@)

BiolVled Central

Research article

Giant viruses, giant chimeras: The multiple evolutionary histories of
Mimivirus genes
David Moreira*! and Céline Brochier-Armanet?

BNMIC Evolutionary Biology

Address: 'Ecologie, Systématique et Evolution, UMR CNRS 8079, Université Paris-Sud, 91405 Orsay Cedex, France and 2EA 3781 Evolution,
Génome, Environnement, Université de Provence, Aix-Marseille I, Marseille, France

Email: David Moreira* - david.moreira@u-psud.fr; Céline Brochier-Armanet - celine.brochier@up.univ-mrs.fr
* Corresponding author

Published: 18 January 2008
BMC Evolutionary Biology 2008, 8:12  doi:10.1186/1471-2148-8-12

Received: 6 June 2007
Accepted: |8 January 2008

This article is available from: http://www.biomedcentral.com/1471-2148/8/12

© 2008 Moreira and Brochier-Armanet; licensee BioMed Central Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Background: Although capable to evolve, viruses are generally considered non-living entities
because they are acellular and devoid of metabolism. However, the recent publication of the
genome sequence of the Mimivirus, a giant virus that parasitises amoebas, strengthened the idea
that viruses should be included in the tree of life. In fact, the first phylogenetic analyses of a few
Mimivirus genes that are also present in cellular lineages suggested that it could define an
independent branch in the tree of life in addition to the three domains, Bacteria, Archaea and
Eucarya.

Results: We tested this hypothesis by carrying out detailed phylogenetic analyses for all the
conserved Mimivirus genes that have homologues in cellular organisms. We found no evidence
supporting Mimivirus as a new branch in the tree of life. On the contrary, our phylogenetic trees
strongly suggest that Mimivirus acquired most of these genes by horizontal gene transfer (HGT)
either from its amoebal hosts or from bacteria that parasitise the same hosts. The detection of
HGT events involving different eukaryotic donors suggests that the spectrum of hosts of Mimivirus
may be larger than currently known.

Conclusion: The large number of genes acquired by Mimivirus from eukaryotic and bacterial
sources suggests that HGT has been an important process in the evolution of its genome and the
adaptation to parasitism.

Background

Since their discovery in the last years of the XIX century up
to our days, viruses have never ceased to puzzle biologists,
especially those studying their evolution. Because of their
nature as entities at the border between the living and the
non-living, their origin has been the matter of passionate
debate. Opinions range between the two extreme "virus-
early" and "virus-late" hypotheses. The first postulates
that viruses originated before modern cells [1-5]. On the
contrary, the second hypothesis proposes that viruses

originated either by the escape of genetic material and
proteins from cells, or by a dramatic reductive evolution
from cellular forms that lost all the "cellular parapherna-
lia" unnecessary for the parasitic lifestyle [6-8]. As a con-
sequence, the position of viruses within the tree of life is
also a subject of disagreement. Whereas some scientists
fervently advocate that viruses should have a place in the
tree of life [9], many other consider that, being acellular
and lacking any kind of carbon and energy metabolism,
viruses cannot be properly compared with true living
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beings (i.e. cellular) and, therefore, do not belong to the
tree of life [7,10]. Moreover, there is compelling evidence
for the polyphyletic origin of viruses, which further com-
plicates the issue [11].

These debates have recently gained an unprecedented
impetus when Raoult and co-workers published the
description of the genome of Mimivirus, a giant virus first
detected as a parasite of amoeba of the genus Acan-
thamoeba, which is endowed with the biggest viral genome
known to date: 1.2 Mbp containing 911 genes [12]. A
number of genomic signatures strongly support that Mim-
ivirus belongs to the NCLDV (Nucleo-Cytoplasmic Large
ds-DNA Virus) virus family. The mimiviral genome con-
tains genes frequently found in viruses, as those involved
in genome replication, but also, and for the first time in a
virus, a number of genes coding for proteins involved in
transcription and translation. Therefore, at least from the
point of view of gene content, Mimivirus appears some-
how closer to a typical cell than any other described virus.
Moreover, Raoult et al. identified seven mimiviral pro-
teins that have closely related eukaryotic homologues.
Their phylogenetic analysis in a multi-protein concatena-
tion supported the emergence of Mimivirus as a sister-
group of eukaryotes in a tree including representatives
from the three domains of life [12]. Therefore, it was
hypothesised that this virus would define a new branch
distinct from the three domains of life: Bacteria, Archaea
and Eukaryotes [12]. Such an unexpected result had the
potential to revolutionise our conceptions on the diversity
and evolution of life, up to now based on the tripartite
scheme of the three domains [13]. Raoult et al. further
suggested that the NCLDV family may have played a role
in the origin of eukaryotes [12]. This would agree with
previous hypotheses stating that viruses could be at the
origin of many eukaryotic genes [3,14] or even the eukary-
otic nucleus [15,16].

The study of viral evolution using phylogenetic analysis is
most often a difficult task due to several peculiarities of
viruses related to their parasitic lifestyle, such as rapid evo-
lutionary rates and the propensity to be involved in hori-
zontal gene transfer (HGT) events [17]. As recently shown
[18], the emergence of Mimivirus at the base of the
eukaryotic branch in the seven-protein study by Raoult et
al. was the result of an accumulation of artefacts due to the
simultaneous analysis of several markers that had been
profusely exchanged between distant species by HGT [18].
That was the case for two aminoacyl-tRNA synthetases:
methyonyl-tRNA (Met-RS) and tyrosyl-tRNA (Tyr-RS)
synthetases, which are known to have been intensely
affected by HGT [19]. For example, the proteobacterium
Escherichia coli has a Met-RS of archaeal origin and a Tyr-
RS transferred from Gram-positive Firmicutes [18,19].
Therefore, a single species can have aminoacyl-tRNA syn-
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thetases with at least two very different evolutionary his-
tories and, consequently, their simultaneous analysis in a
multi-protein concatenation will inevitably lead to a
wrong phylogenetic tree, especially when a restricted tax-
onomic sampling is used (i.e., a very small number of spe-
cies).

When coping with datasets affected by HGT, the most reli-
able way to avoid artefacts is to carry out independent
analyses for each marker. In fact, when independent phy-
logenetic trees of the proteins used by Raoult et al. were
carried out with a rich taxonomic sampling, the results
were completely different [18]. Not only HGT events were
detected, but Mimivirus did no longer form an independ-
ent branch at the base of the eukaryotes, but emerged well
nested within them. Moreover, for certain markers such as
the Tyr-RS, it branched as a close relative of several species
of amoeba [18]. This result showed that, instead of being
the ancestral source of eukaryotic genes, Mimivirus has
incorporated these genes from its eukaryotic host, the
amoeba, into its own genome. While these studies were
based on only a handful of genes, we sought here to
understand how extensive was the role of HGT in shaping
the whole Mimivirus genome, and which were the sources
of the transferred genes. These questions were recently
addressed using surrogate methods, those that do not
require inference of phylogenetic trees, such as the analy-
sis of BLAST scores. Using this approach, Ogata et al. [20]
studied the distribution of BLAST scores for 87 Mimivirus
OREFs, searched against a database containing homolo-
gous sequences from the amoeba Entamoeba histolytica,
metazoa, fungi and plants. Their analysis showed that
only five Mimivirus ORFs (MIMI_L124, MIMI_L469,
MIMI_L619, MIMI_R665, and MIMI_L780) are more sim-
ilar to their E. histolytica homologues than to the
sequences from other eukaryotic groups. A similar analy-
sis for the entire set of Mimivirus ORFs showed that about
40 of them have eukaryotic or bacterial sequences as best
matches [21-23]. However, BLAST searches, as also other
surrogate methods, offer only a very rough estimate of the
phylogenetic affinity of a gene. Indeed, very often the best
BLAST hit does not correspond to the closest evolutionary
relative. For example, a BLAST search of the ORF
MIMI_R299 (ribonucleotide reductase HI) retrieves sev-
eral fungi as best hits, whereas phylogenetic analysis sup-
ports its relationship with bacterial homologues
(Supplementary Figure 28 in Additional data file 2). This
can be explained by several factors that can reduce the
accuracy of BLAST searches, in particular the heterogeneity
of evolutionary rates among species [24]. In that sense,
several studies have shown that surrogate methods are
clearly inferior to phylogenetic analysis in inferring the
evolutionary origin of genes [25,26]. In addition, phylo-
genetic analyses can provide a very precise identification
of the donors of genes acquired by HGT, especially in the
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case of recent transfer events, and they can also provide
statistical measures of the support of the inferred phyloge-
netic relationships (e.g., bootstrap proportions or Baye-
sian posterior probabilities). Therefore, we carried out a
detailed phylogenetic analysis of all the Mimivirus
genome ORFs with well-identified cellular homologues in
order to determine whether these genes have a viral or a
cellular origin. In the latter case, phylogenetic analyses
can be helpful to identify cell-to-Mimivirus HGT events
and the corresponding gene donors.

Results and Discussion

Accurate phylogenetic reconstruction requires a correct
degree of conservation among the sequences analysed.
Therefore, we focused only on the set of 198 mimiviral
proteins ascribed to COG families [27].

Mimivirus ORF homologues have an extremely patchy
taxonomic distribution

For each protein, we retrieved by BLASTP all homologues
available in the protein non-redundant (nr) database and
studied their distribution in the three domains of life. We
considered that homologues of a mimiviral ORF are
'‘present’ in a domain only if they are widely distributed
across different phyla of the domain or, at least, in most
species of one major phylum (e.g., Metazoa). For 72 ORFs
out of the 198 starting proteins, we did not retrieve any
clear homologue, some of these ORFs most likely corre-
sponding to erroneous annotations (see Supplementary
table 1 in Additional data file 1). Among the remaining
126 ORFs, the most abundant class (Figure 1) was that of
OREFs present only in bacteria and eukaryotes (47 ORFs,
37,3%), followed by those present in the three domains
(29 ORFs, 23%) or only in eukaryotes (21 ORFs, 16,7%).
Smaller proportions of ORFs were found only in bacteria
and archaea (9 ORFs, 7%), bacteria (12 ORFs, 9,5%) or

Mimivirus

Bacteria

Figure |

Taxonomic distribution of 128 conserved mimiviral ORFs.
The number of homologues in the three domains of life
(Eucarya, Archaea and Bacteria) is shown.
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archaea and eukaryotes (8 ORFs, 6,5%). A more detailed
inspection revealed that the distribution within each
domain was in certain cases very unequal. For example,
some ORFs were only found in animals (e.g., the glycosyl-
transferases MIMI_1.230 and MIMI_R699), in bacteria and
fungi (e.g., the mannosyltransferase MIMI_L373), or in a
number of very diverse combinations of taxa (Supple-
mentary table 1 in Additional data file 1).

Interestingly, we found that only a very small fraction of
the 198 mimiviral ORFs has homologues in other mem-
bers of the NCLDV family of viruses, even in those with
relatively big genomes. For example, the phycodnaviruses
Emiliania huxleyi virus 86 (407 kbp, 478 protein coding
genes) and Paramecium bursaria Chlorella virus 1 (330 kbp,
701 genes) contain only 27 and 28 homologues of the
198 mimiviral ORFs (detected by BLASTP with an E-value
threshold of 1e-03), respectively. This represents less than
15% of these 198 ORFs, and could be partially explained
by the smaller genome size of those phycodnaviruses.
However, the values are significantly smaller than those
expected just by the difference in genome size: ~100-150
homologues should be retrieved in these phycodnavi-
ruses. In addition, these data show a very disparate taxo-
nomic distribution of genes among the different viruses of
the NCLDV family, a situation that is frequently a clear
symptom of HGT [28]. Moreover, our phylogenetic anal-
yses support a viral origin for only 4 ORFs among the 198
mimiviral ORFs studied (the helicase MIMI_L206, the
NAD-dependent DNA ligase MIMI_R303, and the two
thiol-oxidoreductases MIMI R368 and MIMI _R596,
Additional data file 2). This observation, together with the
fact that the mimiviral ORFs that have homologues in the
three domains of life are not the dominant class of ORFs
in Mimivirus (see above), is extremely difficult to recon-
cile with the hypothesis that NCLDV viruses may define a
fourth major lineage of life (a "fourth domain"). In fact,
genomes among the smallest ones found in archaea (e.g.
Nanoarchaeum equitans, 490 kbp [29]) and bacteria (e.g.
Mycoplasma genitalium, 580 kbp [30]), which are signifi-
cantly smaller than the Mimivirus genome, share many
more genes with their archaeal and bacterial relatives than
the Mimivirus does with the other NCLDV. Moreover,
these archaeal and bacterial species with highly reduced
genomes have a much larger repertoire of typical cellular
genes than the Mimivirus [31,32].

If the "fourth domain" hypothesis [12] was correct, the
actual taxonomic distribution shown by the mimiviral
ORFs could only be explained by an extremely massive
loss of ancestral genes in the different NCLDV viruses but,
even in that case, the majority of gene phylogenies should
support a clear separation of the mimiviral sequences
from those of the other domains. On the contrary, if the
"gene acquisition by HGT" hypothesis [18] was correct,
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the majority of gene phylogenies should support an emer-
gence of the Mimivirus ORFs that have cellular homo-
logues within one of the three domains (according to the
specific donor involved in each HGT event). We have
explored these two possibilities by detailed phylogenetic
analyses, applying Maximum Likelihood (ML) and Baye-
sian Inference (BI) methods, of all the 126 mimiviral
ORFs with cellular homologues and with an adequate
degree of sequence conservation.

Phylogenetic analysis: Mimiviral ORFs of prokaryotic
origin

We detected a single ORF related to archaeal homologues,
the DNA-directed RNA polymerase MIMI_R470 (Supple-
mentary Figure 53 in Additional data file 2), and a much
larger number of ORFs related to bacterial sequences. The
six  mimiviral ORFs MIMI_L432, MIMI_L153,
MIMI_R836, MIMI_R852, MIMI_R853, and MIMI_R855
are shared exclusively with bacteria (Figure 1 and Supple-
mentary Table 1 in Additional data file 1). They likely cor-
respond to genes that have been acquired by the virus by
HGT from bacteria. Interestingly, the three uncharacter-
ised proteins MIMI_R852, MIMI_R853 and MIMI_R855
show very similar taxonomic distributions across bacteria
and similar phylogenies. These three mimiviral ORFs
emerge within Cyanobacteria (Supplementary Figures 94,
95 and 96 in Additional data file 2), suggesting a single
HGT from a cyanobacterial donor to the Mimivirus. In
addition to them, our phylogenetic analyses detected 23
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additional genes of bacterial origin among the mimiviral
ORFs shared with bacteria and other domains (archaea
and/or eukaryotes, Supplementary Figures in Additional
data file 2). Some of these are related to homologues from
Gram positive Firmicutes: MIMI_L233 (a putative Zn-
dependent peptidase) and MIMI_R836 (uncharacterised
bacterial protein). The others are closer to proteobacterial
sequences: e.g., ORFs MIMI_L477 (a cysteine protease),
MIMI_1498 (a Zn-dependent alcohol dehydrogenase),
and MIMI_R877 (outer membrane lipoprotein). The
source of these bacterial-related ORFs is intriguing. The
most appealing possibility is that Mimivirus has acquired
them from bacteria that co-infect its same eukaryotic
hosts. Indeed, amoebas harbour a variety of intracellular
bacteria, including Proteobacteria, Gram positives (both
Actinobacteria and Firmicutes), Chlamydiae and Bacter-
oidetes [33]. Our phylogenetic trees show that several
mimiviral ORFs are clearly related to the corresponding
homologues from bacterial species that are typical inhab-
itants of amoeba. That is the case of two of the ORFs cited
above: MIMI_1498, related to Legionella pneumophila (Fig-
ure 2A) and MIMI_R877, related to Campylobacter spp.
(Figure 2B), which are proteobacteria frequently found in
different amoebas, including Acanthamoeba [33-35]. A
recent article stresses the role that amoebas may have
played to facilitate the exchange of genes between differ-
ent intracellular bacterial species, a phenomenon that
might have been important in their adaptation to life
within eukaryotic cells [36]. Our results suggest that the
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situation may be even more complex, since the intracellu-
lar bacteria appear to have transferred genes also to the
mimiviral genome. Some of these genes are probably
involved in the parasitic adaptations of the Mimivirus,
such as the Campylobacter-like outer membrane lipopro-
tein cited above (MIMI_R877).

Mimiviral ORFs of eukaryotic origin: amoebas and
evidence for unknown hosts

Most of the 126 mimiviral ORFs that have homologues in
cellular species useful for phylogenetic analysis can be
found in eukaryotes (105 ORFs, 21 of them being absent
from prokaryotes, Figure 1). Our phylogenetic analyses
inferred a eukaryotic origin for 60 of these ORFs. Interest-
ingly, several ORFs of eukaryotic origin are closely related
to homologues found in different amoebas, as in the case
of MIMI_L124 (tyrosyl-tRNA synthetase) already reported
[18]. We inferred a clear amoebal origin also for
MIMI_R214 (RAS family GTPase), MIMI_L254 (heat
shock protein HSP70), MIMI_L258 (thymidine kinase),
MIMI_R259 (DUF549 domain-containing protein),
MIMI_L300 (endo/excinuclease), MIMI_L394 (HD super-
family phosphohydrolase), MIMI_R405 (tRNA uracil-5-
methyltransferase), MIMI_L444 (ADP-ribosylglycohydro-
lase), MIMI_R464 (translation initiation factor SUI1),
MIMI_R528 (unknown protein), MIMI_R818,
MIMI_R826 and MIMI_R831 (three paralogous serine/
threonine protein kinases, Figure 3). To sum up, our trees
support that ~10% of the mimiviral ORFs with eukaryotic
homologues were acquired from amoeba. These ORFs are
involved in a variety of processes and, in some cases, their
acquisition by HGT was followed by duplication events,
such as the kinases MIMI_R818, MIMI_R826 and
MIMI_R836 (Figure 3). Certain mimiviral ORFs are exclu-
sively shared by this virus and its amoebal hosts and they
represent probable additional host-to-virus HGT events.
This is the case of the 16 mimiviral ORFs proteins contain-
ing the FNIP motif detected by Song et al. [37]. It is impor-
tant to note that all these ORFs of amoebal origin
represent a minimal number since others might also have
an amoebal origin but did not produce well resolved trees,
a problem that can be due to different causes: lack of phy-
logenetic signal, small number of positions useful for
phylogenetic analyses of several ORFs, tree reconstruction
artefacts due to unequal evolutionary rates among taxa,
and/or missing data concerning amoebas (for example,
there is no complete genome sequence available at
present for any Acanthamoeba species).

In addition to all the ORFs likely acquired by HGT from
the amoebal hosts, we detected a few ones that support a
close phylogenetic relationship between the Mimivirus
and eukaryotes unrelated to the Amoebozoa. The phylo-
genetic analysis of the two HSP70 homologues found in
Mimivirus is a remarkable example. Whereas MIMI_L254,
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an endoplasmic reticulum-type HSP70, is strongly related
to amoebozoan homologues, the cytosolic-type HSP70
MIMI_L393 is clearly related to species of the genera Nae-
gleria and Sawyeria (Figure 4). These species are flagellated
amoebas, many of them parasitic, which belong to the
Heterolobosea [38,39]. This group is possibly related to
the Euglenozoa, forming a large assemblage called the
Discicristata, very distant from Amoebozoa [40,41]. The
presence of giant virus-like particles in the cytoplasm of
Naegleria fowleri was already noticed in the 1970s [42,43],
and it was recently hypothesised that these particles might
be related to Mimivirus [44]. Our detection of a mimiviral
ORF phylogenetically related to homologues from Naegle-
ria and Sawyeria strongly supports the hypothesis that
Mimivirus can also infect these amoeboid species, even if
they are very distant from the hosts, such as Acanthamoeba
spp., known up to date.

In addition to this ORF, we detected three other ORFs
(MIMI_R141, MIMI_L605, and MIMI_L615, see Supple-
mentary Figures 7, 70 and 73 in Additional data file 2)
that are related to homologues from different protist spe-
cies belonging to the Euglenozoa, more specifically to the
Kinetoplastida, which are flagellates with both free-living
and parasitic members, such as Trypanosoma and Leishma-
nia. Since the heterolobosean flagellate amoebas, as Nae-
gleria, are likely related to the Euglenozoa (see above), the
possibility exists that these ORFs have also been acquired
from Naegleria relatives but that we could only detect a
phylogenetic affinity with the Kinetoplastida because the
corresponding sequences from Naegleria are not available
in current databases. That could also be the case for the
OREFs that branch as sisters of the kinetoplastid sequences:
MIMI_L605 (peptidylprolyl isomerase) and MIMI_L615
(phosphatidylinositol kinase). However, for the ORF
MIMI_R141 (dTDP-D-glucose 4,6-dehydratase), our phy-
logenetic analyses strongly support the emergence of
Mimivirus within the Kinetoplastida, indicating that it
acquired this ORF from a kinetoplastid species (Figure 5).
This suggests that not only protists with amoeboid cell
structures, but also typical flagellates such as the kineto-
plastids may be hosts of mimiviruses. Nevertheless, we
cannot discard the possibility that HGT from these flagel-
lates to Mimivirus occurred within amoebas since kineto-
plastid parasites (such as Perkinsiella amoebae) have been
detected in several amoebal species [45]. As in the case of
several mimiviral ORFs closely related to homologues
from parasitic bacteria (see above), these flagellates may
have transferred genes to the Mimivirus infecting the same
amoebal hosts. A less parsimonious alternative hypothe-
sis would be that these ORFs have been transferred to
Mimivirus by an unidentified third partner, for example
viruses infecting kinetoplastids and heterolobosea that
could have recombined with Mimivirus. However, the fact
that particles very similar to Mimivirus have been
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otic groups (Amoebozoa and Heterolobosea). Numbers at nodes are Bayesian posterior probabilities. Scale bar represents the
number of estimated changes per position for a unit of branch length.
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Bayesian phylogenetic tree of the GDP mannose 4,6-dehydratase (MIMI_R141). The tree shows a case of gene acquisition by
Mimivirus from a euglenozoan donor. Numbers at nodes are Bayesian posterior probabilities. Scale bar represents the number

of estimated changes per position for a unit of branch length.

observed in Naegleria supports the hypothesis of direct
gene acquisition at least from heterolobosean hosts.

The amoebas as complex ecosystems promoting HGT

The number of bacterial species that have been character-
ised as stable inhabitants of diverse amoebas seems to be
far from being completely known [33,46]. As commented
above, the promiscuity of these bacterial species within
amoebas may have facilitated HGT and the adaptation to
parasitic lifestyles [36]. Several eukaryotic parasites, such
as the kinetoplastid Perkinsiella, can also be found in
amoebas [45]. Moreover, there is increasing evidence that
the use of amoebas as a reservoir can be a key factor in the
selection of virulent strains of eukaryotic parasites of
mammals, in particular several pathogenic dimorphic
fungi [47,48]. Mimiviruses infecting amoebas can thus
coexist in a confined environment with a variety of other

parasites. In addition to the DNA from the amoebal host,
the sporadic cell lysis of these parasites provides DNA that
can be a source of new genes for the virus. The acquisition
of genes from the host and from its bacterial and eukary-
otic parasites may be significant in the development of vir-
ulence traits of the virus, but also in its opportunistic pre-
adaptation to alternative hosts, including humans. This
has been shown to be an important process in other path-
ogens. For example, the parasitic bacterium L. pneumophila
has acquired by HGT several eukaryotic genes involved in
a variety of cell functions, in particular two serine/threo-
nine protein kinases [49]. It has been shown in several
pathogens that these protein kinases are responsible of
inhibiting phagosome-lysosome fusion, allowing intrac-
ellular survival, but also of disrupting the host defence by
interfering with the eukaryotic signal transduction path-
ways [50,51]. Interestingly, Mimivirus possesses three ser-
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ine/threonine protein kinases (MIMI_R818, MIMI_R826
and MIMI_R831) that have been acquired from its amoe-
bal hosts (see above and Figure 3). This is also the case for
the RAS GTPase MIMI_R214. The presence of these pro-
teins suggests that Mimivirus can regulate the host cell
cycle to its benefit. This is an example of the crucial role
that HGT may have had in the evolution of the virulence
strategy of Mimivirus.

Conclusion

Most of the genes in Mimivirus with homologues in cellu-
lar organisms appear to have been acquired by HGT to the
virus. This strongly supports that Mimivirus does not
define a new domain of life. Mimivirus certainly acquired
most of these genes either from its eukaryotic hosts or
from other parasites coexisting in the same host. In that
sense, this virus appears to have followed a similar strat-
egy as other parasites to interfere with host cellular proc-
esses through the modification and expression of genes
acquired from the host by HGT. Our data also suggest that
the primary hosts for Mimivirus are the Amoebozoa, as
most of the mimiviral ORFs of eukaryotic origin with a
well resolved phylogeny are closely related to homologues
from this group. Nevertheless, we detect HGT from puta-
tive alternative hosts, such as heterolobosea (e.g., Naegle-
ria) and kinetoplastids. Despite the fact that Mimivirus
appears to have the capacity to infect also humans
[46,52,53], we identified only a single case of a probable
gene acquisition from animals, the glycosyltransferases
MIMI_L230 and MIMI_R699 (Supplementary Figure 15
in Additional data file 2). This small number suggests that
the recently reported human infection by this virus may
be a relatively rare or very recent event.

Methods

Phylogenetic reconstruction methods

Homologues for each Mimivirus ORF were retrieved from
the NCBI protein non-redundant data base after identifi-
cation by BLAST [54]. The sequences were aligned with
CLUSTALW |[55] and the alignment was manually refined
with the program ED of the MUST package [56]. Regions
where homology between sites was doubtful were
removed before the phylogenetic analysis.

Data sets were analysed by Maximum likelihood (ML)
using the JTT model with a I" law (4 rate categories) and a
proportion of invariant sites using the program PHYML
[57]. To asses the topologies found by ML, several data
sets were also analysed with Bayesian methods using the
program MrBAYES 3 with a mixed substitution model and
a I law (6 rate categories) and a proportion of invariant
sites to take among-site rate variation into account [58].
The Markov chain Monte Carlo search was run with 4
chains for 1,000,000 generations, with trees being sam-

http://www.biomedcentral.com/1471-2148/8/12

pled every 100 generations (the first 2,500 trees were dis-
carded as "burnin").

Authors' contributions

DM and CB-A collaboratively designed the study, carried
out the phylogenetic analyses, interpreted the results, and
wrote the paper. Both authors read and approved the final
manuscript.

Additional material

Additional data file 1

Table with details on all Mimivirus ORFs studied in this work.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2148-8-12-S1.XLS]

Additional data file 2

Maximum likelihood phylogenetic trees for all the conserved Mimivi-
rus ORFs with cellular homologue

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2148-8-12-S2.pdf]

Acknowledgements

We thank the French "Agence Nationale de la Recherche" ANR for sup-
port (JCJC Program) and Purificacion Lépez-Garcia and Simonetta Gribaldo
for critical reading of the manuscript.

References

l. Benson SD, Bamford JK, Bamford DH, Burnett RM: Does common
architecture reveal a viral lineage spanning all three domains
of life? Mol Cell 2004, 16:673-685.

2.  Rice G, Tang L, Stedman K, Roberto F, Spuhler |, Gillitzer E, Johnson
JE, Douglas T, Young M: The structure of a thermophilic
archaeal virus shows a double-stranded DNA viral capsid
type that spans all domains of life. Proc Natl Acad Sci USA 2004,
101:7716-7720.

3.  Forterre P: The origin of viruses and their possible roles in
major evolutionary transitions. Virus Res 2006, 117:5-16.

4.  Forterre P: Three RNA cells for ribosomal lineages and three
DNA viruses to replicate their genomes: a hypothesis for the
origin of cellular domain. Proc Natl Acad Sci USA 2006,
103:3669-3674.

5.  Koonin EV, Dolja VV: Evolution of complexity in the viral
world: the dawn of a new vision. Virus Res 2006, 117:1-4.

6. Green RG: On the nature of filterable viruses. Science 1935,
82:443-445.

7.  Luria SE, Darnell JE: General virology New York: J. Wiley and Sons;
1967.

8. Hendrix RW, Lawrence ]G, Hatfull GF, Casjens S: The origins and
ongoing evolution of viruses. Trends Microbiol 2000, 8:504-508.

9.  Mindell DP, Villarreal LP: Don't forget about viruses. Science
2003, 302:1677.

10.  Van Regenmortel MH: On the relative merits of italics, Latin
and binomial nomenclature in virus taxonomy. Arch Virol 2000,
145:433-441.

I'l. Koonin EV, Senkevich TG, Dolja VV: The ancient Virus World
and evolution of cells. Biol Direct 2006, 1:29.

12.  Raoult D, Audic S, Robert C, Abergel C, Renesto P, Ogata H, La Scola
B, Suzan M, Claverie JM: The |.2-megabase genome sequence of
Mimivirus. Science 2004, 306:1344-1350.

Page 9 of 10

(page number not for citation purposes)



BMC Evolutionary Biology 2008, 8:12

20.

21.
22.
23.

24.
25.
26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Woese CR, Fox GE: Phylogenetic structure of the prokaryotic
domain: the primary kingdoms. Proc Natl Acad Sci USA 1977,
74:5088-5090.

Villarreal LP, DeFilippis VR: A hypothesis for DNA viruses as the
origin of eukaryotic replication proteins. | Virol 2000,
74:7079-7084.

Bell PJ: Viral eukaryogenesis: was the ancestor of the nucleus
a complex DNA virus? | Mol Evol 2001, 53:251-256.

Takemura M: Poxviruses and the origin of the eukaryotic
nucleus. | Mol Evol 2001, 52:419-425.

Moreira D: Multiple independent horizontal transfers of infor-
mational genes from bacteria to plasmids and phages: impli-
cations for the origin of bacterial replication machinery. Mol
Microbiol 2000, 35:1-5.

Moreira D, Lépez-Garcia P: Comment on "The |.2-megabase
genome sequence of Mimivirus". Science 2005, 308:1114.

Wolf Y1, Aravind L, Grishin NV, Koonin EV: Evolution of aminoa-
cyl-tRNA synthetases — analysis of unique domain architec-
tures and phylogenetic trees reveals a complex history of
horizontal gene transfer events. Genome Res 1999, 9:689-710.
Ogata H, Abergel C, Raoult D, Claverie JM: Response to comment
on "The |.2-Megabase genome sequence of Mimivirus". Sci-
ence 2005, 308:1 1 14b.

Koonin EV: Virology: Gulliver among the Lilliputians. Curr Biol
2005, 15:R167-169.

Suzan-Monti M, La Scola B, Raoult D: Genomic and evolutionary
aspects of Mimivirus. Virus Res 2006, 117:145-155.

Filee ], Siguier P, Chandler M: 1 am what | eat and | eat what | am:
acquisition of bacterial genes by giant viruses. Trends Genet
2007, 23:10-15.

Koski LB, Golding GB: The closest BLAST hit is often not the
nearest neighbor. | Mol Evol 2001, 52:540-542.

Ragan MA: On surrogate methods for detecting lateral gene
transfer. FEMS Microbiol Lett 2001, 201:187-191.

Ragan MA, Harlow TJ, Beiko RG: Do different surrogate meth-
ods detect lateral genetic transfer events of different relative
ages? Trends Microbiol 2006, 14:4-8.

Tatusov RL, Fedorova ND, Jackson D, Jacobs AR, Kiryutin B, Koonin
EV, Krylov DM, Mazumder R, Mekhedov SL, Nikolskaya AN, Rao BS,
Smirnov S, Sverdlov AV, Vasudevan S, Wolf Y1, Yin JJ, Natale DA: The
COG database: an updated version includes eukaryotes.
BMC Bioinformatics 2003, 4:41.

Koonin EV, Makarova KS, Aravind L: Horizontal gene transfer in
prokaryotes: quantification and classification. Annu Rev Micro-
biol 2001, 55:709-742.

Waters E, Hohn M), Ahel I, Graham DE, Adams MD, Barnstead M,
Beeson KY, Bibbs L, Bolanos R, Keller M, Kretz K, Lin X, Mathur E,
Ni ], Podar M, Richardson T, Sutton GG, Simon M, Soll D, Stetter KO,
Short JM, Noordewier M: The genome of Nanoarchaeum equi-
tans : Insights into early archaeal evolution and derived para-
sitism. Proc Natl Acad Sci USA 2003, 100:12984-12988.

Fraser CM, Gocayne JD, White O, Adams MD, Clayton RA, Fleis-
chmann RD, Bult CJ, Kerlavage AR, Sutton G, Kelley JM, Fritchman
RD, Weidman JF, Small KV, Sandusky M, Fuhrmann J, Nguyen D,
Utterback TR, Saudek DM, Phillips CA, Merrick JM, Tomb JF, Dough-
erty BA, Bott KF, Hu PC, Lucier TS, Peterson SN, Smith HO,
Hutchison CA 3rd, Venter JC: The minimal gene complement of
Mycoplasma genitalium. Science 1995, 270:397-403.

Koonin EV: Comparative genomics, minimal gene-sets and
the last universal common ancestor. Nat Rev Microbiol 2003,
1:127-136.

Ouzounis CA, Kunin V, Darzentas N, Goldovsky L: A minimal esti-
mate for the gene content of the last universal common
ancestor - exobiology from a terrestrial perspective. Res
Microbiol 2006, 157:57-68.

Horn M, Wagner M: Bacterial endosymbionts of free-living
amoebae. | Eukaryot Microbiol 2004, 51:509-514.

Ly TM, Muller HE: Ingested Listeria monocytogenes survive and
multiply in protozoa. | Med Microbiol 1990, 33:51-54.
Axelsson-Olsson D, Waldenstrom |, Broman T, Olsen B, Holmberg
M: Protozoan Acanthamoeba polyphaga as a potential reser-
voir for Campylobacter jejuni. Appl Environ Microbiol 2005,
71:987-992.

Ogata H, La Scola B, Audic S, Renesto P, Blanc G, Robert C, Fournier
P-E, Claverie J-M, Raoult D: Genome sequence of Rickettsia bellii

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

51,

52.
53.
54.

55.

56.

57.

58.

http://www.biomedcentral.com/1471-2148/8/12

illuminates the role of amoebae in gene exchanges between
intracellular pathogens. PLoS Genetics 2006, 2:e76.

Song J, Xu Q, Olsen R, Loomis WF, Shaulsky G, Kuspa A, Sucgang R:
Comparing the Dictyostelium and Entamoeba genomes
reveals an ancient split in the Conosa lineage. PLoS Comput Biol
2005, 1:579-584.

Hinkle G, Sogin ML: The evolution of the Vahlkampfiidae as
deduced from 16S-like ribosomal RNA analysis. | Eukaryot
Microbiol 1993, 40:599-603.

Roger AJ, Smith MW, Doolittle RF, Doolittle VWF: Evidence for the
Heterolobosea from phylogenetic analysis of genes encoding
glyceraldehyde-3-phosphate dehydrogenase. | Eukaryot Micro-
biol 1996, 43:475-485.

Cavalier-Smith T: A revised six-kingdom system of life. Biol Rev
Camb Philos Soc 1998, 73:203-266.

Baldauf SL, Roger AJ, Wenk-Siefert |, Doolittle WF: A kingdom-
level phylogeny of eukaryotes based on combined protein
data. Science 2000, 290:972-977.

Schuster FL, Dunnebacke TH: Virus-like particles and an unasso-
ciated infectious agent in amoebae of the genus Naegleria.
Ann Soc Belg Med Trop 1974, 54:359-370.

Schuster FL, Dunnebacke TH: Development and release of virus-
like particles in Naegleria gruberi EGS. Cytobiologie 1976,
14:131-147.

Ghedin E, Fraser CM: A virus with big ambitions. Trends Microbiol
2005, 13:56-57.

Dykova |, Fiala I, Lom J, Lukes J: Perkinsiella amoebae-like endo-
symbionts of Neoparamoeba spp., relatives of the kineto-
plastid Ichthyobodo. Europ | Protistol 2003, 39:37-52.

Berger P, Papazian L, Drancourt M, La Scola B, Auffray JP, Raoult D:
Amoeba-associated microorganisms and diagnosis of noso-
comial pneumonia. Emerg Infect Dis 2006, 12:248-255.
Steenbergen JN, Shuman HA, Casadevall A: Cryptococcus neoform-
ans interactions with amoebae suggest an explanation for its
virulence and intracellular pathogenic strategy in macro-
phages. Proc Natl Acad Sci USA 2001, 98:15245-15250.

Steenbergen JN, Nosanchuk JD, Malliaris SD, Casadevall A: Interac-
tion of Blastomyces dermatitidis, Sporothrix schenckii, and His-
toplasma capsulatum with Acanthamoeba castellanii. Infect
Immun 2004, 72:3478-3488.

Bruggemann H, Cazalet C, Buchrieser C: Adaptation of Legionella
pneumophila to the host environment: role of protein secre-
tion, effectors and eukaryotic-like proteins. Curr Opin Microbiol
2006, 9:86-94.

Walburger A, Koul A, Ferrari G, Nguyen L, Prescianotto-Baschong C,
Huygen K, Klebl B, Thompson C, Bacher G, Pieters J: Protein kinase
G from pathogenic mycobacteria promotes survival within
macrophages. Science 2004, 304:1800-1804.

Barz C, Abahji TN, Trulzsch K, Heesemann J: The Yersinia Ser/Thr
protein kinase YpkA/YopO directly interacts with the small
GTPases RhoA and Rac-1. FEBS Lett 2000, 482:139-143.

La Scola B, Marrie T, Auffray P, Raoult D: Mimivirus in pneumo-
nia patients. Emerg Infect Dis 2005, 11:449-452.

Raoult D, Renesto P, Brouqui P: Laboratory infection of a tech-
nician by mimivirus. Ann Intern Med 2006, 144:702-703.

Altschul SF, Madden TL, Schaffer AA, Zhang ], Zhang Z, Miller W, Lip-
man D): Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Res 1997,
25:3389-3402.

Thompson |D, Higgins DG, Gibson TJ: CLUSTAL W: improving
the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties
and weight matrix choice. Nucleic Acids Res 1994, 22:4673-4680.
Philippe H: MUST, a computer package of Management Utili-
ties for Sequences and Trees. Nucleic Acids Res 1993,
21:5264-5272.

Guindon S, Gascuel O: A simple, fast, and accurate algorithm
to estimate large phylogenies by maximum likelihood. Syst
Biol 2003, 52:696-704.

Ronquist F, Huelsenbeck JP: MrBayes 3: Bayesian phylogenetic
inference under mixed models. Bioinformatics 2003,
19:1572-1574.

Page 10 of 10

(page number not for citation purposes)



	Abstract
	Background
	Results
	Conclusion

	Background
	Results and Discussion
	Mimivirus ORF homologues have an extremely patchy taxonomic distribution
	Phylogenetic analysis: Mimiviral ORFs of prokaryotic origin
	Mimiviral ORFs of eukaryotic origin: amoebas and evidence for unknown hosts
	The amoebas as complex ecosystems promoting HGT

	Conclusion
	Methods
	Phylogenetic reconstruction methods

	Authors' contributions
	Additional material
	Acknowledgements
	References

