutionary history of the reaction was proposed
by Aoshima [1], who suggested that CCS and CCL activities
would be the plesiomorphic state of SCS and CS, respectively.
This idea is congruous with the hypothesis of an earliest ap-
pearance of a primitive version of the rTCA cycle, as pro-
posed by Waichtershduser [34]. However, our phylogenetic
analysis based on the primary structure of the enzymes does
not support Aoshima’s hypothesis [1]; instead, the results in-
dicate a horizontal gene transfer between archaea and hyper-
thermophilic bacteria. As shown in Fig. 2A, the CCS clade
from hyperthermophilic bacteria does not appear as a sister
group of the SCS bacterial clade. Similar results were ob-
tained with the phylogenetic tree of CCL and CS (Fig. 2B).

The reductive acetyl-CoA pathway was discovered and
described in acetogenic bacteria by the laboratories of Wood,
Ljungdahl, Thauer, and others [4,13]. This pathway is a linear

metabolic route in which two molecules of CO, (or CO, and
CO) are combined directly to form acetyl-CoA (Fig. 1B). The
pathway can be divided into two branches: the methyl or
“eastern” branch, in which CO, is sequentially reduced to a
cofactor-bound methyl residue, and the carbonyl or “western”
branch, in which another molecule of CO, is reduced to an
enzyme-bound carbonyl residue [14,25]. The key enzyme in
this pathway is CO dehydrogenase/acetyl-CoA synthase
(CODH/ACS; EC 1.2.7.4/2.3.1.169), which has a metallic
cluster integrated by iron, sulfur, nickel, zinc, and/or copper
[10], although the most active form seems to be Ni-Ni-[4Fe-
4S] [32]. CODH/ACS is a bifunctional catalyst that reduces
CO, to carbon monoxide, forming the carbonyl group of ace-
tyl-CoA, and catalyzes the synthesis of acetyl-CoA [10,24].
This enzyme is found both in anaerobic archaea and in che-
moautotrophic bacteria [4,13,14].

Based on its catalytic activity and metabolic function, the
acetyl-CoA synthase of CODH/ACS is a class I enzyme.
Since this class is thought to be older than class II [18],
CODH/ACS was the focus of our study. Moreover, it has been



BECERRA ET AL.

94 INT. MicrogioL. Vol. 17, 2014
© © 8
2 & 8 o & e S &
O S $EF s g e : 2228 s
A 1 L I 5% % 1553858 £ o
% 5 % 5 E Y S &S %% %3 23285588
% 3 IR A S 2% 2% % 533558888 S
o b o 2 =23 s 5 & S 1% % 0%% N S
PO T A FES S & R FEESS S
4 (4 2, 8 § 9 \Y/y $ 4, % K B BB g& NN
<x o2 ) %, 2, %, % % NS 4
%, % > = EYN N Yoy %, F R, 5 3 2 &L ©
% C3 % 2 LA %, Y 0 %, 2 5 § Y K o
9N Yo, © - B o %, %, 0, %7 2 ) & & m\a O & & e
L 7 % © 9 o “, é’n?@q"o B\ B S SINIFN o A
2, L2 % 3 S & o o % T35 2 b S
% ¢ Q o Yoy AR, 8, > S NS o
g %: ¢ 7 ¥ o Vorg . 7y, = ST o
Uy % & o e, seosso % D o @
L73,, & R o a7 G5 2 @ N&“ A\
8 CS N A% m O ). & 1@ \,\03
Mot ° ® © ey %10 G B T s
045, §e 3 mp, " Ogg, % o et 2
Mr 02 Y Mps, ). 05 % XN N @ R
~MFEs40, can- mi 07, % @ R ek
622‘00 53 o S ba Moy 4 27 D Pt 2
6 0S_0920 ac 0715 4 s POS '
mia_y g, ® qaf_DEFO>- MAo24g /2> 2 o Ter0 0
0 100 % ® . Mma M 155, i S0 o Spirs 3332
mvu_Metvy_1599 % o 11— fsi_Flexsi_06 M Nmar 1099 — sey 2 a2 5 . bph Byhy 4826
- csy CENSYa 0802 100 b PPUBIRD1 2077
6 d: D: ppl
mif_Metin_0380 - lap_Dacst 2345 abi Aboo 1467 - = 3 00 15 = it Rleg2 6289
0282 & 6
1650 2 tr_Tter_02gg vmo VMUT e wﬁw = 5 1 phi KKy g1
mig_Metio— 74 vaivdis 1 206 % 7o 2995903 191400
Cex_cg, nea 0’ Mes e,
ook 0% ¢ 10200 e O e TR o > 7 oy g 09477
ok 5 > Plo gy, EY Fmgs of Y 2 fig, “fcs3,8
aen® S ~"7010p4 uf 18 & 8 P k5 U,
wo o ” ab; 0% o b, I 89,
« o o & 4 EAat *® 3l M Y8y, G2
O " 44 .09, SR o N G, 5 Y4, 23 649
o o %, £ g R 8 & vy, Yy
o 3 > G s G L, 4 0%,
N S SASPSYINE, 4, a5, NI & o VO s, 0
&7 38 P T e SIS 0.7, 55, Yo
e R4 K & e 3 3 BN
& &8 R . < % %, POMEMS Lo S A e N %% e%;eo
g 5
& S g 5 L % B IO 58 580 %
SR SV R 5 ©° ‘% 7% TV Lo PN 3
s L L &g ! A A Y L g IS I snnnngaistnns B e v
§ & EF L F F 8% LT ooy T & oLosFBEE2E5225% %y
LA E RS Ry ® SO RN FEfr22928258%0° %
S & s S 3 8 % 3 B PR SBEE2232%3%0 % kN
5L E 2 2 8 5 3 B ° TEFEPSSRIETRDALR
g 8 § 3 3% 0 SFEEEERINE RV 8
¢ 5 ¢ g8 8 3 s§¥sd3s B %
g & @ $ © kS
. succinyl-CoA synthetase from Bacteria (6.2.1.5) . citrate synthase from Bacteria (2.3.3.1)
. succinyl-CoA synthetase from Archaea (6.2.1.5) . citrate synthase from Archaea(2.3.3.1) 5
s
. citryl-CoA synthetase from hyperthermophilic Bacteria (6.2.1.18) . citryl-CoA lyase from hyperthermophilic Bacteria (4.1.3.34) 5
=
k=

Fig. 2. Maximum-likelihood tree (bootstrap 500 replicates) from the amino acid sequences of (A) citryl-CoA synthetase and succinyl-CoA synthetase and (B)
citryl-CoA lyase and citrate synthase. The colors of the clades describe the function and taxonomy of the OTUs. The root of the trees was placed using the

midpoint method.

proposed as one of the oldest enzymes of life, responsible for the
ability of early organisms to live in CO,-rich atmospheres [11].
CODH/ACS is a o, heterotetramer that catalyzes two
different reactions using seven metalloclusters. The B-subunit
is involved in the CODH activity that generates CO from CO,,
and the o subunit in the ACS activity that synthesizes acetyl-
CoA [9]. The subunits were found to differ in their phyloge-
netic distribution (Fig. 3). Also, there were more [-subunits
and the topology of the archaeal subunit was more intricate.
These findings can be explained in part by considering CODH
as occurring within a large group of bacteria that includes car-
boxydotrophic bacteria, species of anaerobic acetogenic bac-
teria, sulfate-reducing bacteria and archaea, phototrophic bac-
teria, hydrogenogenic bacteria, and methanogenic archaea
[8]. Moreover, CODH is present in a larger number of organ-
isms as a monofunctional enzyme than as a bifunctional activ-
ity together with the ACS subunit [15]. The topology of the

a-subunit tree is defined by two distinct major clades, one
containing the majority of archaeal subunits and another that
includes all bacteria. However, a well-supported branch of
four methanoarchaea appears as the root of the bacterial clade,
suggesting horizontal gene transfer from Archaea to Bacteria
(Fig. 3A).
Furthermore, CODH/ACS is an enzymatic complex that
requires Ni-S-Fe clusters to transfer electrons, i.e., the 2Ni—
[4Fe—4S] cluster (A-cluster) of the a-subunit and the [Ni—
4Fe—5S] cluster (C-cluster) of the B-subunit. Both CODH and
ACS are highly specialized enzymes that require specific
chaperone systems for their assembly [21,27]. The role of the
Fe—S clusters in catalysis is to funnel electrons onto an assem-
bly line that opens and closes in order to catalyze the conden-
sation of CO with a methyl moiety and then “pump out” ace-
tyl-CoA [9]. This complex molecular machinery implies that
the activity of CODH/ACS is an evolutionary innovation,
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Fig. 3. Maximum-likelihood tree (bootstrap 500 replicates) from the amino acid sequences of CO dehydrogenase/acetyl-CoA synthase: (A) the a-subunit ACS
(EC 2.3.1.169) and (B) the B-subunit of CODH (EC 1.2.7.4; 1.2.99.2). The colors of the clades describe the taxonomy of the OTUs. The root of the trees was

placed using the midpoint method.

involving the repurposing of a large number of pre-existing
components. It also implies that CODH/ACS was not present
at the very early stages of the evolution of life, but was pre-
ceded by a long evolutionary history. This possibility is sup-
ported by the phylogenetic distribution of the subunits, which
suggests that the enzyme appeared after the divergence of the
ancestral LCA/ LUCA population.

Our phylogenetic analysis of the citrate-cleaving enzymes
participating in the rTCA cycle argue against the hypothesis
of Aoshima [1], because these enzymes are not the plesiomor-
phic version of their homologous counterparts in the oxida-
tive Krebs cycle. Instead, if the key enzymes that allow the
Krebs cycle to run in reverse derive from older versions, then
it is reasonable to propose that the enzymes required for the
oxidative citric acid cycle were present on Earth earlier than
those of the rTCA cycle. Phylogenetic analysis of the funda-
mental citrate-cleaving enzymes, CCS and CCL, do not sup-

port the presence of a complete rTCA cycle in the LCA, since
both were acquired by horizontal gene transfer, from archaeal
homologs participating in Krebs-cycle-like activities to bacte-
ria. Moreover, the autotrophic growth of the strictly anaerobic
Thermoproteales can be explained in full by the dicar-
boxylate/4-hydroxybutyrate cycle rather than by the rTCA
cycle, as was initially proposed [4,13,26]. In summary, cur-
rent evidence strongly suggests that the rTCA cycle is an idio-
syncratic pathway of the bacterial domain that evolved after
the LCA.

Similar conclusions can be derived from the phylogenetic
analysis of the subunits of the bifunctional enzyme CODH/
ACS, an essential component of the Wood-Ljungdahl path-
way. Despite its wide distribution and diverse activities, there
is no evidence that the B-subunit of CODH was present in the
LCA. The same holds true for the a-subunit (ACS), which
was clearly acquired from methanoarchaea. The bifunctional
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CO dehydrogenase/acetyl-CoA synthase must have emerged
after its components and could have not been present during
the LCA’s epoch. Since both subunits are part of the Cdh-A-E
complex of methanogens, then the CODH/ACS enzymes of
the extant reductive acetyl-CoA pathway must have derived
from those utilized by methanogens.

It is of course possible that the LCA was an autotrophic
organism. However, this hypothesis is not supported by our
results on the key enzymes from the oldest CO, fixation path-
ways. More studies, including a better phylogenetic represen-
tation of the most basal lineages in both prokaryotic domains,
are needed to reveal the metabolic abilities of the LCA, and
especially to determine whether it was a heterotrophic or an
autotrophic organism.

As noted herein and discussed elsewhere [3,17], the origin
of life is not amenable to phylogenetic analysis, since molecu-
lar cladistics and comparative genomics cannot be extended
beyond a threshold that corresponds to a period of cellular
evolution in which protein biosynthesis was already in opera-
tion. Accordingly, the genome distribution of enzymes from
the rTCA cycle and the reductive acetyl-CoA pathway or even
the presence of these metabolic routes is not evidence for an
autotrophic origin of life.
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