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ABSTRACT

With the identification of an archaeal Last Universal Common
Ancestor (LUCA) related to the archaeon Methanopyrus, the
origin of Bacteria became a choice between autonomic
development versus descent from Archaea. The similarity
bitscores between paralogous valyl-tRNA synthetase (VARS) and
isoleucyl-tRNA synthetase (IARS) suggest that the five oldest
bacteria

were Mabhella australiensis, Thermincola potens,

Halobacteroides halobius, Desulfosporosinus orientis and
Caldicellulosiruptor lactoaceticus, which were all Clostridia
species and hydrogen producers. A search for archaea that could
be a candidate Progenitor of Bacteria endowed with an Emden-
Myerhof-Parnas type glycolytic pathway and a clostridial-like
dark-fermentation mechanism for generating hydrogen pointed
to such a role for the anaerobic chemoorganotroph Thermococci,
which were known to engage in rapid evolutionary changes at
high-biodiversity sites abundant in sugars and other small
molecular substrates, and constitute together with Clostridia the
two most powerful microbial generators of hydrogen. Moreover,
two-domain  maximum-likelihood and maximum-parsimony
phylogenetic trees for VARS showed that Thermococci and
Clostridia formed sister clades on both trees, and close similarity
was evident between their VARS sequences, which were
consistent with kinship between them. On this basis, it was
that the

thermocococal or thermococcal-like Progenitor of Bacteria

proposed Bacteria domain emerged from a

possibly at some high-biodiversity site, through the formation of
a Thermincola-proximal Last Bacterial Common Ancestor (LBCA).
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Introduction

The postulate of a three-domain structure of
life has brought precious unity to biological
evolution, even though it placed the root of
life, or LUCA, within the Bacteria domain due
to its reliance on a reported paralogous-
protein tree built without adequate archaeal
representation’. This placement has become
unsupportable with the identification of a
LUCA closely related to the methanogenic
archaeon Methanopyrus kandleri (Mka) on the
basis of alloacceptor tRNA analysis of
substantial numbers of genomes from all
three living domains?, which has been
confirmed by the primitivity of the wobble
rules in Mka for translation using the GNN and
UNN anticodons to decode tetra-codon
family boxes, and encoding of neighboring
tRNAs in sequence space to read the well
separated UCN and AGY codons for Ser in
Mka®, the oldest age of Mka at 2.8 Gya
among the archaeal lineages®, and the high-
yield thermal synthesis of the intermediates
and end products of the acetyl-CoA pathway
vents®>.  More

in  hydrothermal recently,

application of the paralog-divergence
method for estimating the relative ages of
organisms® to the VARS and IARS sequences
of more than 5,000 species of archaea,
bacteria and eukaryotes showed that Mka
displayed the highest VARS-IARS similarity
bitscore, and the formation of an Ancestral
Bacterial Cluster centered at clostridial
Mahella containing the oldest bacteria’.
These findings on LUCA established both the
importance of identifying the roots of the
three domains so that the momentous
undertaking of constructing the Tree of Life
(TOL) can proceed based on an accurate

foundation, and the ability of the paralog-

divergence method using VARS-IARS similarity
bitscores as the single criterion for estimating

the ages of species in phylogenetic analysis.

In the search for the root of Eukarya, the one
hundred year old postulate of endosymbiosis-
based development initiated

prolonged debate whether  the

eukaryotic
over
mitochondria-early scenario was essential,
and if so how cellular space could be found
for its accommodation in an archaeal or
bacterial host, which became resolved only
when it was realized that the small archaeon
1.4 Mb
genome) had an eukaryogenesis approach

Aciduliprofundum  boone (Abo;

that sidestepped the space issue. By

exploiting its unsurpassed capability to
assemble tranches of genes from a wide
spectrum of archaea and bacteria, this
archaeon grew in size until it could acquire
and accommodate a mitochondria-generating
alphaproteobacterial endosymbiont (6.5 Mb
genome) to become the Progenitor of Eukarya.
It gave rise to a Microsporidial Last Eukaryotic
Common Ancestor (LECA) and eventually
mammals where the complex proteome of the
brain still includes a range of microbial-

originated proteins including Abo proteins®.

Hitherto, searches for LBCA have given rise to

diverse bacterial groups as candidates

including  Aquifex and  Thermotoga’;
Plantomycetales'®; Gram-positive bacteria''; a
bacterium near Fusobacteriota'®; and a
bacterium with clostridial-like metabolism™,
These diverse candidates led to the notions
that the search for a single TOL was a quixotic
pursuit dependent on the unproven assumption
of the natural order being an inclusive
hierarchy'; the conclusion that TOL has not

been falsified by horizontal gene transfers
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(HGTs)"™; and the proposal of segmenting
TOL into sister clades of prokaryotes and
eukaryotes' or multiple regional trees'. In
view of such dissension, the objective of the
present study was to expand our earlier study
on the use of VARS-IARS bitscores to estimate
the relative ages of species which had revealed
the presence of Clostridia among the ancient
bacteria’, so that useful knowledge can be
gained regarding the oldest bacteria, and
therefore possibly the nature of the Progenitor
of the Bacteria domain. This method readily
pointed to the cross-domain kinship between
primitive Clostridia and Thermococci. Because
the Clostridia have evolved so extensively
over time, this potential kinship would be
much more obscure if the recently evolved
clostridial pathogens were compared instead
with the Thermococci.

Methods

VARS sequences and VARS-IARS similarity
bitscores were analyzed as described’, and
multiple sequences were aligned using the
clustalw command from CLUSTAL v2.1.
Phylogenetic analyses of maximum likelihood
(ML) was inferred using igtree2 v.2.2.0 under
LG+C10+F+G model® chosen with 5,000
ultrafast bootstep replicates. Figtree was used
to view phylogenetic tree graphically from the
result generated by iqgtree2. Phylogenetic
analyses of maximum parsimony (MP) was
performed by using PAUP ver. 4.0b10 through
heuristic search with random addition of
sequences and branch-swapping with tree-

bisection-reconnection (TBR)".

Results

BIOLOGICAL PROPERTIES OF LBCA
Based on the VARS-IARS similarity bitscores
("bit") of 3,621 bacterial species, the bacteria

with the five highest bitscores were all anaerobic
Clostridia and hydrogen-producers’, viz.
Mahella australiensis®® (bit378); Thermincola
potens, which was isolated from a
thermophilic cathode catalyzing sustainable
hydrogen production?' (bit377) and whose

close relative T. carboxydiphila could form

carbon dioxide and hydrogen??,
Halobacteroides halobius® (bit375);
Desulfosporosinus  orientis**  (bit372); and
Caldicelllulosiruptor  lactoaceticus®  (bit368).

Their much lower VARS-IARS bitscores than
the top bitscore of 473 for archaea, and much
higher VARS-IARS bitscores than the top
bitscore of 240 for eukaryotes indicated that
LBCA was
autonomically developed microbe.

either an archaeon or an

CANDIDATE PROGENITOR OF BACTERIA

On account of the limited availability of sugar
substrates in the pre-bacterial age, not many
anaerobic archaea were endowed with a
Notable

tenax,

functional  glycolytic  pathway.

exceptions were Thermoproteus
Desulfurococcus amylolyticus, Archaeoglobus
fulgidus and Thermococci exemplified by
Pyrococcus furiosus”’. Among them, T. tenax
oxidized glucose by sulfur respiration, and
glucose degradation was accompanied by
sulfate reduction in A. fulgidus, neither of
which would furnish a likely template for the

EMP pathway of bacteria.

T. tenax and P. furiosus could degrade 100%
of added glucose to pyruvate?*?’; however, T.
tenax was a weak hydrogen producer. On the
other hand, the ten intermediates in the
‘modified’ mo-EMP pathway of P. furiosus
were identical to the ten intermediates
utilized by the ‘classical’ cl-EMP pathway of

Caldicellulosiruptor  saccharolyticus ~ and

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4878 3



https://esmed.org/MRA/index.php/mra/article/view/4878
https://esmed.org/MRA/mra

Medical
Research
Archives

A Thermococci-to-Clostridia Pathway for the Evolution of the Bacteria Domain

Caldanaerobacter tengcongengsis, and each

of these three species contained side
branches on their EMP sequences that led to
ferredoxin- or NADH2-mediated formation of
hydrogen by hydrogenase®®. These three
species, one thermococcal and two clostridial,
ranked among the most powerful microbial

hydrogen-producers known?.

Although the usage of ADP instead of ATP as
substrates by some archaeal mo-EMP kinases
was a distinctive departure from the ATP-
cl-EMP  kinases, the
retention of 20% residual activity by the

utilizing  bacterial

phosphofructokinase (PFK) of T. kodakarensis
upon switching from ADP substrate to ATP
suggests that such switches were not too
difficult to implement™®.

HIGH-BIODIVERSITY ENVIRONMENT

Previously, a survey of sixteen Thermococci
species showed that they widely employed
peptides as energy substrates, whereas only
the species that originated from hydrothermal
vents, viz. T. aggregans, T. guamasensis, T.
fumicolans, T. hydrothermalis, T. profundus
and P. furiosis metabolized maltose® 2. These
findings suggest that high-biodiversity sites
such as the hydrothermal vents accelerated
the evolution of the Thermococci toward
novel directions including the acquisition of
bacterial-like sugar metabolism. In this regard,
analysis of the vents at Guaymas Basin
revealed that they produced and released an
abundance of low  molecular-weight
carbohydrates, peptides and hydrocarbons
when magmatic sills intruded into the organic-
rich sediments®3*, resulting thereby in a high
level of biodiversity®. In a single study, five
novel Thermococcus species were identified

from these vents based on SSU rRNA,

elongation factors EF-1 alpha and EF-2, which
testified to a rapid rate of thermococcal
evolution®. Based on 37 single-copy genes
including the VARS and IARS genes, a series
of metagenome-assembled genomes (MAGs)
of Thermococcus strains also have been

isolated from these vents?.

TWO-DOMAIN VARS TREES

To assess whether the  phenotypic
Thermococci-Clostridia resemblances were
the consequence of vertical gene transmission
between them or extraneous factors like
convergent evolution and HGT, two-domain
VARS phylogenetic trees were built using the
maximum-likelihood (ML) and maximum-
parsimony (MP) methods covering the five
oldest Clostridia and the slightly younger
(bit361) and

Caldanaerobacter tengcongensis®* (another

Moorella  thermoacetica®
strong hydrogen producer; bit351), as well as
a series of Thermococci species, a couple of
MAG Thermococcus strains, and a wide
spectrum of other archaea with high VARS-
IARS bitscores. Because any species with a
high bitscore would contain VARS and IARS of
relatively ancient origin, whenever its VARS or
IARS came to be replaced by an extraneous
VARS or IARS through HGT, its VARS-IARS
bitscore would likely be reduced. Therefore,
the high-bitscore species tended not to
contain HGT-derived VARS. Figures 1 and 2
showed that Thermococci and Clostridia
formed sister clades on both the ML and MP
trees for VARS, in accord with phylogenetic
kinship between them. In addition, striking
conservation of VARS sequences between
these two groups of microbes was illustrated
by the decapeptide GRKMSKSLGN in Figure
3: the seven primitive clostridial sequences
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were totally conserved among themselves, identical to the eighth thermococcal
differed from seven out of eight thermococcal sequence of Paelococccus, pacificus.

sequences at only a single residue, and

C.Bathyarchaeota archaeon (bit301)
08 100 Thermofilum pendens
95 Thermoprotei archaeon (bit383)

100 L C.Verstraelearchaeota archaeon (bit357)

Crenarchaeota archaeon (bit341)

Hadesarchaea archaeon (bit408)
100 Themococcus sibiricus

Thermococci archaeon B45 G15

Palaeococcus pacificus

Thermococcus litoralis

Thermococcales archaeon (bit391)

L Thermococcus kodakarensis

100 Pyrococeus furiosus

Themococci archaeon B61 G1

Halobacteroides halobius

78

Caldicellulosiruptor lactoaceticus

100 Caldanaerobacter tencongensis

100 Mahella australiensis

9 Desulfosporosinus orientis

90 Moorella thermoacetica
Thermincola potens

100 Methanocaldococcus infemus
75 - 4‘2';7 Methanococcus maripaludis
- Methanotorris formicicus

Methanothermobacter defluvii

| 100 ;
Methanosphaera stadtmaniae
g Halalkalicoccus jeotgali
100 77‘ Halococcus saccharolyticus
28 Halorientalis persicus
100 187 99 Halarchaeum acidiphilum
Haladaptatus litoreus

Methanonatronarchaeum thermophilum

Methanothrix thermoacetophila

Methanolobus profundi

Methanohalophilus euhalobius
Methanococcoides vulcani

Methanosarcina acetivorans
95—|: Methanoculleus marisnigri
100 Methanoplanus limicola

Methanospirillum hungatei

Ferroglobus placidus

—— Archaeoglobus fulgidus

0.4

Figure 1. Two-domain VARS phylogenetic tree built using the maximum likelihood method. MAG genomes of

Thermococcus isolated from Guaymas Basin®” were designated by Bxx Gyy.
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Bootstrap consensus tree

100 Thermococcus sibiricus
Thermococci archaeon B45 G15
Thermococcales archaeon (bit391)
Thermococcus litoralis
Palaeococcus pacificus
Thermococcus kodakarensis
Pyrococcus furiosus

Thermococci archaeon B61 G1

63 Caldicellulosiruptor lactoaceticus

& 90 _|: Mahella australiensis

Caldanaerobacter tencongensis
—— Desulfosporosinus orientis
Thermincola potens
—— Moorella thermoacetica

Halobacteroides halobius

100 Thermofilum pendens

53 Thermoprotei archaeon (bit383)
58 — C.Verstraetearchaeota archaeon (bit357)

o1 o ———— C.Bathyarchaeota archaeon (bit301)
Crenarchaeota archaeon (bit341)

Hadesarchaea archaeon (bit408)

Methanococcus maripaludis

100 &: Methanotorris formicicus

Methanocaldococcus infernus

Methanothermobacter defluvii

98
4‘ Methanosphaera stadtmaniae

565 Methanolobus profundi
83 i|: Methanococcoides vulcani
94 Methanohalophilus euhalobius
86 Methanosarcina acetivorans
Methanothrix thermoacetophila
___ Methanoculleus marisnigri
100 Methanospirillum hungatei
L Methanoplanus limicola
52 i Halalkalicoccus jeotgali
_|: Halococcus saccharolyticus
100 | Halorientalis persicus
Halarchaeum acidiphilum
Haladaptatus litoreus
Methanonatronarchaeum thermophilum
Ferroglobus placidus
Archaeoglobus fulgidus

77

90

82

100

68

100

93

65

70

72

80

Figure 2. Two-domain VARS phylogenetic tree built using the maximum parsimony method.
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Thermococcus sibiricus GRKMSKSYGN
Thermococci archaeon B45 G15 GRKMSKSYGN
Thermococcales archaeon (bit391) GRKMSKSYGN
Thermococcus litoralis GRKMSKSYGN
Palaeococcus pacificus GRKMSKSLGN *
Thermococcus kodakarensis GRKMSKSYGN
Pyrococcus furiosus GRKMSKSYGN
GRKMSKSYGN

Thermococci archaeon B61 G1
Caldicellulosiruptor lactoaceticus
Mahella australiensis
Caldanaerobacter tencongensis
Desulfosporosinus orientis
Thermincola potens

Moorella thermoacetica
Halobacteroides halobius

GRKMSKSLGN *
GRKMSKSLGN *
GRKMSKSLGN *
GRKMSKSLGN *
GRKMSKSLGN *
GRKMSKSLGN *
GRKMSKSLGN *

Thermofilum pendens GRMMHKSYGN
Thermoprotei archaeon (bit383) GRMMHKSYGN
C.Verstraetearchaeota archaeon (bit357) GRMMHKSYGN
C.Bathyarchaeota archaeon (bit301) GRKMSKSLGN *
Crenarchaeota archaeon (bit341) GRMMHKSYGN
Hadesarchaea archaeon (bit408) GRKMSKSLGN *
Methanococcus maripaludis GFKMSKSRGN
Methanotorris formicicus GHKMSKSRGN
Methanocaldococcus infernus GYKMSKSRGN
Methanothermobacter defluvii GHKMSKSRGN
Methanosphaera stadtmaniae GHKMSKSLGN
Methanolobus profundi GHKMSKSLGN
Methanococcoides vulcani GHKMSKSLGN
Methanohalophilus euhalobius GHKMSKSRGN
Methanosarcina acetivorans GHKMSKSLGN
Methanothrix thermoacetophila GRKMSKSLNN
Methanoculleus marisnigri GFKMSKSRSN
Methanospirillum hungatei GFKMSKSRGN
Methanoplanus limicola GFKMSKSRGN
Halalkalicoccus jeotgali GNKMSKSRGN
Halococcus saccharolyticus GNKMSKSKDN
Halorientalis persicus GNKMSKSRGN
Halarchaeum acidiphilum GNKMSKSRGN
Haladaptatus litoreus GNKMSKSRGN
GNKMSKSLGN

Methanonatronarchaeum thermophilum
Ferroglobus placidus
Archaeoglobus fulgidus

GRKMSKSLGN *
GRKMSKSLGN *

Figure 3. Sequence conservation in VARS. The aligned sequences of a VARS decapeptide illustrated the close
relationship between Clostridia and Thermococci. The first residue of the decapeptide corresponds to residue 582 on
the VARS of Crenarchaeota archaeon, which possesses the longest N-terminal polypeptide among the species
analyzed. The C-termini of all the sequences identical to that of T. potens are marked by asterisks.

Within the thermococcal clade on the ML tree, clostridial branch diverged from the archaea

the VARS sequences of the MAG genome of  in the vicinity of these two archaeons to form
T. archaeon Bé61 G1 and Pyrococcus furiosus ~ the Progenitor of Bacteria. Within the

were lowest branching, suggesting that the clostridial clade on the same tree,
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Thermincola potens represented the lowest
branch, which was consistent with the location
of LBCA near this species. Since T. potens and
M. australiensis were the two bacterial species
with the highest VARS-IARS bitscores, there
was evident consonance between the ML tree
branchings and the VARS-IARS bitscores in
their support of a Thermincola-proximal LBCA.

Discussion

The sister clades formed by Thermococci and
Clostridia on the two-domain ML and MP
trees of VARS (Figures 1 and 2), and the ten
identical intermediates of the mo-EMP and cl-
EMP pathways, were in accord with an
evolutionary precursor-product relationship
between these two microbial groups. On the
other hand, that only four of the ten cl-EMP
enzymes, viz. triosephosphate isomerase,

phosphoglycerate mutase, enolase and
pyruvate kinase had orthologues among the
mo-EMP enzymes opened up the possibility
of convergent evolution or HGT as an
alternative explanation. While convergent
evolution occurred from time to time, it would
be rare to encounter as many as six such
events within the same pathway. Although
HGTs occurred most frequently between
closely related species, they might play a
significant role in facilitating the adaptive
radiation of novel genetic traits*. However,
contribution from HGTs to the conversion of
the thermococcal mo-EMP pathway to the
clostridial cl-EMP pathway would be limited
because bacteria-derived genes  were
nowhere to be found in the pre-LBCA eon for
transfer to LBCA via HGTs. As a result, the
Thermococci had to rely on the inventions of
novel non-homologous

genes, or gene

replacements by borrowing genes from

diverse metabolic areas in either their own
genomes or the genomes of other archaea via
HGTs.

The archaeal mo-EMP enzymes, especially in
the hyperthermophilic hydrogen producers
like P. saddled  with
disadvantages that needed to be addressed,

furiosus, were
including their low working efficiency and
deficient glycolytic yield of ATP%, and their
conflicting requirements for relatively rigid
protein  structures to combat thermal
denaturation®', yet also for elevated growth
temperature for the maintenance of a high
rate of hydrogen production®. Moreover, a
preference for protein rigidity might be a
factor in their abstention from usage of
allosteric  regulations  of  glucokinase,
phosphofructokinase and pyruvate kinase in
for example P. furiosus in contrast to the
widespread usage of allosteric control in
bacteria. Without allosteric control, it would
be difficult to balance rapidly between the
glycolytic and gluconeogenic fluxes through
the EMP pathway. Altogether, the drastic
changes from the mo-EMP pathway to the cl-
EMP pathway, leaving only four of the ten mo-
EMP enzymes largely unrevised constituted a
instituted by  the
Thermoccoci. Its success was made possible
by both

Externally,

timely  innovation

external and internal factors.

large  high-biodiversity sites

exemplified by the Guaymas Basin,
generating plentiful carbohydrates and other
nutrients, represented such a rare incentive for
diversification by these chemoorganotrophic
microbes that they mounted a genomic
response that was unprecedented in scale,
especially with respect to carbohydrate
utilization. Internally, the Thermococci were

genomically adventurous, as demonstrated
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by the greater similarity between the
hydrogen-production pathways of thermococcal
P. furiosus and clostridial C. saccharolyticus
and C.
between the thermococcal P. furiosus and T.
With  such a  distinct

predisposition  for

tencongensis compared to that

kodakarenis®.
variability, they were
particularly suited to be the pioneers who first
broke away from the Archaea to establish a

novel domain of life.

In conclusion, the formation of the cl-EMP
pathway of Clostridia was activated by
necessity and such was also likely the case
with their other bacterial characteristics, all
adding up to the novel features of a third
biological domain. The cl-EMP pathway has
withstood the test of eons of time to this day
as the core of bacterial and eukaryotic central
metabolisms, supporting the running of
marathon and 100-meter dash, as well as
transcontinental migration on wings. No
convergent evolution or horizontal gene
transfer, and only elaborate mutation and
selection, could have yielded such superb
performance. Therefore, based on the sister-

clade relationship between Thermococci and

Clostridia on the two-domain VARS trees, the
their VARS
sequences, and the resemblances in their

close similarity between

EMP-pathways and hydrogen-formation
mechanisms, it can be proposed that the
emergence of the Bacteria domain was
mediated by a Thermococci-to-Clostridia

evolutionary pathway.
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