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Abstract

Here, we propose the creation of the family “Yaraviridae”, a new taxon to classify a virus infecting Acanthamoeba castellanii
cells. Recently, we described the discovery of a new virus infecting free-living amoebae, yaravirus, which has features that
strongly differ from those of all other viruses of amoebae described to date. Yaravirus particles are about 80 nm in diameter
and have a dsDNA genome of ~45 kbp containing 74 ORFs, most of which (>90%) have no homologs in current databases.
Together, these data support the creation of a new species (“Yaravirus brasiliense’), a new viral genus (here proposed as
“Yaravirus”), and a new viral family (here proposed as “Yaraviridae”) to classify yaravirus and other related viruses that
may be described in the future. All of them are to be included into the existing realm Varidnaviria and the kingdom Bam-
fordvirae, due to the presence of a major capsid protein containing a double jelly-roll fold.

Introduction

Dozens of viruses infecting free-living amoebae have been
described in different environments and parts of the world
in recent years [1-6]. In addition to several other character-
istics, these viruses are predominantly distinguished by the
large size of their particles and a genome encoding a large
number of proteins, a large proportion of which are ORFans,
proteins that do not have any homologues in current protein
sequence databases, [3, 6]. Recently, we described the dis-
covery of a new virus infecting free-living amoebae, yaravi-
rus, which has features that strongly differ from those of all
other viruses infecting free-living amoebae described to date
[6]. Yaravirus is the first viral isolate infecting Acantham-
oeba castellanii cultures that potentially does not belong
to the nucleocytoplasmic large DNA viruses (NCLDVs).
This virus harbors a dsDNA genome with an exception-
ally large number of ORFans (more than 90%), including
novel proteins related to the construction of capsids [6].
Due to the lack of phylogenetic information, its origins are
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still a mystery, and similarity analysis with other viruses is
unfeasible.

This virus was isolated from samples of muddy water
collected from a creek near Lake Pampulha and named
after an important character from the mythological stories
of the Tupi indigenous tribes (Yara, the mother of waters).
The novel characteristics of this virus led us to prepare and
submit a formal taxonomic proposal for creation of a new
species “Yaravirus brasiliense”, a new viral genus (here
proposed as “Yaravirus”), and a new viral family (here pro-
posed as “Yaraviridae”) to classify yaravirus.

Morphological properties

Yaravirus has a icosahedral capsid measuring about 80 nm
in diameter (Fig. 1A). Cryo-electron microscopy images of
purified particles suggest that yaravirus particles contain two
capsid shells consisting of 26 viral proteins, one of which
potentially represents a divergent capsid protein with a pre-
dicted double jelly-roll domain. This suggests that yaravi-
rus potentially represent the first isolate of a novel group
of amoebal viruses isolated from Acanthamoeba castellanii
cells.
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Fig.1 A Transmission electron micrograph of a yaravirus virion. B
Yaravirus particles attached to the outside part of the host cell mem-
brane. C Yaravirus particles undergoing endocytosis. D Yaravirus
particles incorporated by the amoeba inside an endocytic vesicle. E
Yaravirus particles occurring individually in the interior of endocytic

Prevalence and host range

The distribution and natural hosts of yaravirus remain
uncertain. This virus was isolated from samples of muddy
water collected from a creek near Lake Pampulha, an arti-
ficial lagoon in the city of Belo Horizonte, Brazil (19°51
0.04S and 43°58 46.00W), in June 2015. The virus was
isolated in amoebas of Acanthamoeba castellanii strain
Neff (ATCC 30010). After isolation, experiments were
performed by infecting Acanthamoeba castellanii cells
with yaravirus at a low multiplicity of infection (MOI),
given the fastidious nature of this virus. Yaravirus is not
able to infect and establish a productive cycle in vitro in
Acanthamoeba polyphaga or Vermamoeba vermiformis.
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vesicles. F Yaravirus particles grouped inside endocytic vesicles. G
Cytoplasm of the host cell showing mitochondrial recruitment while
the viral factory develops. H Mature yaravirus particles being pack-
aged inside vesicle-like structures at a late stage of infection, suggest-
ing exocytosis as a mechanism for the release of the virions

Properties in culture

Infection with yaravirus causes a decrease in the number
of viable host cells while the viral genome is replicating.
During the first hours of infection, A. castellanii cultures
continue to grow until about 24 hours postinfection (hpi).
Replication of the viral genome then progresses slowly,
and cell lysis occurs only after 72 hpi Between 96 hpi
and 7 days postinfection, there is no change in the amount
of yaravirus genomic DNA detected, and lysis seems to
stop, with the remaining trophozoites turning into cysts.
In contrast to what has been observed with other viruses
infecting free-living amoebae, these results suggest par-
ticipation of a host receptor in the internalization of viral
particles, since, at the beginning of infection, yaravirus
particles are found to be attached to the outside part of
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the amoebal plasma membrane (Fig. 1B—C). This is then
followed by penetration of virus particles into the cell.
Virions may be internalized individually or grouped inside
endocytic vesicles, which, at a later stage of infection, are
found next to a region previously occupied by the nucleus
(Fig. 1D-F). After an eclipse phase, small crescents start
to appear in the electron-lucent region of the virus fac-
tory, which is surrounded at this stage by several recruited
mitochondria (Fig. 1G). Particles then develop progres-
sively as they migrate toward the periphery of the cell.
Sometimes, several yaravirus particles are packed into
vesicle-like structures, suggesting that they are released
by exocytosis, as is observed with other amoebal viruses
(Fig. 1H). The remaining virions are released by lysis of
the host cell. Although yaravirus is able to replicate in
Acanthamoeba, considering its fastidious growth in this
amoeba, it is possible that a different organism might act
as its natural host.

Genomic and proteomic features

Yaravirus has a linear, double-stranded DNA genome, with
a length of approximately 45 kbp, encoding 74 proteins. Its
GC content is one of the highest among the known amoe-
bal viruses, around 57%. Interestingly, as opposed to what
has been observed for some members of the NCDLV group,
the yaravirus genome does not seem to be enriched for any
sequence motifs that might indicate the presence of a con-
served promoter. In an intergenic region located between
genes 29 and 30, there is a genomic island composed of six
tRNAs (tRNA-Ser [gct], tRNA-Ser [tga], tRNA-Cys [gcal,
tRNA-Asn [gtt], tRNA-His [gtg], and tRNA-Ile [aat]). This
is quite a remarkable number, given that a similar number
of tRNAs is found in amoebal viruses with genomes much
larger than that of yaravirus.

The most striking feature, however, is the number of
genes with no similarity to sequences already described
in databases. Genomic analysis at the nucleotide level
revealed that there were no currently recognizable
sequences in the yaravirus genome. The sequence simi-
larity observed at the amino acid level is similarly low,
with only six genes with distant matches (about 25-44%
identity) in the nr databases. When adopting the same cri-
teria used in genomic analysis of other amoebal viruses,
90% of the genome of the yaravirus is found to consist of
sequences never described before by science. In an alter-
native strategy involving genome annotation based on
analysis of the predicted three-dimensional structures of
yaravirus proteins, the fraction of genes defined as ORFans
was reduced to 80%. However, the proportion of unrecog-
nizable proteins is still very impressive, reinforcing the

idea that yaravirus is the first member of a newly discov-
ered viral group.

These results were corroborated by proteomic analysis.
The data show that yaravirus virions consist of 26 proteins.
Comparisons between their predicted three-dimensional
structures and structures currently available in databases
have established a potential function for only five of them.
Again, as observed for the genome, the proteome of yara-
virus is primarily composed of proteins that have not been
described previously.

Interestingly, despite representing a potential member of
a newly discovered viral group, the yaraviruses seem to be
exceedingly rare in nature. No sequences from the yaravirus
major capsid protein (MCP) were retrieved in a search of
8,535 publicly available metagenomes generated from sam-
ples from diverse habitats across our planet. For sequences
covering the yaravirus ATPase (NCVOG0249), only distant
homologues in a group of endemic viruses of Pleurochrysis
sp. were found, with only 33.9% identity to sequences from
the same metagenomic databases.

Phylogenomics

Due to the large number of ORFan genes in the yaravirus
genome, most of its proteins lack the phylogenetic infor-
mation necessary to incorporate this virus into an existing
taxonomic group. However, as discussed above, some of
its genes have sufficient similarity to genes in the current
databases to be used for phylogenetic analysis. For some
genes, such as gene 02 (nuclease/recombinase) and gene 69
(bifunctional DNA primase/polymerase), yaravirus groups
with members of the domain Eukarya (Fig. 2A and B). For
other genes, as observed for gene 46 (hypothetical protein)
and gene 40 (virion packaging ATPase), yaravirus seems to
be related to sequences found in giant viruses (Marseillevi-
rus strains and members of the family Mimiviridae, respec-
tively) (Fig. 2C and D]. A structure-guided phylogenetic
analysis was also performed for hits of the yaravirus MCP
protein among 235 reference genome sequences of mem-
bers of the phylum Nucleocytoviricota (plus contigs of three
endemic viruses of Pleurochrysis). The alignments showed
an interesting, well-supported clade, grouping the yaravirus
MCP with metagenomic sequences from the distant endemic
viruses of Pleurochrysis sp. (Fig. 3). Further attempts were
made to find other similarities between these viral groups,
but only a small number of protein candidates were found,
with low sequence similarity (around 24 to 33% identity).
These results highlight the great differences observed
between yaravirus and other amoebal viruses, supporting
the creation of a new taxonomic group to include this virus.
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Fig.2 Maximum-likelihood phylogenetic trees based on amino acid
sequences of putative yaravirus proteins showing similarity to other
amino acid sequences currently available in public databases. For
each tree, it was constructed using amino acid sequences of yaravi-
rus and the corresponding sequences belonging to bacteria, archaea,
eukaryotes, and other members of the virosphere. Sequences were
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Fig.3 A structure-guided phylogenetic analysis performed on hmm
search hits for the putative yaravirus MCP protein among 235 refer-
ence genome sequences (from members of the phylum Nucleocyto-
viricota plus contigs of three endemic viruses of Pleurochrysis) and
using hidden Markov models. The alignments were made using the
tool Expresso, implemented the software T-Coffee using PDB struc-
ture files. Phylogenetic trees were constructed using the software 1Q-
Tree (v1.6.12; ref 7) with the LG+F+R8 model based on the built-in
model select feature [8] and 1,000 ultrafast bootstrap replicates [9].
Yaravirus is highlighted in blue, and branch support is shown as col-
oured circles.
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aligned using the tool ClustalW, available in MEGA X and perform-
ing 1,000 bootstrap replicates [7]. A Predicted exonuclease/recom-
binase. B Bifunctional DNA primase/polymerase. C A hypothetical
protein. D Virion packaging ATPase. Yaravirus is highlighted in blue,
and branch support is shown as coloured circles.

Conclusion

Yaravirus is a novel amoebal virus whose genome is mostly
composed of ORFans. Although some of its genes show
similarity to sequences already available in databases, the
relationships are distant. In addition, yaravirus possesses
other features that distinguish it from previously isolated
viruses of amoebae. Its virion is about 80 nm in diameter,
and its genome, with a size of ~45 kbp, contains 74 ORFs.
Together, these data support the creation of a new species
for which we propose the name “Yaravirus brasiliense”, a
new viral genus (here proposed as “Yaravirus”), and a new
viral family (here proposed as “Yaraviridae”), in which yar-
avirus and other related viruses can be properly classified.
The presence of a major capsid protein containing a double
jelly-roll fold would warrant the inclusion of this virus in
the existing realm Varidnaviria and the kingdom Bamford-
virae. A formal taxonomic proposal has been prepared and
submitted to the ICTV and is currently under consideration
and awaiting a ratification vote.
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