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Morphological and Genomic
Features of the New Klosneuvirinae
Isolate Fadolivirus IHUMI-VV54

Julien Andreani'*", Frederik Schulz?!, Fabrizio Di Pinto’, Anthony Levasseur’,
Tanja Woyke? and Bernard La Scola™

'Aix-Marseille Université, IRD, APHM, MEPHI, IHU Méditerranée Infection, Marseille, France, 2DOE Joint Genome Institute,
Lawrence Berkeley National Laboratory, Berkeley, CA, United States

Since the discovery of Mimivirus, viruses with large genomes encoding components
of the translation machinery and other cellular processes have been described as
belonging to the nucleocytoplasmic large DNA viruses. Recently, genome-resolved
metagenomics led to the discovery of more than 40 viruses that have been grouped
together in a proposed viral subfamily named Klosneuvirinae. Members of this group
had genomes of up to 2.4 Mb in size and featured an expanded array of translation
system genes. Yet, despite the large diversity of the Klosneuvirinae in metagenomic
data, there are currently only two isolates available. Here, we report the isolation of a
novel giant virus known as Fadolivirus from an Algerian sewage site and provide
morphological data throughout its replication cycle in amoeba and a detailed genomic
characterization. The Fadolivirus genome, which is more than 1.5Mb in size, encodes
1,452 predicted proteins and phylogenetic analyses place this viral isolate as a near
relative of the metagenome assembled Klosneuvirus and Indivirus. The genome
encodes for 66 tRNAs, 23 aminoacyl-tRNA synthetases and a wide range of
transcription factors, surpassing Klosneuvirus and other giant viruses. The Fadolivirus
genome also encodes putative vacuolar-type proton pumps with the domains D and
A, potentially constituting a virus-derived system for energy generation. The successful
isolation of Fadolivirus will enable future hypothesis-driven experimental studies
providing deeper insights into the bioclogy of the Klosneuvirinae.

Keywords: Vermamoeba vermiformis, giant virus, translation components, Mimiviridae, ATPase subunits,
Klosneuvirinae, Fadolivirus

INTRODUCTION

In 2003, with the first description of Mimivirus (La Scola, 2003), viruses were revealed to
be more complex entities than previously thought and with extraordinary properties, e.g.,
numerous tRNAs, aminoacyl-tRNA synthetases (aaRS) and themselves being infected by
virophages (La Scola et al., 2008; Gaia et al,, 2014). In terms of capsid size, as well as gene
content, this first discovery created a paradigm shift and shattered extant viral definition
(Forterre, 2016; Colson et al., 2017). 18years later, giant viruses with ovoid forms, even
larger genome sizes, and viruses with no capsid have been discovered with the successive
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isolations of Pandoraviruses (Philippe et al., 2013; Antwerpen
et al, 2015; Aherfi et al., 2018; Legendre et al, 2018),
Pithoviruses (Legendre et al,, 2014; Levasseur et al., 2016),
Cedratviruses (Andreani et al., 2016; Bertelli et al., 2017;
Silva et al., 2018; Rodrigues et al., 2018a; Boudjemaa et al,,
2020), and Orpheovirus (Andreani et al., 2018). In addition,
the description of Meelsvirus revealed that these potential
viruses can take extremely varied forms and are associated
with a complex formation of their capsids (Shinn and Bullard,
2018). These large viruses share a common origin and a
novel name has been proposed: Nucleocytoviricota (replacing
the term nucleocytoplasmic large DNA viruses (NCLDV;
Koonin et al., 2020).

In parallel, advances in (meta) genomic sequencing of viruses
expanded rapidly (Verneau et al, 2016; Schulz et al, 2017,
2018, 2020; Wilson et al., 2017; Moniruzzaman et al., 2020a,b).
In 2017, a metagenomic study reported the detection and genome
reconstruction of four new viruses affiliated with the Mimiviridae
which encoded expanded protein biosynthesis components,
Klosneuvirus, Indivirus, Catovirus, and Hokovirus, proposed
as a sub-family, Klosneuvirinae (Schulz et al., 2017). Just 1year
later, the diversity of this unexplored viral group was further
expanded with the discovery of seven additional metagenome
assembled viruses from soil (Schulz et al., 2018) and the first
isolate affiliated with the Klosneuvirinae, Bodo saltans virus
(Deeg et al., 2018). In contrast to many other members of the
Klosneuvirinae, Bodo saltans virus encodes for only two functional
aminoacyl-tRNA synthetases (aaRS) and no tRNA. In the
meantime, two novel members of the Mimiviridae were isolated,
Tupanvirus soda lake and Tupanvirus deep ocean, possessing
70 tRNA and 20 aaRS, and similar and slightly more complete
translational components than the metagenomic Klosneuvirus
(Abrahdo et al., 2018). Tupanviruses do not group with the
Klosneuvirinae but with the Megamimivirinae, sharing a
hypothetical ancestor with the three lineages of Mimiviruses
A, B, and C (Rodrigues et al,, 2018b). The first isolate of the
Klosneuvirinae that had an expanded set of translation system
genes was the icosahedral virus in Vermamoeba vermiformis,
named Yasminevirus (Bajrai et al, 2019). Its genome is one
of the largest in the Mimiviridae with 2.1Mb and possesses
various components of a complete translation system. The
discovery of these viruses has opened up new perspectives
regarding their evolution in relation to eukaryotes. Recently,
metagenomic has revealed the widespread presence of energy
metabolism encoded in the Nucleocytoviricota, such as
photosynthesis genes and enzymes playing roles in glycolysis
among others (Schulz et al., 2020; Moniruzzaman et al., 2020a).

In this study, we report the isolation and detailed description
of the closest relative of the metagenomic Klosneuvirus from
an Algerian sewage sample, representing the third viral isolate
of the Klosneuvirinae. Our study provides information on
the viral replicative cycle and host range, as well as its
phylogeny and genomic features, revealing a more complete
picture of the Klosneuvirinae. Our isolate contributes toward
establishing an experimental framework of viral strains that
may be used to study the biology of this diverse subfamily
of the Mimiviridae.

MATERIALS AND METHODS

Sample Collection and Virus Isolation
Samples from which the virus was isolated were part of a
study aiming to evaluate giant virus diversity in north-west
Algeria (Boudjemaa et al., 2020). Briefly, a sample was collected
from sewage in Sidi Bel Abbes (Algeria) on the September 1,
2017. As previously reported (Geballa-Koukoulas et al., 2020,
2021), we used Vermamoeba vermiformis stain CDC19 as cell
support. The amoebae were harvested after 48h of culture in
peptone yeast extract glucose medium (Eurobio, France) when
a concentration of 1.10° amoebae/mL was reached. Cells were
then rinsed twice in homemade Page’s Amoeba Saline and
pelleted at 700 x g for 10min. The amoebae were then resuspended
in the starvation medium (Reteno et al., 2015). A cell suspension
of 500l per well was distributed onto a 24-well plate. The
samples were vortexed, and 50pl was added to each well
Remaining wells served as negative controls. The plate was
incubated at 30°C for 4days in order to monitor any potential
cytopathic effect. This co-culture was repeated twice in the
same order.

Host Range Survey

Multiple hosts were tested by inoculation of Fadolivirus on
Vermamoeba vermiformis (ATCC® 50237, initial support of
isolation),  Vermamoeba  vermiformis  strain  chuvl72,
Acanthamoeba  castellanii  strain Neff (ATCC® 30010),
Acanthamoeba polyphaga strain Linc-AP1, Acanthamoeba royreba
strain Oak ridge (ATCC® 30884), Disctyostelium discoideum
(ATCC® 44841), the flagellated alga Tetraselmis sp. (IHU isolate),
and the protist Cafeteria roenbergensis (IHU isolate). The lytic
events were monitored by observations under an inverted
microscope, as described for Tupanvirus (Abrahdo et al., 2018),
for 5days.

Flow Cytometry Analyses

According to previously described protocols (Khalil et al., 2016;
Andreani et al, 2017), we centrifuged the viral supernatant
at 700x g for 10min, added a 1:100 SYBR green dye dilution
(SYBR green I nucleic acid gel stain; Molecular Probes, Life
Technologies), and then heated the mixture at 80°C for 3 min.
Stained viral populations were acquired on a BD LSR Fortessa
(BD Biosciences) cytometer and compared with previously
recorded gates for known viral isolates on FlowJo software.

Electron Microscopy Observations

We used protocols similar to previous studies (Andreani et al.,
2016, 2017) for embedding and transmission electron microscopy.
The only difference was the infection time points at which
the samples were collected. The time points were 0, 4, 8, 12,
16, 20, 24, and 36h post-infection. Microscopy was performed
using a Tecnai G20 electron microscope (FEI, Germany) operating
at 200keV, and the size of the particles was measured using
Image].!
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Viral Production and Purity Control

We successively inoculated diluted viral supernatant on
V. vermiformis at a dilution factor of 10 in order to clone the
virus before its production. End point dilution was assessed
for 5days and the lysis was controlled by inverted microscopy.
For the production and purification processes, 15 flasks of
150 cm? (Corning®, Corning, NY, United States) were infected.
After 4days, we filtrated all the supernatants from flasks using
0.8pum filters. The filtrate supernatant was then pelleted using
the Beckman coulter® Optima™ XPN-80 - IVD (Beckman,
France) at 50,000 x g for 30min. A 25% sucrose gradient was
used for the final purification step. After finalizing production,
we extracted DNA by using the EZ1 Advanced XL device
(Qiagen, Courtaboeuf, France).

Genome Sequencing and Genome
Assembly

Genomic DNA of Fadolivirus was sequenced on the MiSeq
platform (Illumina Inc., San Diego, CA, United States) using
a paired end strategy. In order to pool the sample with 18
other genomic projects for sequencing, a barcoded library was
created using the Nextera XT DNA sample prep kit (Illumina).
In detail, Fadolivirus gDNA was quantified using a Qubit assay
using the high sensitivity kit (Life technologies, Carlsbad, CA,
United States). DNA concentration was 5.7ng/pl. To prepare
the paired end library, the gDNA was diluted to provide 1ng
of input. The “tagmentation” step fragmented and tagged the
DNA. A limited cycle PCR amplification (12 cycles) completed
the tag adapters and introduced dual-index barcodes. After
purification on AMPure XP beads (Beckman Coulter Inc.,
Fullerton, CA, United States, the libraries were normalized on
specific beads according to the Nextera XT protocol (Illumina).
Normalized barcoded libraries were then pooled into a single
library for sequencing on the MiSeq. The pooled single strand
library was loaded onto the reagent cartridge and the instrument
along with the flow cell. Automated cluster generation and
paired end sequencing with dual index reads were performed
in a single 39-h run in 2 x 250-bp. A total of 8.5Gb of Fadolivirus
genomic sequence was obtained from a 927,000 cluster density
per mm® with a cluster passing quality control filters of 94.1%
(16,738,000 clusters). Within this run, the index representation
for this virus was determined to represent 6.8%. To improve
the Fadolivirus assembly, a Minlon Oxford Nanopore run
was performed.

The Oxford Nanopore approach was performed on 1D
genomic DNA sequencing using the Minlon device and
SQK-LSK108 kit. The sequencing library was constructed
using 1.5pg genomic DNA previously extracted without
fragmentation and end repair. Adapters were ligated to both
ends of genomic DNA. After purification on AMPure XP
beads (Beckman Coulter Inc., Fullerton, CA, United States),
the library was quantified by a Qubit assay with the high
sensitivity kit (Life technologies, Carlsbad, CA, United States).
Approximately 20ng of the tethered library was loaded on
the flow cell via the SpotON port. 317 active pores were
detected for sequencing and the WIMP workflow was chosen

for live bioinformatics analysis. After 36h of run time and
end life of the flow cell, 13,136 raw reads were generated.
The software EPI2ME lead to 13,122 analyzed viral sequence
reads totaling 30.3Mb, with an average length of 2,305kb
and a maximum read length of 32,328 bp.

Paired-end Illumina reads and Minion reads were de novo
assembled using the hybridSPAdes algorithm (Antipov et al.,
2016). We obtained two scaffolds representing a total size of
1,595,395bp with an average read coverage of 121-fold for the
first scaffold and 102-fold for the second.

Genome Analysis

Gene predictions were computed using Prodigal (Hyatt et al,,
2010). We deleted 49 predicted proteins of fewer than 50 amino
acids, or which had abnormal tri-dimensional folding (from
50 to 99 amino acids), as detected by Phyre2 (Kelley et al,
2015). Protein blast was performed against the non-redundant
(nr) protein database. Annotation was performed using a
combination of Interpro https://www.ebi.ac.uk/interpro/search/
sequence-search version 69.0, a CD-search tool online (Marchler-
Bauer and Bryant, 2004) and delta-blastp (Boratyn et al., 2012).
tRNA prediction was computed online (Lowe and Chan, 2016)
with the eukaryotic model parameter.

Comparative Genomics

Orthofinder (v2.4; Emms and Kelly, 2015) was used to infer
orthogroups from published genomes of representatives of all
established Mimiviridae lineages and estimated high-quality
giant virus metagenomes assembled genomes affiliated with
the Klosneuvirinae. Further, Interproscan (v5.0; Jones et al,
2014) was employed to assign PFAM-A domains (v33.0; El-Gebali
et al, 2019) to giant virus proteins. GenoplotR (Guy et al,
2010) was used to visualize genome synteny of conserved blocks
that were inferred with Mauve (v2.4; Darling et al., 2004) in
pairwise comparisons between genomes of selected members
of the Mimiviridae and Fadolivirus.

Genome Deposition Into Data Repository
The two scaffolds of Fadolivirus IHUMI-VV54 are available
on the NCBI website under accession numbers MT418680.1
and MT418681.1.

Phylogenetic Analysis—Species Tree

To infer the phylogenetic position of Fadolivirus in the
Mimiviridae, five conserved NCLDV proteins (Yutin et al.,
2009) were selected: DNA polymerase elongation subunit family
B (NCVOGO0038), D5-like helicase-primase (NCVOG0023),
packaging ATPase (NCVOG0249), and DNA or RNA helicases
of superfamily IT (NCVOG0076) and Poxvirus Late Transcription
Factor VLTF3-like (NCVOGO0262), and identified with
hmmsearch (version 3.1b2, hmmer.org). Protein sequences were
extracted and aligned using mafft-lins (Katoh and Standley,
2016). Gapped columns in alignments (<10% sequence
information) and columns with low information content were
removed from the alignment with trimal (v1.4; Capella-Gutiérrez
et al., 2009). Protein alignments were then concatenated to a
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supermatrix and a species tree of the Mimiviridae was built
with 1Q-tree (v2.03) with LG + F + R6 (Nguyen et al., 2015).
The species tree was then visualized using iTOL v6 online
(Letunic and Bork, 2016).

Phylogenetic Analysis - Protein Trees

Phylogenetic analyses for ATPases were conducted as follows.
Blastp was used to find 39 close homologous proteins, and
amino acid sequences were then aligned using the MUSCLE
program (Edgar, 2004). The Mega 6.0 software was used with
standard parameters using the maximum likelihood method
with 1,000 bootstrap replicates and the Jones-Taylor-Thornton
model for amino acid substitution. Phylogenetic trees were
then visualized using iTOL v6 online (Letunic and Bork, 2016).

RESULTS

Isolation of a Novel Giant Virus and Host
Range Test

Co-culture steps were performed on 64 samples on the amoeba
Vermamoeba vermiformis strain CDC19 (Boudjemaa et al,
2020). Cell lysis was observed using an inverted optical
microscope, with obvious lysis in well 54. Flow cytometry

allowed us to detect a single novel population in our gating
strategy (Khalil et al., 2016), with a high value of fluorescence
compared to the side scatter fluorescence (Figure 1). We tried
to infect various potential alternate hosts with this virus,
specifically ~ Vermamoeba  vermiformis  strain  chuvl72,
Acanthamoeba castellanii strain Neft, Acanthamoeba polyphaga
strain Linc-AP1, Acanthamoeba royreba strain Oak ridge,
Dictyostelium discoideum, the flagellated alga Tetraselmis sp.,
and the protist Cafeteria roenbergensis. Fadolivirus was only
able to infect Vermamoeba vermiformis strain CDC19, suggesting
a narrow host range. No cytopathic effects were observed using
optical microscopy for any of these potential hosts.

Ultrastructure of Fadolivirus and
Replication Cycle

Fadolivirus particles are icosahedral with a diameter of about
300nm (n=21) on ultrathin sections. Multiple layers of high-
density electrons (proteinaceous) were visible comparable to
those described for Mimivirus, Yasminevirus and Bodo saltans
virus (Deeg et al., 2018; Bajrai et al., 2019). The replication
cycle of Fadolivirus showed classical NCLDV stages of infection
and replication in V. vermiformis and small-sized fibrils were
sometimes distinguishable in the periphery of the viral particles,
as observed in Yasminevirus. Briefly, the replication cycle begins
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FIGURE 1 | Observation of virus isolate VW54 sample on flow cytometry superimposed with that of other known viral isolates. Flow cytometry dot plot showing
different viral profiles, in SSC (side scatter) versus FITC (Fluorescein isothiocyanate) SYBR green DNA contents, distinguishable at the levels of capsid shape (optical
properties) and DNA components. For the sample V54, the single viral population (Fadolivirus) is shown in red. For comparison, gates from previous isolates of
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with the virus entry by phagocytosis. Next, particles escape
the phagosomal process. DNA delivery occurs in the amoeba
cytoplasm via the apex of the icosahedral virus (Figures 2A,B).
After cytoplasmic liberation of the virus, an eclipse phase is
observed. After 12h, viral factories are assembled within some
amoeba (Figure 2C) and 16h post-infection (Figure 2D), nearly
all cells present a well-established viral factory. While the
Fadolivirus factory resembles that described for Mimivirus
(Suzan-Monti et al., 2007), we found a singular element in
the filling of the capsid. Indeed, after the synthesis of the
icosahedral structure by the factory, the pseudo-ovoidal structure
becomes increasingly dense and round inside this neo-formed
capsid (Figures 2F,G). This step seems to be different compared
to observations in Mimivirus. Finally, this gives the particle
its mature aspect with a highly dense core. At 20h post-infection
(Figure 2E) and 24h post-infection (Figure 2H), the host
cells’ cytoplasm is fully occupied by newly synthesized virions.
Cell burst begins 24h post-infection and is completed 36h
after the viral infection.

Genomic Features of Fadolivirus

The Fadolivirus genome assembled into two scaffolds with a
total length of 1,595,395bp (with 1,573,504bp for scaffold 1
and 21,891bp for scaffold 2; Table 1), encoding 1,452 genes
of which 1,428 were on the larger scaffold, here referred to
as the major scaffold. A megablast of the major scaffold against
the nucleotide collection in the NCBI database revealed matches
to Indivirus, Klosneuvirus, Catovirus, and Tupanviruses. A
whole genome alignment showed that numerous blocks were
conserved between Fadolivirus, Klosneuvirus KNV1 and Indivirus
ILV1 (Figure 3). However, when aligned to the genome of
Bodo saltans virus, the proportion of shared sequences decreased
notably (data not shown).

A blastp comparison of Fadolivirus proteins to the NCBI
nonredundant database (nr) revealed the presence of 256 ORFans
without any matches in nr (x17,6% of all predicted proteins),
552 hits with Klosneuvirus KNV1 (x38% of all predicted
proteins), 223 with Indivirus ILV1 (x15,4% of all predicted
proteins), 24 with Catovirus CTV1, 21 with Hokovirus HKV1
and 24 with Tupanvirus strain deep ocean, 23 with Tupanvirus
soda lake, and only 59 with other viruses. We also obtained
111 best hits to eukaryotic and 151 to bacterial and archaeal
proteins. Based on the results of this analysis, it becomes
evident that the gene content of Fadolivirus is most similar
to that of Klosneuvirus. The Fadolivirus genome encodes 66
tRNAs that belong to 19 different types and represent 35
different anticodons (Table 1; Supplementary Material S1).
Twenty-five were described for the Klosneuvirus KNV1 genome
and only one for Indivirus ILV1 (Table 1). Similar to what
has been described for other Klosneuvirinae (Schulz et al,
2017, 2018), Fadolivirus encoded a comprehensive set of
translation system components consisting of various translation
initiation factors (eIF4G, E elIF-5A, B for example), elongation
factors (aef-2), and a termination factor (Rho domain).

As previously observed in members of the Klosneuvirinae
and in particular in Bodo saltans virus, there were numerous

FIGURE 2 | Ultrathin section of the replication cycle of Fadolivirus IHUMI-
VW54, Scale bars are indicated under each panel. (A, B) were observed
during viral entry at Oh and two hours post-infection. (C) Represents a
section of Vermamoeba vermiformis 12h post-infection. (D) High
magnification of a viral factory 16 h post-infection. (E) New virus produced
20h post-infection. (F, G) White arrows indicate icosahedral capsid with ovoid
points intra-capsidic localization. (H) Intra-cytoplasmic viruses observed 24 h
post-infection.

gene duplication events (102 clusters with than two proteins)
in the Fadolivirus genome of which only 18 clusters had
predicted functions. Thirteen of the duplicated genes were
homologous to the capsid protein. More detailed analyses
revealed that two ORFs encoded a putative major capsid
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TABLE 1 | Morphological and genome characteristics of members of selected Klosneuvirinae and Tupanviruses.

Virus Fadolivirus Yasminevirus Klosneuvirus Catovirus Hokovirus Indivirus Bodo saltans  Tupanvirus Tupanvirus
IHUMI virus soda lake Deep ocean

Morphological Icosahedral Icosahedral Unk Unk Unk Unk Icosahedral Icosahedral Icosahedral

features capsid capsid capsid capsid with capsid with

a tail a tail

Genome size (Mbp) 1.59 212 1.57 1.58 1.33 0.86 1.38 1.43 1.51

GC content (%) 27.10 40.2 28.6 26.4 21.4 26.6 25.3 29.4 29.1

tRNA 66 70 25 3 0 1 0 67 70

Scaffolds 2 2 16 2 5 18 1 1 1

CDS 1,452 1,541 1,645 1,427 1,022 744 1,207 1,276 1,359

aaRS 23* 20 19 15 3 10 (3*+2) 20 20

CP 11 5 9 Und Und Und 4 3 3

Unk, Unknown; CR, capsid protein; Und, Undetermined. homologous proteins of capsid proteins.*3 in Bodo saltans virus, three aaRS are suggested to represent pseudogenes.

*a Glutaminyl-tRNA synthetase is split into two proteins by an HNH endonuclease.

" |
Indivirus I I | T | T 1 |
Fadolivirus [ N ) 1 I | | I | | T ]
i | L Il I 1 | |
Klosneuvirus 100 kb
Mimivirus Kroon -} Iullllllll\l 1 | T |
MegaV|rUS T1 ey . '&\ I
Moumouvirus goulette N /R R ARSI b |
100 kb
Tupanvirus Deep Ocean 0000 A LA
Tupanvirus Soda Lake —Rummi s e w m_L i
200 kb
FIGURE 3 | Block synteny comparison between Fadolivirus and other Klosneuvirinae genomes. Conserved genomic regions (Mauve conserved blocks) between
Fadolivirus and its closest relatives, Klosneuvirus and Indivirus. Contigs in Indivirus and Klosneuvirus have been reordered based on the Fadolivirus genome. For
comparison, conserved regions are also shown between selected members of the proposed subfamily Megamimivirinae, including Tupanviruses.

protein (MCP) split by 35 nucleotides and six others were
predicted to represent other MCP (Supplementary Material S1).
The in-depth in silico analysis further led to the exclusion
of a putative capsid which was predicted as a probable Zinc
finger (NCBI QKF94282.1) domain containing protein. No
other Klosneuvirinae genome encodes that many (11) capsid

proteins. Other conserved NCLDV hallmark genes (Koonin
and Yutin, 2010) were also present in multiple copies in the
Fadolivirus genome, including the protein predicted to encode
the VV-D5 helicase homologues and the A32 packaging ATPase
and mRNA capping enzyme with three and four copies,
respectively.
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In contrast to other members of the Klosneuvirinae,
Fadolivirus encodes proteins that may play a role in modulation
of host cell processes (as for BAG domain-containing protein),
vesicular transport as the soluble N-ethylmaleimide-sensitive
factor (NSF), pyrimidine metabolism (dihydroorotate
dehydrogenase 1A, orotidine 5’'-phosphate decarboxylase),
transcription and catabolism (putative transcriptional regulator
ICP4, regulator of protease activity HfIC), in the vitamin
K metabolism (vitamin K epoxide reductase and vitamin
K dependent gamma-carboxylases (VKGC)), efflux protein
(small multidrug resistance protein (multidrug transporter
EmrE), in the channel formation (major intrinsic protein,
and two predicted proteins in the peptidoglycan synthesis
(D-ala-D-ala ligase).

We also retrieved a V21 virophage-like protein (initially
described in the Sputnik virophage) that had recently been
suggested to play a similar function to transcription factor, as
found in other giant virus genomes such as Orpheovirus
THUMI-LCC2 (Andreani et al., 2018). However, no virophage
was isolated together with Fadolivirus. Fadolivirus encodes a
homolog of Cyclophilin, a chaperone with a role in protein
folding (Barik, 2018), yet its role in the Fadolivirus biology
remains currently unclear. In the Acanthamoeba polyphaga
Mimivirus, phosphodiesterase activity was not found (Thai
et al., 2008). The Fadolivirus genome also contains three genes
annotated as cytochromes (one as 5b, two as P450) and two
probable lactonases. Cytochrome has recently been shown to
have a broad distribution in DNA viruses and may be involved
in cholesterol/sterol synthesis (Lamb et al., 2019).

Fadolivirus Genes Involved in Energy
Metabolism

The Fadolivirus genome annotation revealed multiple sequences
annotated as putative ATPase subunits and proteins associated
with electron transfer with a blue copper enzyme and a putative
cytochrome 5b (see previous section). This cytochrome sequence
is a probable nitrate reductase (NADH) protein (Chamizo-Ampudia
et al,, 2017) in the Fadolivirus genome. We identified six proteins
associated with proton pumps containing ATPase domains.
However, these genes were not co-located in the genome of
Fadolivirus. A more detailed phyre2 analysis of these 6 proteins
revealed that two of them were indeed predicted as v-type proton
ATPase subunit D (QKF94710.1) with 100% confidence and 28%
identity with the Yeast V-ATPase state 3 (PDB database 3J9V),
and with the other states 1 and 2. This protein could be a
vacuolar proton pump hydrolyzing the ATP to ADP (Balakrishna
et al., 2015; Zhao et al, 2015). For the protein QKF93735.1, it
presents known homologies with vacuolar ATP synthase subunit
A by DELTA-blast. This potential subunit A is shared with other
giant viruses in Klosneuvirinae, and the predicted subunit D is
divergent compared to the eukaryotes (Figure 4).

Genomic Diversity Across Klosneuvirinae
and Phylogenetic Position of Fadolivirus

In the species tree of the Klosneuvirinae, Fadolivirus branched
in a monophyletic clade with Klosneuvirus, Barrevirus and

Indivirus (Figure 5). This result corresponded well with the
complimentary best hit analysis described above. Genomes of
members of this clade have a similar GC content of around
30% and genomes of Fadolivirus and Klosneuvirus express a
similar genome size with approximately 1.5Mb, while Indivirus
and Barrevirus have much smaller genomes of under 1Mb.
Yasminevirus, another isolated member of the Klosneuvirinae
branches divergent from Fadolivirus in the species tree and
groups together with Dasosvirus. The third isolate of the
Klosneuvirinae, Bodo saltans virus, groups in its own distinct
clade. Genomic features and hallmarks that are found in
Fadolivirus and Yasminevirus but not in Bodo saltans virus
are aaRS. Clusters of orthologous proteins make it possible to
observe significant diversity between Mimiviridae (Figure 6).
There were 12 protein families that are almost exclusively found
in the Klosneuvirus/Fadolivirus clade and 4 families that are
widespread in the Klosneuvirinae but absent in members of
the Klosneuvirus/Fadolivirus clade. Seventy-three orthologs are
exclusively shared between Klosneuvirus and Fadolivirus;
however, only 20 orthologs are exclusively shared between
Fadolivirus, Klosneuvirus and Yasminevirus.

DISCUSSION

Fadolivirus is a new viral isolate with up to 1.59 Mbp, belonging
to the sub-family Klosneuvirinae. Its replicative cycle in V.
vermiformis is comparable to other NCLDVs that have been
described, such as Yasminevirus (Bajrai et al., 2019). Fadolivirus
shows significant proximity to Klosneuvirus KNVI, virus
described by a previous metagenomic study (Schulz et al,
2017), by phylogenetic analysis and by genomic comparison.
However, even though these metagenomes assembled viral
genomes were of estimated high completeness and low
contamination, their hosts and the capacity of each virus to
have multiple hosts often remain elusive. Co-occurrence study
in Tara Oceans tried to identify probable hosts but their analyses
identified families of virus with their probable host in Eukaryotes
such as the dominance of Mimiviridae in relation with Alveolata,
Opisthokonta, Rhizaria, and Stramenopiles (Meng et al., 2021).
Further, based on detection of horizontal gene transfer events
in members of the Klosneuvirinae have been suggested to
infect Anthoathecata, fungi, arthropods, and various protists
including slime molds (Schulz et al., 2020). Indeed, at this
time, among amoeba only Tupanviruses have been shown to
infect various protists with a similar pattern in A. castellanii
and in V. vermiformis (Abrahao et al., 2018; Silva et al., 2019).
Fadolivirus, contrary to earlier predictions, seemed to be rather
host specific as it was only able to replicate in V. vermiformis
(strain CDC19) and not in the Vermamoeba strain chuv172.
Fadolivirus was also unable to infect any of the other diverse
protists that we used in our infection experiments. However,
our data are limited to the 8 different protists that were used
in the infection experiments. Fadolivirus presents a near complete
translation system similar to the ones described in Klosneuvirus
(Schulz et al, 2017) and Tupanvirus (Abrahao et al., 2018).
Moreover, Fadolivirus has additional copies of tRNA synthetases
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FIGURE 4 | Maximum-likelihood representation built with the Jones—Taylor-Thornton method with 1,000 bootstrap replication based on 286 aligned positions.

39 eukaryote sequences were downloaded as best hit with ATPase from Fadolivirus.

KAF2395660.1 Trichodelitschia bisporula

(Asx, Glutaminyl and Ile-lysidine tRNAsynthetases). However,
a histidine tRNA synthetase was not found in its genome. It
remains unclear whether this absence could lead to a restricted
host range that we observed for Fadolivirus. Further analyses
will be necessary to provide a more comprehensive overview
of potential hosts for this virus. In particular, virus-encoded
transcription factors have been proven as being key proteins
in members of the Mimiviridae during infection of their amoeba
host (Bekliz et al., 2018). The presence of translation system
genes in Mimiviruses, Tupanviruses, Cafeteria roenbergensis
virus, and Klosneuvirinae including Yasminevirus and Bodo
saltans virus and combined with the paucity of these genes
in the common ancestor of these viruses highlights that such
an expanded genetic complement was acquired multiple times
and independently in a lineage-specific style of evolution (Schulz
et al., 2017; Koonin and Yutin, 2018; Backstrom et al., 2019).

The surprising features of this virus reside in the presence
of predicted subunits A and D of ATPase. The first description
of vacuolar (H+)-ATPase highlights the close proximity of V
and F-type of ATPase D in their catalytic function (Nelson
et al, 1995). Recently, during a giant viral infection, it was
shown that the shift of the carbonaceous biomass of the host
concerned 6-17% for viral production, probably due to a
Cedratvirus (Kordel et al., 2021). This observation underlined
the fact that viral production requires a greater production of
energy by the infected cells. Further, active glycolysis and
tricarboxylic acid cycles were identified by metagenomic studies
(Moniruzzaman et al., 2020a; Ha et al., 2021) and some proteins
were also found in Pandoravirus (Aherfi et al., 2020) and could
have a confirmed functional activity such as the isocitrate
dehydrogenase protein. Concerning the predicted ATPase subunit
A, it is also present in some Klosneuvirinae. We could hypothesize
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FIGURE 5 | are present in Fadolivirus and its closest relatives but absent in other members of the Mimiviridae; and protein families that are present in more than
30% of viral genomes in the Mimiviridae but not in Fadolivirus and its closest relatives. Stacked bars show the total count and annotation of pfam domains present
in each of these protein families.
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that the presence of a more complete system for energy generation
system in the ancestor of the Klosneuvirinae indicates that the
involved genes have been lost in some viral lineages, or those
sequences could be highly divergent in ways that are currently
not identified by our bioinformatics comparisons. However, for
the subunit D this protein is only present for Fadolivirus and
could have been acquired from eukaryotes. Nevertheless, in this
study we did not perform transcriptomic and proteomic analyses
on these putative ATPase subunits; this constitutes a limitation
to demonstrate their functional activity.

Meanwhile, novel viruses have been described and appeared
as smaller DNA viruses among NCLDV with high speciation
to their hosts (Boratto et al., 2020; Subramaniam et al., 2020).
Their descriptions bring new opportunities to understanding
the diversity and evolution across Nucleocytoviricota, and energy
systems genes such as the ones observed in Fadolivirus would
appear to play a major role during infection by giant viruses.
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