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Abstract

Viruses infecting cells from the three domains of life, Archaea, Bacteria and Eukarya, share homologous features, suggesting that viruses
originated very early in the evolution of life. The three current hypotheses for virus origin, e.g. the virus first, the escape and the reduction
hypotheses are revisited in this new framework. Theoretical considerations suggest that RNA viruses may have originated in the nucleoprotein
world by escape or reduction from RNA-cells, whereas DNA viruses (at least some of them) might have evolved directly from RNA viruses. The
antiquity of viruses can explain why most viral proteins have no cellular homologues or only distantly related ones. Viral proteins have replaced
the ancestral bacterial RNA/DNA polymerases and primase during mitochondrial evolution. It has been suggested that replacement of cellular
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roteins by viral ones also occurred in early evolution of the DNA replication apparatus and/or that some DNA replication proteins originated
irectly in the virosphere and were later on transferred to cellular organisms. According to these new hypotheses, viruses played a critical role in
ajor evolutionary transitions, such as the invention of DNA and DNA replication mechanisms, the formation of the three domains of life, or else,

he origin of the eukaryotic nucleus.
2006 Elsevier B.V. All rights reserved.
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1. Introduction

The origin of viruses is still enigmatic and their nature con-
troversial (in part for historical reasons, the existence of viruses
E-mail addresses: forterre@pasteur.fr, patrick.forterre@igmors.u-psud.fr. challenging the cellular theory of life). It has been often stated
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that viruses are polyphyletic, i.e. that different viral lineages
originated independently. In particular, RNA and DNA viruses
were thought to be evolutionary unrelated. However, the overall
similarity between virus structures – a protein coat enclosing
a nucleoprotein filament – at least suggests a common mech-
anism for their appearance. Three hypotheses have been pro-
posed to explain the emergence of viruses: (i) they are relics of
pre-cellular life forms; (ii) they are derived by reduction from
unicellular organisms (via parasitic-driven evolution); (iii) they
originated from fragments of genetic material that escaped from
the control of the cell and became parasitic (Luria and Darnell,
1967; Bandea, 1983; Forterre, 2003; Hendrix et al., 2000 and
references herein).

The first hypothesis (here called the virus-first hypothesis)
has been dismissed for a long time, since all present viruses are
obligatory parasites requiring an intracellular development stage
for their reproduction. The second hypothesis (here called the
reduction hypothesis) was also usually rejected based on two
arguments: (i) we don’t know any intermediate form between
cells and viruses; and (ii) parasites derived from cells in the three
domains of life, such as Mycoplasma in Bacteria, Microsporidia
in Eukaryotes or Nanoarchaea in Archaea, have retained their
cellular characters (i.e. their own ribosomes and complete
machineries for protein synthesis and ATP production). The
third hypothesis (here called the escape theory) became popular
partly by default and partly because it was a priori supported
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speculations should be made with caution, but one cannot expect
to understand the origin of modern cells and viruses by stick-
ing to the present context. In this review, I will discuss briefly
how the three hypotheses for virus origin can be revisited if one
considers that viruses originated before the Last Universal Cel-
lular Ancestor (LUCA) from which the three cellular domains
diverged. I will also present recent data and new hypotheses on
the involvement of viruses in the origin and early evolution of
modern DNA cells.

2. Viruses as old players in life evolution

The idea that viruses are ancient was first more easily
accepted for RNA viruses, in relation with the RNA world
theory. Several authors have convincingly argued that present
RNA viruses could be relics of the RNA world, whereas Retro-
viruses and/or Hepadnaviruses could be relics of the RNA/DNA
transition (Wintersberger and Wintersberger, 1987; Weiner and
Maizels, 1993, 1994; Makeyev and Grimes, 2004). Such vision
was boosted by the discovery of tRNA-like structure linked to
some viral RNA genomes (possible relic of an earlier coupling
between replication and translation), and by the discovery of
viral reverse transcriptase, one of the essential enzymes for the
RNA to DNA transition. A priori, the idea that RNA viruses
are ancient could appear at odds with their apparent predom-
inance in eucaryotes, considering the prejudice that eucary-
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y the observation that present-day viruses can integrate cellu-
ar genes into their own genomes. In this view, plasmids and

obile elements are often considered to be viral precursors.
owever, the escape hypothesis has also serious drawbacks since

t does not specify how a free nucleic acid could have recruited
capsid and the complex mechanisms required by viruses to

eliver their nucleic acid to their host cells. Furthermore, in
ts traditional version, the escape hypothesis predicts that bac-
eriophages originated from bacterial genomes and eukaryotic
iruses from eukaryotic genomes. In this case, one expects to
nd evolutionary affinities between viral proteins encoded by
iruses from one domain and their cellular homologues in that
omain. However, this is often not the case; for instance, some
roteins encoded by T4 bacteriophage are more related to pro-
eins from eukaryotes or eukaryotic viruses than to their bacterial
omologues (Miller et al., 2003; Gadelle et al., 2003). Fur-
hermore, although more than 250 cellular genomes from the
hree domains have now been completely sequenced, most of
he viral proteins detected in viral genomes have no cellular
omologues (up to 90–100% in the genomes of archaeal viruses)
Prangishvili and Garrett, 2004).

At this point, one should realize that some of the major critics
gainst the three above hypotheses have been made in the con-
ext of the present-day biosphere (i.e. modern viruses indeed
eed modern cells to replicate, modern cells cannot regress to
iral forms, free DNA cannot recruit proteins from modern cells
o form capsids, and so on). However, things may be differ-
nt if viruses originated before the formation of modern cells
sensu Woese, 2002): Archaea, Bacteria and Eukarya. In this
ase, we are less constraint by the present reality to propose new
volutionary scenarii for the origin of viruses. Of course, such
tes are more recent than prokaryotes. However, the hypoth-
sis that RNA viruses are relics of the RNA world is sup-
orted by the fact that both single-stranded and double-stranded
NA viruses are also present in the bacterial domain (they are
resently unknown in Archaea). Furthermore, double-stranded
NA viruses infecting Bacteria (Cystoviridae) and those infect-

ng Eukarya (Totiviridae and Reoviridae) have a similar structure
nd life cycle (Bamford, 2003) and their RNA-dependent RNA
olymerases are homologues (Makeyev and Grimes, 2004).
inally, RNA replicases/transcriptases of double-stranded RNA
iruses are also evolutionary related to those of single-stranded
NA viruses (Makeyev and Grimes, 2004). These observations

trongly support the idea that all RNA viruses are evolutionary
elated and both very ancient. In the traditional view of life evo-
ution, this could simply imply that “eukaryotic” RNA viruses
riginated from “bacterial” RNA viruses (being therefore “only”
s old as Bacteria). However, comprehensive analysis of the uni-
ersal tree of life suggests that Eukarya did not originate from
acteria, but that both evolved from a LUCA that was neither a
ona fide prokaryote, nor a bona fide eukaryote, and that could
ven still belong to the RNA world (Woese, 1987; Leipe et al.,
999; Forterre, 2005). If this interpretation of the universal tree is
orrect, the finding of homologous RNA viruses in both Eukarya
nd Bacteria suggests that these viruses were already present at
he time of LUCA, and most likely even before LUCA (i.e. prob-
bly at the epoch of the RNA-protein world).

The possible antiquity of DNA viruses was recognized more
ecently. I suggested in 1992 that DNA viruses probably also
redated the formation of the three domains of life based on
y interest in DNA replication proteins (Forterre, 1992). I was
rst impressed by the singularity of T4 type II DNA topoiso-
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Fig. 1. Alignment of the Type IIA DNA topoisomerase in the region of the ATP binding site (Bergerat fold) (adapted from Forterre, 1992). The type II DNA
topoisomerase from bacteriophage T4 branches between the eukaryotic and bacterial sequences in phylogenetic trees (see for instance Gadelle et al., 2003). This can
be explained a priori either by an ancient divergence of the T4 sequence (before the last common ancestor of all bacteria), or from a rapid evolution from a bacterial
sequence. Examination of the sequence alignment strongly favors the former hypothesis. In case of rapid divergence from a bacterial sequence, one would expect
retention of more ancestral common signatures in the bacterial and eukaryotic sequences (lost in T4). However, there is a single position (in blue) corresponding to
this situation. In contrast, T4 exhibits 2 signatures (in red) and a homologous indel (underlined) with eukaryotic sequences, something that cannot be explained by
the rapid evolution hypothesis. The conservation of 13 common signatures to all Topo IIA sequences also argues again rapid evolution of the bacteriophage enzyme
(at least in that fold). The presence of 5 typical bacterial signatures (in green) suggests that T4 Topo IIA is slightly more related to their bacterial homologues or that
eukaryotic sequences evolved more rapidly. Only positions with the same amino-acid in the majority of bacterial or eukaryotic Topo IIA sequences (not shown here)
were used to identify bacterial or eukaryotic signatures, respectively.

merase (a heterohexamer without gyrase activity) compared to
bacterial DNA gyrase (a heterotetramer) and to eucaryotic type
II DNA topoisomerase (a homodimer without gyrase activity).
The amino-acid sequence of T4 type II DNA topoisomerase
indeed turned out to exhibit a striking succession of bacterial and
eucaryotic signatures, as well as unique features (Fig. 1). This
protein was clearly neither of the bacterial or the eukaryotic type
but seemed to represent an entire new domain by itself. Simi-
larly, I noticed that both human adenovirus and Bacillus subtilis
bacteriophage �29, use a similar atypical protein-priming mech-
anism to replicate their DNA (something unknown in the cellular
world) and encode a unique type of DNA polymerase that can
use such template to initiate its own replication. This again sug-
gested that these two viruses originated from a common ancestor
that existed before the divergence between Eukarya and Bacte-
ria. The validity of these two examples has been confirmed in
the following decade by the accumulation of sequence data. In
phylogenetic trees based on amino-acid sequence comparison,
the type II DNA topoisomerases encoded by T4 and relatives
indeed form a cluster of sequences clearly distinct from those
of Bacteria and Eukarya (Gadelle et al., 2003). Similarly, aden-
ovirus and �29 DNA polymerases belong to a subfamily of DNA
polymerases B without any cellular member (Filée et al., 2002).

The evolutionary connection between eukaryotic and bacte-
rial viruses is now also supported by the existence of homol-
ogous features at the structural level. Hence, The architecture
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ing to similar principle to form the viral capsid. All these data
suggest that the capsids of these DNA viruses derived from the
capsid of an ancestral virus living either before, or at the time of
LUCA.

The antiquity of both RNA and DNA viruses can readily
explain why, with rare exceptions, viral proteins involved in
DNA/RNA transcription, replication, recombination or repair
(informational proteins), are not minor variations of their cellular
functional analogues. As in the case of type II DNA topoiso-
merases, the sequences of many viral informational proteins
form specific clusters in phylogenetic trees, being as distantly
related to their cellular homologues than proteins from different
domains are from each others (Filée et al., 2002, 2003; Miller et
al., 2003; Gadelle et al., 2003; Raoult et al., 2004; Forterre et al.,
2004). In other cases, viral informational proteins have no real
cellular homologues at all (except for plasmid versions or viral
remnants in cellular genomes) such as rolling-circle initiator pro-
teins (Ilyina and Koonin, 1992), monomeric DNA dependent
RNA polymerases (Cermakian et al., 1997), herpes virus pri-
mase (Dracheva et al., 1995), or else RNA and DNA helicases of
the SF3 superfamily (Gorbalenya et al., 1990) (see other exam-
ples in Iyer et al., 2005). These proteins only share with some
cellular enzymes common domains or structural folds (Iyer et
al., 2005), as expected if a common pool of structural modules
present in the RNA-protein world was used repeatedly for the
modular construction of all large proteins (viral and cellular).
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f the portal protein complex of herpes virus resembles those
f the portal/connector proteins of bacterial viruses (Trus et al.,
004). The more convincing work was performed by Bamford
nd colleagues who identified, by structural analyses, a com-
on module (the double-barrel trimer) in the capsid proteins

f human adenovirus and the bacterial viruses PRD1 (Bamford,
003). This module turned out to be also present in the cap-
id proteins of other icosahedral double-stranded DNA viruses
ith large facets, the bacterial virus Bam35 and several groups
f eukaryotic viruses (Phycodnaviridae, Iridoviridae, Asfarviri-
ae and Mimiviridae) (Benson et al., 2004). Finally, this module
as detected in the putative capsid protein of the archaeal virus
TV1, recently discovered in a Yellowstone hot spring (Benson
t al., 2004; Rice et al., 2004). In all these viruses, the proteins
ontaining the double-barrel trimer fold are arranged accord-
hese viral-specific proteins could have been directly invented
n ancient viral lineages, independently of their hosts, or they
ould have been recruited from ancient cellular lineages that
ave later on disappeared from the biosphere.

In a minority of cases, viral proteins are closely related to
omologous proteins encoded by their hosts, indicating recent
ransfers of these proteins from cells to viruses (Moreira, 2000;
ilée et al., 2002). From this observation, it has been argued by
roponents of the escape hypothesis that all viral proteins have
cellular origin, and that the basal position of many of them in
hylogenetic trees is an artifact of phylogenetic reconstruction,
ue to the rapid rate of evolution of viral sequences (long branch
ttraction) (Moreira, 2000). However, this explanation cannot
e used for all viral proteins without cellular homologues pre-
iously described. It is logical to assume that the mechanisms
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that produce these proteins unique to viruses also produce viral
specific versions of enzymes with cellular homologues.

Accordingly, I think that most viral proteins that form specific
clusters in phylogenetic trees (away from their cellular homo-
logues) indeed testify for deep evolutionary divergence and for
viral antiquity, and not simply for the rapid evolution of viral
proteins after their acquisition from a cellular host (see legend
of Fig. 1 for further explanation).

Many characteristic features of viral genomes are also typical
of plasmids. Plasmids also encode a majority of genes without
cellular homologues, including proteins involved in DNA repli-
cation. This is for instance the case of rolling-circle Rep proteins
or else of the recently discovered DNA polymerases E (Lipps et
al., 2003). Many of these proteins have homologues encoded in
viral genomes (Iyer et al., 2005), indicating that plasmids and
viruses are evolutionary related. If viruses are very ancient, one
can suggest that plasmids originated from DNA viruses (and not
the other way around) that have lost genes encoding for capsid
proteins (Forterre, 1992, 2005). Plasmids probably evolved rel-
atively late in early life evolution, i.e. after the RNA to DNA
transition and the appearance of viruses with circular double-
stranded DNA genomes.

3. The three hypotheses for virus origin revisited

The hypothesis that viruses were already present before the
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bly arose well before the emergence of LUCA. For instance,
it appears unlikely that a world of free molecules could have
evolved to such an extent to produce a ribozyme capable to
synthesize proteins (the ancestor of present-day ribosomes).
Even in the early RNA world, a primitive metabolism should
have produce at least precursors for RNA and lipid synthe-
ses, as well as the energy required to perform these reactions.
It is difficult to imagine the emergence of such a metabolism
without Darwinian selection, and this requires the competition
between well-defined individual entities (at least proto-cells).
Since modern viruses contain proteins, they should have orig-
inated after the emergence of the ancestral ribosome, i.e. well
after the apparition of primitive RNA-cells (in the second age
of the RNA world, sensu Forterre, 2005). Accordingly, in my
opinion, the virus first theory can be rejected for present-day
viruses (even viroids would need a suitable cellular environ-
ment providing nucleotides for their emergence). In this case,
one is presently left with only two possibilities: either the first
RNA viruses originated from RNA cells by regressive evolution
(a new version of the reduction theory), or from RNA fragments
that escaped from RNA cells (a new version of the escape the-
ory).

3.2. The escape hypothesis

The traditional hypothesis viewing viruses as elements of cell
g
a
i
c
b
h
f
a
a
m
s
2
a
d
c
b
t
e
c
b
o
t
w
e
b
w

3

c

mergence of modern DNA-cells open new perspectives about
heir origin, and suggests to revisit the three classical hypotheses
n this new context.

.1. The virus-first hypothesis

The virus-first hypothesis has been revived in the last decade
y Wolfram Zillig who suggested that viruses originated in the
rebiotic word, using the primitive soup as a host (Prangishvili
t al., 2001). Such hypothesis is in line with the view, advo-
ated by several molecular biologists, that the formation of cells
ccurred relatively late in the evolution of life. It was common
or some time to imagine the RNA world as a community of free
olecules competing with each others (Gilbert, 1986). Recently,

ome authors have even proposed that LUCA was not a cellu-
ar entity (Kandler, 1998; Martin and Russell, 2003; Koga et
l., 1998). In particular, they suggested that cellular membranes
riginated independently after the divergence of Archaea and
acteria, in order to explain why archaeal lipids are so different

rom eukaryotic/bacterial ones (with opposite stereochemistry
nd different carbon chains). If all life evolution from the very
eginning up to LUCA occurred in an acellular context, it is
ndeed possible to imagine that viruses first emerged as individ-
al entities in a world of competing proteins and nucleic acids,
ither bathing in a “primitive soup” or located on a mineral plat-
orm. However, the hypothesis of a LUCA without membrane
s contradicted by the existence of homologous proteins func-
ioning at the membrane level that are encoded by all sequenced
enomes from the three domains of life, strongly suggesting
hat these proteins (hence a membrane) were already present
n LUCA (Pereto et al., 2004). In fact, the first cells proba-
enomes that escaped from their cellular environment, becoming
utonomous and infectious selfish elements, is easier to defend
n the context of a pre-LUCA scenario for virus origin. In this
ontext, one does not expect anymore any specific relationship
etween proteins encoded by viruses and those encoded by their
osts, since viruses now derive from genome fragments escaped
rom cells predating LUCA. Furthermore, one can reasonably
ssume that it was easier for a genome fragment to become
utonomous in ancient RNA cells, since the different molecular
echanisms operating in these proto-cells were probably much

impler and less integrated than in modern DNA cells (Woese,
002). In particular, it has been often argued that the genomes of
ncestral RNA cells were fragmented (as in the case of modern
ouble-stranded RNA viruses). These genomes could have been
omposed of semi-autonomous chromosomes (possibly formed
y a few RNA genes) that were replicated independently and
ransferred randomly from cells to cells (Woese, 1987; Poole
t al., 1998). Some RNA chromosomes could have encoded a
oat protein that helps the proto-virus to be transferred, finally
ecoming infectious (Fig. 2). This process would be reminiscent
f the moron theory proposed by Hendrix and co-workers for
he origin of virus (Hendrix et al., 2000). Although this theory
as inferred from the observation that modern DNA viruses can

asily acquire more DNA by illegitimate recombination it can
e easily extrapolated for the origin of RNA viruses in the RNA
orld.

.3. The reduction hypothesis

The transformation of a cellular organism into a viral one
ould have been also much easier in a world of RNA cells,
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Fig. 2. Two alternative hypotheses for the origin of viruses in the second age of the RNA world (after invention of protein synthesis), black circles correspond to
translation machinery (e.g. ancestral ribosomes) and lines to linear RNA chromosomes. Upper panel, the escape hypothesis: unequal cell division produces minicells
with single chromosome (a or b) but no translation apparatus. The chromosome a will be eliminated but chromosome b will survive because it is associated with a
proteins coat that allows its transfer into a new RNA cell, it becomes a virus. Lower panel, the reduction hypothesis: a small RNA cell became an endosymbiont of a
larger RNA cell. It looses its translation apparatus but continue to replicate autonomously and become infectious (similar to some pathogenic bacteria in eukaryotic
cells).

again because these cells were much simpler than modern ones.
Just as modern parasites can loose part of their metabolic chan-
nels, an RNA-cell living as a parasitic endosymbiont in another
RNA cell could have lost its own machinery for protein synthe-
sis and for energy production, using instead those of the host
(Fig. 2) (Forterre, 2005). In this model, viral capsids could have
originated from the envelopes of RNA cells composed of iden-
tical proteins, resembling the S-layer of modern prokaryotes.
The reduction hypothesis might have been driven by the harsh
competition that most likely occurred between RNA cells all
along the evolution of the RNA world. As a consequence of this
competition, early life evolution probably went through sev-
eral bottlenecks each time a crucial new molecular mechanism
was invented. At each of these bottlenecks, the descendents of
the individual endorsed with such a great selective advantage
(the winners) would have eliminated all other lineages of proto-
cells that previously coexisted with them (the losers). The only
chance of survival for the loosers was to become parasites of the
winners. In this hypothesis, viruses evolved by parasitic reduc-
tion from ancient lineages of RNA cells that were out-competed
in the Darwinian selection process, and thus could only sur-
vive by parasiting the winner of this competition (Forterre,
1992).

4. The origin of DNA viruses
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tases and some DNA polymerases (Hansen et al., 1997), or else
between viral RNA and DNA helicases (Gorbalenya et al., 1990)
strongly suggest that DNA viruses evolved from RNA viruses.
This view is also in agreement with the existence of intermediate
forms such as retroviruses (with a RNA genome and a RNA-
DNA-RNA cycle) and hepadnaviruses (with a DNA genome
and a DNA-RNA-DNA cycle). Interestingly, retroviruses and
hepadnaviruses are evolutionary related, strongly supporting the
idea that the transition from RNA to DNA occurred in the viral
world (Miller and Robinson, 1986). The transition was proba-
bly easy for nucleic acid biosynthesis, since the specificity of
RNA/DNA polymerases is not that high. For instance, it has
been shown that the RNA-dependant RNA polymerase from the
Brome mosaic virus can use, as templates, either RNA, DNA
or RNA/DNA hybrids (Siegel et al., 1999). RNA viruses might
have used cellular enzymes to transform their RNA genome
into a DNA genome. However, if DNA viruses indeed orig-
inated from RNA viruses, it is tempting to suggest that the
enzymes required for the RNA to DNA transition first appeared
in viral genomes and to conclude that DNA is a viral invention
after all (an hypothesis supported by independent argument, see
below).

Considering the great diversity of DNA viruses (especially in
term of size), it is also possible that the first DNA viruses origi-
nated from RNA viruses and that, later on, further DNA viruses
originated by reduction of primitive DNA cells. The idea that
s
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DNA viruses could have emerged either from RNA viruses or
ndependently. It is often stated that both types of viruses indeed
riginated independently in agreement with the current idea that
iruses are polyphyletic. However, in my opinion, the homolo-
ies that can be detected at the structural and mechanistic levels
etween viral RNA replicases/transcriptases, reverse transcrip-
ome DNA viruses originated by reduction from ancient lin-
ages of DNA cells that existed either before or shortly after
UCA (Forterre, 1992) was recently boosted by the discovery
f the mimivirus, a giant virus infecting Entamoeba (La Scola
t al., 2003). The genome of this virus (1.2 Mb) is three times
arger than the genome of the smallest cell, and four or five
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times larger than the minimal genome predicted for a functional
cell. The mimivirus thus can be viewed as an intermediate form
between a true cell and a virus (only lacking ribosomal proteins),
i.e. the previously missing link of the reduction hypothesis.
Indeed, the mimivirus genome encodes several proteins that
are also present in the three domains of life, and a tree based
on the concatenation of these proteins place the mimivirus in-
between Archaea and Eukarya, as if it was the representative
of a fourth domain with no longer free-living cellular repre-
sentatives (Raoult et al., 2004). The mimivirus belongs to the
family of Nucleo-Cytoplasmic Large DNA Viruses (NCLDV).
The proteomes of these viruses share a relatively small com-
mon core of proteins (about 30–40), mainly involved in viral
structure and DNA transactions (Raoult et al., 2004). In the
reduction hypothesis, the NCLDV ancestor could have been
even larger than the mimivirus (closely related to a putative
ancestral DNA cell) and many gene loss (together with some
acquisitions) should have occurred in the different NCLDV lin-
eages.

However, the mimivirus remains “a bona fide virus since it
rely on its host for protein synthesis and energy production and
has a typical capsid” (Koonin, 2005). Furthermore, the recent
observation that the mimivirus capsid protein is homologous
to those of the adenovirus and of some bacterial and archaeal
viruses (Benson et al., 2004) supports the hypothesis of a viral
origin for the mimivirus. It is indeed difficult to imagine that all
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proteins for DNA replication, one in Bacteria, and the other com-
mon to Archaea and Eukarya (Leipe et al., 1999). These sets
include the central components of bacterial replication forks:
replicative DNA polymerase, DNA primase and replicative heli-
case. This puzzling situation was in fact already predicted in
1977 by Woese and Fox, based on their progenote theory (Woese
and Fox, 1977). These authors had put forward that DNA repli-
cation machineries would have originated independently in Bac-
teria and Eukarya, as a consequence of their view that modern
cells diverged from a very simple LUCA, still member of the
RNA world. Once the first genomic data became available, the
hypothesis of an RNA-based LUCA was endorsed by Mushegian
and Koonin (1996) who posited that the DNA replication mecha-
nism was indeed invented twice independently, once in Bacteria,
and once in a common lineage leading to Archaea and Eukarya.
Later on, Koonin and co-workers refined their hypothesis to
explain why a few proteins involved in DNA metabolism were
nevertheless present – and homologous – in the three domains.
They suggested that DNA was invented before LUCA but was
not yet replicated at that time, replication mechanisms having
being invented only after the divergence of the archaeal and
bacterial lineages (Leipe et al., 1999). In this scenario, the repli-
cating genome of LUCA was still RNA, but it replicated with
a DNA intermediate, via retro-transcription, as in the case of
retroviruses.

As an alternative to an RNA-based LUCA, I proposed in
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hese viruses originated from the same primitive DNA cell. It
s more likely that NCLDV and other viruses with the double-
arrel trimer module originated from a very old DNA virus that
lready existed before the establishment of the three cellular
omains.

The position of the mimivirus in the universal tree of life
as been itself strongly disputed on methodological ground by
oreira and Lopez-Garcia (2005) who argued that the mimivirus

s “only” a giant pickpocket that has captured these genes from
moeba. In support of this view, the mimivirus branch as sister
roup of Entamoeba in a refined phylogenetic tree of tyrosyl
RNA synthetase (one of the protein used in the concatena-
ion of Raoult and co-workers). However, comparative genomic
nalysis suggests that, including the tyrosyl tRNA synthetase,
nly five of the 363 mimivirus genes with cellular homologues
out of 1262 predicted ORFs) are more related to Entamoeba
han to other eukaryotic proteins (Ogata et al., 2005). Koonin
2005) suggested that the mimivirus genome has grown from
he NCLDV core via the accretion of genes of eukaryotic and
acterial origin. In fact, most mimivirus genes are orphans and
hose with bacterial or eucaryotic affinities are usually very dis-
antly related from their cellular counterparts. Many genes of the

imivirus could have been therefore not borrowed from bacte-
ial or eukaryotic lineages but from other viruses and/or from
ncient lineages of DNA or RNA cells.

. Viruses and the puzzling phylogenomic distribution
f DNA replication proteins

A major surprise that came out early from large-scale compar-
tive genomics was the existence of two sets of non-homologous
999 that the ancestral mechanism for DNA replication origi-
ally present in LUCA was later on displaced by a second one, of
iral origin, either in Bacteria or in a lineage common to Archaea
nd Eukarya (Forterre, 1999). This hypothesis was supported
y the existence of so many viral DNA replication proteins
on-homologous (but analogous) to cellular ones (as previously
iscussed). It was also inspired by the fact that cellular DNA
eplication proteins of bacterial origin were replaced by viral
nes in the course of mitochondrial evolution (Filée et al., 2002,
005, see below). Recently, two specific archaeal/eukaryal DNA
eplication proteins, the helicase MCM and the primase, were
ound to be encoded, as a fused protein, by a prophage integrated
n the genome of the bacterium Bacilllus cereus (McGeoch and
ell, 2005). This again supports the idea that viruses could
ave been the vectors for the delivery in one domain of cellular
NA replication proteins from another one. The possible role
f viruses in the origin of cellular DNA replication mechanisms
as also hypothesized by Villarreal and De Filippis (2000),
ho noticed that eukaryotic DNA polymerase delta was clus-

ered with a group of viral DNA polymerases in a phylogenetic
ree of family B DNA polymerases. However, the hypothesis of

non-orthologous displacement of an ancestral cellular DNA
eplication mechanism by a viral one seems to be contradicted
y the observation that the major components of the bacterial
nd eukaryotic DNA replication machineries have apparently
ever been displaced in modern cells by homologues encoded
n cryptic proviruses or plasmids. For instance, the bacterial
eplicative helicase DnaB is encoded in all bacterial genomes,
espite the presence of alternative viral/plasmid like helicases
n many of them (Iyer et al., 2005). One can bypass the require-

ent for a non-orthologous displacement step in the evolution
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of the DNA replication machineries, by suggesting that all types
of DNA replication machineries in fact originated in the viro-
sphere and were later on transferred to cellular organisms. I
thus proposed that both the bacterial and the archaeal/eukaryal
replication machineries were recruited independently from the
viral world, either before of after LUCA (Forterre, 2002). In that
scenario, one has to conclude that these machineries became
refractory to non-orthologous displacement by further viral pro-
teins once they were established at the origin of each cellular
domain.

6. Viruses and the origin of DNA

It is usually considered that RNA was “logically” replaced
by DNA in the course of evolution for two reasons: (i) it is
more stable, thanks to the removal of the reactive oxygen in
position 2′ of the ribose; and (ii) modification in the genetic
message produced by deamination of cytosine into uracil (a
common spontaneous chemical reaction) can be recognized and
repaired in DNA, but not in RNA. As a consequence of this
stability and more faithful replication, the substitution of RNA
by DNA as cellular genetic material allowed genome size to
increase, DNA cells with enlarging genomes becoming more
complex and finally out-competing their RNA-based ancestors
(Lazcano et al., 1988). However, this argumentation cannot fully
explain the origin of DNA, since the evolution of a DNA repair
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Fig. 3. Schematic representation of genome evolution from RNA to modified
DNA genomes. All types of genomes are present in the virosphere but only
DNA-T genomes in modern cells. The latter could have originated via the
transfer of DNA from a double-stranded DNA virus to an RNA cell (ques-
tion mark). RNR; ribonucleotide-reductase, TdS: thymidylate-synthase, HmcT:
hydroxymethylcytosine-transferase.

ment with the idea that ribonucleotide reductase and thymidylate
synthase were invented in the virosphere, it is noteworthy that
many DNA viruses encode their own ribonucleotide reductase
or thymidylate synthase. Furthermore, these proteins are usually
only distantly related to those encoded by their hosts in phylo-
genetic trees, as in the case of the other typical viral specific
proteins previously discussed (Myllykallio et al., 2002; Filée et
al., 2003; Miller et al., 2003; Forterre et al., 2004).

The hypothesis of a viral origin for DNA has the advan-
tage to readily explain the diversity of DNA replication proteins
and mechanisms observed in modern viruses. In this hypothesis,
after emergence of the first DNA virus, DNA replication mech-
anisms probably evolved in several steps (as initially proposed
by Wintersberger and Wintersberger, 1987) and several times
independently in different lineages of DNA viruses (Forterre et
al., 2004). In a first step, the simplest scenario assumes that a
single-stranded RNA virus with a double-stranded RNA repli-
cation intermediate became a single-stranded DNA virus that
replicated its genome via a DNA/RNA intermediate. At this
stage, a single enzyme could have both transcribed DNA into
RNA and retro-transcribed RNA into DNA. Later on, the diver-
sification of the initial DNA viral lineage and the invention of
DNA-dependent DNA polymerases would have given birth to
DNA viruses replicating their DNA without any RNA inter-
mediate, with production of double-stranded DNA. The first
double-stranded DNA genomes were probably replicated one
s
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ystem to remove uracil from DNA, and, more generally, the
dvantages to have a large genome might have been major fac-
ors in the evolution process only after populations of DNA
ells were already established. Instead, if the replacement of
NA by DNA first occurred in a virus, modification of its RNA
enome into a DNA one would have immediately produced a
enefit for the virus (a prerequisite for Darwinian selection).
e know that some modern viruses have indeed chemically

ltered their DNA genomes to become resistant to the nucleases
f their hosts (for instance via methylation, hydroxymethyla-
ion or even more complex chemical modifications, for review
ee Warren, 1980). As a first step, the emergence or recruit-
ent of ancestral ribonucleotide reductase activities in viruses
ould have modified its RNA genome into a uracile-containing
NA (U-DNA) genome. This intermediate step in the RNA to
NA transition is inferred from the synthesis of dTMP from
UMP in modern cells (Fig. 3). Some bacterial viruses that
ave a U-DNA genome could be relics of this first transition
Takahashi and Marmur, 1963). Viruses that have conserved
n RNA genome have evolved alternative mechanisms to pro-
ect their genetic material against RNA-degrading or modifying
nzymes. Some of them keep their RNA genomes into their
apsids all along the infection process, whereas others encode
roteins that inhibit cellular RNA degradation or modification
echanisms (e.g. demethylases). In a second step, the emer-

ence of thymidylate synthase activity in some U-DNA virus
ineages would have produced viruses with the modern form
f thymidine-containing DNA (T-DNA) (Fig. 3). This second
tep would have occurred at least twice independently in order
o explain the existence of two non-homologous thymidylate
ynthase, ThyA and ThyX (Myllykallio et al., 2002). In agree-
trand after the other, much alike the genomes of modern double-
tranded RNA viruses and some DNA viruses. This mecha-
ism only requires a DNA polymerase with strand-displacement
ctivity. It might have been later on improved by the introduc-
ion of helicases and processivity factors to help the polymerase.
he next logical step is to initiate replication of the second strand
efore completion of the first one. Such partial coupling requires
he invention of a primase to initiate the replication of the second
trand (becoming the lagging strand). At the end of this evo-
utionary process, the rapid replication of very large genomes
ecame possible by coupling the replication of the lagging and
eading strands at the replication fork, as in all modern cells and
n many DNA viruses. Such coupling requires the tight coordi-
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nation of the helicase, primase and DNA polymerase activities
in a single “replication factory”.

In this sequential model for the evolution of DNA replica-
tion mechanisms, new proteins were probably recruited at each
step by modifying the specificity of proteins already present in
the RNA world (DNA polymerases and primases from RNA
polymerases, DNA helicase from RNA helicase, DNA binding
proteins from RNA binding protein and so on) and/or by the
different associations of various protein modules pre-existing in
the RNA world. This idea is supported by the mechanistic and
structural homologies between some of these enzymes (already
discussed) and by the presence of RNA binding modules in many
DNA informational proteins. For instance, several of these pro-
teins contain various derived versions of the RNA Recognition
Motif, the RRM fold (Iyer et al., 2005). Since the sequential
evolution of DNA replication mechanisms by recruitment and
patchwork construction probably occurred independently in sev-
eral viral lineages, this model readily explains the existence
of many DNA informational proteins that are not homologous
but nevertheless perform the same function (Forterre et al.,
2004).

If DNA and DNA replication mechanisms indeed originated
in the ancient virosphere, one has to explain when and how
they were later on transferred into the cellular world (Fig. 3).
There are several possibilities; one can imagine that this transfer
occurred at an early step in the evolution of the DNA replica-
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7. Viruses and the origin of the three modern cellular
domains

As mentioned previously, the hypothesis that DNA was trans-
ferred from viruses to cells, together with a complete machin-
ery for its replication, was originally proposed to explain the
existence of two sets of non-homologous DNA replication pro-
teins, one in Bacteria, the other in Archaea and Eukarya. It was
thus necessary to imagine at least two independent transfers
to take into account this observation (Fig. 4A, B). Recently, I
have suggested that three independent transfers of DNA from
viruses to RNA cells actually occurred, leading to the for-
mation of the three domains, Archaea, Bacteria and Eukarya
(Fig. 4C) (Forterre, in press). This “three viruses three domains”
hypothesis can explain why eukaryal and archaeal DNA replica-
tion machineries, although similar, exhibit critical differences.
Hence, major eukaryal DNA topoisomerases (Topo IB and Topo
IIA) are phylogenetically unrelated to archaeal ones (Topo IA
and Topo IIB) (Gadelle et al., 2003; Krogh and Shuman, 2002).
In addition, Archaea contain a DNA polymerase of the D family
that has no eukaryotic homologues (Cann et al., 1998). Fur-
thermore, archaeal and eukaryal DNA polymerases of the B
family, although homologous, are not specifically related, but
both cluster with different viral groups in a DNA polymerases B
phylogeny (Filée et al., 2002). There are many other differences
between DNA recombination, repair and recombination mecha-
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ion mechanism (for instance at the stage of DNA/RNA hybrid
enomes) and that later stages of this evolution occurred in par-
llel in both viruses and cells. Alternatively, the evolution of
NA replication mechanisms could have occurred entirely in

he viral world, and transfer of DNA from viruses to modern
ells only occurred at the end of the process, when the fully
ymmetric mechanism for DNA replication present in modern
ells became available (Forterre et al., 2004).

Different mechanisms can be also imagined for the transfer
tself. Cells could have learnt from viruses how to make DNA by
apturing selectively viral genes encoding ribonucleotide reduc-
ases, thymidylate synthases and replication proteins (much
ike bacterial cells later on probably recruited viral restriction-

odification systems to fight viral infections). Another possi-
ility is that some DNA viruses got the ability to take complete
ontrol of the RNA cell that they originally infected, transform-
ng it from within into a DNA cell (Forterre, 2005). Indeed, by
nalogy with the existence of modern DNA virus living in a car-
ier state inside DNA cells, many ancient RNA cells probably
ontained resident viral DNA genomes beside their own cellular
NA genomes. Some DNA viruses living in a carrier state inside
RNA cell could have evolved into “plasmid” after loosing the
enes encoding their capsid proteins and/or proteins involved
n the infectious process. If the virus or the cell also encoded a
everse transcriptase, the DNA plasmid (of viral origin) could
ave progressively integrated by retro-transcription more and
ore cellular genes since they could be replicated more effi-

iently and faithfully than the RNA chromosome. The end of
his process would have been the complete elimination of the
ncient cellular RNA genome and the formation of a modern
ellular DNA chromosome.
isms between Archaea and Eucaryotes that are better explained
y a partially independent origin of these two domains than by
he transformation of Archaea into Eukarya. Finally, the exis-
ence of three viruses at the origin of the three domains can
xplain that, despite a LUCA with an RNA genome, some pro-
eins involved in DNA metabolism are homologous in all cellular
rganisms (such as RecA-like recombinases or the DNA poly-
erase processivity factors PCNA) (Leipe et al., 1999). One

as simply to postulate that the three DNA viruses at the origin
f all modern cells shared this small set of homologous DNA
nformational proteins. In agreement with this hypothesis, many
iruses (e.g. bacteriophage T4) encoded virus-specific versions
f RecA or PCNA.

Interestingly, the three viruses three domains hypothesis can
ake into account essential features of the universal tree of life
hat are not readily explained in classical models of early cellu-
ar evolution (Forterre, in press). For instance, it explains why
here are three discrete lineages of modern cells and not an evo-
utionary continuum of cellular organisms, since it involves (and
pecify) three different “major qualitative evolutionary changes”
r “dramatic evolutionary events” at the origin of each domain
Forterre and Philippe, 1999; Woese, 2000), i.e. the fusion of
NA cells with DNA viruses. Since RNA genomes were a pri-
ri replicated and repaired less faithfully than DNA genomes,
his new hypothesis also specifies the difference in evolutionary

ode responsible for the drastic reduction in the rate of protein
nd rRNA evolution that should have occurred after the forma-
ion of the three domains (Woese and Fox, 1977). This reduction
n evolutionary rate is required to explain why ribosomal pro-
eins and rRNA diverged more profoundly in the “short” time
eriod that took place between LUCA and the three last com-
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Fig. 4. Several models for the possible transfer of DNA from viruses to cells, black circle symbolize the bacterial DNA replication apparatus, whereas grey
circles symbolize the archaeal/eukaryal DNA replication apparatus. (A) Two independent transfers after a LUCA with an RNA genome; (B) one transfer before
LUCA followed by non-orthologous displacement by another DNA replication system in the bacterial branch. In that scenario, LUCA has a DNA genome. (C)
Three independent transfers after LUCA, leading to the formation of the three cellular domains (differences between the archaeal and eukaryal DNA replication
machineries are illustrated by different color, white and grey circles, respectively).

mon ancestors of each domain, than in the time period (much
longer) that has taken place between the formation of the three
domains and the present time (Woese and Fox, 1977; Woese,
2000). Finally, the three viruses three domains hypothesis can
also explain why members of different domains are infected by
specific groups of viruses. If ancestors of all present viruses were
already thriving at the time of LUCA, member of a given viral
families (for instance Fuselloviridae) should be found to infect
cells from the three cellular domains. This is apparently not the
case, since the presence of fuselloviruses appears to be restricted
to Archaea. However, in the three viruses three domains sce-
nario, following an initial diversification of viral lineages along
with divergence of RNA cell lineages, only viruses that were
able to infect RNA cells at the origin of each domain could have
survived the massive elimination of RNA cells (and RNA/DNA
viruses) that occurred after the emergence of the three lineages
of DNA cells. This would have selected from each domain a
subpopulation of different viral families that were pre-adapted
to infect the newly formed DNA cells.

8. Viruses and the origin of the eukaryotic nucleus

Recent theories suggesting a viral origin for the eukaryotic
nucleus are another example of the comeback made by viruses
in the mind of evolutionists during the last five years. The origin
of the eukaryotic nucleus is one of the great mysteries of early
l
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Bacteria (Hartman and Fedorov, 2002), as well as nuclear fea-
tures that are unknown in Archaea (spliceosome, nuclear pores,
mRNA capping and so on). Furthermore, endosymbiosis of an
archaeon into a bacterium would have produced a nucleus with a
double-membrane, one of bacterial and one of archaeal origin. In
contrast, the nuclear membrane is a single membrane folded onto
itself that originates by recruitment of membrane vesicles from
the endoplasmic reticulum. Finally, a major question mark in all
theories for the origin of the nucleus (autogeneous or endosym-
biotic) is the origin of nuclear pores. It is difficult to imagine why
nuclear pores could have appeared in the absence of a nuclear
envelope but it’s not possible to imagine the appearance of a
nuclear envelope without pre-existing nuclear pore.

In 2001, two authors independently proposed a completely
new hypothesis to explain the origin of the nucleus, i.e. the
viral eukaryogenesis hypothesis (Bell, 2001; Takemura, 2001).
They suggested that the nucleus originated from a large double-
stranded DNA viruses that infected a prokaryotic-like organism.
This hypothesis has the great advantage to solve the nuclear
pore problem, since viruses have evolved a number of complex
molecular devices to translocate RNA or DNA through various
types of membranes (including cellular membranes). Both Bell
and Takemura suggested that the virus at the origin of the nucleus
was related to poxviruses. Several features of the poxviruses
cell cycle are indeed reminiscent of the eukaryotic nucleus biol-
ogy and some poxviruses enzymes (DNA polymerase, mRNA
c
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ife evolution (Pennisi, 2004). It has been advocated by several
uthors that the nucleus originated from an ancient archaeon
hat was engulfed by a bacterial-like cell. However, this hypoth-
sis does not explain the existence of many eukaryotic specific
roteins that have no homologous counterparts in Archaea or
apping enzymes) are evolutionary related to their eukaryotic
ounterparts, however forming viral specific clusters in phyloge-
etic trees. Interestingly, early transcription of poxviruses occurs
nside a viral core and the RNA should be transported to the cyto-
lasm through some kind of pores (Broyles, 2003). These pores
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have been recently visualized in vaccinia virus by cryo-electron
tomography (Cyrklaff et al., 2005). After its release from the
viral core (which is dependent of products from early transcrip-
tion), the viral DNA is replicated in «mininuclei» that are formed
by the recruitment of the endoplasmic reticulum, a process rem-
iniscent of the formation of the nuclear membrane (Tolonen et
al., 2001). As in the case of the nucleus, DNA replication only
occurs once these mininuclei are fully assembled, and the minin-
uclei are disassembled only after completion of DNA replication
(both processes being regulated by protein phosphorylation).

The classical view is that poxviruses and other NCLDV
viruses have adapted their molecular biology and cell cycle to
those of their eukaryotic hosts. However, as noticed by Villarreal
(2005), many other viruses successfully infect eukaryotic cells
by using completely different strategies. One can therefore argue
that all characteristic features of poxviruses were of viral ori-
gin, and were later on transferred to the host. The number of
genes encoded by poxviruses could appear to be relatively low as
starting material for eukaryotic nucleus. This criticism was elim-
inated after the discovery of the mimivirus whose genome is only
twice smaller than the complete genome of the Eukarya Enci-
phalitozoon cruzi. A giant NCLDV virus, such as the mimivirus
could be a good starting point for the eukaryogenesis hypothesis
(Raoult et al., 2004).

Both Bell and Takemura suggested that the host of the ances-
tral virus at the origin of the nucleus was an archaeon, in order
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ously new hypotheses that postulate a major role for viruses in
the origin and evolution of fundamental cellular features, such
as the nature and the organisation of their genome. However,
the great impact that viruses can have on the genetic systems
is well illustrated by the evolution of mitochondria. Compara-
tive genomics and molecular phylogenetic data have shown that
mitochondria originated from a free-living �-proteobacterium
(Gray and Lang, 1998). However, to only one exception (Recli-
nomonas elongata), the RNA polymerase that transcribed the
mitochondrial genome is not homologous to bacterial RNA poly-
merases (as would have been expected) but to monomeric RNA
polymerases encoded by bacterioviruses T3/T7 and relatives.
Phylogenetic analyses have recently revealed that the helicase
and DNA polymerases involved in mitochondrial DNA replica-
tion are also specifically related to the same group of viruses
(Filée et al., 2002, 2003). Interestingly, homologues of these
proteins are encoded by cryptic proviruses in the genomes of sev-
eral proteobacteria (Filée and Forterre, 2005). This suggests that
the �-proteobacterium at the origin of mitochondria contained a
cryptic provirus related to T3/T7, and that the RNA polymerase,
DNA helicase and DNA polymerase encoded by this provirus
replaced the original DNA transcription and replication proteins
of the ancestral �-proteobacterium during its transformation into
mitochondria.

Amazingly, the ancestral bacterial type RNA polymerase
(of cyanobacterial origin) and a T3/T7-like type RNA poly-
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o explain the similarity between the translation apparatus of
rchaea and Eukarya. However, this creates a problem: why was

he archaeal membrane replaced later on by the “bacterial-like”
embrane of modern eucaryotes? If the viral eukaryogenesis is

orrect, the host of the virus at the origin of the nucleus was
ore likely an ancestral proto-eukaryotic cell with a bacterial-

ike membranes but an archaeal-like translation apparatus. Such
ncient cell has been named the urkaryote (Woese, 1987) or the
hronocyte (Hartman and Fedorov, 2002). It is also possible to
ouple the viral eukaryogenesis hypothesis with the three viruses
hree domains hypothesis, by supposing that the nucleus origi-
ated at the same time as the eukaryotic domain, i.e. from one (or
everal) large DNA virus that infected an urkaryote (Forterre, in
ress). In any case, one should be aware that some bacteria also
ontain a nucleus with fascinating structural similarities (not yet
rove to be homologies) with the eukaryotic one (Fuerst, 2005).
his raises difficult questions (with presently no satisfactory
nswer) for all present theories on the origin of the eukaryotic
ucleus, including the viral eukaryogenesis hypothesis.

. The role of viruses in the evolution of mitochondria
nd chloroplasts

It is obvious now for everybody that viruses have played
n important role in recent cellular evolution by transferring
ome of their genes to cellular organisms. However, it is usually
onsidered that modifications introduced in cellular lineages by
iruses are restricted to “superficial” traits which have a direct
elective advantage for the cell in a specific environment (e.g.
athogenecity islands) but do not drastically change its genomic
ake-up. It is thus difficult for many biologists to take seri-
erase are both used in the transcription of chloroplast genomes
Gray and Lang, 1998). The viral-like enzyme of the chloro-
last originated from a duplication of the gene encoding the
itochondrial RNA polymerase. Plants thus contain two viral-

ike RNA polymerases, one targeted to the mitochondrion, the
ther to the chloroplast. This indicates the existence of a strong
election pressure that has pushed for the replacement of cel-
ular enzymes by viral ones in mitochondria and chloroplasts.
n both organelles, this replacement has been associated with
rofound modifications in the mechanism of DNA replication
nd chromosome structure. This demonstrates that viruses can
e the source of new “cellular” DNA informational proteins and
an definitely play a critical role in shaping the cellular genome.

0. Conclusion

For a long time, viruses were not included in the universal
ree of life, since they had no ribosomal RNA. As seen in this
eview, if the viruses are brought back into the tree (in fact if the
ree and its root are immersed in a viral ocean, as suggested by
amford (2003)), one can propose radically new hypotheses to

olve problems encountered in deciphering ancient relationships
etween the three domains and the history of DNA replication
echanisms.
A reappraisal of the role of viruses in early cellular evo-

ution is therefore under way. The realisation that viruses are
robably very ancient allows to better understand their extraordi-
ary diversity, explaining why most viral proteins inferred from
enome sequencing have no cellular homologues. The contin-
ous rain of viral genes into cellular genomes could thus be
artly responsible for the existence of an irreducible fraction of
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orphan genes in cellular genomes (Daubin and Ochman, 2004).
There seems to exist in the biosphere an illimited reservoir of
viral proteins that has provided opportunity at different steps of
the evolutionary process to introduce new functions into cellular
organisms.

The idea that virus origin predated the emergence of LUCA
also suggests that modern viruses have inherited from ancient
RNA and DNA cells molecular mechanisms that have disap-
peared from modern DNA cells (an illuminating example could
be the mechanism for protein-primed DNA replication). This
would explain why the molecular biology of the viral world for
transcription and replication is more diverse than those of the
cellular world. Many yet unknown molecular mechanisms (and
their associated proteins) thus probably remain to be discovered
in the virosphere. If these considerations are correct, this means
that the exploration of the viral diversity will be for sure one of
the major challenges of biology in this new century.
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