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          Abstract   Cellular life is immersed into an ocean of viruses. Virosphere forms 
the shadow of this cell-based tree of life: completely dependent on the tree for 
existence, yet, the tree is equally unable to escape its ever evolving companion. 
How important role has the shadow played in the evolution of life? Is it a mere 
ethereal partner or a constitutive factor? In this chapter four puzzles in virus 
research are taken under the scope in order to probe some of the intriguing ways 
by which viruses can help us understand life on Earth. These puzzles consider 
the origin of genetic information in viruses, viruses as symbiotic partners, the 
structural diversity of viruses and the role of viruses in the origin of cellular life. 
More than providing answers, this introduction exempli fi es how viruses can be 
approached from various angles and how each of the angles can open up new 
ways to appreciate their potential contributions to life.      

    1   Introduction 

 Life on Earth is composed of multitude of cellular organisms, some of them being 
as tiny as bacteria, others as complex as humans. Yet, this cellular way of living is 
overwhelmed in both number and genetic diversity by non-cellular entities, each 
of which is capable of enforcing cellular organisms to ful fi ll their sel fi sh needs. 
A word  virus , a Latin term for poison, commonly refers to this strategy for survival. 
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And for a poison they are often treated. This is of no surprise, given that the apparent 
simplicity and inanimate nature of deadly viruses (van Regenmortel  2000 ; Moreira 
and López-García  2009  )  may lead us to intuitively neglect or completely ignore 
them in our approaches to understand the evolutionary spectacle that living things 
have to offer. Yet, while being relatively simple in comparison to cells, there is 
much that we do not know about viruses or their roles in evolutionary processes. 
Viruses have been here for a long time (Forterre and Prangishvili  2009a  ) , and studies 
suggest that viruses appear to have played a part in events such as the origin of 
cellular life (Koonin et al.  2006  )  and the evolution of mammals (Gifford  2012  ) . But 
what has their role been exactly? When does the inclusion of viruses into the frame 
of analysis lead to evolutionary insights? Or even breakthroughs? 

 Unfortunately in many instances we are still after on a mere hunch. For this 
reason, instead of providing you with a set of scienti fi cally chewed and grounded 
answers, I introduce you to a four selected puzzles in virus research in an attempt 
to scope where the limits of some of our contemporary knowledge lies. The pre-
sented questions revolve around themes such as the origin of new genetic information, 
the origin of new types of symbiotic relationships, and even the origin of life as we 
know it. Naturally profound puzzles as these are horribly dif fi cult ones to address 
in a complete and comprehensive manner. Yet, in the spirit of this book, these 
puzzles can help determining whether viruses could be considered truly as essential 
agents of life. 

    1.1   Viruses and Virions: What Is the Difference? 

 First, however, a relatively commonly adopted misconception on what a biological 
virus actually is must be resolved because it has been behind many of the misunder-
standings on viruses. The heart of the issue lies in the notion that a virus often refers 
only to the protein-formed protective capsid, which encloses viral genomic informa-
tion in the extracellular environment (see discussion in Jacob and Wollman  1961 ; 
Forterre and Prangishvili  2009b ; Villarreal and Witzany  2010 ; Moreira and López-
García  2009 ; Jalasvuori  2012  ) . This infectious particle is known as a virion and they 
are generally regarded to be dead (in many depressingly unfruitful discussions). 
Virions are entities that intrude and assume the control of cellular organisms in order 
to produce more virions. But should this dead virion actually be considered equal to 
a virus? And what then would a virus be, if not a virion? The seemingly trivial differ-
ence between a virus and a virion needs to be tackled as it allows us to appreciate 
viruses as evolutionary players, or even as living organisms (Forterre and Prangishvili 
 2009b ; Villarreal and Witzany  2010 ; Forterre  2011 ; Jalasvuori  2012  ) . In any case and 
regardless of our opinions on their living status, viruses are part of the evolving 
biosphere and therefore a relevant factor in various evolutionary processes. 
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 Virion is the extracellular step in the life cycle of a virus. Virion is the traditional 
picture that every book offers for depicting a virus. Virion is the transient stage by 
which the viral genetic information gets from one host organism to another. This 
virion, however, lacks the  life  of the virus since it is only the dormant and inactive 
form of viral genetic information (Brüssow  2009  ) . For this reason viruses might 
appear as toxic substances that have the capability to occasionally cause the demise 
of cellular organisms but that are essentially just another environmental factor of 
only minor interest from evolutionary point of view. 

 However, arguably, the actual virus is more than its dead shell in the environ-
ment. Virus is part of a living organism when it is inside a host cell. And the pheno-
type of this organism is partly expressed by the virus (Forterre and Prangishvili 
 2009a ; Forterre  2010 ; Jalasvuori  2012  ) . Many viruses maintain the potential for 
producing inanimate virions during their endure within the cellular organism, but 
virus itself should be considered to be its full reproductive cycle including both 
external and internal parts (Villarreal and Witzany  2010 ; Jalasvuori  2012  ) . Yet, 
strictly speaking, only the within-cell reproductive cycle is required for the survival 
of the viral genetic information (Krupovic and Bamford  2010 ; Jalasvuori  2012  ) . 
And this requirement lets us approach viruses as a genuine form of life that can 
exploit foreign cell-vehicles for preserving and propagating their genetic informa-
tion (Forterre  2010,   2011  ) . 

 In other words, virus should not be mistaken only for their non-essential extra-
cellular form given that viruses are equally dependent on cells with all other genetic 
replicators – being those chromosomes, plasmids or anything else. Virus just is not 
dependent on any particular cell due to their capability transfer themselves from one 
cell to another via virions. And due to this extracellular form of existence, viruses 
are not terminated even if their replication causes the demise of the current host 
organism. However, jumping from this notion to the conclusion that viruses are 
dead and thus irrelevant partners of evolutionary processes is unwarranted. Naturally, 
our de fi nitions of viruses include the infectious extracellular part, but for thorough 
understanding of viral life it must be noted that any such de fi nitions are in the end 
arti fi cial. Virus is one of the ways by which genetic information have adapted to 
survive in this biosphere. From the viewpoint of cellular organisms, this way of 
struggle for existence is much more complex than the presence of chemical sub-
stances in the environment would be. Viruses, unlike poisons, are capable of evolving 
genetically and going extinct. Sometimes they can also form more or less permanent 
mutually bene fi ting relationships with their hosts. 

 Now this perhaps more allowing perspective to viral life sets a more appropriate 
stage to consider any virus related puzzles. Each of the presented questions approach 
viruses from different angles and hopefully provide an intriguing introduction to the 
diversity of ways by which viruses may help us understand the evolution of our 
biosphere. However, I wish to note that I consciously retained from drowning the 
reader in supporting evidence in order to keep the text fast pacing and relatively 
easy to digest.   
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    2   Can Genes Emerge in Viruses? 

 Novel sequencing and sampling techniques have made it possible to determine the 
overall genetic information in any particular sample. Moreover, sequences of 
complete organisms have revealed the true genetic diversity of living entities. 
These studies have lead to the revelation that many organisms harbor a variety of 
genes that are unknown to science (Mocali and Benedetti  2010  ) . In other words, 
our biosphere is abundant with genetic information for which we cannot assign a 
role, function or evolutionary origin (Cortez et al.  2009  ) . Interestingly, a fair portion 
of these novel genes are found from viral genomes (Yin and Fischer  2008 ; 
Prangishvili et al.  2006  )  or belong to genome integrating genetic elements (Cortez 
et al.  2009  ) . How did these genes end up in viruses? 

    2.1   Are Viruses Only Hitchhiking on Genetic Information? 

 Viruses are completely dependent on cellular resources for reproduction. Viruses 
use cellular amino acids to make viral proteins and some acquire lipids from cellular 
membranes to assemble functional virions. All viruses embrace cellular nucleotides 
to produce copies of viral genetic information. Given the profoundly parasitic nature 
of viruses, it seems reasonable to assume that viruses are also completely dependent 
on cellular genes for evolution. Indeed, many viral genes appear to have been 
acquired from their hosts and thus viruses could be considered as genetic burglars, 
hitchhikers on the highway of genetic information. Viruses are something that them-
selves are not evolving but which are evolved by cells (Moreira and López-García 
 2009  ) . The actual  de novo  origin of genetic information would happen within stable 
cellular beings such as bacteria. 

 However, many viral genes appear to have no cellular counterparts (Yin and 
Fischer  2008 ; Forterre and Prangishvili  2009b  ) . Why is this? Do we need to sequence 
more bacterial genomes in order to  fi nd the common ancestor form a cellular chro-
mosome? Yet, as the number of sequenced bacterial chromosomes has increased, 
the number of unknown genes in viruses has remained unchanged (Forterre and 
Prangishvili  2009b  ) . Sometimes when some rare types of virus genes are  fi nally 
discovered from host chromosomes, it turns out that the genes in the chromosomes 
actually belong to genome integrated viruses (   Jalasvuori et al.  2009 ,  2010  ) . 
Therefore the sequencing of bacterial chromosomes does not seem to provide an 
easy way out of the puzzle. Perhaps the genetic novelty of viruses is of genuine 
nature and there are no cellular homologies to be found. Or could it just be that the 
rapid evolutionary rates of genes in viruses is simply making the homology with 
cellular genes untraceable? 

 In principle, it is possible that majority of genes evolve in such a fast pace in 
viruses that the sequence can no longer be recognized to be of cellular origin (Forterre 
and Prangishvili  2009b  ) . Indeed, general analyses of the divergences of amino acid 
sequences propose that even the most conserved proteins in our biosphere have not 
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discovered all potential ways to encode their function (Povolotskaya and Kondrashov 
 2010  ) . Therefore there appears to be room in the sequence space into which the host-
derived genes can evolve to in viral genomes. 

 However, comparison of nucleotide or amino acid sequences is not the only 
mean by which gene divergences can be studied. While the sequence on DNA or 
amino acid level may evolve rapidly, the three dimensional structure of the gene 
product, usually a protein, can remain relatively unchanged. Indeed, generally there 
is no selection to preserve any certain amino acid sequence but only the (whatever) 
function that is associated with the three dimensional conformation of the protein. 
Save for amino acids mediating chemical reactions, the same structural conformation 
can be acquired with a variety of different sequences. 

 Viruses seem to have genes that produce structurally and functionally conserved 
proteins, which have no apparent cellular ancestors (Bamford et al.  2005 ; Koonin et al. 
 2006 ; Keller et al.  2009  ) . These genes have been within (relatively) independently 
evolving viral genomes perhaps for as long as billions of years and they can still be 
shown to share a common ancestry. Did these genes emerge in virus genomes in the 
 fi rst place? It seems possible, given that many of these conserved “hallmark” virus 
genes (Koonin et al.  2006  )  encode for viruses speci fi c tasks such as capsid proteins or 
packaging enzymes that facilitate the transfer of viral genome into the capsid.  

    2.2   If Gene Emerges Within a Cell But Survives in Viral Genome, 
Is It a Viral Gene? 

 Naturally, the emergence of a gene in a virus does not indicate that the gene 
popped into existence within the protective capsid in an extracellular environment 
(Forterre and Prangishvili  2009b ; Forterre  2010 ; Jalasvuori  2012  ) . Rather, it 
would mean that a virus, while replicating in a cell, ended up having an altered 
genetic sequence. This altered sequence opened the road for the emergence and 
evolution of a new gene. In practice the gene would form through point mutations 
and other genetic changes similarly with any other emerging genes (Forterre and 
Prangishvili  2009b  ) . 

 But if the new gene would emerge within a cell, is it not rather a cellular gene 
than a viral one (Moreira and López-García  2009  ) ? Doesn’t this indeed only enforce 
the view of cellular origin of viral genetic information? No, it does not, if we allow 
ourselves to consider viruses to be more than just their encapsulated extracellular 
forms (Forterre  2010  ) . If the gene formed through mutations in a viral genome and 
the new gene was able to survive due to its bene fi ts to the virus and not to the host, 
then it would seem only reasonable to consider the gene to be of viral origin 
(Jalasvuori  2012  ) . Therefore, even if a cell serves the function of a vessel for the 
development of a new gene, the gene would remain in the global gene pool because 
of viruses. Eventually, when metagenomic studies, for example, are performed, 
these novel genes could be discovered from capsid enclosed genomes of viruses 
with no apparent counterparts in any cellular organisms. 
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 Even if the  de novo  origin of genes actually occurred in viruses, it would be only a 
starting point from which to approach other interesting questions. What do these novel 
genes do? There are countless unique genes in viruses, but are they also encoding 
countless unique functions. Or is it possible that they only have unique sequences 
while affecting very similar cellular processes? And what would that indicate? 

 Viruses of bacteria, also known as bacteriopahges, can have genes for very different 
types of functions. Some phages encode transfer RNAs and other essential cellular 
functions (Miller et al.  2003  ) . Others can carry genetic information for mediating pho-
tosynthesis (Mann et al.  2003  )  or producing lethal toxins (O’Brien et al.  1984  ) . Much 
of the phage genes, however, affect genetic regulation, virion assembly and host-virus 
interactions. Yet, other viruses (like Mimivirus) have genes that were earlier considered 
to be only part of cellular chromosomes and thus blurred the line between what viruses 
can and what they can not do (   Raoult et al.  2004  ) . 

 Nevertheless, in principle, it seems possible that the product of a viral gene can 
in fl uence any thinkable biological process. Some truly novel genetically encoded 
functions allowing, for example, exploitation of completely new types of resources 
or inhabit previously uninhabitable environments, may come into existence in the 
genome of a virus. Perhaps viral innovations can open new niches for cellular 
organisms to occupy: many of the novel genes in bacteria are taxonomically 
restricted and ecologically important (Wilson et al.  2005  ) .   

    3   Can Viruses Become Symbionts? 

 Viruses are generally seen as parasites of cellular organisms. Viruses enter the host 
cell, utilize cellular resources for creating new viruses and then sacri fi ce (or damage) 
their temporary slaves in order to escape the scene of crime. How could this violent 
strategy ever turn into a mutually bene fi ting symbiosis? 

 In a mutualistic relationship the  fi tness of the two entities together is (often) 
higher than the  fi tness of either of the components alone. In other words, both of the 
symbionts would suffer from abandoning its partner. Therefore, if a virus was ever 
to be appreciated as a mutually bene fi ting partner, it should be counterproductive 
for the host cell to get rid of a virus that has integrated into genome of the host. This 
seems to be a problematic approach, given that the avoidance of parasites is consid-
ered to be one of the key drivers of evolution and responsible (at least partly) for the 
maintenance of such fundamental traits as sexual reproduction (Hamilton et al. 
 1990 ; King et al.  2011  ) . 

    3.1   Endogenous Viruses: Fossils or Something More? 

 Nevertheless, viral genetic information is often found to be incorporated to cellular 
genomes (Holmes  2011  ) . For example, human chromosomes contain more viral 
DNA than actual human genes. In fact, remnants of viruses are abundant in genomes 
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of many different organisms, ranging from animals to bacteria (Casjens  2003 ; 
Katzourakis and Gifford  2010 ; Jalasvuori et al.  2010  ) . How did these viral elements 
get into all these organisms? What types of evolutionary processes may be respon-
sible for these genomic fusions, and could they be of evolutionary importance? 

 Are the existing viral remnants in genomes mere evolutionarily insigni fi cant 
left-overs of previous virus infections (Jern and Cof fi n  2008  ) ? Were they so 
insigni fi cant to the  fi tness of the hosting cell that there simply was no selection to 
get rid of the element? Many of the endogenous viruses are relatively conserved 
and have persisted over evolutionary times in various species, such as humans and 
our primate cousins, suggesting that the relatively error-free host polymerases that 
are used to replicate the endogenous viruses are able to preserve these sequences 
as viral fossils over evolutionary times (Duffy et al.  2008  ) . However, many of the 
virus elements have also shown to accumulate inactivating mutations and thus they 
are evolving only as non-encoding pseudogenes in animal genomes (Katzourakis 
and Gifford  2010  ) . Yet, other virus genes have remained functional, suggesting 
that there has been a purifying selection to maintain the correct sequence.  

    3.2   What Bene fi ts Can Viral Elements Provide to the Host? 

 Could it be possible that some of these viral elements in cellular chromosomes 
resulted essentially from mutually bene fi ting although aggressive genetic fusions 
(Ryan  2009  ) ? Can the symbioses of viruses with cells be evolutionarily favorable 
steps, not mere coincidences? 

 In order to be more precise, the question is not whether genetic fusions of the 
genomes of viruses and cells can improve the reproductive rate of cells  per se . There 
are clear examples for this to be true. As a tragic example several viruses are known 
to cause the uncontrolled multiplication of human cells, which results in the formation 
of tumors. These virus-containing cells out-reproduce other human cells and thus 
they end up having much more descendants than the virus-free cells. Within this 
limited framework the virus-cell symbiotic can have the highest  fi tness. But by 
extending our perspective we notice that this short-term bene fi t rapidly back fi res 
due to the demise of the hosting animal. The sel fi sh behavior of some cells leads to 
a tragedy of commons, where the gain of few is decreasing the  fi tness of both host 
and the virus. Therefore, the real question is whether viruses and their hosts may 
form symbiotic relationship that can increase the  fi tness of the whole organism 
within a large-enough evolutionary frame. In other words, we can ask, for example, 
if the virus-host symbiont could invade a population of virus-free hosts because of 
the advantages that the virus provides to its hosts. 

 Some viruses that infect bacteria are known to form temporary mutually 
bene fi ting symbiotic relationships with bacterial cells (Roossinck  2011  ) . These 
viruses enter the host cell and, instead of producing vast number of virions and 
destroying the cell, they take up residence within the host. During this latent infection 
temperate viruses replicate their genomes along with the cell but deter from making 
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virions. Only in the distress of their hosts they ignite the production of virions and 
they do it in order to escape the potentially doomed bacterium. 

 These temperate bacterial viruses may carry genes (e.g. for producing toxins) 
that can signi fi cantly improve the performance and thus the reproduction of their 
host bacteria. The combination of the bacterial virus and the bacterium can end up 
being the evolutionary winner in a competition against bacteria that did not have the 
latent viral infection. Therefore, among bacterial organisms such straightforward 
mutualistic relationships may emerge on regular basis (Roossinck  2011  ) . Moreover, 
the short-term bene fi t provided by the phage does not back fi re in the same sense as 
the spreading tumors do within animal hosts. But then, bacteria and humans are 
quite different in multiple respects. Are these symbioses limited only to single-
celled beings or can such relationships emerge among more complex organisms that 
reproduce via speci fi c germ cells? Indeed, despite of the all the movies, we do not 
know of any viruses that carry bacteriophage-like toxin genes, which would grant 
us some sort of superpowers. Therefore this bacterial approach may simply be 
ill-suited to understand symbiotic relationships in animals. 

 However, there is another way by which temperate viruses of bacteria boost the 
survival of their hosts. Whenever a bacterial virus resides within a bacterium, 
it renders the cell immune to infections by similar viruses. And this quality of 
viruses, the incapability of a single virus type to multiply infect an already-infected 
cell (i.e. the resistance of superinfection), appears to be very common among all 
viruses and therefore also applicable to other organisms (Berngruber et al.  2010  ) . 
Prevention of superinfection allows viruses to establish latent infections that are 
especially important under conditions where chances for horizontal transfer of the 
virus are limited. 

 Among bacterial populations that are subjected to temperate viruses, the most 
rapid mean by which resistant host cells emerge are due to the latent infections 
by temperate viruses themselves. The presence of the virus therefore selects the 
bacterial population to become prevalent with integrated viruses. When there are 
both susceptible hosts and infective virions in the same environment, the resis-
tant hosts have an apparent advantage (Roossinck  2011  ) . Moreover, the genome 
integrated viruses sometimes produce virions and thus maintain the selection for 
the presence of the latent virus. The fact that viruses themselves contain genetic 
means to make host cells immune to the virus may prove to be the evolutionary 
superpower that can facilitate the formation of a symbiotic relationship also 
between a virus and its animal host. 

 However, even if viral infections can make the host animal resistant to further 
infections by similar types of viruses, it is not a heritable symbiosis. We are immune 
to chickenpox after an infection, but our children still need to get infected them-
selves in order to become resistant (or, alternatively, be vaccinated against the virus). 
Is it possible that the resistance would become inheritable so that the progeny of an 
infected individual would not need to face the severe effects of an infection? 

 Complex multi-cellular animals develop from a fertilized cell. This single cell 
divides and the divided cells specialize to different functions eventually producing 
a complete organism. The genetic information in all animal cells remains essentially 
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the same throughout the life of the organism even if the phenotypes of cells can vary 
tremendously. Therefore, if the virus was integrated already in the original germ 
cell, it would become inherited to every cell of the multi-cellular organism, including 
those that eventually become the germ cells of the next generation. In such a case 
the virus could both protect the organism from the external versions of the virus and 
be transmitted vertically to the next generation.  

    3.3   Taming the Enemy into an Ally 

 During a roaming virus epidemic, this integration of a virus to germ line cells could 
provide an advantage to an individual (Jern and Cof fi n  2008  ) . Indeed, in many cases 
endogenous viruses appear to protect their hosts against exogenous viruses (Maori 
et al.  2007 ; Katzourakis and Gifford  2010  ) . However, such endogenous viruses 
themselves seem to be able to reinfect the germ line cells (Belshaw et al.  2004  ) . 
Nevertheless, the endogenous virus may be able to make the host organism to be 
able to ignore the ill-effects that the epidemic causes to other individuals. Naturally 
inheritable resistance against chickenpox is not a signi fi cant advantage but resis-
tance against a more severe virus could be. 

 So, in principle and under certain conditions, germ line infection could prove 
to be a favorable trait within a population (Maori et al.  2007  ) . The new  virus alleles  
may even be able to invade the whole population, if the maintenance of the virus 
remains to improve the  fi tness of the virus-containing individuals over their virus-
free counterparts (Katzourakis and Gifford  2010  ) . Indeed, as with bacteriophages, 
endogenous viruses of animals can remain partly active even after endogenization 
(Cof fi n et al.  1997 ; Tarlinton et al.  2006  )  and thus the virus itself can maintain the 
pressure to retain the virus allele within the population. 

 In such a case, is it possible to consider that the virus has established a mutually 
bene fi ting relationship with its animal host. Maybe, given that it would be disad-
vantageous for the organism to get rid of the virus since it would make the organism 
susceptible to infections. Of course, this symbiotic partnership would exist mainly 
on the level of genetic information (Ryan  2009  ) , but it would still emerge through 
a fusion of two distinct genetically reproducing entities. In the end, very little is 
still known about the endogenization process. Even if viruses could be considered 
to form symbiotic relationships via whatever mechanisms, several interesting ques-
tions remain. How does this new integrated virus affect the subsequent evolution of 
their hosts? Endogenous virus changes the genetic composition of the chromo-
somes and can, for example, regulate the expression of host genes (Jern and Cof fi n 
 2008  ) . Some of the viruses are active elements and cannot be dismissed as irrele-
vant components of organisms. Indeed, some virus derived genes in mammals and 
other animals appear to have remained active for over tens of millions of years 
(Katzourakis et al.  2005 ; Katzourakis and Gifford  2010  ) . But even then, it is 
dif fi cult to say for certain how signi fi cant role did these viruses play in the evolution 
of their hosts. However, we are free to do little speculation. 
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 Endogenous viruses can integrate repeatedly into various places within and 
among host chromosomes (Katzourakis et al.  2007  ) . The number of elements and 
the site of integration can have signi fi cant effects on the phenotype of the host 
cell. The establishment of the viral genome into the host chromosome appears to 
be followed by in-genome evolution (Tarlinton et al.  2006 ; Katzourakis et al. 
 2007  ) . Does this evolution select for the viruses to be integrated in positions where 
they induce the lowest possible cost on the host or, perhaps, even induce changes 
that increase the host  fi tness? 

 Sexual reproduction effectively  fi lters genetic information to produce bene fi cial 
combinations. Could sexually reproducing individuals become favored over asexu-
ally reproducing phenotypes as the sexual recombination of genetic material allows 
the integrated virus to more rapidly settle within  fi xed bene fi cial locations in chro-
mosomes? Or perhaps allow the hosts to tame the uncontrollably proliferating 
endogenous viruses (Katzourakis et al.  2005  ) ? Could the subsequent evolution after 
virus endogenization induce notable changes in the phenotype of the organism as 
the genome stabilizes to cope with the presence of the new element? 

 Some or even most of the endogenous viruses may be just insigni fi cant remnants 
of previous infections and as such they would not much affect the evolution of their 
host species. But other symbiotic viruses probably made a real difference. As an 
example of such, a virus derived gene, labeled as syncytin, appears to be crucially 
important for the morphogenesis of placenta (Mi et al.  2000  ) . Did pregnancy as 
humans and other placental mammals experience it emerge as a result of viral 
endogenization?   

    4   Why Are There Only Few Types of Bacteriophages? 

 Viruses are known to evolve rapidly and viral genomes often contain unique genes 
for which no homologues can be determined. But are virions, the extracellular forms 
of viruses, composed of similarly diverse structures? Is there a novel structural 
design waiting whenever we pick up any of the 10^31 or so virions (Suttle  2007  )  
from the environment? 

 The proteins on the virion dictate whether or not viruses are able to attach to a suit-
able host cell and therefore there should be constant selection driving the evolution of 
these proteins (as well as their host counterparts) Weitz et al.  2005 . This is indeed what 
has been observed: the genes responsible for encoding virion proteins that mediate 
host-cell attachment are the ones that evolve most rapidly (Saren et al.  2005 ; Paterson 
et al.  2010  ) . Even closely related viruses may have completely different genes for 
producing the host-recognizing spikes on the virion (Jaakkola et al.  2012  ) . 

 But virion is more than a mean to mediate host recognition. The capsid serves as 
the protective shell for genetic information in the extracellular environment and 
therefore viruses must also encode proteins (or other means) to produce this shell. 
Are the genes and the architectural principles for forming capsids equally diverse 
with host recognition genes? 
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 While virions are extremely abundant and the genetic information they enclose 
can be very diverse, the capsids of a signi fi cant portion of virions in this biosphere 
may be arranged into just few conserved and homologous lineages (   Krupovic and 
Bamford  2011  ) . Given the astronomical number of virions on earth, this appears to 
be worth of a closer look. 

    4.1   Astronomical Number of Bacteriophages 
in a Handful of Lineages 

 Bacteria are the most abundant type of a cellular organism on earth and their viruses 
are equally common. Bacteriophages almost exclusively form virions with a spherical 
head on which a tail is attached to. The head beholds the genetic information of the 
virus whereas the tail serves as a tool for attaching onto new host cells and, some-
times, as an injection needle during the infection process. This homologous group 
of viruses is known as  Caudovirales  (Ackermann  1998  ) . Other types of bacterial 
viruses also exist, but they are not many (Ackermann  2001  ) : there are icosahedral 
viruses with inner – and outer membranes, amorphous viruses and helical viruses 
(Oksanen et al.  2010  ) . Altogether, we have discovered only less than ten truly 
different types of virion-architectures from all currently known bacteriophages. 

 What is this architectural conservation trying to tell us? Why are there not a 100 
different types of bacterial viruses, or 100 billion types? Even if there were 100 billion 
unique types of viruses, each of them would still have over billion billion virions. And 
such a large number of individuals could indeed retain a stable population over evolu-
tionary times. This, however, is not the case. You can calculate the virion architectures 
of bacteriophages with your  fi ngers. Viruses are generally considered to be of poly-
phyletic origin, indicating that there are multiple viral ancestor and not a single common 
one. Still, the apparently limited number of architectural types suggests that new virus 
types are not emerging on regular basis, since, if they were, we would be likely to  fi nd 
new viruses all the time. This leads to a question: when did these existing structural 
types emerge and why did they cease emerging? 

 We know that mankind may be facing a completely new and highly lethal epidemic 
any given day. HIV, SARS, Ebola and other doomsday candidates emerged out of 
the blue just to bring destruction to the world. Is it only bacterial viruses that are no 
longer emerging whereas higher organisms, like humans, can still have completely 
novel viruses? But are human viruses actually unique?  

    4.2   Deep Evolutionary Connections Between Viruses 

 In 1999 when the major structural proteins of bacterial virus PRD1 and human 
Adenovirus were compared on structural level, it was noticed, surprisingly, that they 
were highly similar (Benson et al.  1999  ) . Despite of the sequence dissimilarity, both 
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viruses used a unique but respectively common type of interlinked protein-barrels 
(so-called double beta-barrels) for composing their protective capsids. The obvious 
question emerged: are these two viruses that infect very distantly related hosts (bac-
teria and humans) actually related to each other? Or is this just another case of 
convergent evolution where two entities independently evolved towards the same 
direction (Moreira and López-García  2009  ) ? 

 Closer analysis of both of these viruses and their other relatives revealed more 
things in common (Krupovic and Bamford  2008  ) . Vast majority of them had an inner 
lipid membrane beneath the protein capsid, a generally rare trait among viruses. 
Moreover, these viruses encode related ATPases (with certain speci fi c motifs) which 
have been shown to facilitate the transfer of the viral genome into empty capsids. 
Later on similar viruses were found to infect thermophilic crenarchaea (Khayat et al. 
 2005  )  and reside in the genomes of thermophilic euryarchaea (Krupovic and Bamford 
 2008  ) . In terms of genetic exchange, the Archaeal phylum of Crenarchaeota consists 
of deep-branching organisms that appear to have been evolving relatively isolated 
from all other life forms since the emergence of cellular life (Gribaldo and Brochier-
Armanet  2006  ) . Together these characteristics suggested that convergence appears to 
be an improbable cause to explain all the common features and thus it is reasonable 
to assume the existence of a common ancestor in some distant past. But this leads 
us to the same question as before: how distant are we actually talking about? 100 
million years? A billion? Four billion? 

 Several analyses suggest that Bacteria and Eukaryote (a domain that includes us 
humans along with baking yeast) had their last common ancestor about four billion 
years ago. The same branching time applies to the divergence of Bacteria from 
Archaea. In other words, these double beta-barrel viruses infected all the domains 
of life and many deep branches within those domains. But are these viral lineages 
as old as their cellular hosts? Or is it possible that these viruses emerged later on just 
to spread to infect all domains of life? We know that viruses are very host speci fi c 
and usually the viral tree of life corresponds quite well with the evolutionary tree of 
their hosts (McGeoch et al.  2005  ) . However, there are exceptions and therefore this 
line of reasoning does not provide a way out of the problem. 

 Interestingly, several other domain-spanning lineages have been discovered. 
Herpes viruses have the same peculiar way to produce their capsids as do the extremely 
abundant tailed viruses that infect bacteria and archaic. Certain RNA-viruses such as 
bacterial cystoviruses and eukaryal reoviruses appear to be of common origin due to 
unique genome and capsid organization. There are also other lineages. 

 It seems that many viruses can have representatives infecting all basic cell types, 
but these representatives themselves have no recent common ancestors. Moreover, 
viruses appear to harbor genes that does seem to have been derived from none of the 
three domains of cellular life but which are very conserved and prevalent among 
viruses (Koonin et al.  2006  ) . One possible way to explain all these features is to 
assume that the ancestor of these viruses may have emerged already before the sepa-
ration of Bacteria, Archaea and Eukaryote into their independent domains. 

 Recently it was discovered that the double beta-barrel viruses appear to have 
evolved from a novel viral lineage, so-called single beta-barrel viruses, which 
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themselves form an independent domain spanning lineage (Krupovic and Bamford 
 2008 ; Jalasvuori et al.  2009 ; Ilona Rissanen personal communication). It is possi-
ble that these two viral lineages diverged already before the emergence of contem-
porary cellular domains. This on the other hand means that by studying viral 
lineages it might be possible to reach back to some past evolutionary events that 
occurred before the last universal common ancestor of cells. That period in the 
evolution of life is generally shrouded in unknown, given that the last common 
ancestor of cells have been considered as the ultimate boundary beyond which we 
cannot go by comparing differences between existing living organisms. But if we 
are not solely dependent on cells in our analyses, then this boundary may be breach-
able. Study of viral lineages and their origins can give us unique clues about the 
very  fi rst steps of life on Earth.  

    4.3   Structural Diversity of Hot Archaeal Viruses 

 Interestingly, while bacteriophages are either head-tail viruses or one of the few other 
types, the virions infecting hyperthermophilic crenarchaeal hosts are structurally 
very diverse (Prangishvili and Garrett  2004 ; Pina et al.  2011  ) . There are lemon-
shaped viruses, tulip-shaped viruses, bottle-shaped viruses, there are sticks with 
hooks and pleomorphic-viruses along with all sorts of globular, icosahedral and 
 fi lamentous morphologies. Why is there such a variation especially among archeal 
viruses? Bacteria and archaea are so similar to each other that it was only recently 
that we were even able to distinguish them from one another. 

 Hyperthermophilic creanarchaea are very deeply branching organisms in the tree 
of life and their viruses are equally unique (Ortmann et al.  2006  ) . They also inhabit 
extremely hot environments. Are these clues relevant for understanding the diver-
sity of viral phenotypes? Indeed, when the viruses of less thermophilic archaeal 
organisms have been studied, they were found to less diverse morphologically. 
Could it be possible that there was wider diversity of viral phenotypes during the 
early steps of the evolution of life? And has this diversity been somehow better 
prevailing among hyperthermophilic crenarchaeal organisms whereas it was lost 
among other prokaryotes (Jalasvuori and Bamford  2009  ) ? The viruses of most 
deep-branching hyperthermophile bacterial families (like  Thermotoga  or  Aquifex ) 
have not been studied. It would be interesting to see if their viruses resemble only 
the usual head-tail viruses or whether they are more like the ones infecting crenar-
chaea – or something totally different. 

 It is likely that all contemporary life forms on earth have evolved from thermo-
philic ancestors (Di Giulio  2003  ) . There are at least two potential explanations for 
this, both of which can be correct. First, life may have emerged within a hot habitat 
such as hydrothermal vents on the ocean  fl oor. Second, life may have faced multiple 
near-extinction level catastrophes in which all the surviving organisms were thermo-
philes. Indeed, earth is known to have been under heavy bombardment of massive 
comets and asteroids during the Hadean period (ending about 3.8 billion years ago). 



14 M. Jalasvuori

This bombardment must have elevated the temperature levels signi fi cantly, sweeping 
all non-thermophilic organisms. 

 If we assume that life has (repeatedly) evolved to adapt to survive in cooler con-
ditions, it is then possible that only a portion of the original hot viruses have been 
able to follow their hosts. The original virosphere with all of its structural diversity 
may still be partially surviving among the most deeply branching and hot living 
entities. This suggest that the study of these viruses may give us a glimpse on the 
biosphere as it was very early in the history of life.   

    5   How Did Viruses Emerge? 

 As was noted in the previous section, majority or possibly even all of the virions in 
our biosphere may be arranged into few handfuls of structural lineages. These lin-
eages span across different domains of life and possibly had their origins prior the 
emergence of the  fi rst true reproducing cell. Unfortunately, there is a serious prob-
lem in this line of reasoning. 

 How is it possible that viruses, which are completely dependent on cells to be 
able to reproduce, emerged before there were reproducing cells in our biosphere? In 
the introduction it was noted that the extracellular stage of a virus, the virion, is 
completely inactive unless it encounters a suitable host cell. The only way by which 
viruses can be considered as living entities is when the inclusion of their within-cell 
life cycle is taken into account. Therefore the idea of the pre-cellular origin of 
viruses appears to directly contradict with the very nature of viruses and thus it 
should falsify any reasoning that supports this virus- fi rst scenario. Or should it? 

    5.1   Viruses Before Cells? 

 Cell theory states that biological life is composed of cells that reproduce by binary 
(or multiple)  fi ssion. And since the origin of cell theory in the mid nineteenth century, 
evolutionary biology as a discipline has focused mainly on what happens within and 
between cells, multi-cellular organisms or populations of organisms. Follow the evolu-
tionary history of any given cell in our current biosphere and your voyage would 
ultimately end up in the early Earth where the  fi rst reproducing cell formed. 

 However, if any biologist is asked how this  fi rst independently reproducing cell 
came into existence, he or she would be likely to provide only clues to the potential 
answer. This is because our ideas of the origin of cells are currently only more or 
less vague hypotheses of potential scenarios. Therefore, as long as we do not know 
how the  fi rst cell (or cells) emerged, the modern life style of viruses cannot be used 
as a solid argument against the pre-cellular origin of viruses. 

 Even the most simple bacterium is far too complex for it to have popped out 
spontaneously within the life-time of our universe. However, evolution can yield 
increasingly complex systems in accessible timescales and therefore the  fi rst true 
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cell must have been a product of evolution already. Indeed, it might be possible that 
the contemporary types of cells and viruses are products of the same pre-cellular 
evolutionary process and thus understanding the origin of viruses as a part of this 
process may be critical for our understanding of the origin of cells themselves 
(Koonin et al.  2006 ; Jalasvuori and Bamford  2008  ) . But if there were no reproducing 
cells, how did the system evolve? 

 The attempts to derive the actual nature of the last common ancestor of cells 
have lead to a strong indication that the ancestor was not any particular cell, but 
instead a last common community from which the modern domains of life eventually 
emerged (Doolittle  2000 ; Theobald  2010  ) . This community appears to have been 
evolving mainly horizontally by swapping genetic information between proto-cells 
rather than in “Darwinian” manner by passing genes vertically to proto-cell off-
spring (Woese  1998,   2000,   2002 ; Koonin and Martin  2005  ) . This suggest that the 
proto-cells themselves were not coherent genetic entities but instead more or less 
random collections of independent genetic replicators. The system probably 
evolved collectively, which might have maintained the common genetic code 
(Vetsigian et al.  2006  ) . Physically the proto-cells could have been, for example, 
 fi xed inorganic formations that served as containers for enriching products of bio-
chemical cycles and other essential resources (Koonin and Martin  2005  ) .  

    5.2   What Good Is a Virus to Primordial Life? 

 Regardless of the exact nature of the early evolutionary community, horizontal 
movement appears to have been a genuine feature of this system. How does a virus 
 fi t into this picture? Is it plausible that the viral strategy of survival may emerge 
within a primordial system even before any independently reproducing cells? 
Interestingly, all of the previous three questions and their possible answers may be 
relevant to answer this last question. 

 If viruses or virus-like replicators are able to come up with new genes, as was 
discussed in the  fi rst question, then viruses could have been one of the elements in 
the primordial community that produced new innovations. These innovations could 
have helped the virus-like replicators to, for example, harness resources or synthe-
size useful biomolecules that, in turn, improved the reproductive rate of the virus 
themselves. Therefore, it is possible that some of the emerging genes were selected 
due to their bene fi ts on the survival of virus-like entities for very similar reasons as 
the novel genes in viral genomes may be doing even today. 

 Viruses also provide a possible explanation for the horizontal evolution of early 
life. This is because virions are essentially genetically encoded structures that mediate 
cell-to-cell transfer of genetic information. The different structural lineages of 
viruses, as discussed in the third question, may have emerged within this early com-
munity when selection favored any trait that allowed genetic information to get 
from one proto-cell to another. If the primordial system consisted of  fi xed set of 
proto-cells, then  fi tness of the replicator correlated to some extent with its capability 
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to distribute itself to all potential proto-cells of the community. Isolated virus-free 
proto-cells may have been prone to collapse under replication parasites (Bresch 
et al.  1980 ; Szathmáry and Demeter  1987  ) . Maybe the system survived such parasite 
epidemics by distributing the contents of healthy cells where virus-production did 
not succumb to aggressive replication of parasites. 

 As the primordial system advanced, some of the  fi rst viruses may have established 
more permanent residence in some of the proto-cells in a similar manner as was 
speculated in the second question. Could these viruses have prevented the over-
exploitation of cellular resources by sel fi sh parasites by providing genetic means to 
prevent other viruses to super infect these proto-cells? Did these mutualistic relation-
ships between proto-cells and viruses clear the way for some of the proto-cells to 
become more independent from the rest of the genetic community? And did these 
increasingly independent cells eventually serve as ancestors of modern cellular 
lineages? Or are we completely lost here and in reality it was something completely 
different that produced our contemporary cells? 

 There are plenty of intriguing questions for virus research to tackle. Yet, even if 
fundamental scienti fi c puzzles like the ones introduced here are still buried into the 
ocean of uncertainties, the same puzzles can help realize the potential that virus 
research can have in helping to  fi nd the answers. In any case, only the study of 
viruses can tell us whether or not they are truly essential agents of life.       
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