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20.1 OBJECTIVE: A VIRUS FIRSTOVERVIEW
A virus first perspective for understanding human evolution will likely seem counterin-
tuitive or even preposterous to many readers (Villarreal, 2004). Surely, these most selfish
and destructive agents (virus) cannot be proposed to have contributed substantially to the
many complex features that make us human. Yet, developing and supporting this assertion
is the objective of this chapter. Viruses are genetic parasites, often capable of transmission
and dependent on their host for replication and/or maintenance. They are thus fundamen-
tally able to interact with and contribute to host genetic (and epigenetic) content. It is this
capacity that allows virus to be. editors of host genetic content (Villarreal and Witzany,
2010; Witzany, 2006, 2009a). We know viruses to be agents of disease, often serious and
even fataL In what way can this capacity relate to the complexity needed to generate human
capabilities? But viruses are also capable of colonizing and persisting in host genomes and
becoming one with them. In so doing, they bring new and diffuse instruction sets to their
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host that can promote new regulatory networks with new capacities. This process has been
called virolution, virus-mediated evolution (Ryan, 2009). And it is the persisting viruses
that are highly host specific which, usually sexually transmitted, also have the ability to
differentially affect host survival. The relationship of persisting viruses to its host popula-
tion has been proposed to contribute significantly to host survival and affect the tree of
life (Villarreal, 1999, 2006, 2007, 2008; Villarreal and Ryan, 2011). This process is shown
schematically in Figure 20.1.

Such a process is fundamentally synbiogenic (Pereira et al., 2012). Indeed, it will be
asserted subsequently that persisting human viruses were likely involved in the Homo
sapiens-Neanderthal evolutionary outcome.

Why would viruses promote novelty via the formation of complex networks able to
contribute to host phenotypes? The currently accepted view is that viruses are simply
providing an extended source of errors (diversity) that can occasionally become exa-
pted by their host for host purposes. An infected individual host variant will survive
and somehow adapt virus information for its own survival. Networks are then created
from this information in stepwise series of selection events. The real answer, however,
lies much deeper than is likely to be appreciated. Indeed, it relates directly to the earli-
est events in the evolution of life reaching all the way back into the RNA world. This
world is characterized by consortial, cooperative, multifunctional, and transmissive
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FIGU RE20.1 Overview of the viral cloud contribution to all the domains of the host evolutionary
tree. Virus contribution to host is not occasional, but ongoing as shown. Also, such viral informa-
tion is not due to errors as viruses are competent in host code and can be natural editors of host
code. Viruses are thus an original and ongoing force for all life. (Reprinted from Villarreal, L.P. and
Wit zany, G., f. Theor. Bioi., 262, 698, 2010. With permission.)
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RNA agents that operate in groups that can identify network membership and preclude
nonmembers (immunity) (Villarreal and Witzany, 2013a,b).

We have long focused on the modest error-based genetic adaptations associated with
neo- Darwinian selection and evolution. But whenever a host genome becomes colonized
by nonancestral endogenous retroviruses (ERVs) and related elements that replicate via
RNA, a quasispecies consortia (QS-C)-mediated process again applies to modify existing
RNA societies that provided identity (control, immunity) superimposing new and often
multiple uses of stem-loop RNAs that are now engaged in and providing new identity net-
works. This is a much more creative and punctuated process, able to promote complex
regulatory shifts, but one that still essentially uses invasive stem-loop RNA agents.

20.2 SOME DEFINITION AND OTHER PROBLEMS
The term virus has a broad and almost instinctive meaning to many people with respect
to disease. It is, however, worthwhile exploring a current definition of this term in order to
employ it with greater consistency and precision. Since it is well known that many viruses
can infect and exist within their host with no disease, clearly, disease cannot be a defining
characteristic. Nor is uncontrolled replication a defining characteristic since many viruses
have highly regulated replication cycles. Some do encode proteins involved in membrane
synthesis. Some do not even encode their own capsid or membrane proteins, so this too
cannot be a defining characteristic. But so far, no virus has been observed to code for a
ribosome. Nor do they appear to encode many of the most fundamental metabolic pro-
teins. Thus, viruses are fundamentally molecular entities that are parasitic to living sys-
tems (with ribosomes and energy production). But some viruses are parasitic to other
viruses (thus parasitic to living systems plus virus), and most viruses can generate defec-
tive versions of themselves that are parasitic to the host system plus self-full virus. These
situations can be very important for some specific viral lifestyles. Thus, our definition must
be inclusive of all of these situations. I therefore propose the following characteristics for
defining virus:

• A virus is a molecular genetic parasite.

• A virus must be competent in the instruction system of its host system.

• A virus must superimpose (edit) new instructions onto the host system (extending
the code, bringing novelty, promoting symbiosis).

• Viral instructions must promote maintenance of the virus (i.e., self-identity com-
patible) which includes directed replication needed for either maintenance and/or
transmission.

• Virus instructions can also simply"include compelling the host to maintain the viral
instruction set (persistence) and replicate it along with the host.

• Viral instructions must oppose (i.e., damage) competitive instruction sets (i.e., host
immunity and/or virus competition).
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• These viral instructions may subvert (colonize) opposing or competing instruction
sets so as to maintain a coherent viral instruction system.

• The simplicity of RNA virus instructions requires that they be a coherent consortia of
diverse RNA instructions (QS-C).

In addition to these defining characteristics, I would propose that the original viral
instruction systems were simple stem-loop RNA replicators, as proposed for the RNA
world (Briones et al., 2009). These parasitic replica tors were able to transmit and occupy
(ligate) their other RNA stem loops, including their own QS. Such self-invasion promotes
the emergence of more complex functions (e.g., ribozymes and a consortial ribosome).
RNA viruses still depend on these stem-loop instruction agents for basic identity and rep-
lication. The host (DNA) has become a habitat for these RNA societies.

There are other important problems involving definitions that should be mentioned.
These include the terms networks and systems. Although popular use of these terms
is consistent with the way I hope to apply them, the real problem, however, relates to
attempts to mathematically define these terms so that calculation-based approaches
can be applied to them. For example, a network stems from the concept of a net, with
knots (nodes) connected to each other in binary links. This can be described mathemat-
ically. Similarly, formal complex systems posit a mathematical foundation for defining
systems (von Bertalanffy and LaViolette, 1981). However, in the context of diverse but
coherent RNA agents (QS-C), it is not possible to mathematically set either the poten-
tial interactions or the nature of these interactions for a single RNA entity as it will have
conditional and context- and history-dependent activities (uses) within the population.
This issue will be expanded further later. However, it does compel us to use the terms
networks and systems in a less-defined (but popular) way. The concept of network in
particular will be important for our discussions as it will relate directly to group iden-
tity that will require the specification of network membership characteristics. For an
RNA agent, being a member of a network relates directly to its identity markers (often
stem loops).

I will often consider the issues of group identity and group behavior as these are pro-
posed to provide the foundations of social mechanisms. I will seek to define a network
from the perspective of a consortium of RNA agents and apply the strategies of these dif-
fuse transmissive agents to explain the creation of new networks and the editing of existing
ones. However, it will be very difficult to think about and communicate these consor-
tial or social issues. This is not because they are so inherently complex, but more because
they are fundamentally interactive (social) phenomena that resist a linear explanation. For
example, assigning a single function (or fitness) to an entity that is part of a consortium
or network will inherently restrict out thinking about how the entity must function in the
context of a consortium. A social system will have individual agents (such as RNA stem
loops) that will fundamentally have multiple (often opposing) activities and uses. This is
most apparent in the study of viral QS-C presented later. A system or network must always
have this feature. We need to think socially, not serially.
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I will present the case that immunity mechanisms are very the same as group identity
mechanisms and that both operate using various strategies (such as addiction modules) that
can destroy nonidentity and nongroup membership, while supporting group membership.

One more note of caution to keep in mind before further developing this (multi) line of
reasoning. The types of RNA stem-loop-mediated changes we see in recent human evolu-
tion look hauntingly similar to those I proposed for the very early events in the evolution of
life (see next chapter). It seems that from the very origins of life to recent genomic changes
in human DNA, RNA societies have been acquired from infectious events and are mediat-
ing identity and social phenomena. It should therefore be considered that changes in RNA
stem-loop composition may best define membership for all living systems and provide new
identity systems in all domains of life, including virus.

20.3 CURRENT VIEW: INDIVIDUAL TYPE SELECTION
AND EXAPTED VIRAL GENES

The development of neo-Darwinian thinking in the 1930s stems directly from the founda-
tion that natural selection acting on variation (mostly from replication errors) in individu-
als selects for the survival of fittest type variant. Thus, the variation in offspring originates
from the direct ancestor to the selected individual. However, when nonancestor virus-
derived genes are seen to occur in host genomes, it is typically reasoned that such genes
simply represent another form of variation (errors) that was also somehow associated with
individual survival. The surviving host individual was then able to adapt (exapt) these
genes for its own purpose and survival. This explanation still invokes a central role for
individuals. What then results are various scenarios, such as kin selection, tit for tat, or
arms race ideas involving a serial one-upmanship and linear process of selection. Any
networks that emerge will then need to stem from this same serial process. The process is
not prone to punctuated bursts in evolution nor is it particularly prone to rapid emergence
of complexity or novelty. Also, any associative or group behavior that emerges, such as
altruistic behavior, will similarly stem indirectly from individual survival, as described
by various kin selection or game theory models. This view has been well accepted for
numerous decades, and many current evolutionary biologists no longer question its basic
tenets. Some even like to think of this as laws of evolution. But this is a view that emerged
well before we understood the broad and ancient prevalence of virus. In the last several
decades, analysis of comparative genomics and metagenomic sequencing of numerous
habitats has shown us that virus-derived sequences dominate in all habitats so far evalu-
ated (see Koonin, 2011). The term virosphere has been introduced to describe this vast
cloud of genetic information. And within the genomes of organisms, virus-derived infor-
mation is almost always the most dynamic component of host DNA for all domains of
life. Much of this virus-derived host DNA, however, has long been seen to play no useful
role; it was junk DNA that was the product of selfish replicators (Doolittle and Sapienza,
1980; Orgel and Crick, 1980).Yet, much of this junk was clearly viral derived, and often, its
expression was associated with reproductive tissue (Ono et al., 1985).More recently, such
junk has seemed much more important for the functioning of the organism (Volff 2006).
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But it is still basically seen as exapted stuff, put to some inadvertent good host use fol-
lowing individual selection. But the existence of a vast virosphere should compel us to
think differently about virus-derived information in host genomes. All domains of life
must survive in this ancient, unrelenting, and extremely adaptable virosphere. How can
life thrive in this situation? In the following, we will look at the viruses themselves for an
answer to this question. And from this question, we should rethink some of the tenets of
evolutionary biology.

20A QS-C AND VIROLUTION
We should now ask: what is virolution and how does it affect host evolution? Can it pro-
vide some core, essential function needed for life? And more fundamentally, does virolu-
tion operate with additional principles, such as consortial group identities (QS-C) that can
colonize and transform host, which fundamentally promote networks and complexity? If
so, can these principles help us better understand the origin of life or provide insight into
the origin of our human social capacities? Later, I attempt to summarize a large body of
evidence from many domains of research that I feel help us better define virolution and
the origin of host complexity. This will provide a core theme that will link all these diverse
studies with the role of stem-loop RNA in viral and host identity. This role of QS-C in
virolution is presented schematically in Figure 20.2.

Ensemble of

QS-C provides identity
(not individual type) +/-

FIGURE 20.2 The crucial difference of QS-C with former QS concepts (fittest type-mutant
spectra) is the basically consortial organization of functional RNA ensembles. Shown earlier are
the possible consortial interactions (black arrows) of just one diversified RNA stem loop. These
multiple activities (shown as +/-) preclude individual fitness definitions but require emergence
and adaptation of group membership identities. Defectives with similar subviral RNA (stem-loop
groups) remain relevant in both evolutionary and developmental processes. As a result of this basic
evolutionary process of RNA stem-loop consortial building, we can look at the emergence of de
novo identities. (Reprinted from Villarreal, L.P. and Witzany, G., World]. Bioi. Chem., 4, 71,2013.
With permission.)
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As shown, such virolution is what promotes the creation of new systems, not serial selec-
tion from errors. But this looks like errors since most of the instructions are subviral.
Virus, the ultimate and nearly invisible selfish agents, has finally taught us about the power
of consortia. It is a big lesson and it applies to all levels of life. But why would a consortium
of viral agents act to promote complexity? The answer I will develop later is that it is for the
sake of superimposing group identity and group survival. The QS-C has to incorporate a
new viral identity onto the host. This colonization will also clearly affect host survival in
its extant virosphere. The virosphere matters for the success of all life. Such a colonizing
event must promote the survival of this information and new viral identity/ecology that
results. This is a very different perspective than that of selfish individual type selection.
And this view suggests we adopt a new philosophy of biology in which collective behav-
iors are core for all life forms. And although virolution supports various forms of multi-
level selection, it does not conflict with traditional individual type selection that emerged
with DNA-based cells and virus. But whenever infectious sets of RNA-based replicating.
agents successfully colonize a host, they will again bring to bear the creative, cooperative,
and distributed power of QS-C selection to their host. This is a most ancient process that
still operates on DNA, using DNA as a stable habitat (Villarreal and Witzany, 2013a,b).
I will now examine both the earliest events (RNA world) and most recent events (human-
specific evolution) from this virolution perspective. One fundamental theme will apply
throughout this examination that will be introduced both early and later in this chapter.
This is the fundamental role of stem-loop RNA structures in the identity and function
of infectious forms of RNA. When I focus on human-specific features, for example, such
as our reproductive or social brain changes, it will be from the perspective of a role of
infectious forms of stem-loop RNAs. The RNAs have multiple regulatory capacities that
lead to a better understanding of RNA cascades and networks, which are the products of
or promoted by serial colonization of virus (and often provide antiviral activity). These
regulatory stem-loop RNAs will mostly occupy introns, 3' un~ranslated region (UTR) and
some 5' promoter regions. We will also see that older identity/regulatory systems become
subjected to manipulation (repurposed) or elimination following successful colonization.

20.5 ENCODE PROJECT:VIRAL JUNK AS ESSENTIAL RNA REGULATION
For many years, molecular biologist assumed that the complex RNA expression patterns
observed by various techniques (such as hybridization kinetics) in the mammalian brain
were due to the expression of many genes, which was expected for such a complex organ
(see Chaudhari and Hahn, 1983).However, comparative genomics has made clear that gene
transcription differs little between human and great apes (Khaitovich et al., 2004). Indeed,
total gene numbers differ remarkably little between the simplest animals (Caenorhabditis
elegans) and humans. But by far, the biggest differences between human and chimpan-
zee genomes were due to insertion and deletions (indels) (Mills et al., 2006; Watanabe
et al., 2004; Wetterbom et al., 2006). The great majority of these indels are the result of
retrotransposon activity of various types (ERVs, long terminal repeats [LTRs], long inter-
spersed nuclear elements [LINEs], and alus being most numerous). Of these, the alu ele-
ments and transcripts are particularly active and affect RNA editing and intron splicing
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in the human genome (Sakate et al., 2007). In addition, they are frequently involved in
epigenetic control and can emerge or expand rapidly in genomes (Zeh et al., 2009). Such a
large-scale retroposon colonization would seem to pose a highly genotoxic situation for the
human genome, an idea that seems supported by genomic analysis (Keightley et al., 2005,
2006). And yet this noncoding DNA is species specific (Toder et al., 2001), evolving quickly
in humans (Bird et al., 2007), but also appears to be under very strong selective constraints
(Bejerano et al., 2004; Bush and Lahn, 2005). This seems problematic in several ways: this
is an inherently destructive event that should seldom result in novel or complex phenotype,
plus it is both rapidly changing between species yet sometimes highly conserved. Indeed,
this high rate of change was previously used to argue for the idea that it must be junk DNA.
Yet, these are the changes that must be addressed and included to explain the emergence of
the large and social human brain (Chapter 21). How then can we understand the origin of
the most complex organ known (human brain) in the context of such massive introduction
of errors? Clearly, we cannot. But perhaps the concept of errors is itself in error as implied
earlier. Indeed, a major correction in our thinking has emerged from the ENCODE proj-
ect. This project is a consortium of researchers that has sought to characterize all the RNA
transcribed from the human genome, including RNA that is not cytoplasmic polyadenyl-
ated mRNA but is noncoding RNA (Mattick, 2005). It is now quite clear that most of this
junk is transcribed and that 95% of the transcripts are from repeated sequences that were
retrotransposed (Mattick, 2010,2011;Mattick et al., 2010). These transcripts include a pre-
viously poorly studied class of long noncoding RNA (IncRNA) (see Khalil et al., 2009).
Furthermore, these noncoding transcripts appear particularly relevant to human brain
and cognitive development and evolution (Barry and Mattick, 2012; Mattick and Mehler,
2008; Mehler and Mattick, 2007). Additionally, long-term memory also seems to use non-
coding RNA (Mercer et al., 2008). These observations have led Mattick to propose that
genetic programming in higher organisms (including human) has been misunderstood for
50 years (Mattick, 2001). Regulatory RNA derived from retrotransposons is key to eukary-
otic complexity, compelling us to abandon the concept of selfish junk DNA. But in this
realization, we also come to realize this regulatory RNA is operating mostly as stem-loop
RNAs that have complex, multilevel, and even opposing functions. It is clearly operating
and evolving as a network. But networks of stem-loop RNAs are also thought to have been
crucial for the origin of RNA-based life. Could it be that the creative power of societies of
stem-loop RNAs involved in the origin of life is still at work during recent human evolu-
tion? Let us further evaluate this idea.

20.6 FITTEST INDIVIDUAL TYPE RECONSIDERED
RNA viruses have long been recognized as distinct agents from their host cells in that they
were the sole survivors of the RNA world that still used RNA as a genetic molecule. That
they could replicate so readily and be characterized in the laboratory made them ideal sys-
tems to study variation in RNA replication. The variation was considered to result mostly
from copy errors of a low-fidelity polymerase. And since viruses could be cloned (plaqued),
they apparently adhered to the concept of individual fittest type selection. Since it was
realized early on that RNA replications at the dawn of life in the RNA would also replicate
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with high error rates, this seemed to present a problem for the origin of life and the origin
of the genetic code. It was from this perspective in the .1970s that Eigen developed the QS
equations to explain the quantitative behavior of RNA populations that were generated via
errors of the master fittest individual type template (Eigen, 1971). The basic assumptions
were then that there was a master fittest type RNA template that would generate a cloud of
RNA progeny due to copy errors but that this cloud would have certain overall behaviors
(such as error threshold). Many more theoretical papers followed this early publication
by Eigen, by his colleagues, and numerous others. And in the following decades, a large
number of laboratory studies by RNA virologist sought to evaluate and measure various
aspects of QS theory. It became very clear that the QS behavior of RNA viruses was very
important for understanding clinical outcomes of human infections. And indeed, some of
the in sights of QS theory were observed, such as error threshold. The concepts of variation
of the master fittest type became entrenched during this period as there seemed to be no
conflict with more traditional neo- Darwinian selection. Thus, a consensus took hold for.
what QS is or means associated with master fittest type.

20.7 CORRECTIVE AND COLLECTIVE POWER OF VIRUS
VIA MODERN QUASISPECIES: QS-C

In the ensuing several decades, many laboratory observations were made' that indicated
more complex collective behaviors for viral QS than were predicted by the QS equations.
Two of the more active laboratories were those of John Holland and Esteban Domingo
(see Domingo et al., 2008). The most recent compilation of these studies outlines many
of the collective behaviors that have been made with QS (Domingo et al., 2012). In my
opinion, the culmination study that most clearly reported that QS have more complex
collective behaviors was the study from the Andino group of poliovirus pathogenesis in a
mouse model in which diversity and cooperation were key to viral fitness (Vignuzzi et al.,
2006). The QS collectives have distinct and measurable fitness. They can compete with and
exclude related populations.They have minority populations that are crucial for overall
fitness (Briones and Domingo, 2008; Briones et aI., 2006). They can display heterogeneity
important for fitness that is not observed in the consensus type (Borderia et al., 2012). They
can suppress their own replication through lethal defection (Grande-Perez et aI., 2005).
They can be composed of members that can complement and interfere with replication
of the collective, and many of these features can be observed in clinical infections such as
humans with hepatitis C virus (Domingo and Gomez, 2007). Thus, QS are collectives that
have positive and negative interacting members that are bound together for a combined fit-
ness that depends on diversity (Arbiza et al., 2010; Lauring and Andino, 2010; Ojosnegros
et al., 2011). It is thus ironic in that it is from the viruses, the most selfish of all genetic
entities; we experimentally observe the characteristics of cooperative, collective behavior.
And it was the fittest type assumptions of Eigen that generated QS equations and theory
that stimulated the development of this modern collective QS view. But we are left with a
conceptual contradiction. Modern QS observations do not depend on the master fittest
type, and the consensus sequence may not predict to the fitness of the diverse collective.
Diversity itself seems crucial. Such dynamic diversity allows a population of otherwise
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rather simple agents (such as HIV-1) to defeat a highly complex and evolved system of
adaptive and innate immunity in their human host. If such infections were limited to the
fittest type, individuals, they would fail to overcome such a complex system. Not only can
the power of QS defeat our human immune system, it has also largely defeated our com-
bined human technology by frustrating the development of effective vaccines for 30 years.
All this impressive biological competence comes from a small and simple virus! I therefore
submit a modification to QS terminology to incorporate this collective and cooperative
feature. The term QS-C will indicate a collective of cooperative character to the population.
That way, the original term, QS, can still apply to fittest type models.

With this clarification, it should become apparent that all RNA replicators (especially
simple ones) will have high rates of diversity generation (not error). In addition, all genetic
entities that replicate via RNA will also be prone to QS-C (collective) behaviors. These
behaviors will include both cooperative and competitive interactions, even within the same
individual molecule. RNA, however, is not simply providing a syntax for genetic informa-
tion. It is more than a code. It can also provide structure (stem loop), identity (stem loops,
5',3' ends), and functional (ribozyrne) activity. And it can be dynamic (e.g., pseudoknots)
and responsive to the environment (riboswitches). Because of this much extended capacity
relative to DNA, RNA can be considered as a more active entity, with behaviors that make
it able to function as an agent to affect its own activity and survival (Witzany, 2009b, 2011).
In that light, DNA can be considered as a habitat for various RNAs. It was from this per-
spective that Witzany and I proposed that DNA should be considered as a habitat for these
active RNA agents (Villarreal and Witzany, 2013a,b). But this discussion of simple RNA
replicators suggests that the concept of QS-C should also apply to the ideas and experi-
ments concerning the RNA world hypothesis. Yet curiously, very little RNA world research
has addressed any issues regarding QS (see Altman, 1989;Gesteland et al., 1999), let along
the more modern QS-C idea. As many are starting to think that life originated in a coop-
,erating situation (see Holmes, 2012), it is worth briefly considering if the QS-C concept will
provide a different scenario for the origin of life.

20.8 RNA WORLD RECONSIDERED: INFECTIOUS STEM-LOOPS
THAT OPERATE AS QS-C COLLECTIVES

To evaluate the QS-C and infectious perspective on the RNA world hypothesis, I will apply
and explore the RNA agent concept introduced earlier to the role of stem-loop ribozymes in
the origin oflife. The main objective is to incorporate the historically absent QS-C and para-
sitic perspective (with its inherent feature for group fitness) into the process that creates RNA
societies. I will not explore early chemical evolution that might have led to the emergence of
RNA molecules but will instead assume that RNA has come into existence and follow its fea-
tures from this perspective. One immediate consequence of this perspective is that we will be
focused on collective features of RNA populations and will thus evaluate the chemical conse-
quence of ribozyme QS societies, not individual replicators. This foundation immediately cre-
ates a situation in which systems of molecules with multiple behaviors will have the primary
role in promoting the origin of life. It will also be important early on to consider how these
systems maintain coherence (group identity, presented later), as this is an essential feature.
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Indeed, a basic and continuing theme will be that a core function of stem-loop RNAs is
to provide molecular identity through all of evolution, including recent human evolution.
This identity theme will persist throughout this chapter and be frequently reintroduced. The
idea is then that individual members of stem-loop RNA societies were collectively able to
invade (ligate into) each other to form a more stable and capable (ribozyme active) consortia
with emergent, transformative, and unpredictable abilities. These collectives would lead to
the origin of various ribosome and RNA cellular societies (still linked to its stem-loop tRNA
origin). Such a scenario also introduces the basic role of cooperation in the origin of life. It
does not, however, eliminate competition, preclusion, and extinction that are also inherent
features of QS-C behaviors. Furthermore, the identity and transmissive role for stem-loop
RNAs sets the early (precellular) foundation for the origin of viruses whose emergence will
further drive host evolution via colonization. The cooperative and parasitic features of QS-C
will also promote the early participation of peptides in the identity and evolution of the ribo-
nucleoprotein (RNP) complex society. The maintenance of these RNA societies as a coher- .
ent collective will generally be mediated by addiction modules (counteracting functions that
recognize each other and harm nonrecognized partners) that underlie group identity and
immunity in all living systems. With this foundation, the emergence of genes, DNA, cells,
and individual fittest type selection can all be derived. But the emergence of DNA and cells
and Darwinian evolution does not terminate the central role for transmissive RNA societies
in the evolution of life. DNA becomes a habitat for these stem-loop identity RNAs, and it is
from this perspective that I will subsequently examine recent events in human evolution.
One issue should already be clear. This scenario posits that collective and cooperative behav-
iors were and remain essential for the emergence of living complexity. QS-C then provides a
conceptual foundation for the study of cooperating chemical networks in which RNA mix-
tures of self-replicating ribozymes can form highly cooperative and dynamic autocatalytic
cycles (Vaidya et al., 2012).Let us now put this into the perspective of virolution.

On the origin of the RNA world, short RNA oligomers formed by chemical processes
needed to become longer RNAs able to perform template-based catalysis. It has been pro-
posed that the initial chemical formation of hairpin-like RNAs (stem loops) could provide
ribozyme activity following a ligation-based modular evolution that would yield ribozyme
autocatalysis (Briones et al., 2009). Indeed, later, I present a series of studies that support
this modular view. But according to the parameters of QS-C evolution, for a consortium
of RNA stem-loop replicators to survive, they must form a coherent population. They must
share their identity and survival.' The recognition of the stem -loop sequence itself by cata-
lytic agents could provide such common identity. Alternatively, chemical markers or initia-
tors of catalysis could also mark the common population for priming or replication. Thus,
it is very interesting that the smallest ribozyme so far reported consists of just five nucleo-
tides able to catalyze aminoacylation of the 3' end (Yarus, 2011).The addition of an amino
acid to an RNA molecule has many interesting chemical implications. A ribozyme has
rather limited chemical potential compared to proteins. This is mostly due to proton disas-
sociation constant of various amino acid moieties that are not close to pH neutrality. Thus,
amino acids are much more capable as chemical catalyst for this reason. Without the par-
ticipation of amino acids, ribozymes must attain complex folds, often with some dynamic
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character (pseudoknots) to be effective catalyst allowing them to cleave and ligate RNA.
Given this chemical advantage, we might expect that RNA evolution was greatly facilitated
(but not coded) by peptides that contribute catalytically. In addition, such a modified RNA
would likely also provide a chemical marker that could distinguish this RNA population.
Indeed, this molecular identity idea is developed later as a way to better understand the
origin of tRNA and its role in initiating replication of so many RNA viruses as well as how
this chemical marker could promote the symbolic genetic code.

A good starting point for the accumulation of complexity seems to be hairpin ribozymes
whose activity can be controlled by external effectors (Muller et aI., 2012). Structural varia-
tion in these ribozymes allows progeny RNA to have different functions from their parental
RNAs. The objective is to replicate RNA with RNA which hairpin ribozymes can perform
via a sequence ofligation reactions that produce a longer ribozyme (Cheng and Unrau, 2010).
Along these lines, two short hairpin RNAs can catalyze their own ligation to form larger RNA
constructs (Gwiazda et aI., 2012).Thus, we see interactions that promote more complex prog-
eny. However, for a fully active ribozyme, complex RNA folding is needed. And such folding
is cooperative (Behrouzi et aI., 2012). Folded ribozymes can also interact with other small
molecules promoting their function as riboswitches (Ferre-D'Amare, 2011). This includes
amino acids that could promote either catalytic control or group identity marking. And the
ribozyme folds can also be dynamic and context sensitive as seen in pseudoknots (Perreault
et aI., 2011).But ribozymes can also be invasive, including self-invasive (Kumar and Joyce,
2003). Thus, stem-loop RNAs have many behaviors that would allow them to function as a
mixture of agents involved in their own recognition and synthesis. Of particular interest is
their ability to self-ligate as this could promote the emergence of RNA societies with self-
identity. We can also think of tRNA as stem-loop RNA with various functions and histories.
Indeed, it appears that tRNAs evolved from two separate hairpins (Dick and Schamel, 1995),
in which each of the stem loops interacts with a different ribosomal RNA subunit (presented
later). This is a very interesting observation from an RNA society perspective. The invasive
nature of intron ribozymes (endonuclease) also applies to tRNA from arch aea, but here four
distinct specificities are known (Fujishima et aI., 2011).This very much resembles an identity
system in which introns are marking central cellular (self) agents (tRNAs) for group identity
but should destroy similar tRNAs (viral, other cellular, etc.) lacking the intron marking.
It is thus also interesting that tRNAs with various linked amino acids themselves have been
proposed to have originated before the translation system as genomic 3' tags needed for
RNA ribozyme replication (Rodin et aI., 2011;Sun and Caetano-Anolles, 2008). This early
function can also be explained as having served as a tag for group identity and could better
explain the polyphyletic nature of the origin of tRNA (Di Giulio, 2013). .

20.9 AGENTS JOIN GROUPS AND SOCIAL NETWORKS
The QS-C perspective allows us to consider the role of stem-loop RNAs in the origin of the
RNA world in which the action of individual agents can cooperate and be combined into a
more capable collective action of a population. Thus, the origin of spontaneous cooperat-
ing networks of stem-loop RNA replicators (Vaidya et aI., 2012) can be understood from
this perspective. However, I will use the term network to include some distinct features,
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specifically network membership. To designate this situation, I apply the term social net-
work to distinguish networks that have no membership criteria. Networks can be either
open or closed. Biological networks almost always have a closed feature to them. Basically,
for a network to be coherent and able to act collectively, it must, limit membership to pro-
mote coordination. Otherwise, it is simply a collection of uncoordinated agents, and there
will be no selection for maintaining the network existence. If we are examining a network
composed of stem-loop RNAs, it will be necessary for the individual RNAs to have some
feature or behaviors that maintains membership (such as replication and recognition). This
requires interaction. If only one type of RNA is supported (e.g., high-fidelity replication),
there can be no complementation and complex function (i.e., ribozyme) for the collective.
A diversity of behavior and type will be essential. Recall, however, that these RNAs act as
agents in which various (multiple) behaviors will be possible even for the same sequence.
This means there are diversity of interaction as well as diversity of type. Thus, overall
interaction of an RNA agent with the collective must promote coherence and continued
existence. What then are the features that promote continued existence (selection) for a
network? This does not require that only positive (e.g., replication) interactions be sup-
ported. Negative interactions, including interference, will also be needed. FQr example,
highly efficient runaway replicons would overtake a QS collective and yield only one RNA
type. Thus, the QS would lose complementing functionality and would also consume all
substrates if they were not regulated. This situation presents a problem in those habitats
with limited substrates (likely a very common state). Therefore, some level of self-regula-
tion (negation) in the collective would promote the survival of the collective, especially if
these RNAs could interact with the substrate in a regulatory (riboswitch) mariner. That
efficient replicators become susceptible to parasitic replicators would provide an inherently
spontaneous process of self-regulation. Yet, the collective will still need to promote replica-
tion when it is favored. Accordingly, it becomes important for members of the collective
to be subjected to both positive and negative self-regulation via RNA-RNA interactions.
However, here too, there must be some limits to self-regulation as the collective cannot
tolerate overly active self-regulating members that will extinguish the collective. Thus, we
see that being a successful member of a collective has many (and multiple) behaviors asso-
ciated with it. On top of that, as a QS-C replicates, these features will drift with time in a
dynamic manner. In this context, we can see that a random RNA stem loop or a stem-loop
RNA from a different QS collective would likely not be coherent with the other members
of a particular QS. A QS society is generally rather specific for its members. Group selec-
tion has already started. Indeed, many experiments with RNA viruses infecting humans
and animals have shown that a particular QS will exclude other QS of the same virus.
And such society membership is also time dependent in that the serial passage of the same
viral QS will usually result in subsequent QS that precludes prior individual members of
the QS. This behavior has often been called a Red Queen behavior, but such a classical neo-
Darwinian view does not incorporate or acknowledge the issue of group membership. The
membership view, on the other hand, allows us to understand the maintenance of minor-
ity types in the collective since these members can provide a needed but complementing
catalytic control. Thus, a QS society is a network that will naturally promote the emergence
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of membership. And as noted, defective interfering agents can also contribute to member-
.ship control. As I have previously proposed (Villarreal, 2012), group membership can also
be promoted by the combined action of toxic agents linked to antitoxic agents. A common
version of a toxic agent is an endonuclease that will cleave sequences that are recognized
(as foreign). The antitoxin in this case prevents the action of the endonuclease (e.g., via a
bound protein or methylated base, dsRNA with another molecule, altered RNA fold). In
this light, the endonuclease and ligation activities of stem-loop ribozymes are particularly
interesting. A stem-loop ligase could provide a mechanism to recognize nonmember stem-
loop RNAs and destroy them by ligation. Recall, however, that serialligation can also be
used to copy a stem-loop RNA. But such a situation has several very interesting implica-
tions. One of the problems with a society of stem-loop RNAs is that to attain their com-
bined function, they need precise physical molecular placement relative to one another.
This would normally require a high concentration dependence to counteract diffusion. By
ligation, however, we could build a society of stem-loop RNAs that have covalently placed
the various stem loops in the correct functional (or dynamic/regulatory) context and have
lost their concentration dependence. It seems likely that such a process would involve an
invasive self-colonizing stem-loop RNAs that result in one molecular entity with a com-
mon identity function. This would generate one entity that evolved from the ligation of
a mixed set of stem-loop agents that now have a highly enhanced (collective) functional
capacity. This collective would also have a highly enhanced capacity for persistence as it
need not continually replicate individual stem-loop RNA agents to maintain its member-
ship. The collective, however, would still need to oppose nonmember or other parasite
participation. Additionally, a collective might attain a conditional (regulated) replication
capacity if it incorporates stem-loop RNA riboswitches. It is by such a process that we can
now consider the origin of the ribosome.

Membership is thus crucial for living networks (systems) to emerge. In examining the liter-
ature relevant to QS, the RNA world, and RNA network formation, we can indeed find some
experimental evidence that supports QS and the spontaneous emergence of RNA networks.
But almost completely lacking from such experiments is any evaluation of the membership
issue. For example, QS-like behavior has been observed with in vitro RNA replicator studies
(Arenas and Lehman, 2010). Nonenzymatic template (peptide)-directed autocatalytic sys-
tems can show network behavior (Dadon et al., 2012).And communities of RNA ribozyme
replicator sets can also show lateral evolution (Hordijkand Steel, 2012).Also rule-based com-
puting simulation has been applied to similar systems in an effort to understand the emer-
gence of parasites and antiparasites (Jalasvuori et al., 2010).Along these lines, the hypercycle
kinetic model was proposed to be a system of cross-catalyzing RNA replicators that depend
on cooperation for growth, but this is not a collective autocatalytic system as proposed earlier
(Szathmary, 2013).IBut hypercycles as proposed are not able to tolerate parasites, let along
depend on them for development. Yet, the biggest problem of all such studies is that there is
no assumption regarding the basic importance of network or group membership. Without
this network membership concept and its attending strategies and mechanisms, authen-
tic collective action does not emerge. Systems do not develop. The dynamic nature of net-
work membership and collective action poses many unsolved problems for existing theory.
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For_example, how is the multipotential 'Ofan individual RNA to be evaluated within the
QS,-C if we cannot specify all the other interactions and how they change with time? We
cannot apply our current ideas of fitness to this individual RNA as the historical and popu-
lation context is key. Network membership needs to be prominently considered if we are to
understand the origin of the ribosome and the genetic code. As will be further outlined later,
replicator identity marking via 3' aminoacylated of a stem-loop RNAs appears lTIOStable to
explain the origin of a tRNA-mediated genetic code. This is a big difference in our conceptual
stance. For in contrast to Darwinian evolution; network members will generally have distinct
ancestral histories. These members will mostly originate from separate parasitic lineages that
were able to penetrate defenses and join the network (sometimes in mixtures). They do not
need to descend from one individual or even be from the same type of agent (virus, trans-
poson, intron, intene, etc.). From this perspective, we can understand why the two halves
of tRNA have distinct evolutionary histories, yet tRNA is a core agent for the evolution of
life. Thus, neither the amino acid-based (peptide) ancestors nor the RNA-based ancestors
need a common origin to participate in a symbiogenic network. QS-C theory supports such
a network process. And we will continue to apply the QS-C perspective for the rest of this
chapter. In the following, network membership will provide the basisfor examining noncod-
ing RNA-based regulation needed for multicellular complexity (Lozada-Chavez et al., 2011).

20.10 CONCLUSIONS
The application of virolution overall to issues regarding the origin oflife can provide us with
a very distinct and new perspective on how living systems emerge from chemical replica-
tors. The emergence of cooperative QS-C thinking from the more accepted QS equations of
Manfred Eigen, based on individual type selection, has provided a conceptual foundation
from which collective action of RNA agents can now be understood. As group membership
becomes a basic criterion for the emergence of living systems, we also start to understand
why the history and context of the RNA society become crucial for social survival and func-
tion. History and context dependence also lead to the emergence of symbolic code in living
systems. Indeed, this QS-C thinking can also provide us with a transition point between
the chemical world of RNA replicators and the living world of RNA agents that must belong
to their respective society. The power of a consortium to solve complex, multilevel problems
that can even use opposing and minority functions becomes evident. This power, which
promoted the emergence of the RNA world, did not become extinct with the emergence of
DNA-based life. As we will see subsequently, the consortial action of parasitic RNA stem-
loop societies can also help us understand the emergence of our large social human brain.

GLOSSARY
ERVs: Endogenous retroviruses. Partial or complete sequences derived from.retroviruses

that have become part of the host genome.
Exapted: An evolutionary theory that proposes that DNA (genes) from other organisms,

such as parasites, can become part of the host DNA following natural selection.
Genetic parasites: Genetic agents, such as viruses and transposable elements, that colo-

nize and use host systems for their own maintenance.
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Group identity: The capacity for a group of living and/or genetic agents to recognize other
members of the same group.

LINEs: Long interspersed nuclear elements. Genetic agents, distinct from retroviruses,
which derive from a type of retrotransposon, able to replicate from RNA via DNA.

LTRs: Long terminal repeats. The characteristic sequences found on both ends of a retro-
virus genome.

Matagenomic: The study of populations of genomes as they occur in particular habitats.
Network membership: The capacity of a network to recognize allowed members from

nonmembers.
Networks: A system of agents (or elements) that interact in a coherent fashion, usually

associated with regulation.
Pseudoknots: The ability of a stem-loop-like RNA to fold itself into two distinct and

dynamic conformations.
Quasispecies: A population of related genetic agents that are derived by variation during

replication. ,
Riboswitches: A dynamic RNA fold structure that interacts with a regulator (such as a

small molecule) to change its conformation and function.
Stem-loop RNA: Small regions of RNA that can fold back on themselves to form base

pairs.
Synbiogenic: The generation of genetic novelty via the stable interaction with a symbiotic

organism.
tRNA: Transfer RNA; the small clover-leaf-shaped RNA that binds to the ribosome and is

responsible for providing the correct amino acid in the triplet genetic code.
UTR: Untranslated region. Sequences of DNA that are regulatory and do not code for

protein synthesis.
Virolution: A term coined by Frank Ryan to describe host evolution mediated by the

action (selection, protection, integration) of viruses.
Virosphere: The extended virus composition of a biological habitat.

REVIEW QUESTIONS
1. What is meant by the term virosphere?

2. What is meant by the term virolution? Explain how virolution promotes evolutionary
novelty and why is this process more efficient than the serial selection from errors.

3. Explain quasispecies and QS-C. How do these two differ?

4. What are the individual agents in QS-C? How do they recognize each other? How is
membership in the consortium determined and regulated?

5. Explain how the fitness of QS-C depends on diversity of its members.

6. Show the application of the concept of the ribozyme QS societies to the RNA world
hypothesis. Why is it essential that one considers the QS societies rather than the indi-
vidual replicators?
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7. Spontaneous cooperating networks of stem-loop RNA replicators are at the origins
of the RNA world. Discuss the concepts of networks versus social networks that have
membership criteria. Why is membership important?

8. A QS society is specific for its members. Provide experimental data that illustrate this.
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