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Abstract: Corresponding to life’s two distinct aspects: Darwinian evolution and self-sustainment,
the origin of life should also split into two issues: the origin of Darwinian evolution and the arising of
self-sustainment. Because the “self-sustainment” we concern about life should be the self-sustainment
of a relevant system that is “defined” by its genetic information, the self-sustainment could not have
arisen before the origin of Darwinian evolution, which was just marked by the emergence of genetic
information. The logic behind the idea of the RNA world is not as tenable as it has been believed.
That is, genetic molecules and functional molecules, even though not being the same material, could
have emerged together in the beginning and launched the evolution—provided that the genetic
molecules can “simply” code the functional molecules. However, due to these or those reasons,
alternative scenarios are generally much less convincing than the RNA world. In particular, when
considering the accumulating experimental evidence that is supporting a de novo origin of the
RNA world, it seems now quite reasonable to believe that such a world may have just stood at the
very beginning of life on the Earth. Therewith, we acquire a concrete scenario for our attempts to
appreciate those fundamental issues that are involved in the origin of life. In the light of those possible
scenes included in this scenario, Darwinian evolution may have originated at the molecular level,
realized upon a functional RNA. When two or more functional RNAs emerged, for their efficient
cooperation, there should have been a selective pressure for the emergence of protocells. But it
was not until the appearance of the “unitary-protocell”, which had all of its RNA genes linked into
a chromosome, that Darwinian evolution made its full step towards the cellular level—no longer
severely constrained by the low-grade evolution at the molecular level. Self-sustainment did not make
sense before protocells emerged. The selection pressure that was favoring the exploration of more
and more fundamental raw materials resulted in an evolutionary tendency of life to become more and
more self-sustained. New functions for the entities to adapt to environments, including those that
are involved in the self-sustainment per se, would bring new burdens to the self-sustainment—the
advantage of these functions must overweigh the corresponding disadvantage.
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1. What Does “the Origin of Life” Mean?

To avoid discussing this issue in an ambiguous context, we ought to clarify what on earth is “life”.
Unfortunately, in respect of the latter question, few of us can offer a convincing answer [1,2]. Indeed,
the situation is so awkward that we cannot even present a clear definition of life in any textbooks of
biology, although the field has gained so many great achievements to date.

Recently, I made an assertion about the reason underlying this situation [3]. That is, for the
concept of life there are two completely different aspects, Darwinian evolution and self-sustainment,
which are usually talked about together. For example, a famous working definition from NASA, which
are aiming at the exploration for extraterrestrial life, says: “Life is a self-sustaining chemical system
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capable of undergoing Darwinian evolution”. How can a chemical system, as an entity, undergo
Darwinian evolution? Darwinian evolution means the change of the form of life over generations, not
the change of a certain entity per se. Thus, it would be better to split the definition of life, for example,
by adopting some expression like: “A life form is a matter form capable of undergoing Darwinian
evolution; a living entity is a self-sustaining chemical system—in nature, it results from the Darwinian
evolution and might engage into further Darwinian evolution” [3].

So, we know that the origin of life should also imply two distinct issues: the origin of the life
form—or say, the origin of Darwinian evolution, and the origin of living entities—or say, the origin
of the self-sustainment. Then comes a question of “order”: which originated at the very beginning?
In fact, there has long been a disputation concerning “replication first or metabolism first” during the
emergence of life [4–7]. This disputation, if brought closer to the two essential aspects of life, should
have largely represented the “order question” here, i.e., “Darwinian evolution first or self-sustainment
first” (but note that replication, obviously, is not enough for Darwinian evolution, and metabolism is
not all that the “self-sustainment” means).

To answer the “order question”, we should examine the relevant concepts more carefully. Actually,
as it was noted, “self-sustainment” has a rather blurry meaning [3]. What does the wording “self-”
mean? Indeed, we may say that it means the entity synthesizes its own components in an active way,
functionally depending upon its own components. However, the problem is: what on earth are “its own
components”? For example, the idea of “metabolism first” often assumed that some autocatalytic cycle
(or something alike) may have appeared before the emergence of genetic molecules [8,9]. It seems that
such a reaction cycle can be seen as a “self-sustaining” chemical system. The reactants involved within
the cycle may constitute its own components. Indeed, here, the autocatalytic system, like a machine,
produces its own components. However, the really important thing is what would occur afterwards.
Sooner or later, genetic molecules must have emerged in the system, enabling the Darwinian evolution
occurring subsequently, which is undebatable [5]. From then on, the life form would change from
generation to generation mainly according to the alteration of the genetic molecules (or say, genes
carried on them). Indeed, it may be argued that the reactants involved in the old cycle could be
transferred to the next generation, therewith organizing a new cycle and thus still contributing to
the self-sustainment of the latter living entity. However, things would turn out to be that genes, by
instructing the synthesis of functional molecules (e.g., enzymes), would determine the future metabolic
way—likely deviating from or completely deserting the original cycle (accompanying with Darwinian
evolution). Additionally, even if the original cycle was maintained, the reactants that were included
within this cycle might become easy to synthesize (from other resources) by some enzymes evolving
up later, and it would no longer be important to transfer these reactants to the next generation by the
cycle itself. So, it was then genes that would ultimately determine what would occur in the living
system, and it was the genes that should “manage” to sustain the living system, which could transfer
them to the next generation. Obviously, the essence of the machine changed, i.e., the meaning of “self-”
became different.

That is to say, even if the so-called self-sustaining autocatalytic cycle (or something alike) emerged
first, the self-sustaining living system emerging after the appearance of genetic materials would have
no essential relationship with the original cycle, due to the shifting of the connotation of “self-”.
The autocatalytic cycle, if ever existed, seemed to have only made its sense as some environment,
providing the necessary energy and raw materials, for the emergence of those early genetic molecules
(similar ideas have been expressed previously [10]). Indeed, just thinking about the metabolic system
in modern cells, obviously the “own” components should be those enzymes, rather than the reactants
(or say, the metabolites). No doubt, genetic molecules and those functional molecules synthesized
under the instruction of the genetic molecules are the central components of a living entity (just as we
can see in the Central Dogma), thus most approaching the sense of “own” or “self-”.

To conclude, as to the life’s feature “self-sustainment”, what we really concern about should be
the self-sustainment of the system “defined” by the genetic information. Therefore, the problem of



Life 2017, 7, 49 3 of 15

the origin of the life can be summarized as: first, the origin of Darwinian evolution, as labeled by the
emergence of the genetic material, and next, the arising of the self-sustainment guided by the genes
carried on the genetic material. At least, the self-sustainment should not have arisen before the origin
of Darwinian evolution, if the possibility for simultaneous advent of the two features could not be
ruled out. In terms of the splitting definition of life (mentioned above) [3], that is, living entities should
not have appeared before the emergence of the life form.

2. What Does “the RNA World” Mean?

2.1. About the Idea of the RNA World

As long ago as the 1960s, it was speculated that there might have been an early stage of life in
which RNA played both the roles of DNA and proteins [11–13]. Indeed, in modern life, DNA directs
the synthesis of proteins and proteins catalyze the synthesis of DNA; it seems that both of them are
indispensable for the running of life. Then, during the emergence of life, which came first? This became
the famous “egg-chicken” paradox in the field of the origin of life. At that time, it had already been
known that RNA might act as genetic material (in some viruses). Hence, when it was found that RNA
could really act as functional material (i.e., ribozymes) in the early 1980s [14,15], the idea concerning
the RNA world took its shape and gained widespread attention in this field [16].

Thereafter, evidence accumulated quickly in favor of the hypothesis [17–19]. The most surprising
and convincing support came from researches on the ribosome [20,21]. It was revealed that the
functional center of the ribosome is composed of RNA rather than proteins! Proteins in the ribosome
are peripheral in location and mainly play a role of stabilizing the structure. The ribosome can be seen
as a large ribozyme, functioning to synthesize proteins. That is to say, it is very likely that proteins were
invented within a world in which RNA, alone, acted as functional materials. The ribosome should
have just been a relic dating from the ancient RNA world; or else, why our modern cells do not use
proteins to catalyze their own synthesis, given that proteins are obviously better at catalysis?

However, the proponents of the hypothesis almost immediately have to face a further problem:
how did the so-called RNA world itself come into being? May it have appeared de novo? In those days,
experimental work to simulate the prebiotic synthesis of nucleotides apparently had not transferred
messages so optimistic. In fact, this area was even described as the prebiotic chemist’s “nightmare” [22].
Nonetheless, as time went on, advance was achieved regarding the prebiotic synthesis. An eminent
study came from Sutherland’s group showing that pyrimidine nucleotides may have been able to
be synthesized in large amounts in a way “prebiotically plausible” [23], which had been known as a
notoriously difficult problem [22,24]. Later studies along this line suggested that purine nucleotides
might also be able to be synthesized using similar strategies [25,26]. The de novo appearance of the
RNA world, gradually, became not so inconceivable [27]. Then, should the RNA world have stood at
the very beginning of life? In the following part, we will analyze this problem in logic and comment it
in light of our current knowledge. Indeed, if we choose to evade this problem, we will never clearly
see the significance of the idea of the RNA world.

2.2. The RNA World as a Scenario in the Very Beginning of Life

First of all, according to the conclusions that are made in Section 1, the origin of life means first
the origin of Darwinian evolution, which is labeled by the emergence of genetic material. Indeed,
it is genetic material, as well as the functional material that it encodes (here, by “encoding” I mean
“instructing the synthesis of”), that provide the foundation of Darwinian evolution [3]. That is, for
any possible scenario concerning the outset of life, there must be genetic material and the functional
material it encoded. For the scenario of the RNA world, the solution is simple: RNA can both act as
genetic material and functional material. An RNA gene instructed the synthesis of a corresponding
ribozyme just via template-directed copying, the same way as it adopted in its replication.
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Notably, there could be alternative scenarios adopting a similar solution. For example, in those
years, the “nightmare” regarding nucleotides’ prebiotic synthesis was so awful that some people began
to search out for other RNA-like polymers, which might also, possibly, act as both functional and
genetic material, such as p-RNA (pyranosyl-RNA), PNA (peptide nucleic acid), TNA (threose nucleic
acid) and GNA (glycol nucleic acid) [17,22,24,27]. It was supposed that there might have been one (or
even more) pre-RNA world(s) before the RNA world. For the so-called pre-RNA world, the solution
was similar to that for the RNA world: the RNA-like polymer acted as both genetic material and
functional material. One problem with the pre-RNA world idea is the absence of relevant evidence: for
example, first, it was assumed, rather arbitrarily, that the RNA-like polymer’s monomers, may have
formed more easily in the prebiotic circumstance; next, unlike RNA, we could not find any vestige
about the RNA-like polymers in our modern living world. In addition, the scenario lacks a sound
justification for the subsequent evolution: why did the transition from the pre-RNA world to the RNA
world occur? As a contrast, the RNA world has a sound justification for its later evolution: DNA
is in nature better at acting as genetic material (template molecule) [28] due to its greater stability
against hydrolysis [29], less proneness to self-folding [30], and higher fidelity in replication [31], and
proteins, as it is well-known, are better at acting as functional molecules owing to their residues’
diversity—deriving more abundant chemical activities.

Perhaps somewhat unexpectedly, here it is underlined that there can still be other possible
scenarios—adopting a different solution. That is, genetic material and the functional material it
encoded, even if distinct from each other, could have emerged together in the very beginning and
launched Darwinian evolution as well. This assertion is unexpected because it casts doubt on the
logic that is followed by the original proposition of the idea of the RNA world. Indeed, why genetic
material and functional material, if different from each other in molecule type, cannot emerge together,
especially considering that the “prebiotic pool” may have been a rather complex “soup” [32]?

For example, if DNA and RNA could both be synthesized in the prebiotic pool, DNA might act
as genetic material and encode functional RNA molecules. It should be noted that DNA can simply
instruct the synthesis of RNA via template-directed copying, just like the transcription shown in
modern cells. The problem with this scenario, however, is that if DNA and RNA were simultaneously
synthesized in a common prebiotic environment, the synthetic reactions may have interfered with
each other (note: in modern cells, the synthesis of DNA and RNA is strictly controlled, proceeding in
different periods or/and different locations). Thereby, mosaic nucleic acids (with a combination of
nucleotide and deoxynucleotide residues) may have arisen. A recent interesting study showed that
mosaic nucleic acids might also carry functions, albeit less efficient than RNA [33], which suggested
the possibility of a mosaic RNA/DNA world at the very beginning—perhaps it was not until later in
evolution that pure DNA gradually took the role of genetic material owing to its greater suitability
as template and pure RNA took the role of functional material due to its higher efficiency in that
aspect. However, it should be admitted that such a scenario is so complicated that a great deal of
further exploration, both experimental and theoretical, are needed to evaluate whether it deserves our
serious consideration.

Additionally, one may also conceive: if RNA and proteins could both be synthesized in the
prebiotic pool, RNA might act as genetic material and proteins may act as functional material.
Indeed, there are now some proponents for the hypothesis of the “RNA/proteins (peptides)” world
(e.g., [34,35]), especially considering that amino acids (and simple peptides) seem easy to form in the
prebiotic environments as people usually believe. However, notably, this version of story is also flawed.
Unlike DNA encoding RNA, which can simply be implemented via template-directed copying, there
is no straightforward mechanism for RNA to encode proteins. It is here worth emphasizing that the
coexistence of genetic material and functional material is not enough, and to kick off the Darwinian
evolution, the genetic molecules must, simultaneously, encode the functional molecules. Even though
peptides could have been abundant in the environment, they were likely to be only random in sequence
and had nothing to do with the sequence of RNAs there around—so, no evolution would happen.
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Indeed, certain peptide sequences may have preferentially aggregated in certain conditions (e.g., as
suggested in [36–39]). More interestingly, some special peptides, namely oligoarginine, might even
benefit RNA replication by facilitating the dissociation of the product chain from the template chain [40].
Nonetheless, things would not be different if the specificity of the peptides were not connected to
that of RNA—as genetic molecules. Interestingly, the Direct-RNA-Template (DRT) hypothesis [41],
which proposed the correlation of every single amino acids to a segment of RNA, did formulate a
direct way for RNA to code peptides. However, the way seems too inefficient to have worked in
the very beginning (that is, a fairly large RNA molecule would be required to encode even a short
peptide). This mechanism, instead, is more likely to have played its role during the emergence of a
“proto-translation machine” in the RNA world, which already existed [42–44]. Most recently, it was
suggested that the “informatic mapping” between RNA and peptides may have been established from
the very beginning due to self-organization [45,46]. The idea is quite fresh, but obviously, a great deal
of work is needed to make the relevant scenario clearer.

Taken together, we can conclude that though we have not obtained sufficient evidence to be sure
about the existence of an RNA world at the start point of life, and even the logic for the raising of the
idea of the RNA world is not, as it is usually taken for granted, so obliged, this world is still most likely
to have been the earliest scenario for the life on our planet—at least according to the knowledge that
we have so far.

3. What Does “the RNA World” Mean to “the Origin of Life”?

Above we have conceptually inquired into the problem of the origin of life and have interpreted
in depth the idea of the RNA world, as a central hypothesis in this field. It is then interesting to relate
the two contents to each other and ask: what on earth does “the RNA world” mean to “the origin
of life”?

Previously, the process of the origin of life is only pondered and discussed as a blurry and abstract
issue. If, as mentioned above, there was an RNA world standing at the start point of life’s history,
the origin of this world per se, together with its early development, would have represented the very
process of the origin of life. Then, we obtain a “concrete background” to think, discuss, and even debate
about this issue. For example, based upon the analysis in Section 1 about the essence of the problem
of the origin of life, it is immediately interesting to imagine how the two sub-processes, the origin of
Darwinian evolution and the arising of self-sustainment, were manifested in the RNA world. In fact,
as it will be shown below, with its relatively simple material-base: mainly RNA—plus amphiphiles,
which assembled to form protocells’ membrane, this concrete scenario could greatly promote our
understanding on the origin of life. Firstly, let us conceive the concrete scenario by imagining those
scenes involved in, in a successive way.

3.1. Did the RNA World Start at the Level of Molecule or Cell-Like Vesicle?

Since RNA can both act as genetic molecules and functional molecules, it is natural to think that
RNA may have evolved initially just in a naked way, at the molecular level. It is usually supposed that
some RNA, catalyzing the template-directed copying of RNA, may have favored its own replication
(often referred to as an “RNA replicase”) and spread in a prebiotic pool [17,22,23]. It is popular to
assume that this ribozyme emerged first, perhaps mainly because of those early laboratory studies
showing the inefficiency of the non-enzymatic template-directed RNA copying [22,24]. However, some
recent studies began to demonstrate more efficient non-enzymatic copying of DNA/RNA in these
or those conditions [47–50]. That is to say, other functional RNAs, which may have favoring their
own replication, such as a ribozyme catalyzing the synthesis of the building blocks (i.e., a nucleotide
synthetase ribozyme) [51], should also be considered as candidates of the functional RNA emerging
first [52].

To avoid a diverging representation, here let us adhere to the assumption that the replicase
emerged first. A key problem of the scene regarding the emergence of the replicase is the parasite
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problem; that is, since other RNA sequences might also exploit the ribozyme, how could the replicase
“win the game”? Through theoretical work in this area, it is now well known that the spatial limitation
may have played an important role for the replicase to overcome the parasite problem [53–56]. As to the
actual environments, for example, it was imagined that mineral surfaces [57–59], lacunose ices [60–62],
or porous rocks [63–65] may have provided the spatial limitation and become the hatchery of early life
on the earth. On the other hand, it was proposed that “tag mechanism” (i.e., the replicase recognizing
its target templates through a short subsequence on the templates) might have served as a strategy
for an RNA replicase to resist parasites [22,66]. A suspicion concerning this strategy seems to be that
parasites could be equipped with a tag as well [67]. A recent computer simulation work in our group
revealed that the tag mechanism could indeed take effect and suggested that it may have worked as an
important complement to the mechanism of spatial limitation for the replicase to resist parasites [68].
As it turned out, somewhat surprisingly, but well as a solution to that suspicion, the reason why the tag
mechanism can work is not that it favors the replicase directly but that it suppresses the appearance of
parasites—the requirement of including the tag could have seriously restrained the de novo arising of
parasites (for details, please see the original work [68]).

Certainly, if the RNA molecules were encompassed within a lipid vesicle, forming a so-called
protocell, then the parasite problem would be much less serious. For example, it was suggested—not
surprisingly—that the simplest protocell may have been an RNA replicase trapped in a lipid vesicle [69].
Parasites outside would be kept away by the membrane. Parasites appearing inside the protocell,
which should be mainly derived from degradation or partial replication of the RNA replicase, would
constitute the main problem. The tag mechanism might aid in suppressing the appearance of these
parasites. If only a few parasites arose therein, they might be got rid of with the protocell’s division—by
chance. More importantly, even if the inner parasites ultimately “ruined” a protocell, that is, the RNA
replicase disappeared in the vesicle, other protocells would not be influenced by these parasites—unless
eventually the parasites evolved the capability to invade other protocells, like viruses in our modern
living world. Interestingly, a recent experimental study using a simple RNA replication system, though
only “translation-coupled”, demonstrated such effects of cell-like compartment against parasites in the
real world [70].

A logic justifying the idea of “a naked stage first” is: “the simpler, the more likely to emerge de
novo”. However, if the prebiotic pool was a rather complex soup [32], for example, comprising those
lipid molecules, as well as the blocks of RNA, then this logic would fade out. In fact, the key problem
about the scene of a protocell trapping an RNA replicase is not related to this logic, but concerns the
permeability of the building blocks of RNA. If nucleotides are difficult to access, how can the RNA
replication within the protocell keep going on? Indeed, it was argued that the prebiotic membrane—e.g.,
composed of fatty acids (instead of phospholipids like modern cells)—may have been more permeable
to nucleotides [71,72]. However, such a membrane is rather unstable in a circumstance with high
concentration of Mg2+, which is a usual condition for RNA’s template-directed copying [73,74]. Though
there may be some remedial measure, e.g., by shielding a portion of Mg2+’s surface with citric acid,
obviously, the scene is not quite convincing as the authors admitted in the same paper [75]. Interestingly,
one might assume that a protocell containing a nucleotide synthetase ribozyme (instead of an RNA
replicase) emerged first. Surely, if what needed to permeate into the vesicle are only the precursors
of nucleotides, things would be quite different. For instance, it has been proved by experiments
that it is much easier for ribose than for nucleotide to permeate across a lipid membrane, no matter
what the membrane is composed of, fatty acids or phospholipids [72,76]. Indeed, if non-enzymatic
template-directed RNA copying is sufficiently efficient, as implied in some recent experiments [47–50]
(mentioned above already), then this alternative idea deserves serious consideration.

3.2. From Molecular Form to Cellular Form

No matter how, let us come back to our mainline as it is assumed: an RNA replicase emerged
first in a naked way. Indeed, on account of the belief about the importance of this functional RNA to



Life 2017, 7, 49 7 of 15

the origin of the RNA world, there have been long-standing efforts to construct such a ribozyme
in laboratory [77–82]. Up to date, by in vitro evolution, an RNA polymerase ribozyme that is
capable of copying some RNA templates as long as itself (about 200 nt) has been acquired [82].
Wherein, base-pairing between the tails of the ribozyme and the RNA template contributed a lot to
the efficiency-improvement of the polymerase (the significance of such inter-tethering had also been
suggested in previous studies [77,80]). However, the target RNA templates are still limited in sequence;
namely, the ribozyme cannot yet copy itself or its complementary chain. Additionally, the ribozyme is
in itself too long, which leads to two problems: How can such a long RNA, with a definite sequence,
emerge de novo from the prebiotic pool? How can the long double chain, resulting from one turn of
copying, dissolve, thus allowing for a next turn of copying? (Oligoarginine peptides might have some
effects as mentioned above [40], but it is doubtful that they can work to an extent involving such long
RNA molecules).

Therefore, the search for shorter RNA replicase, even with some sacrifice of efficiency, would be
an urgent task for supporting this “earliest scene” of the RNA world. Now that the tail-binding of the
ribozyme onto the template can greatly improve the ribozyme’s efficiency, it would be natural to expect
that a shorter version of the replicase (perhaps about 30–50 nt long), with the tail-binding retained,
may have had an efficiency, albeit somewhat lower, yet enough to support its own thriving in the
system. Importantly, the tail subsequence on the target template, which is recognized by the replicase
through base-pairing can just serve as a so-called “tag”. As mentioned above, one of our theoretic
studies on evolutionary dynamics (by computer simulation) has concluded that the introduction of
a tag mechanism would greatly enhance the replicase’s ability to resist parasites [68]. Maybe this
would turn out to be a paradigm for the assertion that a conclusion from one aspect of the problem of
life’s origin may aid the exploration of another aspect (please see [83] for a discussion about the three
aspects of the origin of life: evolutionary, chemistry, and history; here I mean the evolutionary study
concerning the tag mechanism directs the research on the chemical exploration of the RNA replicase).

Let us go on with our scenario. What may have occurred after the emergence of the RNA
replicase? Indeed, even if a nucleotide synthetase ribozyme had not emerged before the emergence
of the replicase, here it seems inevitable to have emerged subsequently. When the replicase spread
in the pool, nucleotides would become scarce, and a ribozyme that could supply the building blocks
would be strongly favored in the context of natural selection. The nucleotide synthetase ribozyme
would enable the system to exploit more fundamental materials, namely precursors of nucleotides.
It has been demonstrated by computer simulation from our group [84] and Higgs’ group [85] that
an RNA replicase and a nucleotide synthetase ribozyme can cooperate in a naked scene. If so, it is
conceivable that it was then the nucleotide precursors’ turn to become scarce. Thus, there may be
selective pressure for the emergence of ribozymes to exploit materials that are further fundamental,
namely precursors of the nucleotide precursors. However, the cooperation of three or more ribozymes,
without an explicit boundary in space, would become difficult. Indeed, as it was noted in the paper
from Higgs’ group, “the sensitivity of this two-ribozyme system suggests that evolution of a system of
many types of ribozymes would be difficult in a purely spatial model with unlinked genes” [85].

That is, the subsequent scene (before the emergence of the third ribozyme) is likely to have
been the appearance of protocells. In addition, it is worth noting that, after the emergence of the
nucleotide synthetase ribozyme, the appearance of protocells would have become more feasible (as
mentioned above)—what need to permeate into the vesicle are, instead of nucleotides, only precursors
of nucleotides. The two ribozymes, if by chance, were “engulfed” into some lipid vesicle, would then
cooperate within a protocell.

3.3. From Pseudo-Protocell to True-Protocell, then to Unitary-Protocell

Initially, the protocell should have yet been unable to synthesize the components of its membrane.
The membrane appears to have been no much more than an environmental factor. We would like
to call it a “pseudo-protocell” [84]. Interestingly, it was suggested by an experimental work that the



Life 2017, 7, 49 8 of 15

membrane of such pseudo-protocells may have been able to grow simply on account of the growth
of their “contents” [86]. The protocell, as it was explained, would become swollen on account of
osmotic pressure when the RNA molecules therein increase in quantity due to their replication; then,
the lipid molecules on the membrane would be “unwilling” to leave the membrane. If the rate for
lipid molecules in the environment to join the membrane is constant, the vesicle would become larger
increasingly. On the contrary, those protocells with a lower rate of content growth would shrink
due to the same interchange of lipid molecules between the membrane and the environment. When
a protocell becomes larger and larger, it would become more and more unstable on account of the
physical mechanisms that are involved in the membrane’s self-organization. Then, it may tend to
divide into two or more smaller ones due to certain perturbation coming from the circumstance [71,87],
thus completing a circle of reproduction (note that at cellular level, “reproduction” is a more proper
word than “replication” [55,88]). Taken together, as it seems, a competition of RNAs’ replication at the
molecular level would result in a reproduction competition at the cellular level. In this way, therefore,
even with their membrane independent of any genetic features, the pseudo-protocells could have
shown their feature at a cellular level.

Nonetheless, at that time, there should have been a strong selection pressure for the emergence of
a ribozyme to synthesize the lipid molecules. This ribozyme would provide the membrane components
from the inside and allow or the protocell’s membrane to grow faster, thus achieving the potential
to accommodate more contents. Then, the replication of the inner RNAs would be promoted when
more raw materials could flow in. In contrast to the situation for pseudo-protocells, which is the
content-triggered growth, here is a sort of membrane-triggered growth. This growth, of course, would
also eventually lead to “cell division” due to the instability of the protocells, thus completing the
circle of reproduction. Indeed, in one of our modeling studies, the emergence of such a ribozyme
has been demonstrated to be favored in evolution [89] because protocells with this ribozyme would
reproduce faster than those without it. We call such a protocell, which has the capability to synthesize
its membrane components, thus engaging in the membrane growth of its own, a “true-protocell” [84].

Up to this stage, though lipid vesicles provided a good mechanism for the cooperation of different
ribozymes, accompany with the emergence of more ribozymes, another problem would become
increasingly apparent. That is, due to the random distribution of the ribozymes between offspring
protocells during the “cell division”, there is a risk of “gene loss” [55,90]. Obviously, the more the
genes (i.e., the ribozymes), the more probable one or more genes would be absent in an offspring
protocell after the division. As it was pointed out, there should have been a selective pressure for a
strategy of linking the genes together, forming a “chromosome” [90]. However, there are two main
problems with this strategy. First, the chromosome would be much longer than single genes, how
could it sustain for a sufficient long time against degradation (especially when considering that RNA
is rather fragile in chemistry)? Second, how could the ribozymes, at this primitive stage, be transcribed
from the genes locating on the chromosome? We noticed that it had been proposed that viroids in
modern life world might have been a relic of the RNA world [91]. Inspired by the mechanism involved
in the replication of viroids, we speculated that a circular chromosome with self-cleaving elements
(e.g., the hammer head ribozyme) spacing the genes thereon may have solved these problems: by
adopting a circular form, while the intra-chain degradation is still at risk, the degradation at chain
ends, a more serious issue, could be avoided; by introducing the small self-cleaving elements, the plus
chain of the RNA chromosome could easily break into separate ribozymes. We showed by computer
simulation that this strategy is effective and may lead to the prosperity of the protocells containing
such chromosomes [82]. Certainly, since tag mechanism may have been introduced into the RNA
world quite early (as mentioned above [68]), it is also conceivable that there is an alternative for
the self-cleaving mechanism: if every gene had a tag to label its start point on the chromosome, it
may have been easy to “read out” (“transcribed” by a ribozyme identical or similar to the replicase).
No matter how, we name such a protocell, which has all its genetic features borne on a chromosome, a
“unitary-protocell” [84]. The emergence of unitary-protocells may have been rather important in the
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history of life’s evolution—from then on, the emergence of more functions may “simply be realized”
by introducing more genes into the chromosome [92].

In fact, quite a few scenes above concerning the origin and development of the RNA world have
been described previously [83,93]. What I really want to discuss here is how these detail scenes could
make a concrete story in regards to the origin of life, which was previously only an abstract issue for
all of us. See below for details.

3.4. About the Origin of Darwinian Evolution

As mentioned above, the origin of life is, firstly, the origin of Darwinian evolution. Then, how
may Darwinian evolution have got started? According to the scenario described above, the RNA
world may have begun at the molecular level. From the prebiotic pool, nucleotides may have been
synthesized abiotically, and linked together to form RNA—perhaps by mineral catalysis [58,93].
Then the pool should have become full of random RNA species, with different lengths and diverse
sequences. In an “elegant” version of the story, these random RNA species were just the first Darwinian
entities (entities with a form capable of undergoing Darwinian evolution [3]): they replicated via
non-enzymatic-template-directed copying and competing for raw materials. When by chance certain
RNA species with a function favoring RNA replication appeared in the pool—by mutation (in
replication) or random ligation/recombination of the pool RNAs, it could have spread in the system
(provided that it operated above Eigen’s error threshold for its own replication). The emergence of the
functional RNA should have represented the first step of Darwinian evolution. If so, according to the
mainline in our story, the functional RNA in the spotlight of this scene was just the RNA replicase.
However, things may also turn out to have not been so elegant. If non-enzymatic-template-directed
copying was then rather inefficient, the RNA replicase itself may have been the first Darwinian entity,
provided that it could appear de novo via random polymerization of nucleotides or by random
ligation/recombination of the pool RNAs. That is, Darwinian evolution may have been able to begin
only after the emergence of the replicase. The initial Darwinian evolution may have been represented
by the emergence of more efficient replicases thereafter.

No matter how, then, a nucleotide synthetase ribozyme is likely to have emerged and become
co-thriving with the RNA replicase in the naked stage. Indeed, Darwinian evolution in this scene
may have taken some sense of a higher level—in regard to the locally distributed clusters of the two
ribozymes [85]. However, without a clear boundary, the benefit arising from one cluster would have
easily been exploited by other clusters, and there was not a definite unit for the higher level evolution.
That is, Darwinian evolution here, basically, remained going on at the molecular level.

It is only when the two ribozymes were encompassed within lipid membranes that Darwinian
evolution at a higher level began to show clearly. The fate of the functional RNAs would be tightly
tied up with the fate of the protocell they resided in. For pseudo-protocells, on account of the “osmotic
pressure” effect, the more efficient replication of functional RNAs would directly result in a faster
reproduction of the protocells containing them. Even a functional RNA having no direct influence on
the synthesis of RNA may have been favored in the evolution as long as it favored the reproduction
of the protocell. As a case in point, the protocells containing a ribozyme favoring the synthesis of
membrane components would reproduce faster than those without the ribozyme [84,89]—so this
ribozyme could emerge, marking the emergence of true-protocells in the RNA world.

The emergence of the unitary-protocell, that is, a protocell with all its genes linked into
a chromosome is significant for the Darwinian evolution at the cellular level. It has been pointed out
that even when the protocells appeared, the competition at the molecular level went on. That is, at the
stage of protocell, there is still a two level Darwinian evolution: the molecular level and the Darwinian
level [55,94,95]. Actually, even in our living world, multilevel evolution is inevitable, as vividly shown
in the famous scientific monograph “Selfish Gene” by Richard Dawkins [96]. Indeed, in the case
here, functional RNAs within a protocell, for example, an RNA replicase and a nucleotide synthetase
ribozyme, would, beyond their cooperation, compete against each other because they have the same
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building blocks. It may be critical to balance their relative quantity to achieve a better development
of the protocell. With the increase of the types of the cooperative ribozymes, the balance would be
more subtle. However, when the genes were linked into a chromosome—replicated and passed on
together to the offspring, the detriment that is associated with the competition at the molecular level
would be greatly alleviated, and Darwinian evolution would then run largely at the cellular level,
being more efficient. In fact, it is even not inappropriate to assert that Darwinian evolution at a cellular
level took its genuine start only when the unitary-protocell appeared. The chromosome, as an RNA
molecule itself, served as the ultimate target of natural selection. Indeed, one molecule is sufficient
to carry multiple genotypes of a complex life form because genes that are aligned on the molecule
can be replicated the same way one after another. However, due to the golden rule “one molecule,
one function” (e.g., one enzyme or one ribozyme, typically, could only catalyze one reaction), a single
molecule seems far from being sufficient to bear multiple phenotypes of a complex life form. That is
just why a ribozyme, e.g., the RNA replicase, at the very beginning, in itself, cannot evolve too far
ahead. The chromosome, however, evaded that golden rule by resorting to the ribozymes transcribed
from it (instead of itself) to carry the functions. Certainly, this is impossible until the emergence
of protocells, whose lipid membrane acted to hold all of the transcripts (i.e., ribozymes) together
there around. Indeed, from then on, the emergence of more functions could simply be realized by
introducing more genes into the chromosome. In other words, it is in this way that our living world
achieved its fundamental potential to become complicated.

3.5. About the Arising of Self-Sustainment

The arising of self-sustainment is another issue for the origin of life. If Darwinian evolution
started at the molecular level, e.g., as described in the scenario we focused on—an RNA replicase
emerging first in a naked way, there would have been no problem of self-sustainment at that time.
There is no sense for a molecule to self-sustain. The key reason is that the covalent bonds within
a molecule would prevent it from refreshing—a molecule either stays unchanged or is “ruined” on
account of any change (typically, degradation). If self-sustainment is a key feature for a living entity,
the replicase molecule is not “alive” (like viruses in our modern living world [3]); nonetheless, it can
engender “offspring” (by replication), and thereby engage into Darwinian evolution. This is easy
to appreciate.

Then, when a nucleotide synthetase ribozyme ensued, what about the problem of
self-sustainment? Indeed, the emergence of the nucleotide synthetase ribozyme would have rendered
the whole system more self-sustaining, by exploiting more fundamental raw material. However,
without a clear boundary, there would be no definite entities at a level above the level of molecules.
Therefore, self-sustainment still made little sense at this stage.

When the two ribozymes were encompassed into the lipid membrane and formed protocells
(pseudo-protocells), things became different. The RNA molecules within the vesicle could be
replenished if some of them were degraded, and the membrane components (lipid molecules) could
also be replenished if some of them degraded or left the membrane. Here, it becomes clear that the key
factor rendering “self-sustainment” meaningful is the establishment of entities at a level above that
of molecules.

For a protocell containing the two ribozymes, it should be noted that, while these functional
RNA molecules may be replenished via replication, the lipid molecules on the membrane could
only be replenished by recruiting new ones from environments. The self-sustainment of such
protocells was apparently “incomplete”. That is just why we named them “pseudo-protocells” [84].
When an amphiphilic molecule synthetase ribozyme emerged, the RNA-based protocells would
participate in the synthesis of their own membrane components, and thus were obviously more
self-sustained—therefore named “true-protocells” [84] (notably, this is a typical case showing that
the meaning of “self-” is tightly connected with genetic features and their corresponding functions).
Certainly, more ribozymes, like some nucleotide precursor synthetase ribozymes and some amphiphile
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precursor synthetase ribozymes may have emerged subsequently and have rendered the protocells
more and more self-sustained. But as mentioned above, before the emergence of a number of genes,
a chromosome, which linked the genes together, and thus avoided gene loss during the random division
of the protocell, should have emerged. The unitary protocells, containing the chromosome, would
progress to advanced forms—forming complex metabolism pathways, gaining more controls upon its
own growth and division, and, ultimately, of course, evolving into the DNA/proteins living world.

Here, it is worth talking about the relation of replication, self-sustainment, and reproduction.
It has been noted that there is a difference between replication and reproduction [55,88]. Indeed, this is
a helpful identification in concepts. After the emergence of a protocell, it is reproduction, instead
of replication, which would meet the basic requirement of Darwinian evolution in the respect of
generating offspring. The reproduction of an RNA-based protocell means the replication of the RNA
molecules inside the vesicle, the growth of the membrane, and then the division of the protocell [55,88].
In the stage of protocells, obviously there is a large portion of overlap between the mechanism of
self-sustainment and that of reproduction. When the replenishment of RNA molecules and membrane
components exceeds the need of self-sustainment, the protocell would grow, and finally divide,
resulting in reproduction. However, when life became more advanced and was able to take more
controls on its own self-sustainment, growth, and reproduction, the processes would then become
more and more distinguishable from one another. In light of the situation of our modern living world,
we can understand the “final” scene as: for a living entity, while functional factors (phenotypes) contact
directly to the environment and are refreshed constantly to support the self-sustainment; the genetic
factors (genotypes) are protected well, not refreshed and left for “usage” in the reproduction; the aim
of the self-sustainment is to gain a better chance or a higher efficiency for the reproduction, and thus
win the corresponding life form of the living entity a superior position in the context of Darwinian
evolution. As it relates to the RNA world scenario described above, notably, it is not until the
chromosome (thus, the unitary-protocell) appeared that the genotypes and the phenotypes became
independent of each other, which made the later emergence of these modern—more specialized and
efficient—life forms feasible.

Finally, the tendency to become more self-sustained or evolve other features for adapting to the
environment would result in more “components of its own” for the living entity. Thus, the task for
its self-sustainment would be “heavier”. The advantage brought about by these new components
ought to cover the burden to synthesize them. In a scene mentioned above, for example, for the
pseudo-protocells containing an RNA replicase ribozyme and a nucleotide synthetase ribozyme to
incorporate a new ribozyme—the amphiphile synthetase ribozyme (which would give rise to the
true-protocells), the advantage of synthesizing their own membrane components must outweigh
the burden in respect to producing such a ribozyme. Likewise, the task per se should not be too
heavy to synthesize those new “metabolic” ribozymes, with which the protocells could go further
to exploit raw materials that are more fundamental than the nucleotide precursors and amphiphile
precursors. Certainly, a most “typical” case in this point should be the one concerning the emergence of
proteins in the RNA world. That is, the burden in respect to sustaining the translation machine (though
rather complex) should have been trivial when considering the great advantage of the introduction of
proteins, as a significantly more efficient functional material.

3.6. Comments

Here, we have talked about the origin of Darwinian evolution and the arising of self-sustainment
in a concrete background of the RNA world scenario. As it is implied in the text, though we say that
the RNA world is most likely the earliest stage for life, this assertion is far from certain, especially
considering that the idea of the RNA world is not obliged in logic and our knowledge on prebiotic
environments and prebiotic chemistry remains quite limited. However, at least, we can benefit a
lot from the way to talk about the origin of life—previously a rather abstract problem—based upon
a concrete scenario. In particular, the RNA world scenario has a simple base of material, that is,
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the central molecules, genetic and functional, are identical in material. Such a “succinct” world takes
our focus to the core issues of the problem: the origin of Darwinian evolution and the arising of
self-sustainment. If the earliest scenario in the history of life is, in the future, shown likely to be a
different one, either a different version of the RNA world scenario or even a non-RNA-world story,
the discussion here may still be helpful for the new interpretation possibly involved because the
principles concerning the implementation of Darwinian evolution and that of self-sustainment remains
unchanged. To the most extreme end, even for another type of life (different from the “life as we know
it” on the Earth)—if possibly existing, these analyses would also be useful as long as our concept of
life defined in terms of “Darwinian evolution” and “self-sustainment” stands.

Acknowledgments: This study was supported by the National Natural Science Foundation of China
(No. 31571367, 31170958). The funder had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Conflicts of Interest: The author declares no conflict interest.

References

1. Deamer, D. Special Collection of Essays: What Is Life?—Introduction. Astrobiology 2010, 10, 1001–1002.
[CrossRef] [PubMed]

2. Trifonov, E.N. Vocabulary of Definitions of Life Suggests a Definition. J. Biomol. Struct. Dyn. 2011, 29,
259–266. [CrossRef] [PubMed]

3. Ma, W.T. The Essence of Life. Biol. Direct 2016, 11, 49. [CrossRef] [PubMed]
4. Shapiro, R. A Replicator Was Not Involved in the Origin of Life. LUBMB Life 2000, 49, 173–176. [CrossRef]

[PubMed]
5. Pross, A. Causation and the Origin of Life. Metabolism or Replication First? Orig. Life Evol. Biosph. 2004, 34,

307–321. [CrossRef] [PubMed]
6. Anet, F.A. The Place of Metabolism in the Origin of Life. Curr. Opin. Chem. Biol. 2004, 8, 654–659. [CrossRef]

[PubMed]
7. Moore, A. The Mark of Metabolism: Another Nail in the Coffin of Nucleic-Acids-First in the Origin of Life?

Bioessays 2014, 36, 221–222. [CrossRef] [PubMed]
8. Segre, D.; Lancet, D.; Kedem, O.; Pilpel, Y. Graded Autocatalysis Replication Domain (GARD): Kinetic

Analysis of Self-Replication in Mutually Catalytic Sets. Orig. Life Evol. Biosph. 1998, 28, 501–514. [CrossRef]
[PubMed]

9. Kauffman, S. Molecular Autonomous Agents. Philos Trans A Math Phys Eng Sci. 2003, 361, 1089–1099.
[CrossRef] [PubMed]

10. Bada, J.L.; Lazcano, A. Origin of Life—Some Like It Hot, but Not the First Biomolecules. Science 2002, 296,
1982–1983. [CrossRef] [PubMed]

11. Woese, C. The Genetic Code; Harper & Row: New York, NY, USA, 1967; pp. 179–195.
12. Crick, F.H.C. The Origin of the Genetic Code. J. Mol. Biol. 1968, 38, 367–379. [CrossRef]
13. Orgel, L.E. Evolution of the Genetic Apparatus. J. Mol. Biol. 1968, 38, 381–393. [CrossRef]
14. Kruger, K.; Grabowski, P.E.; Zaug, A.J.; Sands, J.; Gottschling, D.E.; Cech, T.R. Self-Splicing RNA:

Autoexcision and Autocyclization of Ribosomal RNA Intervening Sequence of Tetrahymena. Cell 1982,
31, 147–157. [CrossRef]

15. Guerrier-Takada, C.; Gardiner, K.; Marsh, T.; Pace, N.; Altman, S. The RNA Moiety of Ribonuclease P Is the
Catalytic Subunit of the Enzyme. Cell 1983, 35, 849–857. [CrossRef]

16. Gilbert, W. The RNA World. Nature 1986, 319, 618. [CrossRef]
17. Joyce, G.F. The Antiquity of RNA-Based Evolution. Nature 2002, 418, 214–221. [CrossRef] [PubMed]
18. Bernhardt, H.S. The RNA World Hypothesis: The Worst Theory of the Early Evolution of Life (Except for All

the Others). Biol. Direct 2012, 7, 23. [CrossRef] [PubMed]
19. Higgs, P.G.; Lehman, N. The RNA World: Molecular Cooperation at the Origins of Life. Nat. Rev. Genet.

2015, 16, 7–17. [CrossRef] [PubMed]
20. Nissen, P.; Hansen, J.; Ban, N.; Moore, P.B.; Steitz, T.A. The Structural Basis of Ribosome Activity in Peptide

Bond Synthesis. Science 2000, 289, 920–930. [CrossRef] [PubMed]

http://dx.doi.org/10.1089/ast.2010.0569
http://www.ncbi.nlm.nih.gov/pubmed/21162679
http://dx.doi.org/10.1080/073911011010524992
http://www.ncbi.nlm.nih.gov/pubmed/21875147
http://dx.doi.org/10.1186/s13062-016-0150-5
http://www.ncbi.nlm.nih.gov/pubmed/27671203
http://dx.doi.org/10.1080/713803621
http://www.ncbi.nlm.nih.gov/pubmed/10868906
http://dx.doi.org/10.1023/B:ORIG.0000016446.51012.bc
http://www.ncbi.nlm.nih.gov/pubmed/15068037
http://dx.doi.org/10.1016/j.cbpa.2004.10.005
http://www.ncbi.nlm.nih.gov/pubmed/15556411
http://dx.doi.org/10.1002/bies.201400014
http://www.ncbi.nlm.nih.gov/pubmed/24848592
http://dx.doi.org/10.1023/A:1006583712886
http://www.ncbi.nlm.nih.gov/pubmed/11536890
http://dx.doi.org/10.1098/rsta.2003.1186
http://www.ncbi.nlm.nih.gov/pubmed/12816601
http://dx.doi.org/10.1126/science.1069487
http://www.ncbi.nlm.nih.gov/pubmed/12065824
http://dx.doi.org/10.1016/0022-2836(68)90392-6
http://dx.doi.org/10.1016/0022-2836(68)90393-8
http://dx.doi.org/10.1016/0092-8674(82)90414-7
http://dx.doi.org/10.1016/0092-8674(83)90117-4
http://dx.doi.org/10.1038/319618a0
http://dx.doi.org/10.1038/418214a
http://www.ncbi.nlm.nih.gov/pubmed/12110897
http://dx.doi.org/10.1186/1745-6150-7-23
http://www.ncbi.nlm.nih.gov/pubmed/22793875
http://dx.doi.org/10.1038/nrg3841
http://www.ncbi.nlm.nih.gov/pubmed/25385129
http://dx.doi.org/10.1126/science.289.5481.920
http://www.ncbi.nlm.nih.gov/pubmed/10937990


Life 2017, 7, 49 13 of 15

21. Yusupov, M.M.; Yusupova, G.Z.; Baucom, A.; Lieberman, K.; Earnest, T.N.; Cate, J.H. D.; Noller, H.F. Crystal
Structure of the Ribosome at 5.5 Angstrom Resolution. Science 2001, 292, 883–896. [CrossRef] [PubMed]

22. Joyce, G.F.; Orgel, L.E. Prospects for Understanding the Origin of the RNA World. In The RNA World;
Gesteland, R.F., Cech, T.R., Atkins, J.F., Eds.; Cold Spring Harbor Laboratory Press: New York, NY, USA,
1999; Chapter 2, pp. 49–77.

23. Powner, M.W.; Gerland, B.; Sutherland, J.D. Synthesis of Activated Pyrimidine Ribonucleotides in
Prebiotically Plausible Conditions. Nature 2009, 459, 239–242. [CrossRef] [PubMed]

24. Joyce, G.F.; Orgel, L.E. Progress toward Understanding the Origin of the RNA World. In The RNA World;
Gesteland, R.F., Cech, T.R., Atkins, J.F., Eds.; Cold Spring Harbor Laboratory Press: New York, NY, USA,
2006; Chapter 2, pp. 23–56.

25. Powner, M.W.; Sutherland, J.D.; Szostak, J.W. Chemoselective Multicomponent One-Pot Assembly of Purine
Precursors in Water. J. Am. Chem. Soc. 2010, 132, 16677–16688. [CrossRef] [PubMed]

26. Powner, M.W.; Sutherland, J.D.; Szostak, J.W. The Origin of Nucleotides. Synlett 2011, 14, 1956–1964.
[CrossRef]

27. Robertson, M.P.; Joyce, G.F. The Origins of the RNA World. Cold Spring Harb. Perspect. Biol. 2012, 4, a003608.
[CrossRef] [PubMed]

28. Ma, W.T.; Yu, C.W.; Zhang, W.T.; Wu, S.M.; Feng, Y. The Emergence of DNA in the RNA World: An in Silico
Simulation Study of Genetic Takeover. BMC Evol. Biol. 2015, 15, 272. [CrossRef] [PubMed]

29. Lindahl, T. Instability and Decay of the Primary Structure of DNA. Nature 1993, 362, 709–715. [CrossRef]
[PubMed]

30. Bashkin, J.K. DNA Enzymes: New-Found Chemical Reactivity. Curr. Biol. 1997, 7, R286–R288. [CrossRef]
31. Leu, K.; Obermayer, B.; Rajamani, S.; Gerland, U.; Chen, I.A. The Prebiotic Evolutionary Advantage of

Transferring Genetic Information from RNA to DNA. Nucleic Acids Res. 2011, 39, 8135–8147. [CrossRef]
[PubMed]

32. Powner, M.W.; Sutherland, J.D. Prebiotic Chemistry: A New Modus Operandi. Phil. Trans. R. Soc. B Biol. Sci.
2011, 366, 2870–2877. [CrossRef] [PubMed]

33. Trevino, S.G.; Zhang, N.; Elenko, M.P.; Luptak, A.; Szostak, J.W. Evolution of Functional Nucleic Acids in
the Presence of Nonheritable Backbone Heterogeneity. Proc. Natl. Acad. Sci. USA 2011, 108, 13492–13497.
[CrossRef] [PubMed]

34. Van Der Gulik, P.T. S.; Speijer, D. How Amino Acids and Peptides Shaped the RNA World. Life 2015, 5,
230–246. [CrossRef] [PubMed]

35. Carter, C.W. What RNA World? Why a Peptide/RNA Partnership Merits Renewed Experimental Attention.
Life 2015, 5, 294–320. [CrossRef] [PubMed]

36. Hayashi, K.; Matsuda, T.; Takeyama, T.; Hino, T. Solubilities Studies of Basic Amino Acids. Agric. Biol. Chem.
1966, 30, 378–384. [CrossRef]

37. Segvich, S.J.; Smith, H.C.; Kohn, D.H. The Adsorption of Preferential Binding Peptides to Apatite-Based
Materials. Biomaterials 2009, 30, 1287–1298. [CrossRef] [PubMed]

38. De Barros, D.P.; Campos, S.R.; Madeira, P.P.; Azevedo, A.M.; Baptista, A.M.; Raquel Aires-Barros, M.
Modeling the Partitioning of Amino Acids in Aqueous Two Phase Systems. J. Chromatogr. A 2014, 1329,
52–60. [CrossRef] [PubMed]

39. Aumiller, W.M.; Keating, C.D. Phosphorylation-Mediated RNA/Peptide Complex Coacervation As a Model
for Intracellular Liquid Organelles. Nat. Chem. 2016, 8, 129–137. [CrossRef] [PubMed]

40. Jia, T.Z.; Fahrenbach, A.C.; Kamat, N.P.; Adamala, K.P.; Szostak, J.W. Oligoarginine Peptides Slow Strand
Annealing and Assist Non-Enzymatic RNA Replication. Nat. Chem. 2016, 8, 915–921. [CrossRef] [PubMed]

41. Yarus, M. Amino Acids as RNA Ligands: A Direct-RNA-Template Theory for the Code’s Origin. J. Mol. Evol.
1998, 47, 109–117. [CrossRef] [PubMed]

42. Yarus, M.; Caporaso, J.G.; Knight, R. Origins of the Genetic Code: The Escaped Triplet Theory.
Ann. Rev. Biochem. 2005, 74, 179–198. [CrossRef] [PubMed]

43. Yarus, M.; Widmann, J.J.; Knight, R. RNA-Amino Acid Binding: A Stereochemical Era for the Genetic Code.
J. Mol. Evol. 2009, 69, 429. [CrossRef] [PubMed]

44. Ma, W.T. The Scenario on the Origin of Translation in the RNA World: In Principle of Replication Parsimony.
Biol. Direct 2010, 5, 65. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1060089
http://www.ncbi.nlm.nih.gov/pubmed/11283358
http://dx.doi.org/10.1038/nature08013
http://www.ncbi.nlm.nih.gov/pubmed/19444213
http://dx.doi.org/10.1021/ja108197s
http://www.ncbi.nlm.nih.gov/pubmed/21043502
http://dx.doi.org/10.1055/s-0030-1261177
http://dx.doi.org/10.1101/cshperspect.a003608
http://www.ncbi.nlm.nih.gov/pubmed/20739415
http://dx.doi.org/10.1186/s12862-015-0548-1
http://www.ncbi.nlm.nih.gov/pubmed/26643199
http://dx.doi.org/10.1038/362709a0
http://www.ncbi.nlm.nih.gov/pubmed/8469282
http://dx.doi.org/10.1016/S0960-9822(06)00138-2
http://dx.doi.org/10.1093/nar/gkr525
http://www.ncbi.nlm.nih.gov/pubmed/21724606
http://dx.doi.org/10.1098/rstb.2011.0134
http://www.ncbi.nlm.nih.gov/pubmed/21930577
http://dx.doi.org/10.1073/pnas.1107113108
http://www.ncbi.nlm.nih.gov/pubmed/21825162
http://dx.doi.org/10.3390/life5010230
http://www.ncbi.nlm.nih.gov/pubmed/25607813
http://dx.doi.org/10.3390/life5010294
http://www.ncbi.nlm.nih.gov/pubmed/25625599
http://dx.doi.org/10.1080/00021369.1966.10858601
http://dx.doi.org/10.1016/j.biomaterials.2008.11.008
http://www.ncbi.nlm.nih.gov/pubmed/19095299
http://dx.doi.org/10.1016/j.chroma.2013.12.015
http://www.ncbi.nlm.nih.gov/pubmed/24461636
http://dx.doi.org/10.1038/nchem.2414
http://www.ncbi.nlm.nih.gov/pubmed/26791895
http://dx.doi.org/10.1038/nchem.2551
http://www.ncbi.nlm.nih.gov/pubmed/27657866
http://dx.doi.org/10.1007/PL00006357
http://www.ncbi.nlm.nih.gov/pubmed/9664701
http://dx.doi.org/10.1146/annurev.biochem.74.082803.133119
http://www.ncbi.nlm.nih.gov/pubmed/15952885
http://dx.doi.org/10.1007/s00239-009-9270-1
http://www.ncbi.nlm.nih.gov/pubmed/19795157
http://dx.doi.org/10.1186/1745-6150-5-65
http://www.ncbi.nlm.nih.gov/pubmed/21110883


Life 2017, 7, 49 14 of 15

45. Carter, C.W., Jr.; Wills, P.R. Interdependence, Reflexivity, Fidelity, Impedance Matching, and the Evolution of
Genetic Coding. Mol. Biol. Evol. 2017. [CrossRef] [PubMed]

46. Wills, P.R.; Carter, C.W., Jr. Insuperable problems of the genetic code initially emerging in an RNA World.
Biosystems 2017. [CrossRef] [PubMed]

47. Kervio, E.; Hochgesand, A.; Steiner, U.E.; Richert, C. Templating Efficiency of Naked DNA. Proc. Natl. Acad.
Sci. USA 2010, 107, 12074–12079. [CrossRef] [PubMed]

48. Deck, D.; Jauker, M.; Richert, C. Efficient Enzyme-Free Copying of All Four Nucleobases Templated by
Immobilized RNA. Nat. Chem. 2011, 3, 603–608. [CrossRef] [PubMed]

49. Kaiser, A.; Richert, C. Nucleotide-Based Copying of Nucleic Acid Sequences without Enzymes. J. Org. Chem.
2013, 78, 793–799. [CrossRef] [PubMed]

50. Li, L.; Prywes, N.; Tam, C.P.; O’Flaherty, D.K.; Lelyveld, V.S.; Izgu, E.C.; Pal, A.; Szostak, J.W. Enhanced
Nonenzymatic RNA Copying With 2-Aminoimidazole Activated Nucleotides. J Am. Chem. Soc. 2017, 139,
1810–1813. [CrossRef] [PubMed]

51. Unrau, P.J.; Bartel, D.P. RNA-Catalyzed Nucleotide Synthesis. Nature 1998, 395, 260–263. [CrossRef] [PubMed]
52. Ma, W.T.; Yu, C.W.; Zhang, W.T.; Hu, J.M. Nucleotide Synthetase Ribozymes May Have Emerged First in the

RNA World. RNA 2007, 13, 2012–2019. [CrossRef] [PubMed]
53. Boerlijst, M.C.; Hogeweg, P. Spiral Wave Structure in Prebiotic Evolution: Hypercycles Stable against

Parasites. Physica D 1991, 48, 17–28. [CrossRef]
54. Szabo, P.; Scheuring, I.; Czaran, T.; Szathmary, E. In Silico Simulations Reveal That Replicators With Limited

Dispersal Evolve Towards Higher Efficiency and Fidelity. Nature 2002, 420, 340–343. [CrossRef] [PubMed]
55. Szathmary, E. The Origin of Replicators and Reproducers. Philos. Trans. R. Soc. B Biol. Sci. 2006, 361,

1761–1776. [CrossRef] [PubMed]
56. Takeuchi, N.; Hogeweg, P. Evolutionary Dynamics of RNA-Like Replicator Systems: A Bioinformatic

Approach to the Origin of Life. Phys. Life Rev. 2012, 9, 219–263. [CrossRef] [PubMed]
57. Acevedo, O.L.; Orgel, L.E. Template-directed Oligonucleotide Ligation on Hydroxylapatite. Nature 1986, 321,

790–792. [CrossRef] [PubMed]
58. Ferris, J.P. Montmorillonite Catalysis of 30–50 Mer Oligonucleotides: Laboratory Demonstration of Potential

Steps in the Origin of the RNA World. Orig. Life Evol. Biosph. 2002, 32, 311–332. [CrossRef] [PubMed]
59. Franchi, M.; Gallori, E. A Surface-Mediated Origin of the RNA World: Biogenic Activities of Clay-Adsorbed

RNA Molecules. Gene 2005, 346, 205–214. [CrossRef] [PubMed]
60. Vlassov, A.V.; Kazakov, S.A.; Johnston, B.H.; Landweber, L.F. The RNA World on Ice: A New Scenario for

the Emergence of RNA Information. J. Mol. Evol. 2005, 61, 264–273. [CrossRef] [PubMed]
61. Trinks, H.; Schroder, W.; Biebricher, C.K. Ice and the Origin of Life. Orig. Life Evol. Biosph. 2005, 35, 429–445.

[CrossRef] [PubMed]
62. Attwater, J.; Wochner, A.; Pinheiro, V.B.; Coulson, A.; Holliger, P. Ice As a Protocellular Medium for RNA

Replication. Nat. Commun. 2010, 1, 76. [CrossRef] [PubMed]
63. Russell, M.J.; Hall, A.J.; Cairns-Smith, A.G.; Braterman, P.S. Submarine Hot Spring and Origin of Life. Nature

1988, 336, 117. [CrossRef]
64. Koonin, E.V.; Martin, W. On the Origin of Genomes and Cells within Inorganic Compartments. Trends Genet.

2005, 21, 647–654. [CrossRef] [PubMed]
65. Martin, W.; Baross, J.; Kelley, D.; Russell, M.J. Hydrothermal Vents and the Origin of Life. Nat. Rev. Microbiol.

2008, 6, 805–814. [CrossRef] [PubMed]
66. Weiner, A.M.; Maizels, N. 3′ Terminal tRNA-Like Structures Tag Genomic RNA Molecules for Replication:

Implications for the Origin of Protein Synthesis. Proc. Natl. Acad. Sci. USA 1987, 84, 7383–7387. [CrossRef]
[PubMed]

67. Ma, W.T.; Yu, C.W. Intramolecular RNA Replicase: Possibly the First Self-Replicating Molecule in the RNA
World. Orig. Life Evol. Biosph. 2006, 36, 413–420. [CrossRef] [PubMed]

68. Wu, S.; Yu, C.; Zhang, W.; Yin, S.; Chen, Y.; Feng, Y.; Ma, W. Tag Mechanism As a Strategy for the RNA
Replicase to Resist Parasites in the RNA World. PLoS ONE 2017, 12, e0172702. [CrossRef] [PubMed]

69. Szostak, J.W.; Bartel, D.P.; Luisi, P.L. Synthesizing Life. Nature 2001, 409, 387–390. [CrossRef] [PubMed]
70. Bansho, Y.; Furubayashi, T.; Ichihashi, N.; Yomo, T. Host-Parasite Oscillation Dynamics and Evolution in a

Compartmentalized RNA Replication System. Proc. Natl. Acad. Sci. USA 2016, 113, 4045–4050. [CrossRef]
[PubMed]

http://dx.doi.org/10.1093/molbev/msx265
http://www.ncbi.nlm.nih.gov/pubmed/29077934
http://dx.doi.org/10.1016/j.biosystems.2017.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28903058
http://dx.doi.org/10.1073/pnas.0914872107
http://www.ncbi.nlm.nih.gov/pubmed/20554916
http://dx.doi.org/10.1038/nchem.1086
http://www.ncbi.nlm.nih.gov/pubmed/21778979
http://dx.doi.org/10.1021/jo3025779
http://www.ncbi.nlm.nih.gov/pubmed/23327991
http://dx.doi.org/10.1021/jacs.6b13148
http://www.ncbi.nlm.nih.gov/pubmed/28117989
http://dx.doi.org/10.1038/26193
http://www.ncbi.nlm.nih.gov/pubmed/9751052
http://dx.doi.org/10.1261/rna.658507
http://www.ncbi.nlm.nih.gov/pubmed/17878321
http://dx.doi.org/10.1016/0167-2789(91)90049-F
http://dx.doi.org/10.1038/nature01187
http://www.ncbi.nlm.nih.gov/pubmed/12447445
http://dx.doi.org/10.1098/rstb.2006.1912
http://www.ncbi.nlm.nih.gov/pubmed/17008217
http://dx.doi.org/10.1016/j.plrev.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22727399
http://dx.doi.org/10.1038/321790a0
http://www.ncbi.nlm.nih.gov/pubmed/11540863
http://dx.doi.org/10.1023/A:1020543312109
http://www.ncbi.nlm.nih.gov/pubmed/12458736
http://dx.doi.org/10.1016/j.gene.2004.11.002
http://www.ncbi.nlm.nih.gov/pubmed/15716007
http://dx.doi.org/10.1007/s00239-004-0362-7
http://www.ncbi.nlm.nih.gov/pubmed/16044244
http://dx.doi.org/10.1007/s11084-005-5009-1
http://www.ncbi.nlm.nih.gov/pubmed/16231207
http://dx.doi.org/10.1038/ncomms1076
http://www.ncbi.nlm.nih.gov/pubmed/20865803
http://dx.doi.org/10.1038/336117a0
http://dx.doi.org/10.1016/j.tig.2005.09.006
http://www.ncbi.nlm.nih.gov/pubmed/16223546
http://dx.doi.org/10.1038/nrmicro1991
http://www.ncbi.nlm.nih.gov/pubmed/18820700
http://dx.doi.org/10.1073/pnas.84.21.7383
http://www.ncbi.nlm.nih.gov/pubmed/3478699
http://dx.doi.org/10.1007/s11084-005-9006-1
http://www.ncbi.nlm.nih.gov/pubmed/16909330
http://dx.doi.org/10.1371/journal.pone.0172702
http://www.ncbi.nlm.nih.gov/pubmed/28253281
http://dx.doi.org/10.1038/35053176
http://www.ncbi.nlm.nih.gov/pubmed/11201752
http://dx.doi.org/10.1073/pnas.1524404113
http://www.ncbi.nlm.nih.gov/pubmed/27035976


Life 2017, 7, 49 15 of 15

71. Mansy, S.S.; Szostak, J.W. Reconstructing the Emergence of Cellular Life through the Synthesis of Model
Protocells. Cold Spring Harb. Symp. Quant. Biol. 2009, 74, 47–54. [CrossRef] [PubMed]

72. Mansy, S.S. Membrane Transport in Primitive Cells. Cold Spring Harb. Perspect. Biol. 2010, 2, a002188.
[CrossRef] [PubMed]

73. Schrum, J.P.; Zhu, T.F.; Szostak, J.W. The Origins of Cellular Life. Cold Spring Harb. Perspect. Biol. 2010, 2,
a002212. [CrossRef] [PubMed]

74. Szostak, J.W. The Eightfold Path to Non-Enzymatic RNA Replication. J. Syst. Chem. 2012, 3, 2. [CrossRef]
75. Adamala, K.; Szostak, J.W. Nonenzymatic Template-Directed RNA Synthesis Inside Model Protocells. Science

2013, 342, 1098–1100. [CrossRef] [PubMed]
76. Mansy, S.S.; Schrum, J.P.; Krishnamurthy, M.; Tobe, S.; Treco, D.A.; Szostak, J.W. Template-Directed Synthesis

of a Genetic Polymer in a Model Protocell. Nature 2008, 454, 122–125. [CrossRef] [PubMed]
77. Bartel, D.P. Re-Creating an RNA Replicase. In The RNA World; Gesteland, R.F., Cech, T.R., Atkins, J.F., Eds.;

Cold Spring Harbor Laboratory Press: New York, NY, USA, 1999; Chapter 5.
78. Johnston, W.K.; Unrau, P.J.; Lawrence, M.S.; Glasner, M.E.; Bartel, D.P. RNA-Catalyzed RNA Polymerization:

Accurate and General RNA-Templated Primer Extension. Science 2001, 292, 1319–1325. [CrossRef] [PubMed]
79. Zaher, H.S.; Unrau, P.J. Selection of an Improved RNA Polymerase Ribozyme with Superior Extension and

Fidelity. RNA 2007, 13, 1017–1026. [CrossRef] [PubMed]
80. Cheng, L.K.L.; Unrau, P.J. Closing the Circle: Replicating RNA with RNA. Cold Spring Harb. Perspect. Biol.

2010, 2, a002204. [CrossRef] [PubMed]
81. Wochner, A.; Attwater, J.; Coulson, A.; Holliger, P. Ribozyme-Catalyzed Transcription of an Active Ribozyme.

Science 2011, 332, 209–212. [CrossRef] [PubMed]
82. Attwater, J.; Wochner, A.; Holliger, P. In-Ice Evolution of RNA Polymerase Ribozyme Activity. Nat. Chem.

2013, 5, 1011–1018. [CrossRef] [PubMed]
83. Ma, W.T. The Origin of Life: A Problem of History, Chemistry, and Evolution. Chem. Biodiver. 2014, 11,

1998–2010. [CrossRef] [PubMed]
84. Ma, W.T.; Hu, J.M. Computer Simulation on the Cooperation of Functional Molecules during the Early

Stages of Evolution. PLoS ONE 2012, 7, e35454. [CrossRef] [PubMed]
85. Kim, Y.E.; Higgs, P.G. Co-Operation between Polymerases and Nucleotide Synthetases in the RNA World.

PLoS Comput. Biol. 2016, 12, e1005161. [CrossRef] [PubMed]
86. Chen, I.A.; Roberts, R.W.; Szostak, J.W. The Emergence of Competition between Model Protocells. Science

2004, 305, 1474–1476. [CrossRef] [PubMed]
87. Chen, I.A.; Walde, P. From Self-Assembled Vesicles to Protocells. Cold Spring Harb. Perspect. Biol. 2010, 2,

a002170. [CrossRef] [PubMed]
88. Szathmary, E.; Smith, J.M. From Replicators to Reproducers: The First Major Transitions Leading to Life.

J. Theor. Biol. 1997, 187, 555–571. [CrossRef] [PubMed]
89. Ma, W.T.; Yu, C.W.; Zhang, W.T.; Zhou, P.; Hu, J.M. The Emergence of Ribozymes Synthesizing Membrane

Components in RNA-Based Protocells. Biosystems 2010, 99, 201–209. [CrossRef] [PubMed]
90. Maynard-Smith, J.; Szathmary, E. The Origin of Chromosomes I. Selection for Linkage. J. Theor. Biol. 1993,

164, 437–446. [CrossRef] [PubMed]
91. Diener, T.O. Circular RNAs: Relics of Precellular Evolution? Proc. Natl. Acad. Sci. USA 1989, 86, 9370–9374.

[CrossRef] [PubMed]
92. Ma, W.T.; Feng, Y. Protocells: At the Interface of Life and Non-Life. Life 2015, 5, 447–458. [CrossRef] [PubMed]
93. Ferris, J.P.; Hill, A.R.; Liu, R.; Orgel, L.E. Synthesis of Long Prebiotic Oligomers on Mineral Surfaces. Nature

1996, 381, 59–61. [CrossRef] [PubMed]
94. Takeuchi, N.; Hogeweg, P. Multilevel Selection in Models of Prebiotic Evolution II: A Direct Comparison of

Compartmentalization and Spatial Self-Organization. PLoS Comput. Biol. 2009, 5, e1000542. [CrossRef] [PubMed]
95. Takeuchi, N.; Kaneko, K.; Hogeweg, P. Evolutionarily Stable Disequilibrium: Endless Dynamics of Evolution

in a Stationary Population. Proc. R. Soc. B Biol. Sci. 2016, 283, 20153109. [CrossRef] [PubMed]
96. Dawkins, R. The Selfish Gene; Oxford University Press: Oxford, UK, 1976.

© 2017 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1101/sqb.2009.74.014
http://www.ncbi.nlm.nih.gov/pubmed/19734203
http://dx.doi.org/10.1101/cshperspect.a002188
http://www.ncbi.nlm.nih.gov/pubmed/20679338
http://dx.doi.org/10.1101/cshperspect.a002212
http://www.ncbi.nlm.nih.gov/pubmed/20484387
http://dx.doi.org/10.1186/1759-2208-3-2
http://dx.doi.org/10.1126/science.1241888
http://www.ncbi.nlm.nih.gov/pubmed/24288333
http://dx.doi.org/10.1038/nature07018
http://www.ncbi.nlm.nih.gov/pubmed/18528332
http://dx.doi.org/10.1126/science.1060786
http://www.ncbi.nlm.nih.gov/pubmed/11358999
http://dx.doi.org/10.1261/rna.548807
http://www.ncbi.nlm.nih.gov/pubmed/17586759
http://dx.doi.org/10.1101/cshperspect.a002204
http://www.ncbi.nlm.nih.gov/pubmed/20554706
http://dx.doi.org/10.1126/science.1200752
http://www.ncbi.nlm.nih.gov/pubmed/21474753
http://dx.doi.org/10.1038/nchem.1781
http://www.ncbi.nlm.nih.gov/pubmed/24256864
http://dx.doi.org/10.1002/cbdv.201400188
http://www.ncbi.nlm.nih.gov/pubmed/25491343
http://dx.doi.org/10.1371/journal.pone.0035454
http://www.ncbi.nlm.nih.gov/pubmed/22514745
http://dx.doi.org/10.1371/journal.pcbi.1005161
http://www.ncbi.nlm.nih.gov/pubmed/27820829
http://dx.doi.org/10.1126/science.1100757
http://www.ncbi.nlm.nih.gov/pubmed/15353806
http://dx.doi.org/10.1101/cshperspect.a002170
http://www.ncbi.nlm.nih.gov/pubmed/20519344
http://dx.doi.org/10.1006/jtbi.1996.0389
http://www.ncbi.nlm.nih.gov/pubmed/9299299
http://dx.doi.org/10.1016/j.biosystems.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19961895
http://dx.doi.org/10.1006/jtbi.1993.1165
http://www.ncbi.nlm.nih.gov/pubmed/8264246
http://dx.doi.org/10.1073/pnas.86.23.9370
http://www.ncbi.nlm.nih.gov/pubmed/2480600
http://dx.doi.org/10.3390/life5010447
http://www.ncbi.nlm.nih.gov/pubmed/25809963
http://dx.doi.org/10.1038/381059a0
http://www.ncbi.nlm.nih.gov/pubmed/8609988
http://dx.doi.org/10.1371/journal.pcbi.1000542
http://www.ncbi.nlm.nih.gov/pubmed/19834556
http://dx.doi.org/10.1098/rspb.2015.3109
http://www.ncbi.nlm.nih.gov/pubmed/27147095
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	What Does “the Origin of Life” Mean? 
	What Does “the RNA World” Mean? 
	About the Idea of the RNA World 
	The RNA World as a Scenario in the Very Beginning of Life 

	What Does “the RNA World” Mean to “the Origin of Life”? 
	Did the RNA World Start at the Level of Molecule or Cell-Like Vesicle? 
	From Molecular Form to Cellular Form 
	From Pseudo-Protocell to True-Protocell, then to Unitary-Protocell 
	About the Origin of Darwinian Evolution 
	About the Arising of Self-Sustainment 
	Comments 


