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Abstract

The genus “Tupanvirus” is a new proposed taxon to be included in the family Mimiviridae. The two known tupanvirus isolates
were isolated from soda lake and oceanic sediments samples collected in Brazil and were named “tupanvirus soda lake”
and “tupanvirus deep ocean”, respectively. These viruses exhibit similarities to amoeba-infecting mimiviruses, but there are
also several differences that place them in a separate group within the family Mimiviridae. Their virions have a mean size of
1.2 um, which include a mimivirus-like capsid and a large cylindrical tail, both covered by fibrils. The linear double-stranded
DNA genomes of up to 1,516,267 base pairs encode over 1,200 genes, among which ~30% have no homologs in any data-
base, including in other mimivirus genomes. Compared to other mimiviruses, tupanviruses exhibit a broader host range and
cause a cytotoxic effect in host and non-host organisms, a phenotype that is not observed for other mimiviruses. Remarkably,
these viruses possess the most complete gene set related to the protein synthesis process, including 20 aminoacyl-tRNA
synthetases, 67-70 tRNAs, many translation factors, and genes involved in maturation and modification of tRNA and mRNA,
among others. Moreover, diverse phylogenomic analyses put tupanviruses in a distinct group within the family Mimiviridae.
In light of the set of different features observed for these giant viruses, we propose establishment of a new genus to allow
proper classification of two known tupanviruses and possibly many more similar viruses yet to be characterized.

Introduction accommodate this virus [2]. This family currently includes

two genera, the genus Mimivirus, in which the only officially

The discovery of Acanthamoeba polyphaga mimivirus
(APMYV) in 2003 paved the way for new and outstanding
discoveries in the virology field, expanding our knowledge
about diversity, evolution and complexity of viruses [1].
Given to its distinct morphological and genetic features,
a new viral family, named Mimiviridae, was created to
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recognized species is typified by APMV, and the genus Caf-
eteriavirus, with a single species, Cafeteria roenbergensis
virus, whose members are distantly related to APMV and
infect marine flagellates [3].

Dozens of other mimiviruses infecting free-living amoe-
bae have been described over the past decade in different
parts of the world and from distinct environments/hosts,
and these viruses exhibit biological, structural and genomic
characteristics similar to those observed for APMV [4-11].
In addition, some viruses that are known to infect unicellu-
lar algae are proposed members of the family Mimiviridae,
since they are phylogenetically closer to amoebae-infecting
mimiviruses than to other algae-infecting viruses, which are
usually classified in the family Phycodnaviridae [12]. Fur-
thermore, a new virus infecting a kinetoplastid protozoan,
named “Bodo saltans virus” [13], was recently proposed to
be part of a new group of complex mimiviruses, along with
four other viruses whose genomes were assembled from
environmental metagenomes but that were not isolated, and
these were proposed to comprise a subfamily named “Klos-
neuvirinae” within the family Mimiviridae [14].

@ Springer


http://orcid.org/0000-0001-9420-1791
http://crossmark.crossref.org/dialog/?doi=10.1007/s00705-018-4067-4&domain=pdf

326

R. A.L.Rodrigues et al.

Recently, we described the discovery of two new
members of the family Mimiviridae, the tupanviruses,
which have a set of features that strongly differ from
the mimiviruses described to date [15]. These viruses
were isolated from soda lake water and oceanic sediment
samples collected in Brazil and were named in tribute to
Tupan — or Tupa — (God of Thunder) which is an impor-
tant mythological figure to the South American Guarani
indigenous tribes. The new and intriguing characteristics
observed for the tupanviruses led us to propose the crea-
tion of a new taxon in the family Mimiviridae, the genus
“Tupanvirus”.

Morphological properties

The tupanviruses have a capsid similar in size to those
observed for other mimiviruses (~450 nm), which exhibit a
‘stargate’ structure [16] and is covered by fibrils. However,
unlike other viruses, the tupanviruses have a large cylindrical
tail attached to the base of the capsid of ~550 nm in length
and ~450 nm in diameter (including fibrils) (Fig. 1A and
B). The mean size of tupanvirus’ virions is 1.2 um, which
allows them to be visualized easily using optical microscopy,
although particles up to 2.3 um have been observed due to
a high degree of plasticity in size of the tail [15]. A lipid
membrane is present in the capsid, similar to other giant
viruses [17, 18], which is associated with fusion with the

Fig. 1 Morphological and replication properties of tupanviruses. (A)
Scanning electron microscopy of a tupanvirus particle. (B) Transmis-
sion electron microscopy (TEM) of tupanvirus particles, showing a
mimivirus-like capsid and a cylindrical tail attached at its base. Opti-
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cal microscopy of cytopathic effect of mimivirus (C) and tupanvirus
(D). (E) TEM image of an A. castellanii cell infected with a tupan-
virus, representing a late stage of the replication cycle, showing the
viral factory (VF) and mature viruses around this structure
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phagosome membrane and release of the capsid contents.
The tail is less electron-dense than the capsid and its con-
tents are still unknown (Fig. 1B). Nevertheless, this material
seems to be released into the host cytoplasm after invagina-
tion of the phagosome membrane inside the tail [15].

Prevalence and host range

The distribution of tupanviruses in nature is uncertain. The
two viruses were isolated from separate samples and had dif-
ferent characteristics. The first one was isolated from water
samples collected from Brazilian soda lakes, which have
high salinity and pH (~9.0), and it was named “tupanvirus
soda lake” (TPV-SL), while the second one, named “tupan-
virus deep ocean” (TPV-DO), was isolated from ocean sedi-
ment samples collected at a depth of 3000 m in the Brazil-
ian Atlantic Ocean (Table 1). Interestingly, a mimivirus-like
endoparasite with a thin tail attached to the capsid was iso-
lated from plane tree bark samples collected in Germany
using Saccamoeba sp. as bait, and was named KSL5x [19].
Since no genomic information is available about KSL5x, it is
not possible to confirm that it is another tupanvirus, although
they are morphologically similar. New analysis should be
conducted in this regard, which could provide valuable
insights about the ecology and evolution of these viruses.

The natural hosts of tupanviruses are also unknown.
Unlike other amoeba-infecting mimiviruses, the tupanvi-
ruses are able to infect and establish a productive cycle in
vitro in different species of amoebae of the genus Acan-
thamoeba, Vermamoeba vermiformis, Dictyostelium discoi-
deum and Willartia magna [15]. Furthermore, a cytotoxic
phenotype in non-host cells (Tetrahymena hyperangularis,
RAW247, and THP-1 cells) was observed, as well as for A.
castellanii at high multiplicity of infection, something that
is not observed for APMV. This toxic profile seems to be
related to a shutdown of ribosomal RNA in infected cells,
while the autophagy/ribophagy canonical pathways are not
involved in the process, and thus the mechanism of this phe-
notype is still unknown [15].

Properties in culture

The tupanviruses cause a cytopathic effect in A. castellanii
cells that is typical of mimiviruses, characterized by loss of
motility, rounding, and further cell lysis. However, unlike
what is usually observed for mimiviruses, the tupanviruses
caused cell aggregation, forming clusters of round cells pre-
vious to the lysis step (Fig. 1C and D). At the ultrastructural
level, the tupanviruses display a replicative cycle similar to
that of other mimiviruses [15, 20]. Viral particles enter into
host cells by phagocytosis 1 h postinfection. After opening

Table 1 Description of primary features of the tupanviruses
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of the ‘stargate’ and fusion of capsid inner membrane to the
phagosome membrane, the genome is released to the host
cytoplasm, where a viral factory is established (Fig. 1E).
In this region, genome replication and viral morphogen-
esis takes place; the capsid is built first and then the tail is
attached. Mature virions are released by cell lysis in the last
step of the viral cycle.

Genomic and proteomic features

The genomes of tupanviruses are linear double-stranded
DNA molecules with ~28% G+C. The TPV-SL genome is
1,439,508 bp in length and contains 1276 genes, while the
TPV-DO has a genome of 1,516,267 bp that contains 1359
genes (Table 1). Around 30% of the predicted genes for the
tupanviruses are completely new, named ORFans (open
reading frames with no similarities in the databases). Among
the ORFs with known function, up to 50% exhibit best hits
in other viruses, especially members of the family Mimiviri-
dae, while the other genes have best hits in cellular organ-
isms, mainly eukaryotes and bacteria [15]. The structure and
genome architecture are well conserved between the two
tupanviruses, except for the terminal region of the genome
of TPV-SL, which appears to be translocated and inverted in
the genome of TPV-DO. In contrast, these genomes exhibit
a strongly different synteny when compared to the genomes
of the prototype viruses of the genera Mimivirus and Caf-
eteriavirus (Fig. 2). Moreover, the tupanviruses have the

promoter motif AAAATTGA and a codon and amino acid
usage frequency similar to that reported for other mimivi-
ruses [3, 15, 21].

The tupanviruses have the most complete arsenal of genes
related to the protein translation process among the members
of the virosphere. Surprisingly, these viruses encode 67-70
tRNAs, 20 aminoacyl-tRNA synthetases (aaRS), and 41-44
other proteins involved in the translation process, such as
translation factors (initiation, elongation and release), and
factors related to maturation of tRNA and mRNA, among
others (Table 1). The amount and diversity of these genes far
exceed what was previously known for other giant viruses,
even including the klosneuviruses, which possess up to 19
aaRS$ [14], and Bodo Saltans virus. The origin of these genes
is still a matter of a hot debate in the scientific community,
and a consensus has not yet been reached on whether these
genes came from several events of lateral gene transfer from
hosts and/or sympatric organisms or were already contain
in the ancestors of mimiviruses [22—24]. Furthermore, the
tupanviruses present two copies of an intronic region of the
18S rRNA gene, which are highly expressed during the viral
replication cycle, but their function remains to be elucidated
[15]. It is noteworthy that no exonic region of the 18S rRNA
gene was found in tupanviruses or other viruses, nor do they
possess genes related to the energy synthesis process [15].

Proteomic analysis of TPV-SL particles revealed the
presence of 127 proteins, of which 67 have no known func-
tion, and 11 are encoded by ORFans. No aaRS or transla-
tion factors were detected in the viral particles. Among the
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Fig.2 Genome alignment of tupanviruses, APMV (NC_014649.1),
and CroV (NC_014637.1). The figure shows genome architecture and
synteny of prototype viruses of the genera of the family Mimiviridae.
The boxes highlight the collinear blocks of similarity between the
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genomes. The graphs within the boxes represent the average similar-
ity of each region, with a range of values and the mean value dark-
ened. The schematic genome alignment diagram was produced using
the MAUVE software package [26]
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proteins with a known function, several structural compo-
nents were observed, such as the major capsid protein and
the core protein, as well as enzymes involved in nucleic acid
metabolism, such as a DNA polymerase, a DNA-dependent
RNA polymerase, a RNA helicase, and an mRNA capping
enzyme. It is notable that fewer than 50% of the proteins
found in TPV-SL particles are shared with APMV or CroV
[15].

Phylogenomics

Phylogenetic analysis based on different core genes of giant
viruses, named DNA polymerase B family, major capsid
protein, D5 primase helicase and D6/D11 helicase (both
individual and concatenated) put the tupanviruses within the
family Mimiviridae (Fig. 3). Notably, when the phylogenetic
reconstruction is performed using the D6/D11 helicase gene,
the tupanviruses are placed as a sister group of amoebae-
infecting mimiviruses (Fig. 3D). A comparable topology is
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observed when the analysis is carried out by hierarchical
clustering based on a presence-absence matrix of clusters of
orthologous genes shared by the different mimiviruses [15].
Moreover, our analyses corroborate previous studies that
indicate the existence of two other groups of mimiviruses,
referred to as “extended-family” Mimiviridae, comprising
the algae-infecting mimiviruses and the klosneuviruses [12,
13]. These analyses highlight the differences between tupan-
viruses and other mimiviruses and the need to create a new
taxonomic group to properly classify these new viruses.

Conclusion

The tupanviruses represent a new group of viruses isolated
from extreme environments in Brazil. Although they share
many features with mimiviruses of amoebae, the tupanvi-
ruses have a set of distinctive features that place them in a
different group within the family Mimiviridae, the proposed
genus “Tupanvirus”. This new taxon would initially include
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structed using MEGA version 6.0, applying the maximum-likelihood
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cyan, extended Mimiviridae; green, Phycodnaviridae. Scale bars indi-
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two species, “Tupanvirus soda lake” and “Tupanvirus deep
ocean”. With the advancement of the isolation and charac-
terization techniques of giant viruses, we can expect even
more new viruses to be revealed in the near future, therefore
expanding our knowledge about the virosphere.

The Mimiviridae taxonomy is an open field that requires
further attention. Many mimiviruses have been described
during the last few years, comprising three different clades
named lineage A, B, and C, represented by mimivirus, mou-
mouvirus, and megavirus, respectively [4-6]. These viruses
exhibit considerable differences at the genomic level that
might constitute different genera, thus splitting the genus
Mimivirus. Furthermore, the klosneuviruses could represent
another genus within the family, alongside with the now
proposed “Tupanvirus”, which would be part of a subfamily,
as previously suggested for the amoebae-infecting mimivi-
ruses [25]. Additional efforts should be made to reorganize
the taxonomy of the whole family Mimiviridae, which will
strongly contribute to the systematics of mimiviruses.
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