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Abstract
The coming of the Last Universal Cellular Ancestor (LUCA) was the singular watershed event in the making of the biotic 
world. If the coming of LUCA marked the crossing of the “Darwinian Threshold”, then pre-LUCA evolution must have 
been Pre-Darwinian and at least partly non-Darwinian. But how did Pre-Darwinian evolution before LUCA actually oper-
ate? I broaden our understanding of the central mechanism of biological evolution (i.e., variation-selection-inheritance) and 
then extend this broadened understanding to its natural starting point: the origin(s) of the First Universal Cellular Ancestors 
(FUCAs) before LUCA. My hypothesis centers upon vesicles’ making-and-remaking as variation and competition as selec-
tion. More specifically, I argue that vesicles’ acquisition and merger, via breaking-and-repacking, proto-endocytosis, proto-
endosymbiosis, and other similar processes had been a central force of both variation and selection in the pre-Darwinian 
epoch. These new perspectives shed important new light upon the origin of FUCAs and their subsequent evolution into 
LUCA.

Keywords FUCAs · LUCA  · Vesicle · Horizontal biomolecule transfer (HBMT) · Horizontal gene transfer (HGT) · Pre-
Darwinian evolution

Abbreviations
HBMT  Horizontal biomolecules transfer
HGT  Horizontal gene transfer
HTAV  Hydrothermal alkaline vent
TAGTF  Terrestrial anoxic geothermal fields

Introduction

The coming of the Last Universal Cellular Ancestor (LUCA) 
was the singular watershed event in the making of the biotic 
world. If the coming of LUCA marked the crossing of 
the “Darwinian Threshold” (Woese 2002), then it follows 
that pre-LUCA evolution must have been Pre-Darwinian 
and hence at least partly non-Darwinian. But how did 

Pre-Darwinian evolution before LUCA actually operate (cf. 
Tessera 2018)?

The central mechanism of biological evolution, vari-
ation-selection-inheritance, is one of the most universal 
mechanisms known. Much of our understanding of varia-
tion-selection-inheritance, however, has been dominated by 
the Neo-Darwinian Modern Synthesis with a rather narrow 
understanding of what constitutes variation, selection, and 
inheritance (or more precisely, persistence and retention, 
for the discussion here). This unduly narrow understanding 
may have been a key cause behind our failure to adequately 
explain some critical puzzles in biological evolution, espe-
cially the origin(s) of the first cell(s).

I thus broaden our understanding of variation-selection-
inheritance, by bringing together but also critically extend-
ing insights from earlier and recent contributions.1 I then 
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extend this broadened understanding to its “natural” starting 
point: the origin of the First Universal Cellular Ancestors 
(FUCAs).2

Our broadened perspective of variation-selection-inher-
itance is NOT a rejection of Darwinian evolution. Rather, 
it is a necessary extension of it to the Pre-Darwinian epoch. 
Indeed, without broadening and then extending variation-
selection-inheritance, it will be difficult to arrive at a reli-
able understanding about the origin of LUCA (Woese 1998, 
2002; Vetsigian et al. 2006; cf. de Duve 2005b), because 
variation-selection-inheritance must have operated quite 
differently in the Pre-Darwinian epoch. As Woese (2002, 
p. 8472) put it: “We cannot expect to explain cellular evo-
lution if we stay locked into the classical Darwinian mode 
of thinking.” Hence, in a similar spirit, “the present model 
[also] strives to release the fetters [that] classical Darwin-
ian thinking imposes on the concept of cellular evolution.” 
(Woese 2002, p. 8746).

Taking the origin(s) of cell(s) as a jigsaw puzzle (e.g., 
Brack 1998; Higgs and Lehman 2015; Spitzer 2017), I shall 
focus on the areas in which consensuses have been lacking 
while assuming that areas with (near) consensuses are more 
or less settled.3 More concretely, I take the path from prebi-
otic chemical synthesis to LUCA has the following four areas 
with (near) consensuses despite differences on specifics.

First, prebiotic chemical synthesis of the building blocks 
of macro biomolecules (e.g., amino acids, nucleotides, 
lipids) must have preceded biological evolution, and it had 
been made possible by the environment of the Hadean Eon 
(Cantine and Fournier 2018).

Second, compartmentalization of biomolecules is essen-
tial because it restricts diffusion, increases stability, and 
allows for molecular crowding, which in turn facilitates 
interactions, reactions, and hence the coevolution of bio-
macromolecules (Segré et al. 2001; Spitzer and Poolman 
2009, 2016; Ichihashi and Yomo 2014; Saha et al. 2014; 
Spitzer et al. 2015; Higgs 2016).

Third, following Woese (1998, 2002), progenotes (or 
FUCAs here) must have preceded genotes (or LUCA here) 
(see also Koonin 2014a, b).

Fourth, LUCA was already a fairly “modern” cell with a 
sophisticated membrane system, a (nearly) fully functioning 
metabolism system, a nearly complete translation appara-
tus (with the standard genetic code being a core part of it), 
and perhaps a RNA/DNA hybrid-centric replication system, 
among other things (Koonin 2014a, b; Fournier et al. 2015; 
Gogarten and Deamer 2016; Cornish-Bowden and Cárdenas 
2017; For details, see also Section I below).

In contrast, we have little consensus regarding two criti-
cal questions: (1) how did FUCAs come to exist in the first 
place? (2) How did FUCAs evolve into LUCA exactly? It is 
on these two questions that I shall focus here.

The origin(s) of FUCAs and the coming of LUCA may 
well be one of those puzzles that we simply cannot stop 
thinking about but can never come up with a definitive 
answer. I do not pretend to provide a definitive answer either. 
Rather, my purpose is to show that taking a different start-
ing point does allow us to integrate more existing data and 
evidence, resolve some key controversies, and point to more 
fruitful future inquiries.

A few clarifications on terms are now in order.
First of all, I focus on the origin(s) of cell rather than the 

origin(s) of life. It is to Carl Woese’s penetrating mind that we 
now accept not only that the origin(s) of cell is different from 
the origin(s) of life but also that the former must have been an 
equally, if not more, decisive step in the making of the biotic 
world (esp. Woese and Fox 1977; Woese 1998; 2002; Harold 
2014; Koonin 2014a, b). Moreover, while both “what is life?” 
and “what is a (proto-)cell?” are hard questions, the latter is a 
bit easier because it is less philosophical (Luisi 2006, p. 17). 
As a mostly empirical task, our search for the origin(s) of 
cell is better off by staying away from potentially distracting 
philosophical muddles (e.g., Bedau and Cleland 2010).

Second, FUCAs here roughly corresponds to what Woese 
called “progenote” whereas LUCA to “genotes” (Woese 
1998, 2002; see also Woese and Fox 1977; Woese 1982; Fox 
et al. 1982). Moreover, although LUCA has been conven-
tionally taken to be the “Last Universal Common Ancestor”, 
it is now generally accepted that LUCA must have been a 
fairly complete cell (Koonin 2014a, b; Gogarten and Deamer 
2016; Egel 2017; Spitzer 2017). In this sense, “the Universal 
Cellular Ancestor” is more proper than “the Universal Com-
mon Ancestor” because the former eliminates any ambiguity 
that LUCA must have been cellular. Also, by using FUCAs 
in plural whereas LUCA in singular, I convey the mes-
sage that FUCAs had been a commune of different (proto-)

Footnote 1 (continued)
Williams 2017; Spitzer 2017; Toman and Flegr 2017; Doolittle and 
Inkpen 2018; Deamer 2019; Deamer et  al. 2019; Lopez and Fiore 
2019; Kunnev 2020. I apologize for not citing all the relevant litera-
ture: it is simply too voluminous. For overviews of our journey since 
Oparin, see Miller et al. 1997; Lazcano 2010; Deamer 2019.
2 The notation of FUCA is similar to the First Eukaryotic Common 
Ancestors (FECAs) before the Last Eukaryotic Common Ancestor 
(LECA). Just as FECAs were most likely a pool of organisms (Eme 
et  al. 2017), FUCAs were also most likely a pool of (proto-)organ-
isms. See Section I below.
3 I also skip some rather minor quibbles (e.g., whether LUCA had 
introns).
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cellular lineages whereas LUCA was more likely a single 
cell that came to produce all the organisms on this planet.4

Third, I use persistence for non-cellular entities but sur-
vival for (proto-)cellular entities. Similarly, following Luisi 
(2006, chap. 7, 2016, chap. 10), I use replication only for 
genetic replication but reproduction for vesicles and proto-
cells that may grow and then divide, with or without genetic 
replication (see also Szathmáry and Maynard Smith 1997).

Pre‑Darwinian Evolution Before LUCA: 
Principal Premises

If Woese (2002, p. 8746) was correct in insisting that we 
need to break out of the classical (Neo-)Darwinian frame-
work to achieve a more adequate understanding of the 
origin(s) of cell(s), especially the path from FUCAs to 
LUCA, we may well need a new framework with radical 
departure points. This section advances such a framework, 
however tentatively.

Before going further, however, we need to differentiate 
FUCAs from LUCA: without such an explicit differentiation, 
some confusion is inevitable. For instance, Woese and Fox 
(1977) and Woese (1982, 1998, 2000, 2002) did not explic-
itly differentiated FUCAs and LUCA but instead grouped 
both under the “universal (communal) ancestor(s)”. Moreo-
ver, Woese insisted that all three domains (i.e., Bacteria, 
Archaea, and Eucarya) had diverged directly from the “uni-
versal (communal) ancestor(s)” (see also Egel 2017). Recent 
advances, however, have casted serious doubt on the three 
domains thesis (Williams et al. 2013; Koonin 2014a, pp. 
197–199).

Similarly, Koonin (2009) earlier argued that LUCA was a 
pool of non-cellular virus-like genetic elements within inor-
ganic compartments (see also Koonin and Martin 2005), and 
that the two primary domains (i.e., Bacteria and Archaea) 
then came to exist by independently escaping from these 
compartments as (proto-)cells. After grasping the tension 
between his “primordial virus world scenario” and the fact 
that LUCA might have been a (fairly complex) cellular entity 
with several hundred genes (and a fairly complete translation 
system) in place from his own earlier work (Koonin 2003; 
Wolf and Koonin 2007; see also Harris et al. 2003; Charle-
bois and Doolittle 2004; Ranea et al. 2006), Koonin (2014a, 
pp. 201–202) reconciled his two positions by rejecting 
Woese’s position and clearly differentiating progenotes (i.e., 
FUCAs) from LUCA (i.e., genote), insisting that whereas 

progenotes might or might not have been cellular, LUCA as 
a genote most likely had been cellular.

Here, I explicitly differentiate “universal ancestors” 
into two phases: FUCAs and LUCA. FUCAs were proto-
cells and what Woese and Fox (1977), Woese (1982, 1998, 
2002) called “progenotes” or simply “universal (communal) 
ancestors”. In contrast, LUCA was what Woese (1998, 2002) 
called genote. More critically, LUCA was already a cell, and 
a fairly complex and perhaps (quasi-)modern one (Koonin 
2014a, b). As becomes clear in section IV below, this dif-
ferentiation allows us to clearly delineate two big pictures 
regarding the timing of the emergence of the two primary 
domains: did the two primary domains emerge after and 
from LUCA or did they emerge directly and independently 
from FUCAs?

I now outline five key premises. Building upon these 
premises but also drawing from evidence and perspectives 
scattered in the literature, we can then generate new and 
interesting hypotheses for understanding the origin(s) of 
FUCAs and LUCA (next section).

(1) Persistence as survival came long before genetic repli-
cation, certainly before division as reproduction (with 
or without genetic replication). Before replicators and 
reproducers, there must be survivors, to paraphrase 
Szathmáry and Maynard Smith (1997). An entity, be it 
a compound, a complex, or a vesicle, has to exist and 
then persist within the (pre-)biotic system before it can 
become part of life, especially when it cannot metabo-
lize or replicate. This law that persistence comes before 
(cellular or not) metabolism, replication, and reproduc-
tion holds most forcefully in the Pre-Darwinian epoch 
(Pascal and Pross 2016; Egel 2017; Toman and Flegr 
2017). Also, persistence, metabolism, and replication 
were not coupled for much of the early prebiotic evolu-
tion: their coupling had been a product of Pre-Darwin-
ian evolution.

(2) Before FUCAs, variation had been a primary means 
toward persistence. From the very beginning of bioor-
ganic evolution that eventually led to FUCAs and 
then LUCA, evolution was mostly about gaining more 
molecular and hence functional diversities so that pro-
tocells could survive in more diverse environment with 
a more potent arsenal (Pross 2013). Moreover, varia-
tions back then were not generated by genetic mutation 
(which did not exist for a long time) alone, but by two 
additional processes: (1) prebiotic chemical synthesis, 
polymerization, and stereochemical mutualism, both 
outside and inside of vesicles; (2) absorption via break-
ing-and-repacking, acquisition or engulfing via proto-
endocytosis, merger or fusion via proto-endosymbiosis, 
and other similar processes.

4 Hence, my position critically differs from Prosdocimi et al. (2019), 
who also used the abbreviation FUCA for “the First Universal Com-
mon Ancestor”. Prosdocimi et al. insists that FUCA is not a cell but 
a RNA-dependent peptide-synthesis machinery or peptidyl transferase 
center. Also, they merely hypothesized that FUCA existed but pro-
vided no hypothesis for its origin.
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(3) Natural selection can operate without genetic replica-
tion or even metabolism (at least not cellular metab-
olism), as long as different molecules, complexes, 
and vesicles have differential rate of persistence and 
reproduction within a system (cf. de Duve 2005a; b, 
pp. 17–21, 154–55). Because Darwinian selection itself 
had been a product of the Pre-Darwinian epoch (Woese 
2002; Koonin 2014a, b), an epoch of Pre-Darwinian 
and hence non-Darwinian selection must have operated 
during the Pre-Darwinian epoch and before the com-
ing of Darwinian selection: the former had produced 
the latter. Four major non-Darwinian selection mecha-
nisms, which most likely had appeared in the following 
order, had worked together in the process leading to 
FUCAs (see Table 1 for a summary).

(a) The first Pre-Darwinian selection mechanism 
is mostly chemical. It operates upon molecules 
and selects not only their chemical properties as 
monomers but also their capacities for forming 
polymers and complexes. Here, key yardsticks 
of “fitness” include availability (i.e., steady sup-
ply from abiotic synthesis or meteoric bombard-
ment), stability, solubility, polymerization, and 
stereochemical mutualism for forming larger 
complexes (Pross 2013; Pascal and Pross 2016; 
Lanier et al. 2017; Toman and Flegr 2017; Vitas 
and Dobovišek 2018).

(b) The second Pre-Darwinian selection mechanism 
is both chemical and physical. It selects the dif-
ferent capacities of different bioorganic molecules 
and complexes to interact with each other, and in 
turn, whether their interactions confer new (or 
emergent) life-facilitating properties, structural 
and functional (Egel 2012; Pross 2013). Among 
possible interactions, two were perhaps most 
central: (1) amino acids, alpha-helix forming 
peptides, and (poly-)nucleotides that can not only 
interact with and stabilize vesicles but also make 
vesicles selectively permeable (e.g., Lear et al. 

1988; Black et al. 2013; Cornell et al. 2019); (2) 
peptides and RNAs that can not only interact with 
each other but also lead to new or enhanced prop-
erties (e.g., more efficient and reliable in terms of 
synthesizing RNAs and peptides) via their inter-
actions (e.g., Tagami et al. 2017; Frenkel-Pinter 
et al. 2020; Longo et al. 2020).

(c) The third Pre-Darwinian selection mechanism 
selects the different capacities of different vesicles 
(1) to absorb biomolecules and components via 
simple absorption and breaking-and-packing, (2) 
to engulf (or acquire) via proto-endocytosis and to 
merge (or fuse) via proto-endosymbiosis or simi-
lar processes. Vesicles with superior capacities in 
both absorption and merger/acquisition will enjoy 
advantages over those with less effective capaci-
ties, in terms of persistence, variation, and evolv-
ability (Oparin 1953; Fox 1973; Margulis 1981, 
1991; Egel 2017). A cool-and-hot cycle and a wet-
and-dry (or moisturization-and-evaporation) cycle 
might have driven both processes (Mansy and 
Szostak 2008; Damer and Deamer 2015, 2020; 
Higgs 2016).

(d) The fourth Pre-Darwinian selection mechanism 
operates upon vesicles that now approach pro-
tocells. Among these now fairly stable vesicles, 
those that can not only absorb, acquire, and 
merge but also can produce primitive metabolism 
and replication and then divide (or reproduce) 
will hold critical selection advantage over those 
that cannot. Here, the key yardsticks of “fitness” 
included persistence (as survival), absorption, 
growth, and division, first without and then with 
primitive metabolism and genetic replication (e.g., 
Gánti 1997; Cavalier-Smith 2001; Szostak et al. 
2001; Schrum et al. 2010; Luisi 2016, part IV; 
Takagi et al. 2020).

(4) Vesicles are evidently compartments of retention. More 
critically, however, vesicles’ absorption, acquisition, 

Table 1  Four Pre-Darwinian selection mechanisms before FUCAs

Mechanisms Objects being selected upon Properties being selected

Most chemical Molecules Availability, stability, solubility, polymerization, and interaction
Chemical and physical Bioorganic molecules and complexes Interactions with other bioorganic molecules, forming 

complexes, and generating emergent physical and chemical 
properties (e.g., permeable membrane)

Vesicular Vesicles Absorption, acquisition, and merger
Proto-cellular Protocells (before FUCAs) Persistence (as survival), absorption, growth, and division, 

first without and then with primitive metabolism and genetic 
replication, and then tighter coupling of metabolism, growth, 
replication, and division
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and fusion via breaking-and-repacking, proto-endo-
cytosis, proto-endosymbiosis and other similar pro-
cesses are both processes of variation and processes 
of selection. These processes of acquisition and merger 
had therefore been a central and powerful force in the 
pre-Darwinian evolution before LUCA, long before 
eukaryogenesis (e.g., Sagan 1967; Margulis 1981, 
1991; O’Malley 2014; cf. de Duve 2005b, chap. 17).

(a) Absorption, acquisition, and merger are processes 
of variation because they produce different com-
partmentalization and hence different crowding, 
combination, and coevolution of biomolecules 
within vesicles. Absorption, acquisition. And 
merger entail extensive “horizontal biomolecule 
transfer” (HBMT) rather than merely “horizon-
tal gene transfer” (HGT): HBMT thus subsumes 
HGT. Indeed, only with HBMT, could have pre-
Darwinian evolution drawn from “global inven-
tions” (Woese 1998, 2002), and only with HBMT 
could have pre-Darwinian evolution overcome 
the seemingly insurmountable hurdle of bringing 
“the overwhelming amount of novelty needed to 
bring modern cells into existence” (Woese 2004, 
p. 182). HBMT was therefore the more pivotal and 
pervasive process than HGT, at least in the Pre-
Darwinian epoch. In fact, Woese’s emphasizing 
of HGT during the evolution from FUCAs (i.e., 
progenotes) to LUCA (i.e., genote) in his millen-
nial series is valid only if he meant HBMT with 
HGT (see also Vetsigian et al. 2006).5

(b) Absorption, acquisition, and merger are also pro-
cesses of selection because via these processes, 
some molecules will be retained and integrated 
within vesicles while some will be excluded from 
vesicles, and some vesicles will no longer exist.

(5) Reproduction and replication being tightly coupled had 
evolved from reproduction and replication not being 
linked at all and then to reproduction and replication 

being only loosely coupled. Only protocells with some 
kind of coupling of replication and reproduction via 
division became FUCAs, which then eventually evolved 
into LUCA . To paraphrase Szathmáry and Maynard 
Smith (1997) again, the tight coupling of reproduc-
tion and replication had also been a critical transition 
toward FUCAs as protocells.

Three criteria should be applied to any new thesis regard-
ing the origin(s) of cell(s). First, it should provide a more 
coherent and consistent ordering of existing data and inte-
grates new or previously underappreciated data with fewer 
ad hoc hypotheses than existing ones. Second, it should 
resolve more controversies than existing ones, again with 
fewer ad hoc hypotheses. Finally and perhaps most intui-
tively, a thesis about the origin(s) of cell(s) is the more cred-
ible one if it is less miraculous than other competing theses 
(Fry 2011; Lanier and Williams 2017).6

The next two sections aim to show that our new frame-
work provides us with a foundation for deriving new and 
interesting hypotheses that are better supported by evidence.

Key Hypotheses

Building upon the premises above but also drawing from 
existing hypotheses and insights scattered in the existing 
literature, I now lay out key hypotheses regarding the Pre-
Darwinian evolution before LUCA. Because I have differ-
entiated FUCAs from LUCA earlier, I divide the hypotheses 
into two parts: before and after FUCAs. Figure 1 schemati-
cally summarizes the whole process from biopolymers to 
FUCAs and then LUCA.

Evolution before FUCAs

Abiotic synthesis of bioorganic molecules was the first step 
in the origin of life. Once bioorganic molecules came to 
exist, first as monomers (e.g., amino acids, nucleotides, fatty 
acids, and later on, phospholipids) and then as polymers 
(e.g., short peptides, small RNAs), they came under the force 
of natural selection even though replication did not operate 
back then. During this stage, there were two key selection 
yardsticks. The first is thermochemical stability or surviv-
ability within the system. The second is solvability and a 
minimum level of availability that allows a minimum level of 
concentration for monomers to be assembled into polymers 
and more complex hetero-biomolecules. Both stability and 

5 Indeed, Vetsigian et al. (2006, p. 10,697) came extremely close to 
such a position: “The central conjecture in our model is that innova-
tion-sharing, which involves horizontal transfer of genes and perhaps 
other complex elements among the evolving entities [a dynamic far 
more rampant and pervasive than our current perception of horizon-
tal gene transfer (HGT)], is required to bring the evolving translation 
apparatus, its code, and by implication the cell itself to their cur-
rent condition.” (Italics added.) Moreover, starting with a quite dif-
ferent perspective, Woese and Fox (1977, p. 5) had actually argued 
that “endosymbiosis should probably be considered an aboriginal 
(…) [and not-so-rare] trait” rather than “an acquired trait” or “a rela-
tively recent and rare occurrence”. For this author, it is a mystery why 
Woese’s penetrating mind had not joined these two themes together.

6 For example, the thesis offered here is less miraculous than existing 
competing theses out there (e.g., multiple escapes and multiple inva-
sions; Cavalier-Smith 2001; Forterre 2006; Lane et al. 2010).
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availability partly depend on the relative easiness of synthe-
sis from simple precursors and protection from UV light.

For simple bioorganic molecules to be assembled into 
more complex hetero-biomolecules, they have to be ste-
reochemically compatible with each other: in other words, 
there must be “molecular mutualism” (Lanier et al. 2017; 
Vitas and Dobovišek 2018). Key examples of such molecu-
lar mutualism include (1) that only some amino acids or 
peptides can interact with nucleotides and simple RNAs, 
non-covalently (e.g., Tagami et al. 2017; Frenkel-Pinter et al. 
2020; Longo et al. 2020) and (2) that only some peptides 

can form α-helixes and then insert themselves into lipid 
membranes to make lipid membranes more permeable (e.g., 
Lear et al. 1988; Pohorille et al. 2003; Pohorille and Deamer 
2009). Moreover, once some kind of molecular mutualism 
is fixed, it may become difficult to change or unravel. A key 
implication of molecular mutualism is that simplicity does 
not always mean better. Because only certain configurations 
are compatible with certain assembling strategies for bring-
ing different molecules together, those molecules that can 
interact, bind, or fit with each other properly, rather than 
those that are merely simpler, may be selected.

Fig. 1  From FUCAs to LUCA. Numbers in subscript denote differ-
ent amino acids and nucleic acids. The exact matching between amino 
acid and nucleic acid within LUCA, in a metaphorical sense, implies 
that the standard genetic code had evolved most completely by the time 
of LUCA. The less than exact matching amino acid and nucleic acid 
within FUCAs and vesicles before FUCAs denotes the evolutionary 
path of the standard genetic code from a rudimentary form to a mature 
form in LUCA. Protocells or vesicles are in closed circles whereas 

broken vesicles are in broken circles. Viruses are in elongated or other 
non-circular shapes. The three to one ratio of virus versus cell at the 
stage of LUCA is to imply the fact that virus may be the most abun-
dant biological entity in the biosphere. A wet-and-dry cycle (on the left 
of the diagram) or a cool-and-hot cycle might have played a key role 
in driving the packing-breaking-and-repacking cycle and facilitating 
acquisition and merger of vesicles. The wet-and-dry cycle part within 
the figure is adapted from Damer and Deamer (2015) with permission
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Amphiphiles form vesicles in certain conditions. A vesi-
cle succeeds in persisting in the system if it can retain its 
basic structure, float within a solution, absorb ingredients 
from its environment (e.g., via proto-endocytosis), and 
merge with other vesicles. Most likely, such vesicles also 
has the capacity of “dividing” without either strict reproduc-
tion or genetic replication. Rather, they divide via pinching 
or budding due to enlargement of size by (1) absorbing more 
lipids, peptides, (poly-)nucleotides, and other bioorganic 
molecules, (2) merging with and engulfing other vesicles 
[hence, each vesicle is also a target of (proto-) endosymbio-
sis by other vesicles], and (3) synthesizing new polymers 
within (Mansy et al. 2008; Zhu and Szostak 2009; Budin 
and Szostak 2011; Budin et al. 2012; Kurihara et al. 2015; 
Armstrong et al. 2018). During this stage, persistence and 
division have not been coupled with active reproduction, 
genetic replication or even sophisticated metabolism.

Even if RNA alone is capable of both replication and 
metabolism (Joyce 2002; Orgel 2004; Robertson and Joyce 
2012; Horning and Joyce 2017), RNA might have come to 
interact with amino acids and peptides quite early on, and 
the primitive translation apparatus (and the genetic code) 
had originated from this interaction and then coevolution of 
amino acids/peptides with RNAs (Wong 1975, 1981; Wolf and 
Koonin 2007; Fox et al. 2012; Francis 2011, 2013, 2015; Sen-
gupta and Higgs 2015; Koonin and Novozhilov 2017). During 
this stage of coevolution, precision in RNA replication (and 
proto-translation) is not necessarily an advantage (Vetsigian 
et al. 2006). Rather, during this stage of coevolution, the key 
was to make more RNAs and peptides without too much preci-
sion so that the structural diversity and hence the functional 
diversity of RNAs and peptides could increase more rapidly. 
With more diverse structures and functions, RNAs can then 
support the production of more diverse peptides with different 
properties, and these peptides in turn interact with RNAs more 
diversely to generate more emergent properties. This mutually 
reinforcing increase in structure and function of both RNAs 
and peptides laid a key foundation for the evolution of more 
complex ribonucleoprotein (RNP) world, the standard genetic 
code, and eventually a more versatile metabolism system.

For a period of time, the evolution of peptide-lipid mem-
brane and the evolution of RNA-peptide (as the proto-trans-
lation machinery) might have proceeded independently from 
each other. The two processes might even have operated in 
different locations such as different terrestrial hydrothermal 
ponds or fields (Mulkidjanian et al. 2009, 2012; Damer and 
Deamer 2015, 2020; Koonin 2014b, pp. 35–36). Eventually, 
however, these two processes had to come together, and the 
moment in which these two processes merged was the first 
decisive step from replicators to reproducers that paved the 
way toward the first protocells or FUCAs (Szathmáry and 
Maynard Smith 1997; Segré et al. 2001; Schrum et al. 2010; 
Higgs and Lehman 2015; Pressman et al. 2015; Luisi 2016; 

Joyce and Szostak 2018). The fusing of the two processes 
was perhaps achieved by a peptide-lipid vesicle absorbing 
several RNA-peptide complexes (as proto-endocytosis), 
mediated via the interaction between RNA and lipids or 
peptide on the vesicle’s surface. Some of the products from 
this fusion became vesicles with (proto-)replicators inside, 
and some of these vesicles eventually became FUCAs.

Hence, FUCAs came to exist not only via packing-break-
ing-and-repacking of vesicles (e.g., Damer and Deamer 2015, 
2020), but also via proto-endocytosis and proto-endosym-
biosis by vesicles, thus drawing useful ingredients or com-
ponents from “global inventions”. Put it differently, FUCAs 
did not come to exist via de novo and in situ evolution within 
individual protocells alone: this will essentially mean that 
every FUCA must evolve almost entirely independently, and 
such a possibility would have been a miracle. Rather, FUCAs 
came to exist via drawing and fusing innovations from many 
precursors. It is through HBMT that is underpinned by acqui-
sition and merger rather than HGT alone that FUCAs even-
tually came to possess a proto-machinery of survival and a 
proto-machinery of replication within the same protocell (cf. 
Woese 1998, 2002; Vetsigian et al. 2006).

FUCAs continued to absorb RNAs, peptides, other bio-
molecules, vesicles, and possibly other fellow FUCAs from 
its external environment. As a result, coevolution of biomol-
ecules within FUCAs accelerated (Segré et al. 2001; Wilson 
et al. 2014; Saha et al. 2018). Within a stable microenviron-
ment provided by FUCAs’ membrane, other more fragile and 
elaborate proteins began to exist and operate, perhaps with 
the help of proto-chaperones (either RNA or peptide/pro-
tein). Within some FUCAs, metabolism eventually came to 
support the synthesis of more diverse and elaborate proteins 
and RNAs that could reinforce metabolism within a better 
regulated membrane system. Together, these two processes 
constitute a positive feedback loop. Eventually, within some 
FUCAs protocells, metabolism, survival, division, and repli-
cation of genetic material came to be gradually coupled with 
each other. The coupling was loose, however: FUCAs were 
protenotes that had yet to cross “the Darwinian Threshold”.

From FUCAs to LUCA 

Once FUCAs came to possess both a proto-machinery of 
survival (roughly, metabolism supported by proteins within 
a membrane) and a proto-machinery of replication (now sup-
ported by both peptides/proteins and RNAs), survival and 
replication began to co-evolve with each other. Because both 
machineries require some kind of metabolism machinery 
(including bioenergetics), metabolism came to join survival 
and replication within the coevolution process (Takagi et al. 
2020). This coevolutionary process laid the foundation for 
all subsequent evolutionary processes, and became only pos-
sible within protocells with a regulated membrane rather 
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than directly from the “naked” RNA world (Segré et al. 
2001; Pohorille and Deamer 2009; Lombard et al. 2012; 
Koonin 2014a, b; Lopez and Fiore 2019). Fairly accurate 
replication of genetic materials (either RNA or DNA) sup-
ported by a replication apparatus could have only evolved 
within protocells such as FUCAs.

Different FUCAs not only competed against each other 
for various ingredients but also divided and survived differ-
ently within the system, as a form of pre-Darwinian selec-
tion process (Cheng and Luisi 2003; Chen et al. 2004; Wei 
and Pohorille 2011, 2013; Zhu et al. 2012; Adamala and 
Szostak 2013; Kurihara et al. 2015; Armstrong et al. 2018). 
Along the way, FUCAs continued to absorb useful ingredi-
ents and integrate them into more complex, versatile, and 
effective macromolecules, including more complex pro-
teins and RNAs. During this phase, FUCAs might have also 
continued to absorb other (sub-)cellular components from 
other vesicles and integrate them into more tightly regulated 
cellular components. Hence, rampant extinction of (proto-)
cellular lineages occurred during this period (Fournier et al. 
2015). In this phase, a tight coupling of survival and replica-
tion might not have held any selective advantage. Indeed, the 
opposite might have been true: being more promiscuous and 
having more flexibility provides a protocell with significant 
advantage for survival (Szostak 2011; Koga 2014).

Within the commune of FUCAs, each FUCA protocell 
competed against each other. After a period during which 
survival, division, and replication co-evolved with each 
other, some of the FUCAs eventually became protocells 
in which division and replication are more tightly coupled 
and smoothly regulated. Eventually, a few lucky FUCAs 
with the right and tight coupling of metabolism, translation 
machinery, division with genetic replication, and energy 
efficiency will dominate the system, and these lucky few 
FUCAs merged into a single lineage or only one lineage of 
FUCAs survived: this lone surviving lineage became LUCA. 
Because LUCA possessed a tight coupling of cell division 
with genetic replication, it was a genote that had crossed 
“the Darwinian Threshold” (see Fig. 2 below). A mostly 
fully functioning translation system with the full standard 
genetic code had also “crystallized” in LUCA.

Due to the promiscuous origin of FUCAs and hence 
LUCA, LUCA most likely had been a “totipotent” cell that 
could have survived in quite different environments. More 
specifically, the lipid membrane of LUCA had been het-
erochiral rather than homochiral (Koga 2011, 2012, 2014; 
Lombard et al. 2012; cf. Coleman et al. 2019). Only later on 
when the original population of LUCA was split into two 
sub-populations,7 did they diverge into Bacteria and Archaea.

By FUCAs, only some replicons had been selected 
to occupy the central genetic apparatus of the first cells 
whereas many were left out because only some replicons 
were helpful for the protocells whereas many others were 
not or even harmful.

Eventually, some of the left-out replicons came to persist 
as viruses: genetic parasites had been the inevitable result 
of a selection process (Koonin 2016). Some, if not most, 
positive single-stranded RNA viruses [( +)ssRNA viruses] 
might have originated from those RNA molecules and RNA-
peptide complexes that were not integrated into FUCA’s 
proto-genome due to their disruptive properties (Koonin 
and Dolja 2013).8

Once genetic parasites came to exist, they began to play a 
critical role in driving the evolution of their hosts and them-
selves (Koonin and Dolja 2013; Koonin 2016).9 Without 
a (primitive) defense system against genetic invasion by 
mobile genetic elements, primitive cells would be extremely 
vulnerable to genetic invasion. In contrast, acquiring an even 
primitive defense system against genetic invasion inevitably 
reduces the rate of HGT.

The arms race between HGT and defense against genetic 
invasions by genetic parasites via HGT therefore most 
likely began only with FUCAs the earliest. The acquiring 
of a defense system against genetic invasion also marks the 
coming of HGT as a reduced form of HBMT. Thus, only in 
FUCAs did the narrower HGT replace the broader HBMT as 
the more critical force in driving evolution, although HBMT 
continued to operate, most dramatically in eukaryogenesis 
(Sagan 1967; Margulis 1981). Moreover, only in FUCAs 
did HGT gradually become more harmful (Jain et al. 1999). 
In contrast, because protocells before FUCAs accomplished 
HBMT via absorption and merger/acquisition, they were less 
likely to have evolved a defense system against HBMT early 
on.

LUCA already possessed a quite sophisticated defense 
system against mobile genetic elements, which eventually 
evolved into the core defense systems against mobile genetic 
elements in the two primary domains, including the pAgo 
system, the CRISPR-Cas system, and the toxin-antitoxin 
(TA) system (Koonin 2017; Koonin and Makarova 2017; 
Koonin et al. 2020).

Due to some kind of geological ruptures or accidents 
(e.g., overflowing of a hydrothermal field or a “warm little 
pond”), the original LUCA population was split into two 

7 Alternatively, if there had been more than two sub-populations ini-
tially, eventually only two had survived.

8 This possibility best explains the great diversity of this group of 
virus, and why ( +)ssRNA viruses remain the largest group of viruses 
(de Farias et al. 2017).

9 Unfortunately, because viruses and other replicons tend to evolve 
rather rapidly, their evolution may inform us little about the evolu-
tion of FUCAs and LUCA (Moreira et al. 2009; cf. Koonin and Dolja 
2013).
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Fig. 2  Two Theses from the RNA-peptide world to the two primary domains
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sub-populations in two different niches. This event started 
the making of Bacteria and Archaea as the two primary 
domains, including their differences in lipid membrane (i.e., 
from heterochiral to homochiral), DNA to RNA transcrip-
tion, and DNA replication, etc. (Koga 2011, 2012, 2014; 
Lombard et al. 2012; López-García and Moreira 2015; Wil-
liams et al. 2013; Spang et al. 2015; Dacks et al. 2016; Lom-
bard 2016; Eme et al. 2017).

Most likely, the genomes of FUCAs contained only short 
RNA molecules rather than a single long RNA molecule. 
The transition from RNA to DNA via a RNA–DNA hybrid 
system might have begun between FUCAs and LUCA or 
only after the coming of LUCA. LUCA, however, was 
split into two sub-populations before the transition from a 
RNA–DNA hybrid system to a DNA-only system had been 
complete. As a result, a DNA-only replication machin-
ery had evolved twice independently, in the two primary 
domains after their divergence (Leipe et al. 1999). The 
whole transition from a RNA-only to a DNA-only via a 
RNA–DNA hybrid system therefore had gone through two 
phases: a phase of RNA–DNA hybrid and a phase of full 
transition to a DNA-only system. The former lasted from 
FUCAs to LUCA and beyond, even though some compo-
nents of a primitive DNA replication machinery might have 
been already in place within FUCAs and before LUCA. The 
latter started after the divergence of LUCA into Bacteria and 
Archaea and continued well after.

Evidence: Chemical 
and Biological‑Functional

Because FUCAs were a community of protocells and the 
evolutionary process after FUCAs with rampant HBMT had 
erased or at least obscured most of the early genetic foot-
prints (Woese 2002; Fournier et al. 2015), empirical sup-
port for any theory regarding the origin(s) of cell(s) must 
be mostly chemical and biological-functional rather than 
genetic.10 This section presents mostly chemical and bio-
logical-functional evidence that supports our core hypoth-
eses, in addition to some genetic evidence. The next section 
highlights that our theory resolves some key controversies 
regarding the origin(s) of cell(s), thus providing another 
source of support.

(1) The universality of the standard genetic code, as part of 
the core translation apparatus, is indisputable. The uni-

versality of the standard genetic code is best explained 
by the coming of amino acid/peptide-RNA interaction 
(and then the coevolution of amino acid/peptide-RNA 
interaction and the proto-translation system) very early 
on, long before the coming of DNA replication and 
DNA to RNA transcription. The possibility that the 
standard genetic code came to exist via initial chemi-
cal mutualism between amino acid/peptide with RNA 
and then the coevolution of peptide/protein and RNA 
is now generally accepted (Wong 1975, 1981; Wolf and 
Koonin 2007; Yarus et al. 2009; Yarus 2017; Francis 
2011, 2013, 2015; Petrov et al. 2015; Sengupta and 
Higgs 2015; Kovacs et al. 2017; Saad 2018; Kim et al. 
2019).11 This possibility is reinforced by the fact that 
small and simple peptides derived from the core part 
of ribosome proteins can enhance the catalytic activi-
ties of RNA polymerase ribozyme, with the smallest 
size being merely ten amino acids (Tagami et al. 2017; 
Frenkel-Pinter et al. 2020).12 The fact that many ancient 
proteins and protein domains are connected to nucleo-
tides and RNAs, perhaps initially as peptide-RNA co-
factors, also suggests an early rather than a late RNA-
peptide world (White 1976; Szathmáry and Maynard 
Smith 1997, pp. 563–568; Ma et al. 2008; Goldman and 
Kacar 2021).

(2) Apparently, the translation apparatus is the most uni-
versal among the three parts in the information pro-
cess system of modern organisms (i.e., replication of 
DNA, transcription from DNA to RNA, and translation 
from mRNA to protein). This fact suggests that a fairly 
complete translation system (most likely including the 
whole standard genetic code, a proto-ribosome, mRNA, 
tRNA, and most aminoacyl-tRNA synthetases) must 
have evolved by LUCA (Wolf and Koonin 2007; see 
also Wolf et al. 1999; Woese 2000). This fact strongly 
points to not only the possibility that vesicles with per-

11 The evolution of the standard (or universal) genetic code is a 
research area all by itself. Here, suffice to say that our thesis is com-
patible with the emerging consensus that three mechanisms must have 
jointly played key role in the evolution of the code and they reinforce 
each other (see Koonin and Novozhilov 2017 for review). The three 
key mechanisms are: stereochemistry, coevolution of the code and 
then translation plus proteins, and error minimization. Note, however, 
all three mechanisms implicitly center on the evolution of the code 
within a single cell population and this possibility is highly unlikely 
(see below). Hence, HBMT as a mechanism that can draw from 
“global innovation” [and subsumes HGT (e.g., Vetsigian et al. 2006)] 
may be absolutely necessary.

12 The fact that replicons with protein capsids (i.e., viruses) are more 
widespread than replicons without protein capsids (i.e., viroids) also 
suggest that the former is more advantageous than the latter. Also, 
viroids have so far only been found in higher plants whereas viruses 
have been found in all three domains. This fact suggests that viroids 
most likely have a recent origin.

10 By biological-functional, we mean that the same biological func-
tion can be performed by different molecules, with or without signifi-
cant structural or sequence similarities. For example, an alpha-helix 
can be formed by different stretches of peptide.
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meable membrane came to exist quite early on but also 
the possibility that these vesicles were able to merge 
with and acquire each other via proto-endosymbiosis 
and proto-endocytosis.

(a) Simply put, it would have been extremely difficult 
for the translation apparatus to evolve out of a 
single protocell or vesicle with HGT alone. Woese 
(1982, p. 12) put it forcefully very early on: “the 
translation apparatus is too large, too complex 
to have arisen in a single evolutionary process.” 
(See also Woese and Fox 1977, pp. 2–3; Fox 2010; 
Woese 1998, 2001, 2002; Vetsigian et al. 2006; 
Koonin 2014a.)

(b) A majority of the one hundred or so universally 
conserved genes were within the translation appa-
ratus (Koonin 2003; Ranea et al. 2006; Puigbò 
et al. 2009). This fact suggests not only the possi-
bility that a RNA-amino acid/peptide world came 
to exist very early on but also the possibility that 
HBMT via vesicles’ merger-and-acquisition had 
been a key force behind the emergence of a fairly 
complex translation apparatus in LUCA. The 
evolution of the complex translation apparatus 
requires input from “global inventions” that can 
only be provided by HBMT via vesicles’ merger-
and-acquisition. With HBMT, vesicles within 
a pool of vesicles or protocells could have eas-
ily drawn from “global inventions”, not only in 
genetic materials but also in metabolism and other 
ingredients, within the community of FUCAs as 
progenotes (Pohorille and Deamer 2009; Mulkid-
janian et al. 2009; Lombard et al. 2012; Koonin 
2014a, b). Obviously, HBMT assumes vesicles 
with proto-membrane that can retain molecules 
within whereas HGT does not.

(c) RNAs and amphiphiles not only can interact with 
each other, their interaction also confers new prop-
erties to each other (e.g., Black et al. 2013). To 
begin with, lipids can assist polymerization of 
nucleotides into RNA-like molecules in simulated 
terrestrial geothermal environment (Olasagasti 
and Rajamani 2019). Very importantly, RNAs (as 
replicators) encapsulated by vesicles tend to be 
more stable (Saha et al. 2018; Shah et al. 2019). 
Finally, positive-strand RNA viruses can read-
ily work with membranes during replication and 
infection by “hijacking” or recruiting membrane 
lipids (Miller and Krijnse-Locker 2008; van der 
Schaar et al. 2016; Altan-Bonnet 2017). All these 
facts suggest that the fusion of RNA-peptide and 
the lipid-peptide vesicle is quite likely.

(3) The fact that Bacteria and Archaea share membrane-
associated proteins that are key components of bioen-
ergetics, respiratory chains, secretion/membrane-target-
ing, protein export and membrane-insertion pathways 
strongly points to the possibility that vesicles with per-
meable membrane came to exist early rather than late 
(Lombard et al. 2012). In fact, a recent study by Harris 
and Goldman (2021) has shown that a system of sig-
nal recognition particle (SRP) and a Sec translocation 
channel were already in place by the time of LUCA. 
In particular, the ancestor of Fth and FtsY proteins as 
the two principal components of the SRP system most 
likely existed before LUCA, or late FUCAs here, as 
suggested by the fact that late amino acids have been 
quite rare within both Fth and FtsY proteins. Even 
more remarkably, both Fth and FtsY proteins have been 
extremely conserved across the three primary domains, 
sequence-wise and structurally. Together, these facts 
further points to the possibility that vesicles were able 
to merge with and acquire each other via proto-endos-
ymbiosis and proto-endocytosis. Again, it would have 
been extremely difficult for a single protocell or vesicle 
to evolve all these complex and not always interlinked 
machineries, within and in situ, even with HGT. Rather, 
they require inputs from “global inventions” via HBMT 
brought about by merge and acquisition.

(4) LUCA most likely had been a quite complex organism 
with several hundred genes and hence a “totipotent” 
cell that is can survive with quite different environ-
ments (Koonin 2003; Harris et al. 2003; Charlebois 
and Doolittle 2004; Ranea et al. 2006; El Baidouri et al. 
2020; Krupovic et al. 2020; cf. Weiss et al. 2016). This 
fact is more consistent with the possibility that LUCA 
came from many FUCAs via acquisition and merger 
than with the possibility that LUCA came to evolve 
from a single FUCA lineage all by itself or by HGT 
alone. In other words, FUCAs and then LUCA had 
a promiscuous origin. In fact, Woese’s (1998, 2002) 
notion of “global invention” is just another term for a 
promiscuous origin of FUCAs and then LUCA.

(5) The possibility that HBMT via proto-endosymbiosis 
and proto-endocytosis has been a key mechanism in 
the evolution of FUCAs and LUCA is supported by 
additional evidence.

(a) Many artificial vesicles indeed can grow and 
divide without replication, by simply absorb-
ing either ingredients or other (mini-)vesicles 
(Kurihara et al. 2015; Saha and Chen 2015; see 
also Pohorille and Deamer 2009). They can also 
undergo structural changes under different con-
ditions (e.g., different pH, different concentra-
tion, a wet-and-dry cycle, a hot-and-cool cycle, 
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redox chemistry), thus facilitating acquisition and 
merger (e.g., Cheng and Luisi 2003; Chen et al. 
2004; Chen and Walde 2010; Zhu and Szostak 
2009; Zhu et al. 2012; Budin and Szostak 2011; 
Budin et al. 2012; Damer and Deamer 2015; Qiao 
et al. 2017; see also Oparin 1953 on coacervates).

(b) In natural settings, “terrestrial anoxic geother-
mal fields (TAGTFs)” or Darwin’s “warm lit-
tle pond(s)” can drive “wet-and-dry” and other 
cycles, which can in turn drive vesicles through 
the cycle of breaking up old vesicles and then re-
forming new vesicles by changing the concentra-
tion of ions and other ingredients or the overall 
physical microenvironment within a “warm lit-
tle pond” (Mulkidjanian et al. 2012; Damer and 
Deamer 2015, 2020). This process of packing, 
breaking, and then repacking of biomolecules 
partly overcomes the physical barrier against 
HBMT imposed by (partially impermeable) vesi-
cles and essentially works as a physical and chem-
ical process of recombination and reconfiguration. 
The fact that quite a few paths (e.g., pH, concen-
tration, wet-and-dry, hot-and-cool, or even redox) 
can propel this process of vesicular recombination 
and that different vesicles containing different bio-
molecules have different capacities of growth (via 
absorption and in-taking) and division under dif-
ferent conditions strongly suggests that such path-
ways might have been powerful forces of variation 
and selection in the evolution of FUCAs.13

(c) The notion that mitochondria and chloroplast and 
other plastid-like structures (e.g., hydrogeno-
somes, and mitosomes) had evolved as relics of 
endosymbiosis is now widely accepted (Sagan 
1967; Margulis 1981, 1991; Zimorski et al. 2014; 
Ku et al. 2015; J. Theo. Biol., special issue 2017). 
This fact suggests that (proto-)endosymbiosis and 
(proto-)endocytosis might have been quite ancient 
and frequent in pre-cellular evolution, as Woese 
and Fox (1977, p. 5) had argued long ago.14

(d) In situ and de novo evolution, aided by HGT 
alone, would not have been a viable route for the 
making of a “totipotent” LUCA because HGT via 
replicons could not have brought together a large 

genome that can sustain a complex life as LUCA 
or even FUCAs. With the exception of megavi-
ruses,15 most viruses and other replicons (e.g., 
plasmids) have a small genome. Although one 
can argue that these replicons came to their small 
genome size via loss of genes, the possibility that 
early replicons really were just small genetic frag-
ments is far more plausible (Leipe et al. 1999). 
Thus, Woese’s (1998, 2000, 2002, 2004; see also 
Vetsigian et al. 2006) vision that HGT was a criti-
cal force in the evolution of FUCAs to LUCA does 
not have a viable mechanism other than HBMT 
via vesicles’ acquisition and merger. For LUCA to 
possess several hundred genes made of short RNA 
molecules, HBMT via vesicles’ acquisition and 
merger might have been the only viable option. 
Thus, once we replace HGT with HBMT, which 
subsumes the former, we can resolve most, if not 
all, of the contradictions and inconsistencies in 
Woese’s (1998; 2002) treatises on the origin of 
the cell (see also Koonin 2014a). Indeed, Woese 
(2002, 8744) came close to admit this possibility: 
“Were that organization (of a progenote as a pro-
tocell) simple and modular enough, all of the com-
ponentry of a cell could potentially be horizon-
tally displaced over time.” Quite evidently, such a 
possibility is entirely compatible with HBMT as 
the central mechanism leading to the coming of 
FUCAs and LUCA, but not so compatible with 
HGT alone.

(6) Because a protocell is a survival machine first and a 
reproduction machine second, molecules that play 
essential roles in the survival of a protocell (as an 
organism) must have also originated early on. Besides 
the bilayered lipid membrane itself as a protective 
apparatus, some other protective mechanisms must 
have also evolved very early on. Intuitively, any organ-
ism or protocell with some kind of machinery that can 
cope with stressful environmental changes should pos-
sess significant advantages over those without. Hence, 
FUCAs and LUCA must possess a stress response sys-
tem quite early on.

(a) Such a machinery is most likely in the form a 
stress response mechanism and apparatus, or 
“heat shock response (HSR)” as known today. 

13 This possibility therefore supports the “TAGTF” thesis while 
going against the “hydrothermal alkaline vents (HTAV)” thesis. See 
below.
14 In this sense, eukaryogenesis was a unique event only because it 
produced a eukaryotic cell but not because endosymbiosis had only 
operated this once (Woese and Fox 1977; Booth and Doolittle 2015; 
cf. Sagan 1967; Margulis 1981; Lane and Martin 2015).

15 Megaviruses, as double-stranded DNA viruses, must have origi-
nated after the origin of DNA replication. Hence, megaviruses do not 
support the thesis that early replicons or protocells had possessed big 
genomes.
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Very likely, HSR was an early invention as requi-
sites for life on the edge, for the sake of survival. 
Major components within HSR, such as Hsp100, 
Hsp90, Hsp70, Hsp60, and other small heat shock 
proteins (HSPs), are highly conserved across 
the three domains (Richter et al. 2010). There-
fore, HSPs might have been some of the earliest 
proteins to be firmly integrated into FUCAs and 
then retained by LUCA, and this possibility best 
explain why so many HSPs are highly conserved 
across all three domains.

(b) Membranes formed by amphiphiles alone are 
often too impermeable to ions and other bioor-
ganic molecules. One potential solution for this 
challenge is to insert peptides that can form 
α-helixes into the membranes. Also, lipid mem-
branes are stabilized and regulated by peptides 
and this mutualism between membrane lipids and 
peptides or proteins is a key part of the founda-
tion of survival. Hence, a critical aspect of the 
coevolution of membrane and membrane pep-
tides/proteins was about protecting the membrane 
(Pohorille et al. 2003; Mulkidjanian et al. 2009; 
Lombard et al. 2012).

(c) Several observations suggest that a small heat 
shock protein, Hsp12, may be a molecular fossil 
of such a machinery of coping with stress (Rich-
ter et al. 2010). In its soluble form, yeast Hsp12 
is unfolded or unstructured). Yet, when Hsp12 
interacts with lipids, it becomes α-helical. Also, 
Hsp12’s four α-helixes are critical for its proper 
function. Hsp12, when binding membranes, stabi-
lizes membranes by decreasing membrane fluidity. 
Remarkably, 50% of Hsp12’s sequence is made 
of five amino acids: Ala, Asp, Glu, Gly, and Lys. 
Among the five amino acids, four of them (i.e., 
Ala, Asp, Glu, and Gly) belong to the “first amino 
acids” (Francis 2013; Sengupta and Higgs 2015). 
Both Ala and Gly tend to form transmembrane 
α-helixes via Ala/Gly-X-X-X-Ala/Gly whereas 
Asp can stabilize α-helixes by capping α-helix TM 
domain, and Ala/Gly-X-X-X-Ala/Gly sequences 
also facilitate dimerization (Francis 2013).16

(d) Somewhat more speculatively, many bacterial 
small proteins (fifth amino acids or shorter) have 
been founded to interact with cell membrane but 
lack enzymatic capacities (reviewed by Storz et al. 
2014). If genes for small proteins are reservoirs for 

genes for larger proteins (Carvunis et al. 2012), 
some small peptides might have been selected for 
their capacities of interacting with and stabiliz-
ing proto-membranes rather than their enzymatic 
capacities.

Controversies Resolved, Partly and Possibly

If our thesis is valid, then it should help resolve some key 
controversies about the origins of cell(s) (for earlier reviews, 
see Woese 1998, 2002; Doolittle 2000; Fry 2011; Egel 2012; 
2017; Koonin 2014a, b; Spitzer 2017; Cantine and Fournier 
2018; Damer and Deamer 2020). This section addresses 
several key controversies that our theory may help resolve, 
while also insisting that some debates may never be confi-
dently resolved and hence less useful.

The RNA‑Peptide World Versus the Vesicle‑Peptide 
World

The question which comes first, the RNA world (and then 
a RNA-peptide world) or the peptide-lipid membrane (with 
or without some rudimentary metabolism), is one of those 
unfruitful controversies because it can never be firmly 
resolved (Egel 2009; Fry 2011). Yet, regardless whether 
these two worlds or pathways had originated simultane-
ously or sequentially, vesicles as compartmentalized mini-
spaces must have come to exist early on and these vesicles 
had made many subsequent evolutionary processes possible 
(Pohorille and Deamer 2009; Lombard et al. 2012; Koonin 
2014a; Cantine and Fournier 2018). Most critically, the 
merging of these two worlds or pathways must have been 
the more decisive step because it made possible the eventual 
coupling of survival, metabolism, and replication. Indeed, in 
experimental studies, we are now witnessing an integration 
of the RNA world and the membrane/vesicle world (Press-
man et al. 2015; Joyce and Szostak 2018).

The thesis put forward here bridges and overcomes key 
difficulties within hypotheses centered upon replication/
replicator alone and hypotheses centered upon peptide plus 
vesicle/membrane alone. The key difficulty for hypotheses 
centered upon replication/replicator alone is how a replicator 
can become a reproducer. In contrast, the key difficulty for 
hypotheses centered upon peptide plus vesicle/membrane 
alone is how a not-so-evolvable reproducer (i.e., vesicles that 
can grow and divide) without replicators inside can become 
an evolvable reproducer with coupled replication and repro-
duction (Thomas and Rana 2007). Our thesis overcomes the 

16 So far, no Hsp12 homologs have been discovered beyond fungi, 
but this may be due to the fact that membrane proteins are less con-
served than water-solvable proteins (Sojo et al. 2016). More specula-
tively, polyglycine, made of Glycine, might have played a similar role 
in stabilizing protocell membranes (Kim et al. 2019).
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two challenges by suggesting that replicator and vesicles (as 
weak reproducers) came to evolve together via a continuous 
process of merge and acquisition until LUCA.

Our thesis also resolves a key self-contradiction within 
Woese (1998, 2002) and Koonin (2009, 2014a, b; see also 
Koonin and Martin 2005). Because (complex) membrane 
proteins can only come to exist with some form of proto-
membrane and yet complex membrane protein can only 
come after a fairly complex translation system, there is a 
classic chicken-and-egg difficulty within the evolution of 
(proto-)cell membrane and membrane proteins (Koonin 
2014b, pp. 32–35).17 Our thesis resolves this difficulty by 
maintaining that acquisition and merger of vesicles (as pre-
cursors to protocells) and then protocells (e.g., FUCAs) has 
played a central role in overcoming this seemingly intrac-
table difficulty.

Gain‑of‑Structure/Function 
versus Loss‑of‑Structure/Function before LUCA 

During the process leading to FUCAs and LUCA, evolution 
had been mostly about gain in structure and function so that 
FUCAs and LUCA could survive in diverse environments 
with a more potent arsenal. Within this period, metabolic 
and synthetic innovation was equally critical, if not more 
critical than genetic ones (Ranea et al. 2006). More likely 
than not, any significant genetic and functional streamlin-
ing or simplification came after LUCA, when “evolutionary 
temperature” had cooled down considerably (Woese 1998). 
As de Duve (2005b, p. 163, fn. 3) put it pithily, “There can 
be no reduction without prior ‘complexification’.”

Two additional facts suggest that any significant stream-
lining must have come after LUCA. First, the standard 
genetic code had evolved in two phases, a phase with early 
amino acids and a phase with late amino acids (Wong 1975, 
1981; Francis 2011, 2013, 2015; Sengupta and Higgs 2015; 
Koonin and Novozhilov 2017). Moreover, both phases must 
have been completed before LUCA. Second, LUCA might 
have possessed only about one hundred protein domains that 
performed multiple functions (Ranea et al. 2006).

The possibility that streamlining via loss of functions and 
genes came after LUCA goes against the thesis that LUCA 
was a proto-eukaryotic cell and the thesis that Bacteria, 
Archaea, and Eukarya came to exist via multiple genetic 
reductions or escapes (e.g., Glansdorff 2002; Glansdorff 
et al. 2008; Egel 2017; see also Forterre and Philippe 1999; 

Philippe and Forterre 1999; Woese 1998, 2002). Such a the-
sis does not explain how the complexity came to exist in 
the first place (De Duve 2005b, chaps. 13–15). Also, recent 
advances strongly suggest a Tree of Life with Bacteria and 
Archaea as the two primary domains, and Eukarya arose 
from Archaea (Lombard et al. 2012; Williams et al. 2013; 
Koonin and Yutin 2014; López-García and Moreira 2015; 
Spang et al. 2015; Dacks et al. 2016; Eme et al. 2017). By all 
likelihood, the hypothesis that LUCA was a proto-eukaryotic 
cell can now be ruled out (cf. Staley and Fuerst 2017).

From Precellular to (Proto‑)Cellular: Two Theses

Extending the arguments above, we can now resolve two 
possible theses regarding the evolution from the precellu-
lar era to the (proto-)cellular era as depicted in Fig. 2 (see 
also Koonin 2014b, p. 31). The first thesis (upper half of 
Fig. 2) has been advanced by Woese and Fox (1977), Woese 
et al. (1978), Woese et al. (1978), Woese (1982, 1998, 2000, 
2002), Kandler (1994a, b, 1998; Koonin and Martin (2005), 
Koonin (2009, 2014a, b), and Egel (2017) in slightly differ-
ent forms. This thesis holds that the two primary cellular 
lineages or domains (i.e., Bacteria and Archaea) had evolved 
directly from a commune of non-cellular entities (perhaps 
virus-like) and that the Darwinian Threshold was crossed 
only when the two primary domains emerged or escaped 
from the commune state. This thesis thus does not differ-
entiate FUCAs and LUCA. Instead, they are grouped under 
the same heading, the universal common ancestor, which is 
communal and non-cellular.

The second thesis (lower half of Fig. 2), as explicitly 
put forward here, contends that the two primary domains 
had bifurcated from a single LUCA population (see also 
Williams et al. 2013; Koonin 2014b; Gogarten and Deamer 
2016; Cornish-Bowden and Cárdenas 2017). Moreover, 
LUCA (the genote) had evolved from a commune of FUCAs 
(or progenotes), and the Darwinian Threshold was already 
crossed by LUCA. Furthermore, both FUCAs and LUCA 
were already (proto-)cellular: the key difference between 
them has been that the former had only loose whereas the 
latter had tight coupling of metabolism, replication, trans-
lation, and reproduction (i.e., division). In Woese’s terms, 
LUCA was almost fully “crystallized” whereas FUCAs had 
yet to crystalize.18

Our thesis explicitly rejects the thesis that Bacteria, 
Archaea, and eventually Eukarya had emerged indepen-
dently and sequentially by breaking free or escaping from a 
pool of either prokaryotic or even proto-eukaryotic precells 17 To resolve this classic chicken-and-egg difficulty, Koonin wisely 

switched from the thesis of maritime origin within inorganic cham-
bers (Koonin and Martin 2005; Koonin 2009) to a thesis of terrestrial 
origin (Mulkidjanian et  al. 2009, 2012; see also Koonin 2014a, b). 
Yet, Koonin (2014b) has retained the possibility of multiple escape 
from the communal ancestors (see also Koonin and Dolja 2013). See 
below.

18 Hence, by 1998, Woese had changed from his original conception 
of progenotes that did not differentiate progenotes and genotes to a 
more valid conception that does differentiate the two.
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(e.g., Woese 1982; Kandler 1994a, b, 1998; Wächtershäuser 
2003; Egel 2017). In short, the precells-then-escape hypoth-
esis not only goes against the two primary domains thesis 
but too implicitly banks upon miracles.

The Origin(s) of LUCA: Terrestrial & Heterotrophic vs. 
Maritime & Autotrophic

Due to the imperatives of survival, vesicles or protocells 
could not afford to be too picky: some degree of heteroge-
neity (via promiscuity) might have been not only helpful 
but actually indispensable (Mansy and Szostak 2008; Szos-
tak 2011). The notion that FUCAs came together through 
HBMT based on proto-endosymbiosis and proto-endocy-
tosis that bring together different vesicles containing differ-
ent components suggests a heterotrophic origin of FUCAs 
and LUCA. Autotrophic life was only achieved after a long 
period of heterotrophic evolution (Oparin 1953 [1938]; Fry 
2011; Damer and Deamer 2015, 2020; Egel 2017).

The leading autotrophic hypothesis that LUCA had 
evolved a nearly complete arsenal within the chambers of 
HTAV and then escaped as an fully autotrophic precell 
has numerous difficulties (Mulkidjanian et al. 2012; Gog-
arten and Deamer 2016; Jackson 2016, 2017; cf. Martin 
and Russell 2003, 2007; Koonin and Martin 2005; Martin 
et al. 2008; Lane et al. 2010; Weiss et al. 2016; Egel 2017). 
Indeed, by insisting that all the good things for LUCA must 
have evolved in a single location, the HTAV hypothesis 
approaches a theory banking on miracles.

Our theory is more consistent with the possibility that 
FUCAs came to exist in “terrestrial anoxic geothermal fields 
(TAGTFs)” or Darwin’s “warm little pond” rather than in 
HTAVs (Mulkidjanian et al. 2012; Damer and Deamer 2015, 
2020). Most critically, TAGTFs allow the wet-and-dry cycle 
(perhaps cool-and-hot cycle too), which in turns drive vesi-
cles through the cycle of breaking-and-repacking by chang-
ing the concentration of ions and other ingredients or the 
overall physical microenvironment within the “warm little 
pond” (Deamer and Barchfeld 1982; Zhu and Szostak 2009; 
Budin et al. 2012; Damer and Deamer 2015, 2020; Da Silva 
et al. 2015; Milshteyn et al. 2018; see also Pearce et al. 2017 
for additional support). In contrast, HTAVs do not allow for 
such a cycle of packing-breaking-and-repacking.

If FUCAs and LUCA had indeed originated in TAGTFs, 
then an overflow or inundation induced by a heavy rainfall 
could have easily washed some LUCA from a “warm lit-
tle pond” to another niche thus started the making of the 
two primary domains after LUCA. In contrast, LUCA from 
HTAVs demand multiple escapes from HTAVs to make the 
two primary domains. Apparently, the former scenario is 
less demanding than the latter.

Life After LUCA: Two Additional Controversies

Our thesis may also help resolve two additional 
controversies.

Our thesis emphasizes the role of acquisition and merger 
by vesicles and then protocells in driving the evolution of 
FUCAs to LUCA. With extensive acquisition and merger, 
FUCAs and LUCA most likely had proto-membranes that 
were heterochiral with both isoprenoid-based and fatty acid-
based phospholipids (Peretó et al. 2004; Lombard et al. 
2012; Lombard 2016).

The fact that heterochiral membrane is actually more sta-
ble than homochiral membranes in higher temperature is 
also more consistent with the possibility that FUCAs and 
the LUCA were “totipotent” cells that can survive in diverse 
and stressful environments (Shimada and Yamagishi 2011; 
Jain et al. 2014; Caforio et al. 2018; cf. Wächtershäuser 
2003, 2007). A recent discovery that bacteria of the Fibro-
bacteres–Chlorobi–Bacteroidetes (FCB) group superphylum 
encode an archaeal lipid pathway in addition to a bacterial 
lipid pathway in natural settings and the encoded enzymes 
can be fully expressed in E. coli adds even more power-
ful evidence that heterochiral membrane could have existed 
in natural settings (Villanueva et al. 2020). Homochiral 
membranes came only after the divergence of Bacteria and 
Archaea from LUCA (Koga 2011, 2012, 2014), possibly 
driven by the coevolution of membrane and membrane pro-
teins in different environments (Williams et al. 2013; Sojo 
2019).

Our interpretation strongly questions the possibility 
that cellular DNA replication came from invasion by DNA 
viruses rather than FUCAs/LUCA with some kind of rudi-
mentary DNA replication machinery (Forterre 2006).19 For-
terre’s thesis of viral invasion does not explain how those 
different viruses had evolved without a proper cellular host 
in the first place.

More likely, the transition from RNA to DNA was accom-
plished by reverse transcription and this transition was not 
completed before LUCA diverged to Bacteria and Archaea. 
A fully functioning DNA replication machinery had evolved 
twice, once in Bacteria and once in Archaea (Leipe et al. 
1999).

Ways Forward

Although we may never be able to (re-)make a whole cell de 
novo by starting with primitive building blocks of life (cf. 
Ichihashi et al. 2013), our new thesis does point to several 
directions for experimentally testing its key hypotheses.

19 Indeed, multiple escapes and multiple invasions are like two sides 
of the same miracle.
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More concretely, in light of earlier experiments that have 
demonstrated various properties of vesicles, four types of 
experiment will be of particular interest (for earlier dis-
cussions, see Chen and Walde 2010; Schrum et al. 2010; 
Deamer et al. 2019; Damer and Deamer 2015, 2020; Lopez 
and Fiore 2019). If we can show these four possibilities 
experimentally, our thesis regarding the origin(s) of cell 
should be considered well supported.

First, in conditions that are somewhat similar to primi-
tive environment, different vesicles made of different amphi-
philes can absorb and especially engulf not only small 
molecules (e.g., amino acids, nucleotides, peptides, short 
oligonucleotides/RNAs or alike, metals, and other ingredi-
ents) but also RNA-peptide complexes as Woese’s (2002) 
“supramolecular aggregates” with different efficiencies. If 
confirmed, these experiments will strongly support not only 
the possibility that proto-endocytosis by vesicles had been 
a key mechanism but also the possibility that the merging 
of the lipid membrane world and the RNA-peptide world 
had been a key step toward FUCAs according to the thesis 
advanced here (Fig. 1) and many others (e.g., Schrum et al. 
2010; Damer and Deamer 2015, 2020).

Second, different vesicles with different in-takes of ingre-
dients not only have different chemical, physiological, and 
bio-energetic properties, but more importantly, compete 
against each other via absorption, acquisition, and merger 
hence have different rate of persistence (as survival) within 
a system. This possibility, if demonstrated, should constitute 
a very decisive set of evidence for our thesis that centers 
on acquisition and merger by progenotes as HBMT. Ample 
experimental evidence exists that vesicles compete against 
each other for ingredient up-taking and that their growth and 
division in turn depend on such in-taking and subsequent 
reactions within (e.g., Chen et al. 2004; Zhu and Szostak 
2009; Budin and Szostak 2011; Kurihara et al. 2015). Yet, 
the possibility that different vesicles based on different 
ingredients and with different encapsulated biomolecules 
compete against each other via acquisition and merger has 
not been directly tested, to the best of my knowledge: most 
existing experiments on vesicle merger-and-acquisition have 
either utilized only one type of vesicles or tested different 
types of vesicles separately.

Third, heterogeneous vesicles from acquisition and 
merger may be more stable and even “reproductive” than 
homogenous ones. This possibility, if demonstrated, will fur-
ther buttress the thesis that heterogeneity had indeed been 
more advantageous in pre-FUCAs evolution, together with 
existing evidence that heterogeneous vesicles can be more 
stable than homogenous vesicles (Mansy and Szostak 2008; 
Chen and Walde 2010; Szostak 2011).

Fourth, recombined vesicles via acquisition and merger 
lead to chemical interactions that in turn lead to new physi-
cal–chemical and (proto-)physiological properties: such 

new properties preview the coming of new metabolic path-
ways, and perhaps eventually, a more regulated coupling 
of metabolism and reproduction (see also Lopez and Fiore 
2019). This possibility, admittedly more difficult to demon-
strate, should powerfully buttress our thesis if demonstrated, 
because it directly tests the possibility that artificial vesicles 
via absorption, acquisition, and merger can eventually lead 
to some kind of coupling of metabolism and reproduction.

In addition, with computer simulation (for reviews of 
earlier attempts, see Lancet and Shenhav 2009; Klein et al. 
2017), it may be shown that vesicles can eventually evolve 
into protocells with a tight coupling of RNAs and peptides as 
a form of proto standard genetic code, and eventually an effi-
cient lineage can come to total domination within the system 
as the LUCA (Fig. 1). More concretely, within a population 
of vesicles, aided by a steady supply of amino acids and 
nucleotides, a rudimentary genetic code can evolve. Initially, 
such a rudimentary codon system may be a form of probabil-
istic (weak to firm) association between certain amino acids 
(e.g., Arginine) and certain short oligonucleotides (Szath-
máry and Maynard Smith 1997; Cavalier-Smith 2001; Yarus 
et al. 2009; Yarus 2017). Gradually, however, these initially 
probabilistic associations become more stable and more fre-
quent due to lock-in effects, which further accelerate the 
crystallization of the codon system (Vetsigian et al. 2006).20

Finally, some new directions for sequence and structural 
phylogenetic analysis can also be conceived. In particular, 
analyses of components within the heat shock response 
apparatus, small proteins (including small HSPs) that are 
responsible for protecting the membrane (e.g., Hsp12), 
ubiquitin-like proteins (UBLs), and ubiquitin-related modi-
fiers (URMs) will be of special interest. The evolutionary 
implications these components and proteins for the origins 
of FUCAs and LUCA have not been adequately explored.

Ubiquitin (UB) is universally conserved in eukaryotes 
while UBLs and URMs are highly conserved in Bacteria and 
Archaea (Hochstrasser 2009; Richter et al. 2010). Moreover, 
key similarities between eukaryotic UB and bacterial UBLs 
(e.g., THiS and MoaD) are mostly structural: the key domain 
is the “small but versatile” beta-grasp fold that is common 
to UB, UBLs, and URMs (Burroughs et al. 2012a, b). UB, 
UBLs, and URMs play critical roles in regulating some of 
the vital functions of life, including responding to stress such 
as oxidative, hypoxic, osmotoxic, genotoxic, and heat. These 
functions are vital for survival but not for replication. UB 
and UBL (in the Urm1-Uba4 system, which is much closer 
to THiS and THiF) might have been molecular fossils from 
the more ancient sulfur-transfer pathway (Hochstrasser 2009, 
p. 425; van der Veen and Ploeh 2012, pp. 342–3). Metal 

20 Our testing of this possibility with computer simulation will be 
reported separately.
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and sulfur-proteins might have been some of the first sets 
of proteins that were recruited or assembled into the first 
protocell. This fact is consistent with the hypothesis that life 
mostly originated from a hydrothermal environment that is 
rich in metal and sulfur. Moreover, the fact that beta-grasp 
fold of UBLs was a RNA-binding domain with connections 
to RNA metabolism also suggests that its origin has been 
ancient, most likely before LUCA (Burroughs et al. 2012a, 
b).21 All these facts point to the possibility that UBLs might 
have been an ancient protein family that play roles in both 
metabolism centered upon sulfur and RNA-binding/transla-
tion before LUCA.

If heat shock response apparatus, UBLs, and UBMs had 
been early inventions that were essential for the survival of 
FUCAs and LUCA, sequence and structural phylogenomic 
analysis of them may shed important new light upon the evo-
lution of FUCAs and LUCA. For instance, whereas Bacteria 
and most Archaea do not encode the ubiquitin system, at 
least one particular archaea group, Caldiarchaeum subter-
raneum does and it does not appear to be a result of HGT 
(Nunoura et al. 2011; Koonin and Yutin 2014). This suggests 
that ubiquitin evolved from UBLs only in some archaea line-
ages that later on became ancestors of eukaryotes.

Concluding Remarks

This article advances a new thesis regarding the origin(s) 
of FUCAs and LUCA as the first cell(s) by broadening our 
understanding of what constitutes variation, selection, and 
retention in the pre-Darwinian evolution before LUCA. Most 
critically, I argue that vesicles’ acquisition and merger via 
(proto-)endosymbiosis and (proto-)endocytosis has been a 
powerful force for both variations and selection, and hence 
a critical mechanism leading to the origin(s) of FUCAs and 
then LUCA. Moreover, the impact of this mechanism is not 
limited to genetic, but also structural, functional, and meta-
bolic due to HBMT’s more extensive impact than HGT. Our 
thesis is not only supported by quite extensive evidence but 
also resolves some key controversies regarding the origin(s) 
of FUCAs and then LUCA. Our thesis also points to new 
directions for further inquiries.
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