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Abstract

The members of families Mimiviridae and Marseilleviridae, which
infect and replicate in Acanthamoeba spp. and other phagocytic protists,
were discovered during the past decade and linked to a monophyletic
group of viruses named the Nucleocytoplasmic Large DNA viruses
(NCLDVs), which infect a broad variety of eukaryotes including diverse
unicellular organisms. Recently, it has been proposed to reclassify the
NCLDVs into a new viral order named the Megavirales. The discovery a
decade ago of Acanthamoeba polyphaga mimivirus by co-culture with
amoeba, with particle and genome sizes that are in the same order of
magnitude than those of small bacteria, raised issues regarding
evolutionary biology and fostered interest for these megaviruses and
their huge and remarkable gene content that challenge the definition of
viruses. Subsequently to the Mimivirus isolation, several dozens of giant
viruses of amoeba have been isolated but the genome of very few has
been extensively studied. We studied the genomes of these giant viruses
of amoeba to gain a better understanding of their gene repertoire and
evolutionary importance. The phylogenetic analysis of giant viruses of
amoeba clearly distinguished three lineages, named lineages A, B and C.
We studied in detail the genome of Acanthamoeba polyphaga
moumouvirus, the leader member of lineage B to decipher its gene
content and its evolutionary relationship with other organisms. We
further studied the genomes of Terral virus and Terra2 virus, which
belong to lineages C and A, respectively, and were isolated from soil
samples whereas previously described mimiviruses of amoeba were
1solated from fresh or marine water. Furthermore, we described the
genome of Courdol1 virus, which belongs to lineage C, and is closely
related to the first mimivirus isolated from a human, who exhibited
unexplained pneumonia. Finally, we searched for sequences related to
mimiviruses and marseilleviruses in human metagenomes to gain a
better insight of their prevalence in humans and their potential
pathogenicity, and obtained results indicating that these giant viruses can
be present in the human body

Keywords: Mimivirus, Mimiviridae, Marseilleviridae,
Nucleocytoplasmic large DNA viruses, Megavirales, Amoeba



Résumeé

Les membres des familles Mimiviridae et Marseilleviridae, qui infectent et
se répliquent dans Acanthamoeba spp. et d’autres protistes phagocytaires,
ont été découverts au cours de la derniere décennie et rattachés a un groupe
monophylétique de virus nommés les grands virus a ADN
nucléocytoplasmiques (NCLDVs), qui infectent un large éventail
d’eucaryotes y compris différents organismes unicellulaires. Récemment, il
a ¢té proposé de reclasser les NCLDVs dans un nouvel ordre viral nommé
les Megavirales. La découverte, il y a une dizaine d'années de
Acanthamoeba polyphaga mimivirus par co-culture sur amibes, avec des
tailles de la particule et de son génome qui sont du méme ordre de grandeur
que celles de petites bactéries, a soulevé des questions dans le domaine de
la biologie évolutionnaire et favorisé 1'intérét pour ces megavirus et leur
¢norme et remarquable répertoire de genes qui remettent en question la
définition de virus. Suite a I'isolement de Mimivirus, plusieurs dizaines de
virus géants des amibes ont été isolés, mais le génome de peu d’entre eux a
¢té etudi¢ de fagon approfondie. Nous avons étudi¢ les génomes de ces
virus géants d'amibe afin d’acquérir une meilleure comprehension de leur
répertoire de genes et leur importance ¢évolutionnaire. L'analyse
phylogénétique des virus géants d'amibe distingue clairement trois lignées,
nommées A, B et C. Nous avons ¢tudi¢ en détail le génome de
Acanthamoeba polyphaga moumouvirus, le membre fondateur de la lignée
B et avons déchiffré son contenu en genes et sa relation évolutive avec
d'autres organismes. Nous avons ¢galement ¢tudi¢ les génomes de Terral
virus et Terra2 virus, qui appartiennent respectivement aux lignées C et A,
et ont €té isolés a partir d'échantillons de sol alors que les mimivirus décrits
aupravant ont ¢té isolés a partir d'eau douce ou de mer. En outre, nous
avons deécrit le génome du virus Courdol1, qui appartient a la lignée C, et
est €troitement li¢ au premier Mimivirus isolé d'un humain, qui présentait
une pneumonie inexpliquee. Enfin, nous avons recherché des séquences de
mimivirus et marseillevirus dans les métagénomes humains afin de mieux
connaitre la prévalence de ces virus géants chez ’homme et leur potentielle
pathogénicité, et avons obtenu des résultats indiquant que ces virus géants
peuvent étre présents dans le corps humain.

Mot-clés: Mimivirus, Mimiviridae, Marseilleviridae, Nucleocytoplasmic
large DNA viruses, Megavirales, Amoeba



Avant-Propos

Le format de présentation de cette theése correspond a une
recommandation de la spécialit¢ Maladies Infectieuses et
Microbiologie, a I’intérieur du Master de Sciences de la Vie et de
la Santé qui dépend de 1’Ecole Doctorale des Sciences de la Vie de

Marseille.

Le candidat est amené¢ a respecter des regles qui lui sont imposées
et qui comportent un format de these utilis€é dans le Nord de
I’Europe permettant un meilleur rangement que les theses
traditionnelles. Par ailleurs, la partie introduction et bibliographie
est remplacée par une revue envoyée dans un journal afin de
permettre une €valuation extérieure de la qualité de la revue et de
permettre a 1’é¢tudiant de le commencer le plus tot possible une
bibliographie exhaustive sur le domaine de cette these. Par
ailleurs, la these est présentée sur article publié, accepté ou soumis
associ¢ d’un bref commentaire donnant le sens général du travail.
Cette forme de présentation a paru plus en adéquation avec les
exigences de la compétition internationale et permet de se
concentrer sur des travaux qui bénéficieront d’une diffusion

internationale.

Professor Dider Raoult
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Chapter One

Introduction

The Nucleocytoplasmic large DNA viruses (NCLDVs) correspond
to a monophyletic group of viruses that infect animals and diverse
eukaryotes including unicellular organisms. The NCLDVs include
members of the families Poxviridae, Asfarviridae, Asco-
iridoviridae, Phycodnaviridae, Mimiviridae and newly proposed
Marseilleviridae (Iyer et al. 2001; Iyer et al. 2006; Yutin & Koonin
2012; Yutin & Koonin 2009). Recently it has been proposed to
reclassify NCLDVs into a new viral order named the Megavirales
(Colson et al. 2012). All members of the NCLDVs shares five core
genes, namely the major capsid protein, helicase-primase (DS),
DNA polymerase subunit family B, DNA-packaging ATPase (A32),
and viral late transcription factor 3 (A2L). Moreover, 47 genes were
assigned to the common ancestor of the group, although missing in
some NCLDV (Yutin et al. 2009). Mimiviruses are giant viruses
with particle and genome sizes that are in the same order of
magnitude than those of small bacteria. In addition mimiviruses
encode many genes that have not been reported earlier in viruses, in
particular the multiple components of the translation system such as
aminoacyl-tRNA synthetases (Arslan et al. 2011; Colson et al.
2011a; Raoult et al. 2004; Yutin & Koonin, 2012). The founding
member of the family Mimiviridae is Acanthamoeba polyphaga
mimivirus, discovered in 2003 from the water collected from a
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cooling tower in Bradford, England (La Scola et al. 2003) In 2008,
La Scola et al. reported a new strain of Acanthamoeba polyphaga
mimivirus, isolated by co-culture with amoeba, named
Acanthamoeba castellanii mamavirus. The further observation of
Mamavirus revealed a novel virus-like agent called Sputnik that is
icosahedral in shape and forms small viral particles (50 nm in size),
which coexisted in the cytoplasm of the infected amoebae and
inside the mamavirus factories. Sputnik only multiplied within A,
castellanii if these cells are co-infected with mimivirus or
mamavirus (La Scola et al. 2008). Since then, several mimiviruses
with the capsid sizes ranging between 150-600 nm have been
isolated from freshwater, saltwater and soil using the amoebal co-
culture method (Boughalmi et al. 2013; La Scola et al. 2010). The
genomes of the members of the order Megavirales, which are
capable to infect a wide range of eukaryotic hosts, encompass huge
and remarkable gene repertoires (Colson et al. 2012). We reviewed
literature to summarize the knowledge on the composition and
evolution of these gene repertoires for each of the families that
compose the order Megavirales, and particularly depicted the core
genome, genes acquired by lateral gene transfer, duplicated genes,

and ORFans (Chapter Two).
Subsequently to the Mimivirus discovery, several new giant viruses

recovered by co-culturing on amoebae have been described and

phylogeny reconstructions based on highly conserved genes
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delineated three lineages within mimiviruses of amoebae (referred
to as A, B and C). The genomes of Acanthamoeba polyphaga
mimivirus and Megavirus chilensis, the leading members of lineage
A and lineage C, respectively, were described in detail (Arslan et al.
2011; Raoult et al. 2004). The Acanthamoeba polyphaga
moumouvirus, which was isolated from cooling tower water in

southeastern France, represents the leading member of lineage B.

We studied the gene repertoire of the moumouvirus to identify
similarities and differences including new characteristics of this new
giant virus. In addition, genomic comparisons of the members of the
Mimiviridae showed substantial gene loss in the Moumouvirus

lineage (Chapter Three, 3.1).

Since the discovery of Mimivirus in 2003, four new genomes of
mimiviruses have been studied in detail. Among these viruses,
Mimivirus, Mamavirus (another strain of mimivirus) and
Moumouvirus have been isolated from water collected from cooling
tower (Colson et al. 2011a; La Scola et al. 2003; La Scola et al.
2008; Raoult et al. 2004; Yoosuf et al. 2012). The two other viruses
have been isolated from marine water, Megavirus chilensis being
isolated from water collected from the coast of Chile by culturing
on Acanthamoeba spp and Cafeteria roenbergensis virus (Crov)
being isolated from water collected in Texas, USA from Cafeteria

roenbergensis, a phagocytic protist (Arslan et al. 2011; Fischer et al.
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2010). We described therefore the first instance of two giant viruses,
Terral virus (lineage C) and Terra 2 virus (lineage A), recovered
from soil samples by co-culturing on Acanthamoeba spp. (Chapter
Three, 3.2).

We further described the gene content of a new mimivirus named
Courdol1 virus. Courdol1 virus was revealed being closely related
to two mimiviruses of amoeba of lineage C, LBA111 and Shan,
which were isolated from the bronchoalveolar fluid and the stools,
respectively, of Tunisian patients presenting pneumonia, which
further emphasizes the earlier findings that mimiviruses may cause
pneumonia (Colson et al. 2013; Saadi et al. 2013a; Saadi et al.
2013b; Vincent et al. 2010) (Chapter Three, 3.3).

Finally, the identification of mimiviruses from pneumonia patients
fostered interest in the possible pathogenicity of mimiviruses. Taken
together with earlier results, these recent findings indicate that these
giant viruses may be causative agents of pneumonia (La Scola et al.
2005; Raoult et al. 2007). Experimentally, Mimivirus was found to
be capable of inducing pneumonia in mice and infecting
macrophages through a phagocytosis-like mechanism (Ghigo et al.
2008; Khan et al. 2007). We carried out analysis to search into
metagenomic databases for sequences related to mimiviruses and
other Megavirales members, we called the megavirome. Our results,

added to the serendipitous detection of Mimivirus- and
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Marseillevirus-like sequences in stools from an asymptomatic
Senegalese man and to findings from earlier studies, indicate that

mimiviruses can be present in humans (Chapter Four).
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Chapter Two

Gene Repertoire of members of the Megavirales

The Nucleocytoplasmic large DNA viruses comprises a monophyletic
group of viruses (Iyer et al. 2001) the nucleo-cytoplasmic large DNA
viruses (NCLDVs), a monophyletic group of viruses that encompasses
members of the families Poxviridae, Phycodnaviridae, Iridoviridae,
Ascoviridae and Asfarviridae primarily based on a limited set of core
genes shared by all of these viruses (Iyer et al. 2006; Iyer et al. 2001).
It has recently been proposed that the NCLDVs should be reclassified
into a new viral order called “Megavirales” (Colson et al. 2012).
These virus infects a wide range of eukaryotic hosts including green
and brown algae (phycodnaviruses), various protists (mimiviruses and
marseilleviruses) or Metazoa (poxviruses, iridoviruses, asfarviruses)
(Yutin & Koonin, 2012), hence these viruses possess highly diverse
gene content and the possibilities of gene exchange are numerous. The
core genes remains under constant selective pressure, keeping its
functional importance. The evolution of genomes mainly shaped up by
two forces, gene duplications and horizontal gene transfers. Hence we
summarise the gene content of the members of Megavirlaes based on
its core genes, horizontal gene transfer genes, duplicated genes and

ORFans
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TEXT (5,782 words)
INTRODUCTION

Nucleo-cytoplasmic large DNA viruses (NCLDV) constitute an
apparently monophyletic group that was first coined in 2001 (Iyer et
al. 2001) and consists of seven viral families, namely Poxviridae,
Ascoviridae, Iridoviridae, Asfarviridae, Phycodnaviridae,
Mimiviridae and Marseilleviridae infecting a broad variety of
eukaryotes (Figure 1). Thus, these viruses infect a widespread range of
eukaryotic hosts including green and brown algae (phycodnaviruses),
various protists (mimiviruses and marseilleviruses) or Metazoa
(poxviruses, iridoviruses, asfarviruses) (Koonin and Yutin 2010) and
they either replicate exclusively in the cytoplasm of the host cells, or
possess both cytoplasmic and nuclear stages in their life cycle (Moss,
2001). The NCLDVs encompass a considerably broad range of viruses
that infect hosts composing a major part of the whole range of
eukaryotic diversity. Besides, these viruses share a common ancestral
origin as indicated by a set of ancestral genes and common virion
architecture and virus reproduction within cytoplasmic factories,
which support the classification of all the NCLDV families into a new
viral order, named the “Megavirales” in reference to the large or giant
size of the virions and their genomes. The gene repertoire of the
Megavirales members encompasses several groups of genes among
which core genes that are shared by all or a majority of viruses, genes
transferred laterally, duplicated genes and ORFan genes. In the

present review, we will summarize these gene contents.
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GENE CONTENT OF THE NCLDVS

Core genes

Iyer et al. described in 2001 the monophyletic origin of members
of four viral families, Poxviridae, Asfarviridae, Iridoviridae and
Phycodnaviridae, and gathered them in a superfamily, the
nucleocytoplasmic large DNA viruses, to encompass all these viruses
based on their large size, their DNA genome and the nucleic or
cytoplasmic stages observed during the viral replication cycle (Iyer et
al. 2001). In 2006, this work was updated by analyzing Mimivirus,
discovered in 2003, and additional genomes of iridoviruses,
phycodnaviruses and poxviruses (Iyer et al. 2006). Core genes were
identified for these viruses that were classified as class I when found
in all families, class II when missing in some species despite being
present in all families, class III when absent from one family, and
class IV when absent from more than one (Iyer et al. 2006; Iyer et al.
2001). Nine genes were found to be shared by all members of all
families of NCLDVs including a VV D5-type ATPase, a DNA
polymerase (B-family), a VV A32 virion packaging ATPase, a VV
A18 helicase, a capsid protein (D13), a thiol oxidoreductase, a VV
D6/D11-like helicase, a S/T protein kinase, and a transcription factor
(VLTF2). In addition, members of at least three of the four families
shared 22 other core genes. Recent analyses delineated about 50 core
genes in the NCLDVs (Yutin and Koonin 2012). In 2009, Yutin et al.
described NCLDV clusters of orthologous groups of proteins (COGs),
they named Nucleo-Cytoplasmic Virus Orthologous Groups

20



(NCVOGs) (Yutin et al. 2009). A total of 1,445 NCVOGs were
identified among which 177 are represented in more than one NCLDV
family and a set of 47 conserved genes was identified by a maximum-
likelihood reconstruction, which were likely present in the genome of
the common ancestor of the megaviruses. Also, five NCVOGs were
identified that are shared by all the NCLDV genomes namely, the
major capsid protein (orthologs of vaccinia virus D13 protein),
primase-helicase (VV DS5), Family B DNA polymerase (VV E9),
packaging ATPase (VV A32), and transcription factor (VV A2). The
majority of the core genes of the Megavirales members encode
enzymes involved in DNA metabolism and replication, or structural
proteins. Megavirales members therefore encode a nearly complete
DNA replication apparatus in addition to key enzymes involved in the
final steps of the DNA metabolism (Iyer et al. 2006; Koonin & Yutin,
2010; Yutin & Koonin, 2012; Yutin et al. 2009). The Megavirales
core genes seem to have originated from different sources including
homologous genes of bacteriophages, bacteria and eukaryotes, which
suggests origin of these viruses at an early stage of the evolution of
eukaryotes through extensive mixing of genes from widely different
genomes (Koonin & Yutin, 2010; Yutin et al. 2009) and more recent
analyses highlighted substantial complexity and diversity of these

evolutionary scenarios (Yutin & Koonin, 2012).
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Poxviruses

The poxviruses (family Poxviridae) are a family of double-
stranded DNA (dsDNA) viruses with very large genomes (130-360
kilobase pairs (kbp) in length), usually encoding more than 150 genes
per genome (Table 1) (Leftkowitz et al. 2006, Moss 2001). Poxviruses
are well known for the two member viruses namely, Variola virus
(VARYV) and Vaccinia virus (VACV). VARV is the causative agent of
smallpox, a disease that ravaged the human population until its
eradication in 1977 by a worldwide vaccination campaign. Poxvirus
replication occurs in the cytoplasm, thus preventing the virus from
using nuclear enzymes of the host and requiring it to encode its own
enzymes for DNA replication ( Lefkowitz et al. 2006). The discovery
of homologs of vertebrate immune system signaling molecules in the
genomes of poxviruses and herpesviruses sparked the interest in
studying horizontal transfer of host genes to poxviruses (Hughes &
Friedman, 2005; McFadden, 1995). Many of the host-derived genes
apparently hold the function of immunomodulatory genes and genes
involved in nucleic acid metabolism. Viral proteins that are very
identical to host genes are predicted to be functional proteins which
interfere with a variety of host immune defense mechanisms including
antigen display, cytokines and their receptors, cytoplasmic signaling
resulting from immune activation, and genes involved in resistance of
cells to oxidative stress and apoptosis. The two important studies to
identify horizontal gene transfer events in poxviruses were carried out

by Hughes and Friedman with a systematic search for horizontally
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transferred genes by phylogenetic methods (Hughes & Friedman,
2005), while Bratke and McLysaght rather studied gene order around
putative horizontally transferred genes to identify single and multiple
gene events (Bratke and McLysaght 2008). They used two basic
principles (a) horizontally transferred genes at conserved positions
relatively to neighboring genes supports a single transfer event; (b)
horizontally transferred gene at different genomic locations supports
several transfer events (Bratke & McLysaght, 2008). Austin L.
Hughes has done a detailed study on origin and evolution of viral
interleukin-10 and other DNA virus genes with vertebrate homologues
(Hughes 2002). There were cases in which the phylogenies provided
strong evidence that poxvirus genes originated well prior to the origin
of vertebrates, including casein kinase-related PK2 in poxviruses prior
to deuterostome—protostome divergence, rpoA and rpoB prior to
animal-fungus divergence. Interestingly, poxvirus proteins that
originated early in the history of life include proteins playing
fundamental roles in DNA replication, such as rpoA and rpoB. The
presence of such proteins may have been necessary for the origin of
DNA viruses themselves. Gene duplications in poxviruses were often
lineage specific, and the most extensively duplicated viral gene
families were found in only a few of the genomes. Twenty two gene
families were present in at least one of the species of subfamily
Entomopoxvirinae and at least one of the species of subfamily

Chordopoxvirinae. A total of 1005 gene families were found in at
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least one of the 17 poxvirus genomes, while 95 families included two

or more members in at least one of the genomes (Hughes, 2002).

Ascoviruses

Ascoviridae is a family of double stranded large DNA viruses
which infect insects, where they produce large enveloped virions that
are 150 by 400 nm in size and cause chronic fatal disease, with
cytopathology resembling that of apoptosis (Bigot et al. 1997; Federici
et al. 2000). Ascoviruses have circular genomes, size ranging from
116 to 190 kbp (Tablel). In ascoviruses, lateral gene transfers were
identified by BLASTp that detected homologs in eukaryotic, bacterial
genomes, and genomes from other megaviruses than ascoviruses and
from viruses that do not belong to the proposed order Megavirales. Six
open reading frames (ORFs) have been identified as of eukaryotic
(Zinc-dependent metalloprotease, Unknown protein, Endonuclease,
Serine/Threonine  protein  kinase, = Hydroxysteroid (17-beta)
dehydrogenase, Metallo-hydrolase) and bacterial origin (two Metallo-
hydrolase, Acyl-Coenzyme A Binding Protein, BRO-like protein 12,
CK1 family protein kinase, RedQ-like DEAD helicase and four ORFs
from other Megavirales or non-Megavirales (IAP-like protein,
Unknown protein, Ubiquitin, NTPase/helicase) (Bigot et al. 2008).
The bro gene and bro-like genes were identified in viral families
Ascoviridae and Iridoviridae but not in other invertebrate or vertebrate
genomes, vertebrate viruses, transposons, nor in prokaryotic genomes

except in prophages or bacterial transposons. The phylogenetic
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analysis of bro genes suggested that they have resulted from the
recombination of viral genomes that allowed the duplication and loss
of genes and, on the same time, the acquisition of genes by horizontal
transfer over evolutionary time (Bideshi et al. 2003). The common
feature of many eukaryotic dsDNA viruses is the presence of
multigene families. Major capsid protein is one of the genes studied in
detail. In the genome of Trichoplusia ni (TnAV?2), there are two ORFs
coding the major capsid protein and the sequences shared 100 %
identity, which is not common in multigene families. Likewise,
thymidine kinase has two homologues and baculovirus repeated open
reading frame (bro) had three homologues (Wang et al. 2006). The
DpAV genome contains 6-8 interspersed repeated sequences of 494
bp with two imperfect palindromes and similar enhancer motifs of the
ubiquitous and virus early transcription factors. These homologous
regions are earlier noted in baculoviruses, which are implicated in
viral DNA replication (Bigot et al. 1997). Five repeat regions were
found in the entire genome of Heliothis virescens (HvAV3) with 94-
100 % of identity among the repeats. These repeat regions code for a
putative protein. The C terminus of this protein consists of a
conserved transposase domain. This putative domain was conserved in
most of the transposase proteins. The presence of putative
transposable elements within the repeat regions indicates that DNA
might have been transfered to the ascovirus genome from the host.
This element may be the possible reason for the duplication of the

gene in the genome (Asgari et al. 2007).
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Iridoviruses

The Iridoviridae is a family of linear double stranded large DNA
viruses (~120-200 nm) (He et al. 2002; Jakob et al. 2001; Shi et al.
2010). The genome size of iridoviruses ranges from 105 to 212 kbp
(Tablel). This family of viruses infects vertebrates (Ranavirus,
Megalocytivirus, Lymphocystivirus) and invertebrate (lridovirus,
Chloriridovirus) hosts. The important characteristic of this family of
viruses is its ability to infect diverse array of hosts, which likely at
least partly explains the diversity of their gene content between
different genera. The iridovirus genomes are circularly permuted and
terminally redundant. During the co-evolution of iridoviruses and their
hosts, gene gains and losses are likely to have host-specific effects.
The gained genes could help evasion from host defenses while lost
genes could be associated with loss of antigenic signal to the host cell
immune system or the increase of virulence (Bubi¢ et al. 2004;
McLysaght et al. 2003). Horizontal gene transfers in iridoviruses that
involve their hosts may have a high rate due to the nuclear stage of
iridovirus DNA replication (Chinchar et al. 2009; Williams et al.
2005). Huang et al studied the gene gain and gene loss events based
on the presence of clusters of orthologs genes for the 13 genomes that
were sequenced (Huang et al. 2009). The phylogenetic tree based on
eleven concatenated proteins indicated that gene loss could occur
throughout the tree, reptile ranavirus and amphibian ranavirus (+2/-)
have less gene gain-and-loss events than fish ranavirus (+50/-24), fish

lymphocystivirus (+65/-26), fish megalocytivirus (+86/-19) and insect
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iridovirus (+105/-). In iridoviruses, major replicative and transcription
enzymes possibly originated from their eukaryotic hosts and the
presence of these genes in all genera of this family indicates that the
ancestral iridovirus must have acquired genes from its eukaryotic
hosts and later differentiated into the five current genera. The enzyme
ribonucleotide reductase that comprises small and large subunits RR-1
and RR-2, have homologs in all iridoviruses except members of the
genus Megalocytivirus, and they are thought to be derived from
Rickettsia—like eubacteria (Gammon et al. 2010). This enzyme plays
an important role in eukaryotic DNA synthesis. In addition, the RR-1
gene from members of genus Iridovirus possesses an intein whereas
viruses from genera Ranavirus and Lymphocystivirus do not. The
presence of an intein in the RR-1 gene is very rare and noticed only in
certain bacteria and phage. In contrast, megalocytiviruses encode only
the RR-2 gene with low homology with those from other members of
iridoviruses. Phylogenetic analysis suggests that the megalocytivirus

RR-2 gene originated from a previous eukaryotic host.

Asfarviruses

African swine fever virus (ASFV) is a unique and complex pathogen
that infects wild and domestic swine and members of the family
Argasidae composed of soft-bodied ticks (Dixon et al. 1990;
Lubisi, et al. 2007). The ASFV double-stranded DNA genome differs
in length from about 170 to 193 kbp depending on the isolate
(Tablel). Due to the gain or loss of ORFs from the multigene families,
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ASFV encodes between 151 and 167. Short tandem repeats are
present in asfarviruses that vary in different isolates, being either
located within genes or within intergenic regions, leading to small
length variations in the genome The genes are distributed equally on
both positive and negative strands. Multiple gene families are very
common in asfarviruses, approximately 30% of paralogous genes
being present in the genome, their number differing between different
isolates (Agiiero et al. 1990; Jones et al. 1987; Pires et al. 1997,
Yozawa et al. 1994). The genes composing these familes of proteins
are arranged adjacent to each other and have the same orientation,
which indicates that they are evolved by gene duplication
(De La Vega et al. 1994; Rodriguez et al. 1990). It also has been noted
that these genes tend to be positioned at the terminal regions of the
genome, their copies being distributed on the either end of the
asfarvirus genome, and these genes was proposed to be transformed
during genome replication and resolution. Some of these genes may
have different function due to the presence of extra functional

domains and large sequence divergence.

Phycodnaviruses

The phycodnaviruses are DNA viruses that infect algae (Dunigan et
al. 2006). These viruses have a wide range of hosts (including algae
from both marine and fresh water) and this is associated with
considerable genetic diversity, though morphology is similar. The

family name Phycodnaviridae has been quoted mainly because of two
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of their characteristics: “Phyco” comes from their algal hosts and
“dna” comes from their double stranded DNA genomes.
Phycodnaviruses are grouped into six genera named on the basis of
the viral host, namely Chlorovirus, Coccolithovirus, Prasinovirus,
Prymnesiovirus, Phaeovirus and Raphidovirus (Dunigan et al. 2006;
Wilson et al. 2009). These genomes have size ranging from 100 kbp to
over 550 kbp (Tablel) (Dunigan et al. 2006; Van Etten & Meints,
1999). Phycodnaviruses infect a wide range of hosts and hence
possibilities of gene exchange are numerous. The chloroviruses
encode enzymes required for the synthesis and glycosylation of
structural proteins, namely two UDP-D-glucose 4,6-dehydratases
(UGDs) and bifunctional UDP-4-keto-6-deoxy-D-glucose
epimerase/reductase (UGER). Phylogeny showed that there was a
possible recent horizontal gene transfer of UGD gene from a green
algal host. At the same time, UGER was absent in Acanthocystis
turfacea chlorella virus 1, but the host, chlorella, may encode this
enzyme. Both of these genes are late genes that plays an important
role in posttranslational modification of capsid proteins (Parakkottil
Chothi et al. 2010). Ostreococcus tauri virus OtV-2 likely acquired
cytochrome b5, RNA polymerase sigma factor and a high-affinity
phosphate transporter encoding gene from its host, the three proteins
showing a high homology with the osterococcus proteins. Moreover
the genes encoding cytochrome b5, RNA polymerase sigma factor
genes and four unknown functional proteins were arranged adjacent to

each other in the viral genome. This may be a possible so-called “hot
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spot” region in the Ostreococcus tauri virus2, which is more prone to
harbor host genes (Weynberg et al. 2011). In addition, Emiliania
huxleyi virus 86 (EhV-86) acquired seven genes involved in
sphingolipid biosynthesis pathway from its host, microalga Emiliania
huxleyi (Monier et al. 2009; Wilson et al. 2005). Insertion elements
present in phycodnaviruses belong to bacterial and archaeal IS607
family (Frost et al. 2005). These insertion sequences do not occur
between genes of bacterial origin and other genes, instead they co-
localize with the stretches of bacterial-like genes, which support that
they have been inherited from bacterial genomes along with bacterial-
like genes (Filée et al. 2007). The number of bacterial-like genes
seems to depend on the host, hosts that engulf bacteria being able to
provide ecological niche for viral access to bacterial gene pools. The
two phycodnaviruses ESV-1 and EHV86, which infect Ectocarpus
siliculosus and Emilinia huxleyi, respectively, two free-living algae
that are not learned to ingest bacteria, have very few mobile genetic
elements (only two copies of IS4 family element), but other
phycodnaviruses that infect Chlorella spp. with a symbiosis lifestyle

show considerable gain of bacterial-like genes (Filée et al. 2008).

Mimiviruses

The discovery of Acanthamoeba polyphage mimivirus (APMV) by
co-culturing with Acanthamoeba hosts changed dramatically the
outlook of viruses because of its particle size and its gene content

(La Scola et al. 2003; Raoult et al. 2004). Mimivirus genome size
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ranges from 617 kb to 1,259 kbp (Tablel). In Mimivirus, homologs
were identified for 9/9 class I core genes (100 %), 6/8 class II core
genes (75 %), 11/14 class III core genes (79 %) and 16/30 class 1V
core genes (53 %) (Raoult et al. 2004). Among class II core genes,
Mimivirus lacks two genes which are important for the biosynthesis of
3'-deoxythymidine-5'-triphosphate: thymidylate kinase and 3'-
deoxipyridine-5'-triphosphate pyrophosphatase (dUTPase), but class
IV core genes thymidylate synthase and thymidine kinase have a
homolog in Mimivirus. Likewise, Mimivirus misses class III core
gene adenosine 5'-triphosphate (ATP)-dependent DNA ligase, which
was replaced by class IV core gene nicotinamide adenine dinucleotide
(NAD)-dependent ATP ligase. The Mimivirus genome is rich in
nucleotide synthesis enzymes including a deoxynucleoside kinase, a
cytidine deaminase and a nucleoside diphosphate kinase, reported to
be the first found in a double stranded DNA virus. Raoult et al. have
identified in Mimivirus several unique genes that were not previously
reported in viruses, includes proteins coding for translation associated
proteins, DNA repair enzymes, chaperones and new enzymatic
pathways and genes that are believed being trademark genes of
cellular organisms (La Scola et al. 2003; Legendre et al. 2011;
Raoult et al. 2004). Since 2008, several new mimiviruses including
close relatives to Mimivirus that form three lineage A, B and C
(Mamavirus, Terra2 virus, Moumouvirus, Courdo11 virus, Megavirus
chilensis) and others more distantly related (Cafeteria roenbergensis

virus (CroV)) have been isolated from different phagocytic protists in
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different niches, including fresh water, ocean and soil
(Arslan et al. 2011; Fischer et al. 2010; La Scola et al. 2010;
Yoosuf et al. 2012). Only 4.6% of the Mimivirus gene repertoire is
composed of NCLDV core genes, which indicates that this gene
content is lineage specific. Lateral gene transfer and gene duplications
have also strongly influenced the composition of the Mimvirus
genome (Filée et al. 2008; Iyer et al. 2006; Raoult et al. 2004).
Moreira and Brochier-Armanet specifically studied a set of 198
Mimivirus proteins attributed to COG families (Moreira & Brochier-
Armanet, 2008; Tatusov et al. 2003). A total of 126 ORFs with clear
homologs were retrieved, the phylogenetic analyses inferring an
eukaryotic origin for 60 of the 126 Mimiviral ORFs that have reliable
homologs in cellular species, approximately 10% of which appeared
to be acquired from amoebae. Filee et al. also identified 96 genes of
bacterial origin. The bacterial-like genes show a strong bias in
Mimivirus (and at least one phycodnavirus, NY2A) toward DNA
replication and repair (20% of proteins) and cell envelope (12.5% of
proteins) in COGs functional gene categories. Three consecutive open
reading frames encoding a sugar transaminase, a glycosyltransferase,
and a protein of unknown function were identified in the Mimivirus
genome that are syntenic with three ORFs in the genome of
Clostridium acetobutylicum indicating the inheritance of these
bacterial-like genes as a short contiguous block; in addition, the
bacterial-like genes tended to be clustered toward the extremities of

the Mimivirus genomes. Furthermore, a 38-kb genomic region of
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putative bacterial origin was identified in the CroV genome that
encodes 34 ORFs, 14 being most similar to bacterial proteins, among
which 7 are predicted to function in carbohydrate metabolism
(Fischer et al. 2010). These findings further support the speculation
that these genes may have been acquired from a bacterium by the
frequent encounters of CroV and phagocytosed bacteria inside the
host cytoplasm. These findings suggest that eukaryotic hosts using
bacteria as food may work as a hotspot for the exchange of DNA
between replicating viruses and bacteria, thus providing a biological
niche with access to bacterial genes (Filée et al. 2007; Fischer et al.
2010; Raoult & Boyer, 2010). The Moumouvirus genome analysis
revealed substantial gene loss compared to Megavirus chiliensis,
indicating that genomes of mimivirus form this lineage experienced
genome reduction. In comparison with the Megavirus chiliensis
genome, A total of 85 genes located in the terminal regions of the
Megavirus chiliensis genome have been apparently lost in the
moumouvirus lineage; an alternative, less parsimonious evolutionary
scenario would involve independent acquisition of these genes in the
Mimivirus and the Megavirus lineages. Two genes encoding
metabolic enzymes, cysteine dioxygenase and NAD-dependent
epimerase/dehydratase, are shared by Moumouvirus and CroV to the
exclusion of other Megavirales members (Yoosuf et al. 2012). Mobile
genetic elements have been detected in the Mimivirus genome that
were previously thought to be specific of prokaryotes (Filée et al.

2007). They include insertion sequences, two homing endonucleases,
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and an intein, considered as major agents of lateral gene transfer in
prokaryotes. The insertion sequences contain two ORFs, a transposase
and a protein of unknown function (Frost et al. 2005; Ton-Hoang et al.
2005). In addition, the concurrent presence of gene typically detected
in prophages of bacteria and a nearby HNH endonuclease supports the
hypothesis of acquisition by lateral gene transfer from a bacteriophage
(Filée et al. 2007). Duplicated genes were found to compose about
one-third of the Mimivirus gene content (Suhre, 2005). Using PSI-
BLAST with various e-values (le-5 to 1e-25), 244 to 398 paralogous
genes were identified that compose 58 and 86 families, respectively.
Moreover, duplicated genes are inserted about twice as frequently in
the parallel orientation as in the antiparallel orientation, with respect
to the coding direction of the matching gene (20 vs. 12%). Large
paralogous families in Mimivirus are related to virus-host interactions.
Ankyrin double-helix repeat containing proteins are the most
repetitive protein (66 homologs). These proteins are ubiquitously
found in large paralogous families in both viral and bacterial genomes.
WD repeats, L cluster, Pfam FNIP repeats and protein kinases are
other paralogous proteins prevalent in  Mimivirus. Also,
glycosyltransferases, poxvirus transcription factors, transposase site-
specific integrase-resolvases and collagen triple helix repeat
containing proteins are widely present in Mimivirus genome. These
proteins have wide range of functions including virus-host

interactions, host signaling or other regulatory processes.
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In 2008, La Scola et al. described a new strain of Mimivirus, named
Mamavirus (La Scola et al. 2008). The further observation of
Mamavirus revealed a novel virus-like agent called Sputnik which is
icosahedral in shape and small (50 nm in size) and coexisted in the
amoebal cytoplasm of the infected cells and inside the mamavirus
factories. Sputnik was named a virophage, because of its functional
analogy to bacteriophages, as it only multiplies within A. castellanii if
these cells are co-infected with Mimivirus or Mamavirus. The Sputnik
genome encodes a protein with homologs in a marine metagenome
that belongs to the family of bacterial insertion sequence transposase
DNA-binding subunits, and the Sputnik ORF 10 is closely related to
integrases of the tyrosine recombinase family from archaeal viruses
and proviruses. The virophage could be a vehicle mediating lateral
gene transfer between giant viruses (La Scola et al. 2008). In 2011,
Fischer et al. identified Mavirus, another virophage that parasitizes
Cafeteria roenbergensis virus (Fischer & Suttle, 2011). Yau et al
thereafter reported a new virophage that preys on phycodnaviruses of
prasinophytes (Yau et al. 2011). Sputnik 2 was the fourth virophage
described thus far and was isolated from a human-associated sample
(Cohen et al. 2011). Recently Santini et al discovered another
virophage infecting Phaeocystis globosa virus PgV-16T named as
PgVV the genome of which has a length of 19,527 bp (Santini et al.
2013). It has been recently shown that the virophages of the
mimiviruses have a broad host range and thus can serve as vectors for

gene exchanges among the three different lineages of amoeba-
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associated mimiviruses (Clarke et al. 2013; Desnues et al. 2012;
Gaia et al. 2013; Yutin & Koonin, 2009). Construction in a recent
study of Clusters of Mimivirus Orthologous Genes (mimiCOGs) led
to reclassify Organic lake phycodnaviruses and Phaeocystis globosa
viruses as members of the family Mimiviridae, though these viruses
were initially classified within the family Phycodnaviridae, which
further indicates that only viruses within the family Mimiviridae

support so far the reproduction of virophages (Yutin et al. 2013)

Marseilleviruses

The family Marseilleviridae encompasses viruses with a double
stranded DNA genome (Colson et al. 2013). Marseillevirus, the
founding member of this family discovered in 2008 has a circular
DNA (Boyer et al. 2009) while the genome of Lausannevirus, another
marseillevirus described in 2011, was found to be either a linear
molecule with terminal repeats or a circularized molecule
(Thomas et al. 2011). So far, three genomes of Marseilleviridae has
been sequenced and annotated, including the recently reported
Cannes8 virus (Aherfi et al. 2013; Boyer et al. 2009; Thomas et al.
2011). The size of these genomes ranges from 346 kbp to 374 kbp
(Tablel). In the Marseillevirus genome, 28 of the 457 predicted ORFs
are bona fide NCLDV core genes, out of the 41 previously defined
classes I-III genes (Boyer et al. 2009). Six ORFs are universal
NCLDV proteins, and 17 are shared with Mimivirus/Mamavirus but

are absent in other Megavirales members. Based on phylogenetic
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analysis, 51 Marseillevirus ORFs might be of NCLDV origin. As in
other megaviruses, including Mimivirus, the proportion of
Marseillevirus ORFs that belong to the NCLDV core gene set is very
small (6.1%). All core genes reported in Marseillevirus have orthologs
in Lausannevirus, including a thymidine kinase (Thomas et al. 2011).
Comparative genomics and phylogenetic analysis of Marseillevirus
genes have strongly highlighted the mosaicism of the Marseillevirus
genome and identified gene exchange with bacteria, archaea, other
viruses and eukaryotes including amoeba (Boyer et al. 2009).
Interestingly, non-random connection between inferred origins and
functions of marseillevirus genes was observed. Notably, genes
encoding defense and repair functions, in particular nucleases, tended
to be of bacterial and bacteriophage origin, genes encoding metabolic
enzymes and proteins implicated in protein and lipid modification or
degradation tended to be of bacterial and eukaryotic origins and genes
related to signal transduction tended to be of eukaryotic origin. The
Marseillevirus and Lausannevirus were found to encode three histone-
like proteins (Boyer et al. 2009; Thomas et al. 2011). Histone-like
proteins have been described in several viruses including H3-H4
protein in Heliothis Zea virus, H4 protein in bracoviruses and H2B
protein in Ostreid herpesvirus integrated to amphioxus genome
(Cheng et al. 2002; De Souza et al. 2010; Gad & Kim, 2008). Viral
histones may interact with the host cell DNA or regulate the viral
DNA. Eukaryotic organisms acquired 4 copies of histones, H2A,
H2B, H3 and H4, which help to form the nucleosome and wrap the
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DNA (Talbert & Henikoff, 2010). Histones are present in all archaeal
phyla including the deepest branching phylum Thaumarchaeota
(Cubonova et al. 2005; Sandman & Reeve, 2006). Ancestral
marseilleviruses may haveacquired histone doublets from an unknown
eukaryote (Thomas et al. 2011). MORN repeat-containing proteins,
various endonucleases and serine/threonine kinases, F-box containing
proteins and ubiquitins were abundantly present in members of the
family Marseilleviridae (Aherfi et al. 2013; Boyer et al. 2009; Thomas
et al. 2011). The membrane occupation and recognition nexus
(MORN) repeat domains enhances membrane-membrane or

membrane-cytoskeleton interactions (Gubbels et al. 20006).

ORFans in NCLDV

ORFans refers to genes without detectable homologs in sequence
databases (Fischer & Eisenberg, 1999). ORFan genes have a limited
phylogenetic distribution and homologous genes are either restricted
to closely related organisms or not detectable at all in other organisms.
Another observation is that the proportion of ORFans continues to
remain same even though the number of sequenced genomes is
increasing (Yin & Fischer, 2006). There are various hypothesis has
been made about the origin of ORFans, some believe that ORFans are
originated from genome duplication, lateral gene transfer or might
correspond to de novo created genes (Daubin & Ochman, 2004;
Davids et al. 2003). Several studies emphasize the fact that ORFans

represents genes of viral origin. Viral genomes possess higher
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proportion of ORFans compared to other microrganisms. Boyer et al.
carried out a study to decipher the importance of ORFans in
Megavirales families (Ascoviridae, Iridoviridae, Poxviridae,
Phycodnaviridae, Asfarviridae, Mimiviridae and Marseilleviridae)
(Boyer et al. 2010). At least one representative member was selected
in each family, and its genome was submitted to new ORF prediction
to bring normalization in viral genome prediction. A total of 38% of
predicted ORFs in all viral genomes showed no match against RefSeq
and were classified as ORFans. However ORFan percentage showed a
large range of variation [between 2.8% (PBCV-NY2A) and 75.2%
(EhV-86)] according to the type of virus (Table 2). The metaORFans
are ORFans having homologs in environmental databases.
MetaORFans proportions in megavirus genomes were 3.5%. The
detailed number of ORFans and metaORFans in each genome of
Megavirales members are represented in Table 2. Some members of
families Iridoviridae, Poxviridae, Phycodnaviridae and Ascoviridae,
found no significant match against the environmental databases. In
contrast, more than 10% of asfarvirus ORFans were converted to
metaORFans. In all megavirus genomes analyzed, mean ORFan
length (587 bp) was significantly shorter than non-ORFan length
(1,149 bp), indicating that ORFans are over-represented among the
shorter ORFs in these genomes. Besides, ORFans and non-ORFans

exhibit a similar nucleotide composition pattern.
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Conclusion

Mimiviruses and marseillevirus have fostered studies on members of the
proposed order Megavirales. As these viruses share several genes with
cellular organisms, this catalyzed the debate about the definition of
viruses and their classification in the living world (Raoult & Forterre,
2008; Raoult, 2009). Indeed, the tree of life was initially based on
ribosomal analyses that delineated three branches of life, Eukarya,
Bacteria and Archaea, while viruses were not included on this
classification because they lack ribosomes (Moreira & Lopez-Garcia,
2009). From the outset, Mimivirus has been proposed to compose a
fourth branch of life (Raoult et al. 2004). Then, phylogenetic and phyletic
analyses of information genes, involved in nucleotide biosynthesis,
transcription and translation (for Mimivirus), allowed to show a four
branch topology where Megavirales members stand as a monophyletic
group aside Eukarya, Bacteria and Archaea (Boyer et al. 2010) . This
issue 1s still controversial but strengthened by an increasing body of
evidence (Williams et al. 2011; Nasir et al. 2012). Studies of the
pangenome of the order i and its viral families have shown a substantial
amount of lateral gene transfers in the viral genomes, though the core
gene set indicate a common ancestral origin. Finally, Megavirales
members have considerably expanded the diversity of the viral world and
the recent discovery of the largest viruses described so far, Pandoravirus
salinus and P. dulcis (Philippe et al. 2013), shows that still amazing

viruses will undoubtedly be discovered in the future.
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LEGENDS

Figure 1: Phylogenetic treesconstructed based on the family B
DNA polymerase from selected members of the family
“Megavirales” and Pandoravirus dulcis and P. salinus using the
maximum likelihood method

The numbers at tree nodes indicate bootstrap replicates of 100. The
line indicates the group of viruses infecting diverse hosts.

Table 1: General viral characteristics of the members of the order
Megavirales

Table 2: ORFan classification in the selected members of the
order Megavirales

Percentages were calculated in comparison with total number of ORF
for each species
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Table 2

: . No of o % % Species
Megavirales Species ORFs ORFan (%) MetaORFan ORFan
Poxviridae CPV 312 31(9.9) - 9.9

MSEV 224 65 (29.0) 0.9 28.1

Asfarviridae ASFV 134 91 (67.9) 10.4 57.5

Ascoviridae HvAV-3e 165 31 (18.8) - 18.8

Iridoviridae ATIV 123 45 (36.6) 4.9 31.7

IIvV-6 200 86 (43) 4.5 38.5

SGIV 136 45 (33.1) - 33.1

ISKNV 111 64 (55.7) 0.9 56.8

LDV-IC 135 8(5.9) - 59

Phycodnaviridae EhV-86 459 345 (75.2) 6.9 70.4
PBCV-

NY2A 390 11 (2.8) 0.3 2.6

EsV-1 238 30 (12.6) - 12.6

OtV-1 231 8 (3.5) 1.7 1.7

Mimiviridae APMV 984 474 (48.1) 6.9 41.7

Marseilleviridae MarV 449 305 (67.9) 4.8 62.1

Poxviridae: Canarypox virus (CPV), Melanoplus sanguinipes entomopoxvirus
(MSEV) ; Asfarviridae: African swine fever virus (ASFV) ; Ascoviridae:
Heliothis virescens ascovirus 3e (HvAV-3e) ; |Iridoviridae: Aedes
taeniorhynchus iridescent virus (ATIV), Invertebrate iridescent virus 6 (IIV-6),
Singapore grouper iridovirus (SGIV), Infectious spleen and kidney necrosis
virus (ISKNV), Lymphocystis disease virus- isolate China (LDV-IC) ;
Phycodnaviridae: Emiliania huxleyi virus 86 (EhV-86), Paramecium bursaria
Chlorella virus NY-2A (PBCV-NY2A), Ectocarpus siliculosus virus 1 (EsV-1),
Ostreococcus tauri virus 1 (OtV-1) ; Mimiviridae: Acanthamoeba polyphaga
mimivirus (APMV) ; Marseilleviridae: Marseillevirus (MarV)
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Chapter Three

Related Giant Viruses in Distant Locations and
Different Habitats: Acanthamoeba polyphaga
moumouvirus Represents a Third Lineage of the
Mimiviridae That is Close to the Megavirus

Lineage

The founding member of the family Mimiviridae, Acanthamoeba
polyphaga mimivirus, was discovered in 2003 from a cooling tower
in Bradford, England subsequently to the investigation of a
pneumonia outbreak (La Scola et al. 2003; Raoult et al. 2004). Since
then, the genomes of three other members of the family Mimiviridae
have been extensively described (Arslan et al. 2011; Colson et al.
2011a; Fischer et al. 2010). The phylogenetic analysis of core genes
of the mimiviruses infected Acanthamoeba spp. indicated three
lineages. The Acanthamoeba polyphaga mimivirus, the leading
member of lineage A, and Megavirus chilensis, the leader member of
lineage C, were studied in detail (Arslan et al. 2011; Raoult et al.
2004). In contrast, no genome had been described in detail for
mimiviruses of lineage B, until we studied the DNA of
Acanthamoeba polyphaga moumouvirus, which has a size of

1,021,348 base pairs. This giant virus was isolated using co-culture
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with amoebae from water of a cooling tower in southeastern France.
The Moumouvirus genome encodes 930 proteins and three transfer
RNAs, being the fourth largest viral genome reported so far at time
of our analyses. Among the predicted proteins, 75% had close
homologs in Megavirus chilensis. The Megavirus and Moumouvirus
genomes showed a perfect collinearity in their central part and
variations at the extremities. Moreover, comparison of mimivirus
genomes showed substantial gene loss in the Moumouvirus lineage.
The majority of the proteins of Moumouvirus had the closest
homologs in other members of the Mimiviridae, while 27 genes had
their closest homolog in bacteria. Further analysis of these genes
based on phylogeny supported gene acquisition from diverse bacteria

after the separation of the Moumouvirus and Megavirus lineages.
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Abstract

The 1,021,348 base pair genome sequence of the Acanthamoeba polyphaga moumouvirus, a new member of the Mimiviridae family
infecting Acanthamoeba polyphaga, is reported. The moumouvirus represents a third lineage beside mimivirus and megavirus.
Thereby, it is a new member of the recently proposed Megavirales order. This giant virus was isolated from a cooling tower water
in southeastern France but is most closely related to Megavirus chiliensis, which was isolated from ocean water off the coast of Chile.
The moumouvirus is predicted to encode 930 proteins, of which 879 have detectable homologs. Among these predicted proteins, for
702 the closest homolog was detected in Megavirus chiliensis, with the median amino acid sequence identity of 62%. The evolu-
tionary affinity of moumouvirus and megavirus was further supported by phylogenetic tree analysis of conserved genes. The
moumouvirus and megavirus genomes share near perfect orthologous gene collinearity in the central part of the genome, with
the variations concentrated in the terminal regions. In addition, genomic comparisons of the Mimiviridae reveal substantial gene loss
in the moumouvirus lineage. The majority of the remaining moumouvirus proteins are most similar to homologs from other
Mimiviridae members, and for 27 genes the closest homolog was found in bacteria. Phylogenetic analysis of these genes supported
gene acquisition from diverse bacteria after the separation of the moumouvirus and megavirus lineages. Comparative genome
analysis of the three lineages of the Mimiviridae revealed significant mobility of Group | self-splicing introns, with the highest intron
content observed in the moumouvirus genome.

Key words: moumouvirus, mimivirus, giant virus, megavirus, Mimiviridae, Megavirales, horizontal gene transfer, viral genome,
nucleo-cytoplasmic large DNA viruses.

The family Mimiviridae consists of giant viruses that together
with five previously recognized viral families and the candidate
Marseilleviridae family comprise a monophyletic group of
viruses known as nucleo-cytoplasmic large DNA viruses
(NCLDV) (lyer et al. 2001, 2006; Yutin and Koonin 2012).
Recently, it has been proposed to combine all the NCLDV
families into a new virus order tentatively named the

Megavirales (Colson et al. 2012). The family Mimiviridae in-
cludes by far the largest viral genomes sequenced to date
(La Scola et al. 2003; Claverie et al. 2009; Claverie and
Abergel 2010). This is the only group of viruses with genomes
larger than 1 megabase, which exceeds the genome size of
numerous parasitic and symbiotic bacteria. The genomes of
three Mimiviridae members have been completely sequenced
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and characterized in detail: Acanthamoeba polyphaga mimi-
virus (Raoult et al. 2004), the prototype of the family; A. cas-
tellanii mamavirus, which is a close relative, effectively a strain
of the mimivirus (Colson et al. 2011); and Megavirus chiliensis
that has been recently isolated from a marine environment
(Arslan et al. 2011). In addition, 16 virus isolates of the family
Mimiviridae have been identified and characterized by prote-
omic methods and/or partial sequencing (La Scola et al. 2010).
Furthermore, marine metagenome analysis has revealed nu-
merous homologs of mimivirus genes indicating that
Mimiviridae is an abundant and diverse family of giant viruses
whose host range remains unknown but includes organisms
from habitats as different as marine water, fresh water, and
soil (Monier et al. 2008; Kristensen et al. 2010; Yamada
2011).

Phylogenetic analysis of genes that are conserved in the
majority of the NCLDV (lyer, Aravind, et al. 2001; lyer, Balaji,
et al. 2006; Koonin and Yutin 2010) has shown that another
giant virus that has been isolated from the marine microfla-
gellate Cafeteria roenbergensis (CroV) is a distant member of
the Mimiviridae (Fischer et al. 2010; Colson et al. 2012). In
addition to genes that are shared with the other NCLDV, the
giant viruses of the Mimiviridae family possess many genes
that have not been previously detected in any viruses, in par-
ticular genes encoding components of the translation system
such as aminoacyl-tRNA synthetases as well as a variety of
metabolic enzymes (Raoult et al. 2004; Colson and Raoult
2010). The comparison of the mimivirus/mamavirus and the
megavirus genomes has shown that only 77% of the mega-
virus proteins have readily detectable homologs in the mimi-
virus, suggestive of a large pangenome of the Mimiviridae
(Arslan et al. 2011). Clearly, additional complete genomes
of diverse members of the Mimiviridae are required for the
characterization of this pangenome. Here, we describe the
genome of another member of the Mimiviridae that we
denoted A. polyphaga moumouvirus. The moumouvirus was
isolated from water collected in a cooling tower but perhaps
unexpectedly is most closely related to the megavirus that was
identified in a marine environment.

The moumouvirus was isolated in February 2008 by inocu-
lating A. polyphaga, as previously described, with water
from an industrial cooling tower located in the south-east of
France (La Scola et al. 2008). Some features of this virus have
been briefly described previously (La Scola et al. 2010).
Morphologically, the moumouvirus particles resemble the par-
ticles of other Mimiviridae (Klose et al. 2010; Arslan et al.
2011). The icosahedral capsid is approximately 420 nm in
size and is covered by a dense layer of fibers (fig. 1). In com-
parison, A. polyphaga mimivirus and Megavirus chiliensis ex-
hibit larger capsids with a diameter of approximately 500 and
520 nm, respectively (Klose et al. 2010; Arslan et al. 2011). In
addition, these two mimiviruses harbor fibers that are approxi-
mately 125- and 75-nm long, respectively, whereas the size of
the moumouvirus fibers is approximately 100 nm. Some of the

Fic. 1.—Cryo-electron micrograph of moumouvirus particles. The
viral particles have a dense layer of fibers and their morphology resembles
the shape of other Mimiviridae members, including a distinctive, starfish
like vertex (arrow). Scale bar: 200 nm.

moumouvirus particles also exhibit, similar to other
Mimiviridae members, a distinctive, starfish-like vertex (Klose
et al. 2010; Arslan et al. 2011). Finally, viral factories were
observed within the A. polyphaga cytoplasm during the rep-
lication cycle of the moumouvirus; the morphology of the
moumouvirus factories is similar to that observed previously
for A. polyphaga mimivirus and Megavirus chiliensis (Suzan-
Monti et al. 2007; Arslan et al. 2011).

The moumouvirus genome DNA was sequenced using the
454-Roche GS20 device (Roche Diagnostics Corp., Branford,
CT) (Raoult et al. 2004; Margulies et al. 2005) and then the AB
SOLID instrument (Life Technologies Corp., Carlsbad, CA). The
genome assembly was performed using a combination of
Roche 454 paired-end and AB SOLID sequencing reads (sup-
plementary methods, Supplementary Material online). The
moumouvirus genome is 1,021,348 base pairs (bp) in length
which is more than 200 kilobase (kb) shorter than the mega-
virus genome (the current record holder in viral genome size)
and more than 100 kb shorter than the mimivirus and mama-
virus genomes (the moumouvirus genome sequence was de-
posited in GenBank under the Accession Number JX962719).
Using pulse-field gel electrophoresis, the moumouvirus
genome was characterized as a linear DNA molecule of ap-
proximately 1 megabase (not shown). Using a combination
of prediction tools (supplementary methods and file 1,
Supplementary Material online), 930 open reading frames
(ORFs) were identified as putative protein-coding genes,
with the mean predicted protein size of 290 amino acids
(aa). These ORFs are evenly distributed on both DNA strands,
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with 470 predicted genes located on the “direct” strand and
460 on the “reverse” strand. The mean size of intergenic
regions is 130 + 166 nucleotides, with the predicted protein-
coding density of 0.91 genes/kb (as compared with 0.89
genes/kb for the megavirus). In addition, three tRNA genes
were predicted using the tRNAscan-SE method (Schattner
et al. 2005). The ORFs were analyzed for evolutionary conser-
vation, protein domain content and predicted functions by
using PSI-BLAST search (Altschul et al. 1997) of the Refseq
database at the NCBI (one iteration by default and up to
3 iterations when initial functional prediction was ambiguous),
domain identification by RPS-BLAST search of the Conserved
Domain Database (Marchler-Bauer and Bryant 2004), and as-
signment of proteins to clusters of orthologous NCLDV genes
(NCVOGs) (Yutin et al. 2009).

Of the 930 predicted proteins of the moumouvirus, for 879
homologs were detected by protein sequence database
search, and for the great majority, the most similar homolog
was a megavirus protein (supplementary file 1, Supplementary
Material online). For 656 predicted proteins of the moumou-
virus, the megavirus homolog was a bidirectional best hit
(BBH) (with the expect value cut-off of 1073); that is, a prob-
able ortholog. The putative moumouvirus—megavirus ortholo-
gous protein pairs ranged in identity from 91% to 23%, with
a median of 62%. An analogous comparison between mou-
mouvirus and mimivirus yielded 548 putative orthologs, with a
median 52% identity, indicating that the moumouvirus is
more similar to the megavirus than it is to the mimivirus in
terms of both the gene repertoire and sequence conservation.
The evolutionary affinity of the moumouvirus and the mega-
virus was clearly supported by the results of phylogenetic
analysis of concatenated conserved NCLDV proteins (fig. 2
and supplementary file 2, Supplementary Material online).
Although the trees for individual conserved genes showed
topological differences for other branches within Phycodnavir-
idae and Mimiviridae, the moumouvirus-megavirus clade and
its monophyly with the mimivirus—-mamavirus clade were in-
variably recovered (supplementary file 2, Supplementary
Material online). In addition, a genomic dot-plot of the mou-
mouvirus against the megavirus reveals near perfect collinear-
ity of orthologous genes in the middle part of the genome
(~650 kb), with rearrangements found only in the peripheral
parts of the genomes (fig. 3A). This similarity of genome archi-
tectures contrasts the results of the comparison of the mou-
mouvirus and mimivirus genomes that shows shorter,
interrupted collinear regions and in addition a large inversion
in the central part of the genomes (fig. 3B), similar to that
described from the comparison of the megavirus and mimi-
virus genomes (Arslan et al. 2011). Conservation of the gene
order in the middle of the genome with divergence at the
genome ends seems to be a general feature of NCLDV evo-
lution that was first noted in poxviruses (Senkevich et al. 1997)
and has been more recently pointed out for Chlorella phycod-
naviruses (Filee et al. 2007), marseillevirus and lausannevirus

99 Megavirus chiliensis
100  Moumouvirus
100 Acanthamoeba polyphaga mimivirus
100 Acanthamoeba castellanii mamavirus
Cafeteria roenbergensis virus
100 Bathycoccus sp. RCC1105 virus BpV1
Micromonas pusilla virus PL1
91 99 Ostreococcus tauri virus 1
Paramecium bursaria Chlorella virus 1
100 Acanthocystis turfacea Chlorella virus 1
100 Feldmannia species virus
Ectocarpus siliculosus virus 1
Emiliania huxleyi virus 86
100 Marseillevirus
Lausannevirus

Mimiviridae

95

Phycodnaviridae

79

0.2

Fic. 2.—Phylogenetic tree of the Mimiviridae and selected
Phycodnaviridae constructed from concatenated alignments of DNA poly-
merase, A32-like packaging ATPase, and A2-like Transcription Factor.
Marseillevirus and lausannevirus were used as an outgroup. The alignment
included 1,429 positions that were deemed reliably aligned. The bootstrap
values (percentage points) are indicated for each internal branch
(Mimiviridae).

(Thomas et al. 2011), mamavirus, mimivirus, and CroV (Boyer
etal. 2011; Colson, Gimenez, et al. 2011; Colson et al. 2011).

Together, these observations indicate that megavirus and
moumouvirus comprise a distinct branch of the Mimiviridae.
Given the moderate sequence conservation between the
orthologs and differences in the gene repertoire (discussed
later), moumouvirus and megavirus clearly are distinct virus
species unlike mimivirus and mamavirus that, at >98%
mean identity between orthologous proteins and near perfect
genomic collinearity, are most appropriately considered strains
of the same species (Colson et al. 2011). These findings are in
line with the recent demonstration of three evolutionary lin-
eages within the Mimiviridae (Colson et al. 2012).

Although moumouvirus is the sister group of megavirus in
the phylogenetic tree of the Mimiviridae (fig. 2), its genome is
more than 200 kb smaller than the megavirus genome. Of the
1,120 predicted protein-coding genes of the megavirus
(Arslan et al. 2011), for 464 no one-on-one ortholog has
been detected in the moumouvirus. Analysis of these mega-
virus proteins showed that 219 are members of paralogous
families common for Mimiviridae members; 139 are ORFans
without detectable homologs; 21 apparently were acquired
from sources outside the Mimiviridae (mainly from bacteria);
and 85 are shared by megavirus and mimivirus/mamavirus
but absent in the moumouvirus (supplementary file 3,
Supplementary Material online). Thus, these 85 genes that
are located in the terminal regions of the genome apparently
have been lost in the moumouvirus lineage; an alternative, less
parsimonious evolutionary scenario would involve independ-
ent acquisition of these genes in the mimivirus and megavirus
lineages. Most of the genes that are inferred to have been lost
by the moumouvirus are functionally uncharacterized but
for some functions could be predicted, in particular in DNA
repair (supplementary file 3, Supplementary Material online).
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Fic. 3.—Genomic dot plots for the moumouvirus and other members
of the Mimiviridae. (A) Moumouvirus versus Megavirus chiliensis. (B)
Moumouvirus versus Acanthamoeba polyphaga mimivirus. Each point rep-
resents a pair of orthologous genes (BBHs in BLASTP searches).

Interestingly, one of the lost genes encodes the small polyA
polymerase subunit/cap O-methyltransferase, a gene that is
shared by megavirus, mamavirus, and poxviruses but is miss-
ing in the rest of the NCLDV, suggestive of multiple losses
(Colson et al. 2011). The demonstration of extensive gene
loss in the moumouvirus echoes the dramatic reduction in
the mimivirus genome size after cultivation in germ-free
amoeba; notably, the size of the terminal regions that have
been eliminated from the mimivirus genome after multiple
passages is approximately the same (~200kb) as the differ-
ence in genome size between megavirus and moumouvirus
(Boyer et al. 2011).

In addition to being the largest viral genome sequenced to
date, the megavirus is notable for encoding the largest

number of translation system components among all viruses
including 7 aminoacyl-tRNA synthetases (aaRS) (Arslan et al.
20711). The moumouvirus encodes apparent orthologs of
many but not all of these proteins, in particular 5 aaRS (sup-
plementary files 1 and 3, Supplementary Material online).

The majority of the moumouvirus protein-coding genes
have apparent conserved orthologs in the megavirus but the
remaining genes showed some interesting evolutionary pat-
terns. Two genes encoding metabolic enzymes, cysteine
dioxygenase and NAD-dependent epimerase/dehydratase,
are shared by moumouvirus and CroV to the exclusion of
the other NCLDV. Phylogenetic analysis of both genes demon-
strated monophyly of the two giant viruses, along with some
uncharacterized environmental sequences (fig. 44 and B). This
phylogeny implies the presence of these genes in the common
ancestor of the Mimiviridae with at least two subsequent
losses (in the mimivirus and megavirus branches) or the less
likely evolutionary scenarios involving gene exchange between
moumouvirus and CroV or independent acquisition of genes
from related sources by the two viruses. Phylogenetic analysis
of the moumouvirus genes with closest bacterial homologs
supported the origin of these genes from diverse bacteria
(two examples are shown in fig. 4C and D), in agreement
with the previously noticed extensive gene exchange among
symbionts and parasites of amoeba (Ogata et al. 2006;
Moreira and Brochier-Armanet 2008; Boyer et al. 2009;
Raoult and Boyer 2010).

Similarly to other Mimiviridae members, moumouvirus
genes were found to contain 8 Group | self-splicing introns
and three inteins (supplementary file 4, Supplementary
Material online). All sequenced members of the Mimiviridae
share an apparent ancestral intron in the gene for the largest
subunit of the RNA polymerase (RNAP) and an ancestral intein
in the DNA polymerase gene. The moumouvirus contains only
a single intron in the major capsid protein gene, similar to the
mamavirus, whereas the megavirus and the mimivirus contain
two introns in this gene. In the HSP70 chaperone gene, mega-
virus and moumouvirus share an intron to the exclusion of
the other Mimiviridae members but moumouvirus lacks the
intron-encoded endonuclease ORF. In addition, the moumou-
virus contains short inteins that consist of the cis-acting HINT
protease domain alone in the genes encoding the repair
ATPase MutS and an uncharacterized protein (supplementary
file 4, Supplementary Material online). The positions of other
introns in the genomes of the Mimiviridae members vary and
several new introns were identified. In particular, unlike other
Mimiviridae members, the moumouvirus contains the largest
number of introns (5), along with an intein, in the second
largest RNAP subunit gene (supplementary file 4,
Supplementary Material online). These findings emphasize
the dynamic evolution of the introns and inteins in the
Mimiviridae.

Analysis of the mimivirus and megavirus genomes has re-
vealed two distinct features of the transcripts, namely the
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Ramlibacter tataouinensis TTB310, 337278313; Opitutus terrae PB90-1, 182415517; Candidatus Chloracidobacterium thermophilum B, 347756407,
Mus musculus, 148701036, Homo sapiens, 344217763; Methylibium petroleiphilum PM1, 124266300; Ferrimonas balearica DSM 9799, 308049455,
Desulfuromonas acetoxidans DSM 684, 95930587; Blastopirellula marina DSM 3645, 87312225; Stackebrandftia nassauensis DSM 44728, 291297650;
Renibacterium salmoninarum ATCC 33209, 163840224; Deinococcus radiodurans R1, 6458004; Bacillus sp.916, 394994508; Bifidobacterium longum
NCC2705, 23465838; frankia sp. EANTpec, 68197430; Mycobacterium tuberculosis CDC1551, 13879930; Escherichia coli, 50513417; Bacillus cereus,
51975946; Bacillus halodurans C-125, 10176350. Taxa abbreviations: Ba, Actinobacteria; Bb, Bacteroidetes/Chlorobi group; Bd, Deinococcus-Thermus; Bf,
Firmicutes; Bi, Acidobacteria; Bo, Planctomycetes; Bp, Proteobacteria; Bs, Spirochaetes; Bv, Chlamydiae/Verrucomicrobia group; Bw, Synergistetes; ES,
stramenopiles; Ea, Amoebozoa; Ed, Rhizaria; El, Opisthokonta.
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conserved octameric motif AAAATTGA upstream  of
protein-coding sequences (Suhre et al. 2005) and stable hair-
pin structures or palindromic sequences at the 3’-ends of tran-
scripts (Byrne et al. 2009). We searched for these two
characteristic features in the moumouvirus genome. Overall,
AAAATTGA sites were found within 150-nt regions upstream
of the predicted start codons in 351 of the 930 predicted
moumouvirus genes (37.7%). Among the orthologous
genes between moumouvirus and megavirus, the fraction
containing this motif was nearly the same. The AAAATTGA
motif has been shown to function as an early promoter elem-
ent in mimivirus and megavirus (Legendre et al. 2010).
Together with the previously published comparison of mega-
virus and mimivirus genes containing this motif (Arslan et al.
2011), our observations on the presence of AAATTGA in up-
stream regions of moumouvirus genes imply that the expres-
sion pattern of orthologous genes is largely conserved among
these three members of the Mimiviridae.

We also detected palindromic sites and predicted thermo-
dynamically stable hairpins in the 3’ intergenic regions
(150-nts downstream of the stop codon) of 725 of the 930
(78%) predicted protein-coding genes of the moumouvirus.
Most of these structures are well-conserved between mou-
mouvirus and megavirus. For example, we aligned and pre-
dicted the consensus structure of the hairpin element at the
3’-end of the major capsid gene for mimivirus, megavirus, and
moumouvirus (supplementary file 5, Supplementary Material
online) for which the presence of this element in the mature
transcript has been experimentally validated by RNA sequen-
cing of megavirus mg464 (Arslan et al. 2011). The polyade-
nylation of the megavirus gene occurs in the predicted
conserved hairpin. The position of the experimentally verified
polyadenylation sites is conserved between mimivirus and
megavirus allowing us to predict the polyadenylation site of
the moumouvirus gene (supplementary file 5, Supplementary
Material online). These findings are in good agreement with
the previous results demonstrating the conservation of these
structural elements between mimivirus and megavirus (Arslan
et al. 2011), suggesting that these hairpins function as tran-
scription termination signals in moumouvirus.

Conclusions

Analysis of the moumouvirus genome confirms that it repre-
sents a third lineage amongst the Mimiviridae, in addition to
those represented by mimivirus and megavirus. The moumou-
virus genome further expands the pangenome of the
Mimiviridae and emphasizes the dynamic evolution of the
giant viruses, in particular extensive gene loss. The evolution-
ary relationship between the moumouvirus isolated from
freshwater amoeba and Megavirus chiliensis that was isolated
from a marine environment but shown to reproduce in the
amoeba host of the other mimiviruses (Arslan et al. 2011)

suggests that these giant viruses have a broad host range
leading to ecological plasticity.

Supplementary Material

Supplementary methods and files S1-S5 are available at
Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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SUPPLEMENTARY METHODS

Moumouvirus isolation, purification, and moumouvirus DNA

extraction

Virus was isolated from water sampled in a cooling tower as
described previously (La Scola et al., 2000). Briefly, large volumes of
A. castellanii infected by the moumouvirus were cultured and filtered
through 0.8-mm and 0.2-mm membranes. The moumouvirus
preparation was obtained by washing the 0.2-mm membranes with

K36 buffer.

Moumouvirus DNA extraction and genome sequencing

The moumouvirus DNA was extracted using the same procedure that
was previously described for mimivirus (La Scola et al., 2008). Then,
the moumouvirus genome was sequenced using the 454-Roche GS20
device (Roche Diagnostics Corp., Branford, CT, USA), and thereafter
using the AB SOLID instrument (Life Technologies Corp., Carlsbad,
CA, USA) (Margulies et al., 2005; Raoult et al., 2004). The
moumouvirus assembly was performed using a combination of Roche
454 paired-end and AB SOLiD sequencing reads. Roche 454 paired-
end sequencing reads were first assembled de novo, then by mapping
on the genomes of other mimiviruses using the Newbler assembly
software (Margulies et al., 2005). These steps generated a

moumouvirus genome sequence composed of two contigs. The single
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gap was closed by PCR amplification and Sanger sequencing.
Thereafter, sequencing reads obtained with the SOLiD technology
were mapped on the previously assembled genome using the CLC Bio
software (http://www.clcbio.com/index.php?1d=28). This step notably
led to correct, in the Moumouvirus genome, 454 sequencing errors
consisting in A or T base insertions or deletions within A or T-

homopolymeric sequences.

Genome annotation
Moumouvirus genome was translated by GeneMarkS software

(http://exon.biology.gatech.edu/; Besemer and Borodovsky, 2005);

ORFs shorter than 50 aa were discarded; long (>1000 nt) intergenic
regions were checked for the presence of putative ORFs; ORFs
ranging from 50 to 100 aa were kept if they showed a similarity to

Refseq proteins or to a conserved domain (as of CDD).

Phylogenetic tree construction

Protein sequences were retrieved from the non-redundant
database at the National Center for Biotechnology Information (NIH,
Bethesda). The non-redundant protein sequence database was
searched using the PSI-BLAST program (Altschul et al, 1997).
Protein sequences were aligned using the MUSCLE program (Edgar,
2004); columns containing a large fraction of gaps (greater than 30%)
and columns with low information content were removed from the

alignment prior to the phylogenetic analysis. For the latter purpose,
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each alignment column was assigned a homogeneity value between 0
and 1 by scaling the sum-of-pairs BLOSUMG62 score within the
column between those of a homogeneous column (the same residue in
all aligned sequences) and a random column (Yutin et al, 2008), and
only columns with homogeneity value greater than 0.2 were retained.
The alignment was used to construct an initial maximum likelihood
phylogenetic tree with the FastTree program with default parameters
(Price et al, 2010). The initial tree and the alignment were fed to the
ProtTest program (Darriba et al, 2011) to select the best substitution
matrix. The LG substitution model (Le and Gascuel, 2008) with
gamma-distributed site rates (LG+G) outperformed other models and
was thereby selected for further analysis. Final maximum-likelihood
trees were constructed using TreeFinder (LG matrix, G[Optimum]:4,

1,000 replicates, Search Depth 2).
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Chapter Three (3.2)

Draft genome sequences of Terral
and Terra2 viruses, new members
of the family Mimiviridae
Isolated from soil.

Yoosuf N, Pagnier I, Fournous G, Robert C, Raoult D,
La Scola B, Colson P
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Chapter Three, 3.2

Draft genome sequences of Terral and Terra2
viruses, new members of the family Mimiviridae
Isolated from soil

Since the discovery of Mimivirus, the founding member of the family
Mimiviridae, mimiviruses of amoeba have been delineated into three
lineages named A, B and C (Raoult et al. 2004; Yoosuf et al. 2012).
Apart from mimiviruses of amoeba, other closely related viruses
classified within the family Mimiviridae have been described (Colson
et al. 2011a). Before the present study, all the mimiviruses whose
genome was described in detail had been isolated from water samples
(Raoult et al. 2004; Fischer et al. 2010; Colson et al. 2011a; Arslan et
al. 2011; Yoosuf et al. 2012). We analyzed and reported two draft
genomes of mimiviruses of amoeba, Terral virus and Terra2 virus,
which were recovered by co-culturing with Acanthamoeba spp
isolated from soil samples. The Terral virus and Terra2 virus were
predicted to encode 1,055 and 890 proteins, respectively. Based on
phylogenetic analysis and comparative genomics, Terral virus was
classified within lineage C and Terra 2 virus was classified within
lineage A of amoeba-associated mimiviruses. Comparison of the
genomic architecture of these two viruses with that of members from

the same lineage and from the other lineages showed two different
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patterns, with almost perfect collinearity within a given lineage and
conservation in the central region and variance at the extremities
between lineages. In addition, we identified a cluster of genes of
bacterial origin in the genomes of lineage C mimiviruses, which is
absent in the genomes of lineage A and B mimiviruses, indicating the
possibility of HGT or gene loss in the genome of the ancestor of the
respective lineages. Finally, we identified a small number of ORFans,
but a large number of lineage ORFans, in both Terral virus and

Terra2 virus genomes
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ABSTRACT

Since the discovery of Mimivirus, the founding member of the
family Mimiviridae, three lincages, A, B and C, have been delineated
among the mimiviruses of amoebae. To date, all giant viruses with
detailed genomes have been isolated from water samples. Here, we
describe the genome of two mimiviruses, Terral virus and
Terra2virus, that were recovered by co-culturing on Acanthamoeba
spp. from soil samples. These genomes are predicted to harbor 1,055
and 890 genes, respectively. Comparative genomics and
phylogenomics show that Terral virus and Terra2 virus are classified
within lineages C and A of the amoebae-associated mimiviruses,
respectively. The genomic architecture of both viruses show
conserved collinear central regions flanked by less conserved areas
towards the extremities, when compared with other mimivirus
genomes. A cluster of genes that are orthologous to bacterial genes
and have no counterpart in other viral genomes except in lineage C

mimiviruses was identified in Terral virus.
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INTRODUCTION

Mimiviruses are giant viruses with particle and genome sizes that are
on the same order of magnitude of small bacteria (Yutin & Koonin,
2012; Yutin, Colson et al., 2013; Colson, de Lamballerie et al., 2012).
The founding member of the family Mimiviridae, is Acanthamoeba
polyphaga mimivirus that was discovered in 2003 by coculturing on
Acanthamoeba polyphaga from a water sample collected from a
cooling tower in England in 1992 (La Scola, Audic et al., 2003). The
Mimivirus genome is 1.18 kilobase pairs (kbp) and is predicted to
encode for approximately 1,000 proteins, including proteins with
functions that were believed to be the trademarks of cellular
organisms, such as aminoacyl-tRNA synthetases (Raoult, Audic et al.,
2004). Since the discovery of Mimivirus, approximately two dozen
other giant viruses with capsid sizes ranging between 150-600 nm
have been isolated from freshwater, saltwater and soil using the
amoebal coculture method (La Scola, Campocasso et al., 2010;
Boughalmi, Saadi et al., 2013; Colson, Raoult et al., 2013). To date,
five mimivirus genomes have been described in detail. Three giant
viruses, namely Mimivirus, Mamavirus (another Mimivirus strain) and
Moumouvirus, have been recovered from water collected in cooling
towers in the center of England; in Paris, France; and in southern
France, respectively (La Scola, Audic et al., 2003; Raoult, Audic et al.,
2004; La Scola, Desnues et al., 2008; Colson, Yutin et al., 2011;
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Yoosuf, Yutin et al., 2012b). Two other viruses were isolated from
marine coastal water. Megavirus chilensis was recovered from water
collected in Chile by culturing with Acanthamoeba spp. (Arslan,
Legendre et al., 2011), and the Cafeteria roenbergensis virus (Crov)
was isolated from water collected in Texas, USA, from Cafeteria
roenbergensis, a phagocytic protist belonging to the phylum
Chromalveolata (Fischer, Allen et al., 2010). Three lineages, A, B and
C, have been delineated among the mimiviruses of amoebae, and the
leading members of these lineages are Mimivirus, Moumouvirus and
Megavirus chilensis, respectively (Colson, de Lamballerie et al., 2012;
Desnues, La Scola et al., 2012). More distantly related mimiviruses,
including Crov, infect green algae, heterokonts and haptophyta (Yutin,
Colson et al., 2013). In addition, smaller, though still giant, viruses
that infect Acanthamoeba spp. have been isolated from environmental
water samples since 2008, and these viruses compose a new proposed
viral family called the family “Marseilleviridae”, as the first of these
viruses has been named Marseillevirus. Mimiviruses and
marseilleviruses are common in environmental water, as demonstrated
by the isolation of these viruses from approximately 20% of such
samples and the frequent detection of sequences matching the DNA of
these viruses in metagenomic studies (La Scola, Campocasso et al.,
2010; Kristensen, Mushegian et al., 2010; Colson, Fancello et al.,
2013). In addition, metagenomic reads matching the genomes of these
giant viruses have also been detected (Colson, Fancello et al., 2013).

Interestingly, two mimiviruses of amoebae classified within lineage C,
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LBAT111 virus and Shan virus, have recently been recovered from the
bronchoalveolar fluid and the stool, respectively, of Tunisian patients
presenting pneumonia (Saadi, Pagnier et al., 2013; Saadi, Ikanga
Reteno et al., 2013), and marseilleviruses have been detected in the
feces and the blood of two healthy people in rural Senegal and
southeastern France, respectively (Lagier, Armougom et al., 2012;

Colson, Fancello et al., 2013; Popgeorgiev, Boyer et al., 2013).

Mimiviruses and marseilleviruses have been assigned to the nucleo-
cytoplasmic large DNA viruses (NCLDVs), a monophyletic group of
viruses that encompasses members of the families Poxviridae,
Phycodnaviridae, Iridoviridae, Ascoviridae and Asfarviridae primarily
based on a limited set of core genes shared by all of these viruses
(Iyer, Balaji et al., 2006; Raoult, Audic et al., 2004; Yutin & Koonin,
2012; Yutin, Wolf et al., 2009; Iyer, Aravind et al., 2001). It has
recently been proposed that the NCLDVs should be reclassified into a
new viral order called “Megavirales” (Colson, de Lamballerie et al.,
2013). Two new giant viruses, Pandoravirus salinus and
Pandoravirus dulcis, were isolated by coculturing on Acanthamoeba
spp. from marine sediment collected in Chile and from the mud of a
freshwater pond collected in Australia, respectively (Philippe,
Legendre et al., 2013). These viruses have the largest particle and
genome sizes among viruses. Notably, these viruses harbor 2.5 and 1.9
megabase-long genomes, respectively. In addition, ORFans compose
approximately 93% of these viral genomes, and their morphology is

unique among viruses.
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To date, only mimviruses recovered from water samples have been
described in detail. Here, we describe the genome of two mimiviruses

recovered by coculturing with Acanthamoeba spp. from soil samples.

MATERIALS AND METHODS

The Terral and Terra2 viruses were isolated by inoculating A.
polyphaga, as previously described (La Scola, Campocasso et al.,
2010). The genomes of these viruses were sequenced by shotgun
sequencing on the 454-Roche GS20 instrument (Boyer, Yutin et al.,
2009). Sequence reads were assembled de novo using the Newbler
tool (Margulies, Egholm et al., 2005) with 90% identity and 40 bp as
overlap then using other mimivirus genomes as references with the

CLC Bio software (http://www.clcbio.com/index.php?id=28).

Open reading frames were predicted using the GeneMarkS software
with default parameters (Besemer & Borodovsky, 2005). The
predicted protein sequences were searched against the GenBank
database and the database of Clusters of Orthologous Groups of
proteins (COGs) using BLASTp (Tatusov, Galperin et al., 2000;
Altschul, Gish et al., 1990). The tRNAScanSE tool was used to search
for transfer RNA genes (Schattner, Brooks et al., 2005). The strategy
of reciprocal best BLASTp hits (Jordan, Rogozin et al., 2002) was

performed to identify the orthologous set of genes using the
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Proteinortho tool (Lechner, Findeiss et al., 2011). An e-value below
le-03,an amino acid identity above 30% and a sequence coverage
above 70% were used to consider hits as significant. ORFans were
identified by BLASTp against the NCBI GenBank non-redundant
protein sequence database (nr) with an e-value greater than le-3 and
an alignment length greater than 80 amino acids (for alignment lengths
<80 amino acids, we used an e-value of 1e-05). This e-value cut-off
has been used in previous studies to define ORFans (Yin & Fischer,
2008; Yin & Fischer, 2006). Lineage ORFans, which are the ORFs
that have homologs in a given taxonomic rank and no outside
homolog (Yin & Fischer, 2006), were found with the same
methodology as the ORFans. The genomic architectures were
compared using MUMmer, Mauve and r2cat software (Kurtz,
Phillippy et al., 2004; Darling, Mau et al., 2004; Husemann & Stoye,
2010). The sequence alignments were built using the muscle program
(Edgar, 2004), and the alignments were trimmed using the trimAl tool
(Capella-Gutierrez, Silla-Martinez et al., 2009). The phylogenetic
trees were constructed using PhyML (Guindon, Lethiec et al., 2005)
and  were visualized  using the FigTree software

(http://www.umiacs.umd.edu/~morariu/figtree/).
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RESULTS

Terral virus

The Terral virus was isolated from a soil sample collected in March
2009 in Marseille, France. Some of the features of this virus have been
briefly described (La Scola, Campocasso et al., 2010).

The final assembly of the Terral virus genome yielded 12 contigs,
including 8 large (> 1,500 bp) contigs and 4 small (<1,500 bp) contigs
with mean coverages of 17 and 10 X, respectively. The Terral virus
genome (GenBank Accession No.KF527229) is a double-stranded
DNA molecule composed of approximately 1,233,835 bp. This
genome 1S AT-rich (74.8%), which is similar to other mimiviruses. A
total of 1,055 predicted proteins were tentatively identified in this
genome, and 1,054 are larger than 100 amino acids. In addition, the
Terral virus genome encodes two tRNAs (1 Leu-tRNA and 1 Trp-
tRNA). The predicted genes were unevenly distributed on both DNA
strands, with 640 located on the negative strand and 415 located on the
positive strand. The length of the Terral predicted proteins ranges
from 99 to 1,903 amino acids, with a mean length of 337 amino acids.
A total of 1,044 (99.0%) of the 1,055 predicted proteins are
homologous to a Megavirus chilensis protein with a mean amino acid
sequence identity of 95.4%. In addition, 904 (85.7%) and 877 (82.2%)
proteins from the Terral virus are homologous to Moumouvirus and

Mimivirus proteins, respectively, with mean amino acid sequence
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identities of 56.4% and 47.8%, respectively. Megavirus chilensis
proteins were the best hit for 409 Terral virus proteins. In addition,
438 best hits were proteins of the Courdo7 virus that belongs to
lineage C mimiviruses (La Scola, Campocasso et al., 2010; Desnues,
La Scola et al., 2012), 4 best hits were proteins of Moumouvirus
monve (La Scola, Campocasso et al., 2010; Desnues, La Scola et al.,
2012) that belongs to the lineage B, and the 2 best hits were proteins
of Mimivirus that belongs to the lineage A. Moreover, a BLASTp
search against the predicted proteins from all previously published
mimiviruses and against the COGs identified hits for 1,047 and 292
Terral virus proteins, respectively. The comparative analysis of the
Terral virus using the Proteinortho tool with other annotated
mimivirus genomes showed that the Terral virus shares a maximum
number of orthologous genes (512, 48.5% of the gene repertoire) with
Megavirus chilensis (lineage C). The Terral virus shares 433
orthologous genes (41.0%) with Moumouvirus (lineage B), 376
(35.6%) with Mimivirus and 367 (34.78%) with Mamavirus (lineage
A). The Cafeteria roenbergensis virus, a distant member of the family
Mimiviridae, shares 40 orthologs (3.8% of its proteome) with Terral
virus proteins. Altogether, Mimivirus, Mamavirus, Moumouvirus and
Megavirus chilensis share 287 orthologous genes with the Terral
virus. Genomic dot plots of the Terral virus against the amoebae-
associated mimiviruses of lineages A, B and C showed substantial
levels of synteny, which decrease close to the genome extremities. The

highest level of collinearity is with Megavirus chilensis (Figure 1).
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The Terral virus genome shares a perfect collinearity with Megavirus
chiliensis, with two inverted regions at the 5’ extremity of the genome.
The genomic dot-plot of the Terral virus against Mimivirus shows
shorter, interrupted collinear regions with a larger inverted region in
the central part of the genome. The phylogeny reconstruction based on
family B DNA polymerase and a concatenation of core genes of the
proposed order “Megavirales” indicates that the Terral virus belongs
to lineage C of mimiviruses of amoebae, which is congruent with

results from the comparative genomic analyses (Figures 2-3).

The BLASTp search against the GenBank nr database found hits for
1,050 of 1,055 Terral proteins and identified five ORFans (0.47% of
the predicted proteome) (Figure 4). The Terral virus genome harbors
643 lineage ORFans, which represents 61% of the gene repertoire of
this virus (Figure 4). The detailed analysis of the Terral virus
proteome shows a set of genes that were either shared only by
members of lineage C or that were shared by the members of lineages
B and C but not linecage A. For example, Terral 282 encodes a
vacuolar sorting-associated protein that is essential for vacuolar
biogenesis and maturation and is widely present in cellular organisms.
This protein has been reported in Megavirus chilensis. Interestingly,
this gene i1s only present in lineage C, which suggests that the lineage
C ancestor might have acquired this gene. A less parsimonious
scenario is that this gene was present in the ancestor of all of the
lineages and was lost in lineages A and B. In addition, the

Terral 1006 gene that encodes a Cu/Zn superoxide dismutase, the
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oxidoreductase enzyme that converts toxic superoxide radicals into
molecular oxygen, has orthologs in all of the members of lineages B
and C and in eukaryotic genomes. The distribution of this gene in
mimiviruses suggests an evolutionary scenario in which this gene was
present in the ancestor of all of the lineages and was lost in lineage A

or that this gene was transferred in the ancestor of lineages B-C.

We have identified a set of proteins of putative bacterial origin in
Terral virus that are contiguous and annotated as an UDP-N-
acetylglucosamine2-epimerase; a dTDP-4-dehydrorhamnose
reductase; a dTDP-d-glucose 4-6 dehydratase; a hypothetical protein;
and an ExoV-like protein (Figure 5). The detailed comparative
analysis of this set of genes with other mimivirus genomes identified
orthologs for these genes only among the members of lineage C
(except for the ExoV-like protein that is orthologous to mimivirus
protein L.143 and mamavirus protein L199), with no counterparts in
the genomes of members of lineages A and B. A dTDP-4-
dehydrorhamnose reductase and a dTDP-d-glucose 4-6 dehydratase
are present in lineage A viral genomes, but these genes have different
genomic locations because these genes correspond to Mimivirus genes
R141 and L780, respectively, and are not orthologous to mimiviruses
C proteins despite having the same functional annotation. In addition,
we checked for the synteny of these genes in lineage C genomes and
for corresponding regions in Mimivirus and Moumouvirus. The gene
arrangement was conserved in the upstream and downstream regions

of all the mimiviral genomes except in Moumouvirus (upstream). A
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similar arrangement of contiguous genes of bacterial origin with
predicted functions linked to carbohydrate metabolism was previously
identified in Crov (Fischer, Allen et al.,, 2010). Fischer et al.
hypothesized that the presence of these genes in the Crov genome
could be the result of frequent encounters of this mimivirus with
bacteria ingested by Cafeteria roenbergensis, the phagocytic protistan
host, inside the host cytoplasm, and the presence of virally encoded
transposases that might have enabled the integration of foreign DNA
into the viral genome. The Terral virus genome also encodes a
transposase (Terral 894) and an integrase/resolvase (Terral 895),
which might have promoted the gain of the five aforementioned
proteins that are widely distributed among bacterial species by
mimiviruses of lineage C. A less parsimonious evolutionary scenario
could be that the genes were gained by a common mimivirus A-C

ancestor, and then the genes were lost in mimivirus lineages A and B.

Finally, we compared the gene repertoire of Terral virus with those
of P. dulcis and P. salinus using BLASTp and 1e-3 as e-value cut-off.
Bona fide orthologs were identified in the gene content of P. dulcis
and P. salinus for 130 and 148 Terral virus proteins, respectively.
Pandoraviruses share several core genes of the “Megavirales” with the
Terral virus, including the class I core genes with the exception of the

capsid protein.
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Terra2 virus

The Terra2 virus was also isolated in March 2009 by inoculating A.
polyphaga from a soil sample collected in Marseille, France. The
icosahedral capsid is approximately 370 nm in size and is covered by a
dense layer of fibers. The Terra2 virus capsid is smaller than that of
the Terral virus, which 1s 420 nm in size.

The final assembly of the Terra2 virus genome yielded 18 contigs,
including five large contigs (>1,500 bp) and 13 small contigs (<1,500
bp) with mean coverages of 20.3 and 9.8, respectively. The Terra2
virus genome (GenBank Accession No. KF527228) i1s a double-
stranded, AT-rich (72%) DNA molecule composed of approximately
1,167,289 nucleotides. A total of 890 predicted proteins were
tentatively identified in this genome, and 889 were larger than 100
amino acids. In addition, six tRNAs (1 His-tRNA, 1 Cys-tRNA, 1 Trp-
tRNA and 3 Leu-tRNA) were detected. The protein-encoding genes
were mostly distributed on the negative strand with 490 genes
compared to 400 genes on the positive strand. The length of the Terra2
virus predicted proteins ranges from 99 to 2945 amino acids, with a
mean length of 381 amino acids. The Terra2 virus encodes 82 proteins
that have an amino acid length of more than 667 (ie., over 2 kilobase
pair), of which three proteins have an amino acid length exceeding
2000, namely kinesin-like protein, Capsid protein and putative early
transcription factor large subunit. A total of 883 (99%) of the 890
predicted Terra2 virus proteins have homologs in Mimivirus with a

mean sequence identity of 95%, 884 (99%) have homologs in
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Mamavirus with a mean sequence identity of 95%, 734 (82%) have
homologs in Moumouvirus with a mean sequence identity of 48% and
769 (86%) have homologs in Megavirus chilensis with a mean
sequence identity of 48%. A BLASTp search against all previously
published mimivirus genomes and against COGs identified hits for
887 and 251 Terra2 virus genes, respectively. The comparative
analysis of the Terra2 virus with other annotated mimivirus genomes
using the Proteinortho tool yielded a maximum number of orthologs
(728, 82%) with Mimivirus, followed by 721 (81%) orthologs with
Mamavirus, 423 (48%) with Megavirus chilensis and 350 (39%) with
Moumouvirus. In addition, 306 orthologs were shared by all these
genomes, which represents 34% of the gene content of the Terra2
virus. The Cafeteria roenbergensis virus has 44 (5%) proteins
orthologous to Terra2 virus proteins. These bidirectional best hit
analyses showed that the Terra2 virus i1s most closely related to
Mimivirus, the leading member of lineage A. Moreover, Mimivirus
and Mamavirus proteins were the best hits for 662 and 182 Terra2
virus proteins, respectively. In addition, 23 of the best hits were from
lentillevirus, another mimivirus of amoebae of lineage A (La Scola,
Campocasso et al., 2010; Cohen, Hoffart et al., 2011). The best hits
were from three mimiviruses of lineage C, Megavirus chilensis,
Courdol1 virus and Courdo7 virus, for six, four and two proteins,
respectively, and from Moumouvirus monve (La Scola, Campocasso
et al., 2010; Desnues, La Scola et al., 2012), which belongs to lineage

B, for two proteins. Genomic dot plots for the Terra2 virus against the
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amoebae-associated mimiviruses of lineages A, B and C showed a
high level of collinearity with Mimivirus, and a far lower collinearity
was observed with Moumouvirus and Megavirus chilensis (Figure 1).
The dot-plots of the Terra2 virus against Moumouvirus and Megavirus
chilensis revealed shorter and interrupted collinear regions and a large
inverted region located in the central part of the genome. In addition,
the phylogeny reconstruction based on family B DNA polymerase and
a concatenation of core genes of the proposed order “Megavirales”
indicates that the Terra2 virus belongs to lineage A, which is in

agreement with the comparative genomic results (Figures 2-3).

BLAST)p searches against the nr database in GenBank found hits for
888 Terra2 proteins and identified two ORFans (0.22%) (Figure 4). In
addition, the Terra2 virus genome harbors 524 lineage ORFans, which
account for 59% of the viral gene repertoire (Figure 4). Similar to the
Terral virus, the Terra2 virus possesses a set of genes shared only by
members of a particular mimivirus lineage of amoebae. Terra2 291, a
ricin-type lectin protein, only shares homologs with other members of
lineage A, with an identity and a coverage higher than 90%. In
addition, Terra2 822 protein encodes for a probable 7-
dehydrocholesterol reductase, an enzyme that catalyzes the production
of cholesterol from 7-dehydrocholesterol using NADPH. This gene is
present in all the members of lineages A and B but has no counterpart
in any member of lineage C. These findings suggest that gene gains
and losses are common amongst the family Mimiviridae. Finally, we

identified significant BLASTp hits in the gene content of
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Pandoravirus dulcis and Pandoravirus salinus for 125 and 129 Terra2
virus proteins, respectively, whereas pandoraviruses were found to
share several “Megavirales” core genes with the Terra2 wvirus,
including the class I genes shared by all of the viruses of this proposed

order, with the exception of the capsid protein.

Overall, we determined that the pan-genome of the family
Mimiviridae has substantially expanded since the discovery of
Mimivirus a decade ago. Indeed, the size of this pan-genome increased

from 979 to 2,454 genes (Figure 6).

DISCUSSION

The comparative analyses of the Terral virus and the Terra2 virus
genomes indicate that these giant viruses are bona fide members of the
family Mimiviridae, are related to other mimiviruses that infect
Acanthamoeba spp. and belong to lineages C and A, respectively. In
addition, these analyses confirm previous findings regarding the
architecture of the mimivirus genomes, with conserved collinear
central regions flanked by less conserved areas towards the
extremities. These features appear to be general trends of genome
shape among the members of the proposed order “Megavirales”, as
initially highlighted in poxviruses and phycodnaviruses (Senkevich,

Koonin et al., 1997; Filee, Siguier et al., 2007; McLysaght, Baldi et

98



al., 2003). The large inverted regions in the central part of the
genomes and shorter collinear regions towards the tips identified by
genome comparison were similar to those described during the
comparisons of the Mimivirus genome with the Megavirus chilensis
genome or the Moumouvirus genome (Arslan, Legendre et al., 2011;
Yoosuf, Yutin et al., 2012a). These findings suggest that reshaping of

the genomes can occur through the rearrangement of large fragments.

The evolutionary relationship between the Terral virus and the Terra2
virus, which were isolated from soil, and the other mimiviruses of
amoebae, which have been isolated from fresh water and include
Mimivirus, Moumouvirus and Megavirus chilensis, is an indication
that mimiviruses have a wide habitat and may be found in many
environmental samples inhabited by Acanthamoeba spp. (Yoosuf,
Yutin et al., 2012a; Colson, Raoult et al., 2013). Acanthamoeba spp.,
the known hosts of mimiviruses, are phagocytic protists classified in
the phylum Amoebozoa and are predominant among the organisms in
soil and water (Barker & Brown, 1994; Moliner, Fournier et al., 2010;
Thomas & Greub, 2010). These free living amoebae can ingest any
particle with a size greater than 0.5 um at the trophozoite stage and are
known to graze on multiple organisms and microorganisms including
bacteria, yeasts, fungi, viruses and algae.Therefore, these amoeba
engulf large amounts of foreign DNA (Rodriguez-Zaragoza, 1994;
Barker & Brown, 1994; Horn & Wagner, 2004). Moreover,
Acanthamoeba spp.can resist various unfavorable conditions by

differentiating into cysts (Raoult & Boyer, 2010; Bertelli & Greub,
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2012). Interestingly, Mimivirus-like particles were observed by light
microscopy within Acanthamoeba spp. in treated sewage sludge from
a wastewater treatment plant in the UK (Gaze, Morgan et al., 2011).
This finding suggested that amoebae could promote the dissemination

of mimiviruses to land.

As in previous studies that analyzed the genomes of giant viruses,
some evidence of lateral gene transfers between these genomes and
genomes of other organisms from other branches of life have been
found (Raoult, Audic et al., 2004; Boyer, Yutin et al., 2009; Filee,
2009). These transfers can be related to the particular lifestyle of
mimiviruses within the amoebae where the viruses live sympatrically
with other viruses and bacteria and can exchange genes with the
viruses, bacteria and the eukaryotic host (Raoult & Boyer, 2010;
Moliner, Fournier et al., 2010; Bertelli & Greub, 2012). The
identification in the genome of the Terral virus of a cluster of genes
that are orthologous to bacterial genes and have no counterpart in
other viral genomes other than those of mimiviruses of lineage C
exemplifies this capability to acquire genes. Such clusters of bacterial
genes have been observed in the Mimivirus genome (Filee, Siguier et
al., 2007) and the Crov genome (Fischer, Allen et al., 2010). In the
case of Crov, which infects phagocytic protists other than
Acanthamoeba spp., a 38 kbp genomic fragment was identified that
encompasses 34 predicted genes, among which 14 were most similar
to bacterial genes, and 7 were predicted to be involved in carbohydrate

metabolism. Strikingly, the cluster of genes identified in the Terral
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virus genome also encodes genes involved in carbohydrate

metabolism.

Since the discovery of Mimivirus, the founding member of the family
Mimiviridae, the pan-genome of this viral family has shown a 2.5-fold
expansion. Five and two ORFans were identified among the predicted
genes from the Terral and Terra2 viruses, respectively. These small
numbers of ORFans in the genome of these two new members of the
family Mimiviridae suggest that the size of the pan-genome for
mimiviruses of amoebae reached a plateau and could be considered
closed based on currently available genomes. This finding may rely on
the fact that these giant viruses were isolated through the same
strategy of co-culturing the viruses with Acanthamoeba polyphaga or
castellanii, and the majority of the amoebas were from water or soil
samples, although these samples were collected from various
geographical areas on three continents (La Scola, Campocasso et al.,
2010; Pagnier, Raoult et al., 2013; Colson, Raoult et al., 2013).
Notwithstanding, it has been recently shown that the family
Mimiviridae is expanding through the reclassification of viruses
formerly classified as phycodnaviruses (Yutin, Colson et al., 2013). In
this view, it is worthy to note that the Crov genome, a mimivirus that
is distantly related to Mimivirus, Moumouvirus and Megavirus
chilensis, has been isolated in Cafeteria roenbergensis, a different host
than Acanthamoeba spp. (Fischer, Allen et al., 2010; Massana, del et
al., 2007). Finally, the present study underlines that the lineage

ORFans compose a considerable part of the gene content of
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mimiviruses that infect amoebae, and this observation, together with
the large proportion of hypothetical proteins among this set of genes,

stresses that much remains to be known about these viruses.
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LEGENDS TO FIGURES

Figure 1. Genomic dot plots of the Terral virus against amoebae-

associated mimiviruses of lineages A, B and C.

The Terral virus and Terra2 virus genomes were compared to the
Mimivirus (a), Moumouvirus (b) and Megavirus chiliensis (c)
genomes. Dot plots were constructed using the MUMmer3.22
software (Delcher, Salzberg et al., 2003): nucleotide-based alignments
were performed with MUMmer. Dot plots were generated by the
MUMmerplot script and the program gnuplot
(www.gnuplot.info/docs_4.0/gnuplot.html). Aligned segments are
represented by dots or lines. Colors indicate forward matches in red

and reverse complement matches in blue.

Figure 2. Phylogenetic treesconstructed based on the family B
DNA polymerase from selected members of the family
“Megavirales” and Pandoravirus dulcis and P. salinus using the

maximum likelihood method.

The numbers at tree nodes indicate bootstrap replicates of 100. The
sequence alignment was generated using the muscle program (Edgar,
2004), and the trimAl tool (Capella-Gutierrez, Silla-Martinez et al.,
2009) was used for automated alignment trimming. The phylogenic

tree was constructed for 44 sequences (1,441 conserved positions)
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using PhyML (Guindon, Lethiec et al., 2005) and visualized with

FigTree software (http://www.umiacs.umd.edu/~morariu/figtree/).

Figure 3. The phylogenetic tree of the mimiviruses constructed
from concatenated alignments of core genes of the proposed order

“Megavirales”.

Core genes used for the phylogeny reconstruction included primase-
helicase, family-B DNA polymerase, packaging ATPase and A2L-like
transcription factor. Marseillevirus was used as an outgroup. The
alignment included 3,230 positions that were deemed reliably aligned.

The bootstrap values are indicated for each internal branch.

Figure 4. The distribution of ORFans and lineage ORFans in the
family Mimiviridae according to the timescale of the virus

description.

Figure 5. Comparative gene organization and gene synteny for a

region of interest in the genomes of mimiviruses.

The genes and their orientation are depicted by polygons. Genes of
interest across the genomes are depicted with the colors. The
orientation of Terral virus, Mimivirus and Moumouvirus genomes are

reversed for the feasibility of syntenic regions.
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Figure 6. The number of genes composing the pan-genome of the
mimiviruses, according to the time of description of the genomes

of these giant viruses.

Crov, Cafeteria_roenbergensis virus; OLPV, Organic Lake

Phycodnavirus; PGV, Phaeocystis globosa virus
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Chapter Three (3.3)

Complete genome sequence of courdoll virus, a
member of the family Mimiviridae

A decade ago, the founder member of the family Mimiviridae,
Acanthamoeba polyphaga mimivirus was isolated from the water
collected from a cooling tower in England, by co-culturing on
Acanthamoeba spp (La Scola et al. 2003). Subsequently, several dozens
of giant viruses that infect amoeba were i1solated over the past decade,
both from water and soil samples. Megavirus chilensis is the largest
virus reported to date among the amoeba-associated mimiviruses
(Arslan et al. 2011). Here, we describe the genome of another member
of the family Mimiviridae, Courdo11 virus, which was isolated in 2010
by inoculating Acanthamoeba spp. with freshwater collected from a
river in southeastern France. The Courdol1 virus genome is a double
stranded DNA of 1,245,674 base pairs that 1s predicted to encode 1,166
proteins. Comparative genomics and phylogenetic analysis of

Courdol11 virus with other members of the family Mimiviridae showed
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that the Courdol1 virus is a member of lineage C of mimiviruses of
amoebae, being most closely related to Megavirus chilensis and LBA
111, the first mimivirus isolated from a human (Arslan et al. 2011;
Saadi et al. 2013a). We studied the gene content of Courdo11 virus and
identified all the major characteristics of Megavirus chilensis, including

the presence of three additional tRNAs in comparison with lineage

A mimiviruses. In addition, the genome architecture showed the same
pattern than that pointed out for mimiviruses in earlier studies. We
finally identified fourteen ORFans, which suggests that the pan-

genome of mimiviruses might reach a plateau
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Abstract Giant viruses of amoebae were discovered
10 years ago and led to the description of two new viral
families: Mimiviridae and Marseilleviridae. These viruses
exhibit remarkable features, including large capsids and
genomes that are similar in size to those of small bacteria
and their large genetic repertoires include genes that are
unique among viruses. The family Mimiviridae has grown
during the past decade since the discovery of its initial
member, Mimivirus, and continues to expand. Here, we
describe the genome of a new giant virus that infects
Acanthamoeba spp., Courdol1 virus, isolated in 2010 by
inoculating Acanthamoeba spp. with freshwater collected
from a river in southeastern France. The Courdoll virus
genome is a double stranded DNA molecule composed of
1,245,674 nucleotides. The comparative analyses of
Courdol1 virus with the genomes of other giant viruses
showed that it belongs to lineage C of mimiviruses of
amoebae, being most closely related to Megavirus chilensis
and LBA 111, the first mimivirus isolated from a human.
Major characteristics of the M. chilensis genome were

N. Yoosuf - I. Pagnier - G. Fournous - C. Robert - B. La Scola -
D. Raoult - P. Colson (D)

Unité de Recherche sur les Maladies Infectieuses et Tropicales
Emergentes (URMITE), UM63, CNRS 7278, IRD 198, INSERM
U1095, Facultés de Médecine et de Pharmacie, Aix-Marseille
Univ., 27 Boulevard Jean Moulin, 13385 Marseille Cedex 05,
France

e-mail: philippe.colson@univ-amu.fr

1. Pagnier - B. La Scola - D. Raoult - P. Colson

Fondation Institut Hospitalo-Universitaire (IHU) Méditerranée
Infection, Pole des Maladies Infectieuses et Tropicales Clinique
et Biologique, Fédération de Bactériologie-Hygiéne-Virologie,
Centre Hospitalo-Universitaire Timone, Assistance

Publique — Hopitaux de Marseille, 264 rue Saint-Pierre,

13385 Marseille Cedex 05, France

Published online: 01 December 2013

identified in the Courdol1 virus genome, found to encode
three more tRNAs. Genomic architecture comparisons
mirrored previous findings that showed conservation of
collinear regions in the middle part of the genome and
diversity towards the extremities. Finally, fourteen ORFans
were identified in the Courdoll virus genome, suggesting
that the pan-genome of mimiviruses of amoeba might reach
a plateau.

Keywords Courdol1 virus - Mimivirus -
Mimiviridae - Giant virus - Megavirales -
Nucleocytoplasmic large DNA viruses - Amoeba

Introduction

Giant viruses of amoebae were discovered 10 years ago
and led to the description of two new viral families:
Mimiviridae and Marseilleviridae [1-7]. These viruses
exhibit remarkable features, including large capsids and
genomes that are similar in size to those of small bacteria
[7-10]. Furthermore, their large genetic repertoires include
genes that encode components of the translation apparatus
that are unique among viruses. Even larger amoebae
viruses were recently described; the genomes of these
viruses are 1.9 and 2.5 kbp in size [11]. Altogether, these
findings have altered the definition of a virus [1, 11-13].
The family Mimiviridae has grown during the past decade
since the discovery of its initial member, Mimivirus, and
continues to expand [6, 9, 14]. The first group of this family
is composed of mimiviruses that infect Acanthamoeba spp.,
among which three lineages, A, B and C, have been
delineated with Mimivirus [1], Moumouvirus [5] and
Megavirus chilensis [4] as the prototype members,
respectively [7]. Cafeteria roenbergensis virus is a smaller,
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Fig. 1 Electron microscopy of Courdol1 virus particles (a, left) and A. polyphaga infected with Courdol1 virus 16 h post-infection (b, right).

Scale bars represent 200 nm (a) and 5 um (b)

distantly related mimivirus that infects a marine dinofla-
gellate [15]. Mimiviruses of amoebae can exchange DNA
with other microorganisms that live sympatrically with the
mimiviruses inside Acanthamoeba spp. [15], and they
harbour a specific mobilome [16, 17]. These giant viruses
are common in environmental samples, as shown by high
rates of isolation from water and by metagenomic analyses
[14, 18, 19]. In addition, LBA111 and Shan, two members
of the lineage C of amoeba-associated mimiviruses were
recently isolated from the bronchoalveolar fluid and stools,
respectively, of Tunisian patients presenting pneumonia
[20, 21]. These findings indicate that mimiviruses might
cause pneumonia [22, 23]. Here, we describe the genome
of a new mimivirus that infects Acanthamoeba spp.

Materials and methods

Courdol1 virus was isolated in 2010 by inoculating A.
polyphaga, as previously described [24], with freshwater
drawn by one of us (IP) slightly below the surface of the Le
Peyron creek in Saint-Raphael city, southeastern France.
Its capsid size is approximately 450 nm (Fig. 1). The
Courdol1 virus genome was sequenced on a 454-Roche
GS20 device as described previously [1, 5], and the
obtained reads were assembled de novo with Newbler
Assembly software [25]. A second set of reads was
obtained using an AB SOLiD instrument and was mapped
on the previously assembled genome using CLC Bio
software (http://www.clcbio.com/index.php?id=28). Open
reading frames were predicted using an in-house pipeline
and GeneMarkS software [26]. The genomic architectures
were compared using Owen [27], Mauve [28] and MUM-
mer [29] softwares. The strategy of reciprocal best

@ Springer

BLASTDp hits [30] was used to identify orthologous sets of
genes using the Proteinortho tool [31]. An e-value below
le-3, an amino acid identity above 30 % and sequence
coverage above 70 % were used to consider hits as sig-
nificant. The tRNAScanSE tool was used to search for
transfer RNA genes [32]. BLASTp was performed against
the NCBI GenBank non-redundant protein sequence data-
base (nr) with an e-value lower than le-3 and alignment
length greaterthan 80 amino acids (for alignment lengths
<80 amino acids, we used an e-value of le-5) to identify
ORFans. The same e-value cutoff has been used in previ-
ous studies to define ORFans [33]. The sequence align-
ments were built using the muscle program [34], and the
alignments were trimmed using the trimAl tool [35]. The
phylogenetic trees were constructed using PhyML [36] and
were visualized using FigTree software (http://www.
umiacs.umd.edu/ ~ morariu/figtree/).

Results

The Courdoll virus genome (GenBank Accession No.
JX975216) is a double stranded DNA molecule composed
of 1,245,674 nucleotides. It is 13,523 nt shorter than the M.
chilensis genome [4] and is currently the second largest
mimivirus genome that has been described. A total of 1,166
predicted proteins were tentatively identified in the Cour-
dol1 virus genome, and 1,085 of these were greater than
100 amino acids in size. The sizes of the Courdol1 virus
predicted proteins range from 48 to 2,605 amino acids in
length with a mean size of 312 amino acids. The genome
has a high coding density of 84 % with a mean distance of
176 nucleotides separating the coding sequences. The
predicted genes are evenly distributed on both strands; 597
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Fig. 2 The phylogenetic tree was constructed based on the family B
DNA polymerases from selected members of the order “Megavi-
rales” [7-9] and from Pandoravirus dulcis and P. salinus [11] using
the maximum likelihood method. The sequence alignment was
generated using the muscle program [34], and the trimAl tool [35]

and 569 predicted genes are located on the positive and
negative strands, respectively. Phylogenetic reconstruc-
tions of the family B DNA polymerase of the proposed
order “Megavirales” (that encompasses nucleocytoplasmic
large DNA viruses) [7-9] indicates that Courdoll virus
belongs to the lineage C of amoeba-associated mimiviruses
[7] and is closely related to M. chilensis recovered from
marine coastal water in Chile (Fig. 2) [4].

Comparative analyses of Courdoll virus and other
mimiviruses showed that the genomes of Courdol1 virus
and M. chilensis are highly similar and collinear, and the
highest levels of divergence were located near the ends of
the Courdoll virus genome. Overall, the alignment of

oe

was used for automated alignment trimming. The phylogenetic tree
was constructed using PhyML [36] and visualized with the FigTree
software (http://www.umiacs.umd.edu/ ~ morariu/figtree/). The num-
bers of tree nodes indicate bootstrap replicates of 100

these two viral genomes using Owen revealed 70 regions
larger than 5,000 nt with a mean nucleotide identity of
98.1 % (range, 93.8-99.6) (Fig. 3). A total of 1,137 of the
1,166 predicted proteins of Courdoll virus (97.5 % of its
gene repertoire) are homologous to M. chilensis with a
mean amino acid identity of 95.5 %. Moreover, Courdol1
virus shares 1,130 (96.9 %) homologous proteins with
LBAI111. The reciprocal best hits strategy using Protein-
ortho to compare the Courdoll virus predicted proteins
with those of the members of family Mimiviridae showed
that the Courdol1 virus shares a high number of ortholo-
gous genes, 860 (73.7 %) and 857 (73.4 %) of its gene
repertoire, with M. chilensis and LBA 111, respectively,
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Fig. 4 Genomic dot plots for the Courdol1 virus against amoebae- nucleotide-based alignments were performed with MUMmer. Dot plots
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Courdo11 virus genome was compared to the a Megavirus chilensis [4], (www.gnuplot.info/docs_4.0/gnuplot.html). The aligned segments are
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which are members of lineage C of mimiviruses of  of gene repertoires for the Courdol1 virus genome with the
amoebae. In addition, Courdol11 virus shares 393 (33.7 %) genomes of members of lineage C, M. chilensis and
and 450 (38.5 %) orthologous genes with Mimivirus, the =~ LBA111, shows high levels of synteny and a near-perfect
founding member of lineage A and with Moumouvirus, the  collinearity (Fig. 4a, b). The genomic dot plot of Courdo11
founding member of lineage B, respectively. The dot plots  virus against Mimivirus [1] shows shorter interrupted

@ Springer


http://www.gnuplot.info/docs_4.0/gnuplot.html

Virus Genes

collinear regions with a large inversion in the central part
of the genome (Fig. 4c), whereas the dot plot against
Moumouvirus [5] shows a near-perfect collinearity in the
middle part of the genome and rearrangements towards the
extremities (Fig. 4d).

Overall, BLASTp searches against the NCBI GenBank
non-redundant protein sequence database identified bona
fide homologues for 1,152 Courdol1 virus predicted pro-
teins (99 % of the gene repertoire), and 14 (1.2 %) ORFans
were identified. The main components of the M. chilensis
gene content are also found in the Courdol1 virus genome,
including three amino acyl-tRNA synthetases (mg743,
mg844, mg358) that are absent in Mimivirus, a putative
DNA photolyase (mg779) and a uridine monophosphate
kinase (mg431). In contrast, 6 tRNAs were detected in the
Courdol1 virus genome, including three tRNA-Leu, one
tRNA-Cys, one tRNA-His and one tRNA-Trp, whereas
only 3 tRNAs were identified in M. chilensis (1 Trp, and 2
Leu). We extended our analysis of the Courdol1 virus by
comparing it with the newly identified viruses Pandoravi-
rus dulcis and Pandarovirus salinus [11]. A BLASTp
search of the Courdol1 virus gene content against those of
pandoraviruses using le-3 as e-value cut off yielded 150
(12.8 %) and 132 (11.3 %) significant hits with P. salinus
and P. dulcis, respectively.

Discussion

The comparative analyses of Courdoll virus with the
genomes of other members of family Mimiviridae showed
that this giant virus is a bona fide new member of the
family Mimiviridae and belongs to lineage C of mimivi-
ruses of amoebae. Genomic architecture comparisons
mirrored previous findings that showed conservation of
collinear regions in the middle part of the genome and
diversity towards the extremities; this feature was indeed
described in other mimiviruses and in poxviruses [4, 5, 37—
39]. Further analyses showed that the Courdoll virus
genome is most closely related to M. chilensis [4] and LBA
111 [20], the first mimivirus isolated from a human. The
evolutionary relationship between Courdoll virus and
other mimiviruses isolated from freshwater (Mimivirus and
Moumouvirus), marine coastal water (M. chilensis) and soil
(Terral virus and Terra2 virus) indicates that these giant
viruses have a broad host range and can survive in different
habitats. Major characteristics of the M. chilensis genome
were identified in the Courdol1 virus genome, which was
found to encode three more tRNAs. Fourteen ORFans were
identified in the Courdol1 virus genome, suggesting that
the pan-genome of mimiviruses of amoeba might reach a
plateau.
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Chapter Four

Evidence of megavirome in humans

The Megavirales is a proposed new viral order that encompasses
members of families Poxviridae, Asfarviridae, Ascoviridae,
Iridoviridae, Phycodnaviridae, Mimiviridae and Marseilleviridae
(Colson et al. 2012). Previously, these viral families were assigned to
Nucleocytoplasmic large DNA viruses (NCLDVs) (Iyer et al. 2001;
Iyer et al. 2006). There is a growing body of evidence supporting the
role of Mimivirus, discovered while investigating a pneumonia
outbreak using amoebal coculture, as a causative agent of pneumonia
(Saadi et al. 2013a; Saadi et al. 2013b). The Megavirales virome, we
referred to as the “megavirome”, has been likely neglected because of
technical steps prior sequencing, especially the use of filters with a
pore size in the range 0.2-0.45-um, which can prevent finding giant
viruses. A study conducted in our laboratory based on ultra-deep
sequencing of bacterial 16S ribosomal DNA (rDNA) from the stools
of a healthy 20-year-old man living in rural Senegal included an
alternative approach to the classical method that aimed at avoiding the
PCR amplification bias. This strategy consisted of the complete
enzymatic digestion of the fecal sample DNA with EcoO190I and

BrsGI enzymes that are able to cleave sites inside primers and
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generated fragments corresponding to 16S rDNA. Besides, most
sequencing reads were unrelated to bacterial 16S rDNA and some
were related to Mimivirus and Marseillevirus sequences.
Subsequently, a new marseillevirus was isolated from the fecal
sample. In addition, we searched for and detected sequences related to
Megavirales members, including mimiviruses, in human
metagenomes available from public databases. Taken together, these
findings provide converging evidence of the presence of mimiviruses

and marseilleviruses in humans.
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ABSTRACT

Background: Megavirales is a proposed new virus order composed of Mimivirus, Marseillevirus and closely
related viruses, as well as members of the families Poxviridae, Iridoviridae, Ascoviridae, Phycodnaviridae
and Asfarviridae. The Megavirales virome, which we refer to as the megavirome, has been largely neglected
until now because of the use of technical procedures that have jeopardized the discovery of giant viruses,
particularly the use of filters with pore sizes in the 0.2-0.45-pm range. Concurrently, there has been
accumulating evidence supporting the role of Mimivirus, discovered while investigating a pneumonia
outbreak using amoebal coculture, as a causative agent in pneumonia.

Objectives: In this paper, we describe the detection of sequences related to Mimivirus and Marseillevirus
in the gut microbiota from a young Senegalese man. We also searched for sequences related to Megavirales
in human metagenomes publicly available in sequence databases.

Results: We serendipitously detected Mimivirus- and Marseillevirus-like sequences while using a new
metagenomic approach targeting bacterial DNA that subsequently led to the isolation of a new member
of the family Marseilleviridae, named Senegalvirus, from human stools. This discovery demonstrates the
possibility of the presence of giant viruses of amoebae in humans. In addition, we detected sequences
related to Megavirales members in several human metagenomes, which adds to previous findings by
several groups.

Conclusions: Overall, we present convergent evidence of the presence of mimiviruses and marseilleviruses
in humans. Our findings suggest that we should re-evaluate the human megavirome and investigate the

prevalence, diversity and potential pathogenicity of giant viruses in humans.

© 2013 Elsevier B.V. All rights reserved.

1. Background

The story of giant viruses that infect phagocytic protists began
in 1992 in England during the investigation of a pneumonia out-
break that led to isolate obligate intra-amoebal microorganisms
in water of a cooling tower.!-3 Then, in 2003, Mimivirus was
discovered as part of this collection of intra-amoebal parasites.!~*
Subsequently, Mamavirus, Marseillevirus and other giant viruses
infecting phagocytic protists have been discovered; all of these
viruses have been linked to nucleocytoplasmic large DNA viruses
(NCLDVs), a monophyletic class of viruses composed of Poxviridae,

* Corresponding author at: Aix-Marseille Université, Unité des Rickettsies,
URMITE UM3 CNRS 7278 IRD 198 INSERM U1095, Faculté de Médecine, 27 Boule-
vard Jean Moulin, 13385 Marseille Cedex 05, France. Tel.: +33 491 324 375;
fax: +33 491 387 772.

E-mail address: didier.raoult@gmail.com (D. Raoult).

1386-6532/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jcv.2013.03.018

Iridoviridae, Ascoviridae, Phycodnaviridae and Asfarviridae>~11 for
which we recently proposed the reclassification into a new viral
order, the Megavirales.12

The question of pathogenicity of mimiviruses initially focused
on the capability of Mimivirus to cause pneumonia due to the
setting of its initial discovery as well as the involvement of some
water-associated amoebae-resistant bacteria, including Legionella
pneumophila, in such infections."1314 Experimentally, Mimivirus
was found to be capable of inducing pneumonia in mice!®> and
infecting macrophages through phagocytosis.'® In humans, sero-
logical studies showed seroconversion to Mimivirus in several
patients presenting with pneumonia.'31® Antibodies to Mimivirus
were associated with pneumonia, re-hospitalization after
discharge!3 and a poorer outcome in mechanically ventilated pneu-
monia patients (Table 1).1° In contrast, several studies have failed
to isolate Mimivirus from patients with pneumonia and Mimivirus
DNA testing was positive in only a single patient.!320-2325 How-
ever, DNA detection may have been hampered in these studies
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Studies that identified sequences closely related to those of Megavirales in human and animal samples.
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Reference Mean Enrichment in viruses Sample Name of virus(es) (Number  City, continent, country
of hits)
41 Shotgun library (with Cesium chloride gradient Human blood from 20 healthy Cowpox virus (2) San Diego, California,
strand displacement donors USA
polymerase amplification),
standard sequencing
42 Random primer Filtration through 0.45-pum  Fecal samples from 12 distinct Mimivirus (5) Melbourne, Australia;
amplification, standard filters pediatric patients suffering Seattle, USA
sequencing from acute diarrhea
43 454 pyrosequencing Cesium chloride gradient Sewage and human sera from Asfarviridae (6) Serum: Middle East;
for sewage (not described 199 healthy volunteers and Sewage: Barcelona,
for serum) patients with acute febrile Spain
illness
44 454 pyrosequencing Filtration through 0.22- or Serum samples from 45 pairs Asfarviridae (1), Iridoviridae ~ Sweden
0.45-pm filters of monozygotic twins affected (3), Mimiviridae (2),
and unaffected with chronic Phycodnaviridae (2),
fatigue illness Poxviridae (5)
45 Illumina None described Human sera from 123 Asfarviridae Nicaragua
Nicaraguan patients presenting
with dengue-like symptoms
(but testing negative for
dengue virus)
24 454 pyrosequencing Filtration through 0.22- 210 nasopharyngeal aspirate Mimivirus (2), Paramecium  Stockholm, Sweden
and 0.45-pm filters samples from patients with bursaria Chlorella virus Al
respiratory tract infection (2), African swine fever
virus (2)
46 454 pyrosequencing or None described 50 nasopharyngeal swabs and Asfarviridae Washington DC, USA
Illumina sequencing 23 plasma samples from
children under 3 years of age
with unexplained fever
47 Retrospective study of - Human gut Virophages (65) -
large metagenomic
datasets
Present study 454 pyrosequencing None Human stools (nondiarrheic) Marseillevirus (9), Senegal

48 454 pyrosequencing Tangential flow filtration,
ultrafiltration and cesium
chloride gradient

49 454 pyrosequencing Filtration through 0.45-pwm
filters and cesium chloride
gradient

50 454 pyrosequencing None described

(transcriptomics)

Stools from 5 pigs

Three mosquitoes

Gypsy moth (Lymantria
dispar)-derived IPLB-Ld652Y
cell line

Mimivirus (44)
Mimiviridae (0.11% of
reads), Poxviridae (0.52%),
Iridoviridae (0.06%),
Phycodnaviridae (0.58%)
Poxviridae

Mimivirus, Cafeteria
roenbergensis virus
BV-PW1 Poxviridae,

Berlin, Germany

San Diego, California,
USA

Baltimore, USA

because the PCR primers used targeted only the Mimivirus genome,
whereas currently at least 18 close relatives of Mimivirus that
exhibit considerable genetic diversity have been described.!226.27
Besides, positive serology for the virophage of mimiviruses, initially
described in 2008,% was recently observed in two people who expe-
rienced fever while returning from Laos.%8 In addition, a mimivirus
named Lentillevirus has been isolated from contact lens storage
case liquid.2%39During the past decade, mimiviruses and marseille-
viruses have been isolated from freshwater, seawater, and soil
samples in six countries located on three continents (http://maps.
google.fr/maps/ms?vps=2&hl=fr&i.e.=UTF8&o0e=UTF8&msa=

0&msid=200914559094835369589.0004beba4af112f60dcf2), and
isolation rates reached ~20% from water samples,3! suggesting
common exposure to these viruses of humans. In addition, the
currently identified hosts of these viruses are widespread in
water and soil,’* and Mimivirus-like particles have been observed
using light microscopy within Acanthamoeba species in treated
sewage sludge from a wastewater treatment plant in the UK.32
Concurrently, searches for Megavirales sequences in multiple envi-
ronmental metagenomes enabled the identification of sequences
similar to those of Mimivirus33-3° and other members of the fam-
ilies Asfarviridae, Poxviridae, Phycodnaviridae and Iridoviridae.36-39
Furthermore, sequences related to Megavirales members as well
as virophages described to infect mimiviruses#? have also been
retrieved from human and animal metagenomes (Table 2).2441-30

2. Objectives

In this paper, we describe the detection of sequences related
to Mimivirus and Marseillevirus in the gut microbiota from a
young Senegalese man. We also searched for sequences related to
Megavirales in human metagenomes publicly available in sequence
databases.

3. Study design

3.1. Investigation of the gut microbiota from a young Senegalese
man

A previous study conducted in our laboratory consisted of ultra-
deep sequencing of bacterial 16S ribosomal DNA (rDNA) in the
stools of a healthy 20-year-old man living in rural Senegal>! A
new method to avoid PCR amplification bias prior to sequenc-
ing was used in addition to the classical method based on
PCR amplification of the V6 region of 16S rDNA with univer-
sal primers 917F and 1391R.>! The new sequencing method
consisted of complete enzymatic digestion of the fecal sample
DNA with EcoO190I and BrsGI enzymes that are able to cleave
sites inside primers 917F and 1391R and are therefore able to
generate fragments corresponding to the 16S rDNA V6 region
(see supplementary methods). Sequencing of the products from


http://maps.google.fr/maps/ms?vps=2&amp;hl=fr&amp;i.e.=UTF8&amp;oe=UTF8&amp;msa=0&amp;msid=200914559094835369589.0004beba4af112f60dcf2
http://maps.google.fr/maps/ms?vps=2&amp;hl=fr&amp;i.e.=UTF8&amp;oe=UTF8&amp;msa=0&amp;msid=200914559094835369589.0004beba4af112f60dcf2
http://maps.google.fr/maps/ms?vps=2&amp;hl=fr&amp;i.e.=UTF8&amp;oe=UTF8&amp;msa=0&amp;msid=200914559094835369589.0004beba4af112f60dcf2
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Fig. 1. Alignments of amino acid sequences of Mimivirus (a putative ankyrin repeat protein (gi|311977482) (a), a putative protein phosphatase 2C (gi|311977688) (b), and
a putative ATP-dependent RNA helicase gi|311977751) (c)) and three different metagenomic reads obtained from the feces of a young Senegalese. The representation was

built using the GeneDoc software (http://www.psc.edu/biomed/genedoc).

both the new and classical procedures was performed using the
454 FLX Titanium instrument (Roche, USA).>! Sequencing prod-
ucts were trimmed and analyzed by BLAST searches®? and with
the QIIME pipeline.>> Among the reads generated by enzymatic
digestion, 99.9% were unrelated to bacterial 16S rDNA. These
results led us to search for Mimivirus and Marseillevirus-related

sequences among the initially rejected reads. The reads were
mapped onto the Mimivirus and Marseillevirus genomes with CLC
bio software (http://www.clcbio.com/index.php?id=479) using
default parameters (50% minimum coverage, 80% minimum simi-
larity) and tBLASTn searches were performed with the giant viruses
against the reads (e-value threshold 1e—6). Senegalvirus isolation,


http://www.psc.edu/biomed/genedoc
http://www.clcbio.com/index.php?id=479
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sequencing and assembly have been previously described.”! Sene-
galvirus genome annotation is described in the supplementary
methods.

3.2. Searches for Megavirales-related sequences in metagenomes
recovered from human samples

Reads annotation was automatically performed from the
metagenomics RAST (MG-RAST) server (http://metagenomics.
anl.gov/) for viral metagenomes from eleven published stud-
ies and obtained from human samples, including stools,>4-5°
nasopharyngeal aspirates,2460 saliva,6! oropharyngeal swabs,62
and sputum® (supplementary Table S1) against the NCBI Gen-
Bank protein sequence database (e-value threshold, 1e—5). Only
hits with alignment lengths >40 amino acids were considered. In
addition, metagenomes from 9 of the previous studies, and from
two other studies that analyzed lung samples,4-6> were down-
loaded and preprocessed using several tools including Prinseq®®
for removal of duplicate reads as well as low quality and low com-
plexity reads (supplementary Fig. S1). The remaining sequences
were annotated with an in-house strategy using BLASTn searches”?2
against all genomes of the Megavirales members and virophages
available in the NCBI GenBank sequence database as well as
those not yet released, available in our laboratory (supplemen-
tary Table S2). We considered only matches with >30% coverage
and >90% identity and identical coverage and identity for the
corresponding reads through BLAST searches against the NCBI
GenBank nucleotide sequence database. BLASTn searches were
also performed for all genomes of members of the order Megavi-
rales and virophages (supplementary Table S2) against four human
gut bacterial metagenomes (supplementary Table S3) through the
CAMERA portal (http://camera.calit2.net/), using default parame-
ters. Metagenome reads identified as matching with Megavirales
sequences were extracted and manually tested against the NCBI
nonredundant protein sequence database (nr) using BLASTX (e-
value threshold, 1e—05) to determine whether a Megavirales
sequence was among the best matches.

Finally, amino acid BLAST (BLASTp) searches were performed for
the published proteomes of mimiviruses (Mimivirus, Mamavirus,
Cafeteria roenbergensis virus (Crov; isolated from Cafeteria roen-
bergensis, a widespread marine unicellular flagellate), Megavirus
chilensis), marseilleviruses (Marseillevirus, Lausannevirus) and
the Sputnik virophage against annotated bacterial metagenomes
recovered from eleven different body sites ((Supplementary
Table S3; Table 5) as part of the human microbiome project
(http://www.hmpdacc.org/HMGI/). Hits were considered signifi-
cant based on the e-value threshold of 1e—04 and amino acid
identity and coverage above 30% and 70%, respectively.

4. Results

4.1. Serendipitous identification of Mimivirus- and
Marseillevirus-related sequences in the stool metagenome of a
young Senegalese male

Among the metagenomic reads recovered from the feces
of a young Senegalese male,°! 44 and 9 (supplementary
Table S4) could be mapped to the Mimivirus and Marseille-
virus genomes, respectively, and 12 reads>300bp could be
mapped to Mimivirus DNA with >90% identity and cover-
age (supplementary Table S4; Table 3; Fig. 1a-c). In addition,
tBLASTn searches with the Mimivirus and Marseillevirus genomes
against the stool metagenome yielded 2306 and 259 hits,
respectively. These findings prompted us to inoculate one gram
of the young Senegalese stools on Acanthamoeba polyphaga,

Fig. 2. Electron microscopy image of Senegalvirus in Acanthamoeba polyphaga. The
scale bar represents 5 pm.

as previously reported,®® with the purpose of confirming the
presence of the giant virus from amoeba in the human feces.
Indeed, amoebal culture enabled the isolation of a new mar-
seillevirus, named Senegalvirus (Fig. 2), and the sequencing of
its genome.”! The Senegalvirus double-stranded DNA genome
is ~372,690 base pairs (bp) in length, currently making this
genome the largest among marseilleviruses; it is ~4200bp larger
than that of Marseillevirus and ~26,000bp larger than that of
Lausannevirus. Comparison of the 479 protein sequences of Sene-
galvirus predicted using GeneMarkS®” to those of Marseillevirus or
Lausannevirus by all-against-all BLASTp searches yielded bidirec-
tional best hits for 351 and 253 Marseillevirus and Lausannevirus
proteins, respectively. Thus, overall, 384 Senegalvirus proteins
could be considered bona fide orthologs to Marseillevirus or
Lausannevirus proteins, because these Senegalvirus proteins are
involved in pairs of bidirectional best hits with predicted pro-
teins of Marseillevirus and/or Lausannevirus. The mean (+standard
deviation (SD)) amino acid identity between Senegalvirus and
Marseillevirus protein in pairs was 97 +7%, whereas the mean
identity for Senegalvirus and Lausannevirus protein pairs was
594+ 16%. We detected Senegalvirus orthologs to three histone-
like proteins first described in Marseillevirus, as well as proteins
containing bacterial-like membrane occupation and recognition
nexus (MORN) repeat domains (proteins described as mediating
membrane-membrane or membrane-cytoskeleton interactions®)
and serine/protein kinases, including a unique kinase shared by
marseilleviruses, iridoviruses and ascoviruses.>8 Homology for the
Senegalvirus proteins was greater with their Marseillevirus coun-
terparts than their Lausannevirus counterparts. Congruently with
comparative genomics, phylogeny reconstruction based on the
family-B DNA polymerase showed that Senegalvirus was clustered
with Marseillevirus within the family Marseilleviridae (Fig. 3).

4.2. Blast searches for Megavirales-like sequences in
metagenomes

A few reads from human stools and oropharyngeal
viromes®861:62 available on the MG-RAST server were found
to match Mimivirus sequences. They were predicted to encode
a collagen-like protein 6 (MIMI_L668), an uncharacterized HNH
endonuclease (MIMI_L245) and a hypothetical protein (MIMI_R892)
(Supplementary Table S6). Although a BLASTx search using these
metagenomic reads against the NCBI GenBank non-redundant
protein sequence database did not find Acanthamoeba polyphaga
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Table 3
Description of reads longer than 300 nucleotides that map to Mimivirus sequences.

P. Colson et al. / Journal of Clinical Virology 57 (2013) 191-200

Read length (nt) Best matches BLASTn (nucleotide) BLASTp (amino acid)
Eval Identities e-Val Identities
504 YP_003986602.1 (L112): putative ankyrin repeat protein 0.0 504/505 (99%) 8e—154 148/148 (100%)
403 YP_003986629.1 (L137): Hypothetical proteins 0.0 399/405 (99%) 2e-99 82/83 (99%)
334 YP_003986695 (L199): Hypothetical proteins 9e—157 329/339 (97%) 6e—82 94/119 (79%)
361 YP_003986808 (R306/R307): putative protein phosphatase 2C 0.0 361/363 (99% 2e-50 59/59 (100%)
350 YP_003986871.1 (R366): putative ATP-dependent RNA helicase 4e—180 349/350 (99%) 3e-109 107/107 (100%)
475 AEJ34636.1 (R398): hypothetical protein 0.0 467/476 (98%) 6e—49 44/44 (100%)
397" YP_003986902.1 (R398): putative phosphoesterase 0.0 393/398 (99%) 9e-37 32/32 (100%)
447 YP_003987107.1 (R592): putative helicase 0.0 442447 (99%) 3e-90 88/148 (59%)
403 YP_003987195.1 (L673): putative serine/threonine-protein kinase 0.0 400/403 (99%) 1e-100 112/144 (78%)
331 YP_003987287.1 (R757): putative F-box protein 2e-165 329/332 (99%) 2e-52 73/73 (100%)
376 YP_003987388.1 (R857): hypothetical protein 0.0 374/376 (99%) 9e—-41 49/49 (100%)
406 YP_003987407.1 (L872): hypothetical protein 0.0 406/407 (99%) 2e-131 128/128 (100%)
* Two overlapping reads; nt, nucleotide.
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Fig. 3. Phylogeny reconstruction based on an alignment (generated by Muscle (http://www.ebi.ac.uk/Tools/msa/muscle/)) of DNA polymerase of marseilleviruses and other
Megavirales members, using the Maximum Likelihood method with the Mega 5 software (http://www.megasoftware.net/). Probabilities are shown near branches as a
percentage and are used as confidence values of tree branches. Scale bar represents the number of estimated changes per position for a unit of branch length.

mimivirus as the top hit, mimivirus proteins were among the best
hits, with e-values ranging from 1e—6 to 1e—14 and amino acid
identities ranging from 28 to 58%. In addition, when searching
using tBLASTn with the three mimivirus proteins against 55 human

* 20 *
gi11627649 : JRIFIEDYQIS SKERINAYGRT INEJ@Ssi D
gi]3082042 : [ BFEIENYEIS PSRt SEERLLKES
WK I F 1lY2ISN G464 3 K66K
ol 100 w 120
gi]1627649 : SNKLNNiUSNLEW SYNFRYSFERH-E A
gi|3082042 : pEUIANINSEININAD KENANHAITNGILK JEptH
D NELNN SNLEW 1Y N K 546
gil1627649 : @ : 168
gil3082042 : 3 : 157
Wy

metagenomes with the NCBI genomic BLAST tool (http://www.
ncbi.nlm.nih.gov/sutils/blast_table.cgi?taxid=Environmental&

taxidinf=environ_info&selectall), significant matches, with e-
values ranging from 8e—24 to 3e—25 and amino acid identities

40 ® 60 b 80
CLNTE Y A KN THRL.VAIS § : 83
—ESMR Ci S. BRI VHRL VRIS § - 72
GYS SL 1 T4K 6HRLVA FI NP 4F 6VNHK
i 140 * 160
K. K’ K| DE! ¥ R R : 165
QY T] D N LY K| STie: I : 154
D NGN I S SI AG G6 NP ISS C G4 KT GGF

Fig. 4. Amino acid alignments for translated sequences of metagenomic reads (GenBank Accession number BAAZ01000542.1 (gi|162764931)) recovered from a human gut
metagenome and the uncharacterized Mimivirus HNH endonuclease (accession no. ADO18080.1 (gi|308204279)). The representation was built using the GeneDoc software

(http://www.psc.edu/biomed/genedoc).
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Table 4

Number of BLASTn hits obtained for 4 gut metagenomes analyzed through the CAMERA portal.

CAM_PROJ-Human Distal Gut
Human distal gut

CAM_PROJ_-Human Gut
13 healthy human gut

CAM_PROJ-Human Gut Diagnosis
Metagenomic diagnosis

CAM_PROJ_Twin Study
A core gut microbiome in

biome project®® metagenomes®s of bacterial infections 7° obese and lean twins 7!
Mimiviridae Group I - lineageA 10 40 0 18
Mimiviridae Group I -lineageB 32 15 0 105
Mimiviridae Group I - lineage C 4 20 0 50
Mimiviridae Group II 0 2 0 3
Mimiviridae Any 46 77 0 176
Phycodnaviridae 9 29 2 36
Poxviridae 8 1 0 0
Total 63 107 2 212

ranging from 36 to 41%, were found for the uncharacterized HNH
endonuclease (Fig. 4) and the putative oxidoreductase against
sequences recovered in fecal samples from healthy individuals in
Japan.68

Additional searches of viral metagenomes from 11 studies (sup-
plementary Table S1) using cleaning and trimming of reads and
comparative BLASTn searches against our database of Megavirales
members and virophages and the NCBI sequence database enabled
detection of two reads that displayed significant hits with genomes
of mimiviruses (Supplementary Figs. S2-S12). In particular, a 130-
nucleotide-long read (no. SRR101483.9794578) recovered from
a metagenomic dataset corresponding to pulmonary microbiota
from patients with acute exacerbation of idiopathic pulmonary
fibrosis® (Supplementary Fig. S12) found a fragment of a puta-
tive bifunctional dihydrofolate reductase/thymidylate synthase
(GenBank Accession no. YP.003970135.1) of Crov as the best
match, through BLASTn, BLASTx as well as tBLASTx searches
against the NCBI sequence databases. Nucleotides 55-130 of this
metagenomic read matched amino acids 214-237 of the 452
amino acid-long putative Crov protein (Fig. 5). In addition, 384
hits, including 299 for mimiviruses, 76 for phycodnaviruses and
9 for poxviruses, were found by BLASTn searches against four
human gut bacterial metagenomes through the CAMERA por-
tal (Table 4; Supplementary Table S3). The top hits obtained for
the metagenomes were from mimiviruses (Pointe-Rouge2 virus,
Moumouvirus and Ochan virus)3! in three cases and Parame-
cium bursaria chlorella virus 1 in the remaining case (Fig. 6a-d);
the corresponding metagenomic reads did not find a member of

SRR101483.
Crov

26
25

o e
o e

* 20
QW FRKGIVEELLFFIRG:TNSKLIG
K F 4G66EELLFFIRG TNSKLL

Fig. 5. Amino acid alignments for translated sequences of a metagenomic read
recovered from human lung® and the putative bifunctional dihydrofolate reduc-
tase/thymidylate synthase (Cafeteria roenbergensis virus BV-PW (Crov; accession
no. YP_003970135.1)). The representation was built using the GeneDoc software
(http://www.psc.edu/biomed/genedoc).

the Megavirales among the best matches through BLAST searches
against the NCBI sequence databases. Finally, BLASTp searches
with the proteomes of mimiviruses and marseilleviruses against
microbial metagenomes from 11 body sites from the human micro-
biome project showed from 2 to 54 significant hits per virus
(Table 5), including for instance a putative metalloendopepti-
dase protein (Crov ORF_67) and an asparaginyl-tRNA synthetase
(Megavirus chilensis ORF_743) in a saliva metagenome, and a 70-
kDa heat-shock protein and a DNA Topoisomerase IA of Mimivirus
(ORF_393, ORF_221) in a vagina metagenome. Nonetheless, BLASTp
searches using the corresponding annotated proteins from the
metagenomes against the NCBI GenBank non-redundant protein
sequence database did not find mimiviruses or marseilleviruses
proteins as best hits.

Overall, Megavirales-related sequences were recovered through
various strategies from a variety of samples such as saliva (2),
oropharynx (1), lung (1) and stools (&).

40 . 60 iad

* 20 *
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Fig. 6. Nucleotide alignments for metagenomic reads recovered from human gut and the DNA genome of Moumouvirus (5a), Pointe-Rouge2 virus (5b), Ochan virus (5c¢), and
Paramecium bursaria Chlorella virus 1 (gi|340025671) (5d). The representation was built using the GeneDoc software (http://www.psc.edu/biomed/genedoc).
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Table 5

Significant hits (number) for proteomes of Megavirales members against protein-encoding sequences from various human metagenomes of the human microbiome project (http://www.hmpdacc.org/HMGI/).

Human body sites (number of metagenomes)

Mid vagina

Vaginal
(2)

Posterior

Left retroauricular

crease (9)

Right retroauricular

crease (17)

Saliva (3)

Attached keratinized

Palatine Subgingival
tonsils (6)  plague (7)  gingiva (6)

Throat (7)

Anterior

Megavirales

Introitus (3)

fornix (51)

nares (87)

Mimiviridae

11 11

16

34

42

11

33 25

31

32

26

Group I - lineage A Acanthamoeba

polyphaga

mimivirus
Acanthamoeba

11

12

17

42

49

14

28

36

36

37

27

castellanii

mamavirus

Group I - lineage B Moumouvirus

13

14

10

25

45

54
45

21

41

40

38

36

30
22

P. Colson et al. / Journal of Clinical Virology 57 (2013) 191-200

10
10

19
13

40
22

13
11

29
21

33

22

32

30
20

Group I - lineage C  Megavirus chilensis

35

24

Cafeteria

Group II

roenbergensis virus

12

12
12

11

Marseillevirus

Marseilleviridae

14

Lausannevirus

5. Conclusions

In the present study, we showed association of Megavirales
members with humans using different strategies and samples. Our
attention was drawn to the presence of giant viruses in a patient
stool sample through the serendipitous detection of Mimivirus-
and Marseillevirus-like sequences while using a new metagenomic
approach targeting bacterial DNA. Subsequently, Senegalvirus, a
new member of the family Marseilleviridae, was isolated from this
stool sample demonstrating the possibility of the presence of giant
viruses in humans. In addition, we detected sequences match-
ing DNA of Megavirales members in several human metagenomes,
which adds to previous findings in human nasopharyngeal, fecal
and blood samples by other laboratories (Table 2).2441-47

Members of the order Megavirales represent a technical problem
in the current investigation of the virome due to their size. Indeed,
viruses are still usually considered small agents,!12 which leads
the vast majority of research groups to perform viral purification
by filtering samples through small-pore (0.2-0.45 wm) filters prior
to metagenomic analysis, thus preventing the detection of viruses
larger than the filter pores.’2-74 This biased technical approach has
most likely led to considerable underestimation of the prevalence
of Megavirales members in environmental and human samples. In
addition, the present work underscores that the detection of giant
viruses in humans may benefit from the concurrent use of culture
and metagenomics. Accordingly, dramatic differences between the
set of bacteria isolated by means of a large panel of culture condi-
tions, the so-called culturomics approach, and the set of bacteria
identified through metagenomics were recently unveiled.?! The
Senegalvirus discovery highlights that a virus may be cultured but
not molecularly detected. The isolation of Senegalvirus represented
the first isolation of a marseillevirus from a human sample.’! In
another report, we also described the isolation of a, Lentillevirus,
from contact lens liquid.2939 More importantly, we have recently
isolated a mimivirus, LBA111, by amoebal culture from a bron-
choalveolar sample collected in a Tunisian woman presenting with
pneumonia.’” In addition, sequences related to Marseillevirus DNA
and the genome of a new giant virus, named Giant Blood Marseille-
like virus, were recovered from the blood of asymptomatic blood
donors using high-throughput sequencing.’®. Previous studies
have also shown the presence of poxvirus- and asfarvirus-related
sequences in human blood from apparently healthy persons
(Table 2),4143 raising questions about the asymptomatic car-
riage of giant viruses and their role over the short and long
term.

Taken together, present and previous data provide convergent
evidence for the presence of mimiviruses and marseilleviruses
in humans, which raises further questions about their potential
pathogenicity. We recommend discarding technical procedures
that are too stringent and may lead to the neglect of the study of
the ‘megavirome’ while investigating the human virome.
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CONCLUSIONS AND PERSPECTIVES

During the past decade, two new viral families have emerged from
the study of environmental samples, mostly water, using amoebal co-
culture. Thus, the families Mimiviridae and Marseilleviridae have been
established and recognized by the international committee on taxonomy
of virus (ICTV). These families now encompass dozens of giant viruses,
the remarkable features of which have largely moved the boundaries of
the known virosphere. Particularly, mimiviruses, with genome sizes and
particle sizes in the same order of magnitude than those of small bacteria
and genes encoding protein from the translation apparatus, challenged
the definition of viruses and fostered interest for giant DNA viruses
(Colson et al. 2012; Yutin & Koonin, 2012; Yutin et al. 2013a).
Comparative genomics and phylogenetic analyses of the mimivirus
genomes and gene content delineated two groups. One group is
composed of mimiviruses that infect Acanthamoeba spp., and three
lineages A, B and C have been delineated that have Mimivirus,
Moumouvirus and Megavirus chiliensis as leading members,
respectively (Raoult et al. 2004; Yoosuf et al. 2012; Arslan et al. 2011).
A second group is a sister group that encompasses mimiviruses of
marine cellular organisms, including Cafeteria roenbergensis virus that
infects a widespread marine dinoflagellate, and Phaeocystis globosa
viruses and Organic lake phycodnaviruses that were recently shown
being genuine mimiviruses (Fischer et al. 2010; Colson et al. 2011b;

Santini et al. 2013; Yutin et al. 2013b).
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The gene content of Moumouvirus expands the pan-genome
of the family Mimiviridae and emphasizes the dynamic evolution of this
mimivirus, especially extensive gene loss. The comparative analysis of
the genomes of Moumouvirus with the previously described genomes of
amoeba-associated mimiviruses of lineage A and C showed that
Moumouvirus is much closer from Megavirus chilensis. The close
evolutionary relationship between Moumouvirus, isolated from
freshwater and Megavirus chilensis, isolated from the marine
environment shows the ecological plasticity of these giant viruses that
can survive in different habitats (Arslan et al. 2011; Yoosuf et al. 2012).
The role of widespread phagocytic protists in this fact is likely
considerable. Besides, we annotated the genomes of two mimviruses,
Terral virus and Terra2 virus, which were isolated from soil, and not
water as for previously described mimiviruses. The comparative analysis
of Terral virus and Terra2 virus genomes indicated that they are new
bona fide members of the family Mimiviridae, belonging to lineages C

and A of mimiviruses of amoeba, respectively.

The architecture of the mimivirus genomes shows conserved
collinear central regions and far less conserved extremities. This pattern
seems to be a general trend among the members of the proposed order
"Megavirales", as it was noted earlier in poxviruses and
phycodnaviruses (Senkevich et al. 1997; McLysaght et al. 2003; Filée et
al. 2007). In genomic comparisons, we also identified large inverted
regions in the middle part of the genomes and shorter collinear regions

at the extremities (Arslan et al. 2011; Yoosuf et al. 2012). These
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findings suggest that the reshaping of the genomes may occur through

the rearrangement of large fragments.

Acanthamoeba spp. are phagocytic protists classified in the
phylum Amoebozoa and are predominant among the organisms in soil
and water. These protists are the known hosts of mimiviruses (Barker &
Brown, 1994; Moliner et al. 2010; Thomas et al. 2011). They are free
living amoebae that can ingest any particle of a size greater than 0.5 um,
and graze many microorganisms including bacteria, yeasts, fungi,
viruses and algae (Barker & Brown, 1994; Horn & Wagner, 2004;
Rodriguez et al. 1994). Therefore, Acanthamoeba spp. engulf large
amounts of foreign DNA. The mimiviruses living inside amoebae have a
sympatric lifestyle with other viruses and microorganisms (bacteria have
been mostly detected) and their eukaryotic host and the analyses of the
mimiviruses, and marseilleviruses, gene repertoires have highlighted
that amoeba might act as a melting pot for the microorganisms that can
survive to its ingestion, which provides opportunities for gene exchanges
between these different organisms (Colson & Raoult, 2010; Moliner et
al. 2010; Raoult & Boyer, 2010; Thomas & Greub, 2010). Such
opportunity for amoeba resisting organisms to gain genes was also
significantly associated with a greater genome size for microorganisms
and giant viruses that have a sympatric intra-amoebal lifestyle in
comparison with those from the same phyla that have an allopatric

lifestyle (Filée et al. 2007; Moliner et al. 2010; Raoult & Boyer, 2010).
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In the studies conducted during my Thesis, we identified in
the genome of Terral virus a cluster of genes, all adjacent to each other,
which are orthologous to bacterial genes and have no counterpart in
other viral genomes. This finding led to detect that a cluster of genes
homologous to those found in the genome of Terral virus was present in
the genomes of lineage C of mimiviruses of amoeba but absent in the
two other lineages. This observation supports the hypothesis of an
evolutionary scenario of gene gain by the ancestor of mimivirus of
lineage C or, alternatively, a less parsimonious evolutionary scenario of
gene gain by a common mimivirus A-C ancestor then gene loss in
mimivirus lineages A and B. Such clusters of genes of bacterial origin
were earlier noticed in Mimivirus and Cafeteria roenbergensis virus
genomes (Filée et al. 2007; Fischer et al. 2010). The cluster of bacterial
genes identified in the Terral virus genome encodes proteins involved in
carbohydrate metabolism. Strikingly, a 38-kilobase-pair genomic
fragment was identified in Cafeteria roenbergensis virus that encodes 34
predicted genes, among which 7 were predicted to be involved in
carbohydrate metabolism among the 14 that were most similar to

bacterial genes (Fischer et al. 2010).

Since the discovery, a decade ago, of the first mimivirus, the
pan-genome of the family Mimiviridae has exhibited a 2.5-fold
expansion. Our recent studies of new mimiviruses have detected far
lower number of ORFans in their genome, which suggests that the pan-
genome of mimiviruses might reached a plateau and could be considered

as closed pan-genome, based on currently available genomes. Interesting
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issues that might need to be addressed more extensively are the studies
of the considerable amount of family ORFans and hypothetical proteins
present in the mimivirus genomes. These predicted proteins potentially
represent keys to an increased knowledge of the origin, evolution and
replication of the mimiviruses. Transcriptomic and proteomic analyses
that are increasingly conducted in our research unit will likely provide

several information regarding these groups of genes.

Mimiviruses considerably challenge the classical definition
of viruses. Indeed, from the birth of the virus concept, viruses were
considered as small (and mainly non-living) entities with a very limited
gene armamentarium and fully dependent of the host cell for translation
and energy production. In addition, mimiviruses considerably expanded
the diversity of the viral world. Importantly, the presence in mimiviruses
of several proteins involved in the biosynthesis of nucleotides,
transcription and translation enabled to show that the members of the
Megavirales may compose a fourth branch of life (Boyer et al. 2010;
Colson et al. 2011b). Thus, these mimiviruses enabled to point out that
giant viruses were involved in early step of evolution and have an
ancient origin dating back to the proto-eukaryotes. The discovery of
virus of mimiviruses, so-named virophages based on their functional
analogy with bacteriophages, also contributed to improve our knowledge
of the viral word (Desnues et al. 2012; La Scola et al. 2008). Recently,
still larger viruses (with particle and genome size as high as 1 um and
2,5 kilobase pairs, respectively), named pandoraviruses, have been

isolated from environmental samples, which infect Acanthamoeba spp.
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These biological entities were classified as viruses based on their gene
repertoire, which linked them to Megavirales, and the existence of an
eclipse phase during their replicative cycle. Nonetheless, only 7% of the
genes of these viruses have homologs in sequence databases, no gene
was identified that encodes a capsid. The pandoravirus discovery is
another hint that lots remain to know about biological entities and

particularly viruses (Philippe et al. 2013).

Taken together, previous findings indicate that new strategies
should be implemented to stalk more viruses including divergent ones
from our biosphere. They may include the use of other protists than
Acanthamoeba spp., and collection from other sources. Such approaches
are currently developed at URMITE. One of the major topic regarding
the further study of mimiviruses will be linked with its prevalence and
potential pathogenicity in humans. There has been accumulating
evidence supporting the role of mimivirus as causative agents of
pneumonia (La Scola et al. 2005; Raoult et al. 2007). Recently, LBA111
was isolated at URMITE by amoebal culture from a bronchoalveolar
sample collected in a Tunisian woman presenting pneumonia, and
another amoeba-associated virus of lineage C, Shan, was also isolated
from the feces of another Tunisian woman with pneumonia (Saadi et al.
2013a; Saadi et al. 2013b). Pan-genome analysis and comparative
genomics of mimiviruses from same and different lineages may be

helpful to detect virulence-associated genotypic patterns.
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Annex |
""Marselilleviridae', a new family

of giant viruses infecting amoebae

Five years after Mimivirus, Acanthamoeba polyphaga
marseillevirus was isolated from water collected from a cooling tower
in Paris, France in 2007. Marseillevirus has an icosahedral shape with a
diameter of about 250 nm. Its genome is a double-stranded circular
DNA that is 368,454 base pairs in length and is predicted to encode 457
proteins. Phylogenetic reconstructions indicated clearly that it belongs
to a new viral family among Nucleocytoplasmic large DNA viruses
(Boyer et al. 2009). In 2011, Acanthamoeba castellanii lausannevirus, a
Marseillevirus close relative, was 1solated from river water in France
(Thomas et al. 2011). After the discovery of Marseillevirus, other giant
viruses were isolated from freshwater using the amoebal co-culture
method. Among these new viruses, we identified Cannes8 virus which
was revealed being a bona fide member of the family Marseilleviridae
based on the phylogenetic analysis of B-family DNA polymerase gene
(Aherfi et al. 2013). In addition, a close relative of Acanthamoeba
polyphaga marseillevirus, named Senegalvirus, was recovered and
isolated in our laboratory from the stool sample of a young Senegalese
man (Colson et al. 2013). Marseillevirus and its close relatives exhibit

remarkable features, a majority being shared with mimiviruses, and

157



have contributed to a considerable increase of the interest in NCLDVs.
Genome mosaicism was particularly highlighted for Marseillevirus, and
was linked to the sympatric lifestyle of these viruses with other micro-
organisms inside Acanthamoeba spp., which provides opportunities to
exchange genes with these microorganisms and the amoebal host
(Colson & Raoult, 2010; Moliner et al. 2010; Raoult & Boyer, 2010).
In addition, Marseilleviruses have been influential in proposing to
reclassify these large and giant DNA viruses in a new viral order
named the ‘‘Megavirales’. We concurrently proposed the family
““Marseilleviridae’” as a new viral family to the international
committee on the taxonomy of viruses (Colson et al. 2012). The only
currently identified hosts for ‘‘marseilleviruses’” are Acanthamoeba
spp. The prevalence of these viruses in the environment and in animals

and humans largely remains to be determined.
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Abstract The family “Marseilleviridae” is a new pro-
posed taxon for giant viruses that infect amoebae. Its first
member, Acanthamoeba polyphaga marseillevirus (AP-
MaV), was isolated in 2007 by culturing on amoebae a
water sample collected from a cooling tower in Paris,
France. APMaV has an icosahedral shape with a diameter of
~250 nm. Its genome is a double-stranded circular DNA
that is 368,454 base pairs (bp) in length. The genome has a
GC content of 44.7 % and is predicted to encode 457 pro-
teins. Phylogenetic reconstructions showed that APMaV
belongs to a new viral family among nucleocytoplasmic
large DNA viruses, a group of viruses that also includes
Acanthamoeba polyphaga mimivirus (APMV) and the other
members of the family Mimiviridae as well as the members
of the families Poxviridae, Phycodnaviridae, Iridoviridae,
Ascoviridae, and Asfarviridae. In 2011, Acanthamoeba
castellanii lausannevirus (ACLaV), another close relative
of APMaV, was isolated from river water in France. The
ACLaV genome is 346,754 bp in size and encodes 450
genes, among which 320 have an APMaV protein as the
closest homolog. Two other giant viruses closely related to
APMaV and ACLaV have been recovered in our laboratory
from a freshwater sample and a human stool sample using
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an amoebal co-culture method. The only currently identified
hosts for “marseilleviruses” are Acanthamoeba spp. The
prevalence of these viruses in the environment and in ani-
mals and humans remains to be determined.

Introduction

Acanthamoeba polyphaga marseillevirus (APMaV) was
isolated in 2007 from water collected from a cooling tower
in Paris, France, using a method based on Acanthamoeba
polyphaga culture [1]. The name of this virus originates
from the name of its amoebal host and the name of the
French city, Marseille, where it was discovered. APMaV
was described five years after the discovery of Acantha-
moeba polyphaga mimivirus (APMV), the first giant virus
identified using an amoebal co-culture method. APMV was
revealed to be the largest known virus [2, 3]. APMaV was
found to be smaller than APMV with respect to the sizes of
the capsid and the genome. Nonetheless, with a capsid
diameter of approximately 250 nm (Fig. 1) and a genome
composed of 368,454 base pairs (bp) encoding 457 genes,
APMaV represents a new giant virus. After the discovery
of APMaV, other giant viruses were isolated from fresh-
water using the amoebal co-culture method and were
briefly described in 2010 [4]. Among these new viruses,
Cannes 8 virus (Ca8V) is a close relative of APMaV based
on the phylogeny of the B-family DNA polymerase gene
[4]. In 2011, another large DNA virus, Acanthamoeba
castellanii lausannevirus (ACLaV), was described, and this
virus was determined to be a close relative of APMaV.
ACLaV was isolated by culturing freshwater collected in
2005 from the Seine River in France on amoebae [5]. An
additional close relative of APMaV was recently recovered
in our laboratory from the stool of a young Senegalese
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man, and this new virus was named Senegal virus (SNGV)
(Fig. 2) [6]. The genomes of Ca8V and SNGV have been
sequenced on a 454-Roche GS20 instrument (Roche, USA)
as described previously [1]. Additionally, the genome of
the Ca8V isolated in our laboratory was sequenced on a
SOLiD instrument (Life Technologies Corporation).

Genomics of “marseilleviruses”

The APMaV genome is a circular double-stranded DNA
molecule of 368,454 base pairs (Table 1) [1]. Its GC content
is 44.7 %. The APMaV genome harbors 457 open reading
frames (ORFs) predicted to encode proteins with a size
ranging from 50 to 1,537 amino acids. These ORFs represent
89 % of the genome. APMaV was identified as representing

Fig. 1 Electron microscopy
images of APMaV particles in a
culture supernatant (scale bar
represents 100 nm) (a) and in
Acanthamoeba sp (scale bar
represents 200 nm) (b), and of
Acanthamoeba sp infected with
APMaV (scale bar represents

2 pm) (¢)

@ Springer

a unique nucleocytoplasmic large DNA virus (NCLDV)
family [1, 7]. NCLDVs were described in 2001 as a mono-
phyletic group of large viruses with a DNA genome. This
group of viruses comprises the families Poxviridae, Asfar-
viridae, Iridoviridae and Phycodnaviridae, which were
grouped together based on a set of core genes shared by all of
the member viruses [8]. Later, APMV and then APMaV
were found to be related to this group of viruses [1, 3],
for which we recently proposed reclassification in a new
viral order, “Megavirales” (talk.ictvonline.org/files/proposals/
taxonomy_proposals_fungal1/m/fung01/4261.aspx) [9]. All
of these giant viruses share a common and very early
ancestor based on phylogenetic and phyletic analysis of
conserved and informational genes [7, 10, 11]. Among the
NCLDVs, APMaV branched deeply with irido-/ascoviruses
on the basis of the phylogenetic reconstruction of conserved

100 nim|
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Fig. 2 Electron microscopy images of SNGV in Acanthamoeba polyphaga. a The scale bar represents 500 nm. b The scale bar represents 2 pm

Table 1 Description of the primary features of the “Marseilleviridae” members

Name Source Country/  Capsid size  Genome GenBank Date of Genome Genome Number of References
region (nm) accession no. creation topology size (bp) genes

APMaV Cooling France 250 NC_013756 25/01/ Circular 368,454 457 [1]

tower (Paris) 2010
ACLaV River (Seine) France 190-220 nm NC_015326 01/04/ Linear/ 346,754 450 [5]

2011 circular

CalV Cooling France 180 JF979175.1% 30/06/ - 374,039 - [4]

tower (Cannes) 2012
SNGV  Human stool Senegal 210 JF909596-JF909602  13/09/ - 372,690 - [6]

sample 2011

# GenBank accession no. corresponds to the B-family DNA polymerase gene

genes [1, 7]. In contrast, a comparison of the NCLDV
gene repertoires instead grouped APMaV with APMV and
Acanthamoeba polyphaga mamavirus (APMV2). The
analysis of the APMaV genome has highlighted its mosai-
cism and the role of the amoeba as a biological niche for gene
acquisition and exchange between sympatric bacteria,
viruses and their amoebal hosts [1, 12]. Thus, on the basis of
phylogenetic analysis, the APMaV genome contains 51
genes (11 %) of probable NCLDV origin, 49 (11 %) of
probable bacterial or bacteriophage origin, and 85 (19 %) of
probable eukaryotic origin [1]. A total of 49 proteins have
been identified in purified APMaV virions [1]. These pro-
teins have been linked to several functional categories and
include NCLDV core proteins, including the capsid protein.
Of note, APMaV messenger RNAs, including transcripts
encoding the DNA polymerase and the capsid, were found to
be encapsidated in the virions.

The ACLaV genome is 346,754 bp in length, and its
GC content is 42.9 % [5]. It can be circular molecule or a
linear DNA molecule with terminal repeats. This genome
harbors 450 ORFs that cover 93 % of the genome and

have a mean length of 716 bp. ACLaV encodes homologs
for all of the NCLDV core genes detected in APMaV. The
phylogenetic analyses published previously showed that
APMaV and ACLaV make up a new viral family among
the nucleocytoplasmic large DNA viruses (NCLDVs)
[1, 5, 7, 10]. This family structure has been well estab-
lished in several studies using several conserved proteins,
including those encoded by NCLDV core genes. Although
comparative genomics and phylogenetic reconstructions
have shown that ACLaV is a close relative of APMaV and
that both viruses belong to the same family [5], the gen-
omes of these two giant viruses display considerable dif-
ferences [5] (Figs. 3, 4). Indeed, a total of 332 ACLaV
proteins (73.8 % of the putative proteome) display sig-
nificant similarity to proteins in the NCBI non-redundant
sequence database, and among those proteins, only 320
(71.1 %) have an APMaV protein as the best BLASTp hit.
In addition, comparative analysis of the ACLaV and AP-
MaV genomes revealed a 150-kb region with poor synteny
with many hypothetical proteins, followed by a 200-kb
region with a higher level of synteny (Figs. 3, 4), [5].
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Only two-thirds of the ACLaV and APMaV proteins share
a best reciprocal BLAST hit.

Another giant virus, Cannes 8 virus (Ca8V), has been
isolated in our laboratory from a freshwater sample using
amoebal culture, and this virus has been found to be closely
related to APMaV and ACLaV based on phylogenetic
reconstructions (Table 1) [4]. Moreover, we obtained the
first isolate of a giant virus infecting amoebae from a human
sample, a stool sample from a young Senegalese man [6].
The genome (accession numbers JF909596-JF909601) of
this giant virus, named Senegal virus (SNGV), has a size
of approximately 373 kbp (in the same range as those of
APMaV and ACLaV). The analysis of the genomes of
SNGYV and Ca8V demonstrated that they are bona fide new
members of the proposed family “Marseilleviridae” (talk.
ictvonline.org/files/proposals/taxonomy_proposals_fungall/
m/fung01/4262.aspx). Nonetheless, the genomes of SNGV
and Ca8V display some differences compared with the

genomes of APMaV and ACLaV (Fig. 4). The number of
bidirectional best hits for APMaV and other members of the
family “Marseilleviridae” tentatively ranges from 300 to
399. Overall, the ranges in size and in the number of genes
for these new members of the family “Marseilleviridae” are
similar to those of APMaV and ACLaV. At the present
time, we propose defining only one genus, named “Mar-
seillevirus”. The species “Marseillevirus marseillevirus” is
assigned to this genus and has one member, APMaV, while
the “marseilleviruses” ACLaV, SNGV and Ca8V remain
presently unassigned until additional “marseilleviruses” are
described.

Members of the family “Marseilleviridae” (the “marseil-
leviruses™), like those of the family Mimiviridae (the mim-
iviruses) and other NCLDV families, do not meet the usual
criteria quoted by Lwoff to define viruses [13], and the out-
standing characteristics of these viruses led us recently to
propose a new order made up of these giant viruses [9].

Marseillevirus genome
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Fig. 5 Electron microscopy images of Ca8V in Acanthamoeba polyphaga (scale bar represents 500 nm) (a) and of Acanthamoeba polyphaga

infected with Ca8V (scale bar represents 5 pm) (b)

Morphological properties

APMaV, ACLaV, SNGV and Ca8V share similar mor-
phological features, including the size of their capsids,
which ranges from 190 to 250 nm (Fig. 1, 2, 5; Table 1).
APMaV has an icosahedral shape and a diameter of
~250 nm (Table 1; Fig. 1) [1]. The capsid shell has a
thickness of ~ 10 nm, and 12-nm-long fibers with globular
ends are present at the viral surface. A membrane may
surround the nucleocapsid, which is separated from the
capsid shell by a gap of ~52 nm. For all members of the
family “Marseilleviridae”, viral factories can be observed
during the replication cycle. These viral factories have
different appearances than those observed for APMV and
APMV?2, tending to be more widely distributed in the
amoebal cytoplasm.

Properties in culture

All of the currently identified members of the family
“Marseilleviridae” have Acanthamoeba spp. as their hosts
and were isolated by culturing samples on these amoebae.
In amoebal culture, APMaV enters the amoeba 30-60 min
post-infection (p.i.) [1]. Later, a viral factory appears close
to the nucleus of the amoeba. Capsid assembly and viral
genome encapsidation are observed simultaneously in
these viral factories, leading to mature and immature AP-
MaV particles. The replication cycle is complete at 5 h p.i,
which is a short period of time compared to that observed
for APMV. The morphology of the host-cell nucleus
changes considerably between 30 min and 2.5h p.i.
Regarding ACLaV, a few viral particles are present 30 min
pi [5]. After an eclipse phase, viruses can be observed

again, in large vesicles, at 4 h p.i., and they fill the entire
amoeba at 8 h p.i. before amoebal lysis at 16 h p.i.

Prevalence, host, and pathogenicity

The prevalence of “marseilleviruses” in environmental
samples is currently unknown. Of note, four of these
viruses were recently recovered from 103 water samples
[4]. The only currently identified hosts for “marseillevi-
ruses” are Acanthamoeba spp. [1, 4, 5]. No data are cur-
rently available on the prevalence of “marseilleviruses” in
human or animal samples, and no pathogenic role has been
demonstrated to date, but one virus belonging to the family
“Marseilleviridae”, SNGV, has been isolated from a
human stool sample [6].

Conclusion

Acanthamoeba polyphaga marseillevirus (APMaV) and its
close relatives exhibit remarkable features that are shared
by mimiviruses and have contributed to a considerable
increase in the interest in NCLDVs and to the better
delineation of this group of giant viruses, for which we
have recently proposed a new viral order named “Meg-
avirales” [1, 5, 9]. The family “Marseilleviridae” would be
included in the order “Megavirales”. Further isolates will
most likely be described that will be closely related to
APMaV. We are performing comparative genomics anal-
ysis of the genomes of new putative “marseilleviruses” and
will submit these new genomes to sequence databases.
We believe that these viruses should be linked to a viral
family.
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