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ABSTRACT

We see the last universal common ancestor of all living organisms, or
LUCA, at the evolutionary separation of the Archaea from the Eubacteria,
and before the symbiotic event believed to have led to the Eukarya. LUCA
is often implicitly taken to be close to the origin of life, and sometimes this is
even stated explicitly. However, LUCA already had the capacity to code for
many proteins, and had some of the same bioenergetic capacities as modern
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organisms. An organism at the origin of life must have been vastly simpler,
and this invites the question of how to define a living organism. Even if
acceptance of the giant viruses as living organisms forces the definition of
LUCA to be revised, it will not alter the essential point that LUCA should
be regarded as a recent player in the evolution of life.

1. Introduction
In general I avoid the last 3 million years of evolution and any other
studies that require detailed knowledge of mammalian, including human,
biology. Why? Because political bias, hearsay and gossip are inevitable
whereas in the first part of the evolution story (from 3800 until 3 million
years ago) politics intervenes far less obtrusively. In pursuit of the story
of life and its effects on planet Earth one can be more honest if the earliest
stages of evolution are the objects of study (Margulis, 2007).
Lynn Margulis, pictured in Fig. 1 as she was in 2009, introduced a hypothesis about
the origin of the Eukarya (Sagan, 1967) that brought about a major change in biological
thought. Although little of what she wrote was completely new, as Lane (2017) discusses elsewhere in this special issue, it was the paper that forced biologists to address
her ideas, and it continues to be influential after half a century. Its publication in this
Journal stimulated considerable discussion, as did many of her other papers (Banerjee
and Margulis, 1973; Margulis and Lovelock, 1974; Chapman and Margulis, 1998; Margulis et al., 2000; Chapman et al., 2000; Margulis, 2001; Margulis et al., 2006, 2009). Even
if some details remain to be resolved, as discussed elsewhere in this special issue, her
basic concept is now generally recognized to be correct. She continued to argue until
the end of her life for the crucial role of symbiosis in evolution, and the title of an interview in the Spanish magazine SEBBM (Margulis, 2009) made this clear: “Symbiosis is
the source of innovation in evolution”.
Margulis (2007) preferred to study what she regarded as the earliest events in evolution, most particularly the divergence from the Archaea that led to the Eukarya. We
will argue in this paper, however, that this divergence, and the earlier divergence of
the Eubacteria and the Archaea from one another, were late events in the development
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Figure 1: Lynn Margulis in 2009. Reproduced from Margulis (2009) with permission of
the Sociedad Española de Bioquímica y Biología Molecular.
of life after its original appearance, and that self-sustaining systems must have existed
much earlier.
The last universal common ancestor of known life is often called LUCA or the cenancestor. The L in the name is important: it was not the first organism, but the last before
the bifurcation that led to all modern organisms.
We do not doubt that living organisms existed long before LUCA. However, it is
sometimes suggested to be an organism close to the origin of life, as in the titles of
some recent papers: “How did LUCA make a living? Chemiosmosis in the origin of
life” (Lane et al., 2010); “Origin of life: LUCA and extracellular membrane vesicles
(EMVs)” (Gill and Forterre, 2015); “The routes of emergence of life from LUCA during
the RNA and viral world: a conspectus” (Jheeta, 2015). An explicit equating of LUCA
with the first organism is in the following account of the “RNA World” hypothesis
(Wieczorek, 2012):
At some point, the RNA protocell “invented” DNA for storing genetic
information and proteins to perform catalysis with greater efficiency. At this
point we arrive at a form of life that is ancestral to all modern life on Earth
— LUCA.
Likewise, in a more recent paper Weiss et al. (2016) describe LUCA as the link
between abiotic systems and the first traces of life:
The last universal common ancestor (LUCA) is an inferred evolutionary intermediate that links the abiotic phase of Earth’s history with the first
3
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Figure 2: Changed availability of dissolved metals in the oceans with the increase in
the partial pressure of molecular oxygen in the atmosphere. The curves are based on
data of Anbar (2008), apart from the one for tungsten, which is drawn as an arbitrary
reflection of that for molybdenum. Despite the great chemical similarity between these
two elements, they differ in their solubility, and tungsten became less soluble in the
oceans over the same period that molybdenum became more soluble (Pushie et al.,
2014).
traces of microbial life in rocks that are 3.8–1.5 billion years of age.

2. Difficulties for defining LUCA
As Mariscal and Doolittle (2015) discuss, various definitions of LUCA have been
proposed, including ones that postulate a community of different organisms (AcevedoRocha et al., 2013) rather than just one. Glansdorff et al. (2008) discussed many different
views of LUCA, leading them to describe it as a “complex community of protoeukaryotes”.
LUCA is often considered to be at the point of bifurcation of the Eubacteria and
the Archaea, as shown in Fig. 3. However, some authors, such as Martin et al. (2016)
placed LUCA much earlier, following the suggestion (Martin and Russell, 2003) that
the original separation between Archaea and Eubacteria was a divergence between different communities of cells in the prebiotic period, with “cells” bounded by minerals
4

rather than lipid membranes. Di Giulio (2011) likewise argued that LUCA is so ancient
that it existed before life began, i.e. that it must be a progenote, but he also listed several
authors, including Becerra et al. (2007) and Tuller et al. (2010), who took a variety of different views. Our own view is close to that of Tuller et al. (2010) that “LUCA appears
to have been bacterial-like and had a genome size similar to the genome sizes of many
extant organisms.” This means, of course, that we see LUCA as a living organism.
A major problem for unravelling the relationships between the three kingdoms of
life has been to explain why the lipid membranes of Archaea, formed from sn-glycerol
1-phosphate, are so different from those of Eubacteria and Eukaryotes, which use its
stereoisomer sn-glycerol 3-phosphate. Moreover, the enzymes that produce the two
isomers are not homologous. Peretó et al. (2004) have examined the question in detail,
and suggest that the original lipid membranes, and the pathways that produced them,
were not stereospecific, but became so as more efficient enzymes evolved, and different isomers were subsequently lost in different lineages. This would imply that when
LUCA existed natural selection had not had sufficient time to select highly stereospecific glycerol phosphate dehydrogenases, so it would not be surprising if there were
mixed products. It was long thought that lipids based on sn-glycerol 1-phosphate were
confined to Archaea, but glycerol 1-phosphate dehydrogenase exists in Bacillus subtilis
(Guldan et al., 2008). Furthermore, Bacillus subtilis contains an enzyme, heptaprenylglyceryl phosphate synthase, that is clearly homologous to geranylgeranylglyceryl
phosphate synthase, which is involved in the production of Archaeal lipids (Peterhoff
et al., 2012).
A case that can shed light on the problems raised by the differences of stereospecificity is that of the two types of specificity of lactate dehydrogenase in different organisms (Cristescu et al., 2008). Although both types of enzyme have achiral pyruvate as
product, some are specific for L-lactate as substrate, others for its enantiomer D-lactate;
for example, plants, insects and mammals have L-specific enzymes, whereas some other
arthropods, such as spiders, have D-specific enzymes. The enzymes themselves belong
to different families and show no detectable homology. It would be absurd to suggest
on this basis that insects are more closely related to plants than they are to spiders,
and, in fact, no such exotic hypothesis turns out to be necessary, as some organisms,
including Homo sapiens, have both types of enzyme.
Suppose that at some future date all the Eubacteria become extinct. That is (fortunately) highly unlikely, but it is not impossible, and if it happened it would almost
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Figure 3: LUCA and the origin of life, which can be estimated from isotopic and fossil
data (Joyce, 1991; Arndt and Nisbet, 2012) to date from 3.8 billion years ago. We regard
LUCA as much more recent, situated at the bifurcation of the Eubacteria and the Archaea, as suggested by Tuller et al. (2010). This bifurcation is marked with a filled circle.
However, if the giant viruses are accepted as living organisms or as descendants of living organisms, or if free-living relatives of these viruses are discovered, LUCA will need
to be redefined as an earlier entity (open circle). Regardless of any such redefinition,
any LUCA, with hundreds of genes coding for hundreds of proteins must be vastly
more complicated than any self-sustaining system that existed at the origin of life. According to Glansdorff et al. (2008), “the first diagnostically identifiable Cyanobacteria
are approximately 2.1 billion years old,” and we suggest that LUCA existed earlier, but
in the absence of definite information we do not show a specific date in the figure.
certainly eliminate all the Eukarya at the same time, leaving only the Archaea as the
masters of the world. LUCA would then be at a more recent point in evolution, corresponding to the time when the Archaea diverged from one another. Perhaps less
unlikely, suppose that the search for a “shadow biosphere” (Cleland and Copley, 2005)
reveals a few surviving members of a domain that diverged from the known microorganisms before the divergence of the Archaea and Eubacteria: LUCA will then need to
refer to this earlier time. In some respects the giant viruses or their free-living ancestors
already fulfil this role.
Consideration of giant viruses is important, and deserves attention, because viruses
in general have not in the past usually been considered to be alive. The discovery of
Acanthamoeba polyphaga mimivirus, or “Mimivirus” (Raoult et al., 2004) has reopened
the argument, with, for example, Moreira and López-García (2009) saying that viruses
are not alive, and Forterre (2010) saying that they are alive. The review of Moreira
and López-García (2009) attracted seven comments in the same journal from authors
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Figure 4: Life before LUCA. We make no suggestion that there were no living organisms
before LUCA, the last common ancestor. On the contrary, there were probably many, as
indicated in the greyed out part of the figure, but all of these are now extinct, as well as
others that have become extinct more recently.
who disagreed with them, followed by a further response from López-García and Moreira (2009). Discovery of the other giant viruses (Arslan et al., 2011; Philippe et al.,
2013; Legendre et al., 2014) has caused this argument to continue, but we agree with
López-García and Moreira (2009) that viruses are not alive. However, the giant viruses
have genomes that appear to predate LUCA: for example, two-thirds of the genome
of Pithovirus sibericum, one of the giant viruses, appear to be completely different from
those of the pandoraviruses or other known genomes (Legendre et al., 2014). If this is
accepted as a living organism, therefore, LUCA will have to be defined as the point of
bifurcation of the giant viruses from the line to the Eubacteria and Archaea. Even if
it is not accepted there is still a problem, because Pithovirus sibericum has a predicted
capacity to code for about 500 proteins, and the most reasonable explanation of why it
needs so many is that it is descended from free-living organisms that lost their independence when they became parasites. Some of their free-living relatives may still be
found as the “fourth domain of life” (Raoult et al., 2004), and, if they are, then LUCA
will need to moved back in time, regardless of whether viruses are accepted as organisms. However, recent work (Schulz et al., 2017) has cast doubt on the existence of a
fourth domain of life, suggesting that the giant viruses originate from much smaller
viruses by “piecemeal capture of eukaryotic translation machinery components”.
Figure 4 illustrates our view of the place of LUCA in the kingdom of life. Many
living organisms, some of them ancestors of LUCA, existed before LUCA, but have
become extinct, together with many that have become extinct more recently.
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3. The origin of life
3.1. What is life?
Discussion of the origin of life needs a definition of what life is, and we start by offering an answer to the question asked by Erwin Schrödinger (1944). We regard a living
system as a network of processes that can maintain itself, with, therefore, a capacity to
stay alive in spite of changing conditions. Some modern theories of how that is possible
are briefly described in Section 4.
Properties such as reproduction and natural selection are important in biology as
we know it today, but neither of these could occur with a system that was incapable
of remaining alive for a significant period of time. The organisms that exist today contain numerous proteins that are clearly homologous, most notably ATP synthase, mentioned in the next section. The organisms themselves must therefore be homologous,
and descend from common ancestors, the most recent of which is what we understand
as LUCA.
The capacity to stay alive could in principle be satisfied without proteins, nucleic
acids or other complicated molecules that appear essential to life today. Arriving at
these molecules from much simpler ones at the origin of life surely required a very
long period of natural selection.
3.2. Catalytic capacity of LUCA
It hardly matters whether the giant viruses are regarded as alive or not, because
it is impossible to believe that life started with a self-organizing system with many
proteins.1 Ouzounis et al. (2006) estimated that about 1000 protein families existed in
LUCA, and in this special issue Harish and Kurland (2017) suggest that there were
about 1300. We have no reason to doubt the validity of these numbers, but we note that
they are far too large for an organism close to the origin of life. Even a system with
just one gene and one encoded protein is far too complicated to have existed at the
1 Giovannoni

et al. (2005) show a range from 500 (Mycoplasma genitalium) to about 8000 (Streptomyces

coelicolor) for the number of predicted proteins in 244 bacterial and archaeal species. However, the smaller
genomes refer to parasitic organisms, and the smallest value for a free-living organism is about 1500 for
Thermoplasma acidophilum. More recently, some insect symbionts have been found to have much smaller
genomes than Mycoplasma genitalium (Moya et al., 2008), but these are not free-living organisms, and could
not be.
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origin of life, and in any case such a system could not be an organism, as it would have
had no capacity of self-organization. As an example, all modern organisms depend
on ATP synthase to use ion gradients across membranes to synthesize ATP, and all
known ATP synthases are clearly homologous (Sousa et al., 2016). We can suppose,
therefore, that LUCA used an ATP synthase for energy management. What we cannot
suppose, however, is that the first organisms did the same, because ATP synthase is a
large complicated enzyme that follows an elaborate mechanism (Doering et al., 1995).
As it is a membrane-bound enzyme there is a suggestion that LUCA had a biological
membrane, and not simply a mineral partition.
Regardless of how LUCA is defined, any self-organizing system that relied on coding of catalysts would fall foul of the paradox that there can be no error-correcting
machinery without proteins, and no proteins without error correction (Eigen, 1971), a
problem that Maynard Smith and Szathmáry (1995) called Eigen’s paradox.
The earliest self-sustaining organisms, which existed before LUCA, must have been
vastly simpler than anything we can see today, and the first catalysts cannot have been
as specific as protein enzymes. Instead, metals such as iron, zinc and molybdenum,
which still act today as cofactors of protein enzymes, must have been the principal
catalysts (Williams and Fraústo da Silva, 2006). Even simpler catalysts, such as H+ and
OH− ions, which still play important catalytic roles in enzymes today (see Jencks, 1987),
have always been available. The early atmosphere is believed to have lacked molecular
oxygen, O2 , and in these conditions the abundant iron present on earth existed as Fe2+
ions, which were readily soluble in water. However, the increase in the O2 concentration in the atmosphere made the iron less and less available, as Fe3+ ions are much less
soluble. The decrease in availability of iron was, however, accompanied by an increase
in the availability of copper (Anbar, 2008), as seen in Figure 2, the oxidized Cu2+ ion
being much more soluble than the reduced Cu+ ion. Tungsten can substitute for molybdenum in present-day enzymes without loss of activity (Schoepp-Cothenet et al.,
2012), in keeping with the great chemical similarity between the two elements. However, they differ in solubility, and molybdenum has become more available as tungsten
has become less. Although modern organisms use molybdenum more than they use
tungsten, it is possible that the opposite was true at the beginning.
In general, we can suppose that the metals found as enzyme cofactors today also
acted at the origin of life, but as far less specific and less active catalysts than they are
when they are bound to proteins as cofactors.

9

3.3. Metabolism first, or replication first?
There has been considerable argument over whether metabolism arose first, or (RNA)
replication (see, for example, Gabora, 2006). In general we find the metabolism-first
scenario more plausible, but this cannot mean metabolism as we see it today, with
reactions catalysed by protein enzymes. Metabolism must have started without protein enzymes, with chemical reactions either catalysed by metal ions or other simple
catalysts, or not catalysed at all.2 More specific catalysts, whether involving polynucleotides or polypeptides, could then favour the systems that contained them, both because they would allow reactions to occur faster, and, probably more important, because the greater specificity would eliminate some of the parasitic side reactions. We
need to look, therefore, for chemical reactions that could plausibly occur in early life,
such as the formose reaction (Boutlerow, 1861), in which formaldehyde reacts spontaneously to a mixture of sugars, most notably glucose. This approach has been applied in
particular by Meléndez-Hevia et al. (1996, 2008), who explain, for example, how the tricarboxylate cycle could have arisen without regarding it as “irreducibly complex” in the
creationist sense. We suggest that evolution of metabolism and evolution of RNA replication must have occurred in parallel, because for RNA to exist there must be reactions
that produce its components, and at the same time there could have been reactions that
produce amino acids, which could polymerize to form polypeptides, and both polynucleotides and polypeptides are known to be capable of catalytic activity. We thus
agree with the view indicated in Figure 2 of Glansdorff et al. (2008) that networks with
catalytic closure existed before LUCA. This means that they can only be self-sustaining
if they themselves produce the catalysts (other than simple ions) that they need, and
agrees well with the theories of life that we discuss in the next section.

4. Theories of life
The principal modern theories of life — ( M, R) systems (Rosen, 1991), autopoiesis
(Maturana and Varela, 1980) and the chemoton (Gánti, 2003)3 — are theories of life
2 In the highly competitive world that exists today an organism without catalysts for essential processes

would be outgrown by competitors that had them, but that would have been a far less important consideration in a world in which competitors did not exist.
3 Gánti’s

study of life started long before 2003, but his early publications, from Gánti (1971) onwards,

are in Hungarian, and thus not easily accessible to most readers. Gánti (2003) is the first full account of his
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rather than theories for the origin of life, but they are nonetheless relevant to the origin of
life as they offer explanations of how simple systems can be self-sustaining. Two other
theories, autocatalytic sets (Kauffman, 1986) and the hypercycle (Eigen and Schuster,
1977) are more specifically concerned with the origin of life. We do not share the opinion of Szostak (2012) that “attempts to define life do not help to understand the origin
of life”, because we do not agree that one can study the origin of an entity without any
definition of what the entity is.4 All of these theories, which all imply catalytic closure
(or metabolic closure), as defined earlier, are illustrated in outline in Figure 5.
We have discussed the differences and similarities between them elsewhere (Letelier
et al., 2011; Cornish-Bowden, 2015). A recent newcomer to the field is Friston (2013),
who used a highly mathematical argument to conclude that an ergodic system with a
Markov blanket will inevitably result in life.5 Although his arguments are different, his
conclusion is similar to that of Kauffman (1986).
4.1. Rosen’s (M, R) systems
In Rosen’s view a living system is a catalytically closed network of processes (Rosen,
1991). In his description, there is no particular implication of how large a system needs
to be to be self-sustaining, but in our efforts to give concrete expression to his rather
abstract presentation we have suggested that as few as two catalysts and three catalytic cycles can provide for the properties of metabolism, replacement and organizational
invariance (Piedrafita et al., 2010) needed for metabolic closure, to persist in time and
maintain identity
4.2. Maturana and Varela’s autopoiesis and Gánti’s chemoton
Models of autopoiesis also include a rather small number of processes. Chemoton
models tend to be larger, as Gánti included a specific (but rather rudimentary) informaideas in English.
4A

decade earlier Szostak seemed to be less hostile to the usefulness of a definition: “How simple can

a cell be and still be considered as living? The answer depends on what we consider to be the essential
properties of life. Defining life is notoriously difficult; its very diversity resists the confines of any compact
definition” (Szostak et al., 2001).
5 An

ergodic system is a dynamic system in which the proportion of time that it spends in a particular

state is the same as the probability that it will be found in that state at a random moment. A Markov blanket
is the condition that all information about a random variable in a Bayesian network is contained within
the set of nodes composed of its parents, children, and other parents of its children.
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Figure 5: Modern theories of the essence of life. (a) An ( M, R) system (Rosen, 1991), as
interpreted by us (Piedrafita et al., 2010); (b) autopoiesis (Maturana and Varela, 1980);
(c) a chemoton (Gánti, 2003); (d) an autocatalytic set (Kauffman, 1986); (e) a hypercycle
(Eigen and Schuster, 1977). These are discussed elsewhere (Letelier et al., 2011), and
a full discussion would be inappropriate here. The essential point is that they are all
simple compared with a modern organism that has the capacity to code for hundreds of
proteins. The autocatalytic set is conceptually very simple, despite its more complicated
appearance.
tion cycle, but they are still very small compared with even the simplest known living
organisms. Both of these, especially autopoiesis, emphasize the formation of a membrane, a feature missing from Rosen’s theory.
4.3. Kauffman’s autocatalytic sets
Kauffman’s original description of his autocatalytic sets implied that they are very
much larger than the others we have mentioned, in terms of the numbers of distinct
kinds of molecules that they contain (typically of the order of 109 ),6 but they are con6 The value of 109

is based on arguable assumptions, but it is interesting to compare it with experimental

estimates (Ellington and Szostak, 1990; Sassanfar and Szostak, 1993) that roughly one in 1010 –1011 random-
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ceptually much simpler, as he considered how a self-sustaining system with catalytic
closure could arise from pure chance properties of its component molecules. However,
more recent work (Hordijk and Steel, 2004) has shown that autocatalytic sets do not
need to be as large as Kauffman’s original analysis suggested.

5. Interlude: Lynn Margulis and controversy
Throughout her career, Lynn Margulis never tried to avoid controversy, and one
cannot give a true picture of her character by censoring her most unpopular opinions:
as an early example, her classic paper on the origin of the eukaryotes (Sagan, 1967)
was against the conventional wisdom of the time, and generated much argument. Elsewhere in this issue, Doolittle (2017) discusses her collaboration with James Lovelock on
the Gaia hypothesis (Margulis and Lovelock, 1974): this continues to be dismissed out
of hand as nonsense by many scientists, though the fact that Margulis took it seriously
is surely a reason not to do that.
Towards the end of her life Margulis defended Peter Duesberg and others who oppose the view that AIDS is a disease caused by HIV (Margulis, 2007; Margulis et al.,
2009). In the first sentences of an unpublished document (Margulis, 2007) she made her
position very clear, and not long before she died she reiterated her view in a Spanish
magazine (Margulis, 2009):
Since Robert Gallo made his results public I have not been able to cite a
single publication that satisfactorily proves to us microbiologists that there
exists a complete correlation showing that HIV is responsible for the disease.7
Many scientists consider the opinions she expresses here to be at best mistaken and
at worst positively dangerous, but the way to answer them is with detailed analysis
in the scientific literature, not by suggestions that she was becoming senile in the last
years of her life (Prothero, 2011).8
sequence RNA molecules folds in such a way as to create a specific binding site for small ligands such as
organic dyes and ATP.
7 Desde que Robert Gallo hizo públicos sus resultados, no he sido capaz de dar con una sola publicación

que nos pruebe de una manera satisfactoria a nosotros, microbiólogos, que exista una correlación completa
de que HIV sea el responsable de la enfermedad.
8 “A

highly respected and honored senior scientist, largely out of the mainstream and not up to date
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6. Discussion
Evolving from a simple self-sustaining system to an organism with a coding capacity of hundreds of proteins is a huge step: even Thermoplasma acidophilum, with
the smallest genome for a free-living organism, has about 1500 protein-coding genes
(Giovannoni et al., 2005). We cannot at present know how much this number could
be decreased while still having a viable free-living organism. Understanding how the
transition to an organism with a large coding capacity can have happened is a more
challenging problem than understanding how LUCA could have evolved to Homo sapiens. For the post-LUCA evolution we have at least a rough idea of how it happened
and what mechanisms were involved, but pre-LUCA evolution is a black box, probably
more difficult to understand than to understand how self-sustaining systems came to
exist in the first place. If the theoretical ideas of Kauffman (1986) or Friston (2013) are
valid then self-sustaining systems may be inevitable, but getting from these to LUCA
still presents enormous difficulties, and some crucial points, such as the origin of the
genetic code, remain speculative. Our view is that studying the pre-LUCA period and
finding a plausible series of steps to LUCA is an urgent task, but it will not be solved as
long as LUCA continues to be discussed as if it were an entity close to the origin of life.
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