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Resum. El mén microbia ofereix les proves més directes de selec-
cié natural, el concepte central del pensament de Darwin. Les evi-
dencies de I'extraordinaria diversitat bioldgica en I'ambit molecu-
lar, el paral-lel a la diversitat morfologica observada per Darwin, no
ha deixat d’augmentar fins als nostres dies. Afecta tot tipus d’or-
ganismes i els parasits que contenen, fins i tot els virus. Alguns
dissenys experimentals amb els virus RNA han permes dissecar
els processos basics de I'evolucio biologica: variacid genética,
competicid i seleccio. La dinamica poblacional que caracteritza els
virus amb RNA es coneix amb el nom de dinamica de quasiespe-
cies, terme que es refereix a una teoria de I'origen de la vida de-
senvolupada fa quatre decades, la qual proposa que els primers
objectes dotats de replicacio autdbnoma es van construir, fa apro-
ximadament quatre mil milions d’anys, a partir de molecules peti-
tes, iguals o similars al RNA que coneixem actualment. Aquestes
molecules primitives van poder evolucionar gracies a la continua
produccio de copies erronies, tal com observem en els virus RNA
actuals. Avui dia, la dinamica de quasiespéecies permet als virus
sobreviure als organismes que parasiten i respondre a les pressi-
ons selectives que n’intenten frenar la multiplicacio (components
del sistema immune, drogues, etc.). Entre els virus RNA, s’hi tro-
ben patdgens humans tan notables com el virus que causa la
sida, els virus associats a diverses formes d’hepatitis i diferents vi-
rus emergents i reemergents, de manera que les implicacions de
la dinamica de quasiespecies per al control de malalties viriques
sén molt clares. Algunes investigacions han establert que dins de
les poblacions de virus hi ha interaccions entre els components de
la mateixa quasiespécie, la qual es comporta com una «unitat de
seleccid». Aquesta observacié representa un canvi fonamental
respecte al que es pensava fa pocs anys, en el sentit que el com-
portament dels virus no és necessariament predictible pel com-
portament de les genomes individuals que componen una pobla-
cio. Aixo té diverses implicacions tant tedriques com mediques.

Paraules clau: evolucié biologica - virus RNA - quasiespecies -
dinamica de quasiespecies - mutagenesi letal
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Summary. The microbial world offers the most direct evidence
of natural selection, the central concept of Darwin’s theory.
The evidence of the extraordinary biological diversity on the
molecular level, and its parallelism to morphological diversity
observed by Darwin, has continued to increase until our days.
It affects all types of organisms and the parasites they contain,
including viruses. Some experimental designs with RNA virus-
es have allowed us to dissect the basic processes of biological
evolution: genetic variation, competition and selection. The
population dynamics that characterizes RNA viruses is known
as quasispecies dynamics, which refers to a theory of the origin
of life developed four decades ago, which proposes that the
first elements equipped with autonomous replication were con-
structed, approximately 4000 million years ago, from small
molecules, equal or similar to the RNA we know today. These
primitive molecules were able to evolve thanks to the continuous
production of erroneous copies, as we observe in the current
RNA viruses. Today, quasispecies dynamics allows viruses to
survive in the organisms they parasite and respond to selective
pressures that attempt to stop their multiplication (components
of the immune system, drugs, etc.) Among RNA viruses there
are well-known human pathogens such as the virus that caus-
es AIDS, the viruses associated to the different forms of hepati-
tis, and different emerging and reemerging viruses, so the im-
plications of the dynamics of quasispecies for the control of
viral diseases are very clear. Research has established that
within viral populations there are interactions between compo-
nents of the same quasispecies, which behave/operate as a
“selection unit”. This observation represents a fundamental
change with regard to what was thought a few years ago, in
the sense that the behavior of viruses is not necessarily pre-
dictable by the behavior of the individual genomes that make
up a population. This has several theoretical, as well as medi-
cal, implications.
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The contributions of Darwin have been associated fundamen-
tally with biological evolution. Yet, natural selection, the key
concept of Darwinism, has been influential in a wide range of
phenomena, most of them paramount to the understanding of
the universe we live in and even to the origin of life on Earth.
The essence of Darwinism can be illustrated by the develop-
ments shown in Table 1.

Table 1. The ample influence of Darwinism?

¢ Evidence that evolution did indeed occur and that
humans are a product of biological evolution

e Cosmological natural selection

e QOrigin of life; quasispecies theory

e Brain function: perception, cognition, memory, behavior;
evolutionary psychiatry

e Social Darwinism

aSee text for references.

Some of them still surrounded by controversy:

First, Darwin provided extensive empirical documentation
that evolution did indeed occur and that humans (like any other
animals or plants) are a product of biological evolution. This
represented a fundamental change of perspective on the na-
ture of human beings and their place in the biosphere. It was a
direct blow against religious views of the origin of man. The
shock must have been equivalent to the recognition by Nico-
laus Copernicus that planet Earth was not the center of the
solar system but just one planet among others, in orbit around
a star just like many other planets in a universe full of stars. The
change in perception of the nature of humans necessarily cre-
ated a strong reaction from those that defended other, scien-
tifically unfounded notions on the origin of humans and the
“purpose” of their existence. In the eyes of a dominant religious
establishment that has opposed (or opposes) undertakings
such as the dissection of human cadavers, anesthesia, sur-
gery, birth control, in vitro fertilization, or stem-cell research
(@among others), the departure proposed by Darwin was, no
doubt, devastating. Resistance to the theory of evolution ex-
tends to the present time, in the form of creationism or its more
recent version, intelligent design.

Second, in 1992 the cosmologist Lee Smolin proposed the
theory of cosmological natural selection (CNS), applying Dar-
winian concepts to the origin of the Universe [30,31]. In the
CNS, the notion of the “landscape” of the Universe or an “en-
semble” of universes was introduced, in analogy with “fithess
landscape” or “space of genotypes” in biology. The space of
genotypes can be projected into a space of phenotypes. Like-
wise, in the CNS model, a space of parameters, analogous to
the space of phenotypes in biology, includes those parameter
values that give rise to universes similar to ours, with long-lived
stars and a complex chemistry compatible with life. The fithess
function is the average number of black holes generated by
each “bounce transition” or “creation” event. CNS constitutes
the main current alternative to the multiverse cosmological the-
ory (the existence of an infinite number of universes) based on
the anthropic principle (for a general account of the anthropic

principle and the multiple universe concept, see [35]). The con-
troversy between these two cosmological theories continues,
but the formulation of the CNS in a scientific domain so distant
from biology is a demonstration of the far-reaching influence of
Darwinian concepts.

Third, on a widely different time-space scale, the under-
standing of brain function also has been guided by natural se-
lection and evolutionary concepts. Processes such as percep-
tion, cognition, and memory have been viewed as events that
result from the selection of neuronal contacts, triggered by ex-
ternal stimuli. William Calvin popularized this view of brain func-
tion and its links with Darwinism [3].

And fourth, a better known extension of Darwinian concepts
to social sciences is social Darwinism, which asserts that com-
petition at different levels (among individuals, organized groups,
nations, etc.) drives social evolution in human societies. Ac-
cording to this view, competition leads to “survival of the fit-
test,” a term coined by Herbert Spencer. The development of
social Darwinism was influenced not only by the ideas of Dar-
win and Spencer (in some aspects, the ideas of Spencer pre-
dated those of Darwin), but also by Thomas Malthus (who also
exerted an important influence on Darwin) and Francis Galton,
the founder of eugenics. The multiple facets and impact of so-
cial Darwinism, including eugenics and Nazi ideology, are ex-
ploited even today to oppose Darwin. Their coverage is beyond
the scope of this article.

What is the key concept that unites the Darwinian view of
the origin of man, the origin of our universe, and brain function?
It is “dynamics.” Natural selection (acting on living or non-living
objects) implies the generation of multiple versions of a given
object and, at the same time, an external (environmental) influ-
ence that makes one of the versions prevail over the others.
Selection occurs within widely different time scales: millions of
years for the predominance of some animal species and frac-
tions of a second for the preferred reinforcement of some neu-
ronal contacts.

Origin of life and quasispecies theory

One of the most influential theories in biology developed during
the 20th century was the quasispecies theory, initiated in the
work of Manfred Eigen [11] and then developed by Eigen and
Schuster [12]. Quasispecies is a theory of the origin of life that
seeks to explain the transition from an inanimate world to the
first forms of life (self-replicating entities), which is assumed to
have consisted of RNA or RNA-like replicons. The theory de-
scribes mathematically error-prone replication and the forma-
tion of abundant collections of mutants, termed mutant clouds.
The generation of diversity allowed the self-organization and
adaptability of the primitive replicons that might have populat-
ed the Earth some 4000 million years ago, a time known as
“the RNA world.” A highly schematic and simplified view of the
possible course of events is depicted in Fig. 1. Myriads of sim-
ple, non-replicative RNAs (or RNA-like oligonucleotides) could
have been synthesized under pre-biotic conditions [24]. Among
them, a few could have displayed an incipient replicative (self-
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copying) capacity, as suggested by the catalytic activities of
some present-day ribozymes (RNA enzymes). When RNA lev-
els reached a critical replicative level (center panel in Fig. 1),
additional diversification and the acquisition of new functions
became possible over extended periods of time, prior to the
advent of DNA, that involved specific protein catalysts, com-
partmentalization, and mechanisms for the generation or cap-
ture of energy-rich compounds for metabolic activity. Obvious-
ly, other mechanisms for the origin of life have been proposed,
highlighting either an incipient metabolism or primitive genetics
as the main triggering event (reviewed in [1]). Despite problems
in the laboratory reproduction of some of the steps likely in-
volved in the synthesis of self-replicating molecules, our current
knowledge of chemistry and biology offers strong arguments
that primitive life was created naturally from inert (non-living)
building blocks.

In connection with quasispecies theory, an unexpected
event occurred in 1978, at the “Winterseminar” held in Klo-
sters (Switzerland), a meeting sponsored annually by the Max
Planck Institute and organized by Eigen. Just when the for-
mulation of quasispecies theory had been completed by Ei-
gen and Schuster, Charles Weissmann reported in Klosters
that the structure and dynamics of populations of an RNA vi-
rus, the bacteriophage Qp, were precisely as predicted by

quasispecies theory [5]. This was the beginning of an ex-
tremely influential collaboration between theoretical biophys-
ics and virology that continues today (for an historical account
of the development of quasispecies in virology, including a
celebration at the Institute for Catalan Studies in November
2008, see [9]). Quasispecies theory represents a link between
concepts of information theory and Darwinian natural selec-
tion, and it has been remarkably useful in furthering our under-
standing of genetic systems that replicate with limited copying
fidelity.

Darwin and microbiology

The year 1677 is generally agreed to be the date of the origin of
microbiology as a branch of the natural sciences. In that year,
Antonie van Leeuwenhoek described his observations of small
living creatures visible under the microscope. The results were
published as a letter in the Philosophical Transactions of the
Royal Society of London [32]. Although the studies of van
Leeuwenhoek preceded those of Darwin by almost two centu-
ries, microbiology and infectious diseases were not taken into
consideration in the development of evolutionary thinking. Dar-
win was aware of the work of Louis Pasteur and Robert Koch,
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but did not mention infectious disease as possible promoters
of evolution (review in [20]).

Cellular microbes and viruses are relevant in evolutionary
biology for two reasons. First, they can evolve at very rapid
rates; as fast evolvers they shed light on key evolutionary
mechanisms, such as competition, selection, and bottleneck
events (the colonization of some environment by one or a few
individuals separated from a large microbial population). Sec-
ond, pathogenic microbes are the actors of evolution, modu-
lating host population numbers and favoring selection of hu-
mans, animals, and plants that are resistant to decimating
diseases. In this scenario, the fastest replicating and evolving
elements that have been recognized to date are RNA genetic
elements, and particularly RNA viruses. Viruses were not dis-
covered until 1898 [21], 39 years after the publication of Dar-
win’s On the Origin of Species. Decades later, viruses were
defined as particles containing either DNA or RNA (but not
both) as genetic material and whose replication is totally de-
pendent on a host cell. Viruses have served as the source of
defined nucleic acids of different conformations (linear, circu-
lar, single-stranded, double-stranded, segmented or unseg-
mented) for physical, genetic, and biochemical studies. Our
understanding of basic life processes, such as replication,
transcription (synthesis of RNA from DNA), and translation
(protein synthesis), has greatly benefited from the use of viral
nucleic acids as templates.

Interestingly, during replication, viruses that have RNA as
their genetic material, the RNA viruses, mutate at rates that can
be up to a million-fold higher than the rates operating normally
during cellular DNA replication (Fig. 2) (reviews in [7,18]). RNA
viruses include important animal pathogens, such as human
immunodeficiency virus type 1, influenza virus, and the viruses
of hepatitis A and C. The study of their evolution has shed light
not only on their origin but also on mechanisms of pathogene-
sis, the latter being intimately related to quasispecies dynamics
[7,9,19].

Microbes and evolution in the 20th century

The impact of rapid evolution of RNA viruses must be placed in
the context of the developments of evolutionary biology that
took place in the 20th century. The 1920s witnessed the formu-
lation of the “modern synthesis,” i.e., a unification of the con-
cepts of natural selection and Mendelian genetics, as proposed
by Ronald A. Fisher, John B.S. Haldane, and Sewall Wright. The
“synthesis” was coherent with a number of key discoveries in
molecular genetics, such as that of DNA as the genetic material
and the mispairing of bases as a mechanism of mutation, and
with the flow of genetic information being DNA — RNA — protein
(with the exception of retroviruses and other retroelements that
contain reverse transcriptase, an enzyme enabling the synthesis
of DNA from RNA). Advances in molecular biology, including the
advent of genetic engineering and reverse genetics, reinforced
the conviction that Darwinian principles provided the framework
to understand evolution. Indeed, there was little question that
genetic material underwent variation (by mutation, several forms
of recombination, and genome segment or chromosome reas-
sortment) and that there was competition among variant forms
as well as selection of the most fit individuals (or collectivity of in-
dividuals) under a given set of environmental conditions. These
Darwinian principles apply to the biological world in its entirety,
including microbes and viruses, and are consistent with the na-
ture of the genetic material and its variations.

The relevance of quasispecies in viral evolution

When an RNA virus infects a host organism, a mutant spectrum
is generated due to the error-prone replication of the incoming
virus (Fig. 3). Organisms can be infected with a single virus par-
ticle (in the case that a severe bottleneck occurred during trans-
mission), or by multiple, closely related particles (from a mutant
spectrum present in the donor, infected host), or by particles
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from different isolates. In addition, and to complicate matters
further, infection may reactivate latent, related or unrelated vi-
ruses that were dormant in the organism. In all cases, further
replication of the incoming virus can be regarded as a first stage
of virus diversification within an infected host. To some extent,
each infection in vivo represents the unfolding of a new evolu-
tionary history for a virus. Viruses that we isolate and analyze are
the product of successive cycles of transmission, a unique evo-
|utionary history in an individual host, new transmission, etc.
Analyses of the mutant composition of RNA viruses, as well
as of at least some DNA viruses, have documented that they
replicate as mutant spectra (also termed mutant clouds) rather
than as a defined genomic nucleotide sequence (recent reviews
in [6,8]), as predicted by quasispecies theory. However, the latter
was formulated initially as a deterministic theory involving steady-
state mutant distributions of infinite size, in equilibrium. Under
the assumption of a single peak fithess landscape, the popula-
tion is dominated by a master sequence, which is the genome
with maximum fitness in the distribution [11,12]. Obviously, mu-
tant spectra of real viruses are not steady-state distributions lo-
cated in a single peak fithess landscape. Generally, deterministic
models are developed first because they place a problem in
mathematically solvable terms. At later stages, stochastic com-
ponents are introduced to render the models more realistic. This

and other simplifications introduced in the development of qua-
sispecies theory and its implications (for example, the assump-
tion of a single fitness peak, and the assignment of the same
relative fithess value to all components of a mutant spectrum)
were a necessity given the limited computational power and
tools at the time of the theory’s formulation. However, such sim-
plifications should not be used to diminish the relevance of qua-
sispecies to understand RNA viruses. More recently, extensions
of quasispecies theory to finite genome populations in variable
environments have been developed [13,29,36], and they further

Table 2. Biological relevance of mutant spectra®

e Mutant spectra are reservoirs of genetic and phenotypic
virus variants.

e Quasispecies complexity can affect biological behavior
(virulence, response to antiviral treatments).

e |nteractions among components of a mutant
spectrum are established and can be either positive
(producing complementation) or negative (producing
interference)

e Mutant spectra may include “memory” genomes.

e \iral quasispecies act as a “unit of selection.”

aSee text for references.
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Fig. 3. Schematic description of a viral quasispeceis. Infection by a single viral genome results in the generation of mutant spectra, one of which is
represented on the right. Genomes are depicted as horizontal lines, and mutations as symbols on the lines. In real infections, the number of genomes
at any given time can be as high as 10''-10'? particles, constituting vast mutant clouds. The consensus sequence (bottom) is the one that includes
at each position the residue found most frequently at the corresponding position in the mutant ensemble. The complexity (average number of muta-
tions per genome) and composition of a viral quasispecies are important determinants of the biological behavior of a virus. See text for specific exam-

ples and references.
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justify it as an adequate theoretical framework for the under-
standing of RNA virus evolution.

Quasispecies as reservoirs of variant viruses and
as integrated units of selection

The existence of RNA viruses as mutant spectra has several
consequences that affect the interpretation of both virus evolu-
tion and viral pathogenesis, as summarized in Table 2.

The main points are the following:

First, mutant spectra are extensive reservoirs of genetic and
phenotypic variants. Until recently, the amplitude of mutant
spectra could be assessed by determining nucleotide se-
quences of individual molecular or biological clones that com-
pose a viral population. This allowed mutant spectra to be de-
fined at the resolution level of 10-100 clones per sample
(reviewed in [6,7]). New deep-sequencing technologies can be
used to penetrate the composition of mutant spectra, and to
analyze 10*-10° clones per sample, with a resolution of minor-
ity mutations present at a frequency of 1% [23]. These new
technologies have amply confirmed the existence of complex
mutant spectra for all viral isolates analyzed to date. The array
of variants confers viruses with the ability to adapt to different
environments. Examples relevant to intra-host development of
an infection are variants with altered host-cell tropism (allowing
viral progeny to infect a new tissue or organ), variants that can
escape neutralization by antibodies or cytotoxic T cells (facili-
tating viral persistence), or variants with decreased sensitivity
to antiviral inhibitors administered to limit viral replication.

Second, quasispecies complexity (the amplitude of the mu-
tant spectrum (Fig. 3)) can affect biological behavior (several ex-
amples are provided in [6]). This has been best documented in a
poliovirus mutant exhibiting a template copying fidelity about
five times higher than that of the wild-type virus. The increased
fidelity was due to a single amino acid substitution in the viral
RNA-dependent RNA polymerase, the enzyme involved in repli-
cation of the viral genome. This high-fidelity mutant gave rise to
mutant spectra that were narrower (lower average number of
mutations per genome) than the wild-type spectrum. Interest-
ingly, the mutant had a defect in adaptability to a complex envi-
ronment and displayed decreased neuropathology in mice
[27,33]. These results demonstrated the biological relevance of
high mutation rates in vivo (they can no longer be regarded as a
mere consequence of rapid replication), illustrated the biological
relevance of mutant spectra, and introduced a new concept of
virulence and attenuation as traits that can be determined by
the complexity of mutant spectra [34].

Third, mutant spectra are not simply collections of mutants
acting independently. They constitute integrated units of selec-
tion. This is supported by different lines of evidence, involving
either the analysis of selected genomes, the effect of perturba-
tions introduced into a viral quasispecies, or the presence of
memory genomes in viral populations. The main observations
can be summarized as follows. When a quasispecies was re-
constructed with low frequencies of mutants resistant to a
monoclonal antibody, a mutant cloud, not an individual variant,

was selected by the antibody [25]. This result implied that col-
lections of mutants can be selected, even though no obvious
interactions among the individual mutants used to reconstruct
the quasispecies were expected. In another approach, a highly
mutagenized mutant spectrum interfered with replication-com-
petent standard genomes present in the same quasispecies
[16]. This was one of the observations that supported lethal
defection as a model of virus extinction by enhanced mutagen-
esis [17]. According to the lethal defection model, which is cur-
rently the object of considerable theoretical and experimental
research, a class of defective genomes that interfere with the
replication of a standard virus can contribute to virus extinction,
when the virus replicates under conditions of enhanced muta-
genesis. Indeed, it has been documented that individual viral
mutants can either complement or interfere with the replication
of other mutants or of standard genomes with which they coex-
ist in the same mutant spectrum [4,26]. In several early studies it
was observed that the fitness of biological clones isolated from
a viral quasispecies was less than the fitness of the average,
parental population [5,10]. This is consistent with the occur-
rence of complementation among components of a quasispe-
cies when replicating under a basal mutation rate. Complemen-
tation becomes interference when mutation rates increase and
defective genomes become more abundant in the population.

And fourth, the relevance of the mutant spectrum as a whole
for virus behavior is also illustrated by the presence of “memo-
ry” in viral populations. Indeed, evolving quasispecies are en-
dowed with a molecular memory, consisting of minority ge-
nomes reflecting those that were dominant at a previous phase
of the same evolutionary lineage ([28]; review in [2]). Since pop-
ulation bottlenecks erase memory, the latter is a property of the
ensemble of genomes that compose the entire quasispecies.
Memory may favor adaptation of a virus population to an envi-
ronmental change previously experienced by the same lineage
at an earlier phase of its evolution.

The first and second features document the multiple biologi-
cal implications of mutant spectra regarding adaptability and
interaction with the environment, in particular as a factor in viral
pathogenesis. Features summarized in the third point demon-
strate that there are internal interactions among components of
the same replicating mutant spectrum, exerted through trans-
active gene products. Quasispecies behavior is influenced by
such intra-mutant spectrum interactions. The fourth feature
shows that quasispecies dynamics provides a means to re-
spond in a history-dependent manner, a property typical of
complex adaptive systems ([14,15; discussed in [28]).

Therefore, viral quasispecies cannot be regarded as indepen-
dently acting collections of mutants that reach a mutation-se-
lection equilibrium, as in classical Wright-Fisher formulations of
population genetics. Rather, their behavior is collective and diffi-
cult to predict from the behavior of the individual components.

Viruses as models of biological complexity

The application of quasispecies to the understanding of viral
population dynamics introduced the concepts of complexity to
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the field of virology and, to a certain extent, also to Darwinian
variation-competition-selection principles. Complex behavior is
shared by a number of physical, chemical, and biological sys-
tems and processes. Complexity governs disparate operations
such as brain function, climate evolution, the spread of epi-
demics, the activity of financial markets, the immune system,
the response to therapeutic interventions, and the motion of
plasmas (gases of charged particles) (reviewed in [22]). They
share collective patterns of interactions, and the resulting be-
havior cannot be anticipated from that of the individual ele-
ments comprising the ensemble.

Complexity in biological systems can be regarded as an ex-
tension of the mechanisms by which natural selection oper-
ates. In this new view, the targets of selection are not “individu-
al objects” subjected to variation but “a group of interacting
objects” subjected to variation. Occasionally, complex behav-
ior has been erroneously equated with the complexity of a bio-
logical object and taken as evidence of some mysterious, high-
er-order interventions in the course of natural events. Indeed,
the so-called principle of “irreducible complexity” has been
used as evidence of an intelligent design. This is obviously a
biased and unscientific interpretation. Whether we refer to the
complexity of an object or to complexity in behavior, the avail-
able evidence indicates that either one is the result of the same
natural laws of physics, chemistry, and biology that have
shaped (and are shaping) the physical and biological worlds. In
this understanding of life processes, the Darwinian concept of
natural selection occupies a central role.

To finish this brief account of viruses as Darwinian systems,
here | reproduce the last sentence in Calvin’s book on brain
function [3], which illustrates the fascinating potential of matter
to organize itself to give rise to mental activity, achieved follow-
ing the natural rules of physics, chemistry, and biology: “The
Darwinian principles that shaped life on earth over billions of
years, that daily reshape the immune system in our bodies,
have again blossomed in human heads on an even more ac-
celerated time scale. In much the manner that life itself unfold-
ed, our mental life is progressively enriched enabling each of us
to create our own world. To paraphrase Charles Darwin, there
is grandeur in this view of mind.”
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