
Vol:.(1234567890)

Journal of Molecular Evolution (2024) 92:550–583
https://doi.org/10.1007/s00239-024-10186-9

REVIEW

The Last Universal Common Ancestor of Ribosome‑Encoding 
Organisms: Portrait of LUCA​

Patrick Forterre1 

Received: 2 April 2024 / Accepted: 25 June 2024 / Published online: 19 August 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
The existence of LUCA in the distant past is the logical consequence of the binary mechanism of cell division. The biosphere 
in which LUCA and contemporaries were living was the product of a long cellular evolution from the origin of life to the 
second age of the RNA world. A parsimonious scenario suggests that the molecular fabric of LUCA was much simpler than 
those of modern organisms, explaining why the evolutionary tempo was faster at the time of LUCA than it was during the 
diversification of the three domains. Although LUCA was possibly equipped with a RNA genome and most likely lacked 
an ATP synthase, it was already able to perform basic metabolic functions and to produce efficient proteins. However, the 
proteome of LUCA and its inferred metabolism remains to be correctly explored by in-depth phylogenomic analyses and 
updated datasets. LUCA was probably a mesophile or a moderate thermophile since phylogenetic analyses indicate that it 
lacked reverse gyrase, an enzyme systematically present in all hyperthermophiles. The debate about the position of Eukarya 
in the tree of life, either sister group to Archaea or descendants of Archaea, has important implications to draw the portrait 
of LUCA. In the second alternative, one can a priori exclude the presence of specific eukaryotic features in LUCA. In con-
trast, if Archaea and Eukarya are sister group, some eukaryotic features, such as the spliceosome, might have been present 
in LUCA and later lost in Archaea and Bacteria. The nature of the LUCA virome is another matter of debate. I suggest here 
that DNA viruses only originated during the diversification of the three domains from an RNA-based LUCA to explain the 
odd distribution pattern of DNA viruses in the tree of life.
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Introduction: LUCA, the Story of a Successful 
Name

All modern organisms (Archaea, Bacteria, and Eukarya) 
share a last common ancestor that most scientists now call 
LUCA (the Last Universal Common Ancestor). The word 
LUCA was first proposed at a meeting entitled “The last 
common ancestor and beyond” that I co-organized in 1996 
in France with Antonio Lazcano, Piero Cammarano, and 
Rudiger Cerff at the Fondation des Treilles in Provence 
(see http://​www-​archb​ac.u-​psud.​fr/​Meeti​ngs/​LesTr​eilles/​
LesTr​eilles_​e.​html). Initially, participants started using 

the acronym LCA (Last Common Ancestor) until one of 
them, Jose Castresana, used instead the acronym LUA (Last 
Universal Ancestor) at an evening session, noticing that the 
acronym LCA could be used (and is in effect) for the last 
common ancestor for any groups of organisms. We were not 
so excited by the acronym LUA, agreeing that it sounded 
a bit odd. The next morning, another participant, Christos 
Ouzounis, after a night of reflexion, proposed the acronym 
LUCA, as a combination of LCA and LUA. This proposal 
was immediately applauded by all participants who though 
that the acronym LUCA, much like the name LUCY, could 
become a popular name for scientists and the public alike. 
The acronym LUCA started appearing in the scientific lit-
erature in 1999 (Forterre and Philippe 1999a; Kyrpides 
et al. 1999). This acronym is now widely use and has served 
as template to design acronyms for the ancestors of each 
domain, LECA for the Last Eukaryotic Common Ancestor, 
LACA for the Last Archaeal Common Ancestor, and LBCA 
for the Last Bacterial Common Ancestor.
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A few scientists have been critical of the name LUCA for 
a variety of reasons. Some astrobiologists were annoyed by 
the letter U, LUCA being “only” the last common ancestor 
of terrestrial life; so, what about the last common ances-
tors of organisms living on other planets? In my opinion, 
if such extra-terrestrial organisms are indeed discovered 
in future, only then it will be necessary to explain that we 
are speaking about the terrestrial “tLUCA” or of another 
one. Some scientists argue that the name LUCA should not 
replace the name Cenancestor, previously proposed by Fitch 
in 1987 (nearly ten years before) (cen for common in Greek) 
(Fitch and Upper 1987). However, the name Cenancestor 
is plagued by the same problem as the acronym LCA, with 
all groups of organisms having their own Cenancestor. For 
purists who insist to apply the rules of taxonomy, LUCA 
could mean “Last Universal CenAncestor.” If one consid-
ers the priority rule, one should in fact remember that the 
name “progenote” for the last common ancestor of the three 
domains was proposed ten years before the name Cenances-
tor (Woese and Fox 1977a). In that case, the problem is that 
this name implies a particular view of LUCA, an “organism 
in which the link between the genotype and the phenotype 
was not yet firmly established”. In that sense, the name prog-
enote provides an answer for a question which is still debated 
among scientists: was LUCA a progenote…or a genote? (Di 
Giulio 2023 and references therein). Finally, one can also 
consider that the rules of taxonomy apply to taxon and not to 
an individual, such as the LUCA (see below for the discus-
sion about this assumption).

The name LUCA was also sometimes entangled in the 
dispute about the nature—living or not—of viruses. If 
viruses are “living,” LUCA is clearly not the common ances-
tor of “all life” since viruses are polyphyletic and are not 
constrained by the rule of membrane heredity, each realm 
of viruses having its own ancestor (Koonin et al. 2023). It 
has been suggested to consider that the C of LUCA means 
“the Last Universal Cellular Ancestor” or to replace LUCA 
by LUCELLA for the “Last Universal CELLular Ancestor” 
(Nasir et al. 2012). I suggest here for simplicity to consider 
that the C of LUCA means both Common and Cellular and 
I will discuss later in this paper the relationships between 
LUCA and viruses, a complicated and partly unresolved 
story. In fact, viruses, defined as capsid-encoding organisms, 
can be themselves considered to be cellular during their viro-
cell stage (Raoult and Forterre 2008, Forterre, 2010, 2016). 
LUCA can be therefore more precisely defined as the Last 
Universal Common Ancestor of ribosome encoding organ-
isms (REO) (Raoult and Forterre 2008). Anyway, since a 
viral LUCA does not exist, it does not seem necessary to 
change LUCA into LUCAREO!

Following the 1996 meeting in which LUCA was bap-
tized, I co-organized with different colleagues two more 
LUCA meetings to celebrate the tenth (2006) and twentieth 

(2016) anniversaries of LUCA. The 1996 meeting coincided 
with the publication of the first complete genome sequence 
that of the bacterium Haemophilus influenzae. In 2006, 
dozens of genomes from the three domains were already 
available and thousands in 2016, a number that is still expo-
nentially increasing if one now adds partial or complete 
metagenome assembled genomes (MAGs). This avalanche 
of data has provided scientists with multiple opportunities 
to revisit the putative nature of LUCA from comparative 
genomic analyses, but the controversies surrounding this 
nature are still going on and were vividly discussed at each 
of these anniversary meetings with diverse groups and gen-
erations of scientists. At the 2016 meeting, the nature of 
the LUCA virome was also on the table. My own view has 
dramatically changed during that period; whereas I used to 
imagine LUCA as an already complex DNA-based organ-
ism (the opposite of Carl Woese’s progenote) infected by 
DNA viruses (Forterre 1992a,b), now, I imagine LUCA as 
an RNA-based organism much simpler than modern cells, 
although still more elaborated than the progenote proposed 
by Carl Woese and George Fox. Recently, I also started 
becoming skeptical about the existence of DNA viruses at 
the time of LUCA. I will detail my own view of LUCA in 
this paper. However, before discussing the nature of LUCA 
based on comparative genomics and considerations about 
the tree of life, I will first address some more theoretical 
questions about the concept of LUCA itself.

Was LUCA an Individual?

It is sometimes suggested that LUCA never really existed as 
a real individual, but only as a concept. To clarify this ques-
tion, it is useful to make the analogy between LUCA and the 
African Eve. All modern women share a last common ances-
tor that once lived in Africa. Eve corresponds to the junction 
points (coalescence) of all modern women lineages when 
one goes back in time in direct filiation. Consequently, she 
was a real person who once lived on our planet. Similarly, 
the existence of a real individual corresponding to LUCA is 
the logical consequence of the mechanism of cell division 
(one cell produce two or more cells): the coalescence of all 
modern cellular lineages when going back in time for each 
of them from daughter cells to mother cells. The existence 
of LUCA therefore derives from the principle of membrane 
heredity (Cavalier-Smith 2001) that posits that membranes 
are inherited from cell to cell. This conclusion would be 
true, even if genes present in LUCA have left no descendant, 
which is hopefully not the case.

The comparison of LUCA with the African Eve has of 
course limitation since Homo sapiens pass from one gen-
eration to the next by sex and cell fusion, whereas a priori 
LUCA had no eukaryotic-like sex and probably originated 
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by cell division. However, this comparison is useful to clar-
ify the concept of LUCA. It is misleading to believe that 
LUCA was a lonely cell or that it only shared the world 
with cells like itself (the communal LUCA). Nor was our 
African Eve living alone in her village. She shared the planet 
with many other individuals of Homo sapiens and even other 
hominids who have left no direct descendants. The situation 
was very similar for LUCA. This bug was not a lonely indi-
vidual, endowed with unique properties, but an anonymous 
cell living among myriad of contemporaries that were not so 
lucky in the evolutionary game. Of course, when we try to 
reconstruct LUCA, we are not trying to reconstruct this indi-
vidual, but the facial composite of members of the ancient 
lineage of organisms to which it belonged.

Carl Woese suggested once that LUCA only existed as 
a community of very similar organisms freely exchanging 
their genes in a common pool (Woese 1998, 2000). For him, 
Darwinian evolution did not take place at that time of this 
communal LUCA and only started to operate when the biol-
ogy of the proto-Archaea, proto-Bacteria, and proto-Eukarya 
became sufficiently different to dramatically reduce the fre-
quencies of border-free horizontal gene transfer (HGT). He 
defined this transition period as the “Darwinian threshold” 
(Woese 2002). However, it is unclear how the communal 
LUCA, as a single unit, could have evolved in the absence 
of competition/selection between different selection units 
(Poole 2009; Forterre 2012). It seems more realistic to imag-
ine that billions of cellular lineages originated, cooperated, 
competed, and died out, with Darwinian evolution (diversi-
fication/selection) going on during the evolutionary period 
between the origin of life and the emergence of LUCA, as a 
unique individual (Chen et al. 2004; Forterre and Gribaldo 
2007; Cantine and Fournier 2018; van der Gulik et al. 2024). 
The ancestors of LUCAs thus most likely evolved in size, 
shape, complexity, and molecular diversity and colonized 
many different environments of the young planet, transform-
ing them into biotopes. They exchanged genes when they 
shared the same biotopes and had compatible biology, but, 
obviously, not when they were living in different parts of the 
Earth or when their biology had already diverged too much. 
There was probably never a single communal LUCA that 
would have colonized the planet with a monotonous popula-
tion of similar entities. An ecosystem with a single type of 
genetically identical cells cannot exist. At any time in this 
evolution, from early cells at the origin of life up to LUCA, 
any given organism had many contemporaries with different 
histories and most of them evolved into different lineages in 
different places on early Earth (Cantine and Fournier 2018).

Some ancestors of LUCA became probably so successful 
that their descendants colonized the entire planet and wiped 
out those from other competing lineages, much like Homo 
sapiens, one way or the other, wiped out all other Homo spe-
cies (and many other animal lineages!). The emergence of 

the ribosome from the association of its two subunits which 
probably triggered and coincided with the emergence of the 
decoding mechanism was probably this type of event that 
produced a dramatic bottleneck in evolution (Petrov et al. 
2015; Bowman et al. 2020). If other RNA-based molecular 
systems to synthesize proteins were once invented (some 
possibly producing proteins with D-amino acids and/or with 
less or more than 20 amino acids), organisms with these 
systems had all probably disappeared at the time of LUCA or 
were rapidly eliminated during the diversification of LUCA 
descendants. The emergence of the ribosome was an impor-
tant milestone, and I suggested once to divide the period 
between the origin of life and the emergence of DNA into 
two steps, the first and second ages of the (cellular) RNA 
world (Forterre 2005) (Fig. 1). This proposal was of course 
inspired by the first and second ages of the Middle Earth in 
Tolkien’s saga, the Silmarillion. I suggested calling the cells 
equipped with ribosomes ribocells to distinguish them from 
RNA cells from the first age of the RNA world functioning 
with both RNA genomes and ribozymes (Forterre 2010). 
Some authors have previously used the term ribocell for all 
cells with an RNA genome. I would suggest here to name 
RNA cells those cells that thrive during the first age of the 
RNA world (Fig. 1). Notably, one can conclude that LUCA 
originated after a rather long period of ribocells evolution, 
since several paralogous proteins are present in the universal 
protein set, indicating that important gene duplications had 
already taken place before LUCA (Zhaxybayeva et al. 2005; 
Alvarez-Carreno et al. 2021).

The descendants of LUCA certainly did not wipe out 
their contemporaries instantly! We thus should imagine 
LUCA sharing the planet not only with its close relatives 
(belonging to the same “species”) but also with many other 
lineages—some of which were very similar (like Homo 
neanderthalensis living at the same time as Eve), others 
very different (as bacteria are from us); some LUCA con-
temporaries were living as single cells of different sizes, 
others perhaps as colonial multicellular organisms. Genome 
analyses have taught us that we have inherited quite a lot of 
genes from our close relatives, such as Homo neandertha-
lensis or Denisovien. Similarly, modern genomes of REO 
should harbor genes that have not been inherited directly 
from LUCA but from evolutionary lineages that have co-
existed for some time with its descendants (Zhaxybayeva 
and Gogarten 2004; Fournier et al. 2011). They are also 
full of genes that originated in the genomes of viruses that 
infected descendants of LUCA and co-evolved with proto-
Archaea, proto-Bacteria, and proto-Eukarya (Forterre 2005, 
2006). This does not mean that we should play down the 
importance of LUCA. Instead, we should have a clear view 
of what it was (and what it was not) to prevent unnecessary 
debates about its existence or its dissolution in a cloudy web 
of life. To conclude this section, let’s remember that thinking 
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of LUCA is fascinating. Once upon a time, one organism 
gave birth to two progenies at the origin of two lineages that 
finally produced completely different organisms. Bacteria 
emerged from one of these two lineages, whereas Archaea 
and Eukarya emerged from the other. The evolutionary 
period that took place between LUCA and the ancestors of 
the three modern domains (Fig. 1) is often underestimated 
but we will see in this essay that many essential evolutionary 
events take place during this period.

The Position of LUCA in the Tree of Life

A most important question regarding LUCA is its position 
in the universal tree of life (uTol) since it corresponds to 
the root of the tree or more correctly to the tip of its trunk 
(Becerra et al. 2007a) (Fig. 1). Depending on this root (the 
term that I will use thereafter for simplification), the con-
clusion drawn about the nature of LUCA from compara-
tive genomics will be different. The root of the uTol was 
first tentatively determined by phylogenetic analyses of 
paralogous proteins that have diverged before LUCA: the 

elongation factors EFTu/EF1 and EFG/EF2 and the cata-
lytic and regulatory subunits of the ATP synthases (Iwabe 
et al. 1989, Gogarten et al. 1989). A few other duplicated 
proteins were analyzed during the following decades provid-
ing similar results (reviewed and analyzed in Philippe and 
Forterre 1999). These analyses produced duplicated uTol 
in which the root of one tree can be determined using the 
other as the outgroup. In both analyses, the root of the tree 
turned out to be in the branch leading from the tripartition 
point to the LBCA (called thereafter the bacterial branch). 
In such rooted tree, the position of LUCA divides the uTol in 
two main branches, one leading to Bacteria and the other to 
Archaea and Eukarya. The methodology used to determine 
the rooting using paralogous proteins was criticized because 
the bacterial branch is much longer than the two others in the 
phylogenies of both elongation factors and ATP synthases. 
This suggested that the long bacterial branch could have 
been attracted in both trees by the even longer branches of 
the paralogous proteins used as the outgroups (Philippe and 
Forterre 1999; Forterre and Philippe 1999b). A rooting was 
even obtained in the eukaryotic branch, using the so-called 
slow-fast method to remove fast evolving positions from the 

Fig. 1   A schematic tree of life (viruses and other parasitic organ-
isms are included in the triangles that symbolize the diversification of 
major lineages). Filled large red arrows symbolize the origin of DNA 
according to my presently favored hypothesis: two transfers from 
viruses to ribocells, one in proto-Bacteria, and one in proto-Arcarya. 
Open large red arrows symbolize the origin of DNA according to 
alternative hypotheses, before LUCA or three independent transfers, 
post-LUCA in proto-Bacteria, proto-Archaea, and proto-Eukarya. 

Double red thin arrows represent HGT between proto-Eukarya and 
Asgards, whereas the double green thin arrow represent the endos-
ymbiosis that led to mitochondria. The tree is based on a 3D tree sce-
nario. The alternative 2D tree scenario is suggested by black-dotted 
arrows corresponding to the combination of an archaeon and a bacte-
rium. The dotted triangle remains us that 2D scenarios also involves 
the existence of proto-Eukarya (Color figure online)
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alignments (Brinkmann and Philippe 1999). However, the 
bacterial rooting was again recovered by Gogarten and col-
leagues by analyzing the nature of amino acid conserved 
along the different branches of a universal ribosomal protein 
tree (Fournier and Gogarten 2010). These authors detected 
in the bacterial branch a strong bias for several amino acids, 
supposed to be signature of a more primitive genetic code. 
They hypothesized that these amino acids were overrepre-
sented in LUCA compared to those that were introduced 
later in the genetic code. It would be interesting now to 
resume such analyses with updated uTol including non-
ribosomal proteins and using the enriched species dataset 
now available.

Notably, the bacterial rooting is the most parsimonious 
when looking at the distribution pattern of the ribosomal 
proteins (r-proteins) among the three domains of life (For-
terre 2015) (Fig. 2). Ribosomes of all REO share 34 homolo-
gous r-proteins (Lecompte et al. 2002; Bowman et al. 2020). 
In addition to these universal proteins, Archaea and Eukarya 
share 33 homologous r-proteins that are absent in Bacteria, 
whereas the bacterial ribosome contain 22 specific bacterial 
r-proteins. These proteins are located on the rRNA at similar 
positions to those of their non-homologous counterparts in 
Archaea and Eukarya. Strikingly, there are no ribosomal pro-
teins shared by Bacteria and Archaea and absent in Eukarya 
or vice versa. The most parsimonious rooting explaining this 

unique pattern is clearly the bacterial one. In that case, the 
proteins specific to Archaea and Eukarya were not present 
in LUCA and were added to the ribosome in the lineages 
leading to these two domains. With alternative roots (either 
in the archaeal or the eukaryotic branches), one should imag-
ine that the proteins common to Archaea and Eukarya were 
already present in LUCA and replaced in Bacteria by the 
non-homologous ribosomal proteins or vice versa (Forterre 
2015). However, there is no obvious selection pressure to 
explain such massive and unidirectional replacements imply-
ing multiple losses followed by multiple gains.

From the biochemical work in my former laboratory 
in Orsay, we obtained similar data favoring for the bacte-
rial rooting in studying the complexes responsible for the 
universal N6-threonylcarbamoyladenosine (t6A) tRNA 
modification that is essential for the correct reading of 
ANN codons (Thiaville et  al. 2014a, 2014b; Forterre 
2015). This reaction is performed by protein complexes 
called TsaBDE in Bacteria and KEOPS in Archaea and 
Eukarya (Thiaville et al. 2014b, Missouri et al. 2019). 
These complexes include two universal proteins, Kae1/
TsaD and Sua5/Qri7 (in Archaea/Bacteria, respectively), 
but also several accessory proteins that are homologous 
in Archaea and Eukarya, but not between Bacteria and 
the two other domains. In modern ribocells, the two uni-
versal proteins cannot synthesize t6A without the help of 

Fig. 2   The distribution of ribosomal proteins helps to root the uni-
versal tree of ribocells. When the tree is rooted between Bacteria and 
Arcarya (left panel) the present distribution of ribosomal proteins in 
the three domains only requires addition of new ribosomal proteins in 
the different proto-lineages. If the tree is rooted in the branch leading 
to Eukarya (right panel) both subtraction and addition of ribosomal 

proteins are required in the bacterial branch, which is less parsimo-
nious. All other possible roots (in the branch leading to Archaea or 
within one of the three domains) are also less parsimonious since 
they also require subtraction and addition of ribosomal proteins 
(adapted from Forterre 2015, 2022b)
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these additional subunits (Perrochia et al. 2013). However, 
the homologues of the Kae1 and Qri7 proteins present 
in mitochondria are sufficient to perform tRNA modifica-
tion (Thiaville et al. 2014a), suggesting that their ancestors 
were already capable of performing this tRNA modifica-
tion in LUCA (Forterre 2015). In the framework of the 
bacterial rooting, this suggests that the accessory subunits 
were added independently post-LUCA in proto-Archaea 
and proto-Bacteria. If one considers another rooting, one 
should explain why the specific bacterial proteins present 
in LUCA were replaced by different ones in Archaea and 
Eukarya or vice versa, which is again less parsimonious.

This reasoning can be extrapolated to many other sys-
tems. The bacterial rooting is also the most parsimonious to 
explain the independent addition of non-homologous protein 
components to the translation, transcription, and replication 
machineries in the lineages leading to Bacteria and those 
leading to Archaea and Eukarya (see below) (Olsen and 
Woese 1997). The addition of these proteins during the evo-
lution of proto-Bacteria, proto-Archaea and proto-Eukarya 
correspond to refinement of the basic molecular mechanisms 
that became more complex and probably more performant 
that they were in LUCA. This evolutionary trend was pre-
cisely predicted by Woese and Fox decades ago (from the 
first observations of comparative biochemistry) when they 
concluded that the molecular fabric of each domain became 
independently refined after their divergence from the prog-
enote (Woese and Fox, 1997a, 1997b). These independent 
refinements make the basic molecular fabrics more and 
more integrated within domain and incompatible between 
domains. As a consequence, the core molecular biology of 
each domain remained remarkably stable and domain spe-
cific. This explains why Carl Woese was a strong opponent 
of scenarios in which Eukarya originated from a combina-
tion of Archaea and Bacteria, for him: “modern cells are 
sufficiently complex, integrated, and ‘individualized’ that 
further major change in their designs does not appear pos-
sible” (Woese 2000).

Notably, the bacterial rooting validates a clade includ-
ing both Archaea and Eukarya, at least in the framework of 
scenarios in which the three domains are all monophyletic 
(Woese et al. 1990) (Fig. 1). In 2015, I suggested calling this 
clade Arcarya (Fig. 1 and 2) and I will use this name therein, 
which also avoid repeating too often “in Archaea and 
Eukarya” (Forterre 2015). Accordingly, the last common 
ancestor of Archaea and Eukarya could be named LARCA, 
the Last ARcaryal Common Ancestor. The name Arcarya 
has not been used in the literature until now, because most 
evolutionists presently favor a two primary domains scenario 
in which Eukarya are a subgroup of Archaea (Lopez-Garcia 
and Moreira 2023). However, our re-analysis of the data sup-
porting two primary domains (2D) scenarios suggests that 
the three domains topology (3D) is most likely the correct 

one (review in Da Cunha et al. 2022a, b). I will come back 
to this point at the end of this paper.

LUCA was Probably a Mesophile 
or a Moderate Thermophile

When the 16S rRNA uTol was rooted in the bacterial branch 
at the end of the eighties, based on the analysis of paralogous 
proteins, Karl Stetter, the father of hyperthermophiles, con-
cluded that LUCA lived at very high temperature, because 
it was surrounded by short branches leading to hyperther-
mophilic archaea and bacteria (Stetter 1996). However, this 
clustering may have also resulted from to the enrichment of 
the hyperthermophiles rRNA in GC base pairs to increase 
their stability. It was suggested that this enrichment, reduc-
ing the available sequence landscape available for the evo-
lution of RNA, produces artificially short branches in the 
rRNA tree (Forterre 1996). In a series of elegant studies, 
Gouy and colleagues tried to determine if LUCA was a ther-
mophile or not by reconstructing the putative sequences of 
its rRNA and universal proteins (Galtier et al 1999; Bous-
sau et al. 2008). The optimal growth temperature of modern 
organisms indeed correlates with the GC base composition 
of their rRNA and with the amino acid composition of their 
proteins (proteins from hyperthermophiles being specifically 
enriched in certain amino acids and depleted in others). In 
reconstructing the putative sequences of the LUCA rRNA 
and of some LUCA universal proteins, Gouy and colleagues 
obtained results suggesting a mesophilic LUCA (Galtier et al 
1999; Boussau et al. 2008). It would be important now to 
confirm, or not, these results using update species datasets. 
Other arguments have been used to challenge the hypothesis 
of a hot LUCA. Lazcano and colleagues argued that LUCA 
was not a hyperthermophile because it lacked the protein 
disulfide oxidoreductase (PDOs) superfamily, which include 
proteins involved in the formation of disulfide bridges during 
protein folding (Becerra et al. 2007b). Again, the phyloge-
netic analyses that supported this conclusion would need to 
be updated. Furthermore, this argument is not very strong 
since, even if disulfide bridges bonds are part of the strategy 
used to stabilize proteins at high temperature (Ladenstein 
and Ren 2006), they are also present in mesophilic proteins 
and not essential for protein stabilization.

A major argument against the idea that LUCA lived in a 
very hot biotope is based on the phylogeny of reverse gyrase. 
This fascinating enzyme, which is formed by the fusion of 
a helicase and a type I DNA topoisomerase (of the A fam-
ily), was first discovered in the hyperthermophilic archaeon 
Sulfolobus by its capacity to introduce positive supercoil-
ing into a covalently closed circular DNA (Kikuchi and 
Asai 1984; Forterre et al. 1985). This was the opposite of 
the reaction catalyzed by the well-known bacterial DNA 
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gyrase which produces negative supercoiling. Early com-
parative genomic analyses revealed that reverse gyrase is 
the only protein specific for hyperthermophiles, i.e., it was 
encoded in the genomes of all hyperthermophiles known 
at that time (organisms with optimal growth temperatures 
equal or superior to 80 °C) and absent in mesophiles (For-
terre 2002a). Later analyses, based on an increasing number 
of genomes, have confirmed that reverse gyrase is always 
present in hyperthermophiles but is also sometimes present 
in moderate thermophiles (organisms with optimal growth 
temperatures between 50 and 80 °C), whereas it is never 
present in mesophiles (Brochier-Armanet and Forterre 2007; 
Catchpole and Forterre 2019). The fact that not one genome 
from mesophiles encodes reverse gyrase is especially strik-
ing considering the huge number of mesophilic genomes 
now present in databases. The exact role of reverse gyrase 
in vivo remains unknown, which is quite frustrating, but 
its genomic distribution pattern clearly indicates that this 
enzyme is essential for life in very hot environment.

The first two published phylogenetic analyses of reverse 
gyrase indicated that the archaeal and bacterial enzymes 
were very similar and mixed in phylogenetic trees, suggest-
ing that this enzyme was not present in LUCA (Forterre 
et al. 2000; Brochier-Armanet and Forterre 2008). In con-
trast, Martin and his colleagues more recently published a 
reverse gyrase tree in which archaeal and bacterial reverse 
gyrases form two monophyletic groups and thus concluded 
that LUCA was a hyperthermophile (Weiss et al. 2016a, b). 
The reverse gyrase tree can be found in the supplementary 

Figure 1 in Catchpole and Forterre (2019) in which colors 
distinguish archaeal and bacterial sequences. Notably, the 
branch that separates archaeal and bacterial reverse gyrases 
in the tree published by Martin and colleague is very short. 
This is problematic since the branches that separate Archaea 
and Bacteria in universal protein trees are always rather long 
(Fig. 3) (Figure S2 in Da Cunha et al. 2017, Berkemer and 
McGlynn 2020, Moody et al. 2022). As originally stated 
by Carl Woese and colleagues, “the interdomain differences 
between the characteristic archael and bacterial proteins” 
that diverged from LUCA “must far outweigh any intra-
domain difference” (Woese et al. 2000). This is probably 
because protein evolved faster during the period between 
LUCA and the specific common ancestors of each modern 
domain (see below the discussion about the evolutionary 
tempo at the time of LUCA). In a more recent phylogeny 
of reverse gyrase, including 376 sequences (instead of 97 
in Weiss et al. 2016a, b), the archaeal and bacterial reverse 
gyrases do not form anymore two monophyletic groups. 
Several groups of archaeal and bacterial reverse gyrases 
separated by very short branches are intermixed, suggesting 
anew that reverse gyrase was not present in LUCA (Catch-
pole and Forterre 2019) (Fig. 3). This result confirms that 
LUCA was most likely not a hyperthermophile. However, 
we cannot exclude the possibility that LUCA was a moderate 
thermophile since some modern ones lack reverse gyrase.

A surprising and interesting observation made by Gouy 
and his collaborators when they tried to determine the tem-
perature at which LUCA was living was that, in contrast to 

Fig. 3   Comparison of the reverse gyrase phylogeny with those of 
two universal proteins: the RNA polymerase β subunit and the elon-
gation factor EF2/G. These schematic phylogenies are adapted from 
Figs. 2 and 3 in Catchpole and Forterre 2019. Bacteria are in Red and 
Archaea in blue. The original phylogenies included all species encod-

ing a reverse gyrase. The position of LUCA is arbitrary. The long 
branches between the monophyletic clades of archaeal and bacterial 
RNA polymerases and elongation factors EFG/2 were typical of uni-
versal proteins (Berkemer and McGlynn 2020; Moody et  al. 2022) 
(Color figure online)
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LUCA, the LACA and LBCA were probably thermophiles 
(or even hyperthermophiles in the case of LACA) (Boussau 
et al. 2008; Groussin and Gouy 2011). If this inference is 
correct, it means that adaptation to life at high temperature 
occurred independently in proto-Archaea and proto-Bacte-
ria. Several hypotheses can explain this observation. It was 
suggested for instance that hyperthermophilic archaea and 
bacteria were the only LUCA offspring that survived the 
late heavy bombardment 3.9 billion years ago (Gogarten-
boekels et al. 1995). Another possibility is that adaptation to 
high temperature selected proto-Archaea and proto-Bacteria 
because they were the first lineages with DNA genomes, a 
scenario supporting the hypothesis of an RNA-based LUCA 
(see below) (Boussau et al. 2008). A covalently closed cir-
cular DNA is indeed extraordinary resistant to thermod-
enaturation, at least up to 107 °C (Marguet and Forterre 
2005). More generally, it is possible that adaptation of life 
to high temperature favored the emergence of the “prokary-
otic phenotype” (including a covalently closed circular DNA 
genome) in agreement with the themoreduction hypothesis 
that I proposed thirty years ago (Forterre 1995). Compared 
to Eukaryotes, Archaea and Bacteria are characterized by the 
rapid turnover of their macromolecules counteracting their 
degradation at high temperature. Moreover, the coupling of 
translation and transcription, making possible the existence 
of short-live mRNA, is an important advantage for life at 
high temperature, considering the susceptibility of mRNA to 
thermodegradation especially in the presence of magnesium 
at physiological concentrations (Eigner et al. 1961; Forterre 
1992a, 1995; Hethke et al. 1999). RNA is more susceptible 
than DNA to heat-induced hydrolysis, because the oxygen in 
2’ of the ribose can attack the phosphodiester bond at high 
temperature provoking the breakage of the link between the 
ribonucleotides (Ginoza et al. 1964). The mRNA stability 
required by the eukaryotic type of molecular biology could 
explain why Eukarya are missing from biotopes with tem-
peratures between 60 and 110 °C that are only populated by 
Archaea and Bacteria (Forterre 1995).

The hypothesis of a hot LUCA is often favored by propo-
nents of a hot origin of life who assume a direct link between 
this hot origin and LUCA (Weiss et al. 2016a, b). However, 
independently of the data previously discussed which refute 
the hot LUCA hypothesis, it is difficult to imagine that liv-
ing organisms thrived in a very high-temperature environ-
ment during the two ages of the RNA world, considering that 
RNA is rapidly degraded at high temperature (see below). 
Moreover, the conclusion that LUCA was probably a meso-
phile does not rule out the possibility of a hot cradle for 
life followed by the emergence RNA-based cells in a milder 
environment (Miller and Lazcano 1995). Finally, one cannot 
exclude that, beside a mesophilic LUCA, other lineages were 
living at that time in hot environments but left no extant 
descendants (Glansdorff et al. 2008).

The Elusive Biotope and Timing of LUCA​

The biotope of LUCA cannot be determined with our present 
knowledge. It has been suggested that life originated in a 
potassium rich environment, possibly close to some terres-
trial hot springs, to explain the major role played by potas-
sium ion in all modern organisms (Mulkidjanian et al. 2012). 
Notably, potassium is also the best ion to protect mRNA 
against degradation at high temperature (Hethke et al. 1999). 
Potassium is rare in the environment, especially in water 
bodies, and all ribocells need an efficient transport system to 
pump potassium into their cytoplasm and expel sodium out 
of the cell. Such systems were probably already operational 
in LUCA, suggesting that it was capable of thriving in potas-
sium-poor and sodium-rich environments (Mulkidjanian 
et al. 2009, 2012). Another challenging topic is the age of 
LUCA. The first reasonable traces of life are microfossils 
dating from 3.4 to 3.5 Gyr (Schopf et al. 2018; Knoll and 
Nowak 2017) and it is currently assumed that Archaea and 
Bacteria were already thriving on our planet at that time or 
earlier (Schopf et al. 2018; Fournier et al. 2021). Older puta-
tive microfossils, such as filamentous structure resembling 
those of modern bacteria from hydrothermal environment, 
have been observed in in rock from 3.7 to 4.3 Gyr old (Pap-
ineau et al. 2022), but they remain controversial. Recently, 
using phylogenetic approaches, it has been suggested that 
LUCA lived between 4.32 and 4.53 Gyr (Mahendrarajah 
et al 2023). This would mean that LUCA emerged immedi-
ately after the formation of the Earth (4.54 Gyr) and even 
possibly before the moon creating impact (4.4–4.5 Gyr)! 
These odd results indicates that the methodology used by 
the authors may not be reliable. In fact, the phylogenies used 
were based on too limited datasets (a small set of ribosomal 
proteins in one study and the two catalytic subunits of the 
A- and F-type ATP synthases in the other). In my opinion, it 
is doubtful that phylogenetic data, even with better datasets, 
could provide more than very rough estimate of the age of 
LUCA, since we cannot seriously determine the tempo of 
protein evolution at that time. It is still debated if life could 
have survived the late heavy bombardment of 3.9 Gyr. In the 
affirmative, LUCA might have lived around 4 Gyr ago; how-
ever, if this bombardment drastically eliminated all forms 
of putative earlier life, one should conclude that LUCA was 
probably living around 3.7 to 3.8 Gyr ago.

The Nature of LUCA​

Very different views about the nature of LUCA have 
been proposed in the scientific literature. In opposition 
to the “progenote hypothesis,” it is sometimes assumed 
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that LUCA was very similar to modern prokaryotes. This 
idea was proposed by a few scientists who rooted the tree 
within Bacteria or who were inspired by the superficial 
phenotypic resemblance between Archaea and Bacteria 
(see, for instance, Cavalier-Smith 2021). The assumption 
that LUCA was a “prokaryote” was sometimes a conse-
quence of the ambiguity introduced in the scientific lit-
erature by the term “prokaryote” itself (Pace 2009). Since 
LUCA most likely lacked a nucleus, it was of course a 
“prokaryote” stricto sensu, i.e., an organism that preceded 
those with the eukaryotic nucleus. In that sense, all cells 
that thrived on our planet, from the origin of life to the 
emergence of the eukaryotic nucleus were “prokaryotes,” 
including all RNA base cells. However, in the literature, 
the term prokaryote is often synonym of an organism 
resembling Archaea and/or Bacterial. Rooting the tree 
between Bacteria and Arcarya has also favored a “prokary-
otic view,” in which LUCA exhibited all traits now present 
in Archaea and Bacteria. However, many of these com-
mon traits were possibly acquired by convergent evolution 
toward the modern prokaryote” phenotype (small genome 
size, coupling between transcription and translation, genes 
grouped in operon, etc.) as suggested, for instance, in the 
thermoreduction hypothesis (Forterre 1992a, 1995) and do 
not necessarily testify for a prokaryotic LUCA. We will 
see below from comparative genomic analysis that LUCA 
was most likely very different from Archaea and Bacteria, 
i.e., from modern “prokaryotes.”

Several authors, including myself, once suggested that 
LUCA was in fact more complex than modern prokaryotes 
and exhibited some features that are now only present in 
Eukarya (Forterre 1992a, see Mariscal and Doolittle 2015 
for a review of the early “Eukaryotic first hypothesis” and 
Staley 2017, Staley and Fuerst 2017, for the “compartment 
commonality hypothesis,” which posit that LUCA was a 
nucleated cell). The portrait of LUCA as a kind of proto-
eukaryote has now been abandoned by most evolutionists 
who stick to the idea that Eukarya originated from Archaea. 
However, we will see later that the situation is more open 
than often thought and that one cannot exclude that some 
specific eukaryal features were already present in LUCA and 
later lost in Archaea and Bacteria.

At the opposite side of the spectrum, it was proposed that 
LUCA was not even a “prokaryote” but an “acellular organ-
ism” (Koga et al. 1998; Martin and Russell 2003; Martin 
and Koonin 2006). The acellular LUCA was proposed to 
explain the so-called “lipid divide,” i.e., the dramatic dif-
ferences between the chemistry and the stereochemistry 
of archaeal and bacterial lipids. Bacterial phospholipids 
are indeed made of fatty acid esters linked to sn-glycerol-
3-phosphate, whereas those of Archaea are made of iso-
prenoid ethers linked to sn-glycerol-1-phosphate. This 
lipid divided suggested to some authors that cellularization 

occurred twice independently each time using one of these 
two lipid types. A very elaborated scenario was proposed, 
in which LUCA was portrayed as loose complexes of mac-
romolecules enclosed within mineralized compartments 
inside an expanding hydrothermal chimney at the bottom of 
the ocean (Koonin and Martin 2005). This hypothesis was 
supposed to directly links LUCA to an origin of life based 
on the geochemistry of hydrothermal systems. The authors 
suggested that cellularization occurred twice independently 
with different lipids in the chimney that served as a cradle 
for LUCA. The two cellular lineages then emerged at the tip 
of this chimney, corresponding to the archaeal and bacterial 
lineages, respectively (Koonin and Martin 2005). The acellu-
lar LUCA hypothesis can be easily refuted by remaining the 
presence in the universal protein set of proteins whose activ-
ity is associated with the presence of a membrane (Delaye 
et al. 2005). One can cite the factors involved in protein 
secretion (SecE, SecY) and the complex that directs ribo-
somes producing membrane proteins to the inner membrane 
surface (the SRP complex and its associated RNA) (Harris 
and Godman, 2021).

In fact, the emergence of closed cell-like structures most 
likely occurred very early on in the Earth’s history, prob-
ably as a prerequisite for the origin of life itself (reviewed 
in Forterre and Gribaldo 2007, Pohorille and Deamer 2009, 
Schrum et al. 2010, Gill and Forterre 2015, Joyce and Szos-
tak 2018, Cantine and Fournier 2018) (Fig. 1). All modern 
life is cellular (including viruses since they replicate their 
genomes in the virocell, Forterre 2010) and one can argue 
that acellular “life” never existed. All living organisms are 
individuals whose physical integrity is maintained by the 
membrane that divides the universe between an inside world 
(the living organism) and an outside world (its environ-
ment), creating an open thermodynamic system, in which 
the entropy can be locally reduced by an oriented flow of 
matter and information. Confinement into cellular structures 
was also required for the concentration of organic molecules 
and macromolecules and to maintain proximity and linkage 
between substrates and products in metabolic pathways as 
well as between the genotype and its phenotypic expression.

In discussing the nature of LUCA and its predecessors, 
cellular or not, many authors used the term protocell. It was 
claimed for instance that LUCA was a protocell because it 
was a progenote, whereas modern cells are “genote” (Di 
Giulio 2021 and references therein). This term has intro-
duced some confusion in the literature, because it sometimes 
designates acellular organisms (before cells) and sometimes 
primitive cellular organisms, the term cell being reserve to 
“prokaryotic-like” cells. The term protocell is not mean-
ingful either since, as previously discussed, even the first 
organisms at the origin of life were already likely cellular. I 
will use here the simple term “RNA cell” to designate cells 
with RNA genomes before the emergence of the ribosome. 
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These cells used RNA both as genetic material and enzy-
matic resource with ribozymes being the main catalysts of 
this time (Fig. 1). One could simply call “primitive cells” 
those elusive cellular entities that existed before the emer-
gence of RNA.

The Translation and Transcription 
Machineries of LUCA​

Rooting the tree between Bacteria and Arcarya allows to 
make some critical predictions about the nature of LUCA. 
First, it suggests that the ribosomes of LUCA were much 
simpler than those of modern organisms, with around 30–40 
proteins (about half the content of modern ribosomes) 
(Fig. 2). Nevertheless, the universality of the genetic code, of 
the three rRNAs and many tRNAs, and of the main initiation 
and elongation factors indicates that LUCA had probably 
rather elaborate protein-synthesizing machinery-producing 
proteins using the modern optimized genetic code (Vestig-
ian et al. 2006, Fer et al. 2022). Notably, 90% of the rRNA 
structure is conserved between Archaea and Bacteria, indi-
cating that this universal structural rRNA core was already 
established in LUCA (Bernier et al. 2018). Nevertheless, 
for Carl Woese, the translation apparatus of LUCA was still 
rudimentary, and translation was far less accurate in LUCA 
that than it is today. He supposed that the ribosome pro-
duced a collection of closely related sequences from a sin-
gle gene and that LUCA could only produce small proteins, 
writing that “most, if not all modern type proteins could 
not be produced” (Woese 1998). However, in contradiction 
with this statement, the universal protein set also includes 
a few enzymes involved in tRNA modifications essential 
for increase translation fidelity, such as the previously dis-
cussed tRNA modification t6A, and the RNase P involve 
in tRNA maturation (Czerwoniec et al. 2009; Phan et al. 
2021). Van der Gulick and Hoff suggested from compara-
tive genomics of the anticodon modification machinery in 
the three domains that LUCA contained a set of 44 or 45 
tRNAs containing 2 or 3 modifications while reading 59 
or 60 of the 61 sense codons (Gulick and Hoff 2016). This 
strongly suggests that the ribosome of LUCA was already 
capable of synthesizing bona fide proteins with good accu-
racy, in contradiction with the progenote hypothesis stricto 
sensu (Woese and Fox 1977a; Woese 1998). However, this 
does not mean that the translation apparatus of LUCA was 
as efficient as the modern one. Many tRNA and RNA modi-
fications are domain specific, indicating that the fidelity of 
translation improved during the diversification of the three 
domains in parallel with the increase in the number of ribo-
somal proteins and translation initiation factors. Moreover, 
it seems that the frequency of some amino acids increased 
since the time of LUCA, indicating that modern proteins 

are probably somehow more complex than LUCA proteins 
(Brooks and Fresco 2002).

This pathway toward sophistication has taken place in all 
aspects of cellular biology. For example, in modern ribo-
cells, the mechanism of ribosome biogenesis involves mul-
tiple protein factors, but only one of them, the rRNA dime-
thyl transferase KsgA/Dim1 is present in the three domains, 
indicating that ribosome biogenesis was probably much 
simpler at the time of LUCA (Birikmen et al. 2021, Juttner 
and Ferreira-Cerca 2022). Further sophistications thus take 
place independently in the lineages leading to Archea and 
Bacteria. The number of new factors involved now in ribo-
some biogenesis is especially high in Arcarya. Birikmen 
and colleagues identified 156 ribosome biogenesis factors 
common to Archaea and Eukarya and many more that are 
Eukaryal specific! Interestingly, whereas most factors com-
mon to Arcarya are conserved in all Eukarya, very few are 
consistently found throughout the archaeal domain (Birik-
men et al. 2021). This patchy distribution possibly sug-
gests that the mechanism of ribosome biogenesis was more 
elaborated in LACA and was streamlined during the evolu-
tion of Archaea and/or that some factors were specifically 
transferred to some archaeal lineages by HGT from proto-
Eukarya. In-depth phylogenomic analyses of all these factors 
is now required to distinguish between these two hypotheses. 
Notably, a trend toward reductive evolution in Archaea has 
been proposed for the ribosome itself (Lecompte et al. 2002) 
and for their genomes in earlier studies (Csurös and Miklos 
2009). If reductive evolution was already at work during 
the evolution of proto-Archaea, the mechanism of ribosome 
biogenesis of LARCA may have been even more complex, 
resembling more that of Eukarya. The present situation with 
simpler ribosomes in Archaea and more complex ones in 
Eukarya probably testifies for two opposite modes of evolu-
tion in the branches leading to LACA and LECA, driven 
by reduction and complexification, respectively (Forterre 
2013a).

In the case of transcription, seven subunits were specif-
ically added in the arcaryal lineage to the four core RNA 
polymerase subunits that are homologous in all domains 
(Werner and Grohmann 2011). There is a single universal 
transcription factor called NusG in Bacteria and Spt5 in 
Arcarya (Werner 2012). The domain conserved between 
these proteins is involved in the stimulation of transcrip-
tion processivity. According to Finn Werner, this protein 
“may have played a crucial role in the expression of long 
genes and, during evolution even permitted an increase 
in gene or operon length” (Werner 2012). The various 
initiation sigma factors in Bacteria and the basal tran-
scription factors in Arcarya (the TATA binding protein 
and the associated factor TFIIB) are non-homologous to 
each other, suggesting that they were independently added 
to the transcription machinery in the branches leading 
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to Bacteria and Arcarya. This raises the intriguing pos-
sibility that LUCA lacked precise transcription initiation 
mechanism. This was indeed proposed by Finn Werner 
and Dina Grohman who suggested the “elongation first 
hypothesis,” in which, in the absence of initiation fac-
tors, the RNA polymerase of LUCA started transcription 
non-specifically by directly associating with the tem-
plate DNA (Werner 2008, Werner and Grohman 2011). 
Notably, such scenario is made even more reasonable if 
the template was RNA, as suggested below. The bacte-
rial sigma factors have many homologues encoded by 
head-and-tail bacterioviruses of the class Caudovirice-
tes, suggesting that proto-Bacteria could have acquired 
these proteins from viruses, whereas the TATA bind-
ing protein (TBP) of Archaea and Eukaryotes includes 
a domain associated with proteins of diverse functions 
in the three domains of life (Brindelfalk et  al. 2013). 
This TBP domain was probably already present in LUCA 
as a stand-alone protein or associated with other pro-
tein domains, but its function at that time of such TPB 
domain protein cannot be determined (Brindelfalk et al. 
2013). Beside the basal transcription factors present in 
all Arcarya, a plethora of additional factors and macro-
molecular machines are required for gene expression in 
Eukarya, such as the mediator, again testifying for the 
extreme complexification that occurred during the evo-
lution of proto-Eukarya. As in the case of the initiation 
factors, the factors increasing the fidelity of transcription 
during the elongation step by stimulating the proof-read-
ing activity of the RNA polymerase (GreA and GreB in 
Bacteria and TFS/TFIIX in Arcarya) are not homologous 
in Bacteria and Arcarya. This strongly suggests that these 
factors were added independently in proto-Bacteria and 
proto-Arcarya and, consequently, that transcription was 
less faithful in LUCA than it is in modern ribocells.

Finally, the mechanisms that regulate translation and 
transcription became probably more and more complex 
during the evolutionary pathways leading to the three 
modern domains, increasing the efficiency of gene regu-
latory networks. Proteins involved in these regulatory 
pathways are very different from one domain to the other 
and even highly diversified within domains. An interest-
ing study focusing on RNA families (mostly involved in 
gene regulation and anti-viral defense) has shown that 
these families were specific for each domain, except for 
universal families involved in basic mechanism of trans-
lation and snoRNA common to Archaea and Eukarya 
(Hoeppner et al. 2012). The regulation of gene expression 
of LUCA was thus probably much simpler than in modern 
organisms, in agreement with our conclusion that LUCA 
was a ribocell very different from members of the three 
domains that we can explore today.

The Genome of LUCA, RNA, or DNA?

It is often assumed that LUCA had a DNA genome since 
DNA is the universal depository of the genetic material 
in all modern ribocells. However, in conflict with this 
assumption, the five major proteins involved in DNA repli-
cation: the replicative polymerase (replicase), the primase, 
which initiates the synthesis of Okazaki fragments, the 
DNA ligase, which links these fragments to nascent DNA 
strands, the helicase, which opens the double helix in front 
of the replication fork, and the type II DNA topoisomerase 
(Topo II), which resolves the topological problems raised 
by the double-stranded structure of DNA, all belong to 
different protein superfamilies in Bacteria and Arcarya 
(Olsen and Woese 1997; Forterre 1999, 2013b; Leipe et al. 
1999; Forterre and Gadelle 2009).

The same observation can be made for DNA repair 
and recombination (Eisen and Hanawalt 1999; White 
and Allers 2018). With few exceptions, most proteins 
involved in these processes are specific for either Bac-
teria or Arcarya. For instance, the proteins involved in 
nucleotide excision repair in Bacteria (UvrABC) are not 
homologous to the XP proteins involved in this process in 
Eukarya. Archaea encode several homologues of eukaryal 
XP proteins whose function remains partly elusive (White 
and Allers 2018). One can also mention the existence of 
two completely different mismatch repair systems, the 
EndoMS system widespread in Archaea (and possibly 
acquired by some Bacteria via HGT) and the MutL/S sys-
tem, ubiquitous in Bacteria and in Eukarya (probably of 
bacterial origin) and rare in Archaea, possibly acquired 
from Bacteria via HGT.

The paucity of proteins involved in DNA metabolism in 
the universal protein set strikingly contrasts with the pre-
dominance of enzymes involved in RNA metabolism, such 
as RNA polymerases, RNA helicases, and RNA-binding 
proteins (Anantharaman et al. 2002; Delaye et al. 2005). 
The most parsimonious scenario to explain this obser-
vation is that the DNA replication and repair machiner-
ies were introduced independently in proto-Archaea and 
proto-Bacteria (large red arrows in Fig. 1). A corollary is 
that DNA itself might have been introduced independently 
in the two proto-lineages, implying that LUCA was thriv-
ing in the second age of the RNA world (thereafter called 
the RNA-LUCA hypothesis). In particular, the probable 
absence of a Topo II in LUCA is a strong argument against 
LUCA already having a double-stranded DNA genome, 
since Topo II are essential to solve topological problems 
raised by the intertwining of the two DNA strands. Topo 
II have sometimes been included in the set of universal 
proteins, because Topo II activities are present in the three 
domains (Becerra et al. 2007a). This does not consider 
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the existence of two families of non-homologous Topo 
II: Topo IIA and Topo IIB (Bergerat et al; 1997; Forterre 
and Gadelle 2009). The B subunits of Topo IIA and B are 
distantly related ATPases, but their A subunit, involved in 
DNA cleavage, are completely unrelated. Phylogenomic 
analyses have shown that LACA and possibly LARCA 
only contained Topo IIB, whereas the LBCA only con-
tained Topo IIA. The LECA encoded a Topo IIA, but 
this enzyme was recruited from viruses of the kingdom 
Nucleocytoviricota and not from bacterial Topo IIA (Gug-
lielmini et al. 2022). DNA gyrase, a subclass of Topo IIA 
that introduces negative supercoiling in DNA, has been 
sometimes attributed to LUCA because it is present in all 
Bacteria and several groups of Archaea. However, phy-
logenetic analyses have shown that these archaeal DNA 
gyrases were recruited by HGT from Bacteria (Villain 
et al. 2022).

If the genome of LUCA was already made of DNA (the 
DNA-LUCA hypothesis), one should imagine that DNA rep-
lication and repair proteins were systematically replaced by 
non-homologous ones, either in proto-Bacteria or in proto-
Arcarya (Olsen and Woese 1997; Forterre 1999, 2002a, b; 
Koonin et al. 2020). I once proposed myself that LUCA had 
a DNA genome replicated by an archaeal-like DNA rep-
lication machinery that was replaced in proto-Bacteria by 
the replication machinery of some Caudoviricetes (Forterre 
1999) (Open red arrows in Fig. 1). Koonin and colleagues 
recently updated this hypothesis, suggesting that the DNA 
genome of LUCA was replicated by a DNA polymerase 
of the family D (Pol D), presently only known in Archaea, 
because Pol D is a distant homologue of cellular RNA poly-
merases (Koonin et al. 2020). In their scenario, the Pol D 
inherited from LUCA was later replaced in proto-Bacteria 
and proto-Eukarya by non-homologous DNA polymerases 
of the C and B families, respectively. Notably, these authors 
suggest that all DNA replication proteins, except Pol D, were 
transferred from viruses to cellular lineages post-LUCA. I 
previously suggested that all cellular DNA replication pro-
teins indeed have a viral origin because DNA itself pos-
sibly emerged in an ancient virosphere (Forterre 2002b, 
2005, 2006). One of the arguments supporting this “out of 
viruses” hypothesis was that chemical genome modification 
is a classical viral strategy to bypass host defenses target-
ing viral genomes. In fact, in the framework of the “out of 
viruses” hypothesis, there is no good reason to make an 
exception for Pol D. It is more parsimonious to suggest that 
DNA was transferred independently to proto-Bacteria and 
proto-Arcarya with progressively two complete sets of non-
homologous viral proteins involved in DNA replication and 
repair (Forterre 2002b). I even suggested once that Archaea 
and Eukarya also got their DNA from two different funder 
DNA viruses to explain why DNA replication enzymes, such 
as Pol D and Topo IIB, are specific to Archaea (Forterre 

2006) (open red arrow in Fig. 1). Of course, one cannot 
completely exclude a replacement scenario to save the DNA-
LUCA hypothesis since, for instance, the ancestral bacterial 
replication proteins have been replaced in mitochondria by 
non-homologous proteins of viral origin (Filée and Forterre 
2005). However, this replacement was the result of the dra-
matic reductive evolutionary pathway of an endosymbiont 
in its host, a situation probably very different from what’s 
happened during the evolution of proto-Bacteria and proto-
Arcarya. Notably, the RNA-LUCA hypothesis agrees well 
with our previous conclusion that LUCA was not a variation 
of modern ribocells, but a simpler organism, with much less 
sophisticated translation and transcription machineries.

The RNA-LUCA hypothesis has sometimes been refuted 
because the set of universal protein includes a few pro-
teins involved in DNA metabolism or in the synthesis of 
DNA precursors (dNTPs) (Leipe et al. 1999, Becerra et al. 
2007a, Cantine and Fournier 2018, Koonin et al. 2020). 
The evolutionary trajectories of some of these proteins 
involved in DNA metabolism are indeed compatible with 
the DNA-LUCA hypothesis, i.e., their bacterial version is 
very divergent from their arcaryal version. However, this 
is not the case for other proteins involved in DNA repair 
or in the synthesis of DNA precursors, such as photolyase, 
thymidylate synthase, or else ribonucleotide reductases, for 
which it is not possible to identify bacterial versus arcaryal 
versions. These proteins are divided in several families that 
are sometimes evolutionary unrelated and exhibit a distri-
bution pattern between domains that does not overlap with 
the uTol topology. These families exhibit complex phylog-
enies, suggesting multiple cases of HGT between and within 
domains (Kanai et al. 1997, Filée et al. 2003; Lundin et al. 
2010, Kanai et al. 1997, Becerra et al. 2007a; Cantine and 
Fournier 2018, Vechtomova et al (2020).

Two hypotheses can be proposed to reconcile the 
RNA-LUCA hypothesis with the existence of universal 
proteins involved in DNA metabolism or in the synthesis 
of DNA precursors. First, some of these proteins might 
have been involved in RNA instead of DNA manipula-
tions. This may be the case for the DNA-dependent RNA 
polymerases, since the E. coli RNA polymerase can use 
RNA as template (Pelchat and Perreault 2002; Wettich 
and Biebricher 2001) and the genomes of viroids and of 
some RNA viruses are replicated by eukaryal RNA poly-
merase II (Fels et al. 2001; Moraleda and Taylor 2001, 
Mac Naughton et al. 2002). Topo IA might have been also 
involved in RNA manipulation in LUCA since Topo IA 
from all domains of life can act as RNA topoisomerase 
(Xu et al. 2013, Ahman et al. 2014, 2016). Notably, it 
could be significant that Topo IA, which is the only uni-
versal DNA topoisomerase, is also the only one that can 
use RNA as substrate (DiGate and Marians 1992; Seki-
guchi and Shuman 1997, Rani et al. 2010). Interestingly, 
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Nagajara and colleagues have shown that the Topo IA of 
a mycobacterium is involved in rRNA processing, indicat-
ing that if LUCA contained a Topo IA, this enzyme might 
have function in a similar process (Rani et al. 2010). The 
single-stranded DNA-binding proteins SSB and RPA are 
very divergent and only share a common OB-fold domain. 
Proteins containing this motif are very diverse and some 
of them can bind single-stranded RNA (Theobald et al. 
2003). Photolyases can also act on both DNA and RNA 
(Gordon et al. 1976; Kim and Sancar 1991). Notably, if 
confirmed, the presence of an RNA photolyase activity in 
LUCA would suggest that this organism lived exposed to 
UV irradiation at the surface of the Earth.

Another hypothesis to explain why some proteins acting 
on DNA are universal is that these proteins were transferred 
independently from viruses into proto-Archaea and proto-
Bacteria. Most of these proteins indeed have homologues 
encoded by DNA viruses or plasmids. The co-evolution of 
ribocells with their mobilome would explain why the phy-
logenies of some enzymes involved in DNA metabolism 
overlap with the uTol, whereas multiple HGT between cells 
and viruses in both directions would explain why others, 
such as thymidylate synthases and ribonucleotide reductases 
exhibit a complex evolutionary history (Filée et al. 2003; 
Lundin et al. 2010, 2015). There are two families of thymi-
dylate synthases, ThyA and Thy, and three classes of ribo-
nucleotide reductases (RNR I, II, and III). ThyA and ThyX 
are non-homologous, suggesting that present-day DNA 
containing thymidine (T-DNA) might have originated twice 
independently from DNA containing uracil (U-DNA), which 
still form the genome of some viruses (Forterre et al 2004). 
It is even possible that U-DNA itself was “invented” twice 
independently. The three classes of ribonucleotide reduc-
tases share a homologous core, and it is usually assumed that 
the ribonucleotide reductase activity originated only once. 
However, this common core is shared by all proteins of the 
10-stranded β/α barrel superfamily, such as pyruvate for-
mate lyase, and the three classes of ribonucleotide reductase 
require completely different subunit components and co-fac-
tors to synthesize dNTPs (Lundin et al. 2015). Consequently, 
the mechanism to generate the radical involved in removal of 
the 2’ oxygen of the ribose differs between the three classes. 
Lundin and colleagues have proposed an ad hoc scenario 
in which they both evolve from a primitive ribonucleotide 
reductase (Lundin et al. 2015). However, whereas class I 
most likely evolved from class II, one cannot exclude that 
class II and III originated independently. Although these two 
classes are present in Archaea and Bacteria, their complex 
phylogenies do not support their presence in LUCA (Filée 
et al. 2003; Lundin et al. 2010, 2015). The history of these 
proteins has been indeed characterized by frequent HGT 
between Archaea and Bacteria, probably because strong 
pressure for environmental adaptation, some of them being 

aerobic, while others are strictly anaerobic (Filée et al. 2003; 
Lundin et al. 2010, 2015).

Another argument frequently used against the RNA-
LUCA hypothesis is that RNA cannot be replicated with suf-
ficient accuracy to support the existence of a genome encod-
ing the set of genes (a few hundred) supposed to be present 
in LUCA (Takeuchi et al. 2011, Martin and Koonin 2006). 
Such assumption seems a priori justified by the maximum 
genome sizes of most modern RNA viruses which is around 
40 kb (for coronaviruses). This argument can be refuted by 
thinking about the type of cell (either a ribocell or a virocell) 
that was required to support the RNA to DNA transition. 
The genome of this RNA cell should have encoded for all 
enzymes required for the biosynthesis of amino acid and 
nucleobases or their transport into the cell and for the meta-
bolic and energetic pathways required to produce ATP and 
GTP. In addition, the genome of this RNA cell should have 
encoded several sophisticated protein-enzymes, such as an 
RNA replicase, a ribonucleotide reductase, and a reverse 
transcriptase. This means that this RNA cell was already 
equipped with efficient ribosomes producing elaborated 
proteins. This seems impossible with a genome of 40 kb or 
less, teaching us that RNA cells with larger genomes have 
necessarily once existed.

The comparison between ancestral RNA cells and mod-
ern RNA viruses is thus certainly misleading. Modern 
RNA viruses probably represent only a minute fraction of 
the diversity of the ancestral RNA virosphere, those which 
managed to survive the transition from RNA to DNA cells. 
The present genome size limit of RNA viruses may be thus 
strongly biased by a sampling effect. Interesting observa-
tions can nevertheless be made when looking at modern 
RNA viruses. Despite their small genomes, RNA viruses 
encode proteins as large and sophisticated as those of DNA 
viruses or ribocells. These proteins can manipulate cellular 
membranes to produce cytoplasmic viral factories. A strik-
ing example of a large viral protein encoded by RNA virus 
protein is the nsp3 protein (222 kDa) from murine hepatitis 
coronaviruses that can build a nuclear pore allowing the exit 
of the viral RNA from cytoplasmic viral factories (Wolff 
et al. 2020).

RNA replicases have indeed a rather low fidelity with 
an error rate of around 1 × 10–4 to 1 × 10–6 (Sanjuan et al. 
2010). However, it has been shown that high fidelity 
mutant of polyomavirus RNA replicase can emerge from a 
single point mutation (Pfeiffer and Kirkegaard 2003) and 
that the error rate of the RNA polymerase from yellow 
fever viruses that have accumulated clusters of benefi-
cial mutation was as low as 1.9 × 10–7 to 2.3 × 10–7 (Pug-
achev et al. 2004). The fidelity of viral RNA replicase 
can be also increased by additional factors. For example, 
coronaviruses encode an exoribonuclease whose activity 
can increase replication fidelity (Denison et al. 2011). 
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Notably, there is a general negative correlation between 
mutation rate and genome size among RNA viruses, i.e., 
larger genomes are replicated more faithfully, suggesting 
that larger genomes in the second age of the RNA world 
could have been replicated even more faithfully (Sanjuan 
et al. 2010).

Moreover, one should consider that the replicative 
RNA polymerase in LUCA was not an ancestor of modern 
viral RNA replicases, but of the universal cellular DNA-
dependent RNA polymerases that are now only involve 
in transcription in modern DNA ribocells. Modern RNA 
polymerases in the three domains exhibit intrinsic proof-
reading activities that increase the transcription fidelity 
and could have been used to improve the replication fidel-
ity of the LUCA genome if this genome was made of 
RNA (Poole and Logan 2005). The fidelity of the LUCA 
RNA polymerase/replicase was also possibly increased by 
its association with the ancestor of the universal elonga-
tion factor NusG/Spt5 (Werner 2012).

The current idea that RNA would be too labile to sup-
port the genome of LUCA can be also challenged by the 
existence of several biochemical pathways for RNA repair 
in modern ribocells (nicely review in Poole and Logan 
2005). As previously discussed, RNA is much more sensi-
tive than DNA to thermodegradation (Ginoza et al. 1964), 
but this might not be a problem for LUCA if it was indeed 
living in a rather low-temperature environment. Topologi-
cal constraints produced by RNA-binding proteins pre-
venting the free rotation of the two RNA strands could 
have also increased the stability of the RNA double helix 
which is already intrinsically slightly more stable than the 
DNA double helix (Wienken et al. 2011).

Finally, when discussing the genome of LUCA, it is 
not necessary to imagine RNA genomes of ancient RNA/
protein ribocells as simply a mimic of modern DNA 
genomes. One can imagine multiple RNA redundant 
(multi-copy) linear chromosomes with sizes between 50 
and 100 kb that segregated using mitotic-like devices 
anchored in the membrane (Woese 1998). Such small 
linear genomes would be less sensitive to mutation error 
and gene loss and immune to topological problems that 
require topoisomerase activities (Woese 1998). They 
could encode clusters of genes coding for related activi-
ties and function somehow more like modern mobile ele-
ments (Woese 1998). The transcripts of the few universal 
operons encoding ribosomal protein genes could be relics 
of this time. Cells harboring such a genome could have 
divided by simple “mechanical” cell division mechanisms 
promoted by lipid biosynthesis (Koonin and Mulkidjanian 
2013) and/or by a simple system based on an ancestor of 
the FtsZ/tubulin superfamily (Pende et al. 2021; Santana-
Molina et al. 2023).

The Evolutionary Tempo at the Time of LUCA​

The RNA-LUCA hypothesis was already proposed by 
Carl Woese when he discussed the nature of the progenote 
(Woese 1983, 1987, 1998). Woese suggested that the low 
fidelity of its RNA genome replication, associated with 
the low fidelity of its translation apparatus, explains why 
the evolutionary tempo was much higher at the time of the 
progenote (LUCA) than it is now. I, myself, later proposed 
that three independent viral-promoted transitions from 
RNA to DNA genomes were at the origin of the formation 
of the three domains by dramatically reducing the rate of 
protein evolution in their proto-lineages (Forterre 2006). 
The evolutionary tempo was indeed necessarily much 
faster in the relatively short period between the origin of 
life and the emergence of the three domains (possibly a 
few hundred million years) than it was during the evolu-
tion of the three domains from their respective ancestors 
(possibly more than 3.5 billion years) (Woese and Fox 
1977b) (Fig. 1). In the first short period, life evolved from 
scratch to ribocells, LUCA, and to the respective ances-
tors of Bacteria and Arcarya, whereas in the second, much 
longer period, the basic fabrics of DNA ribocells have 
remained stable in their respective domains. This reduc-
tion of the evolutionary tempo would explain why the evo-
lution of modern organisms is now strongly constrained by 
their previous history (bacteria can only evolved into dif-
ferent bacteria, archaea into different archaea, eukarya into 
different eukarya). The three versions of universal proteins 
remained indeed strikingly similar within each domain, 
despite (around) 3 billion years of evolution (Woese and 
Fox 1977b). In contrast, a fast evolving LUCA had the 
capacity to produce descendants that became either Bac-
teria, Archaea, or Eukarya, very different from their com-
mon ancestor. The first proto-Bacteria and proto-Arcarya 
that retained an RNA genome for a while would have also 
evolved more rapidly than modern organisms, explaining 
the long branches that separate the bacterial and arcaryal 
universal proteins in phylogenetic trees (Da Cunha et al. 
2017, Catchpole and Forterre 2019, Berkemer and McGyll 
2020, Moody et al. 2022).

The idea that the RNA to DNA transition played a 
major role in a dramatic reduction of the evolutionary 
tempo rests on the assumption that organisms with RNA 
genomes evolve more rapidly than those with a DNA 
genome. We have seen that RNA can be replicate more 
faithfully than usually assumed (but not as faithfully than 
DNA, see below) and that dsRNA is as stable as dsDNA. 
The advantage of DNA over RNA in terms of genome 
stability and reproduction was therefore not immediate 
for the first organisms with DNA genomes. However, the 
advantages became important following the emergence of 
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specific mechanisms increasing the faithful transmission 
of the genetic information in DNA. Two major such mech-
anisms can be identified: the emergence of independent 
mismatch repair systems in Archaea (the EndoMS system) 
and in Bacteria (the MutL/S system) (White and Allers 
2018) allowing to reach mutation rates as low as 1 × 10–10 
and the emergence of DNA repair systems to remove ura-
cil from DNA, preventing the mutational effect cytosine 
deamination. In the case of mismatch repair, one can still 
imagine that such a system existed during the second age 
of the RNA world to increase the fidelity of dsRNA repli-
cation, but such systems are presently unknown and were 
probably not required at the time of LUCA for rather small 
RNA genomes. In the case of cytosine deamination pro-
ducing uracil, the advantage of DNA over RNA is obvious 
since uracil can be detected in DNA but not in RNA. The 
transition from RNA to DNA occurred necessarily in two 
steps, with first the emergence of U-DNA followed by the 
emergence of T-DNA (Forterre et al. 2004). The transition 
from U-DNA to T-DNA was a major step in increasing the 
stability of the genetic information once mechanisms to 
detect uracil in T-DNA and repair the modified sequence 
emerged in some DNA ribocells and/or virocells. Finally, 
DNA is not only more resistant than RNA to thermod-
egradation, as already mentioned but also less sensitive 
than RNA to cleavage by metal ions, which can be another 
factor that allowed an increase of the evolutionary tempo 
after the RNA to DNA transition (Butzow et al. 1975). 
Besides DNA replication, transcription itself became more 
accurate after the independent acquisition of the GreA/B 
system in Bacteria and TFS/TFIIS system in Arcarya. All 
these improvements in the genetic make-up of the proto-
Bacteria and proto-Arcarya likely produced a dramatic 
slowdown in the genome mutation rate in the LBCA and 
LARCA lineages.

The Metabolism and Lifestyle of LUCA​

The metabolism of LUCA cannot be easily determined, 
because metabolic enzymes are rare or absent in the sets 
of 50 to 100 strictly universal proteins conserved in all 
members of the three domains. This is because metabolic 
traits have been frequently lost and/or acquired by HGT 
during evolution, especially between Archaea and Bacte-
ria. However, the real number of metabolic enzymes pre-
sent in LUCA was certainly rather high. LUCA and its 
contemporaries needed to produce ATP, amino acids, and 
nucleotides to support RNA and protein production, as well 
as the phospholipids required for membrane synthesis. It 
was also suggested that LUCAs and its contemporaries 
were most likely genetically redundant for many catalytic 
activities, with many paralogues and functional analogs 

already established in various lineages (Glansdorff et al. 
2008). Ancestors of all metabolic pathways present at the 
time of LUCA were not necessarily present in LUCA itself. 
Some of them were probably “invented” in other lineages 
but were later transferred to some descendant of the LUCA 
before these lineages disappeared (although this supposes 
that LUCA possessed efficient uptake mechanisms to ingest 
those synthesized by its contemporaries).

Several authors have tried various strategies to determine 
the metabolic pathways of LUCA using less restrictive cri-
teria than their presence in all members of each domain, 
looking for proteins that are not truly universal but present in 
diverse phyla of each domain, for universal protein folds pre-
sent in modern metabolic enzymes or else on the distribution 
patterns of biosynthetic pathways, and metabolic enzymes 
in the three domains. For instance, it was concluded in one 
study that LUCA was able to synthesize at least 16 out of 
the 20 standard amino acids (Hernandez-Montes et al. 2008) 
and that both salvage and de novo pathway for purine and 
pyrimidine biosynthesis were already present in LUCA 
(Armanta-Medina et al. 2014). An in-depth study of the His-
tidine biosynthesis pathway concluded that most enzymes 
involved in this pathway were already present in LUCA and 
possibly organized in operon (Fondi et al. 2009). Several 
universal enzymatic reactions that were described often 
require enzymes containing ancestral domains involved in 
the manipulation of phosphate groups (Escobar-Turriza et al. 
2019). Eight such studies have been recently reviewed by 
Goldman and colleagues (Crapito et al. 2022). These authors 
inferred from these analyses a consensus LUCA proteome 
including 366 proteins present in at least four out of the 
eight previous studies. Their analysis concludes that the 
genome of LUCA encoded, as expected, proteins involve 
in amino acid and nucleotide metabolism and use common 
nucleotide-derived organic co-factors.

I will discuss in more detail here the work of Martin and 
colleagues, because it has been widely publicized by scien-
tific journalists (Weiss et al. 2016a, review in Weiss et al. 
2018, Cooper 2017, see also the chapter on the last common 
universal ancestor in Wikipedia) and still used to describe 
the metabolism of LUCA in a recent review (Bozdag et al. 
2024). These authors focused on proteins shared by Archaea 
and Bacteria to determine the proteome of LUCA. These 
authors used two criteria to discriminate between proteins 
that were inherited from LUCA and those that were trans-
ferred between Archaea and Bacteria post-LUCA: the pro-
tein should be present in several groups of each domain, and 
the archaeal and bacterial proteins should form two mono-
phyletic clades in phylogenetic analyses. Using this strategy, 
they identified 338 proteins that were supposed to be present 
in LUCA (117 being present in the data set of Goldman and 
colleagues). They deduced from this list that LUCA was an 
autotrophic anaerobe thriving in a hydrothermal vent. This 
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reconstructed metabolism turned out to be fully compatible 
with previous origin of life hypotheses proposed by these 
authors, assuming a direct link between the geochemistry 
of the life cradle and the physiology of LUCA (Martin and 
Russell 2003; Weiss et al. 2018). This work was criticized 
by other authors who identified several pitfalls in the data-
sets used to build the 338 phylogenetic trees (Gogarten and 
Deamer 2016; Berkemer and McGlynn 2020). Gogarten and 
Deamer noticed that many trees only included a small num-
ber of closely related groups of Archaea or Bacteria, indicat-
ing that a single HGT from one domain to the other could 
have been sufficient to fulfill the criterion of “presence in at 
least two groups” (false positive). They also noticed several 
“false negatives,” i.e., well-known universal proteins such 
as the A- and F-type ATPases catalytic subunits and many 
amino-acyl tRNA synthetases that were missing from the 
338 proteins dataset. In their reply (Weiss et al. 2016b), Mar-
tin and colleagues did not discuss why some of their trees 
only included closely related Archaea, missing the diversity 
of the domain. They briefly suggest that some universal pro-
teins were missing in their reconstituted LUCA because the 
monophyly of Archaea and Bacteria was blurred by HGT, 
which is clearly not the case for the 25 missing ribosomal 
proteins. Berkemer and McGlynn undertook a more detailed 
re-analysis of the 338 trees and noticed that many of them 
were undersampled in term of species, resulting in phylog-
enies that do not reflect the evolution of the corresponding 
proteins. They completed the species dataset for each pro-
tein and showed that phylogenies based on more sequences 
rejects the LUCA hypothesis for 82% of the 338 proteins 
identified as LUCA proteins!

Alerted by the discrepancy previously discussed between 
our result and those of Martin and colleagues concerning 
reverse gyrase, I have looked myself at the individual 338 
trees (accessible in Weiss et al. 2018). They were retrieved 
and colored with the Archaeal branches in blue and the 
bacterial ones in red for easy interpretations (all colored 
trees are available at https://​osf.​io/​ypszh/ DOI: https://​doi.​
org/https://​doi.​org/​10.​17605/​OSF.​IO/​YPSZH). As previ-
ously noticed by Berkemer and McGlynn, the distribution 
of Archaeal and Bacterial species within domains was often 
limited, with sometime only two closely related orders of 
the same phylum. This was problematic since a modern 
protein already present in LUCA should have been present 
in both the LBCA and in the LACA. Therefore, despite 
possible multiple losses during the diversification of these 
domains, they are expected to be present in several distantly 
related lineages in both domains. In most trees, this con-
dition was not satisfied, making it impossible to conclude 
that this protein was present in LUCA or not. Notably, the 
number of species was dramatically different from one tree 
to another, from several hundred for the elongation factor 
EFTu/EF1 to only 9 for a methyltransferase of the FkBM 

family! Moreover, the number of species analyzed was often 
very limited: 44 trees have fewer than 20 species and 15 
have fewer than 10 species. Most trees are unbalanced in 
terms of domain composition with often many much more 
bacterial than archaeal species. Finally, the number of trees 
that exhibited a reasonably long branch compatible with a 
presence in LUCA was very limited (around 12–18 trees 
out of 336). These proteins correspond to previously rec-
ognized universal markers, such as 9 ribosomal proteins 
and the two elongation factors EF1/Tu and EF2/G. In all 
other trees, the branch between Archaea and Bacteria was 
very short. Considering the poor sampling of many proteins 
and using the branch length criterion, I also conclude that 
only about 80% of proteins attributed to LUCA by Martin 
and colleagues were a false positive, in agreement with the 
result of Berkemer and McGyll. This implies that many of 
the 366 proteins retrieved by Coleman and colleagues from 
the comparative analysis are also most likely false positive 
since they included 117 from the 338 proteins of the Martin 
and colleague’s dataset.

I was also surprised that Martin and colleagues only 
recovered in their analysis 20 out of the 50–60 proteins 
of the universal protein set defined by strict criteria. For 
instance, beside the examples already noticed by Gogarten 
and Deamer they missed the two large subunits of the DNA-
dependent RNA polymerase, and 25 of the 34 universal ribo-
somal proteins. A probable explanation is the use of a very 
strict threshold (25% identity) in the first step of their analy-
sis to recover proteins present in both Archaea and Bacteria. 
This threshold most likely counter selected bona fide LUCA 
proteins that diverged after LUCA to produce distinct ver-
sions (sensu Woese) of archaeal and bacterial proteins. On 
the contrary, this threshold probably enriched their dataset of 
proteins that have been transferred between the two domains.

Many studies that were performed during the first two 
decades of this century are now somewhat outdated consid-
ering the huge expansion of genomic databases that occurred 
in the recent years. These studies need to be updated, espe-
cially considering that the diversity within each domain has 
exploded with the expansion of metagenomic analyses. The 
sporadic distribution of a protein in the three domains tes-
tifies for its presence in LUCA only if its phylogeny fits 
with the topology of the Tol and if the branch between the 
Archaea and Bacteria is reasonably long, as previously dis-
cussed for reverse gyrase. A good example might be the 
recent analysis of proteins involved in the mechanism of 
Fe–S cluster assembly (Garcia et al. 2022). In modern ribo-
cells, hundreds of proteins depend on the presence of Fe–S 
clusters for redox chemistry and Lewis acid-type catalysis. 
Fe–S clusters dependent proteins were thus probably already 
present in LUCA. Barras and colleagues propose that two 
mechanisms for Fe–S clusters assembly could be traced back 
to LUCA (Garcia et al. 2022). They published phylogenetic 
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trees of cysteine desulfurase MisS + MisU and SmsCB, in 
which Archaea and Bacteria are indeed separated by reason-
able long branches.

In conclusion, the definition of the LUCA proteome 
remains to be robustly predicted and the physiology of 
LUCA remains unknown. It will be important in future to 
resume this type of work using a broad and update repre-
sentation of species covering the diversity of each domain 
and a lower threshold to select proteins common to Archaea 
and Bacteria. A criterion to define this threshold should be 
its ability to recover all proteins already known to be pre-
sent in the strict universal set. The species dataset for each 
domain should have to exclude fast evolving species, such 
as DPANN archaea and CPR bacteria, which are known 
to introduce bias in phylogenetic analyses (see below). It 
should be also very useful to know where are located the 
roots of the trees for each of the three domains—something 
still controversial—to determine with more accuracy if a 
protein was present in the LBCA, the LACA, and/or the 
LECA.

The Energetics of LUCA​

It is often claimed in the literature that LUCA contained 
an ATP synthase, because archaeal A-type ATP synthase 
and bacterial F-type ATP synthase are homologous (Lane 
et al. 2010, Ducluzeau et al. 2014, see recent examples in 
Goldman et al. 2023, Mahendrarajah et al. 2023). Their cata-
lytic and regulatory subunits and their membrane-anchored 
subunits are indeed homologous, but this is not the case for 
the central stalk which connects the cytoplasmic catalytic 
and regulatory subunits to the membrane-anchored subunits, 
as indicated by the presence of dissimilar structural folds 
(Mulkidjanian et al. 2007, 2009). This observation is critical 
since the central stalk is essential for the rotary mechanism 
responsible for the ATP synthase activity. Mulkidjanian and 
colleagues thus suggested that the ancestor of the A -and 
F-type ATP synthases in LUCA had no ATP synthase activ-
ity but functions as an ATP-dependent protein translocase, 
in which the translocated protein itself occupied the place of 
the central stalk. This hypothesis implies that LUCA prob-
ably only used fermentation pathways for ATP production.

Spang and colleagues suggested that an archaeal-like 
A-type ATP synthase could have been present in LUCA, 
because many bacterial genomes also encode this enzyme, 
suggesting that this protein was possibly already present in 
the LBCA (Mahendrarajah et al. 2023). However, this pro-
posal is not supported by the phylogenies of their A and 
B subunits, where the bacterial A-type ATP synthases are 
dispersed into several clusters, and most of them are close or 
branch within their archaeal homologues, suggesting that an 
A-type ATP synthases was probably not present in LUCA. 

It seems more likely that these enzymes originated in proto-
Archaea and that some of them were later transferred from 
Archaea to Bacteria shortly before or after the emergence 
of the LCBA.

Notably, the ATP synthase activity is not essential for life, 
even at the “prokaryotic” stage. It has been known for a long 
time that a bacterium cultivated in conditions that inhibit 
the activity of the F-ATPase is viable, using fermentative 
pathways for ATP production (Harold and Van Brunt 1977). 
This is the lifestyle of Eukarya lacking mitochondria, since 
the eukaryotic orthologue of the archaeal ATP synthase, the 
V-type ATPase, functions as an ATPase. If LUCA indeed 
lack an ATP synthase powered by a rotary mechanism, the 
ATP production mechanisms of LUCA could have been 
reminiscent of those of proto-Eukarya before the emer-
gence of mitochondria. The two independent inventions of 
the rotatory mechanism associated to the A and F-type ATP 
synthases were probably critical events that take place in the 
lineages of proto-Archaea and proto-Bacteria, providing a 
dramatic selective advantage to the first proto-archaeon and 
proto-bacterium with an ATP synthase.

Notably, ATP synthases in modern organisms are sup-
ported by a variety of electron transport chains involving 
many components. It has been suggested that some ances-
tors of these components were already present in LUCA 
(reviewed in Ducluzeau et al. 2014; Goldman et al. 2023). 
However, there is no clear phylogenetic evidence in the lit-
erature to support this claim. LUCA is often described in 
the scientific literature as an autotroph a priori, because it 
fits well with the hypothesis of an autotrophic origin of life. 
These autotrophic scenarios are proposed in opposition to 
“primitive soup” scenarios, in which the first organisms feed 
on carbon-rich chemicals that first accumulate in their primi-
tive setting from non-biological pathways. An autotrophic 
LUCA supposes that the modern biological mechanisms 
of carbon fixation, such as the reductive tricarboxylic acid 
(TCA) cycle and/or the reductive acetyl CoA pathway, were 
already present in LUCA. This was first refuted by Pereto 
and colleagues who analyzed the phylogenies of the two 
main enzymes involved in these two pathways, the citryl-
CoA synthase and citryl-CoA lyase and the CO dehydro-
genase/acetyl CoA synthase, and concluded that the genes 
encoding these enzymes have been frequently affected by 
HGT and were probably absent in LUCA (Becerra et al. 
2007a, 2007b). In another study, based on a much larger 
number of sequences, Gribaldo and colleagues also identi-
fied many HGT in the evolution of the CO dehydrogenase/
acetyl CoA synthase CODH/ACS between and within 
domains (Adam et al. 2018). They nevertheless suggested 
that this enzyme was present in LUCA because, once con-
sidering these HGT, they concluded that this enzyme was 
probably present in the LACA and LBCA. Unfortunately, 
they did not consider the branch length between Archaea and 
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Bacteria in their analysis. Accordingly, one cannot exclude 
early transfers between proto-Archaea and proto-Bacteria. In 
any case, Gribaldo and colleagues concluded that the pres-
ence of this enzyme in LUCA cannot be an argument in 
favor of an autotrophic LUCA, since the ancestral CO dehy-
drogenase/acetyl CoA synthase “might have been originally 
unable to fix carbon and operate only catabolically, consist-
ent with a heterotrophic LUCA​” (Adam et al. 2018). Finally, 
it is important to remember that a heterotrophic LUCA can 
be reconciled with an autotrophic origin of life (as a meso-
philic LUCA can be reconcile with a hot origin of life) con-
sidering the large evolutionary distance between the first cell 
and LUCA. One cannot exclude that both heterotrophs and 
autotrophs were thriving on or planet at the time of LUCA.

The Membrane of LUCA​

Very different types of enzymatically synthesized phospho-
lipids with different chemistries and stereochemistry prob-
ably originated before LUCA. The archaeal and bacterial/
eukaryal types of phospholipids are only those that were pre-
sent in the membranes of the successful ancestors of modern 
ribocells. There is no consensus today on the nature of the 
lipids present in LUCA. We do not know if they resem-
bled those of Archaea, Bacteria, or a mixture of the two. 
Authors who have carried out phylogenetic analyzes of the 
enzymes involved in phospholipid biosynthesis have reached 
opposite conclusions (Lombard et al. 2012; Yokobori et al. 
2016; Coleman et al. 2019). The history of these enzymes 
has seen numerous HGT between the three domains and 
certain enzymes involved in lipid biosynthesis in Archaea 
are present in many bacteria where they seem involved in 
other mechanisms and vice versa. The phylogenies obtained 
are therefore difficult to interpret. Interestingly, in discuss-
ing the evolution of primordial membranes and membrane 
proteins, Koonin and co-workers suggested that the mem-
brane of LUCA and its early descendants might have been 
in fact more permeable to protons than modern ribocells but 
already impermeable to sodium, explaining why, according 
to their scenario, the ancestors of the ATP synthase used 
sodium and not proton gradients to sustain ATP synthesis 
(Mulkidjanian et al. 2009). This suggests that phospholip-
ids in LUCA membrane could have somehow differed from 
modern ones.

Several authors have suggested that LUCA contained 
both types of lipids found in modern organisms and that 
the loss of one of them triggered the divergence between 
the archaeal and bacterial lineage, because membranes 
containing a single type of lipids should have been more 
stable (Wächtershäuser 2003; Koga et al. 1998). This does 
not seem to be the case since heterochiral hybrid liposomes 
made of bacterial and archaeal polar lipids are no less stable 

than homochiral liposomes (Shimada and Yamagishi 2011). 
Indeed, an engineered E. coli with 20–30% of archaeal lipids 
grows as well as the wild type and is even slightly more 
resistant to stress (Caforio et al. 2018). If LUCA had only 
archaeal-type lipids, it is therefore unclear which type of 
selection pressure could explain the replacement of the 
more stress-resistant archaeal type by the less resistant bac-
terial type in the bacterial lineage (Forterre et al. 2019). 
In contrast, if LUCA had bacterial-type lipids or similar 
ones, archaeal lipids might have been selected during the 
adaptation of the proto-archaeal lineage to high temperature 
(Glansdorff et al. 2008; Groussin and Gouy 2011). Indeed, 
membranes made of archaeal phospholipids are more stable 
to heat exposure and much less permeable to protons and 
ions than those made of bacterial or eukaryal phospholipids 
(Choquet et al. 1996; Konings et al. 2002). This property 
is especially important at high temperatures, when lipid 
membranes became more permeable to protons and small 
inorganic ions. The failure to prevent their passive diffusion 
would abolish the production of ATP via the ATP synthase. 
This would ultimately lead to cell death at high tempera-
ture if fermentative pathways for ATP production are not 
sufficient to counteract the effect of high temperature on 
macromolecule stability and integrity. Notably, all known 
hyperthermophiles harbor an ATP synthase activity. It would 
be interesting to test if they can live without this enzyme, 
as demonstrated in the of mesophilic bacteria (Harold and 
Van Brunt 1977) or if they absolutely require an active ATP 
synthase. In the second case, the independent acquisition of 
an ATP synthase activity in the proto-lineages of Archaea 
and Bacteria could have been selected during the process of 
their adaptation to high-temperature biotopes.

The cytoplasmic membranes of modern ribocells are sur-
rounded by various types of cell envelopes. Most archaeal 
and eukaryotic membrane surfaces and those of some bac-
teria are covered by glycoproteins forming the so-called 
S-layer in Archaea and Bacteria and glycocalyx in Eukarya. 
Lombard suggested the presence of a S-layer-like envelope 
in LUCA, because it probably already harbored the Z-IPTase 
(Lombard 2016), one of the most characteristic enzyme 
involved in the synthesis of precursors of the glycosylation 
pathways in the three domains. Examination of the unrooted 
tree of the Z-IPTase phylogeny (Fig. 1 in Lombard 2016) 
supports this claim if one removes a group of eukaryotic 
Z-IPTases that branches between Bacteria and other Arcarya 
and if one roots the tree in the bacterial branch. This pro-
duces a 3D tree with a rather long branch between Bacteria 
and Arcarya. It would be important now to update the phy-
logenies of this enzymes and of others possibly involved 
in glycosylation pathways. In addition to envelopes made 
of glycoproteins, the cells of nearly all Bacteria (with or 
without S-layers), a few Archaea, and a few Eukarya are 
surrounded by rigid cell walls (such as the peptidoglycan 
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layer in Bacteria) that strengthen their stability and probably 
protect them against attack by some viral lineages. These 
cell walls are made of non-homologous components in the 
three domains, suggesting that LUCA was probably devoid 
of cell wall. Nevertheless, one cannot completely exclude 
that LUCA harbored a cell wall—of a forgotten type—that 
was lost thereafter, since cell walls have been lost many 
times independently in the three domains.

Independently of their lipid types, all modern ribocells, 
including those with cell walls, have the property to produce 
membrane bound extracellular vesicles, (EVs), suggesting 
that this property was probably already present in LUCA 
(Gill et al. 2019). Among proteins found in EVs, interest-
ing candidates to the title of universal proteins are members 
of the SPFH (stomatin, prohibitin, flotillin, and HflK/C) 
superfamily (Tavernakis et al. 1999, Hinderhofer et al. 2009; 
Marguet et al. 2013; Yokoyama and Matsui 2020). These 
proteins, that are known to facilitate membrane curvature 
and cell fusion (Browman et al. 2007) have been detected 
in both archaeal and eukaryal EVs (Salzer et al.2008, Ellen 
et al. 2009, Gaudin et al. 2013, Skryabin et al. 2021 and ref-
erences therein). However, stomatin and related proteins are 
small with multiple paralogs, especially in Eukarya and their 
presence in LUCA is difficult to ascertain. A small GTPase 
has been recently involved in the production of EV by some 
Archaea (Mills et al. 2014). Although orthologues of the 
protein detected seem to be restricted to some groups of 
Archaea, multiple families of small GTPases are present in 
the three domains and this family of proteins (also related to 
elongation factors) was most likely already present in LUCA 
and could have been also involved in EV production at that 
time. Preliminary studies suggest in fact that various mecha-
nisms of EV production coexist in the modern biosphere, 
even in members of the same domain (Gill et al. 2019; Liu 
et al. 2021a, b, c) and it will be difficult to identify possible 
mechanism(s) already present in LUCA.

The possibility that LUCA and/or its contemporaries had 
internal membrane systems is rarely discussed. It could seem 
strange to recall this possibility when favoring the RNA-
LUCA hypothesis. However, many RNA viruses can manip-
ulate the endoplasmic reticulum (ER) to produce internal 
membrane structures, such as viral factories (reviewed in 
Deb Boon et al. 2010, Stelitano et al. 2023). The formation 
of nuclear-like compartment occurred at least three times 
independently by convergent evolution in the history of life, 
once in proto-Eukarya, once in some PVC Bacteria (a clade 
grouping Planctomycetes, Verrucomicrobiales, and Chla-
mydia), and once in “jumbo bacteriophages” of the class 
Caudoviricetes (Fuerst 2013, Riva-Marin and Devos 2018, 
Nieweglowska 2023). In Eukarya, a closed nuclear com-
partment is formed by the invagination of the endoplasmic 
reticulum and covered by a specific nuclear envelope (lam-
ina); in some PVC Bacteria, an open nuclear compartment is 

produced by the invagination of the cytoplasmic membrane, 
whereas in giant head and tailed Caudoviricetes, the viral 
nucleus is enclosed by a viral encoded membrane protein. 
One thus cannot dismiss that possibility that LUCA was a 
synaryote, a nucleated organism (Forterre 1992a, b; Forterre 
and Gribaldo 2010; Staley and Fuerst 2017; Nieweglowska 
et al. 2023).

The synkaryotic LUCA hypothesis was supported once 
by the discovery in PVC bacteria of proteins with predicted 
secondary structures and domain arrangement resembling 
those typical of eukaryal membrane coat proteins (Santar-
ella-Mellwig et al. 2010; Forterre and Gribaldo 2010). These 
proteins are formed by a combination of beta propeller 
domains followed by a stacked pair of alpha helices. One of 
these proteins co-localizes with intracellular membrane vesi-
cles present in one of the two PVC cellular compartments. 
Phylogenetic analyses have suggested that LECA and the last 
common ancestor of PVC bacteria both contained already 
four divergent versions of proteins structurally analogous 
to modern coat proteins (Santarella-Mellwig et al. 2010). 
However, a recent updated analysis failed to recover similar 
proteins in Archaea and only found a few of them in Bacteria 
outside the PVC superphylum (Ferrelli et al. 2023). It seems 
thus likely that the resemblance between the bacterial and 
eukaryal membrane coat proteins reflects convergent evolu-
tion or HGT between Bacteria and proto-Eukarya.

A more likely hypothesis for the origin of the nucleus 
is that this unique organelle originated via the interaction 
between proto-Eukarya and the viral factories of diverse 
giant viruses from the phylum nucleocytoviricota. This 
scenario, first proposed at the beginning of this century 
(Bell 2001; Takemura 2001) has been recently boosted by 
the discovery that viruses can produce nucleus and nuclear 
pores and by in-depth phylogenetic analyses of several criti-
cal eukaryal proteins, such as actin, RNA polymerase, and 
TopIIA DNA topoisomerases (Guglielmini et al. 2019, 2022, 
Da Cunha et al. 2022b, review in Gaïa and Forterre 2023).

The Controversial Relationships Between 
LUCA and Eukarya

If Eukarya emerged within Archaea, as in 2D scenarios, 
eukarya-specific proteins or proteins only present in Eukarya 
and Bacteria cannot be traced to the proteome of LUCA. 
This explains why many authors now only consider Archaea 
and Bacteria when they try to reconstruct the portrait of 
LUCA. In contrast, if Archaea and Eukarya are sister group, 
as in the 3D scenario, some of these proteins might have 
been present in LUCA and later lost in proto-Archaea. Oth-
ers might have been even lost in both Bacteria and Archaea 
(Fig. 4). It is thus important to know which model is correct 
when discussing the nature of LUCA. Opinions in favor of 
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the 2D model have been strongly boosted by the discovery 
of Asgard Archaea from metagenomic analyses (thereafter 
called Asgard for simplicity) (Spang et al. 2015; Zaremba-
Niedzwiedzka et al. 2017). During the last ten years, the 
number of Asgard lineages has exploded with around 20 
distinct lineages now recognized, covering a huge number 
of MAGs (Metagenomes Associated Genome) (Liu et al. 
2021a, b, c; Da Cunha et al. 2022a, b; Eme et al. 2023). 
In recent published phylogenetic analyses based on concat-
enation of different subsets of universal protein sequences, 
Eukarya branch either as a sister group to Asgard or, more 
frequently, as sister group to one of the many Asgard line-
ages presently known (Liu et al. 2021a, b, c; Xie et al. 2021).

The Asgard are now systematically introduced in the 
scientific literature as “the closest prokaryotic relatives of 
eukaryotes.” This specific relationships between Eukarya 
and Asgard was first observed in a phylogenetic analy-
sis based on the concatenation of 36 universal proteins 
(Spang et  al. 2015). However, in-depth examination of 
the 36 individual trees revealed that these close relation-
ships resulted from a combination of several biases in the 
species and protein datasets (Da Cunha et al. 2017; Gaia 
et al. 2018; Nasir et al. 2021). The 2D trees were favored 
by the presence of fast evolving species, such as DPANN, 
Methanopyrus kandleri, or Korarchaeota, in the species 
dataset and of small proteins in the universal protein data-
set. In another re-analysis, it was shown that 2D trees were 
favored by unbalanced species datasets in which Archaea 

are overrepresented compared to Bacteria and Eukarya and 
that several proteins sequences used as phylogenic markers 
were possibly misaligned (Nasir et al. 2016, 2021). These 
biases have been present in all studies published during the 
last nine years, even though different authors used differ-
ent subsets of universal proteins and species (review in Da 
Cunha et al. 2022a, b, see also Caetano-Anollés and Mughal 
2021). The recovery of the 2D topology in all these analy-
ses can be explained by the shortness of the branch testify-
ing for the monophyly of Archaea in 3D trees, especially 
compared to the long branch of Bacteria. The long bacterial 
branch tends to attract fast evolving Archaea, whereas the 
signal corresponding to the short archaeal branch is usually 
missing in short proteins. This hypothesis is in accordance 
with recent analyses, based on simulation experiments, that 
have shown that oversampling of some groups or removing 
fast evolving positions in the alignment prevents recovery 
of short internal bipartitions (Hernandez and Ryan 2021; 
Rangel and Fournier 2023). These results can also explain 
why studies using an oversampling of archaeal sequences 
and/or methods that remove fast evolving position failed to 
recover the 3D tree.

A recurrent argument used to support the close rela-
tionships between Asgards and Eukarya is the presence in 
Asgards of eukaryal-like proteins that are not present in 
other archaeal lineages, such as actin, tubulin, and many 
others. However, these so-called eukaryal-signature pro-
teins (ESPs) exhibit a very patchy distribution between 

Fig. 4   Possible origins of eukarya-specific proteins (ESPs) depending 
of the 3D or 2D scenarios. In 3D scenario some of ESPs were possi-
bly present in LUCA (blue circle) and/or in LARCA (blue and yellow 
circles) and later lost in proto-Bacteria and/or in proto-Archaea, other 
originated in proto-Eukarya (red circles). In 2D scenarios, all ESPs 

originated in proto-Eukarya. ESP here should not be confused with 
eukaryotic-signature proteins (also currently named ESP) that are 
not specific to Eukarya since they are also present in some Archaea 
(Color figure online)
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the different Asgard lineages, which is difficult to explain, 
except if they testify for ancient HGT between Archaea and 
proto-Eukarya (Da Cunha et al. 2022a). In the case of actin, 
an exhaustive phylogenetic analysis published together with 
the discovery of actin in giant viruses revealed that various 
clades of Asgard actins originated during the diversification 
of proto-Eukarya, together with the various clades of eukar-
yal actin-related proteins, (ARPs) (Da Cunha et al. 2022b). 
The topology of this actin tree refutes the idea that eukaryal 
actin originated from Asgard ones and is better explained by 
HGT between Archaea and proto-Eukarya. The same situ-
ation is observed in the case of tubulin, except that Asgard 
tubulin is only present in one of the many Asgard lineages, 
the Odinarchaea. This Asgard tubulin branches within the 
clades of eukaryal tubulin paralogues, as sister group to α 
and β tubulins, suggesting again transfer from proto-Eukarya 
to Asgard (Rodrigues-Oliveira et al. 2023). Notably, transfer 
of proto-eukaryal actin and tubulin to some Bacteria has 
been previously well documented (Schlieper et al. 2005, 
Guljamow et al. 2007, Martin-Galliano et al. 2011, Shira-
tori et al. 2019). In-depth analysis of other ESPs remains to 
be done to test if the HGT hypothesis can be generalized. 
Unfortunately, the analyses ESPs are now systematically 
interpreted by most authors in the framework of the 2D sce-
nario, without considering the alternative HGT hypothesis.

Interestingly, it seems that HGT between Asgard and 
proto-Eukarya can not only explain the patchy distribution of 
ESP, but also some odd observations that we made in re-ana-
lyzing the 36 single trees of the first publication describing 
the discovery of Asgards; whereas in some trees, Eukarya 
and the three Asgards known at that time (two Lokiarchaea 
and one Hodarchaeon, formerly Loki 3) branched far from 
each other; in other trees, one, two, or all three Asgards are 
sister group to Eukarya (Da Cunha et al. 2017). We noticed 
that only one of the 36 trees, corresponding to the EF2/G 
elongation factor, exhibited the same topology as the con-
catenated tree, with the monophyly of the three Asgards 
and the sisterhood of Hodarchaea and Eukarya. Remark-
ably, removing the EF2/G from the Hodarchaeon (formerly 
Loki 3) was sufficient to break the sisterhood between 
Asgard and Eukarya (Fig. 6 in Da Cunha et al. 2017). We 
initially suggested that the remarkable mimicry between 
the EF2/G tree and the 36 proteins tree could be due to the 
contamination of the Asgard MAGs, especially the MAG 
of the Hodarchaeon, by eukaryal sequences. In favor of this 
hypothesis, we noticed the presence in the sequence of the 
Hodarchaeal EF2/G factor of specific insertions typical of 
Eukarya that were missing in other Archaea, including the 
two other Asgards (formerly Loki 1 and 2). We think now 
that the mimicry between the EF2/G tree and the 36 pro-
teins tree do not testify for contamination but most likely for 
HGT between proto-Eukarya and Asgard. This is supported 
by phylogenetic analyses in which Hodarchaea branch as 

sister group to Eukaryotes, whereas all other Asgard branch 
between diverse Archaeal clades, far from Eukarya (Narrowe 
et al. 2018, Cunha et al. 2017, Eme et al. 2023) (Fig. 5).

The EF2/G case does not seem to be an isolated one. We 
have identified another striking example in looking at the 
tree of the universal protein Kae1/TsaD published by Li 
and colleagues (Liu et al. 2021a). In this tree, two of the 11 
Asgard lineages, the Kariarchaea and Heimdallarchaea, are 
sister group to Eukarya, whereas the other 9 Asgard line-
ages branch between other Archaeal clades. This strongly 
suggests that the ancestral Kae1/TsaD present in a com-
mon ancestor of Kariarchaea and Heimdallarchaea was 
displaced by the Kae1/TsaD from a proto-Eukarya (Da 
Cunha et al. 2022a) (Fig. 5). Removal of these two line-
ages transforms the 2D tree obtained by Li and colleagues 
into a 3D tree (Da Cunha et al. 2022a). Examination of the 
131 individual trees of the archaeal and bacterial proteins 
recently concatenated by Ettema and colleagues to build a 
tree in which Eukarya are sister group to Hodarchaea (Eme 
et al. 2023) reveal more cases of possibly HGT, in both 
directions, between proto-Eukarya and Asgard (unpub-
lished observations). Notably, Hodarchaea are only sister 
group to Eukarya in about 10% of the trees, whereas in 
most other ones, they branch most of the time very distant 
from Eukarya.

The concatenation of the two large subunits of the RNA 
polymerase, the two largest universal proteins, produced 
a 3D tree, using a balanced dataset of 50 species for each 
domain in which fast evolving species have been removed 
(Da Cunha et al. 2017). In this Bayesian tree with a non-
homogeneous model, Asgard are located deep into the 
archaeal tree. In this analysis, we used the nuclear RNA 
polymerase II for Eukarya, but we obtained later again the 
3D topology after addition of the eukaryal RNA polymer-
ases I and II (Da Cunha et al. 2022a), as well as viral RNA 
polymerases (Guglielmini et al., 2019). The long eukaryotic 
branch was shortened by these additions, limiting the possi-
bility that the 3D topology obtained was due to an attraction 
between Eukarya and Bacteria. Interestingly, Martinez-Gut-
ierrez and Aylward have shown that the two large RNA poly-
merases subunits are the best proteins to recover a correct 
phylogenetic signal out of 41 proteins conserved in Archaea 
and Bacteria (Martinez-Gutierrez and Aylward 2021). Emb-
ley and colleagues also recover the 3D topology of the RNA 
polymerase tree using our dataset (Supplementary Figure 6 
in Williams et al. 2020). To obtain a 2D tree, they had to 
perform amino acid recoding, reducing the number of amino 
acids to four. However, Asgard were still far from Eukarya 
in this 2D tree, with Eukarya becoming sister group to Cre-
narchaea. Since amino acid recoding reduces the phyloge-
netic signal (Hernandez and Ryan 2021) it is likely that this 
strategy prevents the recovery of the specific archaeal branch 
of the 3D tree.
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All these observations strongly support the idea that the 
3D topology is the correct one and that the strong eukaryal 
flavor of Asgard could be the result of several biases in phy-
logenetic analyses that support a 2D tree, combined with 
the probable co-evolution of Asgard and proto-Eukarya in 
similar environments, favoring HGT. Notably, the first two 
Asgard successfully cultivated (Imachi et al. 2020; Rodri-
gues-Oliveira et al. 2023) live in symbiotic relationships 
with other organisms (in that case archaeal methanogens). 
One could imagine that some ancient Asgard thrived as ecto-
symbionts of protists and that some modern ones possibly 
still live in symbiotic association with modern Eukarya (Da 
Cunha et al. 2022a).

If the 3D topology is correct, how can we determine if 
some traits common to Bacteria and Eukarya or specific 
to Eukarya were present in LUCA? The eukarya-specific 
branch of the Tol being much smaller than the branch link-
ing Eukarya to Bacteria via LUCA, one can argue that the 
presence of a long branch between Bacteria and Eukarya in 
a phylogenetic tree could be a good criteria to distinguish 
traits that were present in LUCA from those introduced in 

Eukarya by the bacterium at the origin of mitochondria 
or from other ancient bacteria that colonized some proto-
Eukarya. The evolution of the tubulin superfamily possibly 
provides such an example: if the archaeal FtsZ/CetZ and 
artubulin originated from HGT via Bacteria and proto-
Eukarya, respectively, one can imagine that the ancestor of 
bacterial FtsZ and eukaryal tubulin was present in LUCA but 
lost in proto-Archaea. In the case of eukarya-specific traits, 
there is of course no possibility to deduce their presence 
in LUCA from phylogenomic analysis. It is often assumed 
that these traits were acquired in proto-Eukarya, because 
evolution is supposed to go from simple to complex. This 
is a prejudice, since it is well known that evolution runs in 
both directions, from simple to complex and back again. 
Unicellular organisms are a priori simpler than multicel-
lular organisms; however, we know that unicellular yeasts 
evolved several times independently from multicellular fungi 
(Dujon 2010). Eukaryotic-specific traits are often considered 
to be derived simply because Eukarya are still considered 
by most molecular and cell biologists to be “higher” organ-
isms, although evolutionists are (usually) aware that there 

Fig. 5   Two examples of putative horizontal gene transfer of univer-
sal proteins between Asgard and proto-Archaea. In the Kae1/TsaD 
tree (left panel) two Asgard lineages are sister group to Eukarya, 
whereas the 11 other Asgard lineages (including Hodarchaea) branch 
between Euryarchaea and a clade grouping Crenarchaea and Thau-
marchaea (adapted from the Fig. 6 in Da Cunha et al. 2022a, b). In 
the EF2 tree, Hodarchaea branch as sister group to Eukarya, whereas 
the other Asgard lineages branch again between large archaeal clades 
(adapted from the Fig. 1 in Cunha et al. 2017). Phylogenies of EF2/
EFG with a similar topology (Hodarchaea as sister group to Eukarya, 

far from other Asgards) have been published by Ettema and col-
leagues, see Fig. 2 in Narrowe et al. 2018, and M037_b.blo30b3g07.
bmge.treefile, in Eme et al. 2023). In the first two original trees, the 
Hodarchaeon was named Heimdallarchaea LC3. These phylogenies 
are best explained by horizontal gene transfers from proto-Archaea 
to some Asgard lineages (blue arrows). Other phylogenies suggesting 
gene transfers between proto-Archaea and some Asgard lineages in 
both directions can be found in the individual trees of Eme et al. 2023 
(Color figure online)
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is no such thing as “lower” or “higher” organisms in the 
real world. The specific features of Eukarya are so com-
plex that it is also often assumed that they cannot be lost 
during evolution. This is misleading since, for instance, fis-
sion yeast cells can undergo nuclear division in the absence 
of spindle microtubules (Castagnetti et al. 2010) and once 
bona fide eukaryotic genomes full of introns can lose all 
of them as well as genes encoding spliceosomal compo-
nents (Lane et al. 2007). If eukaryal features can be lost 
in modern eukaryal lineages, one can imagine that some 
eukarya-specific features were present in LUCA and later 
lost in the proto-archaeal and proto-bacterial lineages. This 
possibility is especially appealing if Archaea and Bacteria 
indeed originated by reductive evolution (Forterre 1992a, 
1995, 2013a, b; Penny and Poole 1999; Kurland et al. 2006, 
2007; Glansdorff et al. 2008). Such reductive evolution can 
be explained by the thermoreduction hypothesis previously 
discussed (Forterre 1995) or by the raptor hypothesis (Kur-
land et al. 2006). In the later, the streamlining in Archaea 
and Bacteria resulted from an adaptation to rapid growth 
and/or minimal resources to escape predation by phago-
trophic proto-Eukarya (Kurland et al 2006). Both hypotheses 
can be combined if Archaea and Bacteria evolved toward 
the “prokaryotic phenotype” by adapting to extremely hot 
environments to avoid proto-eukaryal predators, since the 
upper temperature limit of life for Eukarya is around 60 °C.

Eukarya-specific features that can be tentatively linked 
to the second age of the RNA world are good candidates to 
be ancient features already present in LUCA (Jeffares et al. 

1998; Penny and Poole 1999; Collins et al. 2009; Forterre 
2013a, b). This is possibly the case of some lineages of sim-
ple RNA viruses that are only present in Eukarya (see the 
following chapter). It might be significant that retroviruses 
and more generally retroelements that could be witnesses of 
the RNA to DNA transition are either specific (retroviruses) 
or very abundant in Eukarya. Another eukarya-specific fea-
ture worth discussing is the spliceosome, a ribozyme even 
more complex than the ribosome, with a huge number of 
proteins and five RNA molecules (Jeffares et al. 1998; Col-
lins and Penny 2005; Roy and Gilbert 2006). Spliceosomes 
might have been wonderful devices in the early RNA–pro-
tein cells to create larger proteins by combining small RNA 
genes (ancestors of exons) to produce bigger ones (Doolittle 
1978; Reanney 1984). Importantly, the discovery of nucle-
omorphs (residual eukaryotic nuclei present in secondary 
endosymbionts) whose genomes have lost all introns and all 
genes encoding spliceosome components (Lane et al. 2007) 
has now made credible the possibility that LUCA harbored a 
primitive spliceosome. According to this scenario, ancestral 
split genes in LUCAs were later retro-transcribed to produce 
non-split genes in Archaea and Bacteria. This could have 
occurred in the framework of the viral origin of DNA, since 
this hypothesis involves a retro-transcription step (Forterre 
2005, 2006). The spliceosome would be a relic of times 
when, besides the evolving ribosomes, multiple and diverse 
types of spliceosomes contributed to the diversification of 
proteins in the second age of the RNA world.

Fig. 6   Phylogeny of DNA 
viruses from the phylum 
Bamfordvirae. This schematic 
unrooted phylogeny is adapted 
from Fig. 3 of Woo et al. 2021. 
The topology of this “universal 
tree of viruses” is the opposite 
of the topology of the universal 
tree of ribocells
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This “early spliceosome” view that was popular for a 
while has now been abandoned by most scientists, since it 
is not compatible with the 2D scenario. Since the spliceo-
some share the same splicing mechanism as type II introns 
(Cech 1986), it is now currently assumed that the spliceo-
some originated from bacterial group II introns present in 
one of the bacteria at the origin of Eukarya (Martin and 
Koonin 2006, see Poole 2006 for an early criticism). This 
hypothesis seems difficult to reconciled with the fact that 
both the major and minor spliceosome were already present 
and fully evolved in LECA (Collins and Penny 2005; Hoepp-
ner et al. 2012), the genome of which was full of introns 
(Csuros et al. 2011). This means that a simple group II intron 
(a single RNA molecule) was transformed into two highly 
sophisticated molecular machines in the timespan between 
LARCA and LECA (Rogozin et al. 2012).

One can conclude from this chapter that the wide support 
for 2D scenarios, limiting the discussion about LUCA to the 
comparison between Archaea and Bacteria, misleads us into 
putting Eukarya—especially the eukaryotic RNA world—
out of the picture. It brings us back to pre-Woesian time, 
when the prokaryote first paradigm was already dominant 
among molecular biologists. This led me to write that Carl 
Woese is still “ahead of our time” (Forterre 2022a). One can 
hope that when evolutionists will look more seriously at data 
in favor of the 3D scenario, it will be again possible to think 
about the portrait of LUCA with an open mind, free from 
the prokaryote first prejudice.

The Virome of LUCA​

The billions upon billions of cells that predated LUCA cer-
tainly did not live in perfect harmony, but competed, killed 
each other, parasitized each other, ate each other. The world 
has always been full of predators and preys, as pointed out 
by Penny and colleagues: “there was no garden of Eden” (de 
Nooijer et al. 2009). The modern biosphere is dominated by 
the conflict between cells, viruses, and virus-derived ele-
ments, such as plasmids, transposons, and retrotransposons 
(Forterre and Prangishvili 2009a). This was probably already 
the case at the time of LUCA and much earlier. Jalasvuori 
and Bamford suggested that production of RNA-containing 
lipid vesicles by primitive cells and fusion of these RNA-
filled vesicles with empty ones was the first mode of genome 
propagation (Jalasvuori and Bamford 2008). They proposed 
that modern viruses evolved via this mechanism. Indeed, at 
some point in the above scenario, one could imagine that 
lipid (or lipid/peptide) vesicles should have delivered their 
RNA into other vesicles already containing RNA, leading 
to competition between the different RNA genomes. After 
the invention of the ribosome, RNA viruses might have 
appeared in the second age of the cellular RNA world, when 

proteins were used to stabilize and/or facilitate the fusion/
interaction with the “host” of RNA-containing vesicles 
produced by RNA cells, leading to the emergence of the 
first (true) virions (Forterre and Prangishvili 2009b; For-
terre and Krupovic 2013). LUCA and its contemporaries 
were thus certainly already infected by a variety of bona fide 
viruses producing protein-based virions. These viruses (first 
RNA viruses, later retroviral-like elements and finally DNA 
viruses and plasmids) then evolved by association/recom-
bination with various RNA and DNA replicons, including 
plasmids, transposons, and evolutionarily unrelated viruses 
(Krupovic et al. 2019). Modern viruses can be defined as 
“capsid-encoding organisms” (Raoult and Forterre 2008), 
the smallest viruses encoding at least one protein that helps 
to protect and disseminate the viral genome (capsid or nucle-
ocapsid) (Krupovic and Bamford 2010).

Several lineages of viruses originated first independently, 
as indicated by the non-homologous relationship between 
capsid proteins from different viral lineages (see below). The 
term “realm” was proposed recently by the ICTV (Inter-
national Committee for the Taxonomy of Viruses, 2020) 
to name proposed monophyletic viral lineages defined by 
their major capsid proteins or replicative enzyme. All RNA 
viruses have been grouped with retroviruses in a single 
realm, the Riboviria, because they share a homologous RNA 
replicase, even though they exhibit a great diversity of cap-
sid proteins. In the modern virosphere, RNA viruses infect-
ing Eukarya (RNA eukaryoviruses) are especially abundant 
and diverse, whereas RNA viruses infecting Bacteria (RNA 
bacterioviruses) are less diverse and less abundant and RNA 
archaeoviruses are yet unknown (Nasir et al. 2014). Notably, 
several lineages of RNA viruses are only present in Eukarya 
(Wolf et al. 2018; Koonin et al. 2024).

In the framework of the 2D scenario, it has been recently 
suggested that Eukarya originated from a bacterium that 
engulfed an Asgardarchaeon and that all eukaryoviruses, 
including RNA ones, originated from viruses that infected 
this bacterium (Krupovic et al. 2023). This scenario seems 
unrealistic to me since it supposes that this bacterium and/or 
its early descendants (the first proto-Eukarya) were infected 
by ancestors of all lineages of eukaryoviruses. Moreover, it 
implies that RNA eukaryoviruses, especially the simplest 
ones, have no direct evolutionary link with ancestral RNA 
viruses that predated LUCA but originated much later from 
RNA bacterioviruses in the proto-eucaryotic lineage. It has 
been proposed indeed that all RNA eukaryoviruses evolved 
from bacterioviruses of the Leviviridae family, because this 
family branches at the base of the RNA replicase tree of 
Riboviria rooted with reverse transcriptases (Wolf et al. 
2018; Koonin et al. 2024). However, this rooting is arbitrary 
and rooting the tree within eukaryotic Riboviria with ssRNA 
genomes make more sense to me since the transition from 
RNA to DNA genomes suggests that reverse transcriptases 



574	 Journal of Molecular Evolution (2024) 92:550–583

derived from RNA replicases and not the other way around 
(Forterre and Gaia, 2021). In my opinion, the odd distribu-
tion of RNA viruses between the three domains is better 
explained in the framework of the 3D scenario. One can 
imagine that most ancestors of modern RNA viruses were 
already present at the time of LUCA and its contemporaries 
and that only a subset was able to co-evolve successfully 
with proto-Bacteria, whereas all RNA virus lineages dis-
appeared during the adaptation of proto-Archaea to high-
temperature biotopes. Considering the instability of RNA 
at high temperature, especially single-stranded RNA, the 
reduction and elimination of RNA viruses in the lineages 
leading to Bacteria and Archaea, respectively, was thus pos-
sibly related to the thermophilic and/or hyperthermophilic 
phenotypes of the LBCA and of the LACA (Forterre 1995).

It is generally supposed that LUCA and its contemporar-
ies were already infected by DNA viruses because of the 
existence of evolutionarily related DNA viruses infecting 
members of different domains, the so-called cosmopolitan 
viruses (Bamford 2003; Krupovic et al. 2020). Two major 
lineages of cosmopolitan DNA viruses are presently known, 
corresponding to the phylum Bamfordvirae and the realm 
Duplodnaviria. DNA viruses from these two lineages uti-
lize structurally unrelated major capsid proteins (MCPs) 
and packaging ATPases (pATPases) (Krupovic and Bam-
ford 2010; Koonin et al. 2023). Although the universality of 
these two viral lineages suggests a priori that ancestors of 
these viruses already infected LUCA, this is not really sup-
ported by their evolutionary relationships between domains. 
Indeed, since viruses usually co-evolved with their hosts, 
one would have expected a closer resemblance between 
Bamfordvirae and Duplodnaviria infecting Arcarya than 
between those infecting Archaea and Bacteria if the ances-
tors of these viruses already infected LUCA and/or its close 
relatives. Instead, one observes the opposite situation. In the 
case of Bamfordvirae, a phylogeny based on their MCP and 
pATPases produces a tree in which archaeoviruses branch 
within bacterioviruses, and not as sister group to eukaryo-
viruses (Fig. 6) (Woo et al. 2021). Whereas, all archaeal 
and bacterial Bamfordvirae have small genomes and produce 
small virions, eukaryoviruses of this phylum include viruses 
producing virions with extremely different sizes, from small 
ones (Polinton-like viruses, Lavidnaviria) to huge ones 
(Nucleocytoviricota). Among Duplodnaviria, archaeal and 
bacterial viruses produce very similar head and tailed viri-
ons and their MCPs only exhibit the so-called HK90 fold 
platform, whereas in eukaryoviruses of the Duplodnaviria 
realm, this platform is decorated by “towers” of different 
sizes but homologous between Herpesvirae and Mirusviri-
cota (Gaia et al. 2023). In several recent phylogenies of 
Duplodnaviria, archaeoviruses branch again within bacte-
rioviruses (Low et al. 2019; Liu et al. 2021b; Evseev et al. 
2023). Strikingly, 47 of the 50 families of Duplodnaviria 

approved by the ICTV in September 2022 contained both 
archaeal and bacterial members (Evseev et al. 2023).

The similarity between DNA viruses of the archaeal and 
bacterial virosphere compared to DNA viruses of the Eukar-
yal virosphere is difficult to explain in the framework of 
both the 2D and 3D scenarios if their ancestors were already 
present at the time of LUCA. In the 2D scenarios, one 
must suppose that Bamfordvirae and Duplodnaviria were 
already diversified before LUCA, to explain the branching 
of archaeal groups within a greater diversity of bacterial 
groups. One should then suppose that these viruses remained 
very similar (inside each group) during the evolution of 
proto-Archaea and proto-Bacteria and later on, during the 
diversification of Archaea and Bacteria. In opposition to this 
three billion years stasis, one should assume that Bamfordvi-
rae and Duplodnaviria evolved very rapidly during eukaryo-
genesis to explain why they are so different from their rela-
tives infecting Archaea or Bacteria today. One should argue 
that the dramatic evolution of DNA eukaryoviruses was due 
to their adaptation to the “eukaryotic phenotype” that can be 
seen as an ad hoc hypothesis.

In the framework of the 3D scenario, a tempting hypoth-
esis is that DNA viruses only originated post-LUCA, i.e., 
during the diversification of the three domains, in agree-
ment with the RNA-LUCA hypothesis. Notably, this would 
explain why many lineages of DNA viruses are specific to 
one domain. These domain-specific lineages are rare in the 
bacterial virosphere, possibly because the emergence of the 
peptidoglycan in proto-Bacteria prevented their infection 
by most viral lineages (Forterre and Prangishvili 2009a; 
Prangishvili 2013). On the contrary, many archaeoviruses 
are domain specific: one can mention the case of the realm 
Adnaviria that includes viruses packaging their DNA in the 
A form or viruses producing tailed or tail-less lemon-shaped 
virions (Krupovic et al. 2021; Wang et al. 2022). In Eukarya, 
most families of RNA viruses are eukaryotic specific as well 
as several lineages of DNA viruses, such as Hepadnaviridae 
whose genome is retro-transcribed during their life cycle, 
mimicking the transition from RNA to DNA genomes, or 
else Baculoviridae, that encode DNA-dependent RNA poly-
merases homologous but very divergent from those of ribo-
cells and Nucleocytoviricota.

If DNA viruses emerged in the proto-lineages of the three 
domains, the high similarity between archaeal and bacterial 
cosmopolitan DNA viruses could be due to the exchange of 
these viruses and/or some of their genetic materials between 
these two domains and/or between proto-Archaea and proto-
Bacteria. This would explain why archaeal Varidnaviria and 
Duplodnaviria branch within bacterial ones in “universal 
tree of viruses” (Woo et al. 2021, Eveseev et al. 2023). 
The fact that Archaea and Bacteria have exchanged mobile 
genetic elements has been well documented in the case of 
conjugative plasmids (Catchpole et al. 2023). Notably, in 
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addition to cosmopolitan viruses, plasmids and other mobile 
genetic elements of the DNA world are very similar between 
Archaea and Bacteria. Their anti-DNA viral defense systems 
(CRISPR, restriction-modification systems) are also strik-
ingly identical. In contrast, the DNA mobilome of Eukarya 
is characterized by very different families of transposons 
and IS elements that have no close relatives in Archaea and 
Bacteria and most of their anti-viral defense systems are 
specific and primarily directed against RNA viruses.

Interestingly, cosmopolitan DNA viruses are much more 
diverse in Eukarya than in the two other domains. This 
suggests that they first appeared in proto-Eukarya and that 
some of them were later transferred to proto-Bacteria and/
or proto-Archaea before being exchanged between these two 
domains that share very similar lifestyles and prokaryotic 
phenotypes. This challenging hypothesis implies that the 
diverse lineages of cosmopolitan DNA eukaryoviruses and 
their parents infecting Archaea and Bacteria diverged during 
the evolution of proto-Eukarya. Notably, phylogenetic analy-
ses have already shown that all present-day major lineages of 
Duplodnaviria, Bamfordviria, and other eukaryal Varidna-
viria diverged before LECA (Guglielmini et al. 2019; Woo 
et al. 2021, Gaia et al. 2023). Much clearly remains to be 
done to fully understand the evolutionary trajectory of viral 
lineages in relation to the uTol.

Conclusion

Carl Woese wrote several times that the nature of LUCA was 
“one of the more interesting biological problems” (Woese 
1983). The development of molecular biology and phylog-
enomic analyses has provided us with a wealth of informa-
tion that can be tentatively used to solve this problem. How-
ever, the task remains challenging, and the portrait of LUCA 
is still controversial. Unfortunately, we will never have a 
time machine to check if our favorite hypothesis is correct 
and this portrait will remain fuzzy. One thing that we can 
take for granted from comparison and analysis of the three 
modern domains is that, even if LUCA did reach some level 
of complexity, it was very different from modern organisms, 
explaining why it had a much greater evolutionary potential.

A major problem in studying LUCA and early evolution 
seems to be an underestimation of the number of biologi-
cal innovations that took place during the diversification 
of ribocells between LUCA and the ancestors of the three 
modern domains. Many scientists are reluctant to consider 
the elusive entities that populated these ancestral lineages 
that have now disappeared because, by definition, they will 
always remain unknown to us. This induces a preference 
for scenarios that only include a combination of modern 
organisms that we can fully describe. However, Homo sapi-
ens is not born from an intercourse between a gorilla and a 

chimp, and the common ancestor of these three great Apes 
was none of them. Thankfully in that case, we know about 
individual proto-lineages from the fossil record, something 
that we unfortunately lack to draw the portrait of LUCA. 
The reluctance of considering extinct lineages has probably 
facilitated the acceptation of 2D scenario in which Eukarya 
seem to emerge directly from the association of modern spe-
cies. This is an illusion since proto-Eukarya necessarily once 
thrived on our planet, even in the 2D scenarios.

It is now currently believed that the debate about the posi-
tion of Eukarya in the uTol is closed and that the 2D model 
has been definitively validated by the discovery of Asgard. 
The Asgard origin of Eukarya is becoming a paradigm since 
it is now accepted as truth by nearly all biologists with-
out considering the data that contradict this view. Unfortu-
nately, the number of teams working on this topic remains 
very limited and their studies have all been affected by the 
same biases (Da Cunha et al. 2022a, b). I have argued here 
and elsewhere with my co-workers in favor of the classi-
cal Woese’s uTol that can be recovered when these various 
biases are taken into consideration (Da Cunha et al. 2017, 
2022a, 2022b). The current 2D uTol paradigm can be viewed 
as a major bottleneck, preventing consideration of Eukarya 
when drawing the portrait of LUCA. It will be important 
that a new generation of scientists starts to consider that 
the debate about the topology of the uTol is not closed 
and attack this problem with an open mind, free from the 
“prokaryotic prejudice” (Forterre 2022b).

Finally, one can hope that some of the hypotheses about 
the nature of LUCA, even if they remain speculative, will 
provide food for experimentation by future generations of 
biologists. Studies of membranes of engineered cells with 
mixed archaeal and bacterial lipids are first steps in that 
direction. I have argued here in favor of a LUCA equipped 
with an RNA genome. This is a disputed opinion, and it has 
been regularly argued that rather complex cells with an RNA 
genome cannot exist. Hopefully, it will be possible in future 
to synthesize artificial cells with large RNA genomes (or 
multiple small ones) to test experimentally the “viability” 
of such RNA cells. Another exciting avenue would be the 
reproduction of the hypothetical LUCA ribosome, contain-
ing the 34 universal ribosomal proteins and their associated 
RNA to test the translation fidelity and the viability of such 
a reduced ribosome. It would be also worth experimentally 
reconstructing the RNA polymerase of LUCA to test its abil-
ity to faithfully replicate RNA molecules. More studies on 
ATP synthase are urgently needed to understand the transi-
tion between their ATPases and ATP synthase activities; it 
should be especially important to determine in what direc-
tion this transition occurred in the proto-eukaryal lineage.

Speculations about the origin of life has provided many 
incentives to initiate experimental work leading to the crea-
tion of new scientific fields, such as prebiotic chemistry, with 
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practical implications for chemistry in general. Similarly, 
one can hope that speculations about the portrait of LUCA 
will provide more incentives for experimental work that 
could tell us more about the history of the major molecular 
mechanisms still operating in modern ribocells.

In a recent paper, Donoghue and colleagues found that 
reverse gyrase was present in LUCA, and conclude that 
LUCA was similar to modern procaryotes (Moody et al. 
2024). However, their analysis did not take into account dif-
ferences in the molecular biology of Archaea and Bacteria, 
the branch lengths in protein trees and the higher evolution-
ary tempo at the time of LUCA.
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