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RESUMO

Recentemente, intensos debates buscaram contribuir a respeito do modo como os virus sao
classificados e a maneira como o seu processo evolutivo € interpretado, especialmente apds a
descoberta dos virus gigantes de ameba. Esse processo representou uma das fases mais
importantes da virologia moderna, tendo seu inicio em 2003 com a descoberta do
Acanthamoeba polyphaga mimivirus (APMV). Posteriormente, impulsionada por
aprimoramentos nas técnicas de isolamento viral e cultivo em protistas, uma variedade de virus
de amebas foi encontrada em diferentes ambientes ao redor do globo. Andlises de filogenia e
reconstrucoes filogendmicas auxiliaram na classificacdo desses virus em um grupo
potencialmente monofilético, envolvendo a participac@o de muitas familias virais. Esse grupo,
denominado de virus grandes nucleo-citoplasmaticos de DNA (NCLDVs) é atualmente
formado por membros das familias Poxviridae, Asfarviridae, Iridoviridae, Ascoviridae,
Phycodnaviridae, Marseilleviridae ¢ Mimiviridae, além das linhagens representadas pelos
pithovirus, pandoravirus, mollivirus, medusavirus, pacmanvirus, faustovirus, klosneuvirus,
entre outros. Mesmo potencialmente tendo compartilhado um ancestral em comum, membros
do NCLDYV apresentam importantes diferengas morfogenéticas que estdo em plena expansio,
visto a quantidade crescente de entidades virais isoladas e/ou detectadas por metodologias
independentes de cultivo. Neste trabalho, o nosso objetivo foi caracterizar amostras de virus de
amebas Acanthamoeba castellanii obtidas a partir de diferentes ambientes brasileiros. Para
isso, foram feitas caracterizagdes gendmicas, de protedmica e/ou bioldgicas de trés linhagens
evolutivas de virus (tupanvirus, pandoravirus e yaravirus) isoladas desse hospedeiro amebiano.
A andlise de protedmica das particulas dos tupanvirus revelou a presenga de mais de 100
protcinas codificadas por genes virais, a maioria sem fungdo ou origem conhecida. Neste
contexto, cerca de 20% das proteinas encontradas sdo codificadas por genes que foram
transferidos de organismos celulares para os tupanvirus ao longo de sua histéria evolutiva.
Desses 20%, cerca de 9% sdo provenientes de eucariotos (um tergo originario de amebas), 3%
provenientes de arqueias e os outros 8% provenientes de bactérias. Com relagdo aos outros
80% do proteoma do tupanvirus soda-lake, a maior parte encontra-se relacionada
especialmente com outros membros do NCLDV.

Para os pandoravirus, a presente tese contribui para um melhor entendimento do seu
ciclo de multiplicagdo. Nossos dados indicam que todos os isolados analisados sdo capazes de
modificar intensamente o ambiente citoplasmatico das amebas infectadas, recrutando
mitocondrias e membranas que s@o aproveitadas na formagdo das fabricas virais. Também
foram identificados diferentes padroes de morfogénese das particulas, com a montagem
podendo ser iniciada tanto pelo apice como pela base do virion. Por meio da contagem de
particulas durante o ciclo, observou-se que os pandoravirus podem sofrer exocitose logo apos
a morfogénese, em um processo que envolve um intenso recrutamento de membranas celulares
para as fabricas virais. Tratando células infectadas com brefeldina, a exocitose das particulas
virais foi afetada em duas das trés linhagens analisadas, o que pode indicar uma variabilidade
entre os isolados. Apesar da exocitose, a lise de células hospedeiras também se mostrou um
importante fator para a liberagdo viral. Por fim, com relacdo ao yaravirus, nossos dados
reportam a descoberta de uma linhagem viral inédita, apresentando uma origem e filogenia
intrigantes. Com particulas de aproximadamente 80 nm e um genoma de cerca de 45 kpb, o
yaravirus passou a representar o0 menor ¢ menos complexo (em termo de quantidade de genes)
virus isolado de Acanthamoeba spp. Mais de 90% do genoma do yaravirus ndo apresenta
similaridade a sequéncias de bancos de dados de dominios publicos. Nossos dados também
descrevem a identificagdo de uma proteina principal de capsideo com sequéncia de
aminoacidos divergente, sem nenhuma homologia significativa com proteinas de capsideo
observadas para outros membros do grupo NCLDV. No entanto, esta proteina apresenta.uma
estrutura predita para o dominio de double-jelly roll. Além disso, por meio de buscas por
similaridade de sequéncias em bancos de dados publicos contendo mais de 8.500
metagenomas, foi encontrada apenas homologias muito distantes para a proteina ATPase viral



(~33% de similaridade), o que destaca a raridade desse virus no ambiente natural e demonstra
qudo importantes se fazem os estudos baseados em isolamento, ¢ ndo apenas os voltados para
detecgdo gendmica. Concluindo, nosso trabalho nio s6 permitiu expandir o atual conhecimento
sobre a diversidade de virus de eucariotos como também proveu informagdes que podem
desafiar a atual classificagdo dos virus de DNA.

Palavras-chave: virus gigantes, tupanvirus, pandoravirus, yaravirus

ABSTRACT

Recently, intense debates have sought to contribute in the way viruses are classified and
the way their evolutionary process is interpreted, especially after the discovery of the giant
viruses of amoeba. This process represented one of the most important phases of modern
virology, beginning in 2003 with the discovery of Acanthamoeba polyphaga mimivirus
(APMYV). After, driven by major improvements in the techniques of viral isolation and
cultivation in protists, a variety of amoeba viruses were found in different environments around
the globe. Phylogeny analyzes and phylogenomic reconstructions ended up classifying these
viruses into a potentially monophyletic group, involving the participation of many viral
families. This group, called nucleocytoplasmic large DNA viruses (NCLDVs), is currently
formed by members of the families Poxviridae, Asfarviridae, Iridoviridae, Ascoviridae,
Phycodnaviridae, Marseilleviridae and Mimiviridae, in addition to the strains represented by
the pithovirus, pandoravirus, mollivirus, medusavirus, pacmanvirus, faustovirus, klosneuvirus,
among others. Although they potentially shared a common ancestor, members of the NCLDV
have important morphogenetic differences that are in full expansion, given the increasing
number of isolated and/or detected viral entities by recently incorporated cultivation-
independent methods. In this work, our aim is to characterize samples of viruses from the
amoeba Acanthamoeba castellanii, obtained from different Brazilian environments. For that,
we promoted the genomic, proteomic and/or biological characterizations of three evolutive
viral strains (tupanvirus, pandoravirus and yaravirus) isolated from this amoebal host.
Proteomic analysis of tupanvirus particles revealed the presence of more than 100 proteins
encoded by viral genes, a great part of them without known function or origin. In this context,
about 20% of the proteins are encoded by genes that were transferred from cellular organisms
to tupanviruses throughout their evolutionary history. For pandoraviruses, the present thesis
has contributed to a better understanding of the multiplication cycle of the members of this
lineage. Our data indicates that all the analyzed isolates are capable of deeply modify the
cytoplasmic environment of the infected amoebae, recruiting mitochondria and membranes
that are used in the formation of viral factories. Various patterns of pandoravirus particle
morphogenesis were observed, and the assembly seemed to be started by the apex or the base
of the particle. By counting the viral particles during the infection cycle, we observed that
pandoraviruses can undergo exocytosis shortly after morphogenesis, in a process that involves
intense recruitment of membranes surrounding the newly formed particles. Treating the
infected cells with brefeldin, the exocytosis of viral particles was affected in two of the three
analyzed strains, indicating variability between the isolates. Despite occurrence of exocytosis,
lysis of host cells proved to be an important contributor to the viral release. Finally, regarding
the analyzes made for the yaravirus, our data report the discovery of a viral lineage never
described before, presenting a puzzling origin and phylogeny. With particles of approximately
80nm and a genome of about 45kbp, the yaravirus now represents the smallest and simplest (in
terms of number of genes) virus isolated from Acanthamoeba spp. Interestingly, more than
90% of its genome does not show sequence similarity in databases. Our data also describe the



identification of a divergent major capsid protein, with no significant homology to capsid
proteins seen in other NCLDV members, but with a predicted structure for the double-jelly roll
domain. In addition, only distant-related ATPase homologs were found in similarity searches
for sequences deposited in more than 8,500 public metagenomes, highlighting the rarity of this
virus in the natural environment and demonstrating how important are studies based on viral
isolation, not just those focused on genome detection. In conclusion, our work not only allows
us to expand the current knowledge about the diversity of eukaryotic viruses, but also
complements it with information that may challenge the current classification of the DNA
viruses.

Keywords: giant virus, tupanvirus, pandoravirus, yaravirus
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1. INTRODUCAO

Quase duas décadas ja se passaram desde a descoberta e caracterizacdo do primeiro
virus gigante de ameba. Naquele momento, um passo importante foi dado em diregdo a um
maior entendimento do ambiente microbiolégico ao qual estamos inseridos, auxiliando
também em uma grande expansdo do nosso conhecimento sobre a virosfera. Os virus a partir
de entdo pararam de ser vistos exclusivamente como entidades muito simples e passaram a ser
aceitos como organismos capazes de apresentar genomas de alta complexidade e tamanhos de
particula inesperadamente grandes, podendo estar associados nos mais diversos tipos de
relagdes evolutivas que datam desde o surgimento da vida na Terra. Posteriormente,
impulsionada por aprimoramentos nas técnicas de isolamento viral e cultivo em protistas, uma
grande variedade desses virus foi encontrada em diferentes ambientes ao redor do globo.
Analises de filogenia e reconstrucdes filogenomicas acabaram por auxiliar na classificagdo
dessas entidades em um grupo potencialmente monofilético, envolvendo a participacio de
muitas familias virais. Esse grupo, denominado de virus grandes nicleo-citoplasmaticos de
DNA (NCLDVs), € atualmente formado por membros das familias Poxviridae, Asfarviridae,
Iridoviridae, Ascoviridae, Phycodnaviridae, Marseilleviridae e Mimiviridae, além das
linhagens representadas pelos pithovirus, pandoravirus, mollivirus, medusavirus, pacmanvirus,
faustovirus, klosneuvirus, entre outros. Mesmo compartilhando entre si um potencial ancestral
em comum, os NCLDV apresentam importantes diferengas morfogenéticas, cada vez mais
evidentes devido a crescente quantidade de novos grupos virais isolados e/ou detectados por
metodologias independentes de cultivo.

Durante os ultimos dez anos o0 nosso grupo de pesquisa tem trabalhado para contribuir
para o conhecimento sobre a diversidade e excepcionalidade dos virus gigantes de ameba,
utilizando para isso de amostras ambientais coletadas no Brasil, um pais com uma das maiores
biodiversidades do planeta. Dezenas de trabalhos cientificos ja foram gerados durante esse
periodo, apresentando como um de seus principais focos o isolamento e a caracterizagdo de
amostras de virus gigantes brasileiros obtidas em vdrias regides do pais. Um fator de extrema
importancia para esse sucesso foi também a parceria consolidada durante esse tempo com
pesquisadores da Universidade de Aix-Marseille, na Franga, em especial os Prof. Bernard La
Scola, sendo ele uma importante referéncia no assunto e pioneiro no mundo na descricdo de
entidades virais tdo complexas. Com o passar dos anos, varias parcerias com instituigdes
nacionais e internacionais também foram estabelecidas, incluindo a Universidade Federal do

Rio de Janeiro, a Universidade de Brasilia, a EMBRAPA Pantanal, Petrobras, Purdue

11



University (EUA) e o Lawrence Berkeley National Laboratory (EUA), os quais foram
essenciais para o desenvolvimento dos trabalhos do grupo. A presente tese de doutorado foi
construida ent@o sobre fortes bases estabelecidas pelo nosso grupo durante a tltima década,
apresentando como apelo a expansao do nosso conhecimento sobre os virus gigantes em uma

série de estudos que buscaram atingir diversas vertentes.

Por meio de analises de protedmica e a constru¢do de arvores filogenéticas, pudemos
investigar melhor sobre as origens das 127 proteinas que formam as particulas dos tupanvirus;
esse que atualmente é um dos virus de maior tamanho e complexidade genética ja observados
na natureza. Em um segundo estudo, por meio de uma metodologia voltada especialmente
para a utilizacdo de ensaios de microscopia eletronica de transmissdo e varredura (MET e
MEYV, respectivamente), conseguimos reunir um acervo de mais de 200 imagens que nos
permitiu estabelecer uma descri¢do detalhada do ciclo de multiplica¢do de trés amostras de
pandoravirus isoladas em diferentes locais do Brasil. Essa descricdo envolveu ndo so os
estagios basicos do processo de infecgdo viral, mas também o modo como o hospedeiro
celular se comporta durante cada etapa do ciclo, além de algumas diferengas bioldgicas vistas
durante o processo de infeccdo dessas amostras. Por fim, finalizamos esse trabalho com a
descricdo do isolamento e caracterizacdo do yaravirus, uma nova entidade viral que apresenta
uma das origens evolutivas e filogenias mais intrigantes ja observadas em um virus de ameba.
Uma abordagem descritiva bastante completa foi realizada nesse sentido. Foram
desenvolvidos conjuntos de ensaios bioldgicos e genéticos organizados em diversas vertentes,
como, por exemplo: (i) andlises do virus e de seu ciclo de infeccdo por MET, MEV,
microscopia crio-cletrénica, tomografia eletronica e¢ coloracdo negativa; (ii) andlises da
replicagdo do material genético viral por PCR quantitativa; (iii) caracterizagdes genéticas e
morfologicas das particulas purificadas do yaravirus por meio de experimentos de
sequenciamento do genoma completo, predicdo e anotagdo génica, além de analises de
protedmica da particula madura e, por fim, (iv) o estabelecimento de importantes relacoes
filogenéticas dessa linhagem viral em meio a um conjunto de outros virus de ameba com
caracteristicas muito diferentes. Todo esse processo gerou como consequéncia a criagdo de
uma nova familia para acomodar outros virus da linhagem do yaravirus que vierem a ser
descobertos. Portanto, o presente trabalho de tese lidou com importantes desafios, uma vez
que as entidades virais aqui estudadas codificam para um vasto arsenal de proteinas
completamente desconhecidas, ndo apresentando todos os genes de referéncia utilizados para
a megataxonomia recentemente proposta pelo Comité Internacional de Taxonomia dos Virus

(ICTV). Como conclusdo, essa tese de doutorado ndo so6 permitiu expandir o atual
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conhecimento sobre a diversidade de virus de eucariotos, em especial os virus de protistas,

como também contribuiu para gerar interessantes discussdes sobre a megataxonomia viral.

Os estudos desenvolvidos durante a presente tese foram executados, parcial ou

integralmente, de acordo com os seguintes cadastros:

e SISGEN - AA3B21E, A702EBS, A25764F, AC31840, A473BD3, A3DABS3F,
AC3045D, A96431C, ABF23CC, A2F8816, ASS0BBD ¢ AEC3EAA (acesso ao

patrimonio genético brasileiro);

e SISBIO - 33326, 34293 e 80252 (coletas de material microbioldgico para

prospeccdes).



2. Artigo numero 01:

2.1 The multiple origins of proteins present in tupanvirus particles
(doi: 10.1016/j.coviro.2019.02.007)

Nesse artigo fizemos inicialmente a compilagdo de todos os dados de proteémica
disponiveis para os virus gigantes de ameba estudados até o periodo de junho de 2019. Foram
incluidas informagdes de trabalhos envolvendo os virus Acanthamoeba polyphaga mimivirus,
Cafeteria roenbergensis virus, diferentes isolados de pandoravirus, faustovirus E12, pithovirus
sibericum, mollivirus sibericum e tupanvirus soda-lake.

Baseando-se em um contexto daquele momento, os virus conhecidos como tupanvirus
haviam sido recentemente descobertos pelo nosso grupo de pesquisa, tendo ganhado um
notavel destaque internacional por sua complexidade genética e morfologia peculiar. Da
mesma forma, a proteémica das particulas maduras revelou que os tupanvirus sdo compostos
por um conjunto de centenas de proteinas, muitas delas com fung¢io completamente
desconhecida e sem homologia com sequéncias de proteinas disponiveis em bancos de dados
(condificadas por genes conhecidos como ORFans). Tendo isso em mente, neste artigo
buscamos gerar e analisar as relagdes filogenéticas de proteinas que sabidamente sdo
responsaveis por formar as particulas do tupanvirus soda-lake, comparando com sequéncias de
proteinas similares de membros de diferentes grupos taxonoémicos. Para isso, para cada uma
das 127 proteinas que formam as particulas purificadas do tupanvirus foram também analisadas
as similaridades de suas sequéncias com as dos membros do grupo Eukarya (30 best-hits),
Archaca (30 best-hits), Amocbozoa (10 best-hits), outros virus (10 best-hits), Proteobacteria
(15 best-hits) e Firmicutes (15 best-hits). As sequéncias de proteinas foram entio coletadas,
alinhadas e as arvores filogenéticas foram construidas com base no método de maxima
verossimilhanca, em uma anélise de bootstrap contendo 1000 replicatas. As arvores geradas
demonstraram que cerca de 20% do proteoma das particulas dos tupanvirus se agrupam com
membros do grupo dos eucariotos, arqueias e bactérias. Desses 20%, cerca de 9% sdo
provenientes de eucariotos (um terco originario de amebas), 3% provenientes de arqueias e 0s
outros 8% provenientes de bactérias. Com relagio aos outros 80% do proteoma do tupanvirus
soda-lake, a maior parte pode se encontrar relacionada especificamente (mas ndo
exclusivamente) com outros membros do NCLDV. Por fim, como uma grande porgio de genes
foi observada sendo compartilhada com membros de outros dominios celulares, nossos dados
sugerem que os tupanvirus adquiriram genes de diferentes organismos ao longo de sua
evolugdo e incorporaram algumas das proteinas codificadas por estes genes em suas particulas

virais.
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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

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 2.5Mb 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 ~750nm in diamerter [8,9°°],
while pandoravirus and pithovirus exhibit an ovoid-
to-ellipsoid shape reaching >1000nm 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 kaumocba-
virus, all of which have particles of 220-270nm in
diameter [15-18]. Considering the size and complexity
of the particles of these viruses, studies to bertrer
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 stll unknown mechanism that is
possibly related to the viral particle [22°°]. In this review,
we explore the peculiar characteristics of the T'upanvirus’
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

T'upanviruses 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

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

Current Opinion in Virology

Electron microscopy of tupanvirus particles.

(a) Scanning electron microscopy (SEM) image of tupanvirus soda lake (TPV-SL) with viral particles in different positions; (b) SEM image
visualizing the full structure of the virion (capsid and tail) and the pseudo-icosahedral capsid of about 500 nm; (c) Transmission electron
microscopy (TEM) image of the internal structures of the particle. Notice the internal membrane in the multi-layered capsid, fibrils covering the
whole particle, and the tail attached to it; (d) TEM image of the stargate portal of tupanvirus; (€) TEM image visualizing a transverse slice of the

capsid and tail.

Current Opinion in Virology 2019, 36:25-31
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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 um, though
the tails vary in size and facilitate a substantial plasticity
in some of the particles which reach up to 2.3 pm [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 eryo-clectron microscopy (eryo-EM)
[9%°]. It was observed inor.his study thar the particles had a
diameter of about 7500 A. The pseudo-icosahedral capsid
is about 5000 A 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 APMYV capsid there is a
layer of 1250 A -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
(SMBYV), 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 (~30nm) 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 heterogencity 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 [197].
Although CroV infects marine zooplankton and not amoe-
bae, it is phvlogenetically 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 A, and 30 A-long surface protrusions which appear
to form from loops of its double jelly-roll MCP [19°].

Other giant viruses have had their particles thoroughly
analvzed. 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 eryo-EM.
These viruses are about 2400 A in diameter and have
icosahedral symmertry [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 A to
1900 A, and contacts the outer shell with protrusions

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 2.5pum in length and
0.9 pm 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
Pithoviras particles also present a low-density layer that is
about 40nm 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 vield 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 mimiviruscs arc 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. T'his observation suggests that these VI
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
siant viruses [24°°].

Among the amoebal-infecting giant viruses, there are stud-
ies into the proteomics of purified viral particles, including
APMYV, 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’
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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

Proteomic analysis was performed on tupanvirus soda
lake (I'PV-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
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Proteome analysis of tupanvirus soda lake.

(a) Venn diagram of a comparative analysis of the viral particle proteome of TPV-SL, APMV, and CroV containing 127, 136, and 141 proteins,
respectively. The analysis was performed using the proteomic data of each virus obtained from the literature [21,25,31] and the software
ProteinOrtho with the following parameters: cov=50%, e-value=10 %; (b) Circos plot representing the putative origin of the proteins constituting
the tupanvirus particle. Genes were grouped into functional categories and are depicted in different colors, The number of proteins from each

group are specified in the figure.
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component in the structure of viruses (Figure 2a). This
supports the presence of these componcents in the last
common ancestor of the Mimiviridae family
[22°°,24°%,26"]. Tt is noteworthy that TPV-SL has more
proteins in common with APMYV 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

coordinated multimolecular processes that are estab-
lished under tight cvolutionary 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

Onc of the most striking features of the known virosphere
concerns the genomic and structural characteristics of the
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AULTS10T 1 Tuparveus deep ocean
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Phylogenetic analyses of the tupanvirus proteome.

Maximume-likelihood trees created with data gathered from the best BLAST-matches within each group of the following organismal (when
available) groups: eukarya (30 best-hits), archaea (30 best-hits), amoebozoa (10 best-hits), viruses (10 best-hits), proteobacteria (15 best-hits), and
firmicutes (15 best-hits). Inferences were performed for the 127 proteins composing the mature particle of tupanvirus. In these analyses,
tupanvirus proteins (red arrows) were grouped with other sequences of (a) archaea - gene L352, (b) eukarya - gene L8996, (c) bacteria - gene
L1162, and (d) other viruses - L250. All of the trees were created with the FastTree 2.1 software and visualized with MEGA 7.
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tupanviruses. Their approximately 1.5Mb 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
[227°]. 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 phvlogenetic 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 multple 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 Y% 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 genesfproteins with a probable bacterial
origin has been postulated as a distinctive feature for the
NCLDYV that infect unicellular eukarvotic hosts, espe-
cially for the mimiviruses, Marseilleviruses, and phycod-
naviruses [25]. The other 80% of the TPV-SL protcome
was related to other groups of viruscs, specifically (but not
exclusively) to other NCLDVs (I'igures 2 and 3d).
Finally, since this portion of genes is shared with mem-
bers of other cellular domains, it may indicatc that
tupanviruses are not constrained solelv 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

analyzed and inferred phylogenetically to other cellular
groups.

Funding

"T'his research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-
profit sectors.

Acknowledgements

We thank our colleagues from Grupo de Estudo ¢ Prospecgdo de Virus
Gigantes (Gepvig) and the Laboratdrio de Virus for their excellent technical
support. We also thank Conselho Nacional de Desenvolvimento Cientifico
¢ T'eenolégico (CNPq), Coordenagdo de Aperfeigoamento de Pessoal de
Nivel Superior (CAPES) and Fundagio de Amparo a Pesquisa do Estado de
Minas Gerais (FAPEMIG) for scholarship and the Center of Microscopy of
Universidade Federal de Minas Gerais. JSA is ONPq researcher and
member of a CAPES-COFECUB project.

References

1. Harrison SC: Principles of virus structure. In Fields Virology.
Edited by Knipe DM, Howley PM. Lippincott Wiliams & Wilkins;
2013:52-86.

2. Colson P, De Lamballerie X, Yutin N, Asgari S, Bigot Y, Bideshi DK,
Cheng XW, Federici BA, Van Etten JL, Koonin EV et al.:
“Megavirales”, a proposed new order for eukaryotic
nucleocytoplasmic large DNA viruses. Arch Viro/ 2013,
158:2517-2521.

3. La Scola B, Audic S, Robert C, Jungang L, de Lamballerie X,
Drancourt M, Birtles R, Claverie J-M, Raoult D: A giant virus in
amoebae. Science 2003, 299:2033.

4. Philippe N, Legendre M, Doutre G, Couté Y, Poirot O, Lescot M,
Arslan D, Seltzer V, Bertaux L, Bruley C et al.: Pandoraviruses:
amoeba viruses with genomes up to 2.5Mb reaching that of
parasitic eukaryotes. Science 2013, 341:281-286.

5. Legendre M, Bartoli J, Shmakova L, Jeudy S, Labadie K, Adrait A,
Lescot M, Poirot O, Bertaux L, Bruley C et al.: Thirty-thousand-
year-old distant relative of giant icosahedral DNA viruses with
a pandoravirus morphology. Proc Natl Acad Sci U S A 2014,
111:1-6.

6. Fischer MG, allen MJ, Wilson WH, Suttle CA: Giant virus with a
remarkable complement of genes infects marine zooplankton.
Proc Natl! Acad Sci U § A 2010, 107:19508-19513.

7. Deeg CM, Chow C-ET, Suttle CA: The kinetoplastid-infecting
Bodo saltans virus (BsV), a window into the most abundant
giant viruses in the sea. elife 2018, 7:1-22.

8. Kuznetsov YG, Xiao C, Sun S, Raoult D, Rossmann M,
McPherson A: Atomic force microscopy investigation of the
giant mimivirus. Virology 2010, 404:127-137.

9. Xiao C, Kuznetso Y@, Sun S, Hafenstein SL, Kostyuchenko VA,
s Chipman PR, Suzan-Monti M, Raoult D, McPherson A,
Rossmann MG: Structural studies of the giant mimivirus. PLoS
Biol 2009, 7:958-966.
This is the first study thoroughly describing the structure of a giant virus by
using different microscopy techniques, revealing important characteris-
tics of mimivirus particles, including symmetry, capsid organization and T
number,

10. Schrad JR, Young EJ, Abrahdo JS, Cortines JR, Parent KN:
Microscopic characterization of the Brazilian giant Samba
virus. Viruses 2017, 9:1-16,

11. Okamoto K, Miyazaki N, Song C, Maia FRNC, Reddy HKN,

*« Abergel C, Claverie JM, Hajdu J, Svenda M, Murata K: Structural
variability and complexity of the giant Pithovirus sibericum
particle revealed by high-voltage electron cryo-Tomography
and energy-filtered electron cryo-microscopy. Sci Rep 2017,
7:1-12.

Current Opinion in Virology 2019, 36:25-31

www.sciencedirect.com

20



The multiple origins of tupanvirus particles Miranda Boratto et al. 31

This study reveals the ultrastructural characteristics of pithovirus, reveal-
ing viral particles with huge volume and relative small genome, providing
insights about the origin and evolution of this group of viruses.

12, Andreani J, Aherfi S, Khalil JYB, Di Pinto F, Bitam |, Raoult D,
Colson P, La Scola B; Cedratvirus, a double-cork structured
giant virus, is a distant relative of pithoviruses. Viruses 201€,
8:1-11.

13. Rodrigues RAL, Andreani J, Andrade ACSP, Machado TB, Abdi S,
Levasseur A, Abrahdo JS, La Scola B: Morphologic and genomic
analyses of new isolates reveal a second lineage of
cedratviruses. J Virol 2018, 92:1-13.

14, Andreani J, Khalil JYB, Baptiste E, Hasni |, Michelle C, Raouilt D,
Levasseur A, La Scola B: Orpheovirus [HUMI-LCC2: a new virus
among the giant viruses, Front Microbiol 2018, 8:1-11.

15. Aherfi 5, La Scola B, Pagnier |, Raoult D, Colson P: The expanding
family Marseilleviridae. Virology 2014, 466—467:27-37.

16. Reteno DG, Benamar S, Khalil JB, Andreani J, Armstrong N,
Klose T, Rossmann M, Colson P, Raoult D, La Scola B:
Faustovirus, an asfarvirus-related new lineage of giant viruses
infecting amoebae. J Virol 2015, 89:6585-6594,

17. Bajrai LH, Benamar S, Azhar El, Robert C, Levasseur A, Racult D,
La Scola B: Kaumoebavirus, a new virus that clusters with
Faustoviruses and Asfarviridae. Viruses 2016, 8:1-10.

18. Andreani J, Khalil JYB, Sevvana M, Benamar S, Di Pinto F, Bitam |,
Colson P, Klose T, Rossmann MG, Raoult D et al.: Pacmanvirus, a
new giant icosahedral virus at the crossroads between
Asfarviridae and Faustoviruses. J Virol 2017, 91:1-11,

19, Xiao C, Fischer MG, Bolotaulo DM, Ulloa-Rondeau N, Avila GA,

e Suttle CA: Cryo-EM reconstruction of the Cafeteria
roenbergensis virus capsid suggests novel assembly pathway
for giant viruses. Sci Rep 2017, 7:1-7.

The study describes the ultrastruciure of CroV particle and suggests a

new pathway for viral capsids assembly.

20. Ekeberg T, Svenda M, Abergel C, Maia FRNC, Seltzer V,
Claverie JM, Hantke M, Jonsson O, Nettelblad C, Van Der Schot G
et al.: Three-dimensional reconstruction of the giant mimivirus
particle with an X-ray free-electron laser. Phys Rev Lett 2015,
114:1-6.

21. Klose T, Reteno DG, Benamar S, Hollerbach A, Colson P, La
Scola B, Rossmann MG: Structure of faustovirus, a large dsDNA
virus. Proc Nat/ Acad Sci U S A 2016, 113:6206-6211.

22. Abrahdo J, Silva L, Silva LS, Khalil JYB, Rodrigues R, Arantes T,

oo Assis F, Boratto P, Andrade M, Kroon EG et al.: Tailed giant
Tupanvirus possesses the most complete translational
apparatus of the known virosphere. Nat Commun 2018, 9:1-12.

Descripton of isolation and thorough characterization of tupanviruses, a
new group of giant viruses exhibiting unprecedent structural and genomic
features, including unusual phenotypes with different hosts cells.

23. Zauberman N, Mutsafi ¥, Halevy D, Ben, Shimoni E, Klein E,
Xiao C, Sun S, Minsky A: Distinct DNA exit and packaging
portals in the virus Acanthamoeba polyphaga mimivirus. PLoS
Biol 2008, 6:1104-1114.

24, Fridmann-Sirkis Y, Milrot E, Mutsafi Y, Ben-Dor S, Levin Y,

ee  Savidor A, Kartvelishvily E, Minsky A: Efficiency in complexity:
composition and dynamic nature of Mimivirus replication
factories. J Virol 2016, 90:10039-10047.

An update on the mimivirus particle proteome and the first study to

evaluate the proteome of a giant virus viral factory, suggesting a dynamic

nature of these structures,

25, Boyer M, Yutin N, Pagnier |, Barrassi L, Fournous G, Espinosa L,
Robert C, Azza S, Sun S, Rossmann MG et al.: Giant
Marseillevirus highlights the role of amoebae as a melting pot
in emergence of chimeric microorganisms. Proc Natl Acad Sci
U S A 2009, 106:21848-21853.

26, Fischer MG, Kelly |, Foster LJ, Suttle CA: The virion of Cafeteria

* roenbergensis virus (CroV) contains a complex suite of
proteins for transcription and DNA repair. Virology 2014, 466—
467:82-94,

A proteomic study revealing over 140 proteins with different functions

composing the structure of the CroV particle.

27. Rernesto P, Abergel C, Decloguement P, Moinier D, Azza S,
Ogata H, Fourquet P, Gorvel J-P, Claverie J-M: Mimivirus giant
particles incorporate a large fraction of anonymous and
unique gene products. J Viro/ 2006, 80:11678-11685.

28, Aherfi 8, Andreani J, Baptiste E, Oumessoum A, Dornas FP,
Andrade ACSP, Chabriere E, Abrahao J, Levasseur A, Raoult D
et al.: A large open pangenome and a small core genome for
giant Pandoraviruses. Front Microbiol 2018, 9:1-13,

29. Legendre M, Lartigue A, Bertaux L, Jeudy S, Bartoli J, Lescot M,
Alempic J-M, Ramus C, Bruley C, Labadie K et al.: In-depth
study of Mollivirus sibericum, a new 30,000-y-old giant virus
infecting Acanthamoeba. Proc Natl Acad Sci U S A 2015,
112:1-9.

30. Legendre M, Fabre E, Poirot O, Jeudy S, Lartigue A, Alempic J-M,
Beucher L, Philippe N, Bertaux L, Labadie K et al.; Diversity and
evolution of the emerging Pandoraviridae family. Nat Commun
2018, 9:1-2.

31. Moreira D, Brochier-Armanet C: Giant viruses, giant chimeras:
the multiple evolutionary histories of Mimivirus genes. BMC
Evol Biol 2008, 8:1-10,

32, Claverie JM, Abergel C, Ogata H: Mimivirus. Curr Top Microbiol
Immuno! 2009, 328:89-121.

www.sciencedirect.com

Current Opinion in Virology 2019, 36:25-31

2]



3. Artigo numero 02:

3.1 New isolates of pandoraviruses: contribution to the study of replication cycle steps
(doi: 10.1128/JV1.01942-18)

A potencial familia Pandoraviridae é composta por um dos virus mais complexos ja
observados na natureza até o momento. Apesar disso, sio poucos os isolados descritos
atualmente, o que faz com que muitos aspectos do seu ciclo precisem ser mais bem elucidados.
O artigo a seguir foi desenvolvido nesse contexto, aproveitando-se de uma séric de
metodologias de imagem com o objetivo de gerar uma descricdo detalhada do ciclo de
multiplicagdio de trés amostras de pandoravirus brasileiras, o pandoravirus kadiweu, o
pandoravirus pampulha e o pandoravirus tropicalis. O primeiro isolado foi obtido por meio de
amostras de agua coletadas na cidade de Bonito, Mato Grosso do Sul, seguida da aplicacdo de
metodologias de cultivo em amebas jd bem estabelecidas na literatura. As outras duas amostras
faziam parte de uma colegdo de isolados de virus gigantes obtidas em um estudo de prospec¢do
realizado a partir de de 2015, tendo sido coletadas a partir de amostras de esgoto da lagoa da
Pampulha, Belo Horizonte. Apos o isolamento, cada uma das amostras foi confirmada como
um isolado de pandoravirus po meio de observacio da particula por MET e sequenciamento de
um fragmento do gene conservado da DNA polimerase viral. Posteriormente, cada uma dessas
amostras foi utilizada em um extenso experimento de infec¢@o assincrénica em amebas da
espécie Acanthamoeba castellanii, culminando em uma cole¢do de mais de 200 imagens de
microscopia eletrénica de transmissdo e de varredura. Essas imagens foram intensamente
analisadas e utilizadas para a caracterizagao de diversas etapas do ciclo de multiplicagdo dessas
amostras virais. Observou-se que, assim como ja descrito para outros virus gigantes, todas as
amostras de pandoravirus parecem penetrar na célula hospedeira por meio de eventos de
fagocitose. Esses virus sdo entdo internalizados dentro de um fagossomo até que este se funda
com organelas lisossomais e esse processo desencadeie o desnudamento da particula, com
liberagdo do genoma no citoplasma da célula hospedeira. Em uma etapa posterior, grandes
regides clétron-lucentes parecem ser produzidas na forma de fabricas virais, contendo um
grande numero de mitocondrias e outras organelas, potencialmente auxiliando na morfogénese
das particulas. A dindmica de morfogénese entdo se inicia, com as particulas sendo formadas
inicialmente por meio de crescentes ¢ adquirindo com o tempo tanto um maior tamanho quanto
complexidade. Por fim, antes de ocorrer o processo de lise celular, como previamente descrito
em outros estudos, as particulas de pandoravirus parecem ser liberadas da célula hospedeira

por exocitose, apesar de que diferencas biologicas vistas entre as amostras. Como conclus@o,



esse trabalho contribuiu de maneira importante para um melhor entendimento do ciclo de

multiplicagdo dos pandoravirus.
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ABSTRACT Giant viruses are complex members of the virosphere, exhibiting out-
standing structural and genomic features. Among these viruses, the pandoraviruses
are some of the most intriguing members, exhibiting giant particles and genomes
presenting at up to 2.5Mb, with many genes having no known function. In this
work, we analyzed, by virological and microscopic methods, the replication cycle
steps of three new pandoravirus isolates from samples collected in different regions
of Brazil. Our data indicate that all analyzed pandoravirus isolates can deeply modify
the Acanthamoeba cytoplasmic environment, recruiting mitochondria and mem-
branes into and around the electron-lucent viral factories. We also observed that the
viral factories start forming before the complete degradation of the cellular nucleus.
Various patterns of pandoravirus particle morphogenesis were observed, and the as-
sembly of the particles seemed to be started either by the apex or by the opposite
side. On the basis of the counting of viral particles during the infection time course,
we observed that pandoravirus particles could undergo exocytosis after their mor-
phogenesis in a process that involved intense recruitment of membranes that
wrapped the just-formed particles. The treatment of infected cells with brefeldin af-
fected particle exocytosis in two of the three analyzed strains, indicating biological
variability among isolates. Despite such particle exocytosis, the lysis of host cells also
contributed to viral release. This work reinforces knowledge of and reveals important
steps in the replication cycle of pandoraviruses.

IMPORTANCE The emerging Pandoraviridae family is composed of some of the
most complex viruses known to date. Only a few pandoravirus isolates have been
described until now, and many aspects of their life cycle remain to be elucidated. A
comprehensive description of the replication cycle is pivotal to a better understand-
ing of the biology of the virus. For this report, we describe new pandoraviruses and
used different methods to better characterize the steps of the replication cycle of
this new group of viruses. Our results provide new information about the diversity
and biology of these giant viruses.

KEYWORDS pandoravirus, giant virus, replication cycle, viral morphogenesis, viral
release, virus diversity

47 iant viruses are a group of complex viruses commonly referred to as nucleocyto-
St plasmic large DNA viruses (NCLDV); the members of the group exhibit diverse
characteristics that have been astonishing the scientific community over the last few
years. Different groups of viruses described to date are able to replicate in amoeba cells,
expanding considerably our knowledge about their diversity, structure, genomics, and
evolution (1-5).

Five years ago, two complex giant viruses infecting Acanthamoeba castellanii cells
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were described, constituting a new group of viruses called pandoraviruses. One of the
isolated viruses, which originated from a marine sediment layer of the Tunquen River
in Chile, was named Pandoravirus salinus, and the other one, isolated from the mud of
a freshwater pond in Australia, was named P. dulcis. Pandoraviruses have morphological
and genetic characteristics that have never been described before, such as an oval-
shaped particle with an ostiole-like apex, measuring ~1.0 um in length and ~0.5 um
in diameter, representing some of the largest viruses known to date (6). These viruses
are also marked by the presence of a double-stranded DNA genome of up to 2.5 Mb (P.
salinus), currently the largest genome in the virosphere (6).

In 2008, amoebas of the Acanthamoeba genus harboring an unknown endocytobi-
ont were isolated from the contact lens and inflamed eye of a patient with keratitis in
Germany (7). Years after this discovery, analysis of this endosymbiont genome revealed
the viral nature of this organism, which was classified as a pandoravirus (8). This was the
third pandoravirus described, and it was named P. inopinatum (9, 10). In 2015 to 2016,
new pandoraviruses were described using a culture of A. castellanii cells belonging to
sewage and soda lake water samples. These viruses were named P. massiliensis, P.
pampulha, and P. brasiliensis (11-13). Another recent prospective study reported the
isolation of Pandoravirus quercus, isolated from samples of soil collected in Marseille
(France); P. neocaledonia, isolated from the brackish water around a mangrove near
Noumea Airport (New Caledonia), and P. macleodensis, isolated from a freshwater pond
near Melbourne (Australia) (14). Pandoraviruses represent a genome exceeding those of
some eukaryotic microorganisms, with a huge proportion of open reading frame (ORF)
genes without homologs (ORFans) in any database. The ORFans correspond to about
70% of the predicted genes of pandoraviruses (6).

Despite the plethora of novel characteristics revealed by analyses of the genomes
and evolution of the pandoraviruses, their replication cycle still needs further study to
be better understood. In the present report, we present an in-depth investigation of the
replication cycle steps of three new isolates of pandoraviruses. We observed that the
pandoraviruses are able to deeply modify the acanthamoeba cytoplasmic environment,
recruiting mitochondria and membranes into and around the electron-lucent viral
factories (VFs). The viral factory formation and viral particle morphogenesis were
analyzed in an in-depth manner by electron microscopy (EM), with results reinforcing
previously published data and revealing new features about pandoraviruses' replication
cycles. We also demonstrated by microscopy and pharmacological inhibition of mem-
brane traffic that viral particles were released from infected cells both by exocytosis and
by cell lysis. This work contributes to the understanding of important steps in the
replication cycle of pandoraviruses.

RESULTS

New members of the emerging family Pandoraviridae. Isolation of a new pan-
doravirus isolate, namely, P. kadiweu, was performed by culturing amoebas of the A.
castellanii species with water samples collected in the city of Bonito, Mato Grosso do
Sul, Brazil (Fig. 1A, D, and H). A prospective study conducted between 2015 and 2017
using culture of A. castellanii species with sewage samples from different environmental
and clinical samples reported the collection of two pandoravirus isolates that were
identified by real-time PCR and electron microscopy (12). The pandoravirus isolates
were obtained from samples of Mergulhdo Creek and Bom Jesus Creek, in the region
of Pampulha Lake, Belo Horizonte, Brazil (Fig. 1A to C), and were named Pandoravirus
pampulha (12) (Fig. 1F) and P. tropicalis, respectively (Fig. 1E and G). The P. kadiweu
isolate and the two isolates described by Andrade et al. in 2018 (12) are new members
of the emerging family Pandoraviridae.

The isolates were observed both by optical microscopy (data not shown) and by
electron microscopy, and the images indicated no evident morphological differences
among the three isolates (Fig. 1E to H). The isolates were ~1.0 um in length and had
an ostiole-like apex at one end of the particle as previously described for other
pandoraviruses (6, 12-15). In order to evaluate whether our isolates were similar, we
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FIG 1 Sites of collection and electron microscopy and phylogenetic analysis of the pandoravirus isolated in this work, (A) Map of Brazil showing where the
samples were collected for the isolation of pandoraviruses. (B to D) Representative pictures from the areas of collection: Bom Jesus Creek (B), Mergulhao Creek
(C), and the city of Bonito (D). (E) P. tropicalis particles were analyzed using scanning electron microscopy at 24 h.,p.i. and an MOl of 0.01, (F, G, and H)
Transmission electron microscopy (24 h.p.i/MOI 0.01) for the viral particles corresponding to the isolates of P. pampulha, P. tropicalis, and P. kadiweu,
respectively. (I} Alignment of the sequences, showing that P. kadiweu and P. tropicalis represent strains of pandoraviruses with many exclusive polymorphisms
(highlighted in yellow), compared to the sequences of other isolated pandoraviruses. (J) Maximum likelihood tree constructed using predicted sequence of 251
amino acids of a DNA polymerase B subunit in different isolates of pandoraviruses. The giant viruses isolated in this work are highlighted in red.

sequenced a fragment of the DNA polymerase subunit B gene. The analysis of predicted
amino acid sequences revealed that all of the isolates were different from each other.
In addition, we observed that P. tropicalis and P. kadiweu present unique amino acid
substitutions (Fig. 11). The sequence of P. pampulha was more similar to that of P.
quercus (Fig. 11). These results reveal the diversity among our isolates and other
pandoravirus isolates, and future genomic studies will determine whether P. tropicalis
and P. kadiweu represent new clades among pandoraviruses (Fig. 1J). To date, there
have been no rules or parameters available to establish a new clade belonging to the
hypothetical family Pandoraviridae. The electron microscopy images obtained for these
isolates were used to assemble a collection of more than 200 images. This data set
allowed us to perform a comprehensive analysis of the replication cycle of these
viruses.

Pandoraviruses are phagocytosed and replicate in large and electro-lucent
viral factories. As demonstrated by work published by Legendre et al. in 2018 (14), the
first steps involving the replication cycle of pandoraviruses seem to be similar for all
these viruses, independently of the virus isolate analyzed. We observed that the
amphora-shaped viral particles enter into acanthamoeba cells, likely by phagocytosis,
which occurred within 30 min of infection (Fig. 2A and B). The particles were then
transported to the interior of the amoebal cytoplasm, being carried inside phagosomes
(Fig. 2C to E). This structure then seems to become fused with lysosome-like organelles,
which, upon releasing their content inside the phagosome, stimulate the uncoating of
the pandoravirus particles (Fig. 2C to F).

The viral factories (VFs) of the three analyzed isolates were wide, and electron-lucent
areas occupied approximately 1/3 of the amoeba cytoplasm, containing viral particles
in different stages of morphogenesis (Fig. 3). The VFs of the pandoraviruses seem to
have been homogeneous and were not clearly limited by any cell component. Inter-
estingly, we observed recruitment of mitochondria to regions inside and around the
VFs (Fig. 3) and membranes were also recruited to regions inside the VFs (Fig. 4). In
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FIG 2 Initial steps of the pandoravirus replication cycle inside the amoebal host. (A and B) Scanning
electron microscopy (A) and transmission electron microscopy (B) images show pandoravirus particles
entering Acanthamoeba castellanii cells, likely as a consequence of phagocytosis. (C) The amoebas
project pseudopods involving the viral particles and internalize them into vesicle-like structures known
as phagosomes. (D and E) The phagosome then fuses with another component resembling a lysosome-
like structure that, upon releasing their combined content, stimulates the uncoating of the pandoravirus
particles (F). Although we used representative images in this figure, all the described steps were
observed for all three isolated pandoraviruses. L, lysosome-like organelles; panels A and B, Pandoravirus
tropicalis; panels C to F, Pandoravirus kadiweu.

addition, it is possible to observe an intense accumulation of structures that resemble
lysosomal vesicles near the VFs (Fig. 3, orange arrows).

We also analyzed the appearance of the nuclear and nucleolar structures during the
time course of infection of the three pandoravirus isolates (Fig. 5). The nuclear and
nucleolar structures, appearing in the typical manner, were promptly observed both by
transmission electron microscopy (TEM) and by Hemacolor staining in uninfected

FIG 3 Characterization of pandoravirus viral factories. Viral factories of (A) Pandoravirus tropicalis, (B) P. pampulha, and (C) P. kadiweu were observed by
transmission electron microscopy. The region of the viral factories is highlighted in red, the mitochondria present in the interior of the viral factories are
highlighted in green, and the lysosomes are pointed out by orange arrowheads.
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FIG 4 Membranes recruited inside pandoravirus viral factories. (A) Transmission electron microscopy of P. tropicalis viral factories. (B) Transmission electron
microscopy of P. pampulha viral factories. (C) Transmission electran microscopy of P. kadiweu viral factories. The membranes recruited inside the viral factories
are highlighted in blue.

acanthamoeba cells (Fig. 5A). As expected, the same was observed during viral entry
(Fig. 5B). However, the nucleolar structure was no longer visible when the pandoravi-
ruses’ early VFs appeared, although we were still able to visualize the amoeba nucleus
with its membrane (Fig. 5C). At late infection, the nuclear structure was no longer

FIG 5 The Acanthamoeba castellanii cell nucleus becomes disorganized and loses its natural shape during the course of
pandoravirus infection. (A) Transmission electron microscopy image showing a noninfected Acanthamoeba castellanii cell and how
its nucleus is normally organized in this situation; it occupies about 2/3 of the cellular area, and it is delimited by a double-
rmembrane layer known as the nuclear envelope (digitally highlighted in orange). The image at lower left represents the same
conditions but visualized on a light microscope with Hemacolor staining. The nucleolus is observed as a dark spot surrounded by
a bright area that represents the nucleus. (B) Image representing the amoeba observed just after the first steps of the pandoravirus
replication cycle, as the virus (red arrow) is still harboring inside the amoebal phagosome. The nucleus does not yet seem to have
suffered any modification at this stage. (C) At between h 3 and h 6 of infection, it seems that the nucleolus starts to be absent,
as shown by one of the several images of transmission electron microscopy analyzed in this work. At lower left, the Hemacolor
staining also shows the beginning of the appearance of the early viral factory. (D) The later steps of viral replication lead to the
formation of the mature viral factory, marked by a bright area, easily recognizable in the images with Hemacolor staining. N,
nudleus; N¢, nucleolus; eVF, early viral factory; mVF, mature viral factory.
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FIG 6 Morphogenesis of pandoravirus particles, Transmission electron microscopy images show stages
of pandoravirus particle formation. (A to C) Crescent-like structures with different sizes, inside the viral
factory, growing in thickness and complexity. (D to F) Particles being formed from the ostiolo-like apex.
(G to I} Particles being formed from the end opposite the ostiolo-like apex. We used representative
images of P. tropicalis, P. pampulha, and P. kadiweu in this panel; all the described steps were observed
for the three isolates.

visible also, and the VFs occupied a substantial region in the cytoplasm (Fig. 5D). This
process was observed during the replication cycle of the three isolates.

Morphogenesis dynamics of pandoravirus particles. After analysis of dozens of
TEM images of asynchronous cycles of the isolated pandoraviruses, we noticed that the
capsids of the pandoraviruses appeared to be formed from electron-dense semicircular
structures observed in the middle of the VF (Fig. 6A). These structures appeared to
become thicker and more electron dense as the cycle continued and to function as
crescent-shaped precursors (Fig. 6B and C). The crescent-shaped precursors underwent
a thickening of the apparent layer, followed by filling of the internal contents of the
particles. As the adjacent portions of the capsids formed, the internal content of the
particle continued to be filled simultaneously (Fig. 6D to I). As the particle enlarged,
the capsid became more electron dense until closure of the total capsid, which at that
stage was already filled with the particle’s internal contents (Fig. 6l). After careful
analysis of several images of our three isolates, we observed that particle morphogen-
esis/assembly could apparently start either at the ostiole-like apex or at the opposite
end (Fig. 6D to I).

Pandoravirus particles are released by exocytosis and cell lysis. By studying the
infection cycles of the new pandoravirus isolates, we made a curious observation.
Analyses that have been done under a light microscope revealed that at early times of
infection (until 6 h postinfection [h.p.i.]), these viruses could already be detected in the
supernatant of infected cells, even at time points when the host cells had not yet
undergone lysis. We then hypothesized that the pandoravirus particles could have
started their release from the host by exocytosis, as suggested for some pandoravirus
isolates (14). The analyses of TEM images of the new isolates revealed intense mem-
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FIG 7 Transmission electron microscopy images showing pandoravirus particles being packaged into exosomes. (A) The
late steps in pandoravirus replication are marked by intense membrane trafficking in the cytoplasm of the amoebal host
(highlighted in red). This event is easily observed around the viral factory where the viral morphogenesis occurs. (B to D)
Then, at around h 6 to h 9 postinfection, these double-membrane layers start to surround isolated or grouped viral
particles, suggesting the beginning of exocytosis.

brane traffic close to just-formed particles, in the periphery of the VF (Fig. 7A).
Interestingly, many particles were then wrapped inside such membranes, forming
exosomes containing various amounts of viral particles of different sizes (Fig. 7). These
exosome-containing particles then seemed to migrate to the periphery of the infected
cell, fusing with the host cell cytoplasmic membrane and releasing the particles to the
extracellular environment (Fig. 8).

To experimentally confirm that pandoraviruses can be released by exocytosis, we
counted the acanthamoeba cells and the number of pandoraviruses particles in the
supernatant through the viral cycle (multiplicity of infection [MOI] of 10). With this set
of data, we analyzed whether the increase in the number of viral particles in the
supernatant through the viral cycle could be observed before cell lysis was induced by
viral infection, which would indicate that these viruses were being released by exocy-
tosis at early times of infection. We observed that P. tropicalis caused the lysis of
infected amoebas at 12 h.p.i, while no significant decrease in cell numbers was
observed for cells infected with P. pampulha and P. kadiweu until 24 h.p.i. This indicates
differences in the time postinfection at which each pandoravirus can induce host lysis
(Fig. 9A to Q). Cell lysis induced by P. pampulha and P. kadiweu was observed at 48 h.p.i.
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FIG 8 Transmission electron microscopy images demonstrating sequential steps of pandoravirus particle exocytosis. The images demonstrate that in late stages
of infection the particles of pandoravirus start being packaged inside vesicles (A and B), becoming closer to the cytoplasmic membrane of the host cell and
being released to the external milieu (C).

(data not shown). Interestingly, we observed an increase in the level of viral particles
released in the supernatant from 6 h.p.i. for the three pandoravirus isolates, indicating
that exocytosis might indeed contribute to particle release (Fig. 9D to F).

Aiming to evaluate the impact of membrane traffic inhibition in pandoravirus
exocytosis, we pretreated infected amoebas with brefeldin A (BFA) (@ membrane-
trafficking inhibitor). Viral particles were counted at 12 h.p.i. for P. pampulha and P.
kadiweu and at 6 h.p.i. for P. tropicalis. These time points were selected for each
pandoravirus isolate based on the experiments last described above (Fig. 9A to F),
whose results indicated the moment when the particles were undergoing exocytosis
and the cells were not undergoing lysis. It was observed that acanthamoeba cultures
treated with brefeldin A showed a reduction in the number of particles released for P.
pampulha and P. kadiweu viruses (Fig. 9G and H). Curiously, the same was not observed
for P. tropicalis (Fig. 91). Future studies are needed to clarify why P. tropicalis can cause
lysis of cells earlier than P. kadiweu and P. pampulha and why its exocytosis does not
seem to be affected by brefeldin A treatment.

DISCUSSION

Giant virus prospective studies have revealed an outstanding universe of viral
diversity (3, 4, 6, 16-20). Metagenomic studies have indicated the presence of a giant
virus gene set in all continents (21-25). Some representatives, such as the mimivirus,
appear to be more abundant and ubiquitous, containing hundreds of isolates already
reported (21-26). Pandoravirus-like sequences were also detected in metagenomic data
from environmental samples (22, 27, 28) as well as from insects, simian bushmeat, and
human plasma (23-25, 27). Despite this, the amount of pandoravirus isolates is still
limited (4, 6, 8, 11-13). Therefore, the isolation of new pandoraviruses contributes to
the understanding of their biology, diversity, and distribution. The analyses of the
isolates obtained in this work add important information characterizing the steps in the
pandoravirus replication cycle.

It was hypothesized that pandoraviruses enter amoebas by phagocytosis (14). Our
data for P. tropicalis, P. pampulha, and P. kadiweu reinforce this previous observation, as
particles can be seen inside large vesicles in the amoebal cytoplasm within 30 min
postinfection (Fig. 2C to E). Korn and Weisman demonstrated in 1967 that only particles
larger than 500 nm can trigger phagocytosis in Acanthamoeba, a condition so far
fulfilled by pandoravirus particles (29). Our images clearly demonstrate the induction of
pseudopod formation when amoebas were kept in contact with pandoravirus particles
(Fig. 2A and B). Despite this evidence, the possibility of pandoravirus particles entering
amoebas by macropinocytosis could not be overruled, since this pathway also forms
endosomes larger than 1 um (30). However, the involvement of macropinocytosis in
virion entry is a rare phenomenon in the literature (30). After entry of amoebas and
release of the inner virion content (Fig. 2F), a short eclipse phase and an increase in

March 2019 Volume 93 Issue 5 e01942-18

jviasm.org 8

Downloaded from https://journals.asm.org/journal/jvi on 29 March 2022 by 191.185.136.22.

31



Replication Cycle of Pandoraviruses

>
W

107, 1074
o P. pampulha = P. kadiweu
3 3
o
- -
° 104 *_*_N‘\ 8 1054 l——‘\/\‘/‘
3 o
o Qo
E E
> —
=z z
1051 — r T T T T 1081 — T T T T T
& & & g S & & & g
Time-post infection Time _infection
10%, i 10°
3 s 1
o —
107 T 7 = /
E ; P. pampulha / 8. [0 P. kadiweu
©
- 1 @ s
° il E_ 10¢
8 -]
E 1080 GRS
- 1 °
T v T T T T z 10’5 v T T T T T
0 3 6 9 12 24 0 3 6 9 12 24
Time post-infection Time post-infection

®
I

1.5x10° - EpNupI 15105, P kadiweu

Number of particles
Number of particles

o
o°

o

“

No of exocyted particles

Journal of Virology

107
@® P. tropicalis
]
o
o 105
@
F-l
E
=5
z
105 L— T T T T T
S F & F g
Time pos-infection
10°; P. tropicalis
107+
Oh 3h 6h 9 12h 24n
Time post-infection
10, P. tropicalis
L
@
S 107
£
o
Q
s 10%
-~
<o
o
E 10%4
3
z
10+

FIG 9 Analysis of the time course of infection for the pandoravirus isolates in Acanthamoeba castellanii cultures. The course of infection of P, tropicalis, P.
pampulha, and P, kadiweu was established. (A to C) First, we observed the kinetics for the diminishing of the number of amoebas during the replication cycles
of P. pampulha (A), P. kadiweu (B), and P. tropicalis (C) analyzed by cell counting. (D to F) Then, the number of viral particles present in the supernatant of these
infected cells was also observed for P. pampulha (D), P. kadiweu (E), and P. tropicalis (F), at different time points. After setting a time point at which we observed
an increase of more than 1 log of virus particles in the supernatant but without observing cellular lysis, the amoebal cultures were treated with an inhibitor
of membrane trafficking (brefeldin A). (G to I) The cells were then infected with P, pampulha (G), P. kadiweu (H), and P. tropicalis (l) to check the influence of
brefeldin A in the viral release. The number of exocyted viral particles in supernatant was counted. DMSO, dimethyl sulfoxide.

growing pandoravirus VFs occur (Fig. 3 and 5). As for the distribution of cellular
organelles, the presence of many mitochondria inside and near the VF was seen (Fig.
3), along with the polarization of structures that resemble lysosomal vesicles in the
vicinity of the VF (Fig. 3), as previously reported for the cedratvirus (31). The presence
of mitochondria in this region could be related to the process of energy acquisition
during viral replication optimization (32). Lysosome polarization, corresponding to the
presence of vacuole-like structures occupying large portions of the host cell, might be
related to a cellular response to infection, such as autophagy, as suggested previously
in cedratvirus (31, 32). In addition, we observed gradual nucleolar and nuclear degra-
dation throughout the pandoravirus replication cycle (Fig. 4), as observed for other
pandoraviruses (6).

The onset of particle morphogenesis seems to occur from electron-dense semicir-
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cular structures, such as the crescents observed in the assembly of other viruses of the
NCLDV group, including vaccinia virus, mimivirus, marseillevirus, African swine fever
virus, and cedratvirus (31, 33-36). The other morphogenesis steps of these viruses
resemble those described for pandoraviruses, molliviruses, pithovirus, and other pan-
doraviruses, with the outer portion and the interior of the particles being assembled or
“knitted” simultaneously (4, 6, 37). However, in addition to what was previously
suggested, we observed that the viral particles seem to be assembled from both ends
and not just from the ostiole-like apex (Fig. 6D to 1) (4). We believe that studies about
pandoraviruses assembly dynamics need more attention, since analyses limited to a
few TEM sections could lead to misinterpretations. The similarities observed with
respect to VF organization and the morphogenesis of pandoravirus and other viruses of
the NCLDV group reinforce the previously suggested idea that these viruses could share
an ancestor (38-41).

In a recent study, different strains of pandoravirus were seen to be initially released
during the viral replication cycle by exocytosis processes (14). Pandoravirus quercus, P.
neocaledonia, and P. macleodensis complete their entire replication cycle by between 8
to 12 h, starting the viral particles’ exocytosis in about 8 h.p.i. and finishing their
replicative cycle with lysis of the amoebal host cells, releasing hundreds of virions in the
supernatant. Although the particles of the pandoravirus isolates analyzed here were
seen to produce and were exocytosed from the cell as fast as those described by
Legendre et al. (14) (in about 6 to 12 h.p.i.), the lysis of cells was observed at the late
times of infection (12 to 48 h) (Fig. 9A to F). These results not only reinforce the
hypothesis that pandoraviruses can explore different pathways for the progeny release
but also demonstrate biological differences among viral isolates.

Many aspects of the replication cycle of these viruses still need to be clarified. This
work provides new data and reveals new questions that future studies, especially at the
molecular level, could answer. Prospective studies may also contribute in this regard by
revealing novel members within the NCLDV group and improving understanding of the
diversity, evolution, and biology of these complex viruses.

MATERIALS AND METHODS

Viral isolation, stock production, and titration. Three different pandoravirus isolates were used in
this work. Two were coisolated with mimivirus from sewage samples collected in streams in the
Pampulha region, Belo Horizonte, Brazil, in previous work and named P. pampulha and P. tropicalis (12).
The other pandoravirus was isolated in the present work from water samples collected in Bonito, Mato
Grosso do Sul, Brazil, and named P. kadiweu. For viral isolation, we used A. castellanii (ATCC 30234) as
previously described (12). In order to produce the viral stocks, A. castellanii cells were grown in cell
culture flasks and infected with 500 ul of isolates. After observation of typical cytopathic effect (cell
rounding and lysis), the flask content was collected and the viruses were titrated. The titer was obtained
by the endpoint method (42) and expressed as the number of 50% tissue culture infective doses (TCID,,)
per milliliter. Viral stocks were kept at —70°C until use in further experiments.

Sequencing, alignment, and phylogeny. A fragment of the DNA polymerase B subunit gene (from
position 473404 to position 474507—reference Pandoravirus quercus) was amplified (5'GCCCTCAAGCG
GGGCCGCATG3’ and 5'CATCCACTGGGTGATCGGCGCCT3') and sequenced, in both orientations and in
duplicate, using an automated capillary sequencer (MegaBACE sequencer; GE Healthcare, Buckingham-
shire, United Kingdom). For the phylogenetic tree, the resulting predicted amino acid (aa) sequences (251
aa) were aligned with previously published sequences obtained from GenBank using ClustalW in MEGA
7.0 software. This gene is highly conserved among pandoravirus strains and has been used in other
studies (6, 12). The tree was constructed using the maximum likelihood method and a bootstrap value
of 1,000.

Amoebal and viral particle counting. Initial electron microscopy analyses raised the hypothesis that
pandoravirus could be released by exocytosis. In that way, two experiments were coupled and performed
in duplicate that involved (i) the counting of intact amoebas throughout the viral replication cycle and
(ii) the counting of pandoravirus particles that were being released in the supernatant at the same time
points of infection. A. castellanii cells were infected in 25-cm? culture flasks (Kasvi, Brazil) with P. tropicalis,
P. pampulha, and P. kadiweu isolates using an MOI of 10, and analyses were carried out at the infection
times of 0 h, 3h, 6 h, 9h, 12 h, and 24 h. The time point of 0 h corresponds to an adsorption step of 30
min after infection, when the monolayer of cells was washed with 1X phosphate-buffered saline (PBS)
and the flasks were filled with 4 ml of peptone-yeast extract-glucose (PYG) medium. After each time point
was reached, we separated 12 ul of the supernatant to count the number of pandoravirus particles
released during infection. The particles were observed under light microscopy (OlympusBX41, Japan), at
X 1,000 magnification, using a cell counting chamber (Kcell Olen Kasvi, Brazil). In parallel, 12 ul of whole
content presented in the flasks (including cells) was used to count the number of intact amoeba cells
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observed at the different time points of the viral replication cycle. The same procedure was used to count
the eukaryotic cells but at a magnification of x400.
Brefeldin assays. The impact of brefeldin A (BFA) treatment on the pandoravirus replication cycle
was verified. For this, 100 A. castellanii cells implanted in 25-cm? culture flasks were infected with the
pandoravirus isolates at an MOI of 10 and treated with 10 pwg/ml of BFA, We analyzed two different
infection periods, 6 h.p.i. for P. tropicalis and 12 h.p.i. for P. pampulha and P. kadiweu. These periods
correspond to the replication cycle stages before cell lysis for each virus occurs. The assays were
performed in duplicate. Pandoravirus particles were counted using light microscopy as described above.

Hemacolor staining. A. castellanii cells were infected with isolates at an MOI of 10 and collected at

0h.pi, 3hpi, 6 hpd, 9hpi, 12hpd, and 24 hp.i. Then, 10 ul of the collected suspension was spread
on a histological slide and were fixed with methanol. The VFs and viral particles were observed after
Hemacolor staining (Renylab, Brazil), according to the manufacturer’'s recommendations. Slides were
then analyzed under an optical microscope (OlympusBX41, Japan) at X 1,000 magnification.

Transmission electron microscopy. A. castellanii cells were infected at an MOI of 0.01 as described

in the previous section and fixed at various times postinfection with 2.5% glutaraldehyde in a 0.1 M
sodium phosphate buffer for 1 h at room temperature. The amoebas were postfixed with 2% osmium
tetroxide and embedded in Epon resin. Ultrathin sections were then analyzed using transmission
electron microscopy (TEM; Spirit Biotwin FEI-120 kV) at the Center of Microscopy of Universidade Federal
de Minas Gerais (UFMG).

Scanning electron microscopy. A. castellanii cells infected at an MO| of 0.01 were added to round

glass coverslips covered with poly-L-lysine and fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer
for at least 1 h at room temperature. The samples were then washed three times with 0.1 M cacodylate
buffer and postfixed with 1.0% osmium tetroxide for 1 h at room temperature. After the second fixation,
the samples were washed three times with 0.1 M cacodylate buffer and immersed in 0.1% tannic acid for
20 min. The samples were then washed in cacodylate buffer and dehydrated by serial passages in ethanol
solutions at concentrations ranging from 35% to 100%. Samples were then subjected to critical point
drying using CO,, placed in stubs, and metalized with a 5-nm-particle-size gold layer. The analyses were
completed using scanning electron microscopy (FEG Quanta 200 FEl) at the Center of Microscopy of
UFMG.

kadiweu), MK131393 (P. pampulha), and MK131394 (P. tropicalis).
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4, Artigos numero 03 e 04:

4.1 Yaravirus: a novel 80-nm virus infecting Acanthamoeba castellanii
(doi: https://doi.org/10.1073/pnas.2001637117)

4.2 Yaraviridae: a new family of virus infecting Acanthamoeba castellanii
(doi: 10.1007/s00705-021-05326-1)

A medida que novos isolados foram sendo descobertos, o estudo de virus gigantes de
ameba se tornou bastante consolidado. Dentre diversas outras caracteristicas, esses virus foram
observados como sendo predominantemente marcados por um grande tamanho de particula,
um genoma extenso que codifica de centenas a milhares de proteinas, e pela presen¢a de uma
vasta quantidade dessas proteinas apresentando fungdes que a principio sé eram observadas em
organismos celulares. Nesse trabalho, descrevemos o isolamento e caracterizagdo de um novo
virus de ameba, denominado de Yaravirus brasiliense, com caracteristicas e origem bastante
intrigantes quando comparado a outros isolados nesses protistas. O yaravirus ¢ o primeiro
isolado que infecta culturas de Acanthamoeba castellanii e que potencialmente pode nio
pertencer aos virus do grupo NCLDV, atualmente classificados no filo Nucleocytoviricota. Os
trabalhos com essa amostra se iniciaram em 2015, com a coleta e posteriores tentativas de
prospeccdo de novos virus gigantes em agua coletada da Lagoa da Pampulha, Belo Horizonte.
Analises iniciais de coloragdo negativa € MET nos mostraram a presenga de um virus com
tamanho muito menor aos ja observados. Posteriormente, por meio de diversos experimentos
de imagem como MET, MEV, tomografia eletrnica e microscopia crio-eletronica,
conseguimos estabelecer uma descrigdo detalhada de diversas etapas do ciclo de multiplicagdo
do yaravirus, que se assemelha em alguns pontos aos de outros de virus de ameba, no entanto,
também apresentando importantes variagdes que serdo mais bem descritas a seguir. Sem
sombra de diavida, o ponto mais importante desse trabalho foram as analises do genoma
completo desse virus, que demostraram seu genoma de dupla fita de DNA que codifica para 74
proteinas, que cerca de 90% sdo ORFans e com nenhuma func¢@o ja descrita previamente pela
ciéncia. Essa grande propor¢ido de ORFans torna bastante dificil entender a relagdo evolutiva
dos yaravirus com outros grupos virais existentes devido a falta de sinal filogenético capaz de
suportar essas analises. Para alguns genes, como no caso da ATPase e da bastante divergente
proteina principal do capsideo, analises filogenéticas conseguiram agrupar o yaravirus dentro
do grupo dos nucleocitovirus, juntamente com sequéncias de metagenoma dos distantes
Pleurochrysis sp. virus. Por fim, tomando tudo em conjunto, as importantes diferencas de

aspectos biologicos e genéticos entre os yaravirus e outros virus de ameba nos permitiu a



criagdo de um novo género viral (“Yaravirus”) € uma nova familia (“Yaraviridae”), dentro dos
quais o Yaravirus brasiliense e outros virus relacionados possam ser devidamente
classificados. A seguir, apresentamos dois artigos referentes a presente tese, que descrevem a
(i) descoberta e caracterizagdo do yaravirus e (ii) a proposta de criacdo da familia

“Yaraviridae”, recentemente aprovada pelo ICTV.

Links para informacdes suplementares do artigo “Yaravirus: A novel 80-nm virus
infecting Acanthamoeba castellanii”, PNAS 2020.

Material suplementar:
https://www.pnas.org/content/pnas/suppl/2020/06/26/2001637117.DCSupplemental/pnas.2001637117.sapp
«pdf

Arquivo do software ARAGORN com informacdes sobre as tRNAs do yaravirus:
https://www.pnas.org/content/pnas/suppl/2020/06/26/2001637117.DCSupplemental/pnas.2001637117.5d01

pdf

Arquivo do software PHYRE2 com informacgGes sobre as estruturas tridimensionais preditas de algumas
proteinas do yaravirus:
https://www.pnas.org/content/pnas/suppl/2020/06/26/2001637117.DCSupplemental/pnas.2001637117.sd02

odf

Video suplementar 01:
https://movie-usa.glencoesoftware.com/video/10.1073/pnas.2001637117/video-1

Video suplementar 02:
https://movie-usa.glencoesoftware.com/video/10.1073/pnas.2001637117/video-2

Video suplementar 03:
https://movie-usa.glencoesoftware.com/video/10.1073/pnas.2001637117/video-3
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Here we report the discovery of Yaravirus, a lineage of amoebal
virus with a puzzling origin and evolution. Yaravirus presents
80-nm-sized particles and a 44,924-bp dsDNA genome encoding
for 74 predicted proteins. Yaravirus genome annotation showed
that none of its genes matched with sequences of known organ-
isms at the nucleotide level; at the amino acid level, six predicted
proteins had distant matches in the nr database. Complimentary
prediction of three-dimensional structures indicated possible func-
tion of 17 proteins in total. Furthermore, we were not able to
retrieve viral genomes closely related to Yaravirus in 8,535 publicly
available metagenomes spanning diverse habitats around the globe.
The Yaravirus genome also contained six types of tRNAs that did not
match commonly used codons. Proteomics revealed that Yaravirus
particles contain 26 viral proteins, one of which potentially represent-
ing a divergent major capsid protein (MCP) with a predicted double
jelly-roll domain. Structure-guided phylogeny of MCP suggests that
Yaravirus groups together with the MCPs of Pleurochrysis endemic
viruses. Yaravirus expands our knowledge of the diversity of DNA
viruses. The phylogenetic distance between Yaravirus and all other
viruses highlights our still preliminary assessment of the genomic
diversity of eukaryotic viruses, reinforcing the need for the isolation
of new viruses of protists.

Yaravirus | ORFan | NCLDV | metagenomics | capsid

Viral evolution and classification have been subjects of an
intense debate, especially after the discovery of giant viruses
that infect protists (1-4). These viruses are predominantly
characterized by the large size of their virions and genomes
encoding hundreds to thousands of proteins, of which a large
proportion currently remain without homologs in public se-
quence databases (5-10). These coding sequences are commonly
referred as ORFans, and due to the lack of phylogenetic in-
formation, their origin and function still represent a mystery
(11-14). Strikingly, the increasing number of available viral ge-
nomes demonstrates that there is a huge set and great diversity
of genes without homologs in current databases, which needs to
be further explored (11). Importantly, many amoebal virus
ORFan genes have already been proven to be functional, being
expressed and encoding for components of the viral particles (6,
15). However, the large set of ORFans makes it difficult to
predict the biology of viruses discovered through cultivation-
independent methods, such as metagenomics analysis, reinforc-
ing the need for the complementary isolation and experimental
characterization of new viruses. All currently known isolated
amoebal viruses are related to nucleocytoplasmic large DNA
viruses (NCLDVs) (16). This group comprises families of eukaryotic
viruses (Poxviridae, Asfarviridae, Iridoviridae, Ascoviridae, Phycodna-
viridae, Marseilleviridae, and Mimiviridae) as well as other amoebal
virus lineages including pithoviruses, pandoraviruses, molliviruses,
medusaviruses, pacmanviruses, faustoviruses, klosneuviruses, and

www.pnas.org/cgi/doi/10.1073/pnas.2001637117

others. NCDLVs have dsDNA genomes and were proposed to
share a monophyletic origin based on criteria that include the
sharing of a set of ancestral vertically inherited genes (17, 18).
From this handful set of genes, a core gene cluster is found to be
present in almost all members of the NCLDVs, being composed
by five distinct genes, namely a DNA polymerase family B, a
primase-helicase, a packaging ATPase, a transcription factor, and
a major capsid protein (MCP) for which the double jelly-roll
(DJR) fold constitutes the main protein architectural class (19,
20). Recently, the International Committee on Taxonomy of
Viruses (ICTV) brought forward a proposal for megataxonomy of
viruses (21). The DJR major capsid protein (MCP) supermodule
of DNA viruses includes NCLDVs and other icosahedral viruses
that infect prokaryotes and eukaryotes. In addition to the signa-
ture DJR-MCPs, the majority of these viruses also encode for
additional single jelly-roll minor capsid proteins (e.g., penton
proteins) and genome packaging ATPases of the FisK-HerA su-
perfamily.

According to this proposal, the evolutionary conservation of
the three genes of the morphogenetic module in the DIR-MCP
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supermodule, to the exclusion of all other viruses, justifies the
establishment of a realm named Varidnaviria (21). Although
some NCLDVs, as pandoraviruses, seem to have lost the DJR-
MCP gene, their genome harbors a large set of genes that sup-
port their classification into NCLDVs (and Varidnaviria, conse-
quently). Here we describe the discovery of Yaravirus, an
amoeba virus with a puzzling origin and evolution. This virus has
a genome that mainly consists of a near full set of genes that are
ORFans. Yaravirus could represent either the first isolated virus
of Acanthamoeba spp. out of the group of NCLDVs, inaugu-
rating a group belonging to Varidnaviria, or, in an alternative
evolutive scenario, a distant and extremely reduced virus of this
group. Viral particles have a size of 80 nm, escaping the concept
of large and giant viruses. Thus, Yaravirus expands our knowl-
edge about viral diversity and evolution.

Results

Yaravirus Isolation and Replication Cycle. A prospecting study was
conducted by collecting samples of muddy water from creeks of
an artificial urban lake called Pampulha, located at the city of
Belo Horizonte, Brazil. Here, by using a protocol of direct in-
oculation of water samples on cultures of Acanthamoeba cas-
tellanii (Neff strain, ATCC 30010), we have managed to isolate
an amoebal virus that we named Yaravirus brasiliensis, as a
tribute to an important character (Yara, the mother of waters) of
the mythological stories of the Tupi-Guarani indigenous tribes
(22). Negative staining revealed the presence of small icosahe-
dral particles on the supernatant of infected amoebal cells,
measuring about 80 nm in diameter (Fig. 14). Cryoelectron
microscopy images of purified particles suggest that Yaravirus
particles present two capsid shells, as previously described for
Faustovirus, although future studies are needed to confirm this
(23) (SI Appendix, Fig. S1).

At the beginning of infection in A. castellanii, Yaravirus par-
ticles are found attached to the outside part of the amoebal

plasma membrane, suggesting the participation of a host re-
ceptor in order to internalize the virions (Fig. 1B, SI Appendix,
Fig. S2, blue arrows, and Movie S1). The replication cycle is then
followed by the incorporation of individual or grouped Yaravirus
particles inside endocytic vesicles, which, in a later stage of in-
fection, are found next to a region occupied by the nucleus
(Fig. 1 B-D and SI Appendix, Fig. S2, red arrows). The viral
factory then takes place and completely develops into its mature
form, replacing the region formerly occupied by the cell nucleus
and recruiting mitochondria around its boundaries, likely to
optimize the availability of energy to construct the virions
(Fig. 1E). The step corresponding to viral morphogenesis hap-
pens similarly as how it is observed for other viruses of amoeba.
First, it starts by the appearance of small crescents in the
electron-lucent region of the factory (Fig. 1E and 24). Next, step
by step, the virions gain an icosahedral symmetry by the se-
quential addition of more than one layer of protein or mem-
branous components around its structure (Fig. 24). The
constructed virions, with a capsid still empty, start then to mi-
grate to the periphery of the viral factory, where there is the
accumulation of corpuscular electron-dense material (Figs. 1E
and 2 B and C, SI Appendix, Fig. S3 A-C, and Movie S2). These
enucleations are scattered throughout the periphery of the in-
fected cell and seem to represent different regions or morpho-
genesis points where the final step for Yaravirus maturation
occurs. In these regions, the capsid of Yaravirus is filled with
electron-dense material and the virus is finally ready to be re-
leased (Fig. 2C, red arrow, and SI Appendix, Fig. S4). Sometimes
it is also possible to observe several particles of Yaravirus being
packed in the interior of vesicle-like structures, suggesting a
potential release by exocytosis, as observed for other viruses of
amoeba (24, 25) (Fig. 2D and Movie S3). Most of the viral
shedding, however, still occurs by lysis of the amoebal cell, fol-
lowed by the release of Yaravirus particles, which later reach the
supernatant of the infected culture, or sometimes might get

Fig. 1. Yaravirus particle and the beginning of the viral cycle. (A) Negative staining of an isolated Yaravirus virion. (Scale bar: 100 nm.) (B) Transmission
electron microscopy (TEM) representing the beginning of the viral cycle, in which one particle is associated to the host cell membrane and the second one was
already incorporated by the amoeba inside an endocytic vesicle. (Scale bar: 200 nm.) (C) Detailed image of an incorporated Yaravirus particle in the interior of
an endocytic vesicle. (Scale bar: 100 nm.) (D) Viral uptake by the amoeba may occur individually but also in groups of particles, as observed in the micrograph.
(Scale bar: 250 nm.) (E) The viral factory completely develops, occupying the nuclear region and recruiting mitochondria around it. Two different regions can
be distinct: an electron-lucent region where the virions are assembled as empty shells and a second region formed by several electron-dense points where the

genome is packaged inside the particles. (Scale bar: 500 nm.)
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Fig. 2. Yaravirus morphogenesis and release. (4) The virions are assembled by the addition of more than one layer of protein or membranous components
around its structure. (Scale bar: 70 nm.) (B) The particles then start to migrate to the periphery of the cell, where there is the presence of several electron-
dense points that function as morphogenetic structures to package the DNA inside the Yaravirus particles (regions inside dashed lines), (Scale bar: 1,000 nm.)
(C) Detailed image of the morphogenetic regions where the DNA (red arrow) is incorporated inside the Yaravirus virion (black arrow), (Scale bar: 150 nm.) (D)
Sometimes, the final step of viral replication is marked by the particles being packaged inside vesicle-like structures, suggesting a potential release by
exocytosis. (Scale bar: 500 nm.) (E) Most of the particles, however, are released by cellular lysis and have a high affinity to the membranes of cellular debris.
(Scale bar: 150 nm.) (F) Graph comparing concomitantly the decrease of host cell numbers (red bars) with the increase of Yaravirus genome during the
infection (black line). Replication of viral genome was measured by qPCR and calculated by delta-delta Ct.

attached to the debris of the cellular membranes (Fig. 2E). We
have also evaluated Yaravirus replication by concomitantly in-
vestigating the decrease of the host cell numbers together with
the increase of viral genome during infection. Interestingly,
during the first hours of infection, the A. castellanii cultures seem
to progressively grow until 24 h.p.i., showing a fastidious char-
acter for Yaravirus replication (Fig. 2F). The cells then start to
suffer lysis induced by the virus only after 72 h.p.i. (Fig. 2F). On
the same level, from 96 h.p.i. to 7 d post infection, there is no
change of the detection levels of Yaravirus genome and the lysis
seems to stop, and the remaining trophozoites turn to cysts.

Genome, Sequencing of the Yaravirus genome has shown the
presence of a double-stranded DNA molecule with a length of
44,924 bp and harboring a total of 74 predicted genes (Fig. 34).
Although two of these genes (73 and 74) seemed to be truncated
and do not start with codons belonging to the methionine amino
acid, both were detected in the proteomic analysis (Yaravirus
Proteomics). Despite a smaller genome than other viruses of
amoeba, Yaravirus encodes for six tRNA genes: tRNA-Ser (gct),
tRNA-Ser (tga), tRNA-Cys (gca), tRNA-Asn (gtt), tRNA-His
(gtg), and tRNA-lle (aat) (Fig. 3 A and D and SI Appendix,
Tables S1 and S2 and Dataset S1). All of them are colocated on
an intergenic region between genes 29 and 30 (Fig. 3 A4 and D).
In contrast to tRNA genes in Tupanviruses, we did not observe a
correlation between the Yaravirus tRNA isoacceptors and the
codons most frequently used by the virus or its A. castellanii host
(SI Appendix, Fig. S5). The genome has a GC content of 57.9%,
which is one of the highest found in any amoebal virus discov-
ered to date (SI Appendix, Fig. S64). When analyzed gene by
gene, Yaravirus has a spectrum of GC content that varies be-
tween 46% and 65% (SI Appendix, Table S3). The analysis of the
intergenic regions of the genome (46% GC content) did not
reveal any enriched sequence motifs that might indicate a

Boratto et al.

conserved promoter, as opposed to what is observed in many
other NCLDV members (26).

By considering only the portions of genome that are part of
coding regions, Yaravirus also has a similar coding capacity as
observed in other viruses when their genome was first annotated,
~90% (SI Appendix, Fig. S6B). Surprisingly, Yaravirus genome
annotation showed that none of its genes matched with se-
quences of known organisms when we compared them at the
nucleotide level. When we looked for homology at the amino
acid levels, we found that only two predicted proteins had hits in
the Pfam-A database and, in total, six had distant matches in the
nr database. Therefore, considering the same criteria that have
been used to analyze other giant viruses’ genomes, about 90%
(n = 68) of the Yaravirus predicted genes are ORFans. The six
genes whose product has some homology with known protein
sequences (Fig. 34 and Table 1) are homologous to fragments of
proteins predicted to have different functions, such as an exo-
nuclease/recombinase bacterial protein (gene 2; best hit, Tim-
onella senegalensis), a hypothetical protein (gene 3; best hit, A.
castellanii), a hypothetical protein (gene 28; best hit, Acytoste-
lium subglobosum LBI1, a dictyostelid), a packaging ATPase
(gene 40; best hit, Pleurochrysis endemic virus), a conserved hy-
pothetical protein (gene 46; best hit, Melbournevirus, a marseil-
levirus strain), and a bifunctional DNA primase/polymerase
(gene 69; best hit, Marinobacter sp., Alphaproteobacteria; Ta-
ble 1). Complimentary prediction of three-dimensional struc-
tures of these proteins indicated a potential function of 11 more
genes (Table 2 and Yaravirus Proteomics). If we consider an
additional 11 genes whose functions were predicted by structural
analyses, the Yaravirus proportion of ORFans would be 80%
(n = 57, still a high number, considering that, usually, in other
studies involving giant viruses, methodologies based on protein
structures are not used for this accounting) (27, 28). Phylogenetic
analyses were then performed for genes 02, 40, 46, and 69 after
aligning them with protein sequences of similar function belonging
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to different members of the virosphere and to organisms of the
three cellular domains of life. Other identified genes (Table 2) did
not have enough genetic information to be included in a phyloge-
netic analysis. For analysis corresponding to the putative exo-
nuclease/recombinase (gene 02), three major groups were observed
to construct the morphology of the tree. Yaravirus was placed in
one of those clades, clustering with some members of Eukarya,
specifically with stony coral and insects (SI Appendix, Fig. S7).
Analyses of gene 40 (virion packing ATPase) revealed that Yar-
avirus clustered in a polyphyletic branch, with members belonging
to Mimiviridae family, bacteria (although many of these sequences
seem to represent misclassifitd NCLDVs from metagenome-
assembled genomes), and Pleurochrysis sp. endemic virus la and
2 (SI Appendix, Fig. S8). For the phylogenetic analysis corre-
sponding to gene 46 (hypothetical protein conserved in Marseille-
virus), Yaravirus was clustered with Marseillevirus strains (S/
Appendix, Fig. 89). For the last tree, representing analysis for gene
69 (bifunctional DNA primase/polymerase), we have observed that
Yaravirus was clustered with members of eukaryotes corresponding
to the Streblomastiv and Phytophthora groups (ST Appendix, Fig.
510). However, it should be noted that, in a previous study, the
authors detected sequences of mimivirus genes among the Phy-
tophthora parasitic strain INRA-310 genome (29). After all those
analyses, it is important to note that, although Yaravirus has some
genes with representatives in the genome of other organisms, their
homology with orthologs is very low (25.24 to 44.12%), highlighting
that Yaravirus genome content is essentially divergent among the
other members of the virosphere (Table 1).

In order to detect sequences related to Yaravirus, we surveyed
8,535 publicly available metagenomes in the IMG/M database
that have been generated from samples from diverse habitats
across our planet (30). We discovered distant homologs of the
Yaravirus ATPase (NCVOG0249) with an amino acid homology
of up to 33.9% in the metagenomic data, while the closest ho-
molog in the NCBI nr database was that of Pleurochrysis sp.
endemic virus la, with 33.1%. In a phylogenetic tree of the viral

ATPase, the Yaravrus branched within the Mimiviridae as part
of a highly supported clade made up by its distant metagenomic
relatives and Pleurochrysis sp. endemic viruses (Fig. 4 and S/
Appendix, Fig. S11). In contrast to known members of the
Mimiviridae, viral contigs and viral genomes in this clade fea-
tured a high GC content, with up to 62%. Adding sequences of
polinton and virophage ATPases to this dataset resulted in a
slightly altered topology, but the position of Yaravirus remained
stable, not grouping with these additional elements (S/ Appendix,
Fig. S12). We also searched for proteins similar to the Yaravirus
putative MCP but were not able to retrieve closely related se-
quences in the metagenomic data. In parallel, we used 18 hidden
Markov models to detect MCPs in 235 NCLDV reference ge-
nomes (plus contigs of three Pleurochrysis endemic viruses). Afl-
ter dereplicating the hits by clustering at 90% sequence similarity
using accurate mode in cd-hit, we prepared a structure-guided
alignment with Expresso in T-Coffee (using PDB structures), and
also a conventional alignment with mafft-ginsi (-unalignlevel 0.8—
allowshift). Both alignments returned surprisingly good results for
Yaravirus MCP, and then phylogenetic trees were calculated with
ig-tree LG+F+R8&. Yaravirus MCP was shown to group together
with the MCPs of Pleurochrysis endemic viruses in a well-supported
clade; however, in contrast to the ATPase tree, they were affiliated
with Phycodnaviridae (chlorella viruses in particular) and not with
the Mimiviridae (Fig. 5 and ST Appendix, Figs. S13 and S14 and
Supplementary Files).

Finally, trying to investigate a potential relationship between
Yaravirus and different members of the Pleurochrysis sp. en-
demic virus group, we have looked for protein similarities be-
tween these organisms. Comparisons were made using the
BLASTp database and have suggested some ortholog candi-
dates, but with a low percentage of protein identity (around 24 to
33%). For Pleurochrysis sp. endemic virus 1a and Pleurochrysis sp.
endemic virus 1b (Genbank accession codes KY131436 and
KY203336, respectively), there is some similarity with genes 28,
40, and 41 of Yaravirus. For Pleurochrysis sp. endemic virus 2
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Fig. 3. Yaravirus genome features. (4) Circular representation of Yaravirus genome highlighting the predicted ORFs (arrows). Red arrows represent ORFs
predicted by analyses of similarity of amino acid sequences with information regarding their best hits. Black dots indicate ORFs encoding predicted proteins
whose functions were suggested by HHPred (structural analyses). Yellow stars indicate proteins found in virion proteomics. (B) The percentage of ORFan
genes among the complete genome of different viruses of amoeba is represented by the graph with red scale bars. (C) The graph with greenish scale bars
represents the absolute number of genes with homologs in databases (non-ORFan genes) for each of the same amoebal viruses previously analyzed. (D) All of
the six Yaravirus predicted tRNAs, as well as their corresponding sequences, are pictured with information about their anticodon (in parentheses), their
nucleotide length, the percentage of GC content, and the position in the intergenic regions of genes 29 and 30. Regarding the asterisk, note that the number
of ORFan/non-ORFan genes represented in C and D do not take into account the structural annotation made by the HHpred servers, as for most of the

amoebal viruses represented in the graphs.
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Table 1. Yaravirus genes with similarity on current databases and their best-hits (BLASTp)

Yaravirus

gene ID Best hit Total score Query cover, % E-value Identity, % Annotation of best BLASTp hit

2 Timonella senegalensis WP_019148817.1 67.0 87 1e-09 27.88 Exonuclease/recombinase

3 A. castellanii XP_004339080.1 51.6 80 1e-06 44.12 Hypothetical protein

28 Acytostelium subglobosum LB1 57.8 85 4e-07 27.59 Hypothetical protein
XP_012747655.1

40 Pleurochrysis sp. endemic virus 1a 121 66 4e-28 33.05 Virion packaging ATPase
AUD57256.1

46 Melbournevirus YP_009094634.1 181 88 5e-47 32.63 Hypothetical protein conserved in

marseilleviruses
69 Marinobacter sp. MAB50943.1 106 35 8e-20 25.24 Bifunctional DNA primase/polymerase

(Genbank accession code KY346835), two genes are related to
gene 28 in Yaravirus and two others are similar to genes 40 and
02. Finally, for Pleurochrysis sp. endemic virus unk (accession
code KY203337), we have found similarity with gene 69 of
Yaravirus.

Yaravirus Proteomics, As aforementioned, most Yaravirus pro-
teins had no detectable homologs in public databases. This pe-
culiarity prompted us to have a closer look at the proteins
responsible to form the mature particles of Yaravirus. Proteo-
mics revealed a total of 26 viral proteins present in purified
particles (S Appendix, Table S4). We then analyzed the pre-
dicted three-dimensional structures of those 26 proteins by using
three platforms for domain comparison, the HHpred. the
Phyre2, and the Swiss-model tools (30-37). Only five sequences
(genes 11, 12, 28, 41, and 46) were observed to have structural
features similar to known proteins (Table 2 and Dataset 2). That
means that about 80% of its virion proteome consists of
ORFans. It is important to mention that the same approach (in
silico structure prediction) has been used in parallel to evaluate
all of the 74 predicted genes on the genome of Yaravirus,
resulting in total in the discovery of 17 gene-encoded products
with structural resemblance to other proteins in public databases
(Table 2). Proteomics data revealed that the most abundant
proteins in the viral particles corresponded to genes 41, 46, and
51 (from most to least abundant; ST Appendix, Table S4). While,
for the third highest expressed protein, we were not able to find
any structural candidates with known biological function, for

sequences represented by genes 41 and 46, we observed frag-
ments of protein resembling the three-dimensional structure of
the capsid of other viruses (Dataset S2 and Table 2). With a
confidence of 97%. a relevant portion (65%) of gene 41 was
found to have a structural similarity with the double jelly-roll
domain of the MCP of the Paramecium bursaria Chlorella virus
type 1 (Dataset S2). Gene 46-encoded predicted protein was
found to have structural similarity with bacterial secreted protein
pesB and tail needle protein (Table 2 and Dataset S2), a portion
composed of a long alpha-helix. The function of protein encoded
by gene 46 remains to be investigated. Therefore, we were not
able to convincingly find any minor capsid protein. It is also
important to note that sequences represented by gene 46 are the
same described earlier to be highly conserved in marseilleviruses
and in medusaviruses (Table 1). Finally, the last two proteins
observed in the protcome that had matches with structural de-
posits in public databases are represented by genes 11 and 12,
the first one predicted by HHpred to encode for an adiponectin
and the second one for a protein called cerebellin-1 (Table 2).

Discussion

In recent years, amoebal large and giant viruses have frequently
been found around the world (5-10, 22, 24, 27, 38-41). Here,
we describe Yaravirus brasiliensis, an 80-nm-sized virus with a
genome containing a notable proportion of genes that have
never been observed before. Using standard protocols, our very
first genetic analysis was unable to find any recognizable se-
quences of capsid or other classical viral genes in Yaravirus. This

Table 2. Annotation of Yaravirus proteins based on the predicted tridimensional structure of the proteins coded by the virus

Gene Best hit Functional prediction Probability E-value
2 Laribacter hongkongensis Exonuclease 99.98 2.5e-30
3 Eubacterium eligens Uncharacterized protein 94.49 0.88
1 Homo sapiens Adiponetctin 95.76 0.096
12 Rattus norvegicus Cerebellin-1; synapse protein 97.54 5,00e-03
17 Rattus norvegicus prkc apoptosis wt1 regulator protein 95.86 0.17
26 Homo sapiens Retinoblastoma-binding protein 6 94.71 0.026
28 Faba Bean Necrotic Yellows Replication-associated protein; endonuclease 95.07 0.11
40 Sulfolobus turreted icosahedral virus 2~ Genome packaging NTPase B204; FtsK-HerA superfamily 99.67 7.9e-15
11 Singapore grouper iridovirus Major capsid protein 98.89 3.1e-8
43 Arabidopsis thaliana Transcription factor HY5 96.6 0.016
46 Enterobacteria phage HK620 DNA stabilization protein; tail needle, viral genome-ejection 86.58 0.033
54 Haloarcula marismortui Ribosome 50S 90.84 0.81
57 H. sapiens BEN domain-containing protein 3 86.72 0.43
58 Oryctolagus cuniculus Potential copper-transporting atpase 91.25 0.62
67 Xenopus laevis DNA-(apurinic or apyrimidinic site) lyase 92.31 0.45
69 Bovine papillomavirus type 1 Replication protein E1/DNA Complex; DNA helicase, AAA+, ATPase 99.18 4.5e-10
70 Escherichia coli Holliday junction resolvase 99.85 9.2e-20

Note: The bold genes represent proteins observed on the viral proteomics.
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Fig.4. Phylogenetic position of Yaravirus and related viral sequences in the
Mimiviridae based on the viral ATPase (NCVOG0249). The Yaravirus ATPase
is highlighted in yellow. Branch support is indicated as colored circles for
support values of 90 or below. The tree is rooted at the Poxviruses. (Scale
bar: substitutions per site.) GC content of viral genomes and contigs con-
taining NCVOG0249 is shown together with the average GC content of
collapsed clades. In addition, environmental origin and assembly sizes of
Yaravirus and related viral contigs and genomes are shown.

is a relevant feature to highlight the importance of studies re-
lated to the isolation of new viral samples, as, by following the
current metagenomic protocols for viral detection, Yaravirus
would not even be recognized as a viral agent (42, 43).
According to our knowledge, Yaravirus represents the first
virus isolated in Acanthamoeba spp. that is potentially not part of
the complex group of NCLDVs. Several characteristics unite
previously discovered amoebal viruses: large-sized virions, ge-
nomes coding for hundreds to thousands of genes, and pre-
sumably a monophyletic origin that is reflected in the presence of
a set of about 20 most likely vertically inherited genes (17, 18).
None of these features are present in Yaravirus, and that makes
it potentially the first isolate of a novel bona fide group of
amoebal virus. Of course, we cannot exclude the possibility that
Yaravirus may represent a reduced NCLDV, presenting highly
divergent or even absent NCLDV hallmark proteins. Recently, a
similar case was described for three small crustacean viruses
(44). However, despite their reduced genome when compared to
other members of the NCLDV, an important number of hall-
mark genes were shared with this group, differently as observed
for Yaravirus (44). In this not less exciting scenario, supported by
the analysis regarding the ATPase and MCP phylogenetic trees,
Yaravirus would represent the to-date smallest member of the
NCLDVs, both in particle and genome size. The presence of six
copies of tRNAs in Yaravirus also impresses when analyzed by

16584 | www.pnas.org/cgi/doi/10.1073/pnas.2001637117

the perspective of a selective pressure forcing to maintain these
genes in such a small genome when compared to larger viruses of
amoeba. Even more interestingly, none of the isoacceptors re-
lated to the Yaravirus tRNAs correspond to codons of amino
acids abundantly used by the virus or the amoeba. Considering
the fastidious infection cycle of Yaravirus in Acanthamoeba, it is
conceivable that, in nature, a different organism might act as the
preferred host of Yaravirus. Some genes were found to be shared
between Yaravirus and members of the Pleurochrysis endemic
virus group; however, the low coverage supporting their putative
orthologs make difficult a close relationship between these
organisms.

Most members of the to-date isolated giant viruses of amoeba
show a capsid specially composed by copies of an MCP related to
the D13L of Vaccinia virus (15, 45). Pandoraviruses are an ex-
ception, as they seem to lack a protein shell to protect their
genomes (28). Interestingly, even some of the amoeba hosts of
these viruses may carry copies of MCP genes, suggesting possible
horizontal gene transfer between virus and protist host (46, 47).
By the structure-guided alignment and analysis of the con-
structed phylogenetic trees, Yaravirus does seem to share a
common origin of MCP capsid with other NCLDVs, even though
their sequences show an incredibly low similarity (48). Taken
together, we can conclude that Yaravirus represents a divergent
lineage of viruses isolated from A. castellanii. The large amount
of unknown proteins encoded by Yaravirus reflects the variability
existing in the viral world and the astonishing coding potential of
new viral genomes yet to be discovered.

Methods

Origin of Samples and Viral Isolation. In 2017, searching to isolate novel
variants of viruses infecting amoebas, we collected samples of muddy water
from a creek of Lake Pampulha, an artificial lagoon located at the city of Belo
Horizonte, Brazil {19 51 0.60S and 43 58 18.90W). As soon as they were
collected, the samples were quickly taken to our lab and stored at 4°C until
they were further processed. Following the protocol, 4 x 10% amoebas of the
A, castellanii Neff strain (ATCC 30010) were seeded in each well of a 96-well
plate, inoculating to each one a volume of around 100 pL of the collected
samples, originally diluted 1:10 in PBS buffer. The plates were then
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Fig. 5. Structure-guided phylogeny based on hmmsearch employed to
identify the Yaravirus MCP in 235 NCDLV reference genomes using specific
hidden Markov models. The alignments were made with Expresso in the
software T-Coffee, using PDB structures. After, the phylogenetic trees were
built using 1Q-tree (v1.6.12; ref. 61) with LG+F+R8 based on the built-in
model select feature (62) and 1,000 ultrafast bootstrap replicates (63). The
Yaravirus MCP is highlighted in yellow. Branch support is indicated as col-
ored circles for support values of 90 or below. The tree is unrooted. (Scale
bar: substitutions per site.)
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incubated for 7 d at 32°C and observed daily for the appearance of cyto-
pathic effect, which may indicate a probable viral infection. All of the con-
tent from the wells was then collected and submitted to three processes of
freezing and thawing and analysis of the possible isolates by negative
staining technique. By the end, the collected content was submitted to another
two blind passages in fresh cultures of amoeba, but this time in 25-cm? Nunc
Cell Culture Treated Flasks with Filter Caps (Thermo Fisher Scientific) containing
around 1 million amoebal cells. After viral isolation, all of the following ex-
periments were made by infecting A. castellanii cells in a low multiplicity of
infection (MOI), given the Yaravirus's fastidious replication cycle.

Transmission Electron Microscopy (TEM), TEM Tomography, Cryo-Electron
Microscopy. For resin embedding and transmission electron microscopy
(TEM), A. castellanii cells infected with Yaravirus were fixed at 20 h post-
infection with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer. Cells
were washed three times with a solution of 0.2 M saccharose in 0.1 M so-
dium cacodylate. Cells were postfixed for 1 h with 1% OsO, diluted in 0.2 M
potassium hexa-cyanoferrate (l11)/0.1 M sodium cacodylate. After washes
with distilled water, cells were gradually dehydrated with ethanol by suc-
cessive 10-min baths in 30, 50, 70, 96, 100, and 100% ethanol.

Substitution was achieved by successively placing the cells in 25, 50, and
75% Epon solutions for 15 min. Cells were placed for 1 h in 100% Epon
solution and in fresh Epon 100% overnight at room temperature. Poly-
merization took place with cells in fresh 100% Epon for 48 h at 60°. Ultrathin
70- or 300-nm-thick sections were cut with a UC7 ultramicrotome (Leica) and
placed on HR25 300 Mesh Copper/Rhodium grids (TAAB). Ultrathin sections
were contrasted according to Reynolds (49). Electron micrographs were
obtained on a Tecnai G20 TEM operated at 200 keV equipped with a 4,096 x
4,096-pixel resolution Eagle camera (FEl). For tomography, gold nano-
particles 10 nm in diameter (ref. 741957, Sigma-Aldrich) were deposited on
both faces of the sections prior to contrasting. Tomography tilt series were
acquired on the G20 Cryo TEM (FEI) with the Explore 3D software (FEI) for tilt
ranges of 110° with 1° increments. The mean applied defocus was —2 pm.
The magnification ranged between 3,500 and 29,000 with pixel sizes be-
tween 3.13 and 0.37 nm, respectively. The image size was 40,962 pixels. The
tilt series were aligned using ETomo from the IMOD software package
(University of Colorado) by cross-correlation (50). The tomograms were
reconstructed using the weighted back-projection algorithm in ETomo from
IMOD. The average thickness of the obtained tomograms was 268.40 +
64 nm (n = 16). Fiji/lmage) (NIH) was used for making tomography movies
(51). For cryoelectron microscopy assays, the supernatant of infected cultures
of A. castellanii was collected after 7 d postinfection and submitted to a first
round of centrifugation at 1,500 x g for 10 min, looking to pellet the cell
debris from the virus present on the supernatant. Next, the pertion con-
taining the Yaravirus was then submitted to a second round of centrifuga-
tion, and the virus was concentrated by ultracentrifugation at 100,000 x g
for 2 h. The following steps were previously described by Klose et al, (23).
Briefly, 3 pL of virus solution was placed on glow-discharged C-Flat 2/2 grids
(EMS) and plunge-frozen into liquid ethane using a Gatan Cryoplunge 3.
Samples were then imaged on a Talos F200C (ThermoFisher Scientific)
equipped with a Ceta camera (ThermoFisher Scientific).

G S I

q

e and Analysis. The Yaravirus genome was sequenced two
times by using the lllumina MiSeq platform (lllumina) with the paired-end
application. The generated reads were then assembled de novo by using the
software ABYSS and SPADES, with the resulting contigs ordered by the
Python-based CONTIGuator.py software. After, gene predictions were made
by using the GeneMarksS tool (52). The functional annotation for the Yar-
avirus predicted proteins was made through searches against the GenBank
NCBI nonredundant protein sequence database (nr), considering as homol-
ogous proteins only the sequences that presented an e-value < 1 x 1073, The
annotation was refined by comparing the in silico-predicted protein struc-
tures of Yaravirus with domains of proteins present in different databases
using three platforms: the HHpred, the Phyre2, and the Swiss-model tools
(30-37). It is important to note that, for the HHpred, we considered true-
positive protein structures only matches that had a probability >80% and
e-value ~1, as suggested by S6ding and colleagues (37). For the qPCR assays,
the increase in genome replication was assessed in cultures of A. castellanii
cells infected by Yaravirus in different time points (H4, H6, H8, H12, H24,
H72, H96, and H168), using primers which were constructed based on the
sequence of the gene 69 of Yaravirus (primers, 5 TGCAGCAAGTCGGTCAA-
GAT3' and 5’AACTTCCACATGCGAAACGC3’). Conditions used in the assay
were previously described (53).

The amino acid and codon usage data were compared to those presented
by A. castellanii and by different strains of amoebal viruses. For this, the
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sequences were downloaded from the NCBI database and analyzed by using
the software Artemis 18.0.3. The percentage of GC content and GC skew
have also been analyzed by using the same software. Transfer RNA (tRNA)
sequences were identified using the ARAGORN tool. Phylogenetic analyses
were performed for the six proteins of Yaravirus holding similarities with
other organisms on the NCBI database (Table 1). By using the ClustalW tool
in the Mega 10.0.5 software program, amino acid sequences of these Yar-
avirus proteins were previously aligned with the corresponding sequences of
representatives of the virosphere and from other cellular organisms be-
longing to the three domains of life. The analysis involved 55 amino acid
sequences for gene 40, 49 amino acid sequences for gene 02, 13 amino acid
sequences for gene 46, and 34 amino acid sequences for gene 69. The per-
centage of trees in which the associated taxa clustered together is shown
next to the branches. Initial tree(s) for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of
pairwise distances estimated using a JTT model, and then selecting the to-
pology with superior log likelihood value. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. All of the
trees were constructed by using the maximum likelihood evolution method,
with the JTT matrix-based model and a bootstrap of 1,000 replicates (54).

Yaravirus Proteomics. In order to identify the proteins that make up Yaravirus
particles, thirty 75-cm? cell culture flasks (Nunc), containing 7 x 10% A. cas-
tellanii cells per flask, were infected with the isolated virus, and the cyto-
pathic effect was followed up to 7 d.p.i. After severe amoebal lysis, the
content was collected and submitted to a first round of centrifugation, at
1,500 x g for 10 min, looking to pellet the cell debris from the virus present
on the supernatant. Then, this viral portion was submitted to a second round
of centrifugation, and the virus was concentrated by ultracentrifugation at
100,000 x g for 2 h. To finish, viral pellet was then prepared for a two-
dimensional gel electrophoresis and analysis by matrix-assisted laser de-
sorption/ionization and liquid chromatography-tandem mass spectrometry
as described before by Reteno and colleagues (55).

Metagenomic Survey, The Yaravirus ATPase (NCVOG0249) and the putative
major capsid protein (MCP) were used to query 8,535 publicly available
metagenomes in the IMG/M database (30) using diamond BLASTp (v0.9.25.126;
ref. 56). Resulting protein hits with maore than 30% query and subject coverage
and an e-value of at least 1e-5 were extracted from the metagenomic data. In
parallel, hmmsearch (version 3.1b2; hmmer.org) was employed to identify and
extract ATPases (NCVOG0249) and MCPs (multiMCP) from 235 NCDLV reference
genomes using specific hidden Markov models (https:/bitbucket.org/berkeley-
lab/mtg-gv-exp/). Extracted proteins were then combined with the Yaravirus
queries. To remove most redundant sequences, the MCP data set was clustered
in cd-hit (57) at an amino acid similarity level of 90% using the accurate mode.
ATPases were then aligned with MAFFT-linsi (v7.294b; ref. 58) and MCPs in
Expresso (59) (most accurate mode in t-coffee v_13.41.0.28, alignment guided
by PDB structures), and the resulting alignments trimmed with trimal (v1.4, -gt
0.1; ref. 60). Phylogenetic trees were built using 1Q-tree (v1.6.12; ref. 61) with
LG+F+R5 (ATPase) and LG+F+R8 (MCP) based on the built-in model select fea-
ture (62) and 1,000 ultrafast bootstrap replicates (63). Phylogenetic trees were
visualized with iTol [v5.8 (61)] and ete3 (64).

Data Availability. Data for the Yaravirus genome have been deposited to
GenBank under accession number MT293574.
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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. 1 A). 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.

@ Springer

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 [Q-
Tree (v1.6.12; ref 7) with the LG4+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.

@ Springer

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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5. Artigo numero 05:

5.1 A Brief History of Giant Viruses’ Studies in Brazilian Biomes

(doi: https://doi.org/10.3390/v14020191)

No ano de 2021 completou-se uma década desde que os primeiros estudos envolvendo
virus gigantes se iniciasse na América do Sul, e mais especificamente no Brasil. Desde entdo
muito do nosso conhecimento sobre esses micro-organismos foi se atualizando, muitas familias
virais foram sendo descritas nos mais diversos ambientes, ¢ com isso, novos grupos de pesquisa
brasileiros foram incentivados a prospectar diferentes virus de amebas com caracteristicas cada
vez mais intrigantes. Esse artigo de revisfo conta uma breve histdria sobre esses dez anos de
investigacdo envolvendo os virus gigantes de ameba em terras brasileiras. Para isso,
compilamos aqui as principais contribui¢des de independentes grupos de pesquisa, buscando
sintetizar todo o conhecimento acumulado sobre a diversidade e a excepcionalidade desses
organismos encontrados em nosso pais. Esta revisdo contou com a contribui¢do de varios

grupos de pesquisa que trabalharam com virus gigantes nos ultimos 10 anos no Brasil.
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Abstract: Almost two decades after the isolation of the first amoebal giant viruses, indubitably the
discovery of these entities has deeply affected the current scientific knowledge on the virosphere.
Much has been uncovered since then: viruses can now acknowledge complex genomes and huge
particle sizes, integrating remarkable evolutionary relationships that date as early as the emergence of
life on the planet. This year, a decade has passed since the first studies on giant viruses in the Brazilian
territory, and since then biomes of rare beauty and biodiversity (Amazon, Atlantic forest, Pantanal
wetlands, Cerrado savannas) have been explored in the search for giant viruses. From those unique
biomes, novel viral entities were found, revealing never before seen genomes and virion structures.
To celebrate this, here we bring together the context, inspirations, and the major contributions of
independent Brazilian research groups to summarize the accumulated knowledge about the diversity
and the exceptionality of some of the giant viruses found in Brazil.

Keywords: amoebae viruses; Brazilian isolates; giant virus; NCLDV; virosphere; virus diversity

1. Introduction

The description and characterization of the first amoebal giant virus (GV) in 2003,
Acanthamoeba polyphaga mimivirus (APMV), raised important questions regarding the
limits of the virosphere. These first findings revealed viral particles of about 700 nm,
non-filterable through 0.2 pm pore size filters [1]. Although not the first described nucleo-
cytoplasmic large DNA virus (NCLDV) (phylum Nucleocytoviricota), which includes other
families such as Poxviridae [2], the original discovered member of the family Mimiviridae
motivated new interpretations of crucial features in an organism recognized as a virus,
advancing both knowledge of, and perspectives on, the most abundant group of organisms
on Earth [3].

Much of the subsequent work on GVs has been driven by curiosity and the possibility
of isolating novel groups of amoebal viruses and finding intriguing new characteristics.
For instance, in 2008 La Scola et al. had previously isolated a distinct strain of APMYV, the

Viruses 2022, 14, 191. https://doi.org/10.3390/v14020191

https:/ /www.mdpi.com/journal/viruses

52



Viruses 2022, 14, 191

20f21

acanthamoeba castellanii mamavirus, together with the first ever described virophage,
the Sputnik virus (SNV), both found in a water-cooling tower of a hospital in France [4].
Here, the interest in describing more GVs contributed by influencing the consolidation
of “virophages” as new satellite-like viruses, which are dependent on the mimivirus
factory for their replication by putatively hijacking some key features (e.g., the viral RNA
polymerase) [5].

Similarly, in 2009, Boyer et al. reported the isolation of the marseillevirus, a novel
GV for which analysis of its core genes suggested a previously uncharacterized family
of NCLDV. In addition, by unveiling some of the main features of the genome’s reper-
toire for this new GV, the authors have proposed amoebas as potential “melting pots”
of microbial evolution, given the convenient intracellular environment for gene transfer
among parasites, including complex genomes that could advent from different GVs’ viral
sources [0]. Some of the GVs’ hosts (different amoeba genus, e.g., Acanthamoeba) are indeed
considered ubiquitous, found in almost all latitudes [7,8], as well as in a wide-range of
environments, including wastewater [9], terrestrial and (deep) marine water [7,10], ther-
mal springs [11], permafrost [12], ventilation and air conditioning systems, and even in
hospital settings [13,14]. Notwithstanding, GVs can be found in a large set of different
native hosts or host-associated organisms, from other various species of amoebas [8,15]
to filtering feeding organisms such as oysters [16]. Recently, metagenomics studies have
also indicated that GVs are even more abundant in marine environments than prokaryotes,
suggesting that these viruses may play a fundamental role in nature as biological control
agents, regulating biogeochemical cycles, and potentially acting as evolutionary driving
forces [17-19]. Ultimately, hijacking or utilizing cellular components and translational
machinery may indicate a common origin, regarding information on life’s evolution, and
the presence of translation proteins may open new hypotheses about GVs’ origin and
phylogenetic relationships with other domains of life [20].

The broad-spectrum environmental profile of GVs made Brazil an interesting field
to search and study these microorganisms, especially considering the wide range and
diversity of environments and biological dispersion throughout biomes, settings and native
habitats around the country, such as the Amazon forest and Cerrado savannas, as well
as the Pantanal wetlands, including the soda lakes of Nhecolandia in the middle of the
woods, which hide rich organic sediments [7,10,21-23]. These characteristics were reflected
in the findings and discoveries of several GV isolates in the Brazilian territory, such as:
(i) tupanvirus soda lake, isolated from the Brazilian Pantanal (Nhecolandia lakes) and
tupanvirus deep ocean, isolated from sediment at 3000 m below the water surface line
at ‘Bacia de Campos’, in Rio de Janeiro [10]; (ii) samba virus (SMBV), isolated from the
Brazilian Amazon [22]; (iii) cedratvirus getuliensis, from sewage samples in Minas Gerais
state [24]; (iv) niemeyer virus [25], faustovirus mariensis [26] and yaravirus [27], all of them
isolated from the Pampulha urban lagoon; (v) a number of Mimivirus isolates [7,21]; and
many others (Figure 1A,B), some of which we will further discuss in this review.
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Figure 1. Location and numbers of giant viruses isolated in Brazil. (A) Schematic map showing the
sites of isolation for the major groups of giant viruses discovered in Brazil. (B) Number of isolates
discovered for each of these groups.

2. Giant Viruses Discovery and Isolation
2.1. Mimiviruses Boosted Amoebal Giant Viruses” Research

The first amoebal GV isolated in Brazil dates from 2011. During a field trip to the
Brazilian Amazon, aiming to search for GVs, water samples were collected from the
Negro River, in Manaus city. These samples were then assessed for prospection using
Acanthamoeba castellanii cells as an isolation platform, which allowed the discovery of the
first Brazilian GV, named samba virus (SMBV) [22].

Samba viruses have mimivirus-like particles, showing capsids with an average diame-
ter of 527 nm, surrounded by fibrils of 155 nm [28]. The SMBV genome is composed of about
1.2 Mb, and the phylogenetic analysis clustered it within the lineage A of the mimiviruses
(Table 1). Analysis of the SMBV replication cycle using a set of electron microscopy images
showed several similarities with the APMV replication cycle. Moreover, these images
also revealed the presence of smaller viral particles that were further confirmed as the
first Brazilian virophage named Rio Negro virophage (RNV) [22]. A few years later, RNV
genome was sequenced and assembled presenting 18,145 bp, very similar to the sputnik 2
virophage genome [29].

Later, a new sputnik-like virophage named guarani virophage was also isolated from
water samples obtained in the Pampulha Lagoon, Belo Horizonte city, Minas Gerais state.
A deep characterization of its genome (18,967 bp) was performed, and its replication is
described as rather slow (replication at 4 h.p.i. and particles morphogenesis at 16 h.p.i.)
when compared to the cycle of its associated GV [30].

After SMBV discovery, several mimiviruses belonging to the three currently known
lineages (A, B and C) were isolated from different Brazilian environmental samples, such
as the so-called “Br-mimiC”, mimivirus golden (MVGD), isolated from golden mussels
(Limnoperna fortunei) from Guaiba Lake, Rio Grande do Sul, in 2014 [31] and mimivirus
gilmour (MVGM), isolated from water collected at the Pampulha Lagoon, in 2015 [21]. In
this same work, the isolation of another 64 mimiviruses were described from water samples
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collected at the Pampulha Lagoon. They were obtained from three different Acanthamoeba
species (A. castellanii, A. polyphaga and A. griffini), and had representatives in the three
lineages of mimiviruses [21]. Also in 2015, 20 mimiviruses belonging to the linecage A
were obtained from oyster-related samples of three different coastal regions of Brazil [16].
Considering their water-filtering capacity, these bivalves were tagged as excellent sources
for the isolation of new GVs because their body allows the accumulation of both viruses
and amoebas [16].

Table 1. General features of Brazilian giant viruses with complete sequenced-genomes.

55

Group of . Type of Location (Year Genome o
Virus Virus Sample of Isolation) Size (bp) ORFs ORFans GC% Reference
Samba virus Fresh water N“%{gﬁ’)“r 1,181,380 971 0 27 Campos etal., 2014
Amazonia Negro River
virus Fresh water (2011) 1,179,119 979 1(0.1%) 27 Assis et al., 2015
Urban lake Lagoa Santa
Mimiviridae Kroon virus water city (2012) 1,221,932 944 3(0.3%) 27 Assis et al., 2015
(lineage A Santa Catarina
mimivirus) Oyster virus Oysters state (2013) 1,200,220 948 1(0.1%) 27 Assis et al., 2015
Niemeyer Urban lake Pampulha
virus water Lagoon (2011) 1,299,140 1003 0 28 Boratto et al., 2015
Borely Serra do Cipo
Mimiviridae moumouvirus Fresh Water (2018) 1,038,187 947 3(0.3%) 25.2 Silva et al., 2020
(lineage B
mimivirus)
Mimivirus Urban lake Pampulha
Mimiviridae gilmour water Lagoon (2014) 1,258,663 1135 28 (2.4%) 26 Assis et al., 2017
(lineage C Mimivirus Golden Guaiba Lake
mimivirus) golden mussels (2014) 1,248,960 1127 19 (1.6%) 26 Assis et al., 2017
Campos dos
Tupanvirus Deep Ocean Goytacazes
Mimiviridae deep ocean sediments city (2018) 1,439,508 1276 378 (29.6%) 28 Abrahao et al., 2018
Nhecolandia,
Tupanvirus Pantanal
soda lake Soda Lake biome (2018) 1,516,267 1359 375 (27.6%) 28 Abrahao et al., 2018
Brazilian Pampulha
Marseilleviridae marseillevirus Sewage Lagoon (2014) 362,276 491 29 (5.9%) 433 Dornas et al., 2016
Golden Golden Guaiba Lake
marseillevirus mussels (2014) 360,610 483 43 (8.9%) 43.1 Santos et al., 2016
Water
Brazilian supplemented  Belo Horizonte
Cedratviruses cedratvirus with biofloc city (2018) 460,038 533 11 (2.1%) 429 Rodrigues et al., 2018
Faustovirus Urban lake Pampulha
Faustovirus mariensis water Lagoon (2019) 466,080 483 0 36 Borges et al., 2019
Yaravirus Pampulha
Yaravirus brasiliensis Muddy water Lagoon (2020) 44,924 74 68 (91.9%) 57.9 Boratto et al., 2020

In another study, a mimivirus-related isolate called Niemeyer virus (NYMV) was dis-
covered, once again from water samples obtained from the Pampulha Lagoon [25]. NYMV
has a genome of approximately 1,299,140 bp, harboring a set of duplicated aminoacyl-tRNA
synthetases, which suggests that such duplications may be important for the evolutionary
history of mimiviruses (Table 1), In 2017, another lineage A mimivirus was described, this
time from water samples collected from an urban lake at the Lagoa Santa city, also in the
Minas Gerais state, and it was named kroon virus (KV) (Figure 2A) [32]. The study of
KV (1,221,932 bp genome [33]) has established an interesting view of the distinct ways by
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which the major capsid protein (MCP) mRNA can be differentially processed, depending
on the lineages of mimiviruses (Table 1) [32]. Apparently, for each of these mimiviruses’
lineages there is a genetic layout concerning how the MCP gene is organized in terms of its
exons/introns and how they are arranged. As an example, in the KV study the nucleotide
sequences of the third exon of the MCP (observed in the genome of all mimi-viruses)
was described to be an alternative marker to disentangle each of the three lineages. In
addition, a different form of mature mRNA was also described in transcripts of the MCP for
mimiviruses of a given lineage (e.g., APMV and KV) [32]. Subsequently, in 2018, 64 giant
viruses of the Mimiviridae family (26 from lineage A, 13 from lineage B, two from lineage C
and 23 from unidentified lineages) were described from various types of samples, including
marine water from Antarctica, which was the first time to our knowledge that mimiviruses
were isolated in this continent [7].

Figure 2. Panel with TEM images for the major groups of amoebal viruses isolated in Brazil.
(A) mimivirus, (B) tupanvirus (source: 10.1038/541598-018-36552-4), (C) marseillevirus, (D) pan-
doravirus, (E) cedratvirus, (F) faustovirus, and (G) yaravirus.

The year 2018 has also been marked by the description of one of the longest and
most complex viruses described to date, obtained from a set of samples collected from
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extreme aquatic environments. The tupanvirus soda lake was isolated from samples
collected from an alkaline salty lake (Nhecolandia, Pantanal, Brazil) while the deep ocean
tupanvirus was obtained from 3000 m depth sediment samples below the Atlantic Ocean
at ‘Campos dos Goytacazes’ (Figure 2B) [10]. In contrast to other giant viruses previously
isolated, these GVs are able to infect and establish a productive cycle in many species of
amoebas, including Acanthamoeba spp., Vermamoeba vermiformis, Dictyostelium discoideum
and Willartia magna [10]. The tupanviruses’ capsid is similar to that of other mimiviruses
already described in this review, around 450 nm in diameter, with a pseudo-icosahedral
symmetry, covered by a layer of fibrils. They also present a “stargate” vertex, that is, a
noticeable star-shaped opening at one capsid vertex. Interestingly, however, these viruses
have a tail attached to the capsid, which is also covered with fibrils, a feature never seen
before for amoebal viruses (Figure 2B). Due to the plasticity of this tail, the particles can
vary from 1.2-2.3 um in length, making it the longest virus ever described [10].

The genomes of the tupanviruses are complex and composed of double-stranded DNA
of 1.44-1.51 Mb, encoding 1276-1425 predicted proteins (Table 1) [10]. Phylogenetic analysis
using the DNA polymerase B family gene and other unique features exhibited by these
viruses suggested that the tupanviruses group together with other mimiviruses form a dis-
tinct clade, which supported the proposal to form a new genus called “Tupanvirus” [10,34].
These viruses have been shown to be even more surprising, as deep genome analysis
detected the largest translational apparatus ever described in the virosphere, with 20
aminoacyl-tRNA synthetases (aaRS), 67-70 tRNAs, in addition to other proteins in the
translation process, such as translation factors (initiation, elongation and release) and pro-
teins related to tRNA and mRNA maturation [10,34,35]. In addition, 20% of their genome
is similar to genes originating from cellular organisms, with 9% from eukaryotes (of these,
3% originate from amoebas), 3% from archaea and 8% from bacteria [35].

These findings support data that demonstrate how other groups of organisms are
relevant in studying the evolution of NCLDV genomes (Table 1). The fact that they have
these genes shared with members of other cellular domains suggests that tupanviruses
could also be found in non-extreme environments [35]. Altogether, the genetic arsenal of
these and other mimiviruses within the virosphere add new levels of complexity to the
understanding of the tree (or rhizome [36]) of life [20,37].

2.2. The Second Family Arises: The Discovery of Marseilleviruses

After the discovery of the first mimiviruses, the search for GVs intensified. In 2009, a
virus named Marseillevirus marseillevirus was isolated in a biofilm from a water cooling tower
in Paris, France [6], which gave rise to the family Marseilleviridae, officially recognized by
the International Committee on Taxonomy of Viruses (ICTV) in 2013 (Figure 2C) [38]. Since
then, other marseilleviruses have been isolated from different sources: (i) Lausannevirus,
was discovered in water samples collected from the Seine river, in 2011 [39]; (ii) Cannes
8 virus was isolated from water in a cooling tower in Cannes, in 2013 [40]; (iii) tunisvirus
and Fontaine Saint-Charles virus were isolated from freshwater collected in decorative
fountains in Ariana, Tunisia, and in France, respectively [41,42]; (iv) insectomime virus was
isolated from the internal organs and digestive tract of a dipteran drone fly’s larvae [43];
(v) Senegalvirus was discovered during metagenomic analysis of the bacterial diversity in
the human gut microbiota from a apparently healthy African individual, in 2012 [44,45];
(vi) In 2014, the genomic characterization of Melbournevirus was reported, isolated from a
freshwater pond in Melbourne, Australia [46]; and (vii) Port-Miou virus, isolated from a
sample from a brackish submarine spring, in the Cassis Port-Miou Calanque, France, in
2015 [47].

Furthermore, different phylogenetic lineages of marseillevirus have been described.
Initially, the phylogenetic analysis suggested the existence of three distinct lineages: Lineage A,
consisting of Marseillevirus, Cannes 8 virus, Senegalvirus and Melbournevirus; Lineage B,
consisting solely of Lausannevirus; and Lineage C, consisting of tunisvirus and insectomime
virus [42]. That was based on phylogenetic reconstructions carried out with core genes
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including the NA polymerase B family, the VV A18 helicase, the D5 primase—helicase, the
very late transcription factor 2B and the MCP [42].

However, the discovery of the first marseillevirus in America resulted in the creation
of a new lineage in the family. The Brazilian Marseillevirus (BrMV) was described in 2014
from a sewage sample from a treatment station in the Pampulha lagoon [47]. The new
lineage is supported by comparative genomic analyses highlighting several divergences
between BrMV and other marseilleviruses (Figure 3) [47].

Mimiviridae

yopanoa STuNeBiony
Megavirus Golden

Megavirus Gilmgy,

Molliviris kamehatka
I | — _—l "1‘ Mallivirus sibericum

Pandotavirus Pampulha

STUABILNGN
eyt § ST

Marseilieviridae

Figure 3. Maximum likelihood phylogenetic tree based on amino acid sequences of DNA polymerase
B family of Nucleocytoviricota. Brazilian isolates are bold and highlighted in blue. Sequences were
aligned using Muscle [48] and low conserved regions were removed using trimAl [49]. The tree was
built using 1Q-TREE [50] with 1000 ultrafast bootstrap replicates and the VT+F+R7 model chosen by
ModelTest according to Bayesian Information Criterion. The tree was visualized in iToL [51]. The tree
scale indicates the substitution rate.

A few years later, in 2016, the golden marseillevirus (GMar) was described as a new
member isolated from golden mussels collected in southern Brazil [52]. The structure of the
virus particles strongly resembled other marseilleviruses, with particles of approximately
200 nm, obtained from a coculture with A. polyphaga. The genome is composed of a
circular dsDNA with 360,610 bp, comparable in size to the genomes of other members of
the family Marseilleviridae, which range from 346,754 bp to 386,631 bp for lausannevirus
and insectomime virus, respectively (Table 1) [52]. A total of 483 ORFs were character-
ized. Curiously, despite this genome size similarity, the GMar genes’ content harbors
48.03% uncharacterized proteins. Many of these uncharacterized proteins can be consid-
ered as orphan genes (ORFans), also reported in other GVs such as Pandoravirus with
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93% ORFans [53]. In addition, comparatively to the 212 genes shared among Brazilian
marseillevirus, marseillevirus, lausannevirus, tunisvirus and golden marseillevirus, there
are fourteen non-shared genes, of which seven are among the GMar genes [52].

2.3. Opening the GVs” Box: The Discovery of Pandoraviruses

Ten years after the discovery of the first GVs, the description of a brand-new group of
amoebal viruses has led virologists to become again surprised, as a series of new paradigms
started to be challenged and the study of modern virology advanced. At the time, the
discovery and characterization of the pandoraviruses established for the first-time a group
with viral particles with sizes as great as 1 um in length and genomes that exceeded
the mark of 2.5 Mb, with an astonishing number of 93% of genes without recognizable
homologs in available databases (e.g., GenBank) (Figure 2D) [53].

Before the investigations in Brazil, it is important to mention the initial studies regard-
ing the first representatives of this group. Starting from 2013, these discoveries were made:
(i) Pandoravirus salinus, isolated from a superficial sediment layer collected at the mouth of
the Tunquen river in Chile; and (ii) Pandoravirus dulcis, isolated from a mud taken at the
bottom of a freshwater pond near Melbourne, Australia [53]. A couple of years later, a study
led to the reinvestigation of an endosymbiont isolated from an Acanthamoeba strain and
concluded, by whole genome sequencing, that this organism was in fact a pandoravirus
isolate, named Pandoravirus inopinatum [54,55]. In another work, a newly characterized
isolate called Pandoravirus celtis was used to investigate a putative scenario in which
the genetic divergence among the different isolates of pandoraviruses was caused by an
ability of these viruses to perform the creation of genes through a de novo microevolution
process [56].

During the years 2018 to 2019, two different studies carried out a series of in-depth
approaches focusing on establishing a detailed view of the diversity of pandoraviruses,
their evolution processes and aspects of their replication cycle [57,58]. In the first study,
three samples of pandoravirus were first isolated and named as pandoravirus quercus,
pandoravirus neocaledonia and pandoravirus macleodensis. Their replication cycles were
independently investigated and interestingly, for the first time, the mature particles of pan-
doraviruses were filmed while being exocytosed by vesicles which were full of viruses [57].
The genomes of these isolates were fully sequenced and a new stringent reannotation
protocol was established. With this new methodology, the genetic analysis of different
isolates suggested a still open pan-genome for GVs, in which each novel isolate is predicted
to be responsible for contributing more than 50 additional genes [57].

For the second study, three novel Brazilian isolates were used: (i) pandoravirus kadi-
weu, coming from samples of water collected in the city of Bonito, Mato Grosso do Sul;
(ii) pandoravirus pampulha, and (iii) pandoravirus tropicalis, both coming from samples
of water from an artificial lake located at the city of Belo Horizonte, Minas Gerais [58].
Here, the microscopy analysis was an important tool, not only to reinforce some already
established data but also to reveal new features of the virus replication. As for other
GVs, within 30 min of infection the pandoravirus virions were phagocytosed and en-
gulfed inside a host vesicle called the phagosome [57]. This structure quickly fuses with
lysosome-like organelles and triggers the next stage of replication, which is the start of
viral uncoating [53,57]. The next step involves an intense manipulation of the host cell
and deep modification of the cytoplasm environment in order to make the region of viral
morphogenesis, known as the viral factory. The loss of the cell nucleus and an intense
recruitment of the host membranes and mitochondria are necessary for this. The beginning
of viral morphogenesis does not seem to have a polarization, as thought earlier [53]. Finally,
the viral cycle ends with the host cell lysis [53,57].

Interestingly, however, it was observed in some microscopy images that several pan-
doravirus particles were packaged inside vesicles and transported to the periphery of
the host cell before amoebal disintegration. Additionally, one-step-growth curves have
shown the beginning of viral release around 6 to 9 h post-infection, before the onset of
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the amoebas’ lysis [58]. These results, together with data that show a negative impact on
pandoravirus release by cells treated with brefeldin (a membrane traffic inhibitor), suggest
an important role of exocytosis for early liberation of pandoravirus particles in an amoeba
infection [58]. Such observations are commonplace to other GVs with analogous replication
cycles, including, for example, the cedratviruses described in the next section.

2.4. A Double-Corked GV: Isolation and Characterization of the Cedratviruses

Viruses belonging to the cedratvirus group were first detected in 2016, with the
isolation of Cedratvirus All, a viral representative coming from diverse environmental
samples collected in Algeria [59]. Their structure is constructed by a ~1 um ovoid-shaped
particle, resembling some morphological features of the pithovirus virions, though with
a notable difference: the presence of two corked regions (instead of a single one) at the
extremities of the particle [59]. Their genome is composed of a circular dsDNA with about
590 kbp, and it has been found to share a close relationship with the genomes of the two
currently known pithoviruses (both in size and in genome content), pithovirus sibericum
and pithovirus massiliensis [59].

The second cedratvirus isolate, called cedratvirus lausannensis, was obtained in an
attempt to look for amoebal-resisting bacteria inside a drinking water plant located at the
Morsang-sur-Seine commune, in France [60]. Four other isolates have been discovered
since then: (i) cedratvirus zaza IHUMI, deriving from samples of sterile distilled water
collected near Toulon city, in France; (ii) Brazilian cedratvirus IHUMI, collected from
water samples supplemented with bio-floc in Belo Horizonte city, Brazil; (iii) cedratvirus
Kamchatka, obtained from a muddy grit soil collected next to a volcano area in Russia; and
(iv) cedratvirus getuliensis (Figure 2E), collected from sewage samples from the Itatina city,
Brazil [24,61,62]. Interestingly, the isolate Brazilian cedratvirus IHUMI is a representative
of the group which harbors both particle and genome sizes with remarkable differences
in comparison with the other cedratviruses discovered so far. The virion is approximately
910 nm in length, with some of the particles reaching around 696 nm, and the genome
is also smaller, with a DNA molecule of 460,038 bp (Table 1) [63]. Comparative genomic
analysis also indicated that this Brazilian isolate is the founding member of a new lineage
of cedratviruses (Figure 3) [63].

In 2018, through the analysis of a series of electron microscopy images and by per-
forming biological assays, an interesting study has helped to reveal most of the steps in
the replication of cedratviruses. As expected for an amoebal virus with large-sized virions,
the viral cycle starts by the particles getting into the infected cell through the exploration
of a phagocytic pathway that is physiologically presented by the host [24]. Corroborating
this observation, lower titers of the cedratvirus virions are observed when the infected
amoebal cells are pre-treated with cytochalasin D, an inhibitor of phagocytosis. The cycle
then progresses to the formation of an electron-lucent viral factory (as large as the cellular
nucleus) in the cytoplasm of the infected amoeba and, differently from observed during
infection of most giant viruses, the cellular nucleus seems to remain intact [24].

However, some typical cellular alterations are still observed, such as the recruitment of
mitochondria around the viral factory region, the polarization of lysosomal vesicles in the
infected cell and an intense traffic of membranes which were seen to be important during
the morphogenesis of cedratvirus virions [24]. This step is described as very complex
and relies on the formation of several membrane precursors (or crescents) which later
assume the correct conformation of a mature viral particle. Finally, the viral cycle ends with
the mature particles released via cell lysis or exocytosis [24]. Cedratviruses also present
structural similarities and infection features to other GVs, such as the orpheoviruses, as
discussed below.

2.5. Another Amoeba, Another Virus: Discovery and Characterization of Orpheovirus

By implementing amoebas of the Vermamoeba vermiformis species as a platform of
isolation, new groups of viruses were discovered from different samples. Among them, an
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Orpheovirus was isolated in Marseille, France, from samples of rat stool [62]. Nevertheless,
Souza et al. observed that, differently to previous findings of viruses infecting amoeba,
CPE caused by Orpheovirus could be split into an early stage (3 to 12 h.p.i.), when cells
stretch into a branched fusiform shape, and a late stage (starting at 24 h.p.i.), when cells
become rounded [64].

The in-depth characterization of the replication cycle demonstrates that it takes ap-
proximately 30 h to be completed. It is suggested that one or more particles of Orpheovirus,
which are around 1.1 um, are phagocytized by the host cell within 1 h.p.i. [62,04]. After
entry, the particle’s internal content is released when the membrane that surrounds the viral
core fuses with the endosomal membrane through a structure called ostiole, located at the
apex of the particle. Subsequently, the formation of the large electron lucent viral factory
is observed, concomitantly with the recruitment of mitochondria and membranes [64].
Membrane recruitment and bleb formation also seems to be important for the viral factory
formation and particle morphogenesis since they are affected by treatment with a mem-
brane trafficking inhibitor at the middle stage of infection (8 h.p.i.), which is also observed
for cedratviruses [24]. Similarly, as described for other viruses, the particle morphogenesis
initiates with the formation of electron-dense semicircular structures, which are filled with
their internal content until the formation of the complete closed particle [64].

The complete particle presents smaller fibrils, when compared to mimiviruses, and
at least two layers between the fibril layer and the inner membrane [62,64]. Finally, the
infectious particles start to be released by exocytosis, detected in the supernatant at 12 h.p.i.
Moreover, it is observed that cell lysis also plays a role in viral particle release, mostly at
late timepoints of infection. Along with the infectious particles, the formation of defective
particles is also observed [64].

2.6. The Isolation and Characterization of Faustoviruses

The faustoviruses are a group of giant viruses first detected in 2015 from samples
of sewage from different regions in France and in Dakar, Senegal [65]. In Brazil, the first
representative of this group was isolated and described in 2019, from prospecting studies
of water samples from the Pampulha lagoon. Faustovirus mariensis, as it was called, is a
virus with icosahedral particles reaching approximately 190 nm in diameter and inducing
cytopathic effects on amoebas of the Vermanioeba vermiformis species (Figure 2F) [26]. Their
genome is composed of a circular, double-stranded DNA molecule of about 466,080 bp
(Table 1). Like other GVs, the f. mariensis replication cycle starts with the infection of
the amoeba in its trophozoite form. This infection progresses to the formation of a large
electron-lucent viral factory and the recruitment of mitochondria to its periphery [26]. The
morphogenesis of f. mariensis is similar to that of other faustoviruses previously described
in the literature, with new mature particles being formed in small honeycomb structures
within the cytoplasm of the host cell. Lysis of the infected cell is the most important means
of releasing the f. mariensis progeny described so far [26].

In a rare antiviral strategy described for GVs and their amoebal hosts, Borges et al.
have observed that the infection of Vermamoeba vermiformis cultures is able to trigger a
process of encystation of the neighboring cells, trapping the particles of f. mariensis inside
their host and preventing further infection in the population of amoebas [26]. This event,
considered to be observed for the first time in these viruses, was directly influenced by f.
mariensis infection at a multiplicity of infection (MOI) dependent rates. When cysts were
derived from cells infected at high MOls, they were permanently incapable of excysting,
therefore becoming trapped inside the particles of f. mariensis. However, when these
amoebal cells came from infections at lower MOIs, only the cells with neither viral particles
nor factories were able of excysting [26].

Faustoviruses are also phylogenetically related to kaumoebaviruses and asfarviruses,
with the hypothesis that a common ancestor is shared between these viruses (Figure 3) [62].
After analysis considering this evolutionary proximity, motifs that play the role of promoter
sequence in asfarvirus have been identified within the faustovirus genome, leading to the
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conclusion that rich A-T (TATTT and TATATA) regions may also have an important role
in the gene expression of both kaumoebavirus and faustovirus. These findings shed new
light for a better understanding of giant virus’s gene expression [66]. As aforementioned,
intriguing information regarding the GVs’ discovery and characteristics are quite common,

and some unique factors have attracted attention in the field, such as the recent discovery
of the yaravirus in 2020 [27].

2.7. Yaravirus, a Small Virus among the Giants

In late 2020, the discovery of a new lineage of dsDNA virus would enhance our
knowledge on the diversity and evolution of viruses in amoeba. The yaravirus brasiliensis,
as it was called, has been described as a novel virus of Acanthamoeba castellanii, harboring
a genome of ~45 kbp enclosed in an icosahedral particle of about 80 nm in diameter [27].
Differently from any other virus isolated from acanthamoeba so far, this virus does not
seem to share many of the features which are thought to represent the NCLDYV, as it has
neither a large particle nor a complex genome (Figure 4) [27]. This may indicate one of the
following: (i} yaraviruses either belong to an extremely reduced group of amoebal viruses
which are part of the NCLDVs; or (ii) these viruses represent the first discovered lineage of
amoebal viruses that are not part of this complex group [27].
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Figure 4. Maximum likelihood phylogenetic tree based on amino acid sequences of major capsid
protein of Nucleocytoviricota. Yaravirus brasiliensis is bold and highlighted in blue. Sequences were
aligned using Muscle [48] and low conserved regions were removed using trimAl [49]. The tree was
built using IQ-TREE [50] with 1000 ultrafast bootstrap replicates and the VT+R3 model chosen by

ModelTest according to Bayesian Information Criterion. The tree was visualized in iToL [51]. The tree
scale indicates the substitution rate.

The genome of yaraviruses is composed mainly of ORFans, with an astonishing per-
centage of ~90% of their genes with functions never described before [27]. The search
for yaravirus sequences in a huge dataset consisting of more than 8500 publicly available
metagenomes from the most diverse habitats around the globe has also shown hits with
distant homologs for the ATPase gene (NCVOG0249), with amino acid similarities that
represented a number lower than 33% [27]. The discovery of yaravirus demonstrates
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how important are studies focusing on isolating new viruses from the environment [27].
Although metagenomics analyses have an important role in describing new viral species
by using their standard methods [67—69], microorganisms like yaraviruses would be very
difficult to discover, as these protocols mostly involve recognition of genes already de-
scribed [27]. This finding could also be seen as a marking point to revamp expositions in
the virology field, from intriguing or persuading scientists to stimulating novel research
and future researchers.

3. A Fight for Supremacy: Peculiar Features of GVs and Their Interaction with
Amoeba Hosts

Much of the biology and particularities of mimivirus interactions with their hosts
were discovered during early investigations of GVs. In this regard, both imaging and
genomic techniques (e.g., electron microscopy, atomic force microscopy, sequencing, etc.)
were of pivotal importance in uncovering many peculiar features of mimiviruses. APMV,
for example, was observed to attach to the host cell through glycoside interactions between
the long fibrils and surface glycans, with such adhesion also occurring with other unrelated
organisms (e.g., arthropods and fungi), potentially facilitating the dispersion of these
viruses in the environment [70].

Once they reach their hosts, differently from most non-giant viruses, mimiviruses
(and most of the described GVs) enter the host cell through phagocytosis [71]. This was
initially observed by transmission electron microscopy (TEM) analysis and further corrobo-
rated by biological assays, especially in cells treated with phagocytosis and endocytosis
inhibitors [72]. At the apex of the mimivirus capsid there is a starfish-shaped protein
complex that acts as a seal for the stargate, until the phagosome’s internal environment
promotes a new protein arrangement, unleashing the opening of the stargate and the release
of the genome [73,74]. The acidification of the phagosome is suggested to be a factor that
leads to capsid disassembly and membrane fusion [72,74,75].

In this regard, in 2011, the isolation of SMBV paved the way for further studies per-
formed by other Brazilian research groups, enriching knowledge of mimiviruses’ structure
and biology. These studies included analysis of different Gs particles using distinct imag-
ing techniques, such as cryo-electron microscopy (cryo-EM) and tomography, as well as
fluorescence microscopy [28,76]. In a structural study developed by Schrad et al. (2020),
for example, the viral particles of SMBV, tupanvirus, antarctica virus and mimivirus M4
were used to investigate the process of genome release in mimivirus-like particles [77].
Taking this work as an example, the authors have corroborated the importance of condi-
tions such as temperature and pH for the opening of the vertex in these GVs. Here, new
additional information on the viral uncoating was settled, as liberation of the viral seed
(extra membrane sac) and the complete release of the viral genome were both manifested by
experiments using specific conditions of these GVs’ replication cycle (e.g., pH =2 and/or
100 °C) [73]. Even though these conditions are non-biological, the authors suggest that
they mimic GVs’ replication cycle steps. It may also suggest that during the replication
cycle other factors may play a role in capsid opening. In the same study, during the steps
of viral genomic release and by adopting different imaging techniques such as cryo-EM,
cryo-electron tomography and scanning electron microscopy (SEM), the authors have ob-
served the formation of pockets devoid of DNA within the nucleocapsids of these GVs.
Likewise, the analyses led to the identification of a set of proteins released from capsids
during the early stages of infection within this whole complex [73]. Looking into another
study, with analyses involving SEM and TEM, the authors have observed that for different
mimiviruses the density of the fibrils on the surface of their capsid was variable and that
this could be acquired simultaneously to genome acquisition throughout the process of
morphogenesis in the large viral factories [72]. These techniques were also important in
revealing key aspects of the replication cycle of different giant viruses. As already men-
tioned above, an antiviral strategy was beautifully described in a TEM study showing
faustovirus mariensis particles trapped inside the cysts of the Vermamoeba vermiformis host
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(Figure 5A) [26]. An in-depth description of the replication cycle of orpheovirus and ce-
dratvirus was also established, mostly by imaging methods. For orpheovirus, we started
to understand that viral exocytosis was as important as the cell lysis to the final step of
this giant virus cycle (Figure 5B) [64]. For cedratvirus getuliensis, the contribution of these
techniques has helped to describe a unique and complex sequential organization of the
viral particle morphogenesis, including different steps of the formation of horseshoe and
rectangular compartments, the incorporation of the second cork and thickening of the cap-
sid well, and finally the formation of the ovoid-shaped virion (Figure 5C) [24]. Considering
some intriguing observed features after the mimiviruses’ release, another interesting study
was proposed by Oliveira et al. (2019) and observed an aggregation of released tupanvirus
particles with uninfected amoeba, promoting viral dissemination by the formation of host
cell bunches (Figure 5D) [78]. This study revealed that this amoebal-bunch formation is
correlated with the mannose-binding protein (MBP) gene expression, either induced by
tupanviruses or between amoebas, through interactions among their receptor, both factors
that may be important for the optimization of this process [78]. However, when we talk
about the genome of tupanviruses, we observe that a great number of their genes are not
present in many other mimiviruses’ genomes [10], which may still hide some important in-
formation about these GVs’ cycle. In view of how life has evolved on Earth, the complexity
of this genome has also recently been used as an argument to suggest that viruses come
from an ancestral strategy of life. According to the authors, in the period comprising the
First to the Last Universal Common Ancestor (FUCA to LUCA), an intermediate ancestral
(Transitional-LUCA) may have been arisen as an undifferentiated subsystem resembling a
virus-like structure, from which most of the currently known viruses came [79]. Besides,
aside from the already mentioned unique structural tail, and the formation of bunches [78],
tupanviruses exhibited for the first time a cytotoxic phenotype to non-host cells [10]. These
intriguing aspects metaphorically resemble a constant fight for supremacy [80] and help
unravel the evolutionary history of GVs.

In addition to these distinct characteristics, it is worth mentioning that, as expected,
the host cell does not remain indifferent to mimivirus infection. The encystment process
is understood as a mechanism used by Acanthamoeba populations to become protected
against several kinds of stressful conditions, such as dehydration, lack of nutrients, UV
light, and viral infections, including against mimiviruses [26,581,82]. As observed in a
study developed by Boratto et al. (2015), mimivirus infection is hampered even if those
amoebas are not yet morphologically encysted but had already received the stimulus to
turn into their resistant form (Figure 5E) [81]. Nonetheless, if the stimulus to become a cyst
is triggered before the infection, mimiviruses as APMV are able to evade this protective
status of the Acanthamoeba cyst, by preventing the expression of an encystment-mediating
subtilisin-like serine protease and thus proceeding with the infection (Figure 5E) [81]. These
studies demonstrate how complex are processes involving GVs’ replication cycle and what
an intricate interaction these viruses have with their amoebal hosts.

In addition to isolation studies already mentioned above, other works developed
in Brazil have contributed to add knowledge of genomics and important relationships
between marseilleviruses and their host. One of these studies has helped to bring light
to pivotal processes in the replication cycle of marseilleviruses, specifically related to the
viral entry and release. As extensively described in the literature, phagocytosis is a general
route used by most GVs to enter amoebal cells [1,6,53,80]. This process is triggered only
after recognition of particles larger than 500 nm [83]. However, viruses with particle sizes
between 200 to 250 nm, as is the case for marseilleviruses, do not have the minimum size
required to trigger this process [54].
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Figure 5. Unique features of giant viruses’ (GVs’) replication cycles unraveled in Brazil. (A) faus-
tovirus dissemination is circumvented by amoebas with the enclosing of viral progeny inside the
host's cysts [26]; (B) orpheovirus particles are released from the host by exocytosis or cell lysis [64];
(C) cedratvirus particles” morphogenesis follows a unique and complex sequential organization,
including horseshoe and rectangular compartments, the incorporation of the second cork and thicken-
ing of the capsid well, and finally the formation of the ovoid-shaped virion [24]; (D) amoebas infected
with tupanvirus are induced to aggregate with uninfected cells, forming giant host cell bunches [78];
(E) mimiviruses are able to infect amoebal trophozoites and prevent encystment, while cysts are
resistant to infection [81]; (F) MsV are able to form giant vesicles with numerous viral particles
derived from amoebal endoplasmic reticulum [84]. Amoeba images were generated from free vectors
available online at Vecteezy: https:/ /www.vecteezy.com (accessed on 22 September 2021).

By performing an in-depth investigation of the marseillevirus replication cycle and us-
ing a different set of virological assays (e.g., TEM, SEM, immunofluorescence, immunoblot-
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ting), Arantes et al. have shown that during marseillevirus assembly the viral particles are
organized inside large vesicles (some reaching about 3 um in size) which are originated
from the endoplasmic reticulum of the infected cells (Figure 5F) [84]. After viral release,
those particles are then ready to infect another cell by exploring the phagocytosis of these
vesicles that contain dozens to thousands of viral particles in their interior. In addition, viral
release also seems to occur by individual virions. In this case, marseilleviruses exploit the
endocytosis route to enter the cell by a mechanism which is dependent on acidification [84].

The Marseilleviridae family is also well known for its genomic mosaicism, which con-
sists of the ability to incorporate foreign genes from other organisms that have Acanthamoeba
as a common host [6]. Genomic studies of several strains of marseillevirus showed the
presence of an A-T-rich promoter motif (AAATATTT) that is associated with 55% of the
viral genes and that is conserved among all lineages. In addition, biological assays showed
that the alteration of the promoter sequence negatively impacts the genes’ transcription,
showing a possible link of these sequences to the increased expression of some genes [85].
The presence of multiple copies of these motifs in the intergenic regions suggests that they
may favor the fixation of newly acquired genes [85].

More recently, in 2020, analysis of the marseillevirus transcriptome revealed a temporal
gene expression profile, indicating the existence of three categories: early, intermediate and
late [86]. Genes belonging to different functional groups exhibited distinct expression levels
throughout the infection cycle and marseillevirus infection causes significant changes in
the host’s transcription machinery, downregulating many genes [86].

Finally, it is worth mentioning that much of the features above described for GVs
and their hosts have an influence directly affected by the intracellular environment of the
amocbas. This environment has already been seen as an ecological site that comprehends
a number of different and phylogenetic distant microorganisms, which not only inhabit
the same location but are also observed to be in a strong process of coevolution. Even if
not genetically related, an important portion of the genomic signatures (described as “the
total net response to selective pressures”) of the coevolving microorganisms are found
to be incredibly conserved. This makes the intracellular environment of the amoebal
host a sanctuary for interactions among several species of ecological and biomedical
relevance [87].

4. Giant Viruses As a Tool to Update and Inspire: From the Research Fields to
the Classroom

Since the known virosphere is notably anthropocentric, virology classes usually
present viruses as pathogenic organisms, strongly associated with human diseases [3,88].
Instead of presenting these organisms as important tools of natural selection, ecological
balance and the Earth's biogeochemical cycles, the commonly used material for teaching
virology leads to a biased misconception of viruses as strictly bad, generating a certain fear
in the students [89]. Besides this, other problems are the high cost of ensuring biosafety
for practical virology classes, and motivation and mastery of the subject by the teachers
(especially at the elementary school level) [90]. A further point is that viruses are typically
very abstract for students, mainly due to their size, which limits their visualization to
schematic figures, illustrations, and electron microscopy images [85].

The expansion of the perception of the virosphere by the giant viruses has unleashed
a new way of understanding and teaching virology. Due to their colossal particles, the
size limitation has been considered obsolete, turning these viruses into excellent learning
tools [88,91]. Therefore, GVs can be visualized by optical microscopy, like bacteria and fungi,
which are traditionally presented to students through common microscopes. Moreover,
since they infect free-living amoebae, they represent a safe and low-cost instrument for
practical virology classes [88,91].

In 2020, our group developed an educational kit to update the content typically
taught in virology classes and align it to recent breakthroughs in virus research. Using
slides, staining materials, viruses from the laboratory stock, and cell lineages, a microscope
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slides kit called “Virus Goes Viral” was created (Figure 6A) [91]. This allows students to
observe giant viruses’ particles (Figure 6B-D), viral factories, and different lysis plaques in
important viruses that infect animals [91]. As basic research regarding GVs in the Brazilian
territory may enrich the knowledge of these microorganisms in the virology field, this kit
may also aim to foster an inspiring learning environment, as well as ignite more interest in
these fascinating organisms in the future.

5E!‘TI

Figure 6. Optical microscopy images. (A) Source: Reference [?1]. Visualization under 1000 times
magnification of the stained purified particles of (B) tupanvirus, (C) cedratvirus and (D) Niemeyer
virus, respectively.

5. Conclusions

The serendipitous discovery of APMV in 2003 changed the concept of viruses and ex-
panded the limits of the virosphere [1]. Over the last two decades, different groups of large
and giant viruses of amoebae have been described throughout the world, revealing many
unusual particles’ shapes and genome length and content. Culture-independent studies
have proved the ubiquity and the astonishing diversity of giant viruses on Earth [18,65].
Now, we must go deeper into the characterization of these viruses, by using different iso-
lates as models. Several new viruses isolated from distinct viral families (e.g., Mimiviridae
and Marseilleviridae) are now under in-depth investigation to better understand their biol-
ogy and evolution, and these outstanding discoveries may even change our perception of
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life itself (e.g., Mimiviridae as a new branch derived from a population that gave origin to
the modern Eukarya [20]).

Brazil is the fifth largest country in terms of territory and harbors different biomes, mak-
ing the country an important global hub of tropical biodiversity. Over the past 10 years, the
diversity of amoebal viruses in Brazilian environments has been uncovered, with hundreds
of isolates belonging to distinct groups, including members of Mimiviridae, Marseilleviridae,
Pandoraviridae, Pithoviridae, Faustoviridae, Lavidaviridae, among others, as discussed in
previous sections. Interestingly, the most complex giant viruses described to date were
isolated from two distinct areas in Brazil [10]. Furthermore, the recent discovery of the
small mysterious yaravirus in the country highlighted the importance of continuing the
search for new isolates, which could reveal completely new entities on Earth [27]. Brazilian
groups, working alongside other experts in the field, have contributed to uncovering this
unusual and exciting side of the virosphere. The study of amoebal viruses has already
changed our perception of basic virology. Furthermore, giant viruses have recently been
proposed as tools to improve virology learning at different educational levels [91]. Surely,
other potential applications for these viruses are waiting to be revealed as new data emerges.
This is an open field for remarkable discoveries, and we can expect great innovations as
new amoebal viruses are isolated and characterized. In this context, the preservation of
Brazilian biomes is a sine qua non condition, not only for the discovery of novel biological
entities (including giant viruses), but also because of climatic, philosophical, political and
economic reasons. Finally, we would like to reinforce that, although this review is a celebra-
tion of the 10th anniversary of giant virus studies in Brazilian biomes, we do not support
any kind of excessive scientific nationalism. We are aware that studies of giant viruses in
Brazil represent a modest contribution to the giant viruses’ universe. This field has been
constructed by remarkable worldwide research groups, and we are very grateful for their
efforts and inspiring work.
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ranslation is one of the canonical frontiers between the cell

world and the virosphere. Even the simplest non-viral

obligatory intracellular parasites present a wealthy set of
translation apparatus, including aminoacyl tRNA synthetases,
tRNAs, peptide synthesis factors and ribosomal proteins!~. The
nature of the parasitism of the most of non-viral obligatory
intracellular parasites relies on partial or severe deficiency of
genes related to energy production. Although sharing a similar
lifestyle with those organisms, the most of the virus lack not only
energy production genes, but also translation-related genes'~.

In this context, the discovery of mimiviruses and other
amoeba-infecting giant viruses surprised the scientific community
due their unusual sizes and long genomes, able to encode from
hundreds to thousands of genes, including tRNAs, peptide
synthesis factors and, for the first time seen in the virosphere,
aminoacyl tRNA synthetases (aaRS)*. Although the very first
discovered mimivirus (Acanthamoeba polyphaga mimivirus)
encodes four different types of aaRS (Arg, Cys, Met, TyrRS), other
mimivirus isolates genomes were described, containing up to
seven types of aaRS, as Megavirus chilensis and LBAI11 (Arg,
Asn, Cys, Ile, Met, Trp, TyrRS)’. While amoeba-infecting
mimiviruses present up to six copies of tRNA, Cafeteria roen-
bergensis virus (CroV), a group II algae-infecting of Mimiviridae,
encodes 22 sequences for five different tRNAs”. Even more sur-
prisingly, metagenomics data reveal that klosneuvirus genome
may encodes aaRS with specificities for 19 different amino acids,
over 10 translation factors and several tRNA-modifying
cnzymesﬁA However, klosneuviruses were not isolated and there-
fore there is no data regarding important biological features as
virus particles, morphogenesis and host-range.

Here we report the discovery of two Tupanvirus strains, the
longest tailed Mimiviridae members isolated in amoebae. Their
genomes are 1.44-1.51 Mb linear double-strand DNA coding for
1276-1425 predicted proteins. Tupanviruses share the same
ancestors with mimivirus lineages and these giant viruses present
the largest translational apparatus within the known virosphere,
with up to 70 tRNA, 20 aaRS$, 11 factors for all translation steps,
and factors related to tRNA/mRNA maturation and ribosome
protein modification. Moreover, two sequences with significant
similarity to intronic regions of 18 S rRNA genes are encoded by
the tupanviruses and highly expressed. In this translation-
associated gene set, only the ribosome is lacking. Tupanvirus is

also cytotoxic and causes a severe shutdown of ribosomal RNA
and a progressive degradation of the nucleus in host and non-
host cells. The analysis of tupanviruses constitutes a new step
towards understanding the evolution of giant viruses.

Results
Tupanviruses description and cycle. While attempting to find
new and distant relatives of currently known giant viruses, we
performed prospecting studies in special environments. Soda
lakes (Nhecolindia, Pantanal biome, Brazil) are known as
environments that conserve and/or mimic ancient life conditions
(extremely high salinity and pH) and are considered some of the
most extreme aquatic environments on Earth’. We also pros-
pected giant viruses in ocean sediments collected at a depth of
3000 m (Campos dos Goytacazes, Brazilian Atlantic Ocean).
Both in soda lake and deep ocean samples, we found optically
visible Mimiviridae members that surprisingly harbored a long,
thick tail (Fig. 1a, b) as they grew on Acanthamoeba castellanii
and Vermamoeba vermiformis. We named these strains Tupan-
virus soda lake and Tupanvirus deep ocean as a tribute to the
South American Guarani Indigenous tribes, for whom Tupan—or
Tupa—(the God of Thunder) is one of the main mythological
figures. Electron microscopy analyses revealed a remarkable
virion structure. Tupanviruses present a capsid similar to that of
amoebal mimiviruses in size (~450 nm) and structure, including a
stargate vertex and fibrils® (Figs. la-d, 2a-q). However, the
Tupanvirus virion presents a large cylindrical tail (~550 nm
extension; ~450 nm diameter, including fibrils) attached to the
base of the capsid (Figs. 1b-d, 2a,i-k). This tail is the longest
described in the virosphere’. Microscopic analysis suggests that
the capsid and tail are not tightly attached (Figs. le, f, 2a, i
Supplementary Movies 1 and 2), although sonication and
enzymatic treatment of purified particles were not able to
separate the two parts (Fig. 2f-h). The average length of a
complete virion is ~1.2 um, although some particles can reach
lengths of up to 2.3 pm because of the variation in the tail’s size;
this makes them the one of the longest viral particles described to
date (Figs. 1, 2i-k). Furthermore, there is a lipid membrane inside
the capsid, which is associated with the fusion with the
cellular membrane and the release of capsid content (Fig. 1f).
Tail content appears to be released after an invagination of
the phagosome membrane inside the tail (Fig. le). In contrast

R & 7% S S

Fig. 1 Tupanvirus soda lake particles and cycle. a Optical microscopy of Tupanvirus particles after haemacolour staining (1000 x ). Scale bar, 2 um. b Super
particle (>1000 nm) observed by transmission electron microscopy (TEM). Scale bar, 500 nm. ¢, d Scanning electron microscopy (SEM) of Tupanvirus
particles. Scale bars 250 nm and 1pum, respectively. e, f The initial steps of infection in A. castellanii involve the release of both capsid (e) and tail (F) content
into the amoeba cytoplasm (red arrows). Scale bars, 350 nm and 450 nm, respectively
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Fig. 2 Tupanvirus soda lake particles and cycle features. a Transmission electron microscopy (TEM) highlights the inner elements of the whole particle.
Scale bar, 200 nm. b Star-gate vertex transversally cut. Scale bar, 100 nm. ¢ Capsid transversally cut. Scale bar, 100 nm. d Tail transversally cut. Scale bar,
200 nm. e-h Scanning electron microscopy (SEM) of purified particles. Scale bars, 250 nm. The treatment of particles with lysozyme, bromelain and
proteinase-K removed most of the fibers, revealing head and tail junction details. Super particles (>2000 nm) could be observed by TEM (i) and SEM (j, k).
Scale bars, 400 nm. Cycle steps are shown from I-r. | Viral particle attachment to Acanthamoeba castellanii surface; scale bar, 500 nm; m phagocytosis;
scale bar, 500 nm; n particles in a phagosome; scale bar, 500 nm; o early viral factory; scale bar, 500 nm; and p, q mature viral factories. Scale bars Tum
and 250 nm, respectively. Arrows highlight tail formation associated with the viral factories. VF viral factory
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to other giant virusesm'u, Tupanviruses similarly replicate both

in A. castellanii and V. vermiformis. Viral particles attach to the
host-cell surface and enter through phagocytosis (1 h.p.i.) (Fig. 2
LLm;n). The inner membrane of the capsid merges with
the amoebal host phagosome membrane, releasing the genome
(2-6 h.p.i.) (Fig. 1f). A viral factory (VF) is then formed (7-12h.
pi)'® where particle morphogenesis occurs (Fig. 20-g;
Supplementary Movies 1 and 2). During this step, the virion
tail is attached to the capsid after its formation and closure. Later
in the process (16-24 h.p.i.), the amoebal cytoplasm is filled with
viral particles, followed by cell lysis and the release of viruses
(Supplementary Fig. 1). This nucleus-like viral factory has also
recently been reported in bacteria and fuels the concept of a
virocell'®17, In that perspective, viral factories actively producing
the progeny could be considered as the nuclei of virocells'®!7,

The genomes of tupanviruses. The tupanvirus soda lake and
tupanvirus deep ocean genomes (GenBank accession number
KY523104 and MF405918) are linear dsDNA molecules measur-
ing 1,439,508 bp and 1,516,267 bp (GC% ~28%), respectively—the
fourth largest viral genomes described to date!®'®—containing a
total of 1276 and 1425 predicted ORFs, 375 and 378 of which are
ORFans (ORFs with no matches in current databases), respec-
tively. To date, the largest genomes belong to pandoravirus iso-
lates, and the largest one, P. salinus, has 2,473,870 bp and encodes
2,556 putative proteins'’. The rhizome'® of tupanvirus (graphical
representation of gene-by-gene best hits) revealed sequences from
mimiviruses of amoebae (~42%) and klosneuviruses (~8%) as
their main best hits. Other best hits were mostly sequences from
eukaryotes (~11%) and bacteria (~8%) (Fig. 3a; Supplementary
Fig. 2A). Tupanviruses exhibited relatively close numbers of best
matches to amoebal mimiviruses from lineages A (~10%), B
(~18%) and C (~14%). These data and phylogenetic analyses
demonstrate that they cluster with amoebal mimiviruses, sug-
gesting that tupanviruses are distant relatives of, and comprise a
sister group to, mimiviruses of amoeba (Figs. 3b, 4a). The
‘AAAATTGA’ promoter motif was found ~410 times in Tupan-
virus deep ocean intergenic regions, a frequency similar to that of

4 NATURE COMMUNICATIONS | (20189749

other Mimiviridae members, and ~600% more frequent than those
coding regions (p <10, Fisher exact test)’’~?* (Fig. 4b). The
pangenome of the family Mimiviridae, when taking into account
the gene contents of tupanviruses, klosneuviruses and distant
relatives to amoebal mimiviruses, was found by Proteinortho to
comprise 8,753 groups of orthologues (n — 3588) or virus unique
genes (n = 5165). A total of 189 groups were shared by at least one
tupanvirus; one mimivirus of Acanthamoeba of each lineage A, B
and C; and one klosneuvirus, and 100 of them were also shared
with Cafeteria roenbergensis virus. In addition, a total of 757
groups were shared by a tupanvirus and at least another mimi-
virus: 477 were shared with Megavirus chiliensis, 434 with Mou-
mouvirus, 431 with Mimivirus, 287 with Klosneuvirus, 126 with
Cafeteria roenbergensis virus, and 59 with Phaeocystis globosa
virus 12 T. Among these 757 groups, 583 corresponded to clusters
of orthologous groups previously delineated for mimiviruses'®,
Finally, a total of 775 tupanvirus genes were absent from all other
mimivirus genomes (Supplementary Data 1).

Proteomic analysis. Proteomic analysis of Tupanvirus soda lake
particles revealed 127 proteins, nearly half (67/127 = 52.8%) of
which are unknown and eight of which are encoded by ORFans
(11/127 = 8.6%) (Supplementary Data 2; Supplementary Note 1).
Although 62 Tupanvirus virion proteins homologous were not
found by proteomics, either in Mimivirus or in Cafeteria roenber-
gensis virus particles, there are no distinct clues about which protein
(s) could be associated with the tupanvirus fibrils and tail structure.

The most complete translational apparatus of the virosphere.
Analyses of the tupanvirus gene sets related to energy production
revealed a clear dependence of these viruses on host energy
production mechanisms, similarly to other mimiviruses, because
genes involved in glycolysis, the Krebs cycle and the respiratory
chain are mostly lacking®*~**, Astonishingly, Tupanvirus soda
lake and Tupanvirus deep ocean exhibit the largest viral sets of
genes involved in translation, with 20 ORFs related to aminoa-
cylation (aaRS) and transport, and 67 and 70 tRNA associated
with 46 and 47 codons, respectively (Fig. 5a; Supplementary

| DOI: 10.1038/541467-018-03168-1 | www.nature.com/naturecommunications
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Fig. 2B, C, 3 and 7; Supplementary Datas 3 and 4). Tupanvirus
deep ocean encodes an ambiguous tRNA related to the rare
amino-acid pyrrolysine. Only selenocysteine-related genes are
lacking, as previously observed for many cellular organisms®.
Several translation factors were identified, including eight trans-
lation initiation factors (IF2 alpha, IF2 beta, IF2 gamma, IF4e (2
copies in Tupanvirus soda lake), IF5a (2 copies in Tupanvirus
deep ocean), SUIL, IF4a), one elongation/initiation factor (GTP-
binding elongation/initiation), one elongation factor (Ef-aef-2),
and one release factor (ERF1) (Fig. 5a; Supplementary Fig 2B, C
and 3; Supplementary Datas 3 and 4). Furthermore, we detected
additional translation-related genes: factors related to tRNA
maturation and stabilization (tRNA nucleotidyltransferase, tRNA
guanylyltransferase, cytidine deaminase, RNA methyl transfer-
ase); mRNA maturation (poly(A) polymerase, mRNA capping
enzyme) and splicing (RNA 2—phosphotransferase Tptl family
protein); and ribosomal protein modification (ribosomal-protein-
alanine N-acetyltransferase, Fts]-like methyl transterase) (Fig. 5a;
Supplementary Fig 2B; Supplementary Datas 3, 4). Phylogenies
based on aaRS are acknowledged to be complex as they depend
on sequence sampling, and natural and canonical taxonomical
groups can be separated into different clades, as previously
observed®. To reduce such disturbances in the trees during their
construction, we selected the 100 best hits related to Tupanvirus
soda lake, plus the sequences of 5-10 amoebozoa and those of
klosneuviruses. In most of the trees, sequences from natural
clades were clustered together, although some amoebozoa were
separated into different clusters. Based on the 20 aaRS trees, it is
not possible to state that the origin of most of these tupanvirus
aaR$ genes is cellular (Supplementary Fig. 4). Furthermore, the
mosaic structure of aaRS gene reinforced the difficult to state on
the origin of these genes, as illustrated in Supplementary Fig. 5.
This contrasting result to that reported by Schultz et al.%, 2017 for

IUNICATIONS | (2018)9:749

klosneuviruses may also be explained by the different sampling
used for alignments and trees construction. In addition, the
codon and amino-acid usage of tupanviruses is substantially
different from that of Acanthamoeba spp. In tupanviruses, we
observed a high correlation between tRNA isoacceptors and the
most used codons, as these viruses present more tRNA iso-
acceptors for highly abundant codons (Fig. 4c; Supplementary
Figs. 2C and 3). Surprisingly, we found two different copies of an
18 S rRNA intronic region in tupanviruses (Supplementary Fig. 6;
Fig. 6a-e). In fact, such 18 S rRNA intronic regions are wide-
spread in all mimiviruses (lineages A and B present only one copy
in an intronic region and next to a self-splicing group I intron
endonuclease) but are not found in klosneuviruses. Phylogenetic
analyses revealed that the two copies found in tupanviruses had
separate and different origins (Fig. 6f). Although Tupanvirus 18 §
rRNA intronic sequences are located in intergenic regions, gPCR
and FISH demonstrated that Tupanvirus soda lake 18 S rRNA
intronic sequences are highly expressed during the entire
replicative cycle but particularly during intermediate and late
phases (6 and 12 h post-infection) (Fig. 7a; Supplementary Fig. 8).
Furthermore, Tupanvirus soda lake is more tolerant to the
translation-inhibiting drugs geneticin and cycloheximide than
Mimivirus, an impressive characteristic considering the natural
ribosomal RNA shutdown it performs in the permissive host
(Fig. 8h). The functions of these 18 S rRNA intronic region
sequences require further clarification. No exonic region of 18S
rRNA was found in the genomes of tupanviruses or any
previously described mimivirus. The comparison between
contents in translation-related categories of genes present in
tupanviruses and cellular organisms reveals that tupanviruses
present a richer gene set than Candidatus Carsonella ruddii
(Bacteria) and Nanoarchaeum equitans (Archaea) (not
considering ribosomal proteins). Tupanvirus deep ocean has even
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more such genes than Encephalitozoon cuniculi, a eukaryotic
organism (Fig. 5b). Even if the impressive translation gene set
recently described for klosneuviruses is taken into account,
tupanviruses are the first viruses reported to harbor the complete
set of the 20 aaRS (Fig. 5:; Supplementary Figs. 3, 6 and 7).

Host range and host-ribosomal shutdown characterization. In
contrast to other mimiviruses, Tupanvirus soda lake was able to
infect a broad range of protist organisms in vitro. Surprisingly, we
observed four distinct profiles of infectiveness: (i) productive
cycle in permissive cells; (ii) abortive cycle; (iii) refractory cells;
and (iv) most surprisingly, non-host cells exhibiting a cytotoxic
phenotype in the presence of Tupanvirus without multiplication,
a circumstance never previously reported—to the best of our
knowledge (Supplementary table 1; Supplementary Notes 1). This
latter profile was intriguing because toxicity was observed in
Tetrahymena sp., a ravenous free-living protist’®. This unusual
phenotype was also observed in A. castellanii but only at higher
multiplicities of infection (50 and 100; Fig. 8a). No such cyto-
toxicity was observed for Mimivirus (Fig. 8a). This toxic profile
associated specifically with Tupanvirus appears to be related to
shutting down host ribosomal RNA abundance, insofar that
Tupanvirus leads to a reduction of host rRNA amounts by a
mechanism not related to the canonical ribophagy/autophagy
process (Figs. 7b-d, 8b-d; Supplementary Fig. 9). A remarkable
acidification of amoebal cytoplasm is induced by Tupanvirus
infection (but not mimivirus) (Fig. 7b; Supplementary Fig. 9A, B).
The treatment of acanthamoeba with chloroquine, a lysosomal
toxin, or bafilomycin did not prevent the Tupanvirus-induced
rRNA shutdown (Supplementary Fig. 9A, C-H). Transfection
with an siRNA targeting Atg8-2, a protein required for ribo-
phagy/autophagy, failed to prevent Tupanvirus-induced

6 NATURE COMMUNICATIONS| (2018)9:749

ribosomal shutdown in A. castellanii (Fig. 7c, d). Transmission
electron microscopy (TEM) of vesicles containing ribosomes after
Tupanvirus infection (2 h.p.i.) revealed that these structures were
formed close to the nuclear membrane after invagination and
engulfment of ribosomes, mostly by single-membrane vesicles,
rarely by double-membrane vesicles (Fig. 7e). These small vesicles
then aggregated, accumulating more ribosomes and forming large
structures containing ribosomes (Fig. 8d), which were fully
depleted from the amoebal cytoplasm 6-9h.p.i, when strong
cellular rRNA shutdown could be detected (Fig. 8¢). In addition,
Tupanvirus infection induces nuclear/nucleolar progressive
degradation, which is temporally associated with cellular rRNA
shutdown (Fig. 7f). Mimivirus infection also caused changes in
nucleolus architecture, but such alterations were not comparable
to those observed upon Tupanvirus infection (Fig. 7e, f).
Although the formation of vesicles containing ribosomes and
nuclear degradation can be related to cellular rRNA shutdown
during Tupanvirus infection, the mechanisms involved in cellular
rRINA degradation after the formation of large vesicles containing
ribosomes remain to be investigated. One possibility that should
be explored is that Tupanvirus might preferentially target some
ribosomes to favor the translation of its own (as opposed to
cellular) proteins, as previously described for poxviruses®’.

The toxicity effect and rRNA shutdown are independent of
Tupanvirus replication; instead, they are caused by the viral
particle (Fig. 8e-g). UV-light-inactivated particles continued to
induce the depletion of Acanthamoeba rRNA (Fig. 8g). Although
Tupanvirus is not able to replicate within Tetrahymena sp., it is
phagocytosed in a voracious manner (as are other available
macromolecular structures) and forms large intracellular vesicles,
where the capsid and tail release their content inside the protist
cytoplasm (Fig. 8i-k). The virus induces gradual vacuolization
(Fig. 8i), loss of muotility, a decrease in the phagocytosis rate
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Fig. 6 Adjacent regions of 185 rRMA intronic sequences in the genus Mimivirus and Tupanvirus and maximum likelihood phylogenetic tree of 185 rRNA
intronic region. Core sequences are represented for lineages A (a), B (b), C (¢), Tupanvirus soda lzke (d) and Tupanvirus deep ocean (e). Phylogenetic tree
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(Fig. 8m), a decrease in rRNA abundance (Fig. 81) and triggers
nuclear degradation (Fig. 7g), similar to the effects observed in A.
castellanii cells with high multiplicities of infection (Fig. 8a-d).
We performed in vitro simulations to determine whether this
toxicity could affect the maintenance of Tupanvirus populations
in a solution containing both Tetrahymena and Acanthamoeba.
Our data suggest that at M.O.I. of 10 the reduction of the
physiological activity of Tetrahymena sp., a (non-host) predator,
decreases the ingestion of Tupanvirus particles (Fig. 8n),
improving their chances to find its host, Acanthamoeba, and
keeping viral titers constant in the system. In contrast, mimivirus
particles, which do not present any toxicity to Tetrahymena sp.,
are quickly predated, and the virus is eliminated from the system
after some days (Fig. 8n). Although we have no clues about the
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hosts of tupanviruses at their original habitats nor if such high M.
O.I would be expected in nature, to our knowledge, a viral
particle responsible for the modulation of host and non-host
organisms independent of viral replication has not been
previously described.

Discussion

Considering that tupanviruses comprise a sister group to amoebal
mimiviruses, we can hypothesize that the ancestors of these clades
of Mimiviridae could had a more generalist lifestyle and were able
to infect a wide variety of hosts. In this view, the ancestors of
tupanviruses (and maybe of amoebal mimiviruses) might have
already been giant viruses that underwent reductive evolution,
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Fig. 7 Tupanvirus soda lake bioclogical features in a host (A. castellanii) and non-host (Tetrahymene sp.). a Expression of Tupanvirus 185 intronic sequence-
copy 1transcript, 12 h post-infection observed by fluorescence in situ hybridization (FISH) (red). Tupanvirus-induced shutdown of A. castellanii ribosomal
RNAI8S transcripts (green). Scale bars, 10 um. b Tupanvirus, but not mimivirus, induces strong acidification of A. castellanii cytoplasm (9 h.p.i.), evenin the
presence of bafilomycin Al, Scale bars, 10 pm. ¢, d The silencing of the canonical autophagy protein Atg8-2 does not prevent rRNA shutdown induced by
Tupanvirus infection. Error bars, standard deviation. e Electron microscopy of A. castellanii infected by Tupanvirus (2 h.p.i.), highlighting the degradation of
the nucleolus, nuclear disorganization and the formation of ribosome-containing vesicles near nuclear membranes. Scale bar, 500 nm. Red arrow: single-
membrane vesicles containing ribosomes; orange arrow: double-membraned vesicles containing ribosomes; asterisk: ribosomes wrapping by the external
nuclear membrane. Right: electron microscopy of uninfected amoebae and APMV infected cell (8 h.p.i.) showing a mild nucleolar disorganization in the
presence of the virus. Scale bars: Tum. f Haemacolour staining showing the nuclear degradation of A. castellanii induced by Tupanvirus infection (9 h.p.i.)
compared with infection by mimivirus (APMV) and uninfected cells. Tupanvirus-infected cells are purplish because of cytoplasm acidification. Scale bars, 5
um. Arrows: nucleus, when present; VF: viral factory. g Haemacolour staining showing the nuclear degradation in Tetrahymena sp. induced by Tupanvirus
infection (4 days post-inoculation) compared with mimivirus (APMV)-inoculated cells and uninfected cells. Tupanvirus-infected cells present an atypical
shape and intense vacuolization, and some cells lack a nucleus (asterisk). Arrows: nucleus under degradation. Scale bars, 5 um. The experiments were
performed 3 times independently, with two replicates each

Methods

Virus isolation and host-range determination. In April 2014, a total of 12 sedi-

although some genes could have been acquired over time, as

previously hypothesized for other mimiviruses®?»2829, A

reductive evolution pattern is typical among obligatory intracel-
lular parasites’?32, In these cases, the organisms lose genes
related to energy production, which is one of the main reasons for
their obligatory parasitic lifestyle. In an alternative scenario, a
simpler ancestor could had substantially acquired genes over time
and became more resourceful, being able to infect a broader host
range>®. Nevertheless, tupanvirus presents the most complete
translational apparatus among viruses, and its discovery takes us
one step forward in understanding the evolutionary history of
giant viruses.

8 l OMMUNI | | (2018)9.749

ment samples were collected from soda lakes in Southern Nhecolandia, Pantanal,
Brazil. In 2012, 8 ocean sediments samples were collected from 3000 meters below
water line surface at Bacia de Campos, in Campos dos Goytacazes, Rio de Janeiro,
Brazil. The collection was performed by a submarine robot, during petroleum
prospection studies performed by the Petrobras Company, and kindly provided to
our group. The samples were stored at 4 °C until the inoculation process. The
samples were transferred to 15 mL flasks, and 5mL of Page’s Amocbae Saline
(PAS) was added. The solution was stored for 24 h to decant the sediment. The
liguid was then subjected to a series of filtrations: first through paper filter and then
through a 5pum filter to remove large particles of sediment and to concentrate any
giant viruses present. For co-culture, the cells used were A. castellanii (strain NEFF)
and V. vermiformis (strain CDC 19), purchased from ATCC. These cell strains
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tetrahymena at an MOI of 10 (lines indicated by ‘b’ in both graphs of n). At days 4 and 8, fresh PYG medium and 10° A. castellanii were added to the
systems (arrows). For the negative control of this experiment we pre-treated tetrahymena with 20 pg/ml of geneticin (lines indicated by ‘a’ in both graphs
of n). In this case, both APMV and Tupanvirus were able to grow in the system. Statistical analyses in b and h: t-test based on control groups (b) or
corresponding virus/drug concentrations (h). *:;p < 0.05; **:p < 0.01. The experiments were performed 3 times independently, with two replicates each.
Error bars (a, b, f, g, h, m and n), standard deviation

were stored in 75 cm? cell culture flasks containing 30 mL of peptone yeast extract
glucose medium (PYG) at 28 °C. After 24 h of growth, cells were harvested and
pelleted by centrifugation. The supernatant was removed, and the amoebae were
resuspended three times in sterile PAS. After the third washing, 500,000

A. castellanii or V. vermiformis were resuspended in PAS or TS solutions and
seeded in 24-well plates. The amoebae suspensions were added to an antibiotic mix
containing ciprofloxacin (20 ug/mL; Panpharma, Z.I, Clairay, France), vancomycin
(10 pg/mL; Mylan, Saint-Priest, France), imipenem (10 pg/mL; Mylan, Saint-Priest,
France), doxycycline (20 pg/mL; Mylan, Saint-Priest, France), and voriconazole (20
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pg/mL; Mylan, Saint-Priest, France). Each 100 pL of sample was mixed and
inoculated in the numbered (1-12) wells and incubated at 30 °C in a humid
chamber. A negative control was used in each plate. The wells were observed daily
under an optical microscope. After 3 days, new passages of the inoculated wells
were performed in the same manner until the third passage. In this passage, the
content of the wells presenting lysis and cytopathic effects were collected and
stored for production and analysis of the possible isolates by haemacolour staining
and electron microscopy using the negative stain technique. Of the twelve tested
samples from Pantanal, we found Tupanvirus (soda lake) in three. In only one
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ocean sample we did isolate Tupanvirus (deep ocean). Ta evaluate the Tupanvirus
soda lake host range, a panel of cell lines was subjected to virus infection at an
multiplicity of infection (MOI) of 5: Acanthamoeba castellanii (ATCC30010),
Acanthamoeba royreba (ATCC30884), Acanthamoeba griffin (ATCC50702),
Acanthamoeba sp. E4 (IHU isolate), Acanthamoeba sp. Micheline (IHU isolate),
Vermamoeba vermiformis (ATCC50237), Dictyostelium discoideum (ATCC44841),
Willartia magna (ATCC50035), Tetrahymena hyperangularis (ATCC 50254),
Trichomonas tenax (ATCC 30207), RAW264.7 (Mouse leukemic monocyte-mac-
rophage) (ATCCTIB71) and THP-1 (human monocytic cell line) (ATCCTIB202).
Cell lines were tested for mycoplasma. The assays were carried out in 24-well
plates, and cells were incubated for 24 or 48 h. The tupanvirus titer was measured
in A. castellanii by end-point and calculated by the Reed-Muench method™. In
parallel, the samples were subjected to qPCR, targeting the tupanvirus tyrosyl RNA
synthetase (5~CGCAATGTGTGGAGCCTTTC-3’ and 5-CCAAGA
GATCCGGCGTAGTC-3") and aiming to verify viral genome replication (Biorad,
CA, USA). Tupanvirus was propagated in 20 A. castellanii 175 em? cell culture
flasks in 50 mL PYG medium. The particles were purified by centrifugation
through a sucrose cushion (50%), suspended in PAS and stored at 80 °C. Purified
particles were used for genome sequencing, proteomic analysis'?, and microscopic
and biological assays.

Cycle and virion characterization. All biological tests were performed with
Tupanvirus soda lake only. To investigate the viral replication cycle by TEM, 25
cm? cell culture flasks were filled with 10 x 10° A. castellanii per flask, infected by
Tupanvirus at a multiplicity of infection of 10 and incubated at 30 °C for 0, 2, 4, 6,
8,12, 15, 18, and 24 h. One hour after virus-cell incubation, the amoeba monolayer
was washed three times with PAS buffer to eliminate non-internalized viruses, A
total of 10 mL of the infected cultures was distributed into new culture flasks. A
culture flask containing only amoeba was used as the negative control. The infected
cells and control sample were fixed and prepared for electron microscopy'?. For
immunofluorescence, A. castellanii cells were grown, infected by Tupanvirus at a
multiplicity of infection of 1 as described and added to coverslips for 0, 2, 4, 6, 8,
12, 15, 18, and 24 h. After infection, the cells were rinsed in cold phosphate-
buffered saline (PBS) and fixed with 4% paraformaldehyde (PFA) in PAS for 10
mins. After fixation, cells were permeabilized with 0.2% Triton X-100 in 3% bovine
serum albumin (BSA)-PAS for 5 min, followed by rinsing with 3% BSA-PBS three
times. Cells were then stained for 1 h at room temperature with an anti-tupanvirus
antibody produced in mice (According Aix Marseille University ethics committee
rules). After incubation with an anti-mouse secondary antibody, fluorescently
labeled cells were viewed using a Leica DMIG00b microscope. For Tupanvirus
virion characterization, we also used scanning electron microscopy (SEM)*.
Chemical treatment with proteases and sonication was performed as described
elsewhere™ 1o investigate fiber composition and the attachment between capsid
and tail. For tomography videos, tilt series were acquired on a Tecnai G2 trans-
mission electron microscope (FEI) operated at 200 keV and equipped with a
4096 x 4096 pixel resolution Eagle camera (FEI) and Explore 3D (FEL) software.
The tilt range was 100°, scanned in 1° increments. The magnification ranged
between 6,500 and 25,000, corresponding to pixel sizes between 1.64 and 0.45 nm,
respectively. The image size was 4,096 x 4,096 pixels. The average thickness of the
obtained tomograms was 298 + 131 nm (n = 11). The tilt series were aligned using
ETomo from the IMOD software package (University of Colorado, USA) by cross-
correlation (http://bio3d.colorado.edu/imod/). The tomograms were reconstructed
using the weighted-back projection algorithm in ETomo from IMOD. Image]
software was used for image processing,

Genomes sequencing and analyses. The tupanviruses genomes were sequenced
using an Ilumina MiSeq instrument (Illumina Inc., San Diego, CA, USA) with the
paired end application. The sequence reads were assembled de novo using ABYSS
software and SPADES, and the resulting contigs were ordered by the Python-based
CONTIGuator.py software. The obtained draft genomes were mapped back to
verify the read assembly and close gaps. The best assembled genome was retained,
and the few remaining gaps (three) were closed by Sanger sequencing. The gene
predictions were performed using the RAST (Rapid Annotation using Subsystem
Technology) and GeneMarkS tools. Transfer RNA (tRNA) sequences were iden-
tified using the ARAGORN tool. The functional annotations were inferred by
BLAST searches against the GenBank NCBI non-redundant protein sequence
database (nr) (e-value <1 x 1073) and by searching specialized databases through
the Blast2GO platform. Finally, the genome annotation was manually revised and
curated. The predicted ORFs that were smaller than 50 amino acids and had no hits
in any database were ruled out. Tupanvirus codon and aa usages were compared
with those of A. castellanii and other lineages of mimiviruses. Sequences were
obtained from NCBI GenBank and subjected to CGUA (General Codon Usage
Analysis). The global distribution of Tupanvirus tRNAs was analyzed and com-
pared manually with viral aa usage considering the corresponding canonical
codons related to each aa. Phylogenetic analyses were carried out based on the
separate alignments of several genes, including family B DNA polymerase, 18 S
rRNA intronic regions (copies 1/2) and 20 aminoacyl-tRNA synthetases (aaRS).
The predicted aa sequences were obtained from NCBI GenBank and aligned using
Clustal W in the Mega 7.0 software program. Trees were constructed using the
maximum likelihood evolution method and 1000 replicates. The analysis of aaRS
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domains wes carried out using NCBI Conserved Domain Search (https://www.ncbi.
nlm.nih.gov/Structure/cdd/wrpsb.cgi). A search for promoter sequences was per
formed in intergenic regions based on a search for the mimivirus canonical
AAAATTGA promoter sequence, as previously described?”, Single-nucleotide
palymorphisms (SNP) in the AAAATTGA promoter sequence were also considered
for each base, considering all possibilities. Gene sets available for members of the
family Mimiviridae and those of Tupanvirus soda lake and Tupanvirus deep ocean
were used for analyses of the mimivirus pangenome. Groups of orthologues were
determined using the Proteinortho tool V51 with 1e—3 and 50% as the e-value and
coverage thresholds, respectively. Concurrently, BLAST searches were performed
using ORFs of all mimivirus genomes available in the NCBI GenBank nucleotide
sequence database against the set of clusters of orthologous groups previously
delineated for mimiviruses (mimiCOGs) (n = 898), with 1e—3 and 50% as the e-
value and coverage thresholds, respectively. For rhizome preparations, all coding
sequences were blasted against the NR database, and results were filtered to retain
the best hits. Taxonomic affiliation was retrieved from NCBI. For the construction
of a translation-associated elements network, the different classes of translation
elements of each organism included in the analysis were obtained by searching for
each component within their genome, according to protein function annotation
using Blastp searches against the GenBank NCBI non-redundant protein sequence
database. The tRNA components were obtained using the ARAGORN tool. Dif-
ferent tRNA molecules were included in the analysis, considering the anti-codon
sequence. Repeated elements were eliminated to avoid analysis of duplicate events.
The layout of the network was generated by a force-directed algorithm—{followed by
local rearrangement for visual clarity, leaving the network’s overall layout unper-
turbed—using the program Gephi (https://gephiorg).

Ribosomal RNA shutdown and toxicity assays. To investigate the toxicity of
Tupanvirus particles, 1 million A. castellanii cells were infected with Tupanvirus or
mimivirus at a multiplicity of infection of 1, 10, 50, or 100 and incubated at 32 *C.
Al 0 and 24 h post-infection, the cell suspensions were collected and titered as
previously described. A fraction of this suspension (200 pL) was subjected to RNA
extraction (Qiagen RNA extraction Kit, Hilden, Germany), The RNA was subjected
to reverse transcription by using Vilo enzymes (Invitrogen, CA, USA) and then
used as a template in qPCR targeting A. castellanii 18 S rRNA (5~
TCCAATTTTCTGCCACCGAA-3" and 5-ATCATTACCCTAGTCCTCGCG
C-3"). The values were expressed as arbitrary units (delta-Ct). Normalized amounts
of the original RNA extracted from each sample were electrophoresed in 1%
agarose gel with TBE buffer and run at 150 V. TEM over the entire testing period
was performed to evaluate the presence of ribosome-containing vesicles and other
cytological alterations. To investigate the nature of virion toxicity, 2puriﬁed
Tupanvirus was inactivated by UV light (1 h of exposure, 60 W/m®) or heating
(80 °C, 1 h)—inactivation was confirmed by inoculation on Acanthamoeba
castellanii, CPE was observed for 5 days and lack of replication was confirmed by
qPCR—and inoculated onto A. castellanii containing 500,000 cells at multiplicities
of infection of 0.1, 1, 5, 10, 50, and 100. The assays were performed in PAS
solution. The cytopathic effect was documented and quantified in a counting-cells
chamber. Inactivated mimivirus was used for comparison. To determine whether
Tupanvirus-induced shutdown of amocbal 18 S rRNA even after inactivation,
500,000 cells were infected (at a multiplicity of infection of 100) and collected at 3
and 9 h post-infection, and amoebal 18 S rRNA levels were measured by qPCR.
APMYV was used as the control. The sensitivity of Tupanvirus and mimivirus to the
translation-inhibiting drugs geneticin and cycloheximide was tested. A total of
500,000 A. castellanii cells were pre-treated with different concentrations of the
drugs (0-50 and 0-15 pg/ml, respectively) for 8 h and then infected at a multiplicity
of infection of 10. Twenty-four hour post-infection, cells were collected, and the
viral titers were measured. To investigate the toxicity effect of Tupanvirus particles
in the non-host Tetrahymena sp., 1 million fresh cells were infected at a multi-
plicity of infection of 10 in a medium composed of 50% PYG and 50% PAS. The
cytopathic effect was monitored for 4 days post-infection, given the reduction of
cell movement and vacuolization (lysis or viral replication was not observed). Each
day post-infection, 100 pL of infected cell suspension was collected and subjected to
cytospin and haemacolour staining to observe vacuolization and other cytological
alterations induced by the virus. Other 100 pL aliquots were used to investigate the
occurrence of rRNA shutdown induced by Tupanvirus. To this end, the samples
were subjected to RNA extraction and electrophoresis. Viral infection in
Tetrahymena sp. was also observed by TEM at a multiplicity of infection of 10. To
determine whether Tupanvirus particles affect the rate of Tetrahymena sp.
phagocytosis because of toxicity, the rate of viral particle incorporation per cell was
calculated during the period of infection. The ratio of TCID50 (infectious entities)
and total particles was first calculated by counting the number of viral particles in a
counting chamber (approximately 1 TCIDs, to 63 total particles). One million
Tetrahymena cells were infected by Tupanvirus or mimivirus at an MOI of 10
TCIDs,. Twelve hour post-infection, the number of viral particles in the medium
was estimated by counting the remaining (non-phagocytized) particles. An input of
10 TCIDs, per cell was added each day post-infection (in separate flasks, one for
each day), and the rate of particles phagocytosis was calculated 12 h post-input. For
the calculation, the remaining particles from the day before were considered
(counted immediately before the input). Considering the toxicity caused by
Tupanvirus, but not APMYV, in tetrahymena, we conducted an in vitro experiment
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aiming to investigate the ability to maintain Tupanvirus or APMYV in a system
containing both Acanthamoeba (host) and Tetrahymena (non-host, predator of
particles). Thus, A. castellanii (900,000 cells) and Tetrahymena (100,000 cells) were
added simultaneously to the same flask, then infected by Tupanvirus er mimivirus
at an MOI of 10 and observed for 12 days. One flask per observation day was
prepared. At days 4 and 8, we added 500 pL of fresh medium (50% PYG and 50%
PAS) and 100,000 A. castellanii, the permissive host. Each day post-infection, the
corresponding flask was collected and subjected to titration as previously described.
The same experiment was carried out by pre-treating Tetrahymena (8 h before
infection) with 20 pg/ml of geneticin as negative controls.

Analysis involving Tupanvirus 18 S rRNA intronic region. All analyses involving
the genomic environment of copies 1 and 2 were conducted based on the
annotation of Tupanvirus. In the best-hits evaluation, the core sequences of copies
1 and 2 were used for nucleotide BLAST analysis using blastn. The resulting 100
best hits were tabulated, and the information was used to construct diagrams. For
the phylogenetic analysis, the sequences of these best hits were also aligned, using
Clustal W in the Mega 7.0 software, and constructed using the maximum like-
lihood evolution method of 1,000 replicates. To analyze subjacent regions of the
core sequence of 18 S rRNA intronic regions in the Mimiviridae family, one
member of the lineages A (HQ336222.2), B (JX962719.1) and C (JX885207.1) was
chosen and analyzed. The expression of both copies was checked using fluorescence
in situ hybridization (FISH) and qPCR. For this, A. castellanii cells were infected
with Tupanvirus with a multiplicity of infection of 5 and collected at 30 min and at
6 and 12 h post-infection. As a control, A. castellanii cells were also incubated with
PAS alone and collected. At the indicated times, cells and the supernatant were
collected and centrifuged at 800 x g for 10 min. For FISH, the pellet was resus-
pended in 200 pL of PAS, submitted to cytospin and the cells were fixed in cold
methanol for 5min. Specific probes targeting the 18 S rRNA of A. castellanii
(5-TTCACGGTAAACGATCTGGGCC-3"fluorophore Alexa 488), copy 1 RNA
(5-AGTGGAACTCGGGTATGGTAAAA-3 -fluorophore Alexa 555) and copy 2
RNA (5-GGCCAAGCTAATCACTTGGG-3"fluorophore Alexa 555) were diluted
and applied at 2 uM in hybridization buffer (900 mM NaCl, 20 mM Tris/HCL,
5mM EDTA, 0.01% SDS, 10-25% deionized-formamide in distilled-H,O). The
hybridization buffer containing the probes was added to the slides and the
hybridization was carried out at 46 °C overnight in a programmable temperature-
controlled slide-processing system (ThermoBrite StatSpin, IL, USA). Post-
hybridization washes consisted of 0.45-0.15 M NaCl, 20 mM Tris/HCL, 5 mM
EDTA, and 0.01% SDS at 48 °C for 10 min. Slides were analyzed using a DMI6000B
inverted research microscope (Leica, Wetzlar, Germany). To qPCR the pellet of
infected cells was also washed with PAS and then used for total RNA extraction
using the RNeasy mini kit (Qiagen, Venlo, Netherlands). The extracted RNA was
treated with the Turbo DNA-free kit (Invitrogen, CA, USA) and then used as a
template in reverse transcription (RT) reactions carried out using SuperScript Vilo
(Invitrogen, CA, USA). The resultant cDNA was used as a template for quantitative
real-time PCR assays using the QuantiTect SYBr Green PCR Kit (Qiagen RNA
extraction Kit, Hilden, Germany) and targeting copies 1 (primers 5-GCATCAA
GTGCCAACCCATC-3"and 5-CTGAAATGGGCAATCCGCAG-3’) and 2
(primers 5~-CCAAGTGATTAGCTTGGCCATAA-3" and 5“-CGGGAAGTCCCTA
AAGCTCC-3") of the intergenic18S rRNA region in TPV. To normalize the results,
primers targeting the GAPDH housekeeping gene of Acanthamoeba (primers
5-GTCTCCGTCGTCGATCTCAC-3" and 5-GCGGCCTTAATCTCGTCGTA-3")
were also used. QPCR assays were performed in a BioRad Real-Time PCR
Detection System (BioRad) using the following thermal conditions for all genes: 15
min of pre-incubation at 95 °C followed by 40 amplification cycles of 30 s at 95°C,
30s at 60 °C and 30 s at 72 °C. The results were analyzed using the relative
quantification methodology of 20A4¢),

Investigation of the nature of ribosomal RNA shutdown. To investigate the
shutting down of the host rRNA and verify whether this phenomenon was related
to the canonical ribophagy/autophagy process, tests using two acidification and
lysosome-vesicle fusion inhibitors (chloroquine and bafilomycin A) were per-
formed. The pH of infected cells and the effect of Atg8-2 silencing on shutdown
were also tested. For the inhibitor assays, 5 x 10° A. castellanii cells cultured in PYG
medium were infected with Tupanvirus or mimivirus at a multiplicity of infection
of 100 and incubated at 32 °C. At 1 h post-infection, chloroquine (Sigma-Aldrich,
MO, USA) at a final concentration of 100 uM or bafilomycin A (Sigma-Aldrich,
MO, USA) at a final concentration of 10 nM was added to the infected cell sus-
pensions. As a control, A. castellanii cells not infected were also treated with these
inhibitors under the same conditions. After 3 and 9 h post-infection, cells and the
supernatant were collected and centrifuged at 800 x g for 10 min. The supernatant
was discarded, and the pellet was submitted to RNA extraction (Qiagen RNA
extraction Kit, Hilden, Germany). From the extracted RNA, 10 uL of each sample
was electrophoresed in 1.5% agarose gel with TBE buffer and run at 135V, and 14
uL was submitted to reverse transcription to measure the amoebal 18 S rRNA levels
by qPCR as previously described. To investigate the acidification caused by
Tupanvirus or mimivirus infection, A. castellanii cells were also submitted to the
same pattern of infection and treatment with bafilomycin A, as previously
described. In addition, 1h before the collection time, the cells were incubated with
LysoTracker Red DND-99 (Thermo Fisher Scientific, Massachusetts, United States)
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at a final concentration of 75 nM. After 9 h post-infection, cells and the supernatant
were collected and centrifuged at 800 x g for 10 min. The supernatant was dis-
carded, and the pellet was resuspended in 1 mL of PAS medium containing only
bafilomycin A (10 nM). A total of 20 uL of this suspension was added to glass slides
and cover slipped. Analyses were performed using a confocal microscope (Zeiss,
Jena, Germany). For gene silencing, small interfering RNA (siRNA) targeting the
AtgB-2 gene of A. castellanii was synthesized by Eurogentec (Liege, Belgium) based
on the cDNA sequence of the gene. The siRNA duplex with sense (5-GAACUC
AUGUCGCACAUCUTT-3') and anti-sense (5~ AGAUGUGCGACAUGAGU
UCTT-3") sequences was used. The siRNA tagged with a fluorescence dye was
transfected onto A. castellanii trophozoites at a density of 1 x 10° cells. The control
of transfection was performed using fluorescence microscopy. The biological
effect of siRNA was check by gPCR and by the observation of the inhibition of
acanthamoebal encystment, which is dependent on Atg8-2. Finally, modifications
of A. castellanii nucleus/nucleolus structure after infection with Tupanvirus and
mimivirus were investigated. A total of 10° cells were infected with Tupanvirus
or mimivirus at an MOI of 10, stained by haemacolour and treated with

SYTO RNASelect Green Fluorescent cell stain (Invitrogen, USA) following

the manufacturer’s instructions. After 9 h.p.i., cells were observed under an
immunofluorescence microscope to observe modifications to the nucleus
/nucleolus of infected and control cells. In parallel, this preparation was submitted
to electron microscopy.

Data availability. The Tupanvirus genome sequences have been deposited in
GenBank under accession codes KY523104 (soda lake) and MF405918 (deep
ocean). Proteomic data have been deposited in PRIDE archive under accession
code PXD007583. All other data supporting the findings of this study are available
within the article and its Supplementary Information, or from the corresponding
author upon reasonable request.
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During the amoeba co-culture process, more than one virus may be isolated in a single well. We previously solved this issue by end point
dilution and/or fluorescence aclivaled cell sorling (FACS) applied Lo the viral population. However, when the viruses in the mixture have similar
morphologic properties and one of the viruses multiplies slowly, the presence of two viruses is discovered at the stage of genome assembly and
the viruses cannot be separated for further characterization. To solve this problem, we developed a single cell micro-aspiration procedure that
allows for separation and cloning of highly similar viruses. In the present work, we present how this alternative strategy allowed us to separate
the small viral subpopulations of Clandestinovirus ST1 and Usurpativirus LCD7, giant viruses that grow slowly and do not lead to amoebal lysis
compared to the Iytic and fast-growing Faustovirus. Purity control was assessed by specific gene amplification and viruses were produced for
further characterization.

Video Link

The video component of this article can be found at https://www.jove.com/video/60148/

Introduction

Nucleocytoplasmic large DNA viruses (NCLDV) are extremely diverse, defined by four families that infect eukar%rotes1. The first described viruses
with genomes above 300 kbp were Phydcodnaviridae, including Paramecium bursaria Chlorella virus 1 PBCV1“. The isolation and the first
description of Mimivirus, showed that the size of viruses doubled in terms of both the size of the particle (450 nm) and the length of the genome
(1.2 Mb)3. Since then, many giant viruses have been described, usually isolated using an amoeba co-culture procedure. Several giant viruses
with different morphologies and genetic contents can be isolated from Acanthamoeba sp. cells, including Marseilleviruses, Pandoraviruses,
Pithoviruses, Mollivirus, Cedratviruses, Pacmanvirus, Tupanvirus, and recently Medusavirus*>®7891011121314.15.16.17 1y parallel, the isolation

of Vermamoeba vermiformis allowed the isolation and description of the giant viruses Faustovirus, Kaumoebavirus, and Orpheovirus18’19‘2°.
Other %isant viruses were isgLated with their host protists, such as Cafeteria roenbergensis21, Aureococcus anophagefferenszz, Chrysochromulina
ericina””, and Bodo saltans®". All of these isolations were the result of an increasing number of teams working on isolation and the introduction of
high throughput strategy update325’26‘27’28, such as the improvement of the co-culture system with the use of flow cytometry.

In 2016, we used a strategy associating co-culture and flow cytometry to isolate giant viruses?’. This strategy was developed to increase the
number of samples inoculated, to diversify protists used as cell supports, and to quickly detect the lysis of the cell support. The system was
updated by adding a supplemental step to avoid preliminary molecular biology identification and quick detection of an unknown viral population
as in the case of Pacmanvirus®®. Coupling flow cytometry to cell sorting allowed for separation of a mixture of Mimivirus and Cedratvirus A11%.
However, we later encountered the limitations of the separation and detection of these viral subpopulations by flow cytometry. After sequencing,
when we assembled the genomes of Faustovirus ST1% and Faustovirus LCD7 (unpublished data), we surprisingly found in each assembly

two supplemental genomes of two novel viruses not identified in public genome databases. However, neither flow cytometry nor transmission
electronic microscopy (TEM) showed that the amoebaes were infected by two different viruses, Clandestinovirus ST1 and Usurpativirus

LCD7. We designed specific PCR systems to amplify Faustovirus, Usurpativirus, and Clandestinovirus markers respectively based on their
genomes; our purpose was to have PCR-based systems that enable verification of the purity of the viruses being separated. However, end-point
dilution and flow cytometry failed to separate them. The isolation of this single viral population was difficult because neither the morphology nor
replicative elements of Clandestinovirus and Usurpativirus populations have been characterized. We detected only one viral population by flow
cytometry due to the overlapping of the two populations (tested after the effective separation). We tried to separate them using single particle
sorting on 96-well plates, but we did not observe any cytopathic effects, and we detected neither Clandestinovirus nor Usurpativirus by PCR
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amplification. Finally, it was only the combination of end point dilution followed by single amoeba micro-aspiration that enabled separation of
these two low-abundance giant viruses from Faustoviruses. This method of separation is the object of this article.

1. Amoeba Culture

=

v

Use Vermamoeba vermiformis (strain CDC19) as a cell support.

Add 30 mL of protease-peptone-yeast extract-glucose medium (PYG) (Table 1) and 3 mL of the amoebae at a concentration of 1 x 10° cells/
mL in a 75 cm” cell culture flask.

Maintain the culture at 28 °C.

After 48 h, quantify the amoebae using counting slides.

To rinse, harvest the cells at a concentration of 1 x 10° cells/mL and pellet the amoebae by centrifugation at 720 x g for 10 min. Remove the
supernatant and resuspend the pellet in the appropriate volume of starvation medium to obtain 1 x 10 cells/mL (Table 1).

2. Propagation of Stock Virus in Amoebae

NOTE: Before dilution, it is important to culture the stock sample to obtain enough fresh culture, then proceed to filtration.

1.

Use 1 x 10° of amoeba culture in starvation medium.

Inoculate the mixture of viruses issued from the stock solution (Faustovirus/Usurpativirus LCD7 or Faustovirus/Clandestinovirus ST1) after
the co-culture process on the cell support at a multiplicity of infection (MOI) of 0.01.

NOTE: The MOI is important to reduce the abundance of the major viral population and the number of infected cells.

Incubate at 30 °C until cytopathic effects (CPE) are induced, such as amoebal rounding or lysis, approximately 10 to 14 h after infection.
Collect the media and filtrate through a 5 ym filter to remove cellular debris.

3. End-point dilution

arON =

Perform a serial dilution (10'1 to 10'11) of the viral sample in starvation medium (Table 1).

Inoculate 2 mL of 1 x 10° Vermamoeba vermiformis contained in each Petri dish with 100 WL of the mixture inoculum.

Place the Petri dishes into a sealable plastic bag at 30 °C.

Begin observing the Petri dishes with inverted optical microscopy at 6 h postinfection and check cell morphology every 4 to 8 h.
At the appearance of the cytopathic effect characterized by rounding cells, begin the single cell micro-aspiration process.

4. Single Cell Micro-aspiration

1.

Prepare the host.
NOTE: This preparation is made for the release of infected single cells to a fresh cell support.

1. Treat the amoebae in the culture with an antimicrobial agent containing 10 pg/mL of vancomycin, 10 pg/mL of imipenem, 20 pg/mL of
ciprofloxacin, 20 ug/mL of doxycycline, and 20 pg/mL of voriconazole. This mixture is used to avoid bacterial and fungal contamination.
NOTE: The procedure takes place on a bench outside the microbiological safety station. Add 2 mL of amoebae concentrated at 1 x 10°
cells/mL each into 15 Petri dishes. For amoeba adherence, incubate the culture at 30 °C for 30 min.

Select the Petri dish used for the micro-aspiration from the limit dilution according to the following criteria: 1) absence of any visible
contamination by fungal and bacterial agents, 2) evidence of cytopathic effect of amoebae due to the viruses, and 3) prelysis and rounding
phase of the amoebae (to avoid aspiration of viral particles).
Set up a workstation with the following materials (see Figure 1A,B):
Micromanipulator, which allows microcapillary positioning;
Manual control pressure device, used to aspirate and release the cells into the microcapillary;
Inverted microscope;
Plug and play motor modules;
Camera;
Computer module to visualize manipulation and take pictures.
Choose a microcapillary (see Figure 1C).
NOTE: The size of the cells, the deformation and adhesion of their membranes to the surfaces, and the cellular motility can impact the
smooth progress of the micro-aspiration. The microcapillary diameter can be precisely chosen and adapted to specific cell types depending
on their sizes and methods of aspiration. A microcapillary of 20 pm inner diameter was used to aspirate a rounding amoeba (diameter ~10
pum). This allows the upkeep of an internal position and an easy release of the cell.
Mount the system.

1. Fix the operating angle of the gripping system on the motorized module at 45°.

2. Perform a double installation, first on the gripping system, and then on the microcapillary.

3. Focus on the cells after running a few drops of oil through the microcapillary.

NOTE: The mineral oil with biological compatibility is supplied by the device.
4. Complete mounting following manufacturer's recommendations.

Clone cells (see Figure 2A,B).
NOTE: This procedure is similar to the one described by Fréhlich and Kénig®'.
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1. Place the Petri dish containing 2 mL of infected amoebae under the microscope.
2. Focus first on the cells, and then on the microcapillary immersed in the culture.
3. Pick a rounded single cell and bring the microcapillary closer to the micromanipulator.
4. Exert soft aspiration with manual pressure control on the cell, taking it inside the microcapillary. Remove the single cell from the first

sample and release in the cellular support, then incubate it at 30 °C.
Conduct daily observations with an inverted optical microscope to observe the appearance of the cells and to monitor the emergence of
the cytopathic effect.

o

5. PCR Screening

NOTE: Following step 4, a systematic screening by PCR is crucial to confirm the separation. In both Usurpativirus/Faustovirus and
Clandestinovirus/Faustovirus, the design and application of the specific primer and probe systems were done using Primer-BLAST online®
(Table 2).

1. Extract DNA from a part of the positive culture samples (i.e., where a cytopathic effect is observed), using an automated extraction system
according to the manufacturer's protocol.
2. Use appropriately designed primers.
NOTE: Here we designed primers to amplify core genes annotated as RpB2 (Faustovirus), LCD7 major capsid protein (Usurpatvirus) and
minor capsid protein (Clandestinovirus)
3. Perform standard PCR using a thermocycler.
1. Carry out 20 pL PCR reactions with 50 uM of each primer (Table 2), 1x Master Mix, and RNase free water.
2. Activate the Taq DNA polymerase for 5 min at 95 °C, then follow with 45 cycles of 10 s denaturation at 95 °C, annealing of the primers
for 30 s at 58 °C, and extension for 30 s at 72 °C.

4. Run the PCR products on a 1.5% agarose gel, stain with DNA gel stain (Table of Materials), and visualize with UV.

6. Virus Production and Purification

1. Put the rest of the Petri dish culture back in a small flask.

2. For the virus production, prepare 15 flasks of 145 cmz, containing 40 mL of Vermamoeba vermiformis in starvation medium and 5 mL of the
isolated virus already transferred from the Petri dish to small flasks.

3. Treat with the same antibiotic and antifungal mixture used in step 4.1.

4. Incubate at 30 °C. Observe every day with inverted optical microscopy.

5. After the complete infection, pool all flasks. Use a 0.45 um filter to eliminate debris.

6. Ultracentrifuge all supernatants at 50,000 x g for 45 min.

7. After centrifugation, remove the supernatant from each tube by aspiration and resuspend the pellet in 1 mL of phosphate buffered saline
(PBS).

8. Purify the virus produced using 25% sucrose (27.5 g sucrose in 100 mL of PBS, sterilized by filtration).

9. Centrifuge 8 mL of sucrose and 2 mL of the viral suspension at 80,000 x g for 30 min. Resuspend the viral pellet in 1 mL of PBS. Store it at

-80 °C.

7. Negative Staining and Transmission Electron Microscopy

NOTE: Bou Khalil et al. previously published this protocol27.

1. Deposit 5 uL of the lysis supernatant onto the glow-discharged grid. Leave for approximately 20 min at room temperature.
NOTE: The glow-discharge allows us to obtain a hydrophilic grid by plasma application.

2. Dry the grid carefully and deposit a small drop of 1% ammonium molybdate on it for 10 s. Leave the grid to dry for 5 min.

3. Proceed to electron microscopy observations at 200 keV.

8. Characterization of Clandestinovirus ST1 and Usurpativirus LCD7

1. Characterize pure populations of Clandestinovirus ST1 and Usurpativirus LCD7 using genome sequencing, genome assembly, bioinformatics
analyses, and study of their replicative cycle as we have done for other viruses'®?%%°,

Representative Results

Single cell micro-aspiration is a micromanipulation process optimized in this manuscript (Figure 1). This technique enables capture of a
rounded, infected amoeba (Figure 2A) and its release in a novel plate containing uninfected amoebae (Figure 2). It is a functional prototype
that applies to the co-culture system and has successfully isolated non-lytic giant viruses. This approach was used for the first time in the field
of giant viruses and made it possible to isolate two new low-abundance giant viruses, We named the new viruses Clandestinovirus ST1 and
Usurpativirus LCD7, that were in low abundance compared to the high abundance Faustoviruses. In order to analyze the viral presence in
each plate after the micro-aspiration procedure, we applied PCR on the 15 micro-aspirations. We observed pure Usurpativirus (presence of
Usurpativirus LCD7 [+] and absence of Faustovirus [-]) only in clone 7 (Figure 3). The purity of the clone was confirmed by PCR with specific
protocols targeting Clandestinovirus ST1 and Usurpativirus LCD7 (Table 2). Electron microscopy revealed the appearance of Clandestinovirus
ST1 and Usurpativirus LCD7 (Figure 4), which have a typical icosahedral morphology without fibrils and an icosahedral capsid of about 250
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nm, respectively. After the confirmation of the production purity, the clonal virus was produced and purified for whole genome sequencing and
further characterization, especially transmission electronic microscopy (TEM) for multiplication cycle studies. We confirmed the overlapping of
populations (Faustovirus/novel virus) by flow cytometry (Figure 5).

N
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Figure 1: Materials for micromanipulation. (A) Actual setup of the workstation. (B) Schematic illustration of the workstation’s components. (C)
Schematic illustration of the microcapillary. Please click here to view a larger version of this figure.
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Figure 2: Micro-aspiration steps. (A) Single cell isolation procedure (zoom x40). (B) Schematic illustration of the different steps of single cell
aspiration: 1) Localization of the cell. 2) Aspiration of the cell. 3) Release step. The black arrows show the microcapillary and the white ones
show the single cell. Please click here to view a larger version of this figure.
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Figure 3: PCR screening and confirmation. Screening PCR of micro-aspirations carried out for Usurpativirus LCD7 and Faustovirus. Presence
of Usurpativirus LCD7 DNA (+) and absence of Faustovirus DNA (—) observed for clone 7 after micro-aspiration procedure. Please click here to
view a larger version of this figure.

Figure 4: Negative staining micrograph. Negative staining of the viral suspension, showing pure Clandestinovirus ST1 (A) and Usurpativirus
LCD7 (B). Please click here to view a larger version of this figure.
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Figure 5: Representative gate plots. (A) Superimposition of each single viral population previously stained with fluorescent molecular probes
for virus DNA labelling (following previously described protocol26'3°). The left part of the picture shows the superposition of five strains of
Faustovirus (dark green, light green, orange, red, and blue). On the right, the superposition of Faustovirus 8T1 and Clandestinovirus ST1 (light
purple and dark purple) is visible. (B) The presence of two viral population of Faustovirus and Usurpativirus in the same gate as Faustovirus
(left). A dot plot of pure Usurpativirus shows the same gate defined previously for Faustovirus (right). Please click here to view a larger version
of this figure.
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PYG composition quantities
Proteose peptone 209
Yeast extract 20g
MgS0,4-7H,0 0.980 g
CacCl, 0.059 g
Citrate sodium. Dihydrate 19
Fe (NH4) 2(S0,4) 2 x 6H,0 0.02g
Glucose 18¢
Distilled water 1L
Adjust pH at 6.8 with HCI or KOH
Autoclave 15 min at 121 °C
Starvation medium quantites
Yeast extract 2g
Glucose 18¢
Fe (NH4) 2(SO4) 2 x 6H,0 0.02g
PAS (detailed below) 1L
PAS solution A quantites
KH,PO, 0.136 g
Na,HPO, 0.142 g
PAS solution B quantites
MgSO,4-7H,0 4.0mg
CaCl,-2H,0 4.0 mg
NaCl 0.120 g
10 mL each of solution A and B are added into 1 L of distilled water.
Table 1: Composition of Culture Media.
Virus target Target gene Foward primer (5->3) Reverse primer (5->3)
Faustovirus RpB2 RpB2 CWCAATCHGCYGATACHGGTGA | TGATTWGCYAATGGNGCYGC
Usurpatvirus LCD7 Major capsid Major capsid gene GGGCAAGAAGCTCCAAGCTA GGGTTGAGGAGGAGTCAACG
gene
Clandestinovirus ST1 Minor capsid | Minor capsid gene AAAATGAACGCGTTGGAGGC ACCGGCGAATGTTCCTATGG
gene

Table 2: Primmer Sequences Used for the PCR.

The duration of the single cell micro-aspiration handling and its goad functioning is operator-dependent. The different steps of the experiment
require precision. The use of the micromanipulation components of the workstation must be under constant control by observing the process

of micro-aspiration and the release of the cell. The follow-up by microscopic observation is necessary for capture and transfer of a cell. An
experienced operator can take 1 to 2 h to isolate 10 cells and retransfer them one by one depending on the abundance of viruses to be isolated.
The number of manipulations can vary. We advise beginning with 10 manipulations. By definition, we do not know the intrinsic characteristics of
the unknown virus. Thus, the use and development of different strategies for isolation are necessary to optimize the success of separating these
viruses.

The micro-aspiration process is performed under unsterile conditions (on a bench outside the microbiological safety station) and thus restricts
its usage and prevents its application for the study of human pathogens. Therefore, the use of a mixture of antibiotics and antifungals to limit
contaminants is mandatory. Another limitation of the method is that it can only be performed on microorganisms observable by light microscopy
on which the micromanipulation components were mounted, thus, conceptually eliminating any work on microorganisms not observable by light
microscopy. However, we were able to separate giant viruses of about 200 nm which remain invisible under the light microscope by using an
indirect strategy consisting of separating and cloning the infected hosts.

The development of single cell micro-aspiration for amoebal capture is a part of the development of population-sorting methods. Single cell
micro-aspiration allowed us to isolate two new giant viruses, Clandestinovirus ST1 and Usurpativirus LCD7, with characteristics distinctive from
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Faustoviruses. The highly similar morphological properties of both Clandestinovirus ST1 and Usurpativirus LCD7 to Faustovirus LCD7 and their
difference of replication shows the limit of FACS, which is usually used in giant viruses sorting. It is represented by the superposition of two viral
populations, Clandestinovirus ST1 and Faustovirus ST1 (Figure 5A) and also by the detection for Usupartivirus LCD7 and Faustovirus LCD7.
However, with this new method, the entire manipulation is under visual control with careful monitoring of the cell and its integrity even after its
release. The use of flow cytometry to directly sort infected amoebae could be an alternative solution to indirectly sort novel viruses. This method
is usually followed by the screening of the plate in order to detect cytopathic effects or lysis. The presence of non-lytic viruses in the mix could
represent a limit to amoebal sorting. However, this was not explored in the creation of this protocol and for these two novel isolations.

Beyond the apglication of the micromanipulation in the positioning and holding of cells in general and oocytes for intracytoplasmic sperm
injection (ICSI) 3, single cell micro-aspiration has proven to be a practical method for the isolation of single prokaryotic cells observable under an
optical microscope®'. Other applications could be tested, including cell sorting on a morphological basis to have different pure samples from a
mixed sample of microorganisms. The observable separation of microorganisms can be envisioned using the strategy described above.
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1. Introduction

Since late December 2019, the world is experiencing the worst global
health crisis in recent decades due to the ongoing transmission of a novel
coronavirus, The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) causing coronavirus disease 2019 (COVID-19) spread globally
and affected several sectors, including those related to medicine, eco-
nomics, and politics, among others (Cutler, 2020; Gorbalenya et al.,
2020; Lai et al., 2020; Zhu et al., 2020). COVID-19 has already affected
over 200 countries, resulting in more than 30.6 million cases and 950
thousand deaths worldwide as of September 21, 2020 (WHO, 2020). In
Brazil, the first official case was registered on February 26, 2020, and
more than 4,490,000 confirmed cases and 135,000 deaths had been reg-
istered across the country as of September 21, 2020 (WHO, 2020).

Belo Horizonte is the capital of Minas Gerais State, one of Brazil's
most populous metropolitan regions (6 million inhabitants). The city re-
corded 39,379 confirmed cases and 1168 deaths due to COVID-19 as of
September 21 (Secretaria Municipal de Satde, 2020). The areas within
Belo Horizonte where most of the deaths and confirmed cases have oc-
curred correspond precisely to areas with public squares, bus stations/
terminals, and hospital areas, i.e., where a large flow and concentration
of people is commonly observed (Secretaria Municipal de Satide, 2020).

Recent studies have identified the presence of SARS-CoV-2 RNA on
different surfaces and environments inside hospitals, revealing the dy-
namics of viral dissemination within these places (Guo et al., 2020; Liu
et al., 2020; Wang et al., 2020). SARS-CoV-2 remains viable on different
types of surfaces, such as metal and plastic, for up to 72 h, depending on
the type of surface material, and can remain infectious in aerosols for at
least 3 h (Van Doremalen et al., 2020). Assessing the presence of the
virus in the environment, objects, and surfaces in public areas is funda-
mental for understanding the risk of infection in the population. In addi-
tion, any information gained can be used by health managers to control
population movements in these areas, as well as implement environ-
mental disinfection measures.

2. Material and methods
2.1. Sample collection

We investigated the presence of SARS-CoV-2 RNA in a downtown
area of Belo Horizonte between April and June 2020, in a total of nine
days. Belo Horizonte's climate is classified as tropical with a dry season,
with moderately hot and humid summers and dry and pleasant winters.
The temperature is mild throughout the year, with averages ranging
from 19 °C to 24 °C, with the annual compensated average of 22 °C
and 1430 mm is the average annual rainfall (INMET, 2020). All samples
were collected between 14:00 pm and 17:00 pm, Temperature was be-
tween 20 "Cto 25 °C (average temperature 22 °C) and relative humidity
varying between 36% to 83% (average humidity 54%). Environmental
data was retrieved from Time and Date AS website (https://www.
timeanddate.com/weather/brazil/belo-horizonte/). This region of the
city (central-southeast: 19°55'55.4"S 43°56'16.9"W) has the highest
concentration of hospitals and health units and one of the highest num-
ber of notified COVID-19 cases. Importantly, this part of the city also has
a large number of people accessing public transportation and transpor-
tation facilities daily. A total of 933 samples were collected from eight
different categories of places (Supplementary Table 1), including:
a) 38 health care units (hospitals, medical centers, and emergency
care units); b) 17 public squares; c¢) two public parks; d) one public
market; e) six bus terminals; f) one shopping mall; g) 10 education cen-
ters (universities and schools); 8) 21 other public places, including
banks, government departments, among others (Supplementary
Table 1). Samples were collected from different sources including en-
trance doors, handrails, benches and tables, bus stops, and ground,
and from distinct materials, including concrete, metal, rock, brickwork,
and others. For the collection of environmental samples, swabs with
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sterile phosphate-buffered saline were vigorously rubbed on surfaces
(10 cm?) of the aforementioned local and objects. The swabs were
then transferred to tubes containing transport solution (1 mL of guani-
dine isothiocyanate buffer, 4 M) and taken directly to the laboratory for
testing.

2.2. RNA extraction and RT-qPCR

For each sample, 70 jiL of transport solution containing a sample was
submitted to nucleic acid extraction using the QIAmp Viral RNA Mini Kit
(QIAGEN, Maryland, USA). Total RNA (5 pL.) was used as a template for
one-step qPCR (Promega, Wisconsin, USA) (in a final volume of 20 pL
per reaction, GoTaq1-sept qPCR system, Promega), using primers and
probes specific for the N1 and N2 regions of the SARS-CoV-2 genome
(CDC, USA 2020). RNA extraction was performed in batches of 13 sam-
ples plus one negative control. Samples were considered positive when
they presented amplification for N1 an N2 targets region, considering
the threshold for cycle quantification value (Cq) of 40 (CDC, USA
2020). Since between the range of 37-40 Cq indicate minimal quantities
of DNA, Cq z 40 were considered negative. The results of RT-qPCR runs
were manually inspected for the correction of baseline and threshold
parameters whenever necessary due to heterogeneity in the amount
of input RNA among different samples (Bustin et al., 2009). Negative
(extraction control and non-template control) and positive controls
(RNA extracted from inactivated SARS-CoV-2, kindly provided by Dr.
Danielle Durigon and Dr. Edison Durigon, USP, Brazil and Dr. Rafael
Elias Marques (Centro Nacional de Biociencias LNBio-CNPEM) were
used. To confirm the results, all positive samples were submitted to a
second round of RNA extraction and RT-qPCR. Quantification of viral
RNA in the environmental samples was based on a standard curve gen-
erated from serial dilutions ( 1:10) of SARS-CoV-2 RNA and converted to
genomic units per ten square centimeters of surface (the area we made
the sampling for this study). To date, for PCR quantification (based on
standard curve) we considered 1 SARS-CoV-2 plaque forming unit as 1
SARS-CoV-2 genomic unit. Quantification was based only on N1 target
gene given the high efficiency of our standard curve (Supplementary
Fig. 1). N2 target gene quantification was not performed due to a low ef-
ficiency achieved for the standard curve for this target. Nevertheless, the
Cq values for N2 target for all positive samples are included in supple-
mentary Table 2. SARS-CoV-2 RNA control was previously quantified
as described elsewhere (de Almeida et al,, 2020).

3. Results

A total of 49 samples (5.25%) were positive for the presence of SARS-
CoV-2 RNA (Table 1 and Fig. 1). SARS-CoV-2 RNA was detected in 20
samples collected around health care units, corresponding to 40.8% of
the total positive samples, with Ct values ranging from 23.3 to 37.7
(N1)and22.2 to 39.4 (N2). These samples are distributed in 12 different
health care units and were detected mainly at bus' stops near the en-
trance of the hospitals and emergency care units (Supplementary
Table 1). Seventeen samples were positive for SARS-CoV-2 RNA at pub-
lic squares distributed across seven different places, corresponding to
34.7% of the positive samples found in this study. Most of the positive
samples were detected in benches, with Ct values ranging from 32 to
37.5(N1)and 34.4 to 39 (N2). We also detected SARS-CoV-2 in different
bus terminals in the city, being seven positive samples (14.3%) with Ct
values ranging from 29 to 34.7 (N1) and 30.5 to 38.5 (N2). All of these
samples were collected at entrance handrails of the bus terminals
(Table 1). Finally, we detected the presence of SARS-CoV-2 RNA at
very low concentration in one sample collected in the wall of the
major public market of the city (N1 Ct = 36.9; N2 Ct = 39.6), and
four samples collected at bus stops [floor (1) and benches (3)] in front
of public banks (2}, sport club (1), and a government department (1),
with Ct values ranging from 34.7 to 38.1 (N1) and 37.8 to 39.5 (N2)
(Table 1 and Supplementary Table 1). After RNA quantification, we
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Fig. 1. Distribution of positive samples for SARS-CoV-2 RNA. 933 samples were collected at different locations in Belo Horizonte, Brazil, with 49 being positive for viral genome detection,
distributed among five different categories of locations. Raw numbers and percentages are indicated.

observed that most positive samples had very low viral amount (<1 ge-
nomic unit/10 cm?), and the higher viral load were detected in samples
collected from health care units (Table 1).

It is important to mention that samples were not collected evenly
among the different categories of places. Most of the samples were col-
lected from health care units (403 samples, 43.2%) and public squares
(269 samples, 28.8%) (Supplementary Fig. 2), and it can be the reason
why over 3/4 of positive samples were detected from samples collected
at these locations. Considering the proportion of positivity in the differ-
ent places, bus terminals exhibit the higher positivity rate among the
evaluated places, followed by public market, public squares, and health
care units. The Belo Horizonte City Hall was informed about the contam-
inated areas, and, after disinfection (laundry detergent followed by 1%
sodium hypochlorite), viral RNA could no longer be detected, except
for one sample recollected at the entrance of a hospital. We did not
identify any positive samples in public parks, education centers, and a
mall that were included in this study.

Samples were collected from different materials, the majority being
from concrete (383 samples, 41.1%) and metal (282 samples, 30.2%),
and also rock, brickwork, wood, glass, and a minority of other materials,
including plastic and pottery (10 samples each) and asphalt (4 samples)
(Fig. 2A). From the 49 positive samples, 20 were identified in metal sur-
faces, especially from benches of bus stops and handrails of hospitals

A 2.6% 1.3%’ B

mm Concrete (383) Wood (31)
== Metal (282) Glass (17)
Rock (103) Others (24)

== Brickwork (93)

Positive samples

s
L

entrances and bus terminals (Fig. 2B and Supplementary Table 1). Four-
teen positive samples were recovered from concrete surfaces, mainly
sidewalks near health care units and public squares (Figs. 2B and 3).
Nine positive samples were found in rock surfaces, all being found in pub-
lic squares but one sampled from a frontal pillar of a hospital (Fig. 3).
SARS-CoV-2 RNA was also identified in two samples collected from brick-
works (one from health care unit and other from a public square), and in
two plastic surfaces from benches of an emergency care unit (Fig. 3 and
Supplementary Table 1). Finally, SARS-CoV-2 RNA was detected in one
sample from a wood bench located in a public square, and one sample
from a glass surface in a bus stop in front of a hospital (Figs. 2B and 3).

4. Discussion

Although we sought to detect the presence of viral RNA, not infec-
tious particles, it is possible that infectious particles were present in
these environments, and care must be taken to avoid further contami-
nation and the eventual collapse of the local health system. The infec-
tious dose of SARS-CoV-2 virions to start a productive infection in
humans is still unclear, and also if infectious particles can be recovered
from surfaces with low viral load. Previous studies have reported the
isolation of SARS-CoV-2 from nasopharyngeal and oropharyngeal
samples from distinct patients in a nursing facility (USA) with high Ct
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Fig. 2, Environmental samples collected from different materials. {A) Distribution of samples collected in different surfaces. Raw numbers of samples are indicated in front of the materials

names; (B) Distribution of positive samples among different kinds of materials.
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Fig. 3. Association between locations and materials of positive samples for SARS-CoV-2 RNA. Circos plot associating locations and surface materials of positive samples. HCU: health care

units; PS: public squares; PM: public market; BT: bus terminals; OPP: other public places.

value (<34) (Arons et al,, 2020). Furthermore, other studies have re-
ported the recovery of the virus from different surfaces, including
metal, cardboard, and plastic (Van Doremalen et al,, 2020). Different
studies have reported the detection of SARS-CoV-2 genome in different
environmental surfaces, especially inside hospital facilities, suggesting
that environmental contamination by the virus is possible (Carraturo
et al.,, 2020; Chia et al.,, 2020, Jiang et al., 2020; Wu et al., 2020; Ye
et al,, 2020). Chin and coworkers observed that SARS-CoV-2 remains vi-
able in smooth surfaces from distinct materials, including metal and
plastic, up to 4 days at 22 °C and humidity around 65% (Chin et al.,
2020). Therefore, it is possible that infectious particles could also be
recovered from the surfaces found positive for the virus RNA in this
study, especially considering that around 40% of the positive samples

identified in this study had Ct values below 34. Although the real infec-
tious potential of viruses detected in this study cannot be established,
we believe the detection of SARS-CoV-2 by molecular assays indicates
the potential risk of infection, and care must be taken to avoid further
increases in the number of COVID-19 cases. It is important to mention
that most of the positive samples in our study had very low amount of
RNA (<1 genomic unit/cm?) and such amount of virus might not be
able to trigger COVID-19 in patients. Nevertheless, the viral RNA in dif-
ferent surfaces was detected in our assays, despite the low concentra-
tion, and care must be taken to avoid possible infection.

Although Belo Horizonte has relatively few cases when compared
with other cities in Brazil, such as Sdo Paulo and Rio de Janeiro, our
data reinforce that the virus is circulating in the city and can be found
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Table 1
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Positive samples for SARS-CoV-2 RNA in surfaces at different locations in Belo Horizonte, Brazil.

Category Sample ID Surface (material) Ct value (N1) Concentration (N1} {genomic units/10 cm?)
Health care units HCU 29C Wall (brickwork) 259 67.9
HCU 2B Floor (concrete) 341 s1
HCU3 N Floor (concrete) 37.2 =1
HCU8 A Floor (concrete) 28.5 11.7
HCU12E Floor (concrete) 37.7 <1
HCU 13] Wall (concrete) 34.5 <1
HCU29A Sidewalk (concrete) 34.2 =<1
HCU29M Sidewalk (concrete) 36.8 <1
HCU 30C Floor (concrete) 36.2 <1
HCU3D Bench (metal) 34.1 <1
HCU 31 Bench (metal) 34 <1
HCU1D Bench (metal) 31.6 <1
HCU 9H Bench (metal) 36.7 <1
HCU 11C Handrail (metal) 36.4 <1
HCU9A Bench (metal) 33.1 <1
HCU 13 E Bench (metal) 36.9 <1
HCU21D Pillar (rock) 36 <1
HCU29F Bench (plastic) 23.7 299.8
HCU 29H Bench (plastic) 233 392.8
HCU 12D (glass) 36 <1
Public squares PS18R Wall (brickwork) 374 <1
PS1E Table (concrete) 33.1 <1
PS 3C Bench (concrete) 35.8 <1
PS6G Bench (concrete) 37.5 <1
PS18 X Sidewalk (concrete) 354 <1
PS15F Bench (wood) 34.8 <1
PS3K Bench (metal) 35.7 <1
PS17] Handrail (metal) 36.5 <1
PS181 Handrail (metal) 35.1 <1
PS2G Bench (rock) 35.6 <1
PS 2H Bench (rock) 34 <1
PS21 Bench (rock) 339 <1
PS 9C Bench (rock) 355 <1
PS17A Bench (rock) 32.3 <1
PS17D Bench (rock) 32 <1
PS17E Bench (rock) 34 <1
PS18 M Bench (rock) 36.9 <1
Bus terminals BT1A Handrail (metal) 32.8 <1
BT1B Handrail (metal) 34.5 <1
BT 1C Handrail (metal) 29 8.4
BT1Q Handrail (metal) 321 <1
BT1S Handrail (metal) 32.8 <1
BT1W Handrail (metal) 29 8.4
BT2D Handrail (metal) 34.7 <1
Other public places OPP 11C Floor (concrete) 36.7 <1
OPP5A Bench (metal) 36.2 <1
OPP10A Bench (metal) 38.1 <1
QPP 11 A Bench (metal) 347 21
Public market PM 1 G Wall (concrete) 36.9 =1

For PCR quantification, we consider 1 SARS-CoV-2 plaque forming unit as 1 SARS-CoV-2 genomic unit.

on surfaces such as benches, tables, handrails, and floors, and in places
with a large flow of people, such as public squares and hospital
entrances. The detection of the viral RNA at these sites indicates that ad-
equate cleaning of public environments and reinforcement of educa-
tional campaigns for hygienic and social distancing practices should be
undertaken. Given the short sampling period in this study, our data do
not support a correlation between different environmental parameters,
such as local temperature or humidity, and the detection of the virus.
Nevertheless, other studies addressed this matter and suggested that
SARS-CoV-2 remains viable for up to 7 days at 22 °C, precisely the aver-
age temperature in the days we made the sampling for virus detection
for this study (Chin et al., 2020). Furthermore, in our work, a mean of
54% of humidity was observed, and another human coronavirus,
HCoV-229E, was more stable at 50% of humidity, a similar humidity
value (Kampfet al.,, 2020). These data support the indication that viable
viruses could be recovered from places where we detected the viral
RNA. Further studies may contribute to elucidate better how frequent
we can isolate SARS-CoV-2 from inanimate surfaces in the field.

It is important to notice that the transmission of the virus in buses
seems to be considerably high, as demonstrated in China, where in a

bus with 68 individuals, one person in a 100 min trip disseminated
the virus to another 23 passengers (Shen et al.,, 2020). Although we
did not evaluate the presence of the virus inside the buses of our city,
the detection in the bus terminals and stations is an indicative that
those places are an important risk factor for people to get infected, not
only inside the buses. Our study highlights the need for the constant as-
sessment of the presence of the virus, not only in hospital facilities, but
also in places close to medical areas and with a large circulation of peo-
ple. The presence of SARS-CoV-2 in these environments can result in an
increase in the number of cases of the disease in the near future if con-
trol measures are not forcefully adopted.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.142645.
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7. Conclusdes gerais:

Estudos de prospeccdo de virus gigantes tém revelado nos ultimos anos um universo
notavel de diversidade viral em nosso planeta. Alguns representantes, como os mimivirus,
parecem ser mais abundantes e ubiquos, contendo centenas de isolados ja relatados. Ja outras
familias virais parecem ter no ambiente uma representagdo bastante rara, assim como
observado para as poucas sequéncias de yaravirus detectadas em bancos de dados de
metagendmica de diversos ambientes ao redor do mundo. O yaravirus descrito nesse trabalho
representa o primeiro isolado viral que infecta culturas de Acanthamoeba spp. e que
potencialmente pode n3o pertencer aos membros do filo Nucleocytoviricota, diferindo
fortemente de todos os outros virus de ameba ja descritos até 0 momento. Este virus possui um
genoma de dupla fita de DNA com um numero notavel de ORFans (mais de 90%), incluindo
novas proteinas estruturais. Devido a falta de informagdes filogenéticas, suas origens ainda sdo
um mistério e a analise de similaridade com outros virus ¢ bastante complicada. As novas
caracteristicas observadas no yaravirus nos levaram a propor a criagdo de um novo género
(“Yaravirus”) e familia viral (“Yaraviridae”), tendo a espécie “Yaravirus brasiliense” como
primeiro membro. Um outro representante dos grupos de virus gigantes que apresenta uma
limitada quantidade de isolados sao os pandoravirus. Por causa dessa limitagdo, muitos estudos
consideram o pangenoma desses organismos ainda em aberto, havendo muitas lacunas quanto
a biologia desses virus gigantes. Nesse trabalho, além das etapas basicas do ciclo de
multiplicag@o de diferentes isolados de pandoravirus, pudemos também identificar diversos
estagios de modificacdo estrutural pelos quais as células hospedeiras sdo submetidas durante o
curso da infeccdo. Apesar disso, ¢ importante ressaltar que muitos aspectos desse ciclo ainda
permanecem em aberto, com este trabalho fornecendo novos dados quanto ao curso da infecgéo
¢ também revelando novas questdes que estudos futuros ainda precisam responder,

especialmente ao nivel molecular.

Por fim, um outro questionamento aberto pelos estudos de prospec¢ao e caracterizacio
de virus gigantes foi o relacionado ao processo de formagdo dessas particulas virais que muitas
vezes se apresentam compostas por quantidades que podem chegar a centenas de proteinas.
Entender os componentes envolvidos na formagdo de um virion acaba por contribuir para a
discussdo sobre questdes relacionados com a evolugao dos virus, suas origens e sobre as etapas
iniciais de seu ciclo. As analises filogenéticas das 127 proteinas de tupanvirus indicam que uma
por¢do substancial da estrutura da particula foi obtida por eventos de transferéncia génica a

partir de organismos celulares, pertencentes aos trés dominios da vida. No entanto, ainda ¢



considerado um campo aberto de estudos saber se essa por¢do de genes provenientes de outros
dominios seria algo relevante quando comparado com outros membros do NCLDV. O estudo
do proteoma de outros virus gigantes se torna dessa forma um campo de estudo bastante
interessante, assim também como a analise dos dados filogenéticos dos virus que venham a ter
sua protedmica determinada, buscando entender qual a contribuic@o de outros dominios para a

formacdo de sua estrutura.
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