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The chemical or prebiotic evolution referred also to as pre-Darwinian evolution describes chemical reactions up
to the origin of a self-replicating system that was capable of Darwinian evolution. These chemical processes
took place on Earth between about 3.7 and 4.5 billion years ago when cellular life came into being. The pre-
Darwinian chemical evolution usually assumes hereditary elements, but does not regard them as self-organizing
processes. Physical and chemical self-organization led to uninterrupted pre-Darwinian and Darwinian evolu-
tion. Thus, it is not justified to distinguish between different types of evolution. From the many possible
solutions, evolution selected among those reactions that generated catalytic networks incorporating chemical
sequence information and under gradually changing circumstances produced a reproducible and stable living
system that adapted to these conditions. Major issues in this review involve prebiotic reactions leading to ge-
netic evolution involving (1) abiotic sources of components of ribonucleotides and xenobiotic nucleotides, (2)
formation of prebiotic RNA, (3) development of genetic RNA from random-sequence noncoding RNA, (4)
transition from RNA World to DNA Empire, (5) the role of oxygenic photosynthesis in genetic transitions, and
(6) hierarchical arrangement of processes involved in the optimized genetic system.

Keywords: ribose conformations, selection of ribose, artificial nucleic acids, prebiotic RNA, DNA empire,
processes of cellular information

Introduction

The study of the origin of life is an effort to under-
stand how chemical reactions could have resulted in a

primordial cell system (Chronin and Walker, 2016). Several
theories exist that try to answer the question of how disor-
dered chemical reactions developed into a highly organized
biological system. Using genomic and fossil evidence, the
possibility of a very early origin of life was described by
Betts et al. (2018). Pre-Darwinian evolution refers to che-
mical evolution, whereas Darwinian evolution corresponds
to the encoded genetic information upon which the natural
selection acts (Tessera, 2018). This definition is not taking
into consideration that Darwinian evolution is not equal to
biological evolution as often selection is overridden by
nonselective factors such as growing populations of small
size and varying trait composition.

The distinction among different kinds of evolution would
mean that processes could go in several directions despite
the uncertainty regarding precellular or postcellular life or
any indication that other life forms would have existed or
been replaced by ribonucleic acid. There is no agreement
among scientists regarding the appearance of noncoding
RNA (nRNA) and coding genetic RNA (gRNA) or how this
transition could have taken place. Disagreement exists even
among supporters of the RNA World hypothesis, question-

ing whether the RNA World was a shorter (100 millions of
years) or a longer time lasting for up to billions years.

The RNA World hypothesis is opposed also because it
could not have taken a long time between the appearance of
nRNA, and bacteria representing gRNA. Geochemical evi-
dence supports the notion that life existed before 3.7–3.8
billion years (Mojzsis et al., 1996; Rosing, 1999). There is
an agreement that archaebacteria and bacteria developed
from a common ancestor before 4 billion years in a reducing
atmosphere in the absence of oxygen. In the last decades,
the primitive prebiotic (preoxygenic) atmosphere has been
considered to have been only weakly reducing or even
neutral (Cleaves et al., 2008).

The fossils of oxygen-producing blue-green bacteria (cya-
nobacteria) were among the youngest group of bacteria.
Oxygenic photosynthesizer cyanobacteria may have originated
before 3 billion years (Schirrmeister et al., 2015). Other fossil
evidence of cyanobacterial oxygen production extends back to
3.6–3.7 billion years (Schopf, 2012). Radioisotope dating
confirmed that extremophile cellular metabolism existed even
earlier as a carbon-based self-replicating microbial life. The
comparison of the age of Earth (4.54 billion years) with the
appearance of bacterial life under extreme conditions sug-
gested that only a relatively narrow window was left for the
RNA world to come into being (Manhesa et al., 1980; Dal-
rymple, 2001). The rise of atmospheric oxygen levels about
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2.32–2.45 billion years ago took place during the Great
Oxygenation Event (Bekker et al., 2004; Schirrmeister et al.,
2011) and oxygenation continues since.

We do not know how fast/slow these transitions could
have been because we fundamentally do not understand
them yet. According to the recent view, life on Earth came
into being through chemical evolution by producing in-
creasingly complex molecules and yielding a molecule with
the properties of information storage and replication prone
to mutations (Gilbert, 1986; Bada and Korenaga, 2018).
Nevertheless, the critical chemical reactions yielding the
first informational macromolecule have yet to be clarified.

In this review, it is postulated that the selection of b-D-
ribose and the chemical reactions of ribose were critical to
generate the first informational macromolecule RNA. Others
defended the view that activated ribonucleotides polymerized
and formed the first RNA molecule by synthesizing nucleo-
tides with their N-glycosidic bonds already formed, rather than
synthesizing the sugar and nucleobase separately (Powner
et al., 2008). It is assumed that under prebiotic conditions, the
synthesis of nucleotides took place through abiotic reactions.

Among the contradictions of the nonenzymatic nucleotide
synthesis, one could mention (1) the first biopolymer could
have been RNA, without confirming the existence of RNA
world, hypothesized by Gilbert (1986), (2) the formation of
ribose by chemical means such as the formose reaction
(Butlerow, 1861), although the formose reaction turned out
to be quite efficient under certain reaction conditions (Ko-
petzki and Antonietti, 2011), (3) sugar backbone formation
(Bernhardt and Sandwick, 2014), or by synthesizing nucle-
otides first and polymerizing them with the N-glycosidic
bond already formed (Powner et al., 2008), (4) the ineffi-
ciency of adding nucleobases to ribose (Powner et al.,
2008), and (5) the scarcity of nucleotides favoring the
synthesis of RNA from simpler and available precursors
such as sugars and bases (Unrau and Bartel, 1998). These
contradictions can be explained in different ways.

It is suggested that ribose-phosphate could have been the
basic compound for abiotic RNA synthesis. The synthesis of
RNA could have started with the following: (1) the selection
of ribose as the exclusive sugar component, as only this
pentose fits perfectly into the known nucleotides, (2) the
cyclization of ribose increased the conformational flexibility
and reduced the number of reactive substituents, (3) the
phosphorylation of ribose could have served as basis for its
polymerization, (4) the addition of nucleobases in a random
manner to the ribose-phosphate backbone could have gen-
erated nRNA, (5) the polymerization of the sugar-phosphate
backbone was probably followed by the hydrolysis of nRNA
to oligonucleotides and mononucleotides, (6) the repho-
sphorylation of mononucleotides generated the nucleoside
triphosphate (NTP) pool for the synthesis of selected nu-
cleotides brought about the gRNA (Banfalvi, 2019), and (7)
the long-term evolution resulted in hierarchical processes of
cellular information with DNA replacing RNA as the pri-
mary genetic information.

Supporting ideas to this explanation came from spon-
taneous chemical reactions between macromolecules with
phosphodiester backbones resulting in chemical stability
(Yakhnin, 2013) and from the polymerization of ribose
phosphates to generate the ribose-phosphate backbone
(Bernhardt and Sandwick, 2014).

Abiotic Synthesis of Nucleotides

The known nucleotides that have been developed during
evolution are complex molecules themselves consisting of
three components: (1) pentose sugar, (2) 1 to 3 phosphates,
and (3) nucleobases attached to the pentose. The reactivity
of nucleic acids revealed that DNA is a relatively inert
molecule, but most suitable to store and to pass information
in cells from generation to generation.

The structure-function relationship of informational
macromolecules could be connected to the more reactive
RNA molecule emerging first. The reactivity sequence could
also explain why phosphorylation of ribose preceded the
polymerization of ribose phosphate and the lower reactivity
of N-glycoside formation during the attachment of nucleo-
bases to the sugar-phosphate backbone. The lowest reac-
tivity of deoxyribose suggests that this molecule emerged
later when the stabilization of the genetic information in the
form of DNA became of primary importance in an envi-
ronment changing from reductive to the oxidative direction.
After several arguments were given against the RNA World
hypothesis, one should also mention those that are in favor
of it.

To strengthen the idea that RNA existed before DNA,
more than a dozen arguments were compiled, indicating that
the reactive ribonucleotides and RNA could have preceded
the formation of the more stable and inert deoxyribonucle-
otides of DNA (Banfalvi, 2009, 2019). The reigning DNA
Empire theory (Banfalvi, 2009) implies the genetic code,
existence of a ribosome-based translation, and replacement
of RNA with DNA (Torrents, 2014). The replacement of
RNA was possible by ribonucleotide reductase enzymes
catalyzing the reduction of the ribose C2¢-OH to C2¢-H
(Thelander and Reichard, 1979). Under prebiotic conditions
with an anaerobic atmosphere (Martin and Sousa, 2016),
class III of ribonucleotide reductase could have been the ur-
reductase from which class I and II reductases were derived
(Reichard, 1993). The ribonucleotide reductase reactions
and the formation of DNA are supposed to be relatively late
events of the nucleotide evolution.

The function of informational macromolecules suggests
that the more reactive RNA molecule could have emerged
first. This review focuses on the origin of informational
macromolecules; thus, more attention is paid to the probably
first informational macromolecule RNA. The RNA World
hypothesis (Gilbert, 1986) assumes that it was RNA that
could have been the oldest informational macromolecule
followed by proteins and DNA was the last one that came
into being. A central element of the RNA World hypothesis
was provided by the catalytic activity of ribonucleic acid
that empowered RNA with an enzymatical function to
replicate itself (Cech, 1989). Although, recently, we do not
know an RNA molecule that would catalyze the synthesis of
another RNA, there are plenty of examples of self-splicing
RNAs known as ribozymes.

Among the major arguments supporting the RNA World
hypothesis are the several functions of RNA, including the
ability to store and pass hereditary information (Miller and
Urey, 1959), and the formation of sugars, primarily ribose
(Butlerow, 1861). Among the best known nonenzymatic
pathways to ribose formation, we find the formose (from
formaldehyde and aldose words) or Butlerow reaction with
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the nonproductive Cannizzaro disproportionation of formal-
dehyde to methanol and formate and catalytic dimerization
of formaldehyde to C2-C6 aldoses and ketoses, as well as
aldose-ketose isomerizations (Butlerow, 1861). However,
when the formose reaction was performed under hydrother-
mal temperatures or even simpler conditions, maximum
yields of carbohydrates were obtained. High yields were
produced without the catalytic influence of active cations,
and a slightly alkaline pH was sufficient to induce the for-
mose reaction in less than 1 min (Kopetzki and Antonietti,
2011). The higher productivity of ribose formation resulted in
a more favorable attitude toward the RNA World hypothesis.

Ribose Configurations

During the cyclization, the crystalline D-ribose in aque-
ous solution (Angyal, 1969) is undergoing an internal aldol

condensation, including the following steps: (1) delocal-
ization of aldehyde group, first configuration change be-
tween the groups of the H atom and the hydroxymethyl
group of the 5th carbon atom (from D to L). (2) The second
change in configuration between the OH group and H atom
of the 5th carbon atom restoring the original configuration
(L to D). (3) Nucleophilic addition (AN) reaction. (4) Cy-
clization of D-ribose. Similar spontaneous cyclization is
taking place with L-ribose. The perspective representation
of cyclic structures of D- and L-ribose and anomeric con-
figurations are shown in Figure 1.

Ribose Conformations

The conformations of ribose can be traced back to the
conformations of the 5-membered cyclopentane where two
major forms, the envelope and the predominating twisted
conformations, can be distinguished (Fig. 2a). Ribose is the
derivative of tetrahydrofuran (Fig. 2b) with 4 atoms being in
one plane of the envelope form and 3 atoms in the twisted
conformation (Fig. 2b). The strong electronegativity of ox-
ygen forces the neighboring carbon atoms to be in one
plane. The configurations of ribose in D- and L-ribose are
shown in Figure 2c. The twisted cyclic ribose has further so-
called sugar-pucker conformations with two dominant
forms: (A) C3¢-endo major and C2¢-exo minor conformation
and (B) C2¢-endo major and C3¢-exo minor forms found in
A- and B-DNA, respectively (Fig. 2d).

Phosphorylation of Ribose

The phosphorylation of ribose in the precellular era and
protocells remained crucial during evolution as cells can use
ribose only as D-ribose-5-phosphate. The initial low yield of
ribose at the time of prebiotic RNA formation could have
been compensated by the protective and stabilizing effect
of borate-containing minerals (Benner, 2004; Ricardo
et al., 2004; Furukawa and Kakegawa, 2017), by phosphate

FIG. 1. Configurations of cyclic D- and L-riboses. Gly-
cosidic hydroxyl group in a or b anomeric position.

FIG. 2. Ribose conformations
and configurations. (a) Major
conformers of cyclopentane. (b)
Envelope and twisted conformers
of tetrahydrofuran. (c) D-
configuration as well as a and b
anomeric configurations of
D-ribose. (d) Twisted conforma-
tions in ribose, C3¢-endo in A-DNA
and C2¢-endo conformations in
B-DNA. Color images are
available online.
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(Müller et al., 1990), or by adduct formation with cyanamide
(Springsteen and Joyce, 2004). Although it remains uncertain
whether phosphorus limitation persisted throughout Earth’s
history (Reinhard et al., 2017), it is assumed that a sub-
stantial quantity of phosphate may have come from photo-
processed cosmic ice (Meinert et al., 2016).

Attachment of Nucleobase to Ribose

The RNA World hypothesis (Gilbert, 1986) turned the in-
terest from macromolecular synthesis toward inorganic che-
mical reactions. Orgel’s pathway suggested that ribose was
generated from glycolaldehyde and formaldehyde in an early
atmosphere containing humid CO2. Nucleobases were coupled
to the rings of ribose forming 5-membered rings, ribofur-
anosides, or 6-membered ribopyranosides (Orgel, 2004). The
missing link in Orgel’s pathway was the polymerization of
ribose phosphate (Bernhardt and Sandwick, 2014). Although
the polymerization of other alternate sugar backbones that
form base-pairing systems such as ribopyranose RNA is not
only possible in solution, D-ribose exists as a mixture of
various structures predominating b-D-ribopyranose (Drew
et al., 1998). However, in all naturally occurring biomolecules
containing D-ribose, it is present in the form of b-D-
ribofuranose (Wiercigroch et al., 2017). Among the structural
constraints, the stability, ability to form complementary base
pairs, linear covalent polymers, the encoded information,
compaction in small spaces such as cells, could be mentioned.
To provide a variety of structural isomers RNA could po-
tentially function as a genetic platform.

RNA plays a central role in biochemistry as the tran-
scriptional intermediary of genetic information as well as
the mediator of the translation of mRNA messages into
peptides and proteins. It has been suggested that RNA
preceded DNA in biochemical evolution based on several
lines of evidence, including the central role of RNA in the
flow of information within the cell (Woese, 1967; Crick,
1968; Orgel, 1968), the fact that deoxyribonucleotides are
often biosynthesized from ribonucleotides (Benner et al.,
1989), and because many enzyme cofactors are ribonucle-
otide derivatives (White, 1976; King, 1980)

The polymerization of informational macromolecules
would have allowed the generation of polymeric systems in
many ways; the arrangement of polymerizing molecules and
the attachment of different nucleobases in a linear manner
were necessary to generate informational macromolecules.
Nucleobases attached to ribose moieties became the ge-
netic letters of nucleic acids. The linear arrangement of
nucleotides was put forward first as an a priori dogmatic
postulate, then as an empirical fact, and finally led to the
recognition that the linear arrangement in DNA stands for
the genetic sequence of RNA and amino acids in proteins
(Ratner, 1973; Stent, 1977).

Selection of Ribose as the Exclusive Sugar
Component in Nucleotides

By accepting the RNA World hypothesis and RNA as the
first informational macromolecule, the question arises why
in nucleotides ribose was selected as the exclusive sugar
component. For the selection of ribose as a sugar component
of nucleic acids, molecular modeling experiments provided
the clue (Banfalvi, 2006). These experiments tested the

steric orientation and space-filling of sugar-base connections
inside the nucleotide structure. Molecular modeling re-
vealed that of the four pentoses (ribose, arabinose, xylose,
and lyxose), only b-D-ribose could be inserted into nucle-
otides to secure the free rotation for the functional groups
(OH, phosphate, and base) and the stability, including the
possibility of forming a double-stranded structure (Banfalvi,
2006). Unrestricted rotation of functional groups in ribo-
nucleotides is possible only with b-D-ribose (Fig. 3a). The
conformers originating from sugar pucker folding as well as
the pentose configurations indicated that the selection of
ribose was not a random, but the only possible solution as
only b-D-ribose is fitting into a functional ribonucleic acid.

By trying to fit any other pentose into the nucleotide, a
sterical barrier is created, indicated by the black arrows in
Figure 3b–d. It deserves mention that in the hypothetical
lyxonucleotide, all three functional groups, namely the C2¢-
OH, the C3¢-OH, and the C5¢-phosphate groups of ribose,
are within van der Waals radius distance preventing their
free rotation. This could be the reason why lyxonucleotides
do not exist. The advantage of selecting b-D-ribose over a-
D-ribose was that, in nucleotides, the C1¢-base and C2¢-OH
substituents of ribose became localized distantly enough to
move freely and provide flexibility.

Chemical Alternatives to the Ribose
Sugar Backbone

There could have been other macromolecules that could
have reproduced themselves such as threose, peptide, or
glycol nucleic acids (Eschenmoser, 1999, 2004; Nelson
et al., 2000; Orgel, 2000). Among them, threose nucleic acid
(TNA) is chemically simpler than RNA and has other
properties that make it a plausible alternative to RNA (Es-
chenmoser, 2004). The lack of rotational freedom could
have prevented them from becoming self-generating mole-
cules (Fig. 4). Unlike amino acids, nucleotides as complex
compounds are not among the products of the so-called one-
pot synthesis; consequently, preRNA could not have been
synthesized directly from nucleotides, but only from their
components. The search for new building blocks for the
synthesis of artificial nucleic acids resulted in xenonucleo-
tides (Herdewijn and Marliere, 2009) of different chemis-
tries (Pinheiro and Holliger, 2012; Pinheiro et al., 2014) and
allowed even the synthesis of duplex formation (Pinheiro
and Holliger, 2014) and storage of information (Yu et al.,
2013).

Nevertheless, the question remains whether these building
blocks could have been formed under prebiotic conditions
when high-energy nucleotides and proteins did not exist.
Molecular modeling shows that, in RNA (Fig. 4a), the
functional groups attached to ribose are distantly located
securing the free movement for 2¢C-OH, 3¢C-OH, 5¢-
phosphate, and 1¢C-nucleobase (G), whereas in chains of
artificial nucleic acids (glycol nucleic acid [GNA]; threose
nucleic acid [TNA]; peptide nucleic acid [PNA]), RNA
functional groups would be in close proximity with glycol,
threonine, and the peptide base, respectively (Fig. 4b–d).
Also, in PNA, the guanine nucleobase and the peptide of the
same nucleotide would be too far from each other and only
the upper next peptide would be at the same level as the G
nucleobase.
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It is thus questionable whether long artificial nucleic acids
could have been polymerized as nucleotides and enzymes
did not exist in the prebiotic era in conformity with the
experimental evidence that GNA and TNA were not se-
quential polymers in the prebiotic evolution of RNA (Yang
et al., 2007). Nevertheless, artificial oligonucleotides or
peptides could have been polymerized and selected from the
large random sequence pool that recognizes and binds to
specific target molecules, known as aptamers. Aptamers are
used among others in basic research, clinical practice, and
macromolecular drugs. The discovery of a nucleic acid-
based genetic regulatory element of an mRNA molecule

(riboswitch) (Edwards and Batey, 2010) with recognition
properties similar to aptamers contributes to the credibility
of the’’RNA World’’ hypothesis.

Formation of Prebiotic RNA

The formation of prebiotic RNA assumes that ribonu-
cleotide components for RNA synthesis were not available
on the prebiotic Earth. One of the most debated questions
concerns the availability and synthesis of prebiotic ribose.
The oldest theory of ribose formation comes from the for-
mose reaction (Butlerow, 1861), but does not explain how

FIG. 4. Guanine nucleobase in skeletons of RNA (a), GNA (b), TNA (c), and PNA (d). GNA, glycol nucleic acid; PNA,
peptide nucleic acid; TNA, threose nucleic acid.

FIG. 3. b-D-ribose, the best fitting pentose in the nucleotide building block of ribonucleic acid. (a) In the ribonucleotide,
the bulky base at C1¢ and the phosphate group at C5¢ position are sufficiently distant from each other to be outside the van
der Waals force, responsible for a distance-dependent interaction between atoms and molecules. The C2¢ and C3¢ hydroxyl
groups are at the opposite side of the pentose ring. Due to the major C2¢-endo and the minor C3¢-exo conformation, the
hydroxyl groups C2¢ and C3¢ point to different directions allowing their free rotation. (a) Ribonucleotide; (b) Arabino-
nucleotide: the C2¢ hydroxyl is above the plane of the ribose ring, but the base is within van der Waals distance relative to
C2¢-OH. The spherical hindrance of these groups prevents their free rotation indicated by the upper right arrow in this
panel. (c) Xylonucleotide: the sterical vicinity of C3¢ and C5¢ substituents hinders the free rotation indicated by the arrow at
the left side of this panel. (d) Lyxonucleotide: all functional groups are above the plane of the ring. The spatial incom-
patibility is caused by the lack of space. Free rotation is prevented by the C5¢-phosphate, C3¢-OH, and C2¢-OH indicated by
the arrows. With permission from Banfalvi (2006). Color images are available online.
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the low yield of ribose in this reaction could lead to the
macromolecular synthesis of RNA (Decker et al., 1982;
Shapiro, 1984). Besides, the ester linkage between ribose
and phosphoric acid is known to be prone to hydrolysis
(Lindahl, 1993). Among the major weaknesses of the RNA
World hypothesis, the scarcity of ribose was mentioned as it
was not available as a building block for the synthesis of
prebiotic RNA. Chemical obstacles were also among the
arguments that denied the formation of nucleic acids under
abiotic conditions, but became later products of evolution
(Shapiro, 1984, 1986). When the formose reaction was
performed under hydrothermal temperatures, maximum
yields of carbohydrates were obtained without catalytic in-
fluence. A slightly alkaline pH was sufficient to induce the
formose reaction (Kopetzki and Antonietti, 2011). Among
the major weaknesses of the RNA World hypothesis, the
scarcity of ribose was mentioned and it was not available as
a building block for the synthesis of prebiotic RNA. Che-
mical obstacles were also among the arguments that denied
the formation of nucleic acids under abiotic conditions, but
became later products of evolution (Shapiro, 1984, 1986).

The attachment of nucleobases to the ribose-phosphate
backbone to form a random nucleotide containing nonge-
netic preRNA was followed presumably by the hydrolysis of
the polymer chain. The released nucleoside monophosphates
(NMPs) were phosphorylated to triphosphates and served as
a selection pool for the synthesis of gRNA (Banfalvi, 2019)
(Fig. 5).

Ribose 5¢ phosphates (Fig. 5a) could polymerize both
through their C2¢- or C3¢-OH groups. Preferentially, the
3¢-OH group serves the head-to-tail elongation and phos-
phodiester bond formation between the two riboses. The

reactive cis-diols of ribose stimulated the generation of
the ribose-phosphate backbone (Fig. 5b) to which purine and
pyrimidine bases (Fig. 5c) were attached randomly and the
nongenetic preRNA formed (Fig. 5d).

Formation of gRNA from nRNA

It is postulated that to become a genetic molecule, the
preRNA was degraded first to oligonucleotides (Fig. 5e),
and further to mononucleotides (Fig. 5f). The NMPs upon
rephosphorylation became nucleoside triphosphates (Fig. 5g).
The 4 NTPs could have served as a pool for the selective
synthesis of gRNA (Fig. 5h).

From RNA World to DNA Empire

The origin of proteins in support of nucleotide synthesis,
as well as the coexistence of RNA, proteins, and prebiotic
compounds are in line with the concept of RNA World
(Wächtershäuser, 2007). Proteins providing more specific
catalytic surfaces than RNA became the second informa-
tional macromolecules. This raises the question, when did
DNA, the third player of informational macromolecules,
step into service.

It is unlikely that the production of oxygen occurred in
the RNA World, rather the limited coding capacity and
stability of RNA was not sufficient to support the evolu-
tion of a photosynthetic apparatus, but had to wait for the
emergence of DNA and membrane systems. The appear-
ance of DNA resulted in the accumulation of environ-
mental pollution with the production of molecular oxygen
(O2) by hydrolytic photosynthesis by cyanobacteria (blue-
green algae). All plants on Earth contain cyanobacteria

FIG. 5. Schematic view of prebiotic and gRNA formation. (a) Phosphorylation of b-D-ribose to b-D-ribose-5P.
(b) Polymerization of sugar-phosphate backbone from b-D-ribose 5-phosphate units. (c) Abiotic purine and pyrimidine
bases. (d) Nucleobases reacting with glycosidic hydroxyl groups of the sugar-phosphate backbone to bring about preRNA.
Degradation of preRNA (d) to (e) oligonucleotides serving catalytic functions and (f) NMPs. Synthesis of gRNA: (g)
phosphorylation of NMPs to nucleoside triphosphates. (h) Synthesis of gRNA from nucleoside triphosphate units (ATP,
GTP, CTP, and UTP). P, phosphate; P-P, pyrophosphate; B, base. Phosphate ester and pyrophosphate bonds are not
indicated. With permission from Banfalvi (2019). gRNA, genetic RNA; NMPs, nucleoside monophosphates.
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(chloroplasts), perform photosynthesis, and produce oxy-
gen. The concentration of oxygen in the air was constantly
increasing and is now about 21% (v/v). In turn, the loss of
water and the gradual increase in salt concentration in
seawater become measurable, but already take an alarming
proportion (Banfalvi, 2017).

According to estimations of the isotopic ratio of the sulfur
transformation, the oxygen was becoming a significant
portion of Earth atmosphere about 2.45 billion years ago as
evidenced by the oxidized iron to appear in ancient soil
(Farquhar et al., 2000). Geological and geochemical evi-
dence also indicate that the level of atmospheric oxygen was
extremely low before 2.45 billion years, but reached a
considerable level by 2.22 billion years ago (Bekker et al.,
2004). The time that passed between the initial oxygen
production in the sea and its appearance in the atmosphere
could be explained by the saturation (3% v/v) of dissolved
oxygen in the sea. In agreement with this idea, cyano-
bacteria relatively rapidly occupied the surface of photic
zones of the ocean, but deeper layers were distributed much
later ( Johnston et al., 2009), probably by hydrothermal
vents. In conformity with this observation, the oxygen
appeared first in seawater where the oxygen was initially
produced by the *3.6–3.7 billion-year-old fossilized stro-
matolites found in Western Australia and southwest Green-
land (Rosing, 1999).

From an informational point of view, oxygen, the ‘‘by-
product’’ of photolysis produced by DNA-containing cya-
nobacteria, did not arise during the reducing environment of
the RNA World period, but speeded up the evolution of
DNA Empire. The sequence hypothesis (Crick, 1968), the
central dogma (Crick, 1970), and the reverse transcription
(Baltimore, 1970; Temin and Mizutani, 1970) have been
accepted as the basic rules of molecular biology summarized
as DNA makes RNA makes protein, but protein never
makes DNA and RNA makes DNA only in retroviruses.
There are several competing theories of how life on Earth
came into being. The RNA World theory and its transition to
DNA Empire became popular theories of the evolution of
life on Earth depicted in Figure 6.

It is assumed that there could have been no RNA-encoded
organism since RNA could not code for large molecules
such as those required for the cellular machinery. The RNA
World was strictly abiotic and cells could have evolved only
after the invention of DNA. The saturation of oxygen in the
oceans (*3%) and its accumulation in the atmosphere could
have taken a much longer time than the RNA World. The
primary information could have been subjugated to the
DNA Empire during the Great Oxygenation Event.

Development of DNA Empire

Bacteria played a major role in the events after the tran-
sition from RNA World to DNA Empire. Photosynthesis
originated in bacteria, with some bacteria possessing pho-
tosystems that produced oxygen similar to how green plants
do today. How did oxygen production impact the transition
from RNA World to DNA Empire? It is now generally
believed that the archaea and bacteria developed separately
from a common ancestor less than 4 billion years ago. Non-
oxygen-producing bacterial species such as purple and green
bacteria are the oldest photosynthetic bacteria. Blue-green

algae (also called blue-green bacteria or cyanobacteria) are
known from sedimentation data are *3.6 billion years old.
Cyanobacteria were among the last prokaryotic bacterial
groups to form (Fig. 7).

Hierarchical Processes in the Transfer
of Cellular Information

The recognition that among the genetic molecules, RNA
came first, protein second, and DNA only third shows that
RNA and probably an even earlier ancestor molecule,
namely ribose, could be the first molecule related to and
initiating the genetic system. Processes belonging to the
intracellular transfer of genetic information are summarized
in Figure 8. DNA4DNA transfer processes: (1) Mutation:

FIG. 6. Likely scenario of the evolution of life on Earth.
Prebiotic RNA formation could have taken place between
4.2 and 4.0 billion years ago. Earliest possible appearance of
cellular life took place when oxygen production started
some 3.6–3.7 billion years ago in cyanobacteria. Atmo-
spheric oxygen appeared 2.2 billion years ago, eukary-
otes 1.5 billion years ago, land vertebrates 500 million years
ago. Modified with permission from Banfalvi (2009).

FIG. 7. Rise of DNA Empire and fall of RNA World. (a)
Major engagements in the battlefield of cellular information.
(b) The winner T-DNA took it all and the DNA Empire
reigns ever since. With permission from Banfalvi (2009).
gRNA, genetic RNA containing coding nucleotide se-
quence; nRNA, noncoding random nucleotide containing
RNA; T-DNA, dTMP containing DNA; U-DNA, dUMP
containing DNA.
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DNA/DNA¢. (2) DNA repair: DNA¢/DNA. (3) Re-
combination: crossover, gene conversion (DNA¢-DNA hy-
bridization). Recombination can take place intracellularly,
but is mainly an intercellular process. (4) Apoptosis (pro-
grammed cell death, high levels of DNA damage). (5)
Aging, several mutations, persistent DNA damage: DNA¢/
DNA¢¢/DNA¢¢¢. (6) Malignant transformation with multi-
ple mutations: DNA/DNAn¢ (persistent DNA damage,
many mutations, mutant p53). (7) DNA replication: DNA4
DNA reduplication (high fidelity, HiFi process, 1:1010

misincorporated deoxyribonucleotide). (8–9) DNA-RNA
transfer. (8) Transcription: DNA/RNA (medium-fidelity,
MeFi process, 1:105 misincorporated ribonucleotide). (9)
Reverse transcription: RNA/DNA (in retroviruses). (10)
RNA replication: RNA4RNA (in RNA viruses). Processes
belonging to posttranscriptional modifications (Fig. 8): (11)
5¢-cap formation, 3¢-polyA formation, splicing. (12) Trans-
lation: RNA/protein (low fidelity, LoFi process, 1:104

misincorporated amino acid). Processes belonging to protein
modification: (13) protein splicing, transglutamination. (14)
Protein targeting: information reaches intracellular or ex-
tracellular destination.

Conclusions

Biological reactions take place primarily among com-
pounds without disturbing the compatibility of bioelements
known as CHNOPS group, standing for the chemical sym-
bols of the most frequently occurring elements in living
organisms. Bioelements belong to the first three periods of
the periodic table and belong to the light elements. Ac-
cording to the new definition, light bioelements contain
exclusively s and p electrons, but no d or f electrons
(Banfalvi, 2011). The most abundant atomic elements in the
Universe are the lightest hydrogen and helium. The lightest
atoms are less abundant in the atmosphere of the Earth due
to their loss through the Planetary Air Leak to the outer
space (Catling and Zahnle, 2009; Pope et al., 2012). The
most abundant element on Earth and in living organisms is
oxygen in water molecules. The ancient and most important
component of the building block of RNA was ribose,
phosphorylated to 5¢-ribose phosphate. It was assumed
(Bernhardt and Sandwick, 2014) that ribose phosphate was
polymerized to the ribose-phosphate backbone and nucleo-
bases were randomly attached to the backbone to bring
about non-gRNA.

To accumulate a selectable pool of ribonucleotides, the
nRNA at the bonds between ribose and phosphates was
hydrolyzed to catalytic RNA fragments and NMPs. NMPs
were phosphorylated to NTPs catalyzing several processes
themselves, and by the polymerization of rephosphorylated
dNTPs, deoxyribonucleic acids came into being by the
transition of NDPs to dNTPs, and the replacement of 2¢C-
OH with 2¢C-H. Taking into consideration that the 2¢-OH
limits the stability of RNA and therefore its functional size,
the evolution of large informational macromolecules could
not have been established and had to await the replacement
of RNA to DNA. This could have shortened the duration of
RNA World and the earlier appearance of DNA Empire as
suspected.
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