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Abstract

We recently described a giant double stranded DNA virus called Mimivirus, isolated from amoebae, which might represent a new
pneumonia-associated human pathogen. Its unique morphological and genomic characteristics allowed us to propose Mimivirus as a
member of a new distinct Nucleocytoplasmic Large DNA viruses family, the Mimiviridae. Mimivirus-specific features, namely its size
and its genomic complexity, ranged it between viruses and cellular organisms. This paper reviews our current knowledge on Mimivirus
structure, life cycle and genome analysis and discusses its putative evolutionary origin in the tree of species of the three domains of
life.
© 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Appearance of Mimivirus in infected cells and in cell-free supernatant. Transmission electron microscopy on Mimivirus-infected A. polyphaga at 8 h
p.i. shows intra-cytoplasmic accumulation of virus particles (A). Bar = 2 �m. Mimivirus particles, purified from the supernatant of infected cells at 72 h p.i. as
previously described (La Scola et al., 2003), are non-enveloped icosahedral virions surrounded by fibrils (B). Bar = 100 nm.

1. Discovery

Cultures of amoebae with water from a cooling tower
during an outbreak of pneumonia in Bradford, England,
led T.J. Rowbotham to isolate a series of Legionella-like
Amoebal Pathogens (LLAP), among which one was Gram-
positive and was first called “Bradford coccus” (unpublished
results). Different attempts in our laboratory to identify this
amoebae-associated bacterium by universal bacterial 16S
ribosomal RNA (rRNA) PCR amplification and sequencing
reproducibly failed. Initial electron microscopy observations
of infected Acanthamoebae polyphaga revealed the presence
of an intra-cytoplasmic icosahedral structure, surrounded by
fibrils of about 650 nm diameter (Fig. 1A). These observa-
tions were reproduced on material purified from infected A.
polyphaga cell-free supernatant (Fig. 1B) by ultracentrifu-
gation on a sucrose cushion (La Scola et al., 2003). This
estimated size is larger than that of small mycoplasma U.
urealyticum (La Scola et al., 2003) and comparable to those
of intracellular bacteria such as R. conorii or T. whipplei
(Raoult, 2005). The morphology of what we then called
Mimivirus (for Mimicking Microbe) was reminding that of
Iridoviruses, Asfarviruses or Phycodnaviruses (Salas, 1999;
Van Etten et al., 2002; Williams, 1996), three members
of the Nucleocytoplasmic Large DNA Virus (NCLDV)
family, infecting poikilothermic invertebrate animals, pigs,
a
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2. Mimivirus morphology, life cycle and cellular
tropism

2.1. Morphological characteristics of the viral particle

The main characteristics of Mimivirus particles observed
by transmission electron microscopy are its size of about
650 nm, its icosahedral capsid and the presence of fibrils
surrounding the capsid. From outside to inside, the capsid
seems to be composed of several membrane layers inside
which condensed core material could be observed (Figs. 1B
and 2A). In some cases, the core material appeared uncon-
densed (Fig. 2B). Other morphological aspects of Mimivirus
particles are shown in Fig. 2C and D. Whether these var-
ious forms represent different stages of Mimivirus matura-
tion process or defective virions remains to be established.
Mimivirus particles seem devoid of an outer membrane, sug-
gesting that the way they use to exit from infected cells is
not through budding at the cellular cytoplasmic membrane.
Mimivirus particles appear to share morphological character-
istics in common with Poxviruses (Moss, 2001), Iridoviruses
(Williams, 1996), Phycodnaviruses (Van Etten et al., 2002)

Table 1
Viral transcripts detected in Mimivirus particles
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nd eukaryotic algae, respectively. However, the size of
imivirus particle makes it the largest virus ever described

ntil now. A. polyphaga is a pathogenic ubiquitous free-living
moebae. Although the natural history of Mimivirus is poorly
nderstood, its discovery as an amoebae-associated pathogen
akes it a potential causative agent of pneumonia in humans.
urrently, we have only indirect evidences supporting this

dea since recent results demonstrated the presence of
imivirus-specific antibodies in the sera of patients with

ommunity- or hospital-acquired pneumonia (La Scola et al.,
005).
ene Definition/putative function Relationship to other viral genes

322 DNA polymerase NCLDV core gene, class I
425 Capsid protein NCLDV core gene, class I
339 TFII-like transcription factor NCLDV core gene, class II
124 Tyrosyl-tRNA synthetase Specific, translation
164 Cysteinyl-tRNA synthetase Specific, translation
663 Arginyl-tRNA synthetase Specific, translation
272 Unknown Specific, orphan
349 Unknown Specific, orphan
520 Unknown Specific, orphan
611 Unknown Specific, orphan

enes transcripts were detected by RT-PCR analysis on RNAs extracted
rom purified virions as previously described (Raoult et al., 2004).
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Fig. 2. Different morphological aspects of Mimivirus particles. Transmission electron microscopy on cell-free supernatant purified virions shows either mature-
like particles with a condensed core (A) or immature-like particles with uncondensed core (B). Diverse ultrastructural pictures of the encapsidated material
could be observed (C and D), which might be representative of defective particles. Bar = 100 nm.

and Asfarviruses (Brookes et al., 1996), all members of the
NCLDV family. An internal lipid membrane surrounding the
central core was described in each case, that might also be
present in Mimivirus particles (Figs. 1B and 2). However, the
presence of external fibrils, about 120 nm long, is specific
to Mimivirus. They seemed to be formed by proteins and
glucidic components since they are sensitive to protease and
lyzozyme digestion (La Scola et al., submitted manuscript),
and one might speculate about their role in the attachment
of Mimivirus to its target cell. Virion density was deter-
mined to be 1.36 g/cm3 in CsCl (La Scola et al., submitted
manuscript).

The condensed core contained the viral genome which is
an open 1.2 Mb linear dsDNA (Raoult et al., 2004). We also
demonstrated that some viral RNAs were packaged within
the virus particle (Raoult et al., 2004; La Scola et al., sub-
mitted manuscript). Out of the 27 transcripts tested so far,
10 could be amplified by RT-PCR on RNA extracted from
density gradient purified virions (Table 1). We found the tran-
scripts of three genes of the NCLDV class I (R322 DNA
polymerase, L425 Capsid protein) and class II (R339 TFII-
like transcription factor) core genes as defined by Iyer et al.
(2001); three genes coding for amino acyl-tRNA synthetases
(L124, L1164 and R663) described for the first time in a

Table 2
Representative large dsDNA viruses

Virusa Virus family Genome size (bp) No. of protein coding genes No. of proteins in virion Reference

Mimivirus Mimiviridae 1,181,404 911 ? Raoult et al. (2004)
PBCV-1 Phycodnaviridae 330,744 373 ∼50 Li et al. (1997)
MsEPV Poxviridae 230,120 267 ∼100 Afonso et al. (1999)
MCV Poxviridae 190,289 182 ∼100 Senkevich et al. (1996)
ASFV Asfarviridae 170,101 151 >50 Yanez et al. (1995)
HSV-2 Herpesviridae 154,746 473 ∼30 Dolan et al. (1998)
AcNPV Baculoviridae 133,894 154 ? Ayres et al. (1994)
LCDV Iridoviridae 102,653 110 ∼40 Tidona and Darai (1997)

a PBCV-1: Paramecium bursaria chlorella virus 1; MsEPV: Melanoplus sanguinipes entomopoxvirus; MCV: Molluscum contagiosum virus; ASFV; African
swine fever virus; HSV-2: Herpes simplex virus type 2; AcNPV: Autographa californica nuclear polyhedrosis virus; LCDV: lymphocystis disease virus. Data
f
rom Van Etten (2003).
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viral genome; and four unique orphan genes. These results
suggest that immediate early gene transcripts, that could be
translated without viral gene expression, are necessary to
Mimivirus to perform the first steps of its replicative cycle.
Among other dsDNA viruses, viral transcripts were found
in Human Cytomegalovirus and Herpes simplex virus type-1
particles (Bresnahan and Shenk, 2000; Greijer et al., 2000;
Sciortino et al., 2001), two members of the Herpesviridae
family.

The protein composition of Mimivirus particles is cur-
rently under investigation by proteomic analysis. When com-
pared to other large DNA viruses (Table 2), it should be
expected a large number of proteins associated to the virion.
Characterization of either the structural proteins, among
which is the L425 Capsid protein, or the “accessory” proteins
would provide helpful informations in our understanding
of the viral replication cycle, especially in the interactions
between different viral proteins and cellular host factors.

2.2. Replication cycle

Observation of Mimivirus-infected A. polyphaga revealed
a typical viral development cycle (La Scola et al., 2003 and
submitted manuscript). There is first an eclipse phase until 4 h
post-infection (p.i.) (Fig. 3A), followed by the clustered cyto-
plasmic accumulation of newly synthesised virions at 8 h p.i.
(
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Fig. 3. Mimivirus life cycle in A. polyphaga. Transmission electron
microscopy on Mimivirus-infected A. polyphaga reveals an eclipse phase
at 4 h p.i. (A), followed by perinuclear production and cytoplasmic accu-
mulation of newly formed viruses at 8 h p.i. (B), increasing at 16 h p.i. (C).
Bar = 2 �m.

inner membrane by budding through the nuclear membrane
(Fig. 4D and E). Moreover, the electronlucent appearance
of the cytoplasmic areas where Mimivirus particles accumu-
lated looked like the one described for other complex dsDNA
viruses. Although many points are still unresolved, on the
Fig. 3B). At later time p.i., almost all the cytoplasmic space
s filled up with viral particles (Figs. 3C and 4A). Mimivirus
s a lytic virus since most of the infected amoebae are lysed at
4 h post-infection (not shown). Although not clearly estab-
ished, release of progeny virions might most probably occur
hrough infected cell lysis. Actually, little is known about the
ifferent stages of this replication cycle namely attachment to
he cell surface and entry, viral core release, DNA replication,
ranscription, translation, assembly and release of progeny
irions. However, electron microscopy analyses of infected
ells revealed interesting pictures notably capsid assembly
nd budding from the nucleus (Fig. 4D and E), as well as the
resence of both “empty” (Fig. 4B and C) and “full” particles
n the cytoplasm. These features are reminiscent of the “virus
actories” that have been described for many different viruses
ut especially for all the NCLDVs members Poxviridae, Iri-
oviridae, Phycodnaviridae and Asfarviridae, but also for
erpesviridae (Novoa et al., 2005; Van Etten et al., 2002).
iral factories are functional dynamic structures that modify

arge areas of infected cells to allow efficient viral morpho-
enesis. The early DNA replication of Herpes viruses begins
n nuclear factories where several events take place: DNA
ynthesis, capsid assembly, DNA encapsidation, assembly of
mpty shells in which viral DNA is inserted and capsid acqui-
ition of a primary envelope by budding through the nuclear
embrane. The late replication steps occur in cytoplasmic

iral factories. The existence of both nuclear and cytoplasmic
iral factories in Mimivirus infected cells is a likely hypoth-
sis. Indeed our results showed that Mimivirus capsids were
ssembled in the nucleus of infected cells and acquired their
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Fig. 4. Assembly of Mimivirus particles. At 16 h p.i. the cytoplasm of Mimivirus infected A. polyphaga is filled up with virions (A). Bar = 5 �m. Two cytoplasmic
areas are enlarged in (B and C) where “empty” (closed arrow) and “full” (opened arrow) particles could be seen. Details of the nucleus of this infected cell are
shown in (D), showing the release of newly formed capsids at the nuclear periphery. Bar = 1 �m. The boxed area is enlarged in (E). Mimivirus assembly starts
in the nucleus of infected cells and a capsid budding from the nucleus could be seen. Bar = 500 nm. The boxed area is enlarged in the upper right. Bar = 100 nm.

basis of these initial observations, and according to what was
proposed by Van Etten and Meints (1999) for the PBCV-1
Phycodnavirus life cycle, we would like to tentatively pro-
pose a scheme for the replication cycle of Mimivirus (Fig. 5).

2.3. Host cells

As any other virus, Mimivirus is an obligate intracellular
parasite which requires cellular metabolism and functions to
multiply. Initially isolated and then propagated on cultures
of amoebae, we tried to determine the cellular tropism of
Mimivirus. A large number of primary or established cell lines
from vertebrates or invertebrates were checked for their abil-
ity to support Mimivirus infection and replication. It appears
that only A. polyphaga, A. castellanii and A. mauritaniensis
could be productively infected by a cell-free viral suspension
(La Scola et al., submitted manuscript). This result suggested
either a very narrow range of target cell specificity, restricted
to protozoans, or the need for a cell to cell transmission of
infection from amoebae infected cells to higher eukaryotic
cells.

3. Genome analysis

3.1. General features

The genome of Mimivirus is a linear dsDNA of 1.2 Mb
long which was entirely sequenced (GenBank accession
number AY653733). The viral genome might adopt a cir-
cular topology upon annealing of the 900 nt inverted repeats
found at each end (Raoult et al., 2004). This genome is larger
than the genome of several bacteria and archeon parasites
(Koonin, 2005) and is the largest of the dsDNA viral genomes
described (Table 2). Apart from this exceptional large size, the
Mimivirus genome is mainly characterized by its high cod-
ing capacity of 90.5%, since 1262 putative Open Reading
Frames (ORF) were described. Of the 911 coded proteins,
298 had a functional attribute. This represents about 24%
of the predicted genes, which is a rather low number when
compared to the 70% of the predicted genes of small bacteria
and archeal genomes which are of known function (Galperin
and Koonin, 2004), but which states the question about the
origin and the significance of the very high proportion of
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Fig. 5. Proposed life cycle for Mimivirus. Following entry into the amoebae, Mimivirus DNA might be decapsidated and transported to the nucleus, and
immediate early RNAs delivered to the cytoplasm to be translated. DNA replication might begin within the nucleus, possibly in a nuclear assembly center.
Early and late genes are transcribed and most probably transported to the cytoplasm to be translated. Capsid assembly might take place within the nucleus
as well as DNA encapsidation. Coating and fibrils acquisition of the viral particles might occur in the cytoplasm, possibly in a cytoplasmic assembly center.
Newly synthesised Mimivirus particles might be released by lysis of the infected cells.

genes with unassigned functions in Mimivirus genome. Of
the predicted Mimivirus ORFs, 194 matched significantly
with 108 clusters of orthologs groups (COG) representing 17
different functional classes (Table 3). Functional categories

Table 3
Clusters of orthologs groups identified in Mimivirus

COGa Category Function Mimivirus
genes

2 A RNA processing and modification 2
1 D Cell cycle control and mitosis 1
3 E Amino acid transport and metabolism 8
5 F Nucleotide transport and metabolism 5
1 G Carbohydrate metabolism and transport 1
3 I Lipid metabolism 3
7 J Translation 7

11 K Transcription 11
22 L Replication, recombination and repair 31

7 M Cell wall/membrane biogenesis 8
1 N Cell motility 4

12 O Post-translational modification, protein
turnover and chaperones

18

2 Q Secondary metabolites biosynthesis,
transport and catabolism

4

15 R General function prediction only 75
12 S Function unknown 12

3 T Signal transduction 3
1 U Intracellular trafficking and secretion 1

o

of amino acid transport and metabolism (E), translation (J)
and post-translational modification (O) were overrepresented
compared to other NCLDVs genomes (Raoult et al., 2004).
Detailed analysis of the Mimivirus genome revealed features
shared with other viral, bacterial or cellular genomes as well
as features unique to this virus, that after phylogenetic studies
allowed us to assign it a unique position in the tree of species
from the three domains of life.

3.2. Genome analysis

3.2.1. Genes shared with all or some NCLDVs
Comparative analysis of the genomes of the 4 families of

NCLDVs allowed Iyer et al. (2001) to propose an hypothet-
ical common ancestral origin to these viruses based on the
presence of a set of 31 core genes among which 9 class I genes
conserved in all families, 8 class II genes conserved in all fam-
ilies but missing in at least one lineage within families and 14
class III genes conserved in 3 out of 4 families. The genome
of Mimivirus comprises the 9 class I genes, 6 out of 8 class II
genes and 11 out of 14 class III genes with closest homologs
scattered among the 4 different families of NCLDVs: 11 close
to Phycodnaviruses, 7 close to Poxviruses, 6 close to Iri-
doviruses and 1 close to Asfarviruses (Table 4). Interestingly,
it was observed that the transcripts of 2 class I genes (DNA
polymerase and capsid protein) and of one class II genes
(
t

a Number of clusters of orthologs groups (COG) in each category with
ne or more homolog in Mimivirus.
TFII-like transcription factor) were found packaged within
he viral particle (Table 1). Of the five core genes missing
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Table 4
NCLDVs core genes identified in Mimivirus

NCLDV core gene Putative function Mimivirus gene Best homolog in NCLDV

I Helicase III/ATPase L206 Iridoviruses
I DNA polymerase (B family) R322 Phycodnaviruses
I ATPase L437 Iridoviruses
I Helicase II L396 Phycodnaviruses
I Capsid L425 Phycodnaviruses
I Thiol oxidoreductase R596 Phycodnaviruses
I Helicase II R350 Poxviruses
I Ser/Thr protein kinase R400 Phycodnaviruses
I Transcription factor R450 Phycodnaviruses

II TFII-like transcription factor R339 Phycodnaviruses
II MuT-like NTP pyrophosphatase L524 Iridoviruses
II Myristoylated virion protein A L323 Iridoviruses
II PCNA R493 Phycodnaviruses
II Ribonucleotide reductase large sub. R313 Poxviruses
II Ribonucleotide reductase small sub. L312 Poxviruses

III Unknown R429 Phycodnaviruses
III BroA, KilA-N terminal domain L37 Poxviruses
III mRNA capping enzyme R382 Asfarviruses
III RNA polymerase subunit 2 L244 Iridoviruses
III RNA polymerase subunit 1 R501 Iridoviruses
III Thioredoxin/Glutaredoxin R195 Phycodnaviruses
III Ser/Tyr phosphatase R622 Poxviruses
III BIR domain R311
III Virion-associated membrane protein L65 Poxviruses
III Topoisomerase II R480 Phycodnaviruses
III SW1/SNF2 helicase L364 Poxviruses

in Mimivirus, it should be noticed that their protein products
are enzymes implied in DNA precursor synthesis (the class II
thymidylate kinase and the class II dUTPase), DNA replica-
tion (the class III ATP-dependent DNA ligase and RuvC-like
Holliday junction resolvase), or transcription (the class III
RNA polymerase subunit 10). These results suggested that,
although undoubtedly related to NCLDVs, Mimivirus had a
specific pattern of NCLDVs core genes. Phylogenetic analy-
sis based on the concatenated sequences of the class I genes
confirmed this hypothesis and defined Mimivirus as a new and
independent lineage of NCLDVs, the Mimiviridae (Raoult et
al., 2004).

Besides these 26 common core genes, the Mimivirus
genome contains a large amount of ORFs with character-
istics specific to this virus. The main group represented
about 80% of the ORFs with no known homologs (Raoult
et al., 2004). The origin of these orphan genes as well as
the function of the protein products are still unknown. How-
ever, since the transcripts of some of these orphan genes
were detected within the viral particles (Table 1), it might
be thought that at least part of these genes might code for
proteins useful to the Mimivirus replication cycle. Whether
some of these orphan proteins are also packaged within the
virions is currently under investigation. In the Mimivirus
genome, another group of genes was identified that were
never described in a viral genome until then, and that brought
u
v

3.2.2. Genes homolog to prokaryotes and/or eukaryotes
The detailed analysis of these genes revealed differ-

ent functional categories that are shown in Table 5, with
their inferred origin (Raoult et al., 2004; Koonin, 2005).
Strikingly, genes dealing with tRNA modification, transla-
tion, molecular chaperones and protein folding, amino acid
metabolism, protein modification and lipid metabolism were
more closely related to eukaryotic homologs whereas gene
products implied in nucleotide synthesis and polysaccharide
metabolism were closer to bacterial homologs. Genes coding
DNA repair enzymes showed best homologies with either
eukaryotic or bacterial genes. Together with the presence
of genes of the translation functional category, the pres-
ence of DNA repair genes is the most remarkable feature of
Mimivirus genome. Although tRNA-like and elongation fac-
tor genes were also found in dsDNA viruses like Chlorella
Viruses (Van Etten and Meints, 1999), amino acyl-tRNA
synthetases (R663, L124, L164, R639), translation initiation
(R464, R496) and elongation (R624) factors, peptide release
factor (R726) and a tRNA modifying enzyme (R405) are
unique to Mimivirus. Moreover the transcripts of Arg-, Tyr-
and Cys-tRNA synthetases were packaged within the viral
particle (Table 1). The presence of this set of genes in the
genome as well as genes coding for molecular chaperones
(L254, L393, R260, R266, R445) or proteins involved in pro-
tein quality control (L605, L251) suggest they might have an
i
c

s some information on the origin and evolution of this
irus.
mportant role during the viral replication cycle to allow effi-
ient viral protein translation and assembly. Mimivirus also
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Table 5
Mimivirus unique genes of non viral origin

Mimivirus ORF Putative function Category Inferred origin

R663 Arg-tRNA synthetase Translation tRNA modification Eukaryotic
L124 Tyr-tRNA synthetase Eukaryotic
L164 Cys-tRNA synthetase Eukaryotic
R639 Met-tRNA synthetase Eukaryotic
R726 Release factor eRF1 Eukaryotic
R624 Elongation factor eF-Tu Eukaryotic
R464 Initiation factor SUI1 Eukaryotic
L496 Initiation factor 4E Eukaryotic
R405 tRNA (5-uracil-)methylase Eukaryotic

L359 Mismatch repair ATPase MutS DNA repair Bacterial
R693 Methylated-DNA-protein-methyltransferase Bacterial
R406 Dioxygenase alkylated DNA repair Bacterial
L315, L720 Formamidopyrimidine DNA glycosylase Bacterial
R194, L221 Topoisomerase IB, IA Bacterial
R480 Topoisomerase IIA Eukaryotic
L687 Endonuclease UV-damaged DNA repair Eukaryotic
L469 Polynucleotide kinase-phosphatase Eukaryotic

L254, L393 HSP70 Protein folding Eukaryotic
R260, R266, R445 DnaJ-like proteins Eukaryotic
L605 Peptidyl-prolyl isomerase Eukaryotic
L251 Lon-like protease Eukaryotic

R418 Nucleoside diphosphate kinase Nucleotide synthesis Bacterial
L716 GMP synthase Bacterial

R475 Asparagine synthase Amino acid metabolism Eukaryotic
R565 Glutamine synthase Eukaryotic

L230 Lysyl hydroxylase Protein modification Eukaryotic

L906 Cholinesterase Lipid metabolism Eukaryotic
L808 Lanosterol-14-alpha-demethylase Eukaryotic
R807 Dehydrocholesterol reductase Eukaryotic

R689 NAG-1-phosphate uridylyltransferase Polysaccharide metabolism Bacterial
L136 Sugar transaminase Bacterial
L780 Reductase Bacterial
L612 Mannose-6-phosphate isomerase Bacterial
L543 ADP-ribosylglycohydrolase Bacterial

displays an unusual set of genes implied in different mech-
anisms of DNA repair that were never described before in
dsDNA viruses and that are representative enzymes of the
different repair pathways of DNA damages due to oxidiza-
tion (L315, L720), methylation (R693), alkylation (R406),
UV radiation (L687) and nucleotide mismatch (L359). More
surprising was the first identification in a viral genome of
the genes coding for the three topoisomerases IA (L221), IB
(R194) and IIA (R480). Although topoisomerases IB and IIA
could be found in NCLDVs, topoisomerase IA was never
reported in a virus, and the presence of the three enzymes
was only described in yeast and some environmental bacte-
ria (Raoult et al., 2004).

In addition to the structural and regulatory viral genes nec-
essary to perform the different steps of the replication cycle,
large dsDNA viruses are known to have genes implied in var-
ious metabolic pathways such as sugar, lipid or amino acid
metabolism. This also appeared to be the case in Mimivirus
since genes coding for enzymes involved in nucleotide syn-
thesis (R418, L716), amino acid metabolism (R475, R565),

lipid metabolism (L906, L808, R807) and polysaccharide
metabolism (R689, L136, L780, L612, L543) were identified.
Among these enzymes, some are unique for a virus especially
those intervening in the Glutamine metabolism (R475, R565,
L716) and in the biosynthesis of oligosaccharides (listed
above). The presence of these latter enzymes added to the
presence of six glycosyltransferases in the Mimivirus genome
might be linked to two of our observations: (i) the Gram-
positive staining of Mimivirus might be due to the presence
of an external layer of reticulated polysaccharides; (ii) the
external fibrils are sensitive to protease and lyzozyme diges-
tion (La Scola et al., submitted manuscript), suggesting that
they might be composed of cross-linked glycoproteins.

Another specific feature of Mimivirus genome is the pres-
ence of an Intein sequence within the DNA polymerase type B
gene (R322) (Raoult et al., 2004; Ogata et al., 2005a). Inteins
are mobile selfish DNA elements, with no known func-
tion, present in protein coding sequences that remove them-
selves by an autoproteolytic process following translation
(Pietrokovski, 2001). They have been described in archaea,
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bacteria and eukaryotes, but only once in an Iridovirus, the
Chilo Iridescent virus (Pietrokovski, 1998). Detailed analysis
of Mimivirus intein demonstrated canonical sequence motifs
and the presence of a homing endonuclease domain, related
to archeal inteins but belonging to a distinct subclass (Ogata
et al., 2005a). Beside the presence of the Intein sequence, the
Mimivirus DNA polymerase type B gene contains an exonu-
clease site and a polymerase site with conserved residues
suggesting it is likely to be functional (Ogata et al., 2005a).

3.2.3. Expanded gene families
Throughout the Mimivirus genome analysis, it appeared

that some genes might be members of families sharing con-
served motifs which are a structural or a functional signature.
The largest gene family is composed of 66 proteins express-
ing the 33-residue ankyrin-repeat. This motif, involved in
protein-protein interaction, has been found in many proteins
spanning a wide range of functions in the three domains of
life, archaea, bacteria and eukaryotes, but also in a great
number of viral genomes (Moavi et al., 2004). As a com-
parison, in the PBCV-1 genome the ankyrin domain is shared
in a six member family of genes (Van Etten, 2003). The sec-
ond largest family is formed by more than 20 proteins with
the BTB/POZ signature. This is an N-terminal motif found
associated with other conserved domains such as KELCH
repeats or Zinc fingers domains, implied in a wide range
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Comparison of Mimivirus COGs numbers with genomes
of similar size showed that they are fewer in Mimivirus than in
different bacteria or small eukaryotes, but not within specific
functional categories (Raoult et al., 2004). In small obli-
gate intracellular bacteria, genes coding for nucleotide or
amino acid synthesis are lacking. This makes these organisms
dependent on their host cell products for their metabolism.
These genes are present in Mimivirus genome as well as genes
involved in other metabolic pathways. The major difference
in Mimivirus genome with the genomes of small intracel-
lular bacteria is the absence of genes coding for ribosomal
proteins. Genes implied in energy production and conversion
are under-represented in Mimivirus genome. Then, despite
the presence of an unusually high number of genes involved
in transcription and translation, Mimivirus is dependent on its
host for at least the protein translation apparatus and energy
metabolism.

Although the different steps of its replicative cycle are yet
to be uncovered, the detailed genome analysis provided us
useful informations on the complex apparatuses that might
be involved in DNA replication and DNA repair; transcrip-
tion which is independent of the host unlike other large DNA
viruses like PBCV-1 (Van Etten, 2003); but also in different
pathways used for protein translation and folding, virion mor-
phogenesis and intracellular transport. Mimivirus life cycle
is strictly intracellular and it shares physical and functional
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f homophilic or heterophilic protein–protein interactions
Aravind and Koonin, 1999). Besides these large families,
our other might be of importance in the Mimivirus life cycle:
ne 14 member family of proteins with protein kinase motif,
nd three different 8 member families containing either the
ollagen triple-helix motif or the glucose–methanol–choline
GMC) oxidoreductase motif or similar to helicases. All these
esults stressed the level of complexity of the Mimivirus
enome compared to those described until now and it should
e guessed that it will increase further with our knowledge of
rphan genes and of other family genes of uncharacterized
aralogs (Koonin, 2005).

. Origin and evolution of Mimivirus

.1. Is Mimivirus a cellular organism or a virus?

By its size of about 650 nm, Mimivirus is not an ultra-
ltrable agent as commonly defined for most viruses, but is
ather comparable to the size of small intracellular bacteria
uch as Rickettsia conorii or Tropheryma whipplei (Raoult,
005). The 1.2 Mb size of its genome is comparable to the
enomes of these bacteria, 1.27 Mb for R. conorii (Ogata
t al., 2001), and 0.9 Mb for T. whipplei (Bentley et al.,
003). Strand asymmetry for gene transcription was present
n Mimivirus as in bacteria, which is generally associated to
he origin of replication. This feature is common in bacte-
ia but was only described in β-herpesviruses (Mrazek and
arlin, 1998). However, in Mimivirus, transcription of genes

ppeared to be similar from both strands.
haracteristics with some small obligate intracellular bac-
eria. All this suggests a very complex life cycle but which
emains, at least until now, rather a viral cycle than a bacterial
ne, since Mimivirus does not undergo division but replicate
hrough the assembly of pre-formed subunits.

.2. Phylogeny and putative origin of Mimivirus

.2.1. Linkage to NCLDVs and to a common ancestor
Mimivirus genome contains 26 of the 31 core genes

classes I–III) defined by Iyer et al. (2001), as belonging
o a common ancestral virus. Mimivirus is phylogenetically
elated to NCLDVs as demonstrated by phylogenetic trees
uilt on the ribonucleotide reductase small and large subunits
nd topoisomerase II sequences (La Scola et al., 2003) as well
s on the concatenated sequences of the conserved eight class
core genes (Fig. 6A; Raoult et al., 2004). However, it appears
o be different enough from any other of the NCLDVs families
o constitute its own clade in the NCLDV tree. One hypothesis
ould be that originally Mimivirus contained the complete set
f 61 core genes (classes I–IV), some of which having been
ost during evolution and/or adaptation to the host. These
esults suggested the existence of a common ancestor origi-
ating before the emergence of the three domains of life and
uestioned the involvement of this large DNA ancestral virus
n the emergence of eukaryotes. This hypothesis is a matter of
ebate since Koonin (2005) proposed that NCLDVs are not
lder than eukaryotes but that the common ancestral virus
xisted early in the evolution of eukaryotes before the radi-
tion of the main eukaryotic lineages. An argument against
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Fig. 6. Phylogeny of Mimivirus. Phylogenetic position of Mimivirus among the NCLDV families (A) and in the tree of species from the three domains of life
(B). Both figures are from Raoult et al. (2004).

this theory and in favour of a very ancient common ancestor
might come from the common architecture of the coat pro-
tein shared by viruses infecting different hosts in the three
domains of life (Benson et al., 2004). Using structure-based
modelling these authors showed that these viruses, with no
sequence similarity, have “double-barrel trimer” coat pro-
teins. Preliminary results seemed to indicate that this would
also be the case for the Mimivirus capsid protein (unpublished
results).

4.2.2. Putative origin and evolution of Mimivirus
Our current hypothesis is that Mimivirus and other large

DNA viruses are of deep evolutionary origin close to the
origin of the other domains of life. But phylogenetic analyses
lead to alternative view points:

(i) Mimivirus as a “gene pickpocket” from its hosts? Phy-
logenetic trees based on a large sampling of selected
protein sequences located Mimivirus within the Eukary-
otes domain (Moreira and Lopez-Garcia, 2005). Another
paper is in favour of this hypothesis based on the conser-
vation of the core set genes of NCLDVS which was not
described outside of eukaryotic viruses, the eukaryotic
and bacterial evolutionary affinities of Mimivirus non
viral genes and the presence of many paralogous fam-

(

in a branch near the origin of Eukaryotes (Fig. 6B;
Raoult et al., 2004). The tree topology was invariant
after several methodological changes. Presence of an
archeal intein was described in the eukaryotic-related
DNA polymerase ORF (Ogata et al., 2005a). Most of
the Mimivirus ORFs have higher sequence similarities
to eukaryotic genes. We recently developed new argu-
ments opposed to the “gene pickpocket” hypothesis
based on complete genome comparison between Enta-
moeba hystolytica, representative of Mimivirus hosts,
and Mimivirus. This analysis revealed 87 reciprocal best
matching ORFs between the two genomes and the dis-
tribution of similarity scores demonstrated that only
five genes were more similar to Entamoeba histolytica
than to other eukaryotic kingdoms. Furthermore, only
8.3% of Mimivirus ORFs, homologs to other organ-
isms, are likely to have been recently acquired. These
results suggested that horizontal gene transfer between
the host and Mimivirus was negligible (Ogata et al.,
2005b).

The discovery of Mimivirus forced back the frontiers
between viruses and cellular organisms since the only dif-
ferences between Mimivirus and small obligate intracellular
bacteria, at least until now, are the absence of ribosomal
p
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ilies, suggesting that Mimivirus genome grew by gene
duplication (Koonin, 2005).

ii) Mimivirus as a source of new genes for its hosts? All
the known unicellular genomes from the three domains
of life shared 63 COGs, of which 7 were described
in the Mimivirus genome: 3 amino acyl-tRNA syn-
thetases, � and �′ subunits of RNA polymerase, the
sliding clamp subunit of DNA polymerase and a 5′–3′
exonuclease. A phylogenetic tree built on the concate-
nated sequences of these seven genes placed Mimivirus
roteins and of proteins involved in energy metabolism and
ultiplication by assembly of pre-formed subunits. Exten-

ive studies are necessary to uncover the totality of Mimivirus
enome and life cycle and to increase our knowledge of
his new field in virology. Confirming the hypothesis of the
eep evolutionary origin of Mimivirus and other large dsDNA
iruses would need isolation and description of either other
embers of the Mimiviridae family from amoebae, as sug-

ested by Ghedin and Fraser (2004) or of new large dsDNA
iruses families.
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