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Abstract

Most theories on viral evolution are speculative and lack fossil comparison. Here, we isolated a modern Pithovirus-like virus from
sewage samples. This giant virus, named Pithovirus massiliensis, was compared with its prehistoric counterpart, Pithovirus sibericum,
found in Siberian permafrost. Our analysis revealed near-complete gene repertoire conservation, including horizontal gene transfer
and ORFans. Furthermore, all orthologous genes evolved under strong purifying selection with a non-synonymous and synonymous
ratio in the same range as the ratio found in the prokaryotic world. The comparison between fossil and modern Pithovirus species
provided an estimation of the cadence of the molecular clock, reaching up to 3 x 10~ mutations/site/year. In addition, the strict
conservation of HGTs and ORFansin P. massiliensis revealed the stable genetic mosaicism in giant viruses and excludes the concept of a
bag of genes. The genetic stability for 30,000 years of P. massiliensis demonstrates that giant viruses evolve similarly to prokaryotes by

classical mechanisms of evolution, including selection and fixation of genes, followed by selective constraints.
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Introduction

The discovery of giant viruses generated a controversy about
their nature. Indeed, some hypothesized that they are a bag of
genes (Moreira and Lépez-Garcia 2009), robbing sequences
from their host without using them, and harboring pseudo-
genes or ORFans. Others believe that their mosaic nature and
size make these giant viruses a new branch of microbes, with
complexity comparable to that of Prokaryotes (Sharma et al.
2016), this theory arising from the discovery of virophages (La
Scola et al. 2008), transpoviron (Desnues et al. 2012), and
MIMIVIRE, an antivirophage defense system (Levasseur et al.
2016). However, to clarify the nature of giant viruses, a com-
parison between contemporary and ancient strains would be
decisive. Among the Megavirales representatives, Pithovirus
sibericum, a "living fossil,” was isolated from a 30,000-year-
old Siberian permafrost sample (Legendre et al. 2014, 2015).
Here, we describe the isolation, genome sequencing, and evo-
lutionary analyses of a contemporary species of Pithovirus,
named Pithovirus massiliensis. This present-day species was

compared with its fossil counterpart, P. sibericum. For the
first time, this species offers the opportunity to unambiguously
study the evolution of a giant virus family.

Materials and Methods

Sample Collection

Nine sewage samples were taken at La Ciotat, France, GPS
localization (N43.181834, E5.614423).

Samples were vortexed before direct inoculation into
Acanthamoeba castellanii strain Neff (ATCC number 30010),
used as host cells. We applied the coculture method used in
the previous works by Reteno et al. (2015), with the exception
that thiabendazole was replaced by voriconazole at a final
concentration of 20 pug/ml (Sigma-Aldrich). The detection of
the cytopathogenic effect was done by flow cytometry, as
described by Bou Khalil et al. (2016). Preliminary staining by
Hemacolor® Giemsa was performed in order to determine the
nature of the newly detected agent responsible for the lysis.
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Inoculation on Columbia and buffered charcoal yeast extract
(BCYE) agar plates was done to exclude bacterial
contamination.

Electron Microscopy

The lysed coculture suspensions were fixed in glutaraldehyde
before proceeding to electron microscopy. Ten microliters of
the fixed suspension was deposited on the carbon grids for
10 min afterglow discharge. Then, we contrasted the sample
using a 1% solution of ammonium molybdate. Images were
collected using a Tecnai G20 operating at 200 keV. ImageJ
software was used for viral particle measurements.

Production and Purification

An end-point dilution was performed for cloning (Pagnier
et al. 2013). We then started production of the virus with
fresh amoeba as previously described (Pagnier et al. 2013).
Briefly, 15 infected flasks of 150 cm? (Corning® cell culture
flask) were pelleted using the Beckman coulter® centrifuge
Avanti J-26XP at 14,000 x g for 30 min. A 25% sucrose gra-
dient was used for the final purification step. After finalizing
the production, we proceeded to genome sequencing.

Genomics and Evolutionary Analyses

Genomic DNA of P. massiliensis was sequenced using MiSeq
Technology (lllumina Inc., San Diego, CA) with the mate pair
strategy. The gDNA was barcoded in order to be mixed with
11 other projects with the Nextera Mate Pair sample prep kit
(llumina). The gDNA was quantified by a Qubit assay with the
high sensitivity kit (Life Technologies, Carlsbad, CA). The mate
pair library was prepared with 1 pg of genomic DNA using the
Nextera mate pair lllumina guide. The genomic DNA sample
was simultaneously fragmented and tagged with a mate pair
junction adapter. The profile of the fragmentation was vali-
dated on an Agilent 2100 BioAnalyzer (Agilent Technologies
Inc., Santa Clara, CA) with a DNA 7500 LabChip. The DNA
fragments ranged in size from 1 to 10kb. No size selection
was performed and only 14 ng of tagmented fragments were
circularized. The circularized DNA was mechanically sheared
to small fragments with an optimum at 696 bp on the Covaris
device S2 in microtubes (Covaris, Woburn, MA). The library
profile was visualized on a High Sensitivity Bioanalyzer
LabChip (Agilent Technologies Inc.). The libraries were normal-
ized at 2nM and pooled. After a denaturation step and dilu-
tion at 10pM, the pool of libraries was loaded onto the
reagent cartridge and then onto the instrument along with
the flow cell. Automated cluster generation and sequencing
runs were performed in a single 42-h run in a 2 x 251-bp.
Total information of 4.7 Gb was obtained from a 488 K/mm?
cluster density with a cluster passing quality control filter of
97.2% (9,590,000 clusters). lllumina reads were trimmed
using Trimmomatic (Bolger et al. 2014), then assembled
through Velvet software (Zerbino and Birney 2008). Finally,

the draft genome of P. massiliensis consists of 15 contigs.
Coding DNA sequences were predicted using Prodigal (Hyatt
et al. 2010), and functional annotation was achieved using
BLAST+ (Camacho et al. 2009) against the Non Redundant
database.

Protein sequences corresponding to all annotated ORFs for
the genome of P. sibericum were downloaded from NCBI.
Proteinortho software was used to detect orthologous pro-
teins using the following parameters: E-value 1e-5, 30% iden-
tity, 70% coverage (Lechner et al. 2011).

The two genomes of the Pithovirus strains were aligned
with the Multiple Alignment of Conserved Genomic
Sequence with Rearrangements software package (Darling
et al. 2004).

Genome comparison was calculated with the OrthoANI
program (Lee et al. 2016). The ratios of nonsynonymous
(dN) and synonymous (dS) nucleotide substitutions was calcu-
lated for each pair of orthologs using the maximum likelihood
model (MO, one ratio model) of the CODEML program in the
PAML v.4.9 package (Yang 2007). The genome sequence was
deposited in the EMBL/EBI database under accession number
PRIEB14764.

Results

Isolation of Modern Pithovirus Strains

Since the discovery of Acanthamoeba polyphaga mimivirus (La
Scola et al. 2003), giant viruses have been retrieved from
highly diverse environments, and consequently in researching
new protozoa-associated viruses, we have sampled different
natural environments, including sewage. By the end of the
final subculture for A. castellanii, we detected lysis of
amoeba cells by flow cytometry for 3/9 studied sewage sam-
ples. For one sample, analysis under light microscopy revealed
amorphic particles of a larger size, compared with the usual
viruses found in routine coculture after amoebae lysis. The
absence of growth on agar plates hypothesized the possible
presence of a rod-shaped virus or a strict intracellular bacte-
rium. Negative staining showed typical particles of the genera
Pithovirus of 1.4+0.2 um (Legendre et al. 2014). The typical
form of the cork structure clearly indicated that we had
Pithovirus-like particles and this giant virus was named P. mas-
siliensis (fig. 1).

The Genomic Content of a Modern Pithovirus Reveals Its
High Degree of Conservation

The genome of P. massiliensis was sequenced and assembled
into one major scaffold (683 kbp) with a G+ C content of
35%, similar to that of P. sibericum. We identified 520
genes representing a coding capacity of 439 kbp. In order
to compare the genomic content between P. sibericum and
P. massiliensis, we searched for all orthologous genes. A total
of 437/467 genes found in P. sibericum were retrieved in P.
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Fic. 1.— Pithovirus massiliensis. (A) Negative staining of the newly isolated P. massiliensis culture supernatant, showing the virus in its typical aspect of a
thick electron dense envelope composed of stripes perpendicular to the surface. (B) Higher magnification of a P. massiliensis particle showing the particularity

of its “cork”, composed of a highly regular hexagonal honeycomb-like grid.

Pithovirus sibericum

] N R T T TR RN T T T T )

Pithovirus massiliensis

o T e R E e

Fic. 2.—Comparison of the genome organization between P. massiliensis and P. sibericum.

massiliensis. The proportion of orthologous genes reached
~93.5% of the genome content of P. sibericum. Thirty and
58 genes were unique to P. sibericum and P. massiliensis, re-
spectively (supplementary table S1, Supplementary Material
online). Among these genes, most of them are short-length
hypothetical proteins. Among the unusual features in the ge-
nomes of Megavirales, the number of ORFans is exceptionally
elevated (Legendre et al. 2015). Interestingly, all these ORFans
were conserved in P. massiliensis. Moreover, the resulting av-
erage nucleotide identity (ANI) values place P. massiliensis and
P. sibericum together with an ANI of 83.6%. Concerning the
whole genome organization, alignment of the Pithovirus
genome sequences between P. massiliensis and P. sibericum
showed a globally similar genomic arrangement (fig. 2). We
obtained seven locally collinear blocks, the shortest block was
11.7 kbp and the longest was 262.7 kbp. These conserved
synteny blocks between the old and modern strains highlight
the stability of the genomes. Only one large-scale genomic
rearrangement was evidenced, with the translocation of a
segment of 125kb. We also detected an inversion between
two blocks. In summary, the genome rearrangements be-
tween P. massiliensis and P. sibericum are few and the

global genomic architecture is conserved between both spe-
cies. Despite the time divergence between both species, their
gene content is closely related at the genome scale, indicating
a stable genomic species.

P. massiliensis Evolves under Strong Purifying Selection

Evolutionary biology is based on the principle of inheritance
followed by selection. Evolution is driven by natural selection;
positive selection as well as random drift (Levasseur et al.
2007). A fundamental measure of the relative importance of
selection and genetic drift in causing amino acid substitutions
is dN/dS ratio. The ratio of dN to dS changes between species
is commonly computed to assay the strength and direction of
selection. The variation of the dN/dS values is supposed to
reflect the disparity of the purifying selection pressure that
affects the evolution of microbes. In order to measure the
divergence between P. sibericum and P. massiliensis, we mea-
sured the dN/dS ratio between all orthologous genes. All these
orthologous genes were aligned and their dN/dS values were
calculated. The mean dN/dS for Pithovirus was 0.11 (SD=0.1)
(supplementary table S2, Supplementary Material online).
Globally, our results (dN/dS < 1) indicate that all genes are
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constrained by strong selective pressure, and selection against
dN substitutions has definitely operated. These results indicate
that Pithovirus species evolved slowly, and the genomic con-
tent is conserved even after thousands of years, with selective
pressure on the conserved genes. The rate at which a gene
evolves is related to its function (Wang et al. 2011), and such a
genetic conservatism in Pithovirus strains point to the central
conclusion that all genes are functional and that they are bi-
ologically active.

In addition to the conservation of ORFans in their genomes,
we also found that all ORFan genes in Pithovirus evolved under
purifying selection. Evolutionary analyses of ORFan genes in
closely related species are useful for the identification of both
rapidly/slowly evolving and incorrectly annotated genes
(Schmid and Aquadro 20071). Consequently, the massive
number and the strong selective pressure occurring on the
ORFans in Pithovirus clearly mean that they are accumulating
nonrandomly and that they are biologically relevant. In order
to estimate the dN/dS ratio found between P. sibericum and P.
massiliensis in other microbial organisms, we compared the
rate with 37 closely related prokaryotic genomes (Novichkov
et al. 2009). The dN/dS ratio of Pithovirus was in the same
range as the ratio found in the prokaryotic world (fig. 3).
Consequently, Pithovirus evolved as other microbial organ-
isms, by the classical mechanisms of evolution, with selection
and fixation of genes followed by selective pressure con-
straints (Slimani et al. 2013).

The Comparison between Fossil and Modern Pithovirus
Strains Yields Insight into the Cadence of Evolution in
Giant Viruses

The sequencing of the modern P. massiliensis offers the op-
portunity to estimate a molecular clock in giant viruses. In
order to estimate the molecular clock, we determined the
number of neutral substitutions occurring in all orthologous
gene pairs between P. massiliensis and P. sibericum. As a time
reference, the genetic divergence between both strains was
correlated to the 30,000-year-old dated Siberian permafrost.
Based on the comparison between Pithovirus strains, we esti-
mated a maximum substitution rate of 2.6 x 107> substitu-
tions/site/year. According to the dN/dS ratio (0.11), we
estimated a maximum mutation rate of 3 x 107° muta-
tions/site/year. The substitution rate of P. massiliensis was
compared with other groups of viruses including DNA and
RNA viruses. The substitution rate of P. massiliensis was
lower than that of RNA viruses that fall in the range of 1072
to 107> substitutions/site/year with most of RNA viruses ex-
hibiting rates within one order of magnitude of 10~ substi-
tutions/site/year (Duffy et al. 2008; Holmes 2009). dsDNA
viruses of animals have usually far lower rates of substitution
(107> to 10~ substitutions/site/year) than RNA viruses and P.
massiliensis fall into this category. On the contrary, the

substitution rate of P. massiliensis is lower than ssDNA viruses
that approach that observed in their RNA counterparts.

P. massiliensis lllustrates the Stable Genetic Mosaicism in
Giant Viruses

In Megavirales, the numerous genes acquired from eukaryotic
and bacterial sources suggest that horizontal gene transfer
(HGT) is an important process in the evolution of its genome
(Moreira and Lopez-Garcia 2009; Filée and Chandler 2010).
The amoeba ecosystem promotes HGT acquisition by promis-
Cuity between viruses with other intracellular microorganisms,
and the annotation of P. sibericum identified 103 HGT from
nonviral origins (i.e., bacteria and Eukaryota) (Boyer et al.
2009; Moliner et al. 2010; Raoult and Boyer 2010; Legendre
etal. 2014). Interestingly, all of these genes were conserved in
P. massiliensis (supplementary table S3, Supplementary
Material online). The GC percent of the bacterial HGT genes
in P. massiliensis was compared with the GC-percent of the
donor genes. As expected, the GC-percent of these genes was
progressively adapted to the average total GC content of the
viral recipient (supplementary table S4, Supplementary
Material online). The conservation of genes originating from
HGT indicated both the stability of these genes and once
more, their essentiality. In light of these results, Pithovirus is
able to select its genes acquired from HGT, followed by their
long-term fixation and progressive adaptation to viral codon
usage. These results clearly reject the concept of a “bag of
genes” in which giant viruses are described as simple carriers
of genes resulting from erratic capture from different hosts.

Discussion

The emergence of giant viruses, with the discovery of the
Mimivirus, raises fundamental questions about the origin
and place of this group in the living world. With a much
larger genome size than a number of bacteria and archaea,
these giant viruses have been described as a bag of genes. For
the first time, we have demonstrated that, on the contrary,
the genomic content was conserved for 30,000 vyears.
Furthermore, our work has shown that the acquired genes
from HGT were highly conserved, as well as the ORFans. These
results demonstrate that the mosaic genome of Pithovirus cre-
ated from genes of Megavirales (core genome), from gene
acquisition and from HGT, constitute a functional set con-
served over a long time period. The high degree of conserva-
tion between our modern Pithovirus and its fossil counterpart
raised the question of the potential contamination of the per-
mafrost sample and the true nature of P. sibericum. In the
initial work, replicates have been performed using two inde-
pendent pieces of Siberian permafrost and similar results for
Pithovirus isolation were obtained (Legendre et al. 2014).
Moreover, we excluded the possibility of sample contamina-
tion according to the very low success rate of Pithovirus isola-
tion according to our screening procedures. So far, we
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Fic. 3.—Estimation of the dN/dS ratio between closely related strains.

screened more than 210 samples for viral infection from var-
ious environments and using its amoebal host A. castellanii. At
last, we isolated Pithovirus strains in only one case. This rare
event makes improbable a large contamination by Pithovirus
strains.

Our results showed that at least one family in giant viruses
and most probably others Megavirales families evolve similarly
to prokaryotes. The rate of mutation is known to be propor-
tional to the genome size and the large 683 kbp-length
genome of P. massilensis is correlated to the low rate (Gago
et al. 2009; Lynch 2010). Our conclusion could be further
strengthened by the direct or indirect affiliation of Pithovirus
strains. Indeed, we hypothesized that P. massiliensis is the
direct descendant of P. sibericum. However, Pithovirus family
were probably well-diversified 30,000 years ago and these
two giant viruses could have evolved from a common ancestor
that lived before this date. Thus, we must consider that both
viruses are separated by at least 30,000 vyears, and
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substitutions rates could be overestimated meaning that the
degree of conservation could even be more conserved.

Our results are comparable to the dS-to-dN substitution
ratios estimated in large DNA viruses in which the vast majority
of family-specific genes do not exhibit an accelerated evolu-
tionary rate demonstrating the functionality of peptides
(Ogata and Claverie 2007; Doutre et al. 2014). Furthermore,
some bacteria including obligate parasites with dramatic
genome shrinkage could have higher dN/dS ratio than P. mas-
siliensis (Novichkov et al. 2009; Lynch 2010). For instance, the
intracellular Rickettsia sp. or Helicobacter sp. have a dN/dS
mean of 0.147 and 0.144, respectively. These results indicated
that the small bacterial genome of Rickettsia sp. (1.3 Mbp) and
Helicobacter sp. (1.6 Mbp) could evolve more rapidly than
giant viruses with larger genomes. The substitution rate of
P. massiliensis revealed a slow evolutionary change in the
range of some DNA viruses but far slower than RNA viruses.
Most estimates of substitution rate support that viruses with

Genome Biol. Evol. 8(8):2333-2339.  doi:10.1093/gbe/evw153  Advance Access publication July 7, 2016

2337


Deleted Text: <italic>Acanthamoeba</italic> 
Deleted Text: shown 
Deleted Text: synonymous
Deleted Text: nonsynonymous
Deleted Text: , 
Deleted Text: , <xref ref-type=

Levasseur et al.

GBE

an RNA stage should evolve quicker than those with only DNA
stages (Duffy et al. 2008; Holmes 2009). However, exceptions
to the DNA and RNA viruses dichotomy were evidenced and
blurred the boundary of substitutions rate in these groups
(Salemi et al. 1999; Vandamme et al. 2000; Switzer et al.
2005). For dsDNA viruses of animals, rates of evolutionary
change are frequently estimated under the assumption that
these viruses have codiverged with their hosts, providing a
molecular clock calibration. Based on this assumption, remark-
able low evolutionary rate in the range of 10~ substitution/
site/year were evidenced for gammaherpesviruses of verte-
brates (McGeoch and Gatherer 2005; Duffy et al. 2008;
Holmes 2009). Comparing to ssDNA, the substitution rate
of P. massiliensis is lower than ssDNA viruses.

In light of these results, the position of giant viruses in the
living world must be reconsidered, and requires a profound
reassessment of their classification. Finally, the presence of
contemporary giant viruses, strictly comparable to fossil
giant viruses, suggests that, for this viral group, there is no
potential threat in the context of the resurrection of prehistoric
human-infecting giant viruses, as previously suggested
(Legendre et al. 2015).

Supplementary Material

Supplementary tables S1-S4 are available at Genome Biology
and Evolution online (http:/Avww.gbe.oxfordjournals.org/).
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