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(2) Supplementary figure legends

Supplementary Fig. S1. Progenote

(A)Genetic code and translation system. Bacteria and Archaea share a genetic code and
translation system. There are 34 ribosomal proteins shared by both lineages.

(B) Single operon-type mRNA. The common ribosomal protein S10 is encoded by the S10
operon in both lineages [1], suggesting that a single operon-type mRNA existed in the
common ancestor of both lineages. There were around 500 genes in the LUCA [2, 3].

(C) Maximum length of single operon-type mRNA. Extant SARS-CoV-2 has a 30 kb RNA
genome [4], one of largest genomes of RNA viruses. Thus, it is likely that 30 kb was the
maximum size of single operon-type RNA in the ancient world.

(D)A chamber of the submarine alkaline vent. The progenote [5] could be surrounded by an
inorganic chamber [6], with a similar size to that of extant eucaryotic cells (A). The
progenote might contain the extant metabolic map (except lipid metabolism), supported
by a continuous supply of prebiotic resources and energy from the alkaline vent as well as
enzymes encoded by the pool of RNA.

Supplementary Fig. S2. Darwinian selection on the transition from RNA to U-DNA.

(A) Structure of RNR. Structure of E. coli ribonucleotide reductase (RNR) is presented with
the PDB number. It is possible that there were no opportunities for the spontaneous
emergence of sophisticated and complex enzymes, like RNR.

(B) Prebiotic synthesis of deoxyribonucleotides. Since the conversion from ribonucleotides to
deoxyribonucleotides has been demonstrated in vitro in a prebiotic synthesis manner [7-
10], the small number of dNTPs could trigger coevolution among (C), (D), (E), and (A),
as described in the text.

(C) (D) (E) are the same as in Fig. 2.

Supplementary Fig. S3. Variety of replicases. As described previously [11-14], various
replicases in the three domains of life are summarized. YES, indicates existence. n.d.
indicates not described in the above references. Orange background indicates bacterial

lineages. By contrast, a blue background indicates archaeal lineages.

Supplementary Fig. S4. Establishment of homologous recombination.

(A) Single-stranded and double-stranded breaks. (a) Origin of DNA ligases. DNA polymerase
at SSB (single-stranded break) on the template leads to lethal damage, double stranded-
break (DSB). To prevent such DSB and complete DNA replication, two types of DNA
ligases could simultaneously arise [15]. (b) DSB. If DSBs occur in dsDNA, the broken
DNA would be inert. Live dsDNA is marked 1 and inert dsDNA is marked 0. (c¢) The



degradation of abnormal macromolecules is beneficial for metabolism due to the reuse of
monomer molecules. Thus, nuclease-mediated broken DNA degradation could emerge in
the ancient world. Since Mrel1/Rad50-type nucleases commonly exist in Bacteria and
Archaea [16, 17], they might be among the nucleases that arose in these taxa. (d) Birth of
recombinase. Degradation intermediates of dsDNA might provide a basis for the
evolution of recombinase, an ancestor of recA, radA, or Rad51 in Bacteria, Archaea, or
Eucarya, respectively [18, 19]. Of note, the synapsis of two dsDNA inactivates the
template (marked by 0) for DNA replication and transcription.

(B) Completion of HR. (a) Synapsis, DNA synthesis, and ligation. Intermediate A(d), after
synapsis, could be a template for DNA polymerase (Fig. 2, Supplementary Fig. S3) and
subsequent DNA ligation (A)(a), leading to a double Holliday junction-type intermediate.
Importantly, such an intermediate might exhibit a lack of activity (marked 0). (b)
Recombinases itself, such as recA and Rad51, have primitive branch migration activity
[20, 21]. Since evolution is not linear, dHJ (inert intermediate marked 0) might be
degraded and reused for mono deoxynucleotides. Particular digestion of dHJ could yield
two active dsDNAs (marked 2). (c) Robustness in the LUCA. Importantly, dsDNA
produced the same RNA in the LUCA (Fig. 3C). Thus, null intermediates (A)(d), (B)(a),
and (B)(b) might survive in the LUCA by nearly neutral selection [22]. Such a robust
system could support the evolution of a complicated series of homologous recombination
reactions. Branch migration and dHJ resolution by RuvABC [23] could have arisen
specifically in bacterial lineages.

(C) Basic tool kit for the completion of dsDNA replication on damaged DNA. Transletion
polymerase PolY (Fig. 2J, 2K, Supplementary Fig. S3) could mediate replication on
damaged templates [24]. SSB on the template could be sealed by DNA ligase before
encountering DNA polymerase. DSBs on dsDNA could be repaired by using homologous
dsDNA in the chamber of the vent. Thus, the primitive tool kit for the completion of
dsDNA replication could be established under the robust circumstances of the LUCA.

Supplementary Fig. S5. Recombination-mediated genome rearrangement.

(A)Operon fusion. Crossing over-mediated homologous recombination facilitates the fusion
of two operons.

(B) Gene fusion. Upon HR-mediated fusion between gene A and gene B, a novel fusion
protein could easily emerge.

(C) Internal duplication. HR-mediated internal duplication could create dnaB from recA (Fig.
5A) [25].

(D)Replication slippage-mediated internal duplication. TFIIB and TBP have internal
duplications (Fig. 3A) [26]. Since we predict that such duplications occurred before the
establishment of HR, they might have occurred by replication slippage [27].



(E) Gene duplication. Ohno originally proposed that gene duplication facilitates evolution
[28]. (a) Original gene. (b) Duplicated gene. (c) Gene maintaining the original function.
(d) Gene with a gain-of-function mutation.

(F) Genome rearrangement. (a) Insertion and deletion mediated by HR. (b) Inversion by HR.
(c) New genome. Two genomes (orange and blue) could be fused and undergo
rearrangements and gene loss, yielding a new genome. Whole genome rearrangement

requires HR.

Supplementary Fig. S6. Transcriptional regulation.

(A) Copy number of nucleic acids regulates the amount of protein. (a) Seven types of nucleic
acids might directly or indirectly produce mRNA, which is translated into protein in the
LUCA (Fig. 3C). (b) (¢) Amounts of protein A and B. The amount of protein A could be
ten-fold larger than that of protein B due to the amount of mRNA derived from operons A
and B.

(B) Two operon fusion. After the fusion of dsSDNA on operons A and B, one copy of DNA
should produce a ten-fold difference between levels of protein A and B. Transcriptional
regulation mediated by transcription factors [29] could emerge immediately after this
fusion event. The basic unit of transcriptional regulation is promoter recognition (Pol, o,
TFIIB, TFIIB’, and TBP/TFIIB’) (Fig. 3A). Since the same promoter recognition system
might be beneficial for the development of transcriptional regulatory networks (B), the
transcriptional regulation divide should be accelerated (C) (Fig. 3A).

(C) Transcriptional divide based on the promoter recognition system.

(D)o genome and TBP genome. The o [30] and TBP [31] genomes could give rise to
Bacteria and Archaea, respectively. Bacterial proteins cannot be exchanged with archaeal
proteins. Such incompatibility between lineages might have begun at the time of the two-
operon fusion (B) (Fig. 4B, 4C, Fig. S5A).

Supplementary Fig. S7. Establishment of Jacob’s replicon.

(A)Ideal origin defined by genome rearrangements on circular dsDNA. (a) To avoid the
terminal replication problem, a circular dsSDNA genome could emerge on both the o and
TBP genome. (b) Bi-directional replication. Compared to unidirectional replication, bi-
directional replication could speed up the completion of DNA replication of the whole
genome. To minimize collision between replication and transcription (Fig. 5A(b)), the
direction of replication and transcription tends to be the same [32] via HR. (c) Two
system fusion. Genomes carrying the same transcriptional operation system could be
preferentially fused. (d) Novel fused genome. The fused genome could undergo
rearrangement by HR (left column) as well as the loss of redundant genes. A new genome

(right column) could arise under the same process (b).



(B) Evolution of an origin firing mechanism. (a) Mutation at the origin. A pre-defined origin
on a new genome (A(d)) could acquire mutations toward an AT-rich sequence for easy
opening. (b) Firing by RNA polymerase. The origin could be opened by RNA polymerase,
similar to extant ColE1 plasmid replication [33]. (c) Firing by recombination. The origin
could be opened by recombination, similar to T4 phage replication [34]. (d) Evolution of
initiators. dnaA [35] and Orc/Cdc6 [36] could arise independently in the o and TBP
genomes, respectively. The initial initiator might only bind the replication origin. Later,
interactions between the initiator and replicative DNA helicase could evolve [37-42].
Thus, the replicon model for DNA replication [43-45] could be established in a step-by-
step manner, as described in Figs. 2, 5, and Supplementary Fig. S7. An extreme case of
an initiator-helicase interaction is achieved in SV40 and polyoma virus T-antigen [46, 47].

(C) Unlinking of duplicated DNA. After the completion of DNA replication on the circular
DNA genome, two daughter DNAs are topologically linked. The unlinking of daughter
DNA by Xer C/D and Xer A might emerge in Bacteria and Archaea, respectively [48].

Supplementary Fig. S8. Possible scenario for the transition from U-DNA to T-DNA.

(A) Spontaneous deamination. 5-Methylcytosine and cytosine can be spontaneously
deaminated, yielding thymine and uracil, respectively [49].

(B) Evolution of mismatch-specific uracil glycosylase (MUG). (a) E. coli MUG (structure
shown with PDB ID) recognizes U/G and T/G mismatches. (b) D. radiodurans MUG
(structure shown with PDB ID) recognizes the U/G mismatch and U/A non-mismatch
[50]. (c) Possible substrate specificity of ancient MUG. We hypothesize that ancient
MUG commonly emerged in both the o and TBP genomes and has similar substrate
specificity to that of D. radiodurans MUG. The U/T non-mismatch pair can be cut by the
postulated ancient MUG. If the hypothesis is correct, there are three scenarios for
evolution in the ancient alkaline vent. First, discarding the toxic D. radiodurans MUG-
type enzyme led to cytosine deamination in the U-DNA genome, resulting in extinction.
Second, keeping the D. radiodurans MUG-type enzyme drove the U-DNA to T-DNA
transition (C—E). Third, changing the substrate specificity of D. radiodurans MUG
toward that of E. coli MUG resolved the cytosine damination problem in the U-DNA
genome. Although the third scenario predicts the existence of the U-DNA genome, cells
with a U-DNA genome do not exist at present, suggesting that it went extinct. Since both
extant bacteria (o-genome) and archaea (TBP-genome) have T-DNA genomes, the
second evolutionary route was most likely at the original alkaline vent.

(C) DNA polymerases efficiently utilize dUTP. DNA polymerases, including E. coli DNA
polymerase I (Pol I), cannot discriminate between dTTP and dUTP as substrates for
DNA synthesis [49], suggesting that the transition from U-DNA to T-DNA occurred
without changing the DNA polymerase substrate specificity. The lack of time to change



strongly suggests that rapid evolution increasing dTTP coupled with decreasing dUTP

occurred in the ancient alkaline vent.

(D) Simultaneous evolution of TS and dUTPase. Metabolic map for dTTP synthesis is shown.

Thymidylate synthetase (TS) might have evolved independently in the o and TBP
genome (F), leading to increased dTTP concentrations. By contrast, dUTPase decreases
the dUTP concentration and supplies dUMP as a substrate for TS. The evolution of both
TS and dUTPase enabled the transition from U-DNA to T-DNA.

(E) Elimination of mis-incorporated dUMP from the T-DNA genome. Due to the substrate

(F)

specificity of DNA polymerase (C), dUMP can be frequently mis-incorporated into T-
DNA. To eliminate uracil from T-DNA, mismatch-independent uracil glycosylase could
arise. Coordinated activity of TS, dUTPase, and mismatch-independent uracil
glycosylase-mediated BER could establish the T-DNA genome, whose structure was
solved in 1953 [51].

Possible steps in the transition from U-DNA to T-DNA. Summary of postulated events
(B-E). After establishment of the T-DNA genome, the substrate specificities of E. coli
and D. radiodurans MUGs were compatible with the T-DNA genome. Moreover,
thymine DNA glycosylase might arise later.

Supplementary Fig. S9. Electron transport system.

(A)Possible collection of outward proton transporters. External protons supplied from the

inorganic chamber could trigger the evolution of inward and outward proton transport
mechanisms [52, 53] based on the maximization of entropy inside and outside of proto-
cells. (a)(b)(c) represent possible outward proton transporters. Importantly, any of these

might be under nearly neutral selection [22].

(B) A variety of electron transport systems. In extant alkaline vents, electrons derived from

H,S convert O, to H>O. Under a lack of O, in ancient oceans, electron derived from H,S
could be transferred to surrounding metals at the vent (A). (a)(b) Electron transport on the
permeable membrane of proto-cells without coupling to outward proton transport.
Outward proton transport might be independently derived from electron transport. (c)—(e)
A variety of electron transport systems coupled with outward proton transport.
Importantly, any of these systems (a)—(e) might be under nearly neutral selection [22].
System (e) could be selected in ancient cells (Fig. 12) because electron transport could be
driven independently from the surrounding inorganic vent. Thus, independence from the

original alkaline vent could be achieved by free-living cells.

Supplementary Fig. S10. Postulated ancient vesicle transport system.

(A)Extant exosome and microvesicle in Eucarya. Membrane-based transport systems are

present in Eucarya [54, 55].



(B)mRNA vaccines. An mRNA vaccine for the SARS-CoV-2 spike protein mimics the
membrane-based transport system (A) [56].

(C) Extant bacteria/archaea extracellular exchange system. A variety of extra-membrane
vesicles are exchanged among cells [57, 58]. In a biofilm, a nanotube containing multiple
extra-membrane vesicles is connected between two different cells. EV: Extracellular
vesicle, OMV: Outer membrane vesicle, O-IMV: Outer-inner membrane vesicle.

(D)The ESCRT system for vesicle-based transport. Some Archaea, such as Lokiarchaeota
MK-DI, have the ESCRT system, suggesting that MK-D1 cells have an internal vesicle
transport system, as in extant Eucarya. Some Archaea produce extramembrane vesicles
(EVs) via the ESCRT system [58]. Moreover, enveloped archaeal viruses might bud from
host cells via the ESCRT system [59]. It was proposed that ancient Archaea, like MK-D1
cells, undergo symbiosis with a-proteobacteria, leading to eucaryotic lineage cells [60].

(E) Postulated ancient vesicle transport system. Accounting for (A), (C), (D), and the
concepts outlined in Fig. 7B, a primitive macrovesicle-like transport system at the
chamber of the vent was essential for survival of proto-cells. We hypothesize that
ESCRT-dependent vesicle transport was invented at the ancient chamber. The postulated

vesicle might carry any macromolecules.

Supplementary Fig. S11. Puncted equilibrium at the cellular level.

(A)Evidence of system fusion and exchange during the history of life on Earth. (a) Three
revolutionary system fusions. (1) Photosynthesis expending CO, and producing O, might
be derived from the fusion of photosystems I and II. Event (1) created Cyanobacteria and
irreversibly changed the conditions on Earth toward an O-available world. (2) Symbiosis
between a-Proteobacteria and Archaea [61], like MK-D1 cells [60], led to the ancestor of
extant Eucarya. (3) Symbiosis between Cyanobacteria and Eucarya led to an
archaeplasrtid ancestor of extant plants [61]. (b) Giant virus-mediated system exchange.
Extant giant virus carry a large DNA genome (up to 1,259 kbp) [62]. During symbiosis
(2), the bacteriophage Tectiviridae (15 kb), whose host is a-Proteobacteria, might be
introduced into the ancestor of Eucarya [63]. The coevolution of the ancestor of Eucarya
and giant viruses could yield the LECA (last eukaryotic common ancestor). Eucarya has
three DNA-dependent RNA polymerases (DdRp), I, II, and III. A phylogenetic analysis
of DdRp revealed that multiple gene transfer events and rearrangements [64] created
three DdRp(s) leading to the establishment of the LECA.

(B) Coevolution of the nucleosome structure. Just like DdRp, the nucleosome structure might
also co-evolve in the ancestor of Eucarya and giant viruses [64]. Representative
nucleosome structures of Archaea [65], Eucarya, and giant viruses [66], presented with
their PDB IDs.



Although Mimiviridae has a 1,259 kbp DNA genome, which is larger than the genome of
JCVI-syn3, the minimum cell, giant viruses including Mimivoridae never reached free-living
cells over 2 billion years. By contrast, free-living Bacteria and free-living Archaea emerged
simultaneously in a narrow time window (an estimated 200 million years). Thus, we
hypothesize that system fusion consistent with punctuated equilibrium occurred in the ancient

alkaline vent (Fig. 11, Supplementary Fig. S12).

Supplementary Fig. S12. Emergence of a nearly complete genome with a non-permeable

membrane.

(A)Cascade of proto-cell fusion. Proto-cell E, the fusion product of proto-cells A and B, was
fused to proto-cell F, the fusion product of proto-cell C and D, yielding cell G, with a
nearly complete genome surrounded by a non-permeable membrane. The proto-cell and
cell are surrounded by dashed (permeable membrane) and open (non-permeable
membrane) boxes, respectively. Orange and blue cells represent bacterial and archaeal
lineages, respectively.

(B) Crystallization process by a cascade of proto-cell fusion coupled with genome
rearrangement. (a) Homologous system fusion. The same mechanisms underlying
transcriptional regulation are preferentially fused (Fig. 4). (b) Genome rearrangement.
Upon the fusion of two systems, genome rearrangement occurs, as described in
Supplementary Fig. S7A. (¢) Emergence of cells. After gaining a nearly complete genome,
a permeable membrane (dashed box) changed into a non-permeable membrane (open
box).

Supplementary Fig. S13. Cell wall formation and the extinction of enveloped viruses.

Orange and blue represent bacterial and archaeal lineages, respectively.

(A)Free-living cells occupied all chambers of the original vent. All replicative intermediates
described in Figs. 2-11, including proto-cells, suffered from shortages of energy and
resources. Most intermediates went extinct, except for some primitive viruses (Fig. 13B).

(B) Virophage. Since extant virophages can infect giant viruses [67], primitive viruses in
ancient vents also infected proto-cells as well as free-living cells.

(C) Cell wall formation. Among primitive viruses, enveloped viruses might have went extinct

as a result of the inability to penetrate the cell wall. Some capsid viruses remained.

Supplementary Fig. S14. New proposal for the crystallization process in the origin of
bacteria, archaea, viruses, and mobile elements.

Main and supplementary figures related to each process involved in crystallization are
marked in (B)—-(H).



(A)RNA world. We proposed a mechanism for the change from an RNA world to a
progenote (Supplementary Fig. S1) [68]. A replicase made by RNA might arise [69-71].
A two-cartridge ribozyme might be a key for the evolution of the genetic code and
translation system [68].

(B) Progenote. A key innovation for the maintenance of the progenote is RNA-dependent
RNA polymerase (RdRp; PolB) (Supplementary Fig. S1).

(C) The LUCA. The transition from the progenote to the LUCA required multiple enzymes,
including ribonucleotide reductase (RNR) [72] (Fig. 2A, Supplementary Fig. S2).
Enlargement of U-DNA might require a recombinase (Fig. 3D) and topoisomerase (Fig.
5A).

(D) Origin of genetics. Transcriptional initiation relied on o or TBP in extant bacteria and
archaea, respectively (Fig. 3A). This divide begins at the initial stage of operon fusion,
leading to genetic linkage (described by Morgan) and vertical inheritance (described by
Mendel). Although the DNA replication machinery and DNA repair arose independently
and simultaneously in both lineages (Figs. 2, 5, 6), genes encoding common enzymes
might have arisen in either lineage, followed by horizontal gene transfer. Since the size of
the chamber in the original vent might be similar to the size of extant eukaryotic cells,
enlarged DNA could be compacted by HU and histones in bacteria and archaea,
respectively (Fig. 6D). Further compaction could require SMC in both lineages (Fig. 7D).

(E) Proto-cell. Compacted DNA might trigger coacervate [73] formation, lipid innovation,
and proto-cells with a permeable membrane (Fig. 8).

(F) Non-free-living cells with a nearly complete genome surrounded by a non-permeable
membrane. Cells started to occupy all chambers in the vent in a selfish manner, leading to
the emergence of primitive enveloped and capsid viruses. An arms race between non-free
living cells and primitive viruses similar to that between extant cells and viruses might
have occurred (Figs. 12, 13).

(G)Free-living cells with viruses. Cell wall formation and independence from the inorganic
vent yielded free-living cells with capsid viruses and mobile elements. During the course
of cell wall formation, primitive enveloped viruses might have gone extinct (Figs. 12, 13).

(H)Better biochemistry. The crystallization process could be driven by the laws of physics.
The enlargement of DNA could overcome the “error-catastrophe” [74]. Proto-cell
formation could be driven by Bejan’s “constructal law” [75] and the second law of
thermodynamics. Overcoming “error-catastrophe” and Bejan’s “constructal law” could
improve biochemical reactions and the crystallization process described in (D)—(F). Thus,
o and TBP genomes produce distinct lineages of free-living cells from the LUCA. Free-
living cells occupied all chambers of the original vent. All replicative intermediates
described in Figs. 2—11, including proto-cells, suffered from a shortage of energy and

resources. Most intermediates went extinct, except for some primitive viruses (Fig. 13B).



() Key enzymes and proteins. Key theories, cell structures, and enzymes/proteins are
marked by closed rectangles with a variety of colors. Kornberg stated “I have never met a
dull enzyme” [76]. Enzymes that arose during the crystallization process in the original
vent contributed to various intermediates, including free-living cells. Each innovation
dramatically changed the destinies of developing life, symbolically marked as the double-
edged sword.

(J) Not awarded a “Nobel prize”. Advances in blue boxes have been awarded Nobel prizes,
whereas those shown in red and pink boxes, which are keys for the emergence of free-
living cells, have not. Forterre stated that “the discovery of these enzymes
(topoisomerases) was a great leap forward in our understanding of cell biology which
may have deserved a Nobel Prize” [77]. We believe that the key findings in the red and

pink boxes, including the evolution of topoisomerases, are critical achievements.

Supplementary Fig. S15. Possible in vitro and in silico experiments to test the hypotheses

presented in this study. Corresponding figure numbers are marked in blue.

(A) Establish synthetic cells with U-DNA. Since E. coli MUG (Fig. S8) can repair both T/G
and U/G mismatches caused by the deamination of 5-methylcytosine and cytosine,
deleting genes encoding TS, dUTPase, or uracil glycosylase could generate cells carrying
U-DNA by a synthetic biology approach (Fig. 7B).

(B) Liquid droplets nucleated around compacted DNA. In vitro tests are neeed to evaluate
whether compacted DNA can nucleate and form a coacervate and whether such a
coacervate could recruit lipid components and yield a proto-cell-like structure surrounded
by a permeable membrane. Many experiments using droplets [78-80] provide a basis for
these analyses.

(C) Physical nature of channels, pumps, and ATPases on a permeable membrane. In vitro
reconstruction of Bejan’s “constructal law” on proto-cells is possible using vesicles with
a permeable membrane, extant membrane bound proteins, and endless supplies of
electrons, protons, and resources. We predict that extant membrane-bound proteins
function efficiently under such conditions.

(D) Toward maximum entropy. Whether the principal of “omnis cellula a cellula” applies to
proto-cells in the chamber of the alkaline vent under the second law of thermodynamics is
an important question and can be evaluated by in silico experiments.

(E) Postulated vesicle transport system in the ancient vent. Although a variety of membrane-
bound proteins evolved in the ancient vent, the transport of essential macromolecules
inside and outside of proto-cells might be difficult. Thus, we hypothesized that a vesicle
transport system was established in the ancient vent (Fig. S10). This hypothesis can be

evaluated by in silico experiments.



(F) Reconstruction of the postulated final crystallization process. Using advanced synthetic
biology approaches [81, 82], artificial fusion among proto-cells containing an incomplete
genome could yield free-living cells. Artificially constructed incomplete genomes A and
B can be introduced into each host cells. C and D, which are genomes for host cells,
should be degraded during synthetic biology approaches.
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