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In the last few decades, the isolation of amoebae-infecting

giant viruses has challenged established principles related to

the definition of virus, their evolution, and their particle

structures represented by a variety of shapes and sizes.

Tupanviruses are one of the most recently described amoebae-

infecting viruses and exhibit a peculiar morphology with a

cylindrical tail attached to the capsid. Proteomic analysis of

purified viral particles revealed that virions are composed of

over one hundred proteins with different functions. The putative

origin of these proteins had not yet been investigated. Here, we

provide evidences for multiple origins of the proteins present in

tupanvirus particles, wherein 20% originate from members of

the archaea, bacteria and eukarya.
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Introduction
Viral particles have a variety of shapes, symmetries, and

sizes. The large majority of known viruses have

extremely small sizes, with dimensions up to 200 nm

in length and relatively simple structures, composed by

one or few proteins [1]. This characteristic reflects the

genomes of these viruses, which have a reduced num-

ber of genes that encode only a few proteins. One group
www.sciencedirect.com 
that stands out in this scenario is the giant viruses.

These viruses are classified as nucleo-cytoplasmic large

DNA viruses (NCLDVs – proposed order Megavirales).

They have dimensions larger than 200 nm and exten-

sive genomes reaching up to 2.5 Mb that can encode

thousands proteins [2–5].

Most giant viruses, such as mimivirus, pandoravirus,

and pithovirus, are associated with free-living amoebae

of the genus Acanthamoeba [3–5]. Some giant viruses

though, have been described infecting flagellate micro-

organisms such as Cafeteria roenbergensis virus and Bodo

saltans virus, and both groups are phylogenetically

related to the family Mimiviridae [6,7]. The giant

viruses have extremely complex structures and differ-

ent shapes or symmetries. The mimiviruses exhibit

pseudo-icosahedral particles covered with long glyco-

proteic fibers reaching �750 nm in diameter [8,9��],
while pandoravirus and pithovirus exhibit an ovoid-

to-ellipsoid shape reaching �1000 nm in length and

contain apical pores [4,5,11�]. Other giant viruses have

been described with ovoid particles, such as cedrat-

viruses and orpheovirus [12–14], which exhibit genomic

similarities with pithoviruses and together constitute a

putative new viral family. Icosahedral viruses are also

present among the giant viruses, such as marseille-

viruses, faustoviruses, pacmanvirus, and kaumoeba-

virus, all of which have particles of 220–270 nm in

diameter [15–18]. Considering the size and complexity

of the particles of these viruses, studies to better

characterize their three-dimensional structure through

high resolution techniques, such as X-ray crystallogra-

phy and cryo-electron microscopy, are still limited

[9��,10,11�,17,18,19�,20,21].

Even more striking is the structure observed for tupan-

viruses, a new group of viruses within the family

Mimiviridae. These viruses were recently isolated from

extreme environments in Brazil and are capable of infect-

ing a wide variety of amoebae species [22��]. Tupanvirus

has more than 1200 genes, and a vast gene arsenal related

to the process of protein synthesis, for example, 20 ami-

noacyl-tRNA synthetases, �70 tRNAs, and 11 factors

related to all translation steps. In addition, it has a

cytotoxic profile and causes the host’s ribosomal rRNA
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to shut down by a still unknown mechanism that is

possibly related to the viral particle [22��]. In this review,

we explore the peculiar characteristics of the Tupanvirus’

particles compared to the other mimiviruses and compile

the available proteomics data for the giant viruses.

Finally, we perform phylogenetic analyses of the protein

coding sequences found in the Tupanvirus’ particles to

determine the contribution of various taxonomic groups

to their genomes.

The complex structure of giant tupanviruses
Tupanviruses are represented by two isolates of giant

viruses (tupanvirus soda lake and tupanvirus deep ocean)

that were described in 2018 and are putative members of

the family Mimiviridae [22��]. At the time of their discov-

ery, the impressive features exhibited by the particles
Figure 1

(a)

(b) (d)

Electron microscopy of tupanvirus particles.

(a) Scanning electron microscopy (SEM) image of tupanvirus soda lake (TPV

visualizing the full structure of the virion (capsid and tail) and the pseudo-ico

microscopy (TEM) image of the internal structures of the particle. Notice the

whole particle, and the tail attached to it; (d) TEM image of the stargate po

capsid and tail.
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were surprising. Tupanviruses not only have characteris-

tically large dimensions for viruses of the Mimiviridae
family but also a very complex structure marked by the

presence of a semi-icosahedral capsid attached to a long

cylindrical tail (Figure 1) [22��]. These viruses have a

capsid similar to other mimiviruses with a diameter of

about 450 nm that is covered by a layer of long fibrils

everywhere except in a region named stargate [22��]. The

stargate region is a special pentameric vertex that serves

as a portal for release of the viral genome [23]. Associated

with this capsid there is a tail (also covered by fibrils) that

is about 550 nm in length and 450 nm in diameter (fibrils

included). Electron microscopy analyses initially sug-

gested a weak form of interaction between these two

structures. However, further experiments involving soni-

cation and enzymatic treatment of purified viral particles
(c)

(e)
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-SL) with viral particles in different positions; (b) SEM image

sahedral capsid of about 500 nm; (c) Transmission electron

 internal membrane in the multi-layered capsid, fibrils covering the

rtal of tupanvirus; (e) TEM image visualizing a transverse slice of the
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demonstrated that both the capsid and the tail remained

tightly attached, hampering complete determination of

the nature of interaction between these structures. The

average size of these particles was around 1.2 mm, though

the tails vary in size and facilitate a substantial plasticity

in some of the particles which reach up to 2.3 mm [22��].

In other members of the family Mimiviridae the structure

of the virus is known at a somewhat higher level of detail

due to the longer period of time over which these viruses

were described. In 2009, the structure of the acantha-

moeba polyphaga mimivirus (APMV) particle was ana-

lyzed in detail by cryo-electron microscopy (cryo-EM)

[9��]. It was observed in this study that the particles had a

diameter of about 7500 Å. The pseudo-icosahedral capsid

is about 5000 Å in diameter and is composed of multiple

layers of proteins and lipid membranes surrounding the

nucleocapsid. The major capsid protein (MCP) of APMV

is formed by two consecutive jelly-roll domains forming

capsomers with quasi-sixfold symmetry. As observed for

tupanvirus, on the surface of the APMV capsid there is a

layer of 1250 Å -long fibers everywhere with the exception

of the stargate region. In another study with an APMV-

related giant virus, the virus known as Samba virus

(SMBV), the authors have performed an in-depth analysis

of the structure of the virion by a series of methodologies,

including cryo-EM. Apparently, the virion structure

seems to be less rigid than the one observed for the

particles of APMV. The particles of SMBV are composed

by a capsid with a slightly larger diameter (�27 nm) and

longer fibers (�30 nm) than the observed for APMV.

Furthermore, the structure of SMBV virions appeared

to be different from the quasi-icosahedral symmetry of

the prototype of the family Mimiviridae, evidencing a high

level of structural heterogeneity and with unique char-

acteristics, even for individuals belonging to the same

viral family [10]. The structure of Cafeteria roenbergensis

virus (CroV) was also reconstructed by cryo-EM [19�].
Although CroV infects marine zooplankton and not amoe-

bae, it is phylogenetically related to APMV and belongs to

a new genus in the family Mimiviridae. Cafeteria roen-

bergensis virus has an icosahedral capsid with a diameter

of 3000 Å, and 30 Å-long surface protrusions which appear

to form from loops of its double jelly-roll MCP [19�].

Other giant viruses have had their particles thoroughly

analyzed. A member of the faustovirus clade, a group of

large viruses that infect amoebae of the genus Verma-
moeba, have had their particles described using cryo-EM.

These viruses are about 2400 Å in diameter and have

icosahedral symmetry [21]. It was proposed that the

faustovirus capsid is composed of two concentric protein

shells. The outer shell is formed by double jelly-roll

protein, like those of mimivirus, while the inner shell

is formed of different capsid proteins [21]. The internal

capsid is flexible, having sizes ranging from 1600 Å to

1900 Å, and contacts the outer shell with protrusions
www.sciencedirect.com 
present on its surface [21]. The structure of the largest

viral particle known thus far, Pithovirus sibericum, was

studied using high-voltage electron cryotomography and

energy-filtered cryo-EM [11�]. Pithovirus particles are

ovoid and can measure up to 2.5 mm in length and

0.9 mm in diameter. At one end, or less often at both

extremities, the particles harbor a striated cork-like struc-

ture that is characteristic for those isolates [11�]. The

Pithovirus particles also present a low-density layer that is

about 40 nm in thickness on the outermost surface of

particles. The density within the particles is higher than

expected when considering the ‘reduced’ size of its

genome (600 kbp) and the large volume it occupies indi-

cates a substantial macromolecule component in addition

to the genome [11�].

The high degree of detail obtained from cryo-EM studies

of giant viruses’ particles enabled us to move one step

forward in our comprehension of the biology in these

complex members of the virosphere. Considering the

high level of complexity of tupanvirus particles, this kind

of analyses remain to be done. Ultrastructural study of

tupanviruses will allow a better characterization of their

virions, and possibly generate insights about the nature of

the interaction between the capsid and tail. Together

with thorough proteomic analyses, the structure of tupan-

viruses will yield exciting discoveries in the near future.

Proteome of giant viruses
According to many proteomic studies within the known

virosphere, the mature particles of amoebal giant viruses

are composed of a great number of proteins

[4,24��,25,26�]. This has generated hypotheses that seek

to explain why only a small fraction of the nearly one

thousand proteins encoded by mimiviruses are incorpo-

rated into mature virions [24��]. There are larger numbers

of proteins present in the mimivirus viral factories (VF)

when compared to the protein diversity detected in the

mature virion. This observation suggests that these VF

are highly elaborate and dynamic structures, with many of

these components being specifically required to produce

and to propagate the VF structure [24��]. This may partly

explain the high number of genes in the genomes of these

giant viruses [24��].

Among the amoebal-infecting giant viruses, there are stud-

ies into the proteomics of purified viral particles, including

APMV, CroV, different pandoravirus isolates, faustovirus

E12, pithovirus sibericum, mollivirus sibericum, and also

for tupanvirus soda lake [5,16,25,26�,27–30]. In initial

comparisons of these viruses’ proteomic profiles, it was

observed that the proteins predicted to be ORFs primarily

belonged to functional categories typical among the mem-

bers of this group, such as those represented by ‘DNA

replication, repair and recombination’, ‘transcription’,

‘oxidative pathways’, ‘protein and lipid modification’,

‘particle structure’, and ‘nucleotide synthesis’
Current Opinion in Virology 2019, 36:25–31
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[5,16,25,26�,27–30]. Generally, the functional category

‘transcription factors’ is the largest class coding for non-

structural proteins in these viruses [4,5,26�]. The number of

proteins required to make the mature particle of these

viruses was obtained from proteomic works and appears

to be broadly similar. Among the giant viruses with avail-

able proteomic data, their virions are made with about

130 proteins. This rough value holds even after considering

the different techniques used in different analyses and the

main problem in viral proteomics: the contamination of

analyzed samples with host proteins [29,31]. Interestingly,

the size of particles repertoire does not seem to be corre-

lated with the size of the viral genome or the number of

proteins that makes up a specific viral particle, for example,

faustovirus virion has 164 proteins and pithovirus sibericum

virion has 159 proteins.
Figure 2
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(b)
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Proteome analysis of tupanvirus soda lake.

(a) Venn diagram of a comparative analysis of the viral particle proteome of

respectively. The analysis was performed using the proteomic data of each

ProteinOrtho with the following parameters: cov = 50%, e-value = 10�5; (b) C

the tupanvirus particle. Genes were grouped into functional categories and 

group are specified in the figure.

Current Opinion in Virology 2019, 36:25–31 
Proteomic analysis was performed on tupanvirus soda

lake (TPV-SL) particles and revealed the presence of

127 proteins constituting the mature virions [22��]. As

observed for other giant viruses, an important fraction of

these proteins corresponds to sequences of unknown

functions and almost 10% of them are related to ORFans

(sequences with no match in databases). For the proteins

predicted to belong to a functional category, the purified

particles of tupanvirus are split into the same groups as

the other giant viruses described above [22��]. Compara-

tive analyses of proteomic data from Mimiviridae family

viruses revealed a set of conserved proteins that compose

the mature virions. These conserved proteins were espe-

cially related to DNA replication and transcription

(e.g. DNA polymerase X family and DNA-directed

RNA polymerase) and the major capsid protein, a pivotal
CroV

Functional category

Viruses

Eukarya

Bacteria

haea

1

123

Unknown function (62)

Transcription (14)

Structure (4)

Redox reaction (5)

Protein/lipid modification (8)

Miscellaneous (19)

DNA replication, repair and recombination (3)
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 TPV-SL, APMV, and CroV containing 127, 136, and 141 proteins,

 virus obtained from the literature [21,25,31] and the software

ircos plot representing the putative origin of the proteins constituting

are depicted in different colors. The number of proteins from each
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component in the structure of viruses (Figure 2a). This

supports the presence of these components in the last

common ancestor of the Mimiviridae family

[22��,24��,26�]. It is noteworthy that TPV-SL has more

proteins in common with APMV than with CroV, reinfor-

cing the close relationship observed in a phylogenetic

analysis [22��]. Further, a total of 74 proteins were exclu-

sive to TPV-SL and the majority of these have no known

function (Figure 2a). This observation, in addition to the

presence of many of these sequences in metagenomic

studies indicates participation of these genes in highly
Figure 3

(a) (b)

(c) (d)

Phylogenetic analyses of the tupanvirus proteome.

Maximum-likelihood trees created with data gathered from the best BLAST

available) groups: eukarya (30 best-hits), archaea (30 best-hits), amoebozoa

firmicutes (15 best-hits). Inferences were performed for the 127 proteins co

tupanvirus proteins (red arrows) were grouped with other sequences of (a) a

L1162, and (d) other viruses - L250. All of the trees were created with the F

www.sciencedirect.com 
coordinated multimolecular processes that are estab-

lished under tight evolutionary constraints [27]. These

data also support the hypothesis that environmental

ORFans do indeed correspond to bona fide proteins,

however, the role of these still require elucidation in

future studies [27].

Contribution of multiple taxonomic groups to
the tupanvirus particle structure
One of the most striking features of the known virosphere

concerns the genomic and structural characteristics of the
Current Opinion in Virology

-matches within each group of the following organismal (when

 (10 best-hits), viruses (10 best-hits), proteobacteria (15 best-hits), and

mposing the mature particle of tupanvirus. In these analyses,

rchaea - gene L352, (b) eukarya - gene L996, (c) bacteria - gene

astTree 2.1 software and visualized with MEGA 7.
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tupanviruses. Their approximately 1.5 Mb double-

stranded DNA genomes code for over 1200 proteins,

28% of which have never been identified in other organ-

isms [22��]. Moreover, tupanviruses have many genes

related to protein synthesis, including 20 aminoacyl-

tRNA synthetases and several translation factors, which

appear to have originated from other taxonomic groups

[22��]. Similar to tupanviruses, other giant viruses, such as

mimiviruses and Marseilleviruses, have genes originating

from across the three domains of life, which led to their

mosaic genomes [25,32]. It is possible that such genomic

mosaicism is reflected in the virion structure.

To avoid artifacts caused by the observation of taxonomic

relationships performed with BLAST-searches alone, we

have created phylogenetic trees using a maximum-

likelihood analysis for all of the proteins predicted pres-

ent in the purified particles of TPV-SL [22]. These

analyses reinforce that multiple groups of organisms

contribute to the formation of the virion structure

(Figures 2b and 3 ). The maximum likelihood trees

grouped about 20% of the TPV-SL proteome with mem-

bers of eukarya (9% of total; one third of this 9% originates

from amoebae), archaea (3% of total), bacteria (8% of

total) (Figures 2 and 3a–c). This result supports data

demonstrating the relevance of other groups from the

Tree of Life in the evolution of NCLDVs genomes and

indicates that parts of these proteins may be incorporated

during the formation of the viral particle as well. The high

contribution of genes/proteins with a probable bacterial

origin has been postulated as a distinctive feature for the

NCLDV that infect unicellular eukaryotic hosts, espe-

cially for the mimiviruses, Marseilleviruses, and phycod-

naviruses [25]. The other 80% of the TPV-SL proteome

was related to other groups of viruses, specifically (but not

exclusively) to other NCLDVs (Figures 2 and 3d).

Finally, since this portion of genes is shared with mem-

bers of other cellular domains, it may indicate that

tupanviruses are not constrained solely to the extreme

environments where they have thus far been isolated.

Future perspectives
From more than 300 isolates of giant viruses, only in a

dozen the proteins that make up the structure of the

particle itself have been analyzed [5,16,25,26�,27–29]. By

understanding the components involved in the formation

of a virion, it is possible to answer important questions

related to the evolution of viruses, their origins, and even

what exactly characterizes them. Phylogenetic analyses of

all 127 tupanvirus proteins indicate that a substantial

portion of the particle structure is influenced by members

from across the three Domains of Life. However, it is still

an open question whether this portion is relevant when

compared to other members of the NCLDVs. To extend

this observation to other giant viruses, we must amplify

our knowledge on the structure of their virions. This will

help so that the currently available viral proteomes can be
Current Opinion in Virology 2019, 36:25–31 
analyzed and inferred phylogenetically to other cellular

groups.
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