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We recently described Megavirus
chilensis, a giant virus isolated off
the coast of Chile, also replicating in fresh
water acanthamoeba. Its 1,259,197-bp
genome encodes 1,120 proteins and is the
largest known viral genome. Megavirus
and its closest relative Mimivirus only
share 594 orthologous genes, themselves
sharing only 50% of identical residues
in average. Despite ~this divergence,
comparable to the maximal divergence
exhibited by bacteria within the same
division (e.g., gamma proteobacteria),
Megavirus retained all of the genomic
features unique to Mimivirus, in par-
ticular its genes encoding key-elements
of the translation apparatus, a trademark
of cellular organisms. Besides homo-
logs to the four aminoacyl-tRNA syn-
thetases (aaRS) encoded by Mimivirus,
Megavirus added three additional ones,
raising the total of known virus-encoded
aaRS to seven: IleRS, TrpRS, AsnRS,
ArgRS, CysRS, MetRS, TyrRS. This
finding strongly suggests that large DNA
viruses derived from an ancestral cellu-
lar genome by reductive evolution. The
nature of this cellular ancestor remains

hotly debated.

The era of giant viruses (Giruses) started
in 2003 with the discovery and genome
sequencing of the first of them, called
Mimivirus™* (for Microbe Mimicking
virus), originally mistaken for a new
amoeba-resisting intracellular parasitic
bacteria (reviewed in ref. 3). The main
common features of Giruses are their large
pseudo-icosahedral capsids (with diameter
>400 nm), most often enclosed in a thick
(100 nm) layer of fibers, a large double-
stranded DNA genome (-a million bp)
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and a large gene content (approximately
1,000 genes). Few have been character-
ized in dertails, but all the Mimivirus-
like isolates replicate from large circular
intracytoplasmic virion factories, as pre-
viously described for poxviruses.® For
Mimivirus and its nearly identical relative
Mamavirus, these cell-like virion factories
can themselves be infected by a new type
of satellite virus called “virophage”.**> The
last, but not the least of the unique puz-
zling features of Mimivirus is the presence
of many genes coding for central ele-
ments of the translation apparatus, until
now thought to be an absolute trademark
of “cellular “organisms. Mimivirus, for
instance, encodes 4 aminoacyltRNA syn-
thetases (for Arg, Cys, Met and Tyr). This
finding, among others, triggered a heated
debate on the evolutionary origin of these
viruses,** opposing the traditionalists
school viewing them as tremendously effi-
cient pickpockets of cellular genes,” up to
the most extreme views of those claim-
ing them as evidence of a fourth domain
of life,!° or as a dismissal of darwinism.!"
Our discovery and genomic sequencing of
Megavirus chilensis, a girus with an even
larger capsid, genome size and gene con-
tent,'? first demonstrated that the oddities
observed in Mimivirus and its closest rela-
tives are not anecdotal, but intrinsic fea-
tures shared by more distant giant viruses
and inherited from their common ances-
tor. Among these, the most significant is
the presence of the same four aminoacyl-
tRNA synthetases found in Mimivirus,
together with three more, including the
IleRS, also found in the third known
largest virus infecting the heterotrophic
marine protozoan Cafeteria roenberben-
gis.’” These findings strongly support a
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Figure 1. Effect of sequence correction on read coverage. Visualization of read coverage (blue histogram) resulting from the mapping of lllumina high-
throughput sequences at the same genomic locus, prior (A) and following (B) sequence correction. In this example, the deletion of an adenine in an
8-fold A-homopolymer resulted in an increase of coverage where it initially formed a steep drop, and a lengthening of the overlapping ORF (red arrows).

scenario whereby these large DNA viruses
all evolved from an ancestral cellular
genome by reductive evolution.

A New Rapid Genome Sequencing
Strategy for Microorganisms

Only 15 mo separated the water sam-
pling in Chile (mid-April 2010) from the
submission of the complete annotated
Megavirus genome sequence to GenBank
(mid-July 2011). This was made possible
by the combination of two short read
sequencing approaches that nicely com-
plement each other: the Roche 454-tita-
nium and the [llumina Hiseq techniques.
Nowadays, most of de novo microbial
whole genome sequences are produced
using the 454 platform. This technology
provides long-enough sequence reads to
rapidly obtain few contigs of reasonable
lengths. Unfortunately the technology is
also error prone within homopolymeric
regions, ultimately leading to frequent
frame shift errors when annotating pro-
tein coding genes. Therefore finishing
may be quite cumbersome, involving
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numerous  PCR; or worse conventional
library-based Sanger sequencing, in
order to correct for sequencing errors and
close gaps. This is obviously highly labor
intensive.

Megavirus chilensis’ genome is highly
AT-rich (75% A + T) which raises the
probability of finding A or T homo-
polymers. Indeed, stretches of 6 As or
more, or 6 Ts or more, occur 6,186
times in the Megavirus genome, mak-
ing it highly susceptible to this type of
sequencing errors. We circumvented the
tedious individual finishing experiments
by using the following approach. After an
initial assembly using 278,663 454-tita-
nium fragment reads, we re-sequenced
the same DNA using one tenth of a
lane of Illumina Hiseq and mapped the
42,288,396 resulting paired-end reads
to it (approximately a 7000X coverage!).
Although this may appear outrageous to
the traditional genome sequencers, this
ultra-high-coverage allowed the correc-
tion of all sequencing errors (see Fig.
1) at a very low cost both in terms of
direct cost (about 2,000 €) and technical
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labor. We corrected 300 errors in the raw
454-derived Megavirus genome sequence
at once.

More generally, we think that the
approach combining these two NGS
platforms should become standard for
sequencing microbial genomes, up to 10
Mb in length. In the near future one can
expect an even better approach with the
combination of the ultra-high coverage
short reads (e.g., Illumina Hiseq) with
the PacBio much longer reads.!* The lat-
ter technology has the capacity to pro-
duce sequence reads of up to 10 kb, but
remained plagued by much too high an
error rate when tentatively applied on the
Megavirus genome.

Estimating the Gene Content
of the Megaviridae Ancestor

The analysis of the Megavirus gene con-
tent revealed 258 proteins with no homo-
log in the Mimivirus genome.'” Among
them 214 (83%) have no significant (E
< 107) sequence similarity in the pub-
lic database, and only 34 of them could
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be associated to a predicted function
(Table 1). Symmetrically, among the 186
Mimivirus genes without homologs in
Megavirus, 149 (80%) are not similar to
any other ORF. These large fractions of
“ORFans” in the non-overlapping gene
contents of Megavirus and Mimivirus
definitely rules out that their difference
could results from horizontal transfers
of genes from cellular organisms (for
which the fraction of ORFans would be
much lower), or from viruses belonging
to a known family. More likely, the dif-
ference in gene content is the result of
the loss of different genes along the lin-
eage leading to Mimivirus or Megavirus.
According to our view, except for some
rare cases of lateral gene transfers, most of
the 258 Megavirus genes with no homo-
log in Mimivirus, or conversely of the 186
Mimivirus genes without counterpart in
Megavirus, were part of the genome of
their common ancestor. Adding the 594
orthologous genes shared by Mimivirus
and Megavirus, this predicts an ances-
tral genome coding for at least 594 +
258 + 186 = 1,038 proteins. The actual
figure could be higher, if one takes into
account the ancestral genes that may have
been lost along both the Mimivirus and
Megavirus lineages. Our interpretation is
at the opposite of the “core” gene subset
concept, whereby the ancestral gene pool
would solely correspond to the intersec-
tion of the Mimivirus and Megavirus
gene content (e.g., 594 genes). Our lin-
eage-specific gene loss scenario, predicts
that some of the Megavirus gene absent
from Mimivirus, could still be found
in more distant relatives, such as the
Cafeteria roenbergensis virus (CroV).
This is actually the case, since eight of
the genes (highlighted in gray) listed
in Table 1 do have a homolog in CroV.
Equally, four Mimivirus genes not found
in Megavirus (R80, R103, R519 and
R771) are nevertheless present in CroV.
A perfect example of lineage specific loss
at work is given by the pattern of pres-
ence/absence of the DNA photolyase, an
enzyme that repair DNA damage caused
by exposure to UV light using the energy
of visible light. CroV possesses two intact
photolyase genes: crovll5 and crov149.
Mimivirus only exhibits the remnant
of the ortholog to crovl49, fragmented
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Table 1. Megavirus private annotated ORFs

Megavirus# Predicted function CroV#

mg18 poly(A) polymerase small subunit

mg20 Macrocin O-methyltransferase Crov267

mg47 Surface antigen ariell

mg94 Lipoprotein

mg131 Endonuclease V

mg132 Methyltransferase type 11

mg191 Macro domain containing protein

mg196 Nudix hydrolase domain containing protein

mg276 Guanine nucleotide exchange factor

mg277 Superoxide dismutase [Cu-Zn]

mg308 RNA ligase 2

mg350 Dual specificity phosphatase

mg358 Isoleucyl-tRNA synthetase crov505
mg400/402 Deoxyribodipyrimidine photolyase: split gene crov11s

mg417 Uridine kinase

mg418 Vacuolar protein sorting-associated protein

mg507 Ubiquitin-like protein crov350

mg535 dTDP-4-dehydrorhamnose reductase

mg536 UDP-N-acetylglucosamine 2-epimerase

mg637 Cyanovirin-N domain protein

mg647 Glycosyltransferase sugar-binding region containing DXD motif

mg665 Phosphomannomutase

mg704 Flotillin domain protein crov44

mg712 Methyltransferase FkbM family

mg735 Ribonuclease H-like protein

mg737 Glycosyltransferase family

mg743 Asparaginyl-tRNA synthetase

mg779 Deoxyribodipyrimidine photolyase crov149

mg844 Tryptophanyl-tRNA synthetase

mg856 Exodeoxyribonuclease 7 large subunit crov048

mg862 Vacuolar sorting protein

mg863 Endotype 6-aminohexanoat-oligomer hydrolase

mg885 JmjC domain protein

into several small ORFs (R852 to R855)
flanking an inserted transposase (R854).
Finally, Megavirus exhibits one intact
photolyase gene (mg779) orthologous to
the crovl49 gene, while the ortholog to
the crovl15 genes is now split by a trans-
posase (mg401) into two ORFs: mg400
and mg402. The most parsimonious
explanation of this pattern is the presence
of two intact photolyase genes in the com-
mon ancestor of CroV, Mimivirus and
Megavirus, at the moment the sole fully
sequenced members of the Megaviridae
family."?
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Classifying the Megaviridae:
The Fourth Domain of Life
Controversy

The feasibility of deep phylogenetic tree
reconstruction from viral sequences is a
controversial issue. The traditional view,
mostly inherited from the study of bacte-
riophages, considers that (1) it is almost
impossible due to the rapid evolutionary
rate of viruses, (2) it is non-informative
because most of viral sequences are con-
tinuously horizontally transferred from
cellular (in particular hosts’) genomes. If
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Figure 2. Two reliable phylogenetic reconstructions positionning the Megavirus in a partial Tree of Life. As the quality of the multiple alignment is
essential to the reliability of the derived phylogeny, we only included the most similar proteins sequences of each clade in the analyses. (A) Position-
ning of the three closest Megavirus relatives using the largest clamp loader subunits. The multiple alignment (default options) and tree reconstruction
(neighbor joining on 312 ungapped position, JTT substitution model) was performed using the on the MAFFT server (mafft.cbrc.jp/alignment/server/).
The highly divergent bacterial homologs were not included, to preserve the quality of the multiple alignment. The deepest bootstrap values indicate
the total lack of affinity of the Megaviridae sequences with both the archaeal and eukaryotic domains. (B) Positioning of the three closest Megavirus
relatives using their largest ribonucleoside diphosphate reductase subunits. The multiple alignment (default options) and tree reconstruction (neigh-
bor joining on 735 ungapped position, JTT substitution model) was performed as above. This time, the highly divergent archaeal homologs were not
included, to preserve the quality of the multiple alignment. The deepest bootstrap values indicate a total lack of affinity of the Megaviridae with the
bacterial and eukaryotic domains. In contrast, the acquisition of the vertebrate gene by the chordopoxviruses is showing very clearly, serving as an
internal control that virus genes acquired by lateral transfer are indeed detectable. Amoebozoa sequences are indicated in (A and B) to emphasize that
the Megavirus/Mimivirus genes do not cluster with their host’s homologs or closest known relatives.

these criticisms are in part valid within
the world of prokaryotes, the situa-
tion appears to be not so hopeless for
eukaryotic viruses, and especially for
large double stranded DNA viruses. For
instance, genes specific to a virus family
fail to exhibit an accelerated evolution-
ary rate, compared with genes with more
broadly shared homologs."” Thus the lack
of similarity exhibited by a majority of
viral genes to cellular counterparts might
not be due to their rapid divergence, but
more simply to the fact that they have a
very ancient origin, within or outside the
eukaryotic domain. Also at odds with
the traditional view, some studies argue
against frequent genetic transfers to large
DNA viruses from their modern hosts.
The large genome sizes of these viruses
are not simply explained by an increased
propensity to acquire foreign genes.'®
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The notion of essential (“core”) genes,
already controversial for free leaving
organisms, as it depends on the richness
of the medium they are grown in, is even
more disputable for intracellular parasites
and specially viruses, that can easily rely
on host-provided biochemical and cellu-
lar functions. The ratchet-like process of
lineage-specific gene loss is thus expected
to shrink the subset of “core” genes com-
mon to all (DNA) viruses, as well as of
those shared with cellular genomes. The
absence of even a single gene both suf-
ficiently universal and sufficiently con-
served to serve as a reliable basis for the
building of a Tree of Life encompass-
ing all cellular organisms and viruses, is
bound to lead to endless controversies.®
Fortunately, some of the Girus genes
are conserved enough across two of the
three cellular domains, to be the basis of
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reliable phylogenetic reconstructions. In
Figure 2 we used two highly conserved
genes, both of them central to the process
of DNA replication: the large subunit of
the ribonucleoside diphosphate reductase
(the enzymatic bridge between RNA and
DNA), and the large replication factor
C (also known as the DNA replication
“clamp loader”). As for previously pub-
lished phylogenies build with different
genes (such as the three novel aaRS found
in Megavirus'), these reconstructions
correspond to a tree topology position-
ing the origin of giant viruses either at
the very root of the eukaryotic domain,
or downright outside of it. At this point,
interpreting such a topology as suggesting
a fourth domain vs. a very early split from
within the eukaryotic domain remains a
matter of personal belief and/or taste for
media exposure.
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