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RESUMO

A descoberta do primeiro virus gigante, o Acanthamoeba polyphaga mimivirus, impulsionou
debates acerca da classificacdo dos virus e seu processo evolutivo. Diversos novos virus
gigantes tém sido isolados nos ultimos anos utilizando variadas plataformas de isolamento
como orpheovirus em V. vermiformis. Essegrupo, denominado genericamente de virus grandes
ndcleo-citoplasméaticos de DNA (NCLDVs), apresenta caracteristicas Unicas nunca observadas
anteriormente em outros virus, como o tamanho de suas particulas e genomas complexos.
Alémdisso, apresentam capacidade de regular temporalmente a expressdo de seus genes. Na
medida em que novos isolados sdo descobertos, estudos tém sido conduzidos com objetivo de
aumentar o conhecimento acerca de sua biologia e interacdo com hospedeiro. Neste estudo foi
observado que a infeccdo pelo orpheovirus é capaz de mudar morfologicamente a célula
hospedeira e causar aumento de motilidade celular. Nossos dados também demonstraram que
em etapas iniciais do ciclo de multiplicacdo do orpheovirus, a fagocitose € explorada como
mecanismo de penetracéo das particulas, seguido pela formacéo de fabricas virais (FV) elétron-
luscentes. Foi observado um intenso acumulo de mitocondria e membranas ao redor dsa FV,
caracteristicas importantes no processo de morfogénese, que tem inicio com a formacdo de
crescentes que se estendem até a formacdo da particula madura. Foi observado também
mediante contagem de particulas, que estas seriam liberadas da célula hospedeira por exocitose.
Além disso, ao realizar uma analise comparativa do transcriptoma de diferentes NCLDV,
observou-se como caracteristica comum a este grupo um perfil temporal de expressao de seus
genes ao longo do ciclo de multiplicagdo, caracteristica que aparentemente se manteve ao longo
da evolucéo deste grupo de virus. Os genes expressos foram classificados em classes temporais
denominadas precoces, intermediarios e tardios. Além disso, observamos que genes envolvidos
com morfogénese viral sdo preferencialmente expressos em momentos mais tardios,engquanto
genes envolvidos na transcricdo e replicacdo de DNA sdo em sua maioria expressos em tempos
mais precoces. Dos genes expressos pelo Marseillevirus, 17% foram classificados como
precoces, 48% como intermedidrios e 33% como genes de expressdo tardia. As principais
funcdes observadas para genes precoces estdo relacionadas a replicacdo e recombinacdo do
DNA, transcricdo e transducdo de sinal, para genes intermediarios genes relacionados a
replicacdo do DNA e em etapas tardias genes estruturais. Um perfil funcional semelhante dos
genes precoces e intermediérios foi observado tanto para mimivirus quanto para vaccinia virus
(VACV) e Frog virus 3 (FV-3). Entretanto, para FV-3 e VACV, genes relacionados a



morfogénese e estrutura foram observados sendo expressos também em tempos intermediarios
e precoces. Desta forma, apesar de um padrdo comum de expressdo temporal génica dos virus
analisados ser observado, sendo uma caracteristica possivelmente herdada do ultimo ancestral
comum dos Nucleocytoviricota, é mais provavel que cada grupo viral tenha uma historia
diferente de ganho e perda de gene, possivelmente devido & interacdo com distintos
hospedeiros. Entender como os genes de um determinado patdgeno sdo expressos fornece dados

que auxiliam no entendimento tanto de sua biologia quanto na interacdo com seus hospedeiros.

Palavras chave: virus gigantes, orpheovirus, ciclo de multiplicacdo, transcriptoma, analise

funcional.



ABSTRACT

The discovery of the first giant virus, the Acanthamoeba polyphaga mimivirus, promoted
debates about virus classification and its evolutionary process. Several new giant viruses have
been isolated in recent years using different isolation platforms, as orpheovirus in V.
vermiformis. This group, generically called nucleocytoplasmic large DNA viruses (NCLDVs)
has unique characteristics never seen before in other viruses, such as the size of its viral
particles, as well as the complexity of the genomes. In addition, they have the ability to
temporarily regulate the expression of their genes. As new isolates have been discovered,
studies have been conducted with the aim of increasing knowledge about their biology and
interaction with the host. This is possible through more in-depth investigations related to the
multiplication cycle of these microorganisms. Thus, in this study it was observed that infection
by the orpheovirus is capable of morphologically changing the host cell and causing increased
cell motility. Our data also demonstrated, that in the early stages of the orpheovirus
multiplication cycle, phagocytosis is exploited as entry mechanism, and after entry, electron-
lucent viral factories are formed. It was observed an intense recruitment of mitochondria and
membranes that are important in the process of morphogenesis, that begins with the formation
of crescents that extend until the formation of the mature particle. It was also observed by
counting particles, that they would be released from the host cell by exocytosis. In addition,
when performing a comparative analysis of the transcriptome of different NCLDV, a temporal
profile of expression of their genes throughout the multiplication cycle was observed as a
common characteristic of this group, which apparently remains throughout the evolution of this
group of viruses. Furthermore, we observed that genes involved in viral morphogenesis are
preferentially expressed at later times, while genes involved in DNA transcription and
replication are mostly expressed at earlier times. Of the genes expressed by Marseillevirus,
17% were classified as early, 48% as intermediate and 33% as late expression genes. The main
functions observed for early genes are related to DNA replication and recombination,
transcription and signal transduction. For intermediate genes are related to DNA replication and
in late stages structural genes. A similar functional profile of early andintermediate genes was
observed for both mimiviruses and vaccinia virus (VACV) and Frog virus 3 (FV-3). However,
for FV-3 and VACV genes related to morphogenesis and structure were also observed to be
expressed at intermediate and early times. Thus, although a common pattern of temporal

gene expression ofthe analyzed viruses was observed, being a feature possibly inherited from



the last common ancestor of Nucleocytoviricota, it is more likely that each viral group had a
different history of gene gain and loss, possibly due to the interaction with different hosts.
Understanding how the genes of a particular pathogen are expressed provides data that help
to understand both its biology and interaction with its hosts. Understanding how the genes of a
particular pathogen are expressed provides data that help in understanding its biology and

interaction with its hosts.

Keywords: Giant viruses, orpheovirus, replication cycle
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PREFACIO

Ao iniciar em abril de 2018 o Doutorado no Programa de Pds-Graduacdo em
Microbiologia da UFMG, o tema de tese proposto inicialmente era descrever etapas que ainda
necessitavam de elucidacdo dos ciclos de multiplicacdo de virus gigantes isolados em
Vermamoeba vermiformis. A primeira etapa do estudo, a qual foi iniciada no segundo semestre
de 2018 foi realizado com objetivo de descrever detalhadamente o ciclo de multiplicagéo, bem
como caracteristicas bioldgicas e de interacdo com hospedeiro do Orpheovirus, o qual foi
cedido gentilmente pelo professor Bernard La Scola (Aix-Marseille Université/Franca). Esta
etapa foi concluida e publicada em 2019 no periddico Virology Journal, bem comoapresentado
em eventos na forma de poster e oral.

Em 2020, com o inicio da pandemia da COVID-19, o projeto sofreu adequacdes a nova
realidade. Para poder dar continuidade, teve inicio a segunda etapa da tese, a qual esta
relacionada a analise de dados de transcriptoma de diferentes NCLDV baseado em dados
obtidos em estudos anteriores. A analise teve inicio em 2020 e teve como objetivo estudar o
perfil transcricional e analisar as funcdes de cada classe de genes expressos, verificando assim
padrdes comuns dentre os integrantes estudados pertencentes aos NCLDV. Este trabalho foi
concluido em 2021 e publicado no periddico Pathogens. Neste mesmo periodo junto com o
desenvolvimento da segunda etapa da tese também foram desenvolvidos projetos paralelos
relacionados & SARS-CoV -2 e tambem auxilio no diagnostico de SARS-CoV-2 demandado
pela Secretaria Estadual de Sadde de Minas Gerais no enfrentamento a pandemia de COVID
19.

Desta forma, esta tese foi dividida em dois capitulos, cada um compilando as atividades

realizadas e os resultados obtidos referentes aos projetos mencionados acima.
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JUSTIFICATIVA

Muito da virologia moderna foi construida considerando os virus que acometem os seres
humanos, bem como animais e plantas de interesse econdmico,contribuindo para a construcao
de uma virosfera antropocéntrica. Apesar disso,sabe-se que a grande maioria destas entidades
bioldgicas ndo estdo associadas diretamente a estes organismos. Cada vez mais € necessario
estudo de virus que ndo infetam humanos para compreensdo de fendmenos bioldgicos novos.
O maior interesse por estes, como 0s virus gigantes de ameba, possibilitou a descoberta de
centenas de novas espécies. Porém, ainda existem poucos isolados utilizando V. vermiformis
como plataforma de isolamento.

Apesar de os mimivirus apresentarem o maior nimero de representantes e serem bem
caracterizados pela literatura, ha pouca informacéo sobre outros grupos de virus gigantes, assim
como algumas etapas do ciclo de multiplicacdo e funcdo de algumas proteinas ainda ndo
totalmente compreendidas. Os virus gigantes apresentam diferencas notaveis acerca do ciclo de
multiplicacdo e estrutura dos virions de cada grupo. Além disso, estes virus apresentam
capacidade de regular temporalmente a expressao de seus genes, algo comum em todos 0s virus
gigantes conhecidos até 0 momento. Desta forma, estudos visando maior compreensdo das
particularidades de cada etapa do ciclo de multiplicacdo, bem como sua interacdo com
hospedeiro sdo importantes para melhor entendimento da diversidade de caracteristicas deste
grupo de virus.

Alem de informagdes sobre a biologia e aspectos do ciclo de multiplicacdo dos virus
pertencentes ao filo Nucleocytoviricota serem necessarias, muitos aspectos relacionados ao
perfil transcricional destes virus ainda ndo estdo completamente elucidados. Compreender de
forma mais aprofundada como estes mecanismos ocorrem nos fornecem também informacdes
sobre sua interacdo com hospedeiro e nos permitem inferir sobre sua historia evolutiva. Desta
forma, o presente trabalho buscou fornecer valiosas informacdes para elucidagéo de etapas do
ciclo de multiplicacdo do orpheovirus, contribuindo assim para maior compreensdo desse novo
virus gigante. Ainda, por meio de amplas analises comparativas dos transcriptomas disponiveis
dos virus gigantes, buscamos compreender melhor o perfil de regulacao e expressao génica de

Nucleocytoviricota.
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CAPITULO I
CARACTERIZACAO DO CICLO DE MULTIPLICACAO DO ORPHEOVIRUS EM

Vermamoeba vermiformis
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1 INTRODUCAO
1.1 Virus grandes nucleo-citoplasmaticos de DNA

Os virus foram primeiramente descritos no final do século dezenove, como agentes
infecciosos filtraveis e ultramicroscépicos (LWOFF, 1957). Séo tradicionalmente conhecidos
por serem entidades parasitas intracelulares obrigatérios e por apresentarem pequenas
dimensBes, além de pequenos genomas capazes de codificar proteinas estruturais e nao
estruturais (VAN ETTEN et al., 2010). No entanto, apds a descoberta do Paramecium bursaria
chlorella virus 1 (PBCV-1), que foi classificado sendo pertencente a familia Phycodnaviridae,
foicriado um novo grupo de virus denominado virus grandes nucleo-citoplasmaticos de DNA
(NCLDV) (VAN ETTEN E MEINTS, 1999). Este grupo de virus apresentacaracteristicas
distintas de outros j& descritos, como tamanho das particulas e do genoma, certo grau de
independéncia do sistema transcricional do hospedeiro, e o ciclo de multiplicacdo viral ocorre
parcialmente no citoplasma da célula hospedeira (COLSON et al., 2011; COLSON et al.,
2012).

No grupo dos NCLDV, atualmente esta inclusa a familia Asfarviridae constituida por
virus envelopados, de simetria icosaédrica com aproximadamente 170-190 nm de didmetro
capazes de infectar suinos. Esta familia tem como principal representante o African swine fever
virus (ASFV), pertencente ao género Asfivirus, o qual é transmitido por carrapatos do género
Ornithodoros. Seu genoma é constituido de uma dupla fita de DNA (dsDNA) podendo variar
entre 160 a 190 kpb, capaz de codificar entre 151 a 167 ORFs (GALINDO et al., 2017).

A familia Poxviridae também faz parte o grupo dos NCLDV. Atualmente em sua
classificacdo é dividida em duas subfamilias: Entomopoxvirinae composta pelos géneros
Alphaentomopoxvirus, Betaentomopoxvirus e Gammaentomopoxvirus, nos quais estao
classificadas as espécies capazes de infectar insetos, e Chordopoxvirinae, constituida por dez
géneros em que estdo classificados os virus que infectam vertebrados. Dentre os virus mais
conhecidos e estudados estdo o virus da variola (VARV), vaccinia (VACV), cowpox (CPXV)
e monkeypox (MPXV) pertencentes a subfamilia Chordopoxvirinae, sendo responsaveis por
diversos surtos de doengas exantematicas, tanto em humanos quanto em animais.Apresentam
uma morfologia complexa de aproximadamente 250 nm, e seu genoma é composto de dsDNA

linear, variando de 128 a 365 kpb em seu tamanho, o qual codifica aproximadamente 200 genes



17

(OLIVEIRA et al, 2017; KROON et al, 2011).

A familia Iridoviridae, também pertencente a este grupo, é dividida em duas
subfamilias. Alfhairidovirinae € constituida pelos géneros Ranavirus, Megalocytivirus e
Lymphocystivirus. Os membros pertencentes a estes trés géneros sdo capazes de infectar
vertebrados ectotérmicos como peixes, anfibios e répteis, tendo como principal representante o
Frog virus 3, pertencente a0 género Ranavirus. No entanto, as espécies que constituem a
subfamilia Betairidovirinae, na qual pertencem os géneros Iridovirus e Chloriridovirus
infectam insetos e crustaceos. Possuem particulas ndo-envelopadas de simetria icosaédrica
variando entre 150- 200 nm de didmetro. O genoma é constituido de dsDNA linear de
aproximadamente 103-220 kpb, sendo capaz de codificar entre 92-211 proteinas preditas
(CHINCHAR et al, 2017).

A familia Ascoviridae é dividida nos géneros denominados Ascovirus e Toursvirus. As
espécies pertencentes a estes géneros infectam estagios imaturosde insetos, em sua maioria
os pertencentes a familia Noctuidae, e sdo transmitidos através de vetores da familia Braconidae
e Ichneumonidae. O género Ascovirus inclui as espécies Spodoptera frugiperda ascovirus la
(SfAV 1a), Trichoplusia ni ascovirus 2a (TnAV 2a) e Heliothis virescens ascovirus 3a (HVAV
3a), enquanto o género Toursvirus contém somente a espécie Diadromus pulchellusascovirus
4a (DpAV 4a) (HAN et al., 2018). As particulas possuem aproximadamente 130 nm de
didmetro e 200-400 nm de comprimento, e apresentam formato baciliforme, ovdide ou alant6ide
de acordo com a espécie. Seu genoma € composto de dsDNA circular de aproximadamente 100-
200 kpb, e codifica entre 117 e 180 proteinas (ASGARI et al., 2017).

Além das familias descritas, a familia Phycodnaviridae também pertence ao grupo dos
NCLDV. Seus membros sdo caracterizados por infectar algas e sdoclassificados nos géneros
Chlorovirus, Coccolithovirus, Prasinovirus, Prymnesiovirus, Phaeovirus e Raphidovirus.
Apresentam particulas de simetria icosaédrica que variam entre 120-220 nm de didmetro. O
genoma € composto de dsDNA de aproximadamente 100-550 kb variando de acordo com a
espécie, e apresenta conteudo de G+C entre 40 e 50% (WILSON et al., 2009).

Os virus pertencentes ao grupo dos NCLDV caracterizam-se por apresentar um extenso
genoma de DNA (entre 100 kb e 2,2 Mb), capaz de codificar genes para proteinas necessarias

no processo de replicacdo e reparo do material genéticocomo DNA polimerases, helicases,



18

toposoimerases e chaperonas (YUTIN et al.,, 2009; RAOULT et al., 2004). Além disso,
apresentam um conjunto de 30 genes homdlogos conservados na maioria dos virus que auxiliam
no processo de replicacdo, metabolismo do DNA, montagem e empacotamento do capsideo
(FILEE et al., 2010). De acordo com analises filogenéticas e filéticas, alguns autores propdem
que estes virus se originam de um mesmo ancestral comum (COLSON et al., 2012; COLSON
et al., 2013). Atualmente foi proposta uma nova classificacdo, sendo este grupo pertencente a
classe Megaviricetes e Pokkesviricetes no caso das familias Asfaviridae e Poxviridae, sendo
pertencentes ao filo Nucleocytoviricota (KOONIN et al., 2020).

Subsequentemente a descoberta do Acanthamoeba polyphaga mimivirus (APMV), cuja
espécie é pertencente a familia Mimiviridae, o grupo obteve maior notoriedade e
consequentemente aumento do interesse e pesquisas. Sendo assim, muitos isolados foram
obtidos a partir de estudos de prospeccdo que buscam obter mais informacfes acerca da
diversidade e dispersdo destes virus. Desta forma, as familias Mimiviridae e Marseilleviridae
passaram a integrar o grupo dos NCLDV (LA SCOLA et al., 2003; COLSON et al., 2013).
Além disso, com os novos estudos o grupo dos NCLDV foi cada vez mais sendo ampliado e
avancando também em sua classificacdo taxondmica, formando assim um novo filo
mencionado anteriormente denominado Nucleocytoviricota. (PHILIPPE etal., 2013; RETENO
et al., 2015; BAJRAI et al., 2016; ANDREANI et al.,, 2016; LEGENDRE et al.,2014;
LEGENDRE et al., 2015; ANDREANI et al., 2017; ANDREANI et al., 2018; YOSHIKAWA
et al., 2019; KOONIN et al., 2020).

1.2 Descoberta dos virus gigantes

O primeiro virus gigante foi isolado a partir de amostras de dgua oriundas de torres de
resfriamento de ar condicionado durante a investigacdo de um surto de pneumonia em um
hospital de Bradford, na Inglaterra em 1992. Com o objetivo de caracterizar microrganismos
patogénicos associados a amebas, os pesquisadores inocularam as amostras de agua em culturas
de Acanthamoeba polyphaga e observaram a presenca de supostos cocos Gram-positivos,
denominados a época “cocos de Bradford” (Fig. 1). Estes microrganismos apresentaram um
perfil de resisténcia completa aos antibioticos testados e ndo apresentaram amplificacdo por
reacdo em cadeia da polimerase (PCR) do gene 16S DNA ribossomal, comumente utilizados
na caracterizacdo de bactérias (LA SCOLA et al., 2003; RAOULT et al., 2007).
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Figura 1. Microscopia Optica em que se observa APMV (pontos em violeta) no interior de uma célulade ameba
utilizando a coloragdo pelo método de Gram. Fonte: RAOULT et al., 2007.

No inicio dos anos 2000, pesquisadores da Universidade de Marseille, na Franca, sob
orientacdo do Dr. Didier Raoult, realizaram estudos mais aprofundados, e observaram a partir
de microscopia eletronica, a presenca de estruturas icosaédricas semelhantes a estruturas ja
observadas nos iridovirus, porém com aproximadamente 750 nm de diametro (Fig. 2). Apos
sequenciamento e analise do genoma, foi confirmado que o microrganismo se tratava de um
novo virus, 0 APMV (LA SCOLA et al., 2003; RAOULT et al., 2007). Por apresentarem
caracteristicas distintas de outros virus, o género Mimivirus e a familia Mimiviridae foram
criadas (LA SCOLA etal., 2003).

Figura 2. A) Microscopia eletrnica de transmissdo de uma particula viral de APMV evidenciando o capsideo
envolto por fibrilas; B) Célula de Acanthamoeba polyphaga infectada por APMV demonstrando as FV. Fonte:
AHERFI et al., 2016.
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1.3 Caracteristicas bioldgicas e do ciclo de multiplicacdo de alguns virusgigantes isolados
em Acanthamoeba

Apo6s o isolamento do APMV, muitos outros virus gigantes foram isolados em
Acanthamoeba spp. As amebas de vida livre (AVL) pertencentes ao género Acanthamoeba sé&o
protozoarios cosmopolitas e ubiquos em ambientes naturais.Seu isolamento € descrito tanto
de amostras de agua, quanto de solo e ar (KOT et al., 2018). Podem ser encontrados em
reservatorios naturais e artificiais de agua, bem como em amostras de poeira, ventiladores, ar-
condicionado, fluidos para lentesde contato e equipamentos médicos, incluindo unidades
dentarias e estacbes de dialise (KHEZRI et al., 2016; TAWFEEK et al., 2016; KROL-
TURMINSKA et al., 2017). Além disto, podem ser isoladas em materiais bioldgicos incluindo
culturas de bacteérias, lavado gastrico, liquido cérebro-espinhal, escarro, lavado broncoalveolar,

nasofaringe, rins e corneas (KOT et al., 2018).

Amebas séo organismos anfizdicos, sendo assim tem a capacidade de existir tanto na
forma de vida livre na natureza, quanto parasitaria no tecido hospedeiro (KOT et al., 2018).
Podem ser encontrados na fase metabolicamente ativa de trofozoito, no qual possui
aproximadamente 13-40 um. Nesta fase, apresenta um nucleo contendo um nucléolo central,
vacuolos digestivos e estruturas em sua superficie denominadas pseudopodes responsaveis pelo
movimento ameboide (KHAN et al., 2006). Apds periodos de condi¢cbes ambientais ou
nutricionais desfavoraveis, entram em sua fase latente de cisto. Apresentam formato
arredondado de até 25 pm, envolvido por duas camadas denominadas ectocisto, localizada na
parte mais externa, e endocisto localizado na parte interna do organismo. Além disso, sdo
resistentes a condicdes desfavoraveis de temperatura, radiacéo ultravioleta, variacdes osméticas

e de pressdo e compostos organicos(KOT et al., 2018).

Algumas destas espécies de amebas estdo relacionadas com doencgas graves como
encefalite amebiana granulomatosa, acantamebiase cutanea, ceratite amebiana e
meningoencefalite amebiana primaria (VISVESVARA, 2013). Alguns microrganismos
patogénicos associados a amebas (MPAA) podem ser carreados, sendo considerados agentes
causadores de pneumonia como 0s pertencentes aos géneros Legionella, Parachlamydia e
Mycobacterium, sendo capazes de resistir ao ambiente intracelular apds serem fagocitados por
amebas, e se multiplicar (LA SCOLA et al., 2003). Com o isolamento do primeiro mimivirus

em A. polyphaga, juntamente com a atencdo atribuida as AVLs recentemente, aumentou a
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importancia do papel dos virus gigantes como microrganismos associados a amebas
(ABRAHAO et al., 2014).

7.3. 71 Familia Mimiviridae

Os mimivirus possuem caracteristicas Unicas, entre elas uma particula que apresenta um
diametro préoximo de 750 nm (Fig. 3). O capsideo apresenta aproximadamente 500 nm de
didmetro e é revestida por fibrilas de aproximadamente 120 nm, as quais parecem ser envoltas
por compostos que se assemelham a peptideoglicanos (XIAO et al., 2009). Acredita-se que elas
sejam importantes nos processos de estimulo de fagocitose e agregacdo viral, visto que
ocorre uma diminuicdo significativa da adesao viral as células de amebas na auséncia de fibrilas
(RODRIGUES et al., 2015). Além disso, ¢é possivel que suas fibrilas também exercam outras

funcdes como aumento da resisténcia viral a condi¢des externas como calor e radiagdo UV.

O capsideo possui estrutura complexa, com simetria pseudo-icosaédrica devido a uma
depressao central em um dos eixos denominada star-gate, sendo responsavel pela liberacao do
material genético viral durante o ciclo de multiplicacdo(XIAO et al., 2009). Em sua estrutura
ha uma membrana lipidica interna imersa em uma matriz fibrosa, que envolve o genoma viral.
Acredita-se que algumas caracteristicas da estrutura viral sdo decorrentes de genes adquiridos
por transferéncia génica horizontal (TGH), uma vez que essas caracteristicas sao semelhantes
as encontradas em células eucarioticas, em bacteriofagos e até mesmo em algumas bactérias
(XIAQO et al., 2009).

Figura 3. APMV observado através de microscopia eletronica de transmissao. (A) particula viral completa com o
capsideo envolto por fibrilas; (B) destaque para as estruturas presentes na particula. F: fibrilas; PL: camadas

externas do capsideo; IM: membrana interna; CW: parede do cerne; Core: cerne. Fonte: ABRAHAO et al., 2014.
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Seu genoma é constituido de uma molécula de DNA dupla fita linear com
aproximadamente 1,2 Mb, e capaz de codificar cerca de 1000 proteinas, muitas ainda nao
caracterizadas e/ou nunca antes observadas em outros virus (RAOULT et al., 2004;
LEGENDRE et al., 2011). Alguns de seus genes estdo relacionados ao processo de traducéo,
como os que codificam aminoacil-tRNA sintetases (aaRS), fatores de iniciacdo, elongacdo e
terminacdo da cadeia polipeptidica. Tais fatores podem estar associados a uma relativa
autonomia do virus em relacdo aos fatores cognatos celulares durante sua multiplicag&o.
Todavia, tal hip6tese necessita ainda de confirmacdo experimental (COLSON et al., 2013;
COLSON etal., 2011).

Atualmente a familia Mimiviridae € constituida pelos géneros Mimivirus e
Cafeteriavirus. O género Mimivirus é dividido em linhagem A, na qual pertence APMV,
linhagem B representada pelo Acanthamoeba polyphaga moumouvirus, isolado a partir de
amostras de agua de torres de resfriamento de ar condicionado coletadas no sul da Franca
(YOOSUF et al., 2012), e linhagem C, representada pelo megavirus chiliensis, isolado de
amostras de agua coletadas na costa do Chile (ARSLAN et al., 2011). O género Cafeteriavirus
possui um Unico isolado, denominado Cafeteria roenbergensis virus, que infecta o
microflagelado Cafeteria roenbergensis, sendo identificado pela primeira vez em amostras de
aguas coletadas na costa do Texas na década de 1990 (FISCHER et al., 2010).

Por apresentarem particulas com grandes dimensdes, foi descrito que nas etapas iniciais
do ciclo de multiplicagdo dos mimivirus ocorreria a penetracdo das particulas na célula
hospedeira por meio de fagocitose (ANDRADE et al., 2017). Ap6s a fusdo da membrana interna
viral e endossomal, ocorre a abertura do star- gate e 0 genoma € liberado no citoplasma da
célula. Posteriormente se estabelece uma fase de eclipse, em que as particulas virais ndo sao
visualizadas (MUTSAFI et al., 2010). O ciclo multiplicacdo ocorre inteiramente no citoplasma
da celula hospedeira (Fig. 4), entretanto pode ndo ser um processo independente do nucleo,
visto que pode haver participacdo de fatores nucleares importantes ao processo de replicacao
(MUTSAFI et al., 2010; ABRAHAO et al., 2014). No interior das FV ocorrea formacdo de

proteinas constituintes do capsideo e star-gate, bem como replicacdo e transcricdo do DNA
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viral, na qual ocorre de forma temporal com expressdo de genes precoces, intermediarios e
tardios (LEGENDRE et al., 2010). Uma vez que FV maduras sdo formadas, nas quais sao
divididas em diferentes zonas, se inicia 0 processo de morfogénese com a formacdo de
estruturas lamelares. A medida que estas estruturas vdo aumentando em complexidade, sio
encaminhadas para a periferia da fabrica viral onde ocorre a incorporacdo de genoma e
aquisicéo de fibrilas concomitantemente. A aquisicao de fibrilas parece ocorrer em uma zona
menos elétron-densa da fabrica viral, denominada &rea de aquisicio de fibrilas.
Posteriormente as particulas maduras sdo liberadas da célula hospedeira por meiode lise
celular (ANDRADE et al., 2017).
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Figura 4. Esquema representativo do ciclo de multiplicagdo dos mimivirus, demonstrando a penetracdo por
fagocitose e fusdo das membranas viral e endossomal, abertura de star-gate e liberacdo do genoma no
citoplasma da célula, replicacéo do genoma, formagéao de particulas nas FVe liberacdo de particulas virais
maduras por lise celular. Fonte: ANDRADE et al., 2017.
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7.3 .ZFamilia Marseilleviridae

Apos o isolamento dos mimivirus, houve um aumento do interesse e uma maior busca
por novos virus gigantes, o que levou ao isolamento de novas espécies. Em 2009, a partir de
amostras de aguas coletadas em torres de resfriamento de ar condicionado em Paris, na Franca,
foi isolado um novo virus gigante em cultura de A. polyphaga nomeado Marseillevirus
marseillevirus (MsV). Por apresentar caracteristicas distintas dos mimivirus, possuindo
capsideo de simetria icosaédrica de aproximadamente 250 nm e um genoma completamente
novo (Fig. 5), foi criada uma nova familia viral denominada Marseilleviridae (BOYER et al.,
2009), a qual é dividida em linhagens A, B, C, D e E (DOS SANTOS et al., 2016).

Marseillevirus, no qual se observa uma ou mais particulas envolvidas em vesiculas. Fonte: ARANTES et al.,
2016

O genoma dos Marseillevirus € constituido por uma molécula de DNA dupla fita
circular variando entre 350-380 kbp. E capaz de codificar 455-486 proteinas, demonstrando
uma alta capacidade de codificacdo, também observados em outros membros dos NCLDV
(AHERFI et al., 2014). O contetido de seu genoma é composto 45% por G+C e é caracterizado
por apresentar considerdvel nivel de mosaicismo, sendo muitos genes adquiridos por
transferéncia génica lateral (TGL) compartilhados com bactérias, virus e eucariotos, incluindo
amebas (BOYER et al., 2009). Analises filogenéticas demonstraram que 11% dos genes dos
Marseillevirus sdo similares a outros virus gigantes, 11% similares a genes de bactérias e 19%
a eucariotos (AHERFI et al., 2014; THOMAS et al., 2011; BOYER et al., 2009).



25

Devido os Marseillevirus apresentarem particulas menores de 500 nm, tamanho
necessario para desencadear a fagocitose, sua penetracdo na célula hospedeira se da por meio
de vesiculas entre 300-1000 nm podendo conter até1000 particulas. Neste caso, é observada
a fusdo das membranas das vesiculas com a membrana da célula para liberacéo das particulas
no citoplasma. Aléem disso, € sugerido que outro mecanismo de penetracdo destes virus seria
por meio de fagocitose de aglomerados de particulas ou por endocitose de particulas isoladas
(ARANTES et al., 2016). Apos a fusdo da membrana interna viral e endossomal ocorre a
liberacdo do genoma no citoplasma da célula. Posteriormente, séo estabelecidas FV onde se
observa o recrutamento de endossomos, os quais dao origem a membrana interna viral durante
a morfogénese de novas particulas (ARANTES et al., 2016). Durante a sintese de novas
particulas é observada a formac&o de estruturas semicirculares mais elétron-densas que vao se
estendendo e sendo preenchidas com o contetdo interno da particula até a formagdo de
particulas maduras. As particulas maduras podem ser liberadas da célula isoladamente ou

envoltas por vesiculas.

1.3.3 Pandoravirus

Em 2013, dois novos isolados virais apresentavam caracteristicas morfologicas distintas
comparados aos demais virus gigantes isolados até 0 momento, possuindo particulas virais de
forma oval com aproximadamente 1 pm de comprimento e 0,5 um de diametro (Fig. 6)
(PHILLIPE et al., 2013). Estes dois novos isolados foram denominados Pandoravirus salinus e
Pandoravirus dulcis.Foram isolados a partir de amostras de sedimento coletado em um rio na
costa do Chile e de agua de uma lagoa em Melbourne, na Austrdlia respectivamente. O
Pandoravirus salinus apresenta um genoma de aproximadamente 2,45 Mb, e o Pandoravirus
dulcis apresenta um genoma de 1,91 Mb (PHILLIPE et al., 2013). Subsequente, o terceiro virus
deste grupo foi isolado a partir de amostras de lentes de contato de um paciente com ceratite,
denominado Pandoravirus inopinatum (ANTWERPEN et al., 2015).
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Figura 6. Microscopia de varredura (A) e de transmissdo (B) mostrando células de A. castellanii fagocitando
particulas de pandoravirus. Fonte: ANDRADE et al., 2019.

Como descrito anteriormente para outros virus gigantes, as particulas depandoravirus
penetram na célula hospedeira através de fagocitose. A particula é transportada para o
citoplasma da célula através de fagossomos que posteriormenteirdo se fundir com lisossomos.
Desta forma, € estimulado o desnudamento das particulas de pandoravirus, e devido a abertura
de um ostiolo localizado no apice da particula ocorre a liberagdo do genoma no citoplasma da
célula. Posteriormente a fase de eclipse estabelecida, grandes areas elétron-lucentes sao
formadas em regiGes perinucleares, denominadas FV. Ao contrario do descrito para outros virus
gigantes, o nucleo celular ndo permanece durante a infeccdo por pandoravirus(ANDRADE et
al., 2019).

No interior das FV é observada a sintese de novas particulas que tem inicio similar ao
descrito para outros virus gigantes com a formacao de estruturas semicirculares elétron-densas.
Estas estruturas vdo se expandindo e sendo preenchidas com seu conteudo interno até a
formac&o de particulas maduras. Tambeém é descrito que a morfogénese pode ter inicio tanto
pelo &pice da particula, quanto por sua face oposta (ANDRADE et al., 2019). Além disso, foi
demonstrado através de ensaios enzimaticos e de imunofluorescéncia que o tegumento que
constitui a ultraestrutura dos pandoravirus é composto de celulose. Posteriormente, as
particulas podem ser liberadas através de lise celular ou exocitose (ANDRADE et al., 2019;
BELHAOUARI et al., 2019).
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1.3.4 Pithovirus

Apresentando morfologia semelhante a dos pandoravirus, o Pithovirus sibericum foi
isolado em 2014, em culturas de A. castellanii, a partir de amostras de permaforst siberiano
datado de 30.000 anos. As particulas virais medem cerca del,5 um de comprimento e 0,5
um de didametro (Fig. 7). A camada externa do capsideo possui 60 nm de espessura €, a0
contrario dos pandoravirus, na abertura apical apresenta uma estrutura em forma de grade
hexagonal denominada cork. Apesar de apresentar particulas com grandes dimensdes, seu
genoma possui 610 kpb, e é constituido de dsDNA linear. E capaz de codificar 467 proteinas,
e seu conteudo de G+C é de aproximadamente 64% (LEGENDRE et al., 2014).
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Figura 7. Microscopia eletronica de transmissdo demonstrando células de A. castellanii infectadas porPithovirus

sibericum, onde pode-se observar a estrutura do cork destacado com a seta preta e particulas em formagéo nas
setas brancas. Fonte: LEGENDRE et al., 2014.

Seu ciclo de multiplicacdo tem duracdo entre 10 a 20 horas. Nas fases iniciais, as
particulas virais penetram na célula hospedeira por meio de fagocitose. Em seguida as particulas
perdem sua estrutura apical, o que permite a fusdo da membrana lipidica viral com a membrana
do vacuolo, formando um canal entre 0 compartimento interno do virion com o citoplasma da
célula. Sendo assim, o genoma ¢é liberado no citoplasma da célula. Ao contrério do descrito
para os pandoravirus, 0 nucleo permanece durante toda a infecgdo. A sintese de novas particulas
ocorre na periferia da fabrica viral, tendo inicio com a formacéo de estruturas retangulares
com cork em sua face apical. Subsequente, a camada externa destas estruturas fica mais espessa
assumindo a forma ovdide, e adquirem também a camada estriada de seu tegumento. Apos 6-8
horas de infeccdo, particulas virais em diferentes estagios de maturacdo podem ser observadas
na fabrica viral. Posteriormente as particulas virais maduras sdo liberadas por exocitose ou
lise das células hospedeiras (LEGENDRE et al., 2014).
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1.3.5 Cedratvirus

Em 2016, foi isolado um novo virus gigante geneticamente semelhante aos pithovirus,
a partir de amostras coletadas na Argélia. O cedratvirus, assim denominado, possui particulas
virais que medem cerca de 1.2 um de comprimento e 0,5 um de didmetro (Fig. 8), apresentando
forma oval e poros apicais nas duas extremidades das particulas, o que os diferencia dos
pithovirus (ANDREANI et al., 2016). O genoma do Cedratvirus All é constituido por uma
molécula de DNAcircular de dupla fita, com aproximadamente 589.068 pb, no qual é composto
por 42,6% de C+G, e codifica 574 proteinas preditas. Dos genes preditos, 69,2% possuem
sequéncias homologas no GenBank e 30,8% sdo definidas como ORFans,por ndo possuirem

similaridade significativa com qualquer gene conhecido (ANDREANI et al., 2016).

qual se observam particulas maduras acumuladas no citoplasma da célula. Fonte: ANDREANI et al., 2016.

Devido a existéncia de lacunas acerca das etapas do ciclo de multiplicacdo dos
cedratvirus, foram realizados ensaios com inibidores de fagocitose e microscopias eletrénicas
de transmissdo e varredura. Desta forma, foi demonstrado que nas etapas iniciais as particulas
sdo internalizadas pela célula hospedeira por meio de fagocitose. Posteriormente ao
desnudamento da particula que ocorre devido a abertura dos poros de suas extremidades, o
genoma € liberado no citoplasma da célula. A partir disso, grandes areas elétron-lucentes sdo
formadas em regides perinucleares denominadas FV, onde ocorre a morfogénese. Nestaregido
foi observado um intenso recrutamento de membranas, as quais sdo importantes na etapa de

sintese de novas particulas (SILVA et al., 2018).

A morfogénese pode ocorrer tanto na periferia, quanto no interior das FV, e tem inicio
com a formacdo de estruturas semicirculares elétron-densas denominadas crescentes virais.

Estas estruturas se expandem e sdo preenchidas com seu contetdo interno. Nesta fase as
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particulas apresentam formato de retangulos e somente um poro é observado. Apds seu
completo fechamento, os poros das duas extremidades sdo formados, e com o0 espessamento da
parede interna as particulas assumem formato ovoide. Nas etapas finais do ciclo de
multiplicacdo as particulas maduras sdo liberadas por exocitose ou por lise celular (Fig. 9)
(SILVA et al., 2018).
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Figura 9. Esquema do ciclo de multiplicacdo dos cedratvirus evidenciando particulas sendo fagocitadas,
desnudamento e liberagdo do genoma no citoplasma da célula, sintese de novas particulas no interior e na periferia

das FV e liberacdo das particulas por lise celular e exocitose. Fonte: SILVA et al., 2018.

1.4 Caracteristicas bioldgicas e do ciclo de multiplicacdo de virus gigantesisolados em

Vermamoeba vermiformis

A utilizacdo de diferentes espécies de amebas tem contribuido para o aumento da
identificacdo de novos virus gigantes. Desta forma, estudos tém descrito o isolamento de novos
virus utilizando como modelo celular Vermamoeba vermiformis (RETENO et al., 2015;
BAJRAI et al., 2016). Sua distribuicdo é relatada em diversos paises sendo recuperadas tanto
de ambientes artificiais, quanto de ambientes naturais (Fig. 10). S&o isoladas principalmente
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em ambientes aquaticos como agua de torneira, fontes, piscinas e aguas superficiais, bem como
em éguas utilizadas para consumo, esgoto e plantas de tratamento de agua. Também podem ser
encontradas em ambientes hospitalares, sendo em alguns estudos mais isoladas comparado
as espécies Acanthamoeba (ROHR et al., 1998; PAGNIER et al., 2015; OVRUTSKY et al.,
2013). Além disso, foi descrito seu isolamento emlentes de contato, amostras de biopsia de
cornea e de pacientes com ceratite(DELAFONT et al., 2018). V. vermiformis sdo raramente
responsaveis por doencas em humanos, porém alguns casos de ceratite e danos a cérnea séo
reportados (AITKEN et al., 1996; ABEDKHOJASTEH et al., 2013).

Assim como descrito para outras AVL, a V. vermiformis também pode ser reservatorio
ou veiculo de diversos microrganismos patogénicos como Legionella, Mycobacterium e
Clamidia. Desta forma, contribuem para a regulacdo das comunidades microbianas, mantendo
0 tamanho da populacdo, promovendo a diversidade de espécies de microrganismos e
sustentando o fluxo de energia e matéria através das redes alimentares (DELAFONT et al.,
2018).

Apresentam trofozoitos de morfologia alongada com vacuolos em seu citoplasma, e
uma zona hialina anterior que indica a dire¢do de sua locomoc¢do. Apresentam também duas
fases em seu ciclo de vida, sendo trofozoito metabolicamente ativa, e a fase de cisto de laténcia.
Seus cistos tem aproximadamente 6 um e apresentam formato arredondado. Assim como
descrito para Acanthamoeba, os cistos sdo constituidos de duas camadas denominadas ectocisto
e endocisto com 50 e 140 nm de espessura, respectivamente. Estes sdo caracterizados por
apresentar resisténcia a condicdes desfavoraveis de temperatura, pH e mudancas de
osmolaridade (DELAFONT et al., 2018).
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Figura 10. Mapa esquematico da distribuicdo de V. vermiformis, no qual demonstra em azul ospaises em

que seu isolamento foi descrito. Fonte: DELAFONT et al., 2018.

1.4 .1 Faustovirus

O Faustovirus E12 foi o primeiro virus gigante isolado em Vermamoeba vermiformis, a
partir de amostras de esgoto coletadas na cidade de Marseille, na Franca. Este virus apresenta
capsideo de simetria icosaédrica, medindo cerca de 200 nm, sem a presenca de fibrilas (Fig.
11). O genoma do Faustovirus é composto por uma molécula de DNA circular de dupla fita,
com 466.265 pb, sendo 36%constituido de G+C. Codifica 451 proteinas preditas, dispondo
de uma capacidadede codificacdo de 85% (RETENO et al., 2015).
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Figura 11. Microscopia eletrénica de transmissdo demonstrando infeccdo de Vermamoeba vermiformis por
Faustovirus mariensis, onde sdo observadas particulas em diferentes estagios de maturacdo durante a morfogenese

no citoplasma da célula, bem como agrupadas em formato de colmeia. Fonte: BORGES et al., 2019.

O ciclo de multiplicacdo do Faustovirus tem duracdo de 18-20 horas, tendo inicio com
a internalizacdo das particulas virais, as quais podem ser detectadas nos fagossomos do
hospedeiro 2-4 horas apds a infeccdo (RETENO et al., 2015). Posteriormente ocorre a fusdo
das membranas lipidicas virais e do vacuolo para liberagdo do genoma no citoplasma da célula.
Em seguida s&o formadas FV elétron- lucentes, nas quais se observa intenso recrutamento de
membranas e mitocondrias. Estas se localizam em regibes perinucleares, e em seu interior
ocorre a sintese de novas particulas. Assim como observado para outros virus gigantes, a
morfogénese tem inicio com a formagéo de estruturas semicirculares elétron-densas, que se
estendem e s&o preenchidas com seu contetdo interno até a formacdo de particulasmaduras
(BORGES et al., 2019). Em estudo recente algumas particulas foram observadas no interior do
ndcleo celular, porém mais estudos sdo necessarios para elucidacao deste achado (BORGES et
al., 2019).

Além disso, também foi descrito em fases posteriores do ciclo de multiplicacdo do
Faustovirus, que ap6s a formacdo de particulas maduras estas se organizam no citoplasma em
forma de colméia. Ao contrario do descrito para mimivirus e pandoravirus, exocitose ndo foi

observada como forma de liberacdo das particulas, sendo lise celular a principal estratégia de
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liberag&o descrita até o momento (BORGES et al., 2019).
1.4.2 Kaumoebavirus

O segundo virus gigante isolado em V. vermiformis foi o kaumoebavirus, a partir de
amostras de esgoto coletadas na cidade de Jeddah, na Arabia Saudita. Este virus apresenta um
capsideo de simetria icosaédrica de 250 nm de diametro, dispondo de estrutura semelhante a
observada anteriormente no faustovirus (Fig.12) (BAJRAI et al., 2016). O genoma do
kaumoebavirus é composto de uma molécula de DNA dupla fita na forma circular com 350.731
pb, sendo 43,7% composto de C+G. Codifica 465 proteinas preditas contendo de 113 a 6.209
nucleotideos, representando uma capacidade de codificagdo de 86%. De acordocom anélises
filogenéticas, 59% dos genes preditos sao similares aos encontrados em outros virus gigantes,
principalmente faustovirus e asfarvirus, 15% com genes presentes em bactérias e 25% com

genes presentes em eucariotos (BAJRAI et al., 2016).

Figura 12. Microscopia el

com kaumoebavirus, onde se observam particulas no citoplasma celular em estagios mais precoces de infecgdo e

em estagios finais acumulando-se no citoplasma da célula. Fonte: BAJRAI etal., 2016.

O ciclo de multiplicagdo tem duragdo de cerca de 20 horas. Similar a outros virus
gigantes, inicia pela penetracdo através da fagocitose. Apds fagocitose duasou mais particulas
sdo observadas no interior de vacuolos. Posteriormente ao desnudamento, ocorre uma fase de
eclipse em que ndo sdo observadas particulasno citoplasma da célula. Cerca de seis horas ap0s
infeccdo, FV séo observadas no citoplasma da célula onde ocorre a morfogénese. As particulas
maduras se acumulam no citoplasma da célula hospedeira e sua liberacao ocorre atraves de lise
celular. Devido ao fato de ter somente um isolado, pouca informacéo se tem tantoda disperséo
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do kaumoebavirus no ambiente, quanto de seu ciclo de multiplicacdo. Desta forma, ainda séo
necessarios mais estudos com objetivo de elucidar e aprofundar o conhecimento sobre as etapas
do ciclo de multiplicacdo (BAJRAI et al.,2016).

1.4.3 Tupanvirus

Como descrito em estudos anteriores, o tupanvirus foi isolado tanto em cultura de A.
castellanii, quanto de V. vermiformis (ABRAHAO et al., 2018). Desta forma, seu ciclo de
multiplicacéo foi investigado profundamente em ambas as plataformas celulares. Sendo assim,
mediante analises de microscopia eletrénica detransmisséo e varredura, foi observado que 0s
tupanvirus penetram nas células hospedeiras através de fagocitose. Apos a fagocitose, uma ou
mais particulas sdo visualizadas no interior de fagossomos. Com a abertura do star-gate, e fuséo
da membrana interna viral e do fagossomo, o genoma é liberado no citoplasma celular (SILVA
et al., 2019).

Diferentemente do que foi observado em A. castellanii, as FV formadas mediante a
infecgdo de tupanvirus em V. vermiformis apresentam bordas mais delimitadas e irregulares,
além de serem mais elétron-densas (Fig. 13). Assim como observado para outros virus gigantes,
a morfogénese ocorre no interior das FV também tendo inicio com a formagéo de crescentes.
Em estagio mais avancados do ciclo de multiplicagdo s@o visualizadas particulas ainda néo
totalmente maduras e na periferia das FV particulas ja com calda, fibrilas e genoma
incorporado. Estas etapas de montagem da particula podem acontecer concomitantemente, nao
havendo uma ordem cronologica para que ocorram. Ao contrario do observado para outros virus
pertencentes a familia Mimiviridae, ndo é observada uma zona deaquisicdo de fibrila nas FV
de Tupanvirus. Ao final do ciclo de multiplicacdo éobservado o acumulo de particulas no
citoplasma da célula, as quais sdo liberadas mediante lise celular em ambas as plataformas.
Porém, em V. vermiformis € descrito uma quantidade maior de particulas defectivas, com
tamanhos muito acima do normal, caracterizadas como “super-tupanvirus™ (SILVA et al.,
2019).
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Flgura 13 Mlcroscopla -eIetronlca de transmlssao ewdenuando FV de tupanwrus em V vermlformls e A
castellanii,onde observamos na figura A a formacgdo de fabrica viral mais elétron densa com a formagdo de
particulas em sua periferia destacadas pelas setas brancas. E na figura B a formagdo de uma fabrica viram mais
elétron luscente, também apresentando particulas em sua periferia destacadas pelas setas brancas. Fonte: SILVA
et al., 2019.

1.4.4 Yasminevirus

Recentemente, em 2019 foi isolado o primeiro virus pertencente ao grupo dos
klosneuvirus em V. vermiformis, denominado Yasminevirus. Este foi recuperado a partir de
amostras de esgoto coletadas na cidade de Jeddah, na Arabia Saudita.Seu capsido apresenta
simetria icosaédrica de cerca de 330 nm e seu genoma € constituido de dsDNA com cerca
de 2.126.343 pb capaz de codificar 1541 proteinas preditas (Fig. 14). Dentre estas, 518 (33,6%)
tém funcdo conhecida e 1023 (66,4%) séo proteinas hipotéticas. Além disso, 0 Yasminevirus
possui, assim como os tupanvirus, diversos componentes do aparato de tradugdo protéica.
Sendo assim, apresenta 70 tRNA, 20 aaRSs, além de alguns fatores de traducéo e elongacéo da
cadeia polipeptidica. Aproximadamente 44,4% de seu genoma é composto por ORFans, 34,6%
apresenta similaridade com outros virus, 13,2% com eucariotos e 7,2% com bactérias. Dentre
0S genes que apresentaram similaridade com outros virus, 87,9% eram com klosneuvirus
(BAJRAI et al., 2019).
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Figura 14. Microscopia eletrdnica de transmisséo evidenciando particulas de Yasminevirus, no qual apresenta

particulas icosaédricas com diversas camadas destacadas pelas setas brancas e pretas. Fonte: BAJRAI et al., 2019.

Seu ciclo de multiplicacéo se inicia através da adeséo das particulas a membrana celular.
Devido ao tamanho das particulas sua internalizacdo através de fagocitose necessita de mais
investigacdo, visto que outros virus de ameba menores como os Marseillevirus exploram
endocitose como via de penetracdo. Ap6s 30 minutos de infeccdo, particulas virais séo
observadas no interior de fagossomos e apds seu genoma é liberado no citoplasma celular. Foi
observado que ap0s a fase de eclipse estabelecida o nicleo celular muda de conformacéo, o que
indica que o Yasminevirus manipularia o ncleo da célula hospedeira para desencadeamento
da expressdo de seu genoma. Porém, mais estudos sdo necessarios para confirmagéo.
Subsequente, FV maduras elétron-densas sdo formadas na periferia do nucleo da célula
hospedeira. No interior das FV novas particulas sdo sintetizadas, e nas etapas finais do ciclo de
multiplicacdo se acumulam no citoplasma celular e sdo liberadas através de lise (BAJRAI et
al., 2019).

1.4.5 Orpheovirus

Em 2018, o Orpheovirus IHUMI-LCC2 foi isolado a partir de amostras de fezes de rato
coletadas na Franca. Diferentemente dos outros virus isolados em V. vermiformis, o orpheovirus
apresenta particulas de formato ovdide com ostiolo em seu apice, similar aos pandoravirus e
pithovirus (Fig. 15). As particulas variam entre 900-1.100 nm de comprimento e 500 nm de
didmetro. Seu genoma é dsDNA circular, e possui cerca de 1.473.573 pb constituido de 1.512
genes preditos. Dentre estes, 57,5% sdo ORFans, 12,3% sao similares com outros virus, 14,7%
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com eucariotos e 15,3% com procariotos. Seu ciclo de multiplicacdo tem duracgdo de 20 horas
tendo inicio com a internalizacdo das particulas através de fagocitose. Posteriormente o genoma

é liberado no citoplasma da célula e ocorre a formacéo de FV.

No interior das FV novas particulas séo sintetizadas, e apds seu acimulo no citoplasma
celular sdo liberadas por exocitose (ANDREANI et al., 2018). Além de muitas etapas do ciclo
de multiplicacéo do orpheovirus ainda ndo estarem bem elucidadas, sua dispersdao no ambiente
e interacdo com hospedeiro também sdo pouco conhecidas. Devido ao fato de somente ter um
isolado deste grupo até o inicio deste trabalho, pouca informacéo se tem acerca deste virus.
Desta forma, mais estudos sdo necessarios para compreender melhor as caracteristicas

bioldgicas deste novo grupo de virus.
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Figura 15. Microscopia eletronica de transmisséo evidenciando particulas de orpheovirus. Na figura A observa-se
0 acumulo de particulas no citoplasma celular em estagios finais de infeccdo, e na figuraB um particula madura
onde sdo destacadas pelas setas branca e pretas a presenca de camadas interna e externa. Fonte: ANDREANI et

al., 2018.
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2. OBJETIVOS
2.1 Objetivo geral

Caracterizar as diferentes etapas do ciclo de multiplicacdo do Orpheovirus IHUMI-LCC2

em V. vermiformis.
2.2 Obijetivos especificos

- Caracterizar o efeito citopatico causado pelo orpheovirus em V. vermiformis;

- Caracterizar o ciclo de multiplicacdo do opheovirus através de microscopiaeletronica de

transmisséo e varredura;

- Analisar o ciclo de multiplicacdo do orpheovirus por meio de ensaio deimunofluorescéncia;
- Investigar a exocitose como mecanismo de liberacdo de particulas deorpheovirus através

de ensaios de contagem de particulas por microscopia éptica;

- Investigar o impacto de inibidores de trafico de membranas durante o ciclode

multiplicacdo do orpheovirus;

3. MATERIAIS E METODOS
3.1 Meio para cultivo celular PYG (Peptona/ Extrato de levedura/ Glicose)

Para a manutencdo de amebas pertencentes a espécie V. vermiformis, foi utilizado o
meio de cultura PYG (protease peptona, extrato de levedura e glicose). Este meio é comumente
usado em cultivo de amebas de vida livre, o qual é composto para cada um litro de meio: 8 uM
de sulfato de magnésio hepta hidratado (MgSO4.7H20) (Merck, Alemanha), 0,5 uM de cloreto
de calcio (CaCl2) (Merck, Alemanha), 5,0 nM de sulfato de ferro amoniacal hexahidratado
(Fe(NH4)2(S04).6H20) (Merck, Alemanha), 1,4 mM de fosfato dibasico de sddio hepta
hidratado (Na2HPO4.7H20) (Merck, Alemanha), 2,5 mM de fosfato monobéasico de potassio
(KH2PO4) (Merck, Alemanha), 3,4 mM de citrato de sédio dihidratado (C6H5Na307.2H20)
(Merck, Alemanha), 20 g de extrato bactopeptona (Merck, Alemanha,), 2,0 g de extrato de
levedura (BD, Franga), 0,05 M de glicose (Merck, Alemanha) e agua destilada.

Apo6s a homogeneizacgdo de seus componentes, o pH do meio é ajustado para 6,5 e este
é entdo autoclavado por 15 minutos a 121°C. O meio entdo é resfriado em temperatura ambiente
e submetido a uma filtragdo em membranas de 0,22 um (Millipore, EUA) para retirada de

eventuais cristais que se formam durantea sua produgdo e causam danos em cultura de amebas.
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Posteriormente, 0 meio é armazenado em camara fria (temperatura de 4 a 8°C) até que este
possa serutilizado. Para isso, de forma paralela, 0 meio deve passar por um teste de esterilidade
no qual 1 mL de PYG é incubado com 9 mL de solucéo tioglicolato, por7 dias a 37°C. Nao
ocorrendo a contaminacdo do meio durante esse prazo, este estd pronto para uso apés sua
suplementacdo com 200 U/mL de Penicilina (Cristélia, Brasil), 50 pg/mL de Estreptomicina
(Sigma, EUA) e 2,5 ug/mL de Anfotericina B (Sigma, EUA).

3.2 Vermamoeba vermiformis (ATCC CDC19)

As células da espécie V. vermiformis utilizadas neste trabalho sdo provenientes da
American Type Culture Collection (ATCC CDC19) (Maryland, EUA).Estas foram gentilmente
cedidas pelo Professor Bernard La Scola da Aix-Marseille Université, da Franca. As amebas
foram cultivadas em meio PYG suplementadocom 0,14 mg/mL Penicilina (Sigma-Aldrich,
USA), 50 mg/mL Gentamicina (Thermo Fisher Scientific, USA) e 2.5 mg/mL anfotericina
(Bristol-Myers Squibb, USA). As células foram mantidas em estufa a 32°C em garrafas de 75
cm? (Kasvi, Brasil). Os subcultivos foram realizados trés vezes por semana ou de acordo com
a necessidade. As culturas foram utilizadas neste trabalho como plataforma para multiplicagéo
de virus gigantes, andlises de microscopia eletronica de transmissdo, varredura e de
imunofluorescéncia, bem como em ensaios com inibidor, curva de ciclo Unico e titulagdo de

amostras virais.
3.3 Virus

O isolado Orpheovirus IHUMI-LCC2 utilizado neste estudo foi recuperado a partir de
amostras de fezes de rato coletadas na cidade de Marseille, na Franca em trabalhos anteriores
(ANDREANI et al., 2018). Este foi gentilmente cedido pelo Professor Bernard La Scola da

Aix-Marseille Université, da Franca.
3.4 Propagacdo viral

Para a propagacdo dos estoques virais, orpheovirus foi inoculado na multiplicidade de
infecgdo (M.O.I) de 0,01 em garrafas de 175 cm? (NuncTM Cell Culture Treated Flasks,
Thermo Fischer Scientific, USA) contendo cerca de 3x107 células de V. vermiformis, em meio
PYG. Apds 4 dias de incubacéo a 32°C e observacdo de efeito citopatico e lise completa das

células em cultura, o contetdo foi coletado e posteriormente centrifugado a 12.000 x g durante
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10 minutos para remocdo de debris celulares. Subsequentemente o sobrenadante foi
vagarosamentegotejado sobre 10 mL de uma solucéo de sacarose 40% (Sigma-Aldrich, EUA)
em tubos para ultracentrifugacdo. Os tubos foram entdo submetidos a um processo de
ultracentrifugacéo a 36,000 x g por 1 hora, a 4°C em ultra centrifuga Combi Sorvall, buscando
a sedimentacdo das particulas. Por fim, o sobrenadante foi descartado eo sedimento
ressuspendido em 100 pL de PBS. Aliquotas das amostras virais foram feitas, devidamente

identificadas e estocadas a -20°C até serem posteriormente tituladas.
3.5 Titulag&o viral

Para estimativa do titulo viral, foi utilizado o0 método de dilui¢do limitante, descrito por
Reed-Muench (Reed e Mench, 1938). Para isso, foram utilizadas placasde 96 pocos (Corning,
NY, EUA) contendo 100 uL. de meio PYG e aproximadamente 80.000 amebas/pogo. Apds se
atingir uma confluéncia celular de cerca de 80%, as amostras virais a serem tituladas séo
diluidas em PBS de maneira seriada, em uma razdo de 1:10 (10 a 10'*), e em seguida, um
total de 100 pL de cada diluigdo ¢ adicionado em oito pogos. Além disso, em oito pocos é
realizado um controle de viabilidade de amebas, sendo neste adicionados 100 puLL de PBS. As
placas sdo vedadas completamente e incubadas a 32°C. Cada poco passa entdo a ser monitorado
diariamente para observagéo de efeito citopatico, e apds 4 dias deincubacéo, o calculo do titulo

viral é realizado com o valor expresso em TCID50/mL.

3.6 Ensaios de caracterizacao de efeito citopatico, curva de ciclo Unico e contagemde

particulas

Para caracterizacdo do efeito citopatico (ECP) desencadeado pela Orpheovirus em
células de V. vermiformis por microscopia Optica, garrafas de cultura celular de 25 cm?
(NuncTM Cell Culture Treated Flasks, Thermo Fischer Scientific, USA) contendo 3 x 10°
células de V. vermiformis foram infectadas com Orpheovirus em um M.O.I. de 10, incubados a
32°C e observados em diferentes horas apds a infeccao (h.p.i) (1, 3, 6, 9, 12 e 24 h.p.i)
por microscopia oOptica (OlympusBX41, Japdo) e obtidas imagens de cada tempo de infeccéo.

Células ndo infectadas de V. vermiformis (controle) também foram observadas.

Além disto, para investigacdo do perfil de multiplicacdo do orpheovirus ao longo de seu
ciclo de multiplicagdo, foi realizada uma curva de ciclo Gnico usando frascos de 25 cm? em
duplicata contendo 3 x 10° células de V. vermiformis. Apds 30 minutos de infeccdo em uma
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M.O.1. de 10, as células foram lavadas com PBS e posteriormente foi adicionado 5 mL de meio
PYG.

Em diferentes momentos (1, 3, 6, 9, 12, 24, 48 e 72 hpi), as células infectadas e os
sobrenadantes foram coletados e titulados usando método descrito anteriormente. Os
sobrenadantes coletados também foram utilizados para extracdo de DNA viral pelo kit (Roche)
e submetidos a uma reagdo em cadeia da polimerase (QPCR) para quantificar a carga do genoma
viral direcionada ao gene da DNA polimerase. Para amplificacdo foram utilizados os
iniciadores Forward 5- ATGGCGAAATATGCGGAAGGG-3' e Reverse 5-
TCTTGTGCTCCTAACGCACC-3',

Para esse processo foi utilizado 1ul de cada amostra (com uma quantidade variandoentre
200 — 300 ng de DNA), kit comercial SYBR Green Master Mix (Applied Biosystems, EUA),
4 mM de cada iniciador e agua de injecdo em quantidades adequadas, de maneira a totalizar 10
uL de reacédo. Todas as reacOes foram realizadas em placas 48 pocos, em duplicata. Os ciclos
térmicos utilizados na amplificacdo das amostras foram estabelecidos de acordo com o padréo
do programa da maquina StepOne (Applied Biosystems, EUA), sendo um ciclo a 95°C por 10
min e 40 ciclos a 95°C por 10 se 60°C por 40 s; 95°C por 15 s, 58°C por 15 se um ciclo final
a 95°C por 15 s foi concluido.

Para confirmacdo de que as particulas de orpheovirus seriam liberadas da célula
hospedeira através de exocitose foram realizados ensaios de contagem de particulas em
diferentes tempos de infecgdo. Para isso, 3X10° células de V. vermiformis com orpheovirus em
uma M.O.l. de 5 em garrafas de cultura celular de 25 cm? (NuncTM Cell Culture Treated
Flasks, Thermo Fischer Scientific, USA).Analises foram realizadas nos tempos de infeccédo de
3,6,9, 12 e 24 h.p.i. Trinta minutos ap6s a infec¢cdo, a monocamada de células foi lavada uma
vez com PBS e adicionado 5 mL de meio PYG. Apds cada tempo de infec¢do, foi coletado 12
uL do sobrenadante para contar o nimero de particulas de liberadas durante cada tempo de
infeccdo. As particulas foram observadas por microscopia éptica (OlympusBX41, Japdo) sob

ampliacdo de 1000x usando uma camara de contagem de células (KcellOlen Kasvi, Brasil).

3.7 Microscopia eletrénica de transmissao
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Para o0s ensaios de microscopia eletrénica de transmissdo (MET), 3x10’ células de V.
vermiformis cultivadas em garrafas de 175 cm? (Kasvi, Brasil) foram infectadas em um M.O.1.
de 0,01. Apos observado ECP, o conteudo foi centrifugado durante 10 min a 800 x g. O
sedimento foi lavado duas vezes com tampdo fosfatode sddio 0,1 M (pH 7,4) e fixado com
glutaraldeido a 2,5% em tampé&o fosfato de sédio 0,1 M por pelo menos 2 h a temperatura
ambiente. O sedimento foi entdo lavado duas vezes com tampao fosfato de sodio 0,1 M e
suspenso na mesma solucdo. Depois, as amebas foram embebidas em resina EPON usando um
método padrdo a seguir: 2 h de fixacdo em tetroxido de 6smio a 2%, cinco lavagens em
agua destilada, incubacdo overnight em acetato de uranila a 2% a 2-8 °C, duas lavagens em
agua destilada, 10 min de desidratacdo em concentragdes crescentes de etanol (35, 50, 70, 85,
95 e 100%), 20 minutos de incubacdo em acetona e incorporacdo em resina EPON. Secgoes
ultrafinas foram posteriormente analisadas sob MET (Spirit Biotwin FEI-120 kV) no Centro de
Microscopia da UFMG, Brasil.

3.8 Microscopia eletrénica de varredura

Para os ensaios de microscopia eletrénica de varredura (MEV), 3X10° célulasde V.
vermiformis sdo infectadas em um M.Q.I. de 0,01, e apds 1mL desta suspensdo e centrifugada.
Posteriormente, 10 ul do pellet formado foram adicionados as laminas de vidro redondas
cobertas por poli-L-lisina e fixadas com glutaraldeido a 2,5% em tampé&o cacodilato de sédio
0,1 M durante 2 h a temperatura ambiente. As amostras foram entdo lavadas trés vezes com
tampéo de cacodilato de sodio 0,1 M e pds-fixadas com tetroxido de 6smio a 1 % por 1 h a
temperatura ambiente. Ap6s uma segunda fixacdo, as amostras foram lavadas trés vezes com
tampao cacodilato de sodio 0,1 M e imersas em &cido tanico 0,1% por 20min. As amostras
foram entdo lavadas em tampé&o cacodilato e desidratadas por passagens seriadas em solugcoes
de etanol com concentracdes variando de 35 a 100%. Eles foram secos em ponto critico usando
CO2, transferidos para suportes metélicos (stubs) e metalizados com uma camada de ouro de 5
nm. As analises foram concluidas através de um MEV (FEG Quanta 200 FEI) no Centro de
Microscopia da UFMG, Brasil.

3.9 Ensaio de Imunofluorescéncia

Para analise de imunofluorescéncia (IF), 3X10° células V. vermiformis foram

adicionadas a laminas de vidro redondas, e apés incubacdo durante 24 h a 32°C, as celulas
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foram infectadas em um M.O.l. de 5. Apos 1, 3, 6, 8, 12 e 24 h.p.i., ascélulas foram
fixadas com acetona por 10 min a - 20 °C. Apds a fixacdo, anticorpos policlonais anti-
orpheovirus produzidos em camundongos (1: 400 diluidos em PBS) foram adicionados e
mantidos em contato com as células por 1 hora a 37 °C, seguidos por trés lavagens com PBS.
Os anticorpos anti-orpheovirus foram produzidos pelo Dr. Mauricio Teixeira Lima e cedidos
gentilmente para realizacdo desta etapa do trabalho. As células foram entdo incubadas com
albumina sérica bovina (Sigma) a 3% (BSA -PBS) por 30 minutos, seguidas de trés lavagens
com PBS. Apos 1 hora de incubagdo com anticorpos secundarios anti-mouse (Promega) (1: 400

diluidos em PBS), seguiu-se por trés lavagens com PBS.

As células também foram incubadas com DAPI (Sigma, EUA) (1: 1000 diluido em
PBS) durante 1 h a temperatura ambiente. Apos trés lavagens com PBS, as células foram
incubadas com rodamina-faloidina (Invitrogen) (1: 1000 diluido em PBS) por 1 h a temperatura
ambiente. As células ndo infectadas (controle) também foram fixadas e preparadas como
descrito acima. As células marcadas com fluorescéncia foram observadas usando microscopio
AXxio Imager Z2-Apotome 2(Zeiss). O software Zen Lite da microscopia Zeiss foi utilizado para

processamento de imagens no Centro de Microscopia da UFMG, Brasil.

Para avaliar o papel das membranas celulares na multiplicagdo viral, 1,4x10° células de
V. vermiformis cultivadas em garrafas de 75 cm? (NuncTM Cell Culture Treated Flasks,
Thermo Fischer Scientific, USA) foram infectadas com orpheovirus em um M.O.I. de 5. Trinta
minutos apos a infecgdo, as amebas foram lavadas com PBS e posteriormente foi adicionado
15 mL de meio PYG e mantidas a 32°C. Aposl h, Brefeldina A (BFA) (Sigma-Aldrich, EUA),
um inibidor do trafego de membranas,foi adicionado na concentragao final de 10 uM e 8 horas
apos a infeccdo, as amebasforam coletadas para analise através de MET. As amostras foram
preparadas para MET como descrito anteriormente e analisadas no Centro de Microscopia da
UFMG.

4 RESULTADOS

4.1  Andlise aprofundada de etapas do ciclo de multiplicacdo de Orpheovirusem V.
vermiformis
411 A caracterizacdo do efeito citopatico do orpheovirus evidencia alteracoes

morfologicas e aumento da motilidade de V. vermiformis.
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Com objetivo de caracterizar o ECP do orpheovirus, células de V. vermiformisforam
infectadas no M.O.l. de 10 e observadas por 24 horas pos-infeccdo (h.p.i.). Através de
microscopia optica, foi observado células esticadas em formato fusiforme3 h.p.i., tornando-se
mais evidente em 9 h.p.i. e 12h.p.i., respectivamente (Fig. 16a). Além disso, 12 h.p.i. algumas
células fusiformes ramificadas foram observadas (Fig. 16a). Em 24 h.p.i., a maioria das células
observadas estavam arredondadas, porém algumas células fusiformes ainda foram visualizadas.
Foi observado também lise celular mais evidente em momentos tardios da infeccdo (Fig. 16a).
Para caracterizacdo dos morfotipos celulares durante a infeccdo viral, foram realizadas
contagens de células normais (morfologia tipica das células de controle), fusiformes
(ramificadas e ndo ramificadas) e arredondadas por microscopia éptica. Foi observado uma
diminuicdo das células normais, enquanto a contagem de células fusiformes aumentou 9 h.p.i.,
compondo aproximadamente 40% do total de células infectadas. 24 h.p.i., a maioria das células
se apresentam arredondadas, mas também foram observadas algumas células fusiformes (~
20%) (Fig. 16b).
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Figura 16. (A) Caracterizagdo do efeito citopatico desencadeado pela infeccao de V. vermiformis por orpheovirus

ao longo de deferentes tempos de infeccao. (B) Contagem de células normais, fusiformes (ramificadas e néo-

ramificadas) e arredondadas e imagens dos quatro morfotipos celulares visualizados por microscopia dptica.

Diferentes tempos de infeccdo foram selecionados para o ensaio de IF realizado em
M.O.l. de 5. Ensaios de IF utilizando anticorpos primarios anti-orpheovirus em 1 h.p.i.
revelaram particulas sendo endocitadas por amebas (Fig. 17). Em 3 h.p.i. e 6h.p.i,
respectivamente, foi visualizado um aumento na quantidade de particulas internalizadas
pelas células hospedeiras. Foi também observado células fusiformes 12 h.p.i., bem como uma
polarizagdo de particulas virais em suas extremidades. Além disso, um ndmero crescente de

particulas fora das células pdde ser visualizado (Fig. 17). Em 24 h.p.i., muitas células se
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apresentavam arredondadas ea grande maioria das amebas ja estava lisadas (Fig. 17). O ECP
desencadeado peloorpheovirus é diferente dos descritos anteriormente para o Faustovirus, que
revelou a formacéo de unidades formadoras de placas, e tupanvirus, caracterizado poragregados
de amebas em formato de cachos, bem como arredondamento e lise em V. vermiformis
(BORGES et al., 2019; OLIVEIRA et al., 2019). Alem disso, foiobservado que a infeccéo por
orpheovirus induz um aumento na motilidade das células de V. vermiformis, principalmente

aquelas com formato fusiforme. Este efeitose inicia 6 h.p.i. e torna-se mais evidente 12 h.p.i.

Como descrito anteriormente, as alteraces morfologicas desencadeadas pelo
orpheovirus sdo diferentes das descritas para outros virus gigantes, apresentando células com
formas fusiformes e algumas células ramificadas. Sabe- se que a maioria dos virus gigantes
desencadeia o arredondamento celular, o que impede a formacdo de pseuddpodes e,
consequentemente, diminui a motilidade das amebas. Curiosamente, além das alteracOes
morfologicas, observamos um aumento na motilidade celular de V. vermiformis, nunca
descrito anteriormente de acordo com nosso conhecimento. Uma hipdtese, é que esse aumento
da motilidade seria uma estratégia que facilitaria a infeccdo de células vizinhas, levando a um

aumento da disseminacdo de particulas virais.

Uninfected

Figura 17. Caracterizagdo do ciclo de orpheovirus em V. vermiformis através de ensaio de IF. Células de V.

vermiformis foram infectadas com M.O.I de 5 e visualizadas por IF.

Em tempos iniciais de infec¢do particulas de orpheovirus sdo visualizadas aderidas a
superficie das amebas. 3, 6 e 8 h.p.i é observado um aumento de particulas no interior das
células hospedeiras (evidenciado com seta laranja). 12 h.p.i é observado uma polarizacdo de
particulas em uma extremidade da célula, bem como um aumento de particulas fora das células

hospedeiras (evidenciado com seta branca). 24 h.p.i muitas células se encontram arredondadas
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e a maioria das amebas lisadas. As particulas virais estdoem verde (anticorpo anti-orpheovirus),
citoesqueleto de ameba em laranja (corado por rodamina- faloidina) e o nicleo em azul (corado
por DAPI). Barra de escala, 10 pum.

4.1.2 Orpheovirus é fagocitado e induz a formacdo de FV elétron-lucentes e alteracdes
citoplasmaticas envolvendo diferentes organelas.

Devido ao orpheovirus apresentar particulas com grandes dimensdes (900-1.100 nm),
foi proposto que sua penetracdo nas células de V. vermiformis ocorresseatravés de fagocitose
(ANDREANI et al, 2018). A estratégia de penetracdo por fagocitose tem sido
frequentemente descrita para outros virus gigantes, sendodemonstrado através de ensaios
bioldgicos com inibidores farmacolégicos para pandoravirus, APMV e Cedratvirus
getuliensis, impactando consideravelmente ostitulos virais (ANDRADE et al. 2019;
ANDRADE et al., 2017; SILVA et al., 2018).

Durante as primeiras etapas do ciclo de multiplicacdo, foi visualizado através de MEV
a formacdo de pseuddpodes em contato com particulas de orpheovirus na superficie celular
(Fig. 18a). Desta forma, reforca o fato de que a fagocitose seria a principal estratégia de
penetracdo explorada, como sugerido em estudo anterior (ANDREANI et al., 2018). Porém,
outros mecanismos de penetragdo ndo devem ser descartados e precisam de novas analises para
comprovacdo. Analises de IF demonstraram que mais de uma particula é capaz de penetrar na
celula hospedeira (Fig. 18b). Apds sua internalizacdo, foi observado atraves de MET, que o
contetido interno da particula é liberado no citoplasma celular através de um ostiolo localizado
em seu apice (Fig. 18c). Esse mecanismo também € descrito para outros virus gigantes que
possuem particulas com morfologia semelhante e estdo filogeneticamente relacionadas ao
orpheovirus, como cedratvirus e pithovirus (SILVA et al., 2018; LEGENDRE et al., 2014).
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Figura 18. MEV evidenciando particulas de orpheovirus aderidas a superficie de células de V. vermiformis (seta
branca) (A). Andlises de IF 1 h.p.i revelam que mais de uma particula é capaz de penetrar na célula hospedeira
(B). Imagem de MET demonstra que o conteldo interno da particula é liberado por um ostiolo localizado em seu
apice (seta branca) (C).

Como descrito anteriormente para outros virus gigantes, a morfogénese do orpheovirus
ocorre em microambientes subcelulares denominados FV, localizados no citoplasma da célula
hospedeira. Semelhante as FV descritas para cedratvirus e pandoravirus, as observadas para
orpheovirus sdo grandes areas elétron-lucentes, que ocupam grande parte da célula hospedeira
(Fig. 19a e b). Além disso, ndo exibem zonas definidas, como observado para mimivirus
(ANDRADE et al., 2017). Também foi demonstrado por MET que sua formacdo é localizada
em regidesperinucleares e, diferentemente dos descritos para os pandoravirus, o nicleo da
célula hospedeira permanece presente durante a infeccdo (Fig. 19a — c¢) (ANDRADE et al.,
2019).
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Figura19. Imagem de MET demonstra que orpheovirus apresenta FV elétron-lucentes (contornadas em vermelho),

que ocupam grande parte da célula hospedeira, sendo observadas em regides perinucleares. Também foi observado
0 recrutamento de membrana no interior da FV (azul), e que o ndcleo celular permanece presente durante a

infecgdo (A-B). O tratamento com BF A afetou tanto a formacéo de FV quanto a morfogénese de novas particulas

©).

Curiosamente, a formacdo de FV com a presenca de particulas dentro projecGes
celulares denominadas blebs, em etapas avancadas do ciclo de multiplicagéo viral, foi
evidenciada por imagens de MET (Fig. 20a e b). A inducdo da formacdo de blebs também foi
descrita mediante infeccdes por Cedratvirus getuliensis em células de A. castellanii, porém esse
achado requer mais investigagdes (SILVA et al. 2018).

Além disso, também foi observado um recrutamento de mitocondrias tanto nas regies
periféricas quanto no interior das FV (Fig. 20c), bem como um recrutamento de membranas
(Fig. 19a e b). O tratamento de células infectadas com BFA, um inibidor de trafico de
membranas 8 h.p.i., afetou tanto a formagéo de FV quanto a morfogénese de novas particulas
(Fig. 19c). Assim como observado para orpheovirus, foi demonstrado recentemente que as
vesiculas do Marseillevirus consistem de membranas oriundas do reticulo endoplasmatico e,
apos tratamento com inibidores, foi demonstrado uma diminuicdo na formacdo de novas
particulas e vesiculas (ARANTES et al., 2016). Desta forma, é sugerido que o recrutamento de
membranas observado no interior das FV seja importante para as fases de morfogénese e
formacdo de vesiculas para posterior exocitose das particulas. No entanto, a origem das

membranas precisa ser investigada.
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Figura20. Imagem de MEV demonstrou a formacéo de blebs (seta branca) induzida pela infec¢éo por orpheovirus
(A). Imagem de MET revelou a formacdo de FV com presenga de particulas no interior de blebs em etapas
avancadas do ciclo de multiplicacdo viral (B). Recrutamento de mitoc6ndrias (roxo) também foi observado nas
regides periféricas e no interior das FV (C).

4.1.3 Dinamica de morfogénese de novas particulas de orpheovirus

Com a andlise de imagens de MET mediante infecgdes assincronicas de orpheovirus
(M.O.I. de 0,01), foi visualizada a formacao de FV que apresentavam particulas em diferentes
estagios de maturacdo (Fig. 21a). Desta forma, foram obtidas mais informacdes sobre a sintese
de novas particulas. A morfogénese tem inicio com a formacdo de estruturas semicirculares
elétron-densas denominadas crescentes, assim como observado para outros virus gigantes,
como o Faustovirus e cedratvirus (BORGES et al., 2019, SILVA et al., 2018). Além destes,
outros virus pertencentes ao grupo dos NCLDV como os poxvirus também apresentam a
formacdo de crescentes em etapas iniciais da morfogénese (MARURI-AVIDAL et al.,2011).
Posteriormente as crescentes se estendem e vdo sendo preenchidas peloseu contetdo interno
até a formacdo de particulas maduras (Fig. 21b-f). Também foi observado o recrutamento de
estruturas lamelares na periferia das particulas em montagem (Fig. 21e). Essas estruturas podem
ser importantes para a formacdo das particulas, as quais parecem ser compostas por varias
camadas de proteinas e membranas. Tanto pelas imagens MET como de MEV, foi evidenciado

que asparticulas maduras tém um achatamento em uma de suas laterais (Fig. 21g-h).
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Figura 21. Imagem de MET que evidencia a formagao de FV de orpheovirus, as quais apresentam particulas em

diferentes estagios de maturacdo (A). Estrutura em formato de crescente em etapas iniciais da morfogénese (B).
Estrutura em formato de crescente se expandindo e sendo preenchida pelo seu contetdo interno (C-D).
Recrutamento de membranas na periferia das particulas durante montagem (seta vermelha) (E). Particula madura

de orpheovirus (F). Imagens de MET e MEV evidenciam achatamento nas laterais das particulas (G-H).

Para analisar cronologicamente a replicacdo do genoma viral e formagéo de particulas
infecciosas, foram realizados ensaios de curva de ciclo unico. Foi observado um aumento na
amplificagdo do genoma 9 h.p.i., e a detecgéo de particulas infecciosas somente 12 h.p.i. (Fig.
22a-b). Em 48 h.p.i., tanto a formacdo de novos virions quanto a replicagdo do genoma de
orpheovirus atingiu um platé (Fig. 22a-b). Os dados corroboram o0s descritos anteriormente
(ANDREANI et al., 2018), os quais sugerem que o ciclo do orphevirus em V. vermiformis é
mais lento em comparacdo com outros virus gigantes que se multiplicam em A. castellanii,
tendo duracdo aproximadamente de 30 h.p.i. Outros virus gigantes, como tupanvirus,
kaumoebavirus e Faustovirus, capazes de infectar V. vermiformis, também demonstraram ter
um ciclo de multiplicacdo de duragdo mais longa (SILVA et al., 2019; BJARAI et al., 2016;
BORGES et al., 2019). Isso sugere que o perfil de duracdo do ciclo de multiplicagdo desses

virus pode estar relacionado ao seu hospedeiro.
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Figura 22. Ensaio de curva de ciclo Unico de orpheovirus por copias gendmicas em diferentes temposde infeccéo

(A) e por titulos virais em diferentes tempos de infecgdo (B).

Além disso, foi observado que as particulas de orpheovirus apresentam uma camada de
fibrila menor em comparacéo as observadas em outros virus gigantes (Fig. 23a-b). Apesar de
haver pouca informacédo sobre a constituicdo de suas fibrilas, podem estar relacionadas com
adesdo na célula hospedeira como demonstrado anteriormente para 0S mimivirus
(RODRIGUES et al., 2015). Embora as particulas de orpheovirus apresentem uma forma
ovoide, semelhantes aos pandoravirus, cedratvirus e pithovirus, suas particulas apresentam
estrutura distinta. Analises revelaram que as particulas sdo constituidas de uma camada externa,
uma camada do capsideo e uma membrana interna que envolve o cerne da particula(Fig.
23a-b). Vale ressaltar que mesmo em infec¢bes com baixa M.O.I., a presenca de particulas
defectivas em diferentes formatos foram observadas (Fig. 24a-c). Essa descoberta sugere que
particulas malformadas ocorrem naturalmente, o que é semelhante ao descrito para outros
virus gigantes (ANDREANI etal., 2018;ANDRADE etal., 2017; SILVA et al., 2018).
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Figura 23. Andlises de MET revelaram que as particulas maduras apresentam uma pequena camada de fibrila (1,

roxa), uma camada externa (2, vermelha), a camada do capsidio (3, azul) e umamembrana interna (4, branca) que

envolve o nucleo da a particula (5, cinza).

Figura 24. Imagens de MET evidenciam a presenca de particulas defectivas em diferentes formatos,mesmo em
infeccbes com M.O.1. de 0,01 (A-C).

4.1.4 Liberagdo de particulas de orpheovirus por lise ou exocitose

Apo6s a formagdo das FV, expansdo das crescentes e maturagdo completa, novas
particulas foram visualizadas em regides periféricas no citoplasma da célula hospedeira (Fig.
25a). Algumas s@o observadas envolvidas por membranas. Além disso, foi observada a
presenca de uma ou mais particulas no interior do mesmo vacuolo, o qual pode apresentar uma
ou mais membranas (Fig. 25b-d).

A presenca de particulas virais em vactolos também foi relatada para outros virus
gigantes, como 0s pithovirus e pandoravirus, o que sugere que as particulas sao liberadas da
célula hospedeira por exocitose (ANDRADE et al., 2019; LEGENDRE et al., 2014,
LEGENDRE et al., 2018). Para confirmacdo, ensaios biologicos incluindo a contagem de
células e particulas no sobrenadante foramrealizados ao longo do ciclo de replicacdo em M.O.l.
=5.

As analises revelaram que as particulas de orpheovirus podem ser detectadas no
sobrenadante das células infectadas, mesmo nos momentos em que nao é observada lise celular
(Fig. 25e-f). Um aumento no nimero de particulas foi observado no sobrenadante em 12 h.p.i.
Além disso, ensaios de IF realizados em diferentes momentos ao longo do ciclo também
demonstraram um aumento nonumero de particulas fora das células 12 h.p.i. e 24 h.p.i.,
respectivamente (Fig. 25e e Fig. 17). Sendo assim, estes dados reforgcam a hipdtese de exocitose
como uma estratégia alternativa para a liberacdo de particulas da célula hospedeira (Fig. 26a),

embora a lise celular também tenha sido demonstrada por imagens MEV (Fig. 26b).
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Figura 25. Imagem de MET evidenciando novas particulas em regiGes periféricas no citoplasma da célula

hospedeira (seta branca) (A). Algumas particulas foram observadas envolvidas por uma ou mais membranas
(destacadas em amarelo) (B-C). Mais de uma particula no mesmo vactolo foram observadas (D). Ensaios IF 12
h.p.i demonstram células em formato fusiformes e um aumento de particulas fora das células hospedeiras liberadas

por exocitose (setas brancas) (E). Contagem de particulas no sobrenadante ao longo do ciclo de replicacdo (M.O.1.

= 5) (F).

Figura 26. Imagens de MEV evidenciando particulas de orpheovirus sendo liberadas da célula hospedeira por

exacitose (A) e lise celular (B). As particulas virais foram coloridas digitalmente em azul.
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1 INTRODUCAO
1.1 Expressao génica temporal em NCLDV

A maioria dos virus de RNA utilizam enzimas especificas codificadas para sintese de seu
MRNA. Assim como estes, alguns virus de DNA que possuem genomas de tamanho pequeno
ou intermediario como parvovirus, papillomavirus e adenovirus dependem de enzimas da célula
hospedeira para transcrigdo de seu genoma, incluindo a RNA polimerase. No entanto, virus que
apresentam genomas maiores como a maioria dos que pertencem ao grupo dos NCLDV,
codificam seu proprio aparato transcricional. Devido a isso, estes apresentam uma relativa
independéncia da maquinaria de transcricdo de seus hospedeiros (ABERGEL et al., 2007;
OLIVEIRA et al., 2017).

A transcrigdo do genoma dos virus pertencentes a este grupo ocorre deforma temporal
no citoplasma da célula hospedeira. No inicio da infeccdo, um conjunto de proteinas codificadas
imediatamente precoces sdo necessarias para replicacdo do DNA e manipulacdo da célula
hospedeira. Além disso, mMRNA precoces também codificam enzimas e fatores necessarios
para transcricdo de genes intermediarios. Concomitantemente com a expressao de genes
intermediarios, a expressdo de genes precoces € reprimida. Ao final, genes tardios séo
transcritos, direcionando a sintese de proteinas estruturais, proteinas ndo estruturais e enzimas
presentes em particulas maduras (OLIVEIRA et al., 2017). Os produtos codificados por genes
tardios incluem fatores de transcricdo precoces, 0s quais sdo empacotados juntamente com a
RNA polimerase e outras enzimas no interior da progénie viral. A transcricdo temporal é
possibilitada devido a presenca de sequéncias promotoras que direcionam onde, quando e em
que nivel as classes de genes iniciais, intermediarios e tardios sdo transcritos. Estas sequéncias
sdo diferentes entre as trés classes de genes, porém sdo conservadas entre 0 mesmo grupo
(OLIVEIRA et al., 2017; LEGENDRE et al., 2017).

Como descrito anteriormente a regulacdo da expressdo génica ocorre de forma
temporal, sendo os genes transcritos classificados em precoces, intermediarios e tardios, de
acordo com o estagio de infeccdo em que sdo expressos. Um estudo anterior dividiu os genes

de NCLDV em clusters de grupos
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ortélogos (NCVOGs), muitos dos quais poderiam ser atribuidos a classes funcionais (YUTIN
et al., 2009).

A expressdo de cada classe de gene ocorre em cascata. 1sso se deve ao fato de que 0s
fatores de transcricdo necessarios para a expressao de cada classe de genes sdo produtos dos
genes previamente expressos (BROYLES et al., 2010). Dessa forma, os produtos de alguns
genes expressos precocemente durante o ciclo de replicacdo do virus serdo necessarios como
fatores de transcricdo para induzir a expressdo de outros genes que serdo expressos durante o
curso intermedidrio e posterior da infeccdo. Apesar de ter um perfil de regulacdo transcricional
semelhante, a expressdo dos genes de cada classe temporal ocorre em tempos diferentes entre
0s NCLDV, devido ao fato de seus ciclos de replicagdo durarem em tempos diferentes. No
entanto, a expressdo de genes de diferentes classes de tempo ocorre em momentos semelhantes
ao longo do ciclo de multiplicacdo de NCLDV, ou seja, precoce, intermediario e tardio durante
0 curso da infecgdo (OLIVEIRA et al., 2017; BROYLES et al., 2010).

Tal classificacdo temporal tem sido possivel devido ao desenvolvimento de novas
técnicas para quantificar os niveis de expressdo de um grande nimero de genes (KOGENARU
et al., 2012). Nos estudos selecionados para analise comparativa dos genes expressos de
NCLDV realizada no presente trabalho foram utilizadas técnicas como microarranjos de DNA,
0s quais foram uma das primeiras ferramentas a permitir o estudo em larga escala do
transcriptoma. A técnica ébaseada na hibridag&o de fitas alvo na 9 fita da sonda complementar,
permitindo a identificacdo de genes que sdo expressos em diferentes momentos durante a
infeccdo viral. Uma das principais limitacbes dessa técnica é avaliar genes com baixa
expressdo. No entanto, o avango das ferramentas de sequenciamento em larga escala permitiu
uma avaliagdo mais robusta do transcriptoma dos virus. Outra técnica utilizada foi o
sequenciamento de RNA (RNA-seq), o qual tem sido amplamente descrita para estudar o perfil
de expressdo génica de origanismos e virus, permitindo uma compreensdo mais aprofundada
de seu padrdo de transcri¢do. Essa técnica fornece o sequenciamento completo de todos os
genes expressos durante o ciclo de replicacdo de um virus, mesmo que 0s genes tenham um
baixo nivel de expressdo (dependendo da cobertura do sequenciamento), permitindo uma
melhor caracterizacdo do transcriptoma do virus. Embora essas ferramentas sejam baseadas
em tecnologias distintas, as duas técnicas permitem quantificar os niveis de expressdo génica e
tiveram abrangéncia semelhante em estudos que compararam as duas técnicas. Portanto, podem
ser usados de forma comparativa ou complementar em estudos envolvendo expressdo génica

(KOGENARU et al., 2012). Essas técnicas tém sido utilizadas para estudar o perfilde



58

expressao de diferentes virus grandes e gigantes, como ficara evidente nas se¢des subsequentes,
fornecendo informacg6es importantes sobre a biologia desses virus.

A habilidade de regular temporalmente a transcricdo de genes é caracterizada como
uma vantagem evolutiva. Sendo assim, alguns virus pertencentes ao grupo dos NCLDV tém
sido estudados no campo da biotecnologia como vetores de expressao para sintese de proteinas
e como candidatos a producdo de vacinas (BROYLES et al., 2010). Desta forma, o estudo e
0 entendimento da regulacdo e expressdo génica deste grupo de virus podem contribuir para o
campo da biotecnologia, bem como podem fornecer informacgdes importantes para a

compreensdo da biologia e interacdo com seus hospedeiros.

1.2 Expressao génica temporal em Poxviridae

Entre as familias virais que compdem o NCLDV, Poxviridae é de longe ogrupo
mais estudado. A complexidade do genoma do poxvirus instigou aespeculacdo de que esses
virus sintetizam seu genoma independentemente do nicleo do hospedeiro. A transcricdo de
genes de poxvirus segue um perfil temporale é regulada por regides promotoras e fatores de
transcricdo. Assim, os genes sdo classificados em precoces, intermediarios e tardios, e sdo
ativados em uma seqiiéncia em cascata (OLIVEIRA et al., 2017; BROYLES et al., 2010).

Os primeiros genes transcritos codificam proteinas necessérias para a replicacdo do
DNA, transcricdo de genes intermediarios e evasdo das defesas do hospedeiro, enquanto os
genes intermediarios e tardios codificam proteinas estruturais que participam da morfogénese
da progénie viral (BROYLES et al., 2010). Além disso, 0s genes transcritos posteriormente
codificam componentes do aparelho transcricional inicial, presente na particula madura. Apds
a entrada e liberacdo do conteddo genético no citoplasma da célula hospedeira, os fatores de
transcricdo iniciais ligam-se as sequéncias promotoras nas regides a montante e a jusante do
local de inicio da transcricdo, deixando a sequéncia do geneintermediario disponivel para a
RNA polimerase viral (BROYLES et al., 2010; CASSETTI et al., 2010). Posteriormente, a
RNA polimerase é recrutada, formando um complexo com fatores de transcri¢do precoces,
fatores de terminacdo e poli (A) polimerases, que se ligam a RNA polimerase através do
dominio RAP94(MOHAMED et al., 2001). A transcricdo de genes intermediarios e tardios
ocorre imediatamente apds o inicio da sintese de DNA. Algumas proteinas como VITF-1, uma
subunidade da RNA polimerase, bem como uma enzima de capping viral e um heterodimero
de VITF-3, foram identificadas como necessarias para a transcricdode genes intermediarios
(BROYLES et al., HARRIS et al., 1993; SANZ et al., 1999). No entanto, para a transcri¢do
tardia do gene, as proteinas AlL, A2L G8R, H5R e VTF-X foram identificadas como
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essenciais. Essas proteinas foram descritas como apresentando atividade como fatores de
transcricdo tardia (WRIGHT et al., 2001). Anélises realizadas com células infectadas com virus
da variola bovina (CPXV), virus da variola dos macacos (MPXV), virus da vacina (VACV)
demonstraram que aproximadamente 96% dos transcritos celulares ndo alteraram o perfil de
expressdo. Dos genes celulares que alteraram o perfil de expressdo, 64,3%, 68,2%e 70%
tiveram aumento no perfil de expressdo modulado pela infeccdo por CPXV, MPXV e VACV,
respectivamente. Além disso, foi identificado um padréo tipico de modulagdo transcricional
entre os trés virus. Sendo assim, dos 321 transcritos de células hospedeiras modulados pela
infeccdo pelo MPXV, 241 (75,1%) também sdo modulados pelo CPXV e 148 (46,1%) pelo
VACV (BOURQUAIN et al., 2013). Este perfil temporal de transcricdo parece ser uma
caracteristica comum ndo apenasentre membros da familia Poxviridae, mas também de outros
virus relacionados filogeneticamente aos poxvirus, como os asfarvirus que infectam

mamiferos.

1.3 Expressao génica temporal em Iridoviridae

Como outros membros do filo Nucleocytoviricota, sua replicagcdo ocorre parcialmente
no citoplasma da célula hospedeira. Mesmo com subunidades homologas de RNA
polimerase no genoma do iridovirus, a RNA polimerase da célula hospedeira é necessaria para
sintetizar os primeiros transcritos de genes de virus pertencentes aos géneros Ranavirus e
Iridovirus (OLIVEIRA et al., 2017; GOORHA et al., 1981). Assim, 217 mRNAs iniciais séo
sintetizados no nucleousando a RNA polimerase 1l da célula hospedeira nos estagios iniciais.
No entanto, acredita-se que os transcritos tardios sdo sintetizados no citoplasma da célula
hospedeira pela RNA polimerase codificada pelo virus (MAJJI et al., 2009). Sua expressdo
génica é regulada temporalmente e resulta na expressao de trés classes de genes: 221 imediato
precoce, precoce e tardio (MAJJI et al., 2009).

As analises realizadas com membros do género Iridovirus, como o iridovirus da dourada
(RSIV), identificaram nove genes precoces imediatos, 40 genes precoces e 38 genes tardios
(LUA et al., 2005). O mesmo perfil temporal de regulacéo da express@o génica foi descrito para
outros membros da familia Iridoviridae e do género Ranavirus, incluindo o virusdara 3 (FV-
3). Este gene tem 33 genes precoces imediatos, 22 genes precoces e 36 genes tardios (MAJJI et
al., 2009). Embora o nimero de genes pertencentes as diferentes classes de tempo ndoseja o

mesmo, o perfil temporal da regulacdo da expressdo génica é semelhante entre 0s membros da
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familia Iridoviridae. Genes iniciais imediatos sdo expressos logo apés a infeccdo da celula
hospedeira e podem produzir transcritos mesmo na presenca de inibidores da sintese de
proteinas. Entre os produtos de seus transcritos, alguns fatores irdo ativar a transcricao de genes
precoces. Os genes iniciais codificam proteinas associadas a replicagdo do DNA, enquanto 0s
genes tardios sdo expressos apds o inicio da replicacdo do DNA viral e codificam a particula
viral (LUA et al., 2005; D’COSTA et al., 2001).

1.4 Expressao génica temporal em Mimiviridae e Marseilleviridae

Assim como outros NCLDV, os mimivirus também tém um perfil de transcri¢éo
temporal no qual os genes transcritos sao classificados como precoces, intermediarios e tardios
(LEGENDRE et al., 2010). Os genes classificados como precoces sdo expressos de 0 a 3
horas apds o inicio da infeccdo. Essa classe de genes é funcionalmente diversa, mas a maioria
deles é composta de genes com fungdes ainda ndo definidas. Trés aminoacil-tRNA sintetases -
TyrRS (L124), MetRS(R639) e ArgRS 326 (R663) - pertencem a esta classe temporal e os
pesquisadores sugerem que elas estdo envolvidas na traducéo de proteinas virais desde o inicio
do ciclo de multiplicacdo. Aléem disso, as enzimas envolvidas no reparo do DNA também séo
expressas durante os estagios iniciais do ciclo de multiplicacdo (LEGENDRE et al., 2010;
LEGENDRE et al., 2011), enquanto os genes classificados como intermediarios Sdo expressos
entre 3 e 6 horas ap0s o inicio da infeccdo; a maioria desses genes codifica proteinas envolvidas
no estagio de replicacdo do DNA, como a DNA polimerase e fatores de transcricdo génica
tardia.

Por fim, os genes classificados como tardios sdo expressos 6 horas apds o inicio da
infeccdo. Esses genes codificam os elementos estruturais, como a principalproteina do capsideo
e enzimas presentes nas particulas que sdo necessarias no inicio da infeccdo. Algumas
topoisomerases, importantes na replicacdo e encapsidacdo do DNA, também fazem parte da
classe de genes tardios. Produtos relacionados a expressdo de genes tardios foram detectados
por meio de analises protedmicas em propor¢des mais significativas do que as de outras classes
temporais (RAOULT et al., 2004; LEGENDRE et al., 2010).

Devido ao interesse da comunidade cientifica por esse grupo de virus, muitos outros
virus gigantes foram isolados ao longo dos anos, identificando grande parte dos patdgenos de
amebas que nunca haviam sido investigados. Por exemplo, em 2009, os pesquisadores isolaram
um novo virus gigante em uma cultura de A.polyphaga chamado Marseillevirus marseillevirus

(MsV) de amostras de agua coletadas em torres de resfriamento em Paris, Franca. Como 0s
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mimivirus, os Marseillevirus também tém um perfil de transcricdo temporal. As analises
demonstraram que dos 457 genes identificados a partir de Marseillevirus, 83 (18%) sdo
classificados como precoces (0-1 hpi), 218 (48%) como intermediarios (1-2 hpi)e 156 (36%)
como tardios (4 hpi). De todos os genes analisados, 316 ndo témfuncéo conhecida, 36
estdo relacionados a replicacdo e reparo do DNA e 25 estdo relacionados a regulacdo da
transducdo de sinal. Além disso, genes relacionados aometabolismo de nucleotideos (8 genes),
transcricdo (13 genes), traducdo (4 genes)e estrutura viral e morfogénese (10 genes) foram
identificados (RODRIGUES et al., 2020).
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2. OBJETIVOS
2.1 Objetivo geral

Analisar comparativamente o perfil de expressdo génica de diferentes membros dofilo
Nucleocytoviricota.

2.2 Objetivos especificos

- Analisar o perfil de expressdo em relagdo aos momentos de expressdo degenes de
mimivirus, Marseillevirus, poxvirus e iridovirus;
- Analisar funcionalmente genes precoces, intermediérios e tardios de

mimivirus, Marseillevirus, poxvirus e iridovirus.

3 MATERIAIS E METODOS

3.1 Andlise funcional de genes expressos em momentos precoces, intermediarios etardios de
infeccdo de NCLDV

Conforme descrito no topico 1.1 deste capitulo, os virus gigantes apresentam a
expressao génica regulada temporalmente. Ja existem dados na literatura sobre o transcriptoma
completo de alguns destes virus, como mimivirus, Marseillevirus, vaccinia virus e frog virus 3
(MAJJI et al., 2009; LEGENDRE et al., 2011; YANG et al., 2011; RODRIGUES et al., 2020).
Outros virus pertencentes ao grupo dos NCLDV possuem dados de expressdo génica, porém
apenas para determinados conjunto de genes como para os ascovirus (ZANGHLOUL et al.,
2017), ou para determinada classe temporal como realizado para os chlorovirus (BLANC et al.,
2014).

Diante dos dados isolados disponiveis na literatura, algumas questdes foram levantadas
e investigadas nesta tese: As funcbes observadas em genes expressos em diferentes classes
temporais sdo semelhantes entre diferentes NCLDVs? Quais fungdes sdo compartilhadas e
predominantes em diferentes classes temporais de genes? Para responder a essas perguntas e
obter uma imagem geral deste cenario, realizamos uma analise do perfil de transcricdo e
realizamos uma analise funcional comparativa de genes expressos de diferentes NCLDVS.
Incluimos apenas virus cujos dados de transcriptoma relacionados a extensdo completa do ciclo
de replicacdo estavam disponiveis para permitir uma comparacdo adequada dos dados:
Marseillevirus isolado T19 (nimero de acesso do GenBank NC_013756.1), APMV (nimero



63

de acesso do GenBank NC_014649.1), VACV (Numero de acessodo GenBank AY243312.1)
e frog virus 3 (nimero de acesso do GenBank AY548484.1).

Em um primeiro momento realizamos a categorizacdo dos genes de acordo com o
momento em que sdo expressos. Como mencionado anteriormente, diferentes NCLDV
selecionados para o estudo apresentarem duracdo dos ciclos de multiplicacdo diferentes, e
consequentemente diferentes tempos de expressdo se tratando de uma mesma classe temporal
de genes. Desta forma, decidimos realizara categorizacdo em classes de genes precoces,
intermedidrios e tardios de acordo com 0 momento em que sdo expressos durante o ciclo de
multiplicacéo.

Apbs reclassificacdo de acordo com o momento de expressdo, foi realizadaa
reanotacdo dos genes de cada um dos quatro virus incluidos neste estudo utilizando a
ferramenta BLASTp, considerando E-value < 10, comparando cada gene contra o banco de
dados de proteinas ndo redundantes (nr) do GenBank. Em paralelo, realizamos a busca de
dominios conservados utilizando a ferramenta Interproscan com parametros padrdo para
anotacéo final. Os genes reanotados foram entéo classificados em grupos funcionais de acordo
com as categorias NCVOGs (YUTIN et al., 2009).
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4 RESULTADOS

Como descrito anteriormente, os virus pertencentes ao filo Nucleocytoviricota
apresentam transcricdo de seus genes de forma temporal, os quais sé&o classificados em
precoces, intermediarios e tardios. Sendo assim, é descrito que diferentes membros deste grupo
apresentam um padrdo semelhante de expressdo génica. De acordo com estabelecido por
estudos anteriores, 0s genes pertencentesa este grupo de virus sdo divididos em diferentes
grupos funcionais, denominados grupos ortologos de virus nicleo citoplasmaticos (NCVOGS)
(YUTIN et al., 2009).

Para obter uma avaliacdo clara e permitir uma comparacdo adequada entreos virus,
os genes foram classificados entre as seguintes classes temporais: precoce, intermediario e
tardio, com base nas classificacdes anteriores (RODRIGUES et al., 2020; LEGENDRE et al.,
2010; YANG et al., 2011; LUA et al.,

2005). E importante observar que o ciclo de replicacio de cada virus tem umintervalo de tempo
diferente. Considerando este ponto particular, classificamos os genes em trés classes temporais
distintas, denominadas precoce, intermediario e tardio, com base no momento em que Sao
expressos de acordo com os dados do transcriptoma, em vez do tempo exato (horas) de

expressao para evitar interpretacdes erroneas dos dados.

4.1 Avaliacdo do transcriptoma do Marseillevirus (Marseilleviridae)

O Marseillevirus T19 possui 83 genes classificados como precoces (18%), 228
(48%) como intermediarios e 156 (34%) como genes de expressao tardia (Figura 27A). As
principais fungdes observadas para genes precoces de Marseillevirus estdo relacionadas a
replicacdo e recombinacdo do DNA, transcricdoe transducdo de sinal e algumas funcdes
metabdlicas. Dos 83 genes classificados como precoces, 3 (3,6%) estdo relacionados a
replicacdo e recombinacdo do DNA.A maioria dos genes relacionados a replicagdo do DNA
sdo expressos em tempos intermediarios ou tardios durante a infecgdo; no entanto, alguns
podem ser expressos assim que a particula é internalizada pela célula hospedeira. Além disso,
7 (8,4%) genes estdo relacionados ao processo de transcricdo, como 0s que codificam as
subunidades de helicase e RNA polimerase, 13 (15,6%) com regulacdo e transducédo de sinal
como algumas quinases, e apenas 1 (1%) relacionado ao nucleotideo metabolismo (Figura
27B). A transcricdo de genes precoces relacionados a regulacdo e transducdo de sinais, que

codificam serina / treonina quinase, sugere que o virus tem potencial para manipular a resposta
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do hospedeiro, facilitando o estabelecimento de infecgfes produtivas. Em relacdo aos genes
classificados como intermediarios, as principais funcGes observadas também foram
relacionadas a replicacdo e recombinacdo do DNA (25/218, 11,5%), seguida da regulacdo da
transducdo do sinal (8/218, 3,7%).

Curiosamente, muitos genes envolvidos no metabolismo do DNA também sdo
expressos nos estagios finais do ciclo de replicacdo, sugerindo um processo continuo de
manipulagdo do DNA durante o ciclo de vida do virus. A maioria dos genes relacionados a
estrutura e morfogénese do virion sdo expressos tardiamente (9/53, 16,9%), uma caracteristica
esperada considerando que esses genes estdo envolvidos na formagéo de novas particulas virais
(Figura 28).
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Figura 27. Andlise de categorias funcionais e correlagcdo com o perfil de expressao temporal de genes virais. A)
Grafico representando o nimero de genes de Marseillevirus distribuidos em diferentes classes temporais (precoce,
intermediario e tardio). B) Distribuicdo de genes de diferentes categorias funcionais em classes temporais de
expressdo génica. Apenas genes com funcdes conhecidas sdo incluidos no grafico. |, transcricdo e processamento
de RNA,; II, estrutura e morfogénese do virion; Ill, transducdo de sinal; IV, metabolismo de nucleotideos; V,
replicacdo, recombinagéo e reparo de DNA; VI, traducdo; VI, interagdo hospedeiro-virus; VIII, outras funcbes

metabdlicas; IX, diversos.
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4.2 Avaliacdo do transcriptoma do Acanthamoeba polyphaga mimivirus (Mimiviridae)

APMV tem um total de 979 genes, entretanto para esta analise incluimos apenas genes que
tinham dados de transcriptoma disponiveis, sendo um total de 829 genes (LEGENDRE et al.,
2010). Os 150 genes restantes ainda precisam ser classificados assim que novos dados forem
obtidos. Quase um terco dos genes APMV sdoexpressos precocemente (292, 35,2%), 210
(25,3%) sdo intermediarios e 327 (39.5%) sdo expressos nos momentos finais do ciclo de
multiplicacdo do virus (Figura 28A). A maioria dos genes relacionados a replicagéo,
recombinacdo e reparo do DNA sdo classificados como genes intermediarios, mas existem
outros expressos em outros momentos do ciclo de replica¢do, incluindo DNA primase e
algumas helicases (Figura 28B). Os genes envolvidos na transcricdo e no processamento do
RNA, incluindo fatores de transcri¢do, sdo expressos precocemente, enquanto as subunidades
da RNA polimerase sdo expressas principalmente em momentos intermediarios, possivelmente
sendo importantes para a posterior sintese de transcritos virais. O APMV codifica pelo menos
31 genes envolvidos na regulacdo da transducdo de sinal, incluindo proteinas contendo o
dominio F-box e serina / treonina quinases, que sao expressos principalmente nos estagios

iniciais e intermediarios, respectivamente.

Uma caracteristica distinta entre os virus que o genoma APMV revelou foi a presenca de
genes relacionados a traducao, incluindo aminoacil-tRNA sintetases (aaRS) (RAOULT et al.,
2004). Um total de oito genes sdo relacionados ao aparato traducional do APMV, com 4 sendo
expressos precocemente, incluindo trés aaRS, 3 intermediarios (o0 restante aaRS cai nesta
categoria, ou seja, cisteinil-tRNA sintetase) e apenas 1 genes tardios (Figura 28B). Igualmente
ao MRSV, a maioria dos genes envolvidos na estrutura dos mimivirus sdo classificados como
genes tardios (14/18, 77.7) (Figura 28B). E interessante notar que a maioria desses genes sio
genes putativos de membrana, possivelmente envolvidos na formagdo da fabrica de virus e no
estabelecimento das etapas iniciais da morfogénese dos virions. O gene que codifica a proteina
principal do capsideo (L425) é classificado como um gene tardio.
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Fig 28. Andlise de categorias funcionais e correlagdo com o perfil de expressao temporal de genes virais. A)
Grafico representando o nimero de genes mimivirus distribuidos em diferentes classes temporais (precoce,
intermediario e tardio). B) Distribuicdo de genes de diferentes categorias funcionais em classes temporais de
expressao génica. Apenas genes com fungdes conhecidas sdo incluidos no grafico. I, transcricdo e processamento
de RNA; I, estrutura e morfogénese do virion; Ill, transducédo de sinal; IV, metabolismo de nucleotideos; V,
replicacdo, recombinacédo e reparo de DNA; VI, traducdo; VII, interagdo hospedeiro-virus; VIII, outras fungdes

metabdlicas; IX, diversos.

4.3 Avaliacéo do transcriptoma do vaccinia virus (Poxviridae)

Diferente do MRSV e do APMV, o VACYV ¢é um virus que infecta mamiferos eé um
dos virus mais estudados ao longo da historia. Entre os 218 genes, 118 (54,1%) sdo expressos
em momentos iniciais do ciclo de multiplicacdo, enquanto 51 (23,4%) e 38 (17,4%) sdo genes
intermediarios e tardios, respectivamente (Figura29 A). E interessante notar que 0 VACV tem
muitos genes conhecidos relacionadosa interacdo hospedeiro-virus, a maioria deles (16/19,
84,2%) expressa emmomentos iniciais do ciclo de vida do virus (Figura 29B e 31). Entre esses
genes estdo incluidos aqueles relacionados a interacdo da resposta imune do hospedeiro, como
o receptor de interferon alfa / beta soltvel e proteinas de ligacdo a quimiocinas. A maioria dos
genes envolvidos na transcricdo e no processamento do RNA do VACV sdo expressos
precocemente (18/24, 75%), enquanto somente 4 genes sao expressos em tempos intermediarios
(Figura 29B).

Os genes envolvidos na replicacdo, recombinacdo e reparo do DNA s&oexpressos

principalmente em momentos precoces (6/10 = 60%), e todos 0s genes

40
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relacionados a morfogénese do virion sdo classificados como genes tardios (Figura 29B).
Embora muitos genes do VACV tenham suas fungfes previstas, quase 40% do genoma do
virus ndo estd caracterizado, e muitos genes ainda precisam ser avaliados funcionalmente,
incluindo vérios genes anotados e proteina contendo dominio de repeticdo de anquirina,

semelhante a outros NCLDVs.
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Figura 29. Andlise de categorias funcionais e correlagcdo com o perfil de expressao temporal de genes virais. A)
Grafico representando o nimero de genes do vaccinia virus distribuidos em diferentes classes temporais (precoce,
intermediario e tardio). B) Distribuicdo de genes de diferentes categorias funcionais em classes temporais de
expressao génica. Apenas genes com funcdes conhecidas sdo incluidos no grafico. I, transcrigdo e processamento
de RNA,; I, estrutura e morfogénese do virion; Ill, transducdo de sinal; IV, metabolismo de nucleotideos; V,
replicacdo, recombinagdo e reparo de DNA; VI, traducdo; VI, interagdo hospedeiro-virus; VIII, outras fungées

metabolicas; IX, diversos.
4.2 Avaliacdo do transcriptoma do Frog virus 3 (Iridoviridae)

Dentre os NCLDV incluidos nesta analise, o frog virus 3 (FV-3) € 0 que possui 0
menor genoma, consequentemente com menos genes. Dos 91 genesanalisados, 33 (36,3%) séo
classificados como precoces, 22 (24,2%) como intermediarios e 36 (39,5%) como genes tardios
(Figura 30 A). Metade dos genes doFV-3 ndo tem fungdo conhecida. Doze genes estdo
envolvidos na replicagdo, recombinagéo e reparo do DNA, com 5 sendo classificados como
intermediarios e outros 5 genes como tardios (Figura 30B). Apenas trés genes estdo envolvidos
com a transcricéo e processamento de RNA, incluindo duas subunidades de RNA polimerase e
fator de alongamento da transcricdo S-1lI, todos classificados como genes intermediarios.
Nenhum gene envolvido na traducdo ou interacéo virus- hospedeiro foi observado (Figura 30B).
E importante notar que a auséncia de genes envolvidos na interacdo direta do hospedeiro, e

apenas alguns envolvidos na regulacéo da transducéo de sinal (2 genes iniciais, 4 genes tardios),
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ndo implica que FV-3 tem apenas uma manipulacdo fraca da célula hospedeira.

Em vez disso, esses dados devem ser interpretados com cautela, dada a grande
quantidade de genes ainda a serem caracterizados, e 0s genes envolvidosna manipulagdo do
metabolismo do hospedeiro poderiam ser identificados em estudos posteriores. Curiosamente,
a maioria dos genes envolvidos na estrutura do virion, anotados como proteinas de superficie,
sdo classificados como genes precoces (9/17 = 53%), enquanto apenas 3 (17,6%) genes sdo
classificados como tardios (Figura 30B). Isso esta em contraste com outros NCLDV, onde 0s
genes envolvidos na estrutura do virion e morfogenes sao classificados principalmente como
genes intermediarios ou tardios. No entanto, o gene que codifica a proteina conservada do

capsideo principal é expresso tardiamente, como observado para outros NCLDVs.
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Figura 30. Anélise de categorias funcionais e correlacdo com o perfil de expressdo temporal de genes virais. A)
Grafico de representando o nimero de genes do Frog virus 3 distribuidos em diferentes classes temporais (precoce,
intermediério e tardio). B) Distribuicdo de genes de diferentes categorias funcionais em classes temporais de
expressdo génica. Apenas genes com fungdes conhecidas sdo incluidos no gréfico. |, transcrigdo e processamento
de RNA; II, estrutura e morfogénese do virion; 11, transducdo de sinal; 1V, metabolismo de nucleotideos; V,
replicacdo, recombinagdo e reparo de DNA; VI, traducdo; VII, interagdo hospedeiro-virus; VIII, outras fungGes

metabdlicas; IX, diversos.

4.3 Analise comparativa do transcriptoma de Nucleocytoviricota

Dentre os quatro virus incluidos nesta analise comparativa, podemos observar que
exibem diferencas em muitos aspectos, incluindo estrutura viral, genoma e gama de
hospedeiros. No entanto, muitos estudos evidenciam sua origem comum. Nossa analise indica
que, apesar das diferencas na genética arsenal, genes envolvidos no mesmo processo biolégico
sdo geralmente expressos no mesmo fase do ciclo replicativo de um virus. Uma divergéncia

marcante s8o 0s genes relacionados a outras funcGes metabolicas, que se expressam em

20
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diferentes fases dependendo do virus. Isto pode ser devido ao relacionamento direto com o
hospedeiro, onde o virus manipularia o metabolismo do hospedeiro, que é especifico para cada
grupo de organismos eucariéticos. Estes genes virais foram possivelmente obtidos por
transferéncia horizontal de genes (TGH) do hospedeiroao longo evolugdo, ndo seguindo um

padrédo de expressdo semelhante.
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Figura 31. Anélise comparativa de categorias funcionais e correlagdo com o perfil de expressdo temporal de genes
virais. A) Grafico do perfil de expressdo de genes de MRSV, APMV, VACV e FV-3 relacionados a Replicag&o,
reparo e recombinacao de DNA. B) Gréafico do perfil de expressao de genes de MRSV, APMV, VACV e FV-3
relacionados a interacao virus hospedeiro. C) Grafico do perfil de expressdo de genes de MRSV, APMV, VACV
e FV-3 relacionados a genes diversos. D) Graficodo perfil de expressdo de genes de MRSV, APMV, VACV e
FV-3 relacionados a metabolismo de nucleotideo. E) Grafico do perfil de expressédo de genes de MRSV, APMV,
VACV e FV-3 relacionados a outras fungdes metabdlicas. F) Grafico do perfil de expresséo de genes de MRSV,
APMV, VACV e FV-3 relacionados a transducao de sinal. G) Gréfico do perfil de expressdo de genes de MRSV,
APMV, VACV e FV-3 relacionados a transcri¢do. H) Gréfico do perfil de expresséo de genes de MRSV, APMV,
VACV e FV-3 relacionados a traducdo. 1) Gréfico do perfil de expressdo de genes de MRSV, APMV, VACV e

FV-3 relacionados a estrutura viral e morfogénese.
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DISCUSSAO

Como descrito anteriormente, 0s virus gigantes tém diferencas notaveis em seus ciclos
de replicacdo, bem como na estrutura de seus virions. Depois da descoberta deste grupo de
virus, estudos foram conduzidos para aumentar o conhecimento de sua biologia e interacdo com
0 hospedeiro por meio de investigacOes relacionadas ao ciclo de vida de esses organismos
(ANDRADE et al., 2017; MUTSAFI et al., 2013; ARANTES et al., 2016). Este estudo
apresenta um aprofundamento na descricao das etapas do ciclo de multiplicacdo do orpheovirus,
fornecendo informac6es sobre a penetracdo, morfogénese, liberacdo, caracteristicas estruturais
e efeito citopatico desencadeado por este virus em suas células hospedeiras. Outros virus
gigantes sdo capazes de induzir mudancas morfolégicas em V. vermiformis, desencadeando
agregados de amebas denominados cachos, conforme descrito para o Tupanvirus (SILVA et al.,
2019), e formacéo de unidades formadoras de placas evidenciadas para Faustovirus (BORGES

et al., 2019), bem como arredondamento e lise celular.

As mudancas morfolégicas desencadeadas pelo orpheovirus séo diferentes daquelas
anteriormente descritas, apresentando células com formas fusiformes e algumas células
ramificadas. E sabido que a maioria dos virus gigantes desencadeia o arredondamento da
celula, o que impede a formagdo de pseudopodes e, consequentemente, diminui a motilidade
das amebas. Curiosamente, além das mudancas morfologicas, foi observado um aumento na
motilidade das células de V. vermiformis, nunca descrito anteriormente. Embora especulativo,
uma hipotese é que este aumento da motilidade seria uma estratégia que facilitaria a infeccéo

de células vizinhas, levando a um aumento da disseminacdo de particulas virais.

A estratégia de penetracao por meio de fagocitose tem sido frequentemente descrita para
outros virus gigantes, demonstrado por meio de ensaios biologicos com inibidores
farmacol6gicos para APMV e Cedratvirus getuliensis, nos quais foram observados uma
consideravel diminui¢do dos titulos virais (ANDRADE et al., 2017; SILVA et al., 2018).

Considerando o fato de que as particulas de orpheovirus
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apresentam grandes dimensdes (900-1100 nm), foi proposto em estudos anteriores que

a penetracdo das particulas ocorreria por fagocitose (ANDREANI et al., 2018).

Depois de analisar varias imagens MEV, foi observada a formacao de pseuddpodes em
contato com particulas de orpheovirus na superficie das células hospedeiras. Devido a isso,
reforcamos a hipdtese de que a fagocitose seria como uma estratégia de penetracdo explorada,
embora outros mecanismos como macropinocitose ou endocitose ndo devam ser descartados.
Assim que ocorre a penetracdo nas células hospedeiras, o conteddo interno da particula é
liberado no citoplasma da célula através de um ostiolo localizado em sua regido apical. Este
mecanismo também é descrito para outros virus gigantes que tém particulas com morfologia
semelhante e sdo filogeneticamente relacionados ao orpheovirus como cedratvirus (SILVA et
al., 2018; LEGENDRE et al., 2014).

Ao contrario das FVs descritas para mimivirus, as quais apresentam zonas bem
definidas (ANDRADE et al., 2017), as FVs visualizados durante as infeccespor orpheovirus
sdo grandes areas elétron-lucentes localizadas em regidesperinucleares, onde a morfogénese de
novas particulas ocorre. Diferente do observado anteriormente para os pandoravirus, o nicleo
permanece durante a infecgdo viral (ANDRADE et al., 2018). Além disso, foi observado um
recrutamento de mitocondrias no interior e em regides periféricas das FVs. O recrutamento de
membranas também foi observado no interior das FVs. Desta forma, é sugerido ser uma
caracteristica importante para as fases de morfogénese e formacdo de vesiculas para posterior

exocitose de particulas. No entanto, a origem das membranas recrutadas precisa ser investigada.

Vesiculas de Marseillevirus recentemente demonstraram consistir de membranas do
reticulo endoplasmatico e, ap0s o tratamento com inibidores, houve uma diminuicdo na
formac&o de novas particulas e vesiculas (ARANTES et al., 2016). Também para orpheovirus,
observamos que o tratamento com brefeldina impacta a formagéo de FV e morfogénese. A
morfogénese das particulas de orpheovirus ocorre no interior das FVs, iniciando com a
formacdo de estruturas semicirculares elétron-densas denominadas crescentes. A formag&o
dessas estruturas é descrita para outros virus gigantes de amebas, bem como outros virus
pertencentes ao grupo NCLDV, como os poxvirus (MAURURI-AVIDAL et al., 2011). Essas
crescentes tornam-se mais espessas e, ao longo do ciclo, sdo preenchidas com o conteudo
interno da particula e se tornam mais elétron-densas até estarem completamente fechadas,

ocorrendo assim a formacéao da particula madura.
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Embora as particulas de orpheovirus apresentem uma forma ovoide,semelhantes aos
pandoravirus, cedratvirus e pithovirus, eles possuem uma estrutura distinta. Sendo assim, foi
observado que as particulas de orpheovirus apresentam uma camada de fibrila que € menor em
comparagcdo com outros virus gigantes, como mimivirus e, apesar das escassas informacdes
sobre sua constituicdo, podem estar relacionadas a adesdo na célula hospedeira, conforme
demonstrado para mimivirus (RODRIGUES et al., 2015). Ao contrario do mimivirus, nenhuma
area especifica na qual fibrilas podem ser adquiridas foram observadas nas FVs durante
infeccdo por orpheovirus e, portanto, formulamos a hipotese deque eles seriam adquiridos
no interior das FVs (ANDRADE et al., 2017).

Além disso, foi observado que, além das fibrilas, as particulas sdoconstituidas por
diversas camadas, sendo uma camada externa a camada do capsideo e uma membrana interna
que envolve o cerne da particula. Para melhor entendimento de sua estrutura, mais ensaios sao
necessarios ndo somente para compreensdo da origem das membranas presentes em sua
estrutura, como tambémtrazer mais informac6es que reforcem os mecanismos utilizados pelo

virus em etapas iniciais do ciclo de multiplicacéo.

A presenca de uma ou mais particulas envolvidas por membranas sdo descritas para
Cedratvirus getiliensis e Pithovirus sibericum, sugerindo que eles seriam liberados da célula
hospedeira por exocitose (SILVA et al., 2018; LEGENDRE et al., 2014). Embora a lise celular
tenha sido demonstrada por imagens MEV, e é descrita como a estratégia principal para a
liberacdo da progénie viral, acredita-se que a exocitose seria um mecanismo alternativo usado
pelo orpheovirus. Um significativo aumento na contagem de particulas do sobrenadante foi
observado 12 h.p.i.,, sem diminuicdo nas contagens de células. Além disso, por imagens de
microscopia IF ao longo do ciclo, foi visualizado um aumento no nimero de particulas fora das

células também 12 h.p.i. e 24 h.p.i., respectivamente.

Os ensaios de curva de ciclo Unico demonstraram um aumento nos titulos virais 12 h.p.i.
e aumento da amplificagdo do genoma viral 9 h.p.i., atingindo um patamar 48 h.p.i. para ambos
0s casos. Esses dados corroboram com o proposto anteriormente (ANDREANI et al., 2018), o
qual descreveram um ciclo de multiplicagédo mais longo com duracdo de aproximadamente 30
h. Estudos que avaliaram ciclo de multiplicagdo de outros virus gigantes, como como
Tupanvirus, kaumoebavirus e Faustovirus, capazes de infectar V. vermiformis também
demonstraram ciclos de multiplicagdo de maior duracdo (SILVA et al., 2019; BAJRAI et al.,

2016; RETENO et al., 2015) em comparacéo a virus gigantes associados a amebas do género
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Acanthamoeba. Isso sugere que o perfil de duracdo do ciclo de multiplicacdo desses virus pode
estar relacionado a seus hospedeiros. De modo geral, este trabalho traz informac@es valiosas
em relacdo ao ciclo de multiplicacdo, estrutura e efeito citopatico desencadeado pelo
orpheovirus. Desta forma, contribuindo para potencializar a compreensao sobre este novo virus
gigante. Estudos futuros com a aplicagdo de meétodos alternativos incluindo inibidores de
macropinocitose, endocitose, criomicroscopia, ensaios IF com marcadores para compreensdo

da origem das membranas estruturais da particula, ajudardo a preencher algumas lacunas.

Além de informagdes sobre a biologia e aspectos do ciclo de multiplicagdo dos virus
pertencentes ao filo Nucleocytoviricota serem necessarias, muitos aspectos relacionados ao
perfil transcricional destes virus ainda ndo estdo completamente elucidados. Desta forma,
compreender de forma mais aprofundada como estes mecanismos ocorrem nos fornecem
também informacdes sobre sua interacdo com hospedeiro e nos permitem inferir sobre sua

histéria evolutiva.

Muitos conceitos sobre a virosfera foram alterados com estudos realizados aolongo dos
anos apds a descoberta dos NCLDVs. Esse grupo se caracteriza por compartilhar muitos genes
relacionados a replicacdo do genoma e a formacdo da estrutura viral, denominados "viral
hallmark genes”, além de um padrdo genético transcricional comum (KOONIN et al., 2020).
Essas caracteristicas combinadas reforcam o monofiletismo desse grupo. Além disso, muitos
membros desse grupo tém um aparato transcricional quase completo, que fornece alguma
independéncia do maquindrio de seus hospedeiros. Assim, a presenca de um aparato
transcricionalrobusto tem levantado muita discussdo sobre os aspectos evolutivos desses virus

€ Seu genoma.

Neste trabalho, foi realizada uma analise comparativa de grupos de genes expressos em
diferentes momentos de infeccdo de diferentes membros dos NCLDVs. Observou-se como
caracteristica comum a este grupo um perfil temporal de expressao de seus genes ao longo do
ciclo de multiplicacéo, caracteristica que aparentemente se manteve ao longo da evolucao deste
grupo de virus. Ressaltando esta caracteristica em comum, é possivel que uma fracdo dos genes
classificados como precoces em alguns dos membros dos NCLDV sejam transportados na
particula ao citoplasma da célula hospedeira, como demonstram dados preliminares, 0s quais
identificaram transcritos no interior do capsideo de marseillevirus (BOYER et al., 2009).
Mesmo assim, analises mais aprofundadas sdo necessarias para melhor compreensdo deste

aspecto.
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Genes pertencentes a classes temporais distintas apresentam como padrao esperado seu
pico de expressdo em momentos distintos de infeccdo. Desta forma, pdde-se notar que genes
relacionados a traducdo e morfogénese tiveram seu pico de expressdo principalmente em
momentos tardios em quase todos os NCLDVanalisados. Diferentemente dos genes descritos
anteriormente, genes envolvidos em replicacdo, reparo e recombinacdo de DNA foram
observados sendo expressos em diferentes momentos do ciclo de multiplicacdo dos virus
estudados. Este perfil demonstra a importancia destes genes ao longo de todo o ciclo de
multiplicacéo, sendo alguns utilizados no inicio do ciclo, e outros posteriormente cujos produtos
podem ser encapsidados ao final do ciclo e encontrados no interior de particulas maduras de
alguns NCLDV, como no caso da DNA polimerase descrito anteriormente para Marseillevirus
(BOYER et al., 2009). Finalmente, apesar de um padrdo comum de expressdo temporal génica
dos virus analisados ser observado, sendo uma caracteristica possivelmente herdada do ultimo
ancestral comum dos Nucleocytoviricota, é mais provavel que cada grupo viral tivesse uma
historia diferente de ganho e perda de gene (FILEE et al., 2015), possivelmente devido a um
interacdo com distintos hospedeiros e organismos simpatricos, resultando em diferentes

proporcdes de categorias funcionais de genes ortdlogos.

Entender como os genes de um determinado patdgeno sdo expressos fornece dados que
auxiliam no entendimento de sua biologia e na interacdo com seus hospedeiros. Além disso,
informacdes sobre a regulacdo da expressdo desses genes também podem auxiliar em estudos
com o objetivo de interromper esseprocesso em um determinado ponto do ciclo, a fim de

contribuir para a resolucéo de possiveis doencas causadas por diferentes patdgenos virais.

Por fim, este estudo compila informacdes sobre a regulacdo da expressao génica de
diferentes patdégenos que abre campo para estudos de transcri¢do de outros virus pertencentes a
NCLDVs, cujo processo ainda ndo esta completamente elucidado. A analise apresentada aqui
fornece informac@es sobre os perfis de expressdo génica de outros patdgenos virais pertencentes
a Nucleocytoviricota e pode ser usada como um ponto de partida para futuras investigacdes

transcriptomicas.
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CONCLUSOES

I.  Caracterizacgdo do ciclo de multiplicacao do orpheovirus em Vermamoebavermiformis

- Infeccdo pelo orpheovirus desencadeia mudancas morfologicas na célulahospedeira e
efeito citopatico nunca antes descrito em V. vermiformis;

- Apbs internalizacdo de particulas através de fagocitose e liberacdo do genoma no
citoplasma celular sdo formadas grandes FV elétron-lucentes;

- No interior das FV ocorre a morfogénese que se inicia com a formacdo de crescentes, as
quais se estendem e sdo preenchidas com seu conteudo interno atéa formagéo de particulas
maduras;

- As particulas maduras sdo formadas por diversas camadas e sdo liberadas das células

hospedeira através de lise ou exocitose.

II. Andlise comparativa do transcriptoma de nucleocytoviricota

- Com andlise de genes transcritos em tempos precoces, intermediarios e tardios foi possivel
observar um padrdo comum de funcdo relacionada a transducéo de sinal, transcricao, replicacdo
do DNA em tempos precoces e relacionados a morfogénese em tempos tardios entre os quatro
virus pertencentes ao grupo dos NCLDV analisados;

- Como padrdo comum observado dentre os virus analisados a expressdo de seus genes ao
longo do ciclo de multiplicacdo é regulada temporalmente, sendo uma caracteristica que se
manteve durante sua historia evolutiva;

- Apesar de um padrdo comum de expressdo temporal génica dos virus analisados ser
observado, sendo uma caracteristica possivelmente herdada do Gltimo ancestral comum dos
Nucleocytoviricota, € mais provavel que cada grupo viral tivesse uma historia diferente de

ganho e perda de gene.
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Background: After the isolation of Acanthamoeba polyphaga mimivirus (APMV), the study and search
for new giant viruses has been intensified. Most giant viruses are associated with free-living
amoebae of the genus Acanthamoeba; however other giant viruses have been isolated in
Vermamoeba vermiformis, such as Faustovirus, Kaumoebavirus and Orpheovirus. These studies
have considerably expanded our knowledge about the diversity,structure, genomics, and evolution of
giant viruses. Until now, there has been only one Orpheovirus isolate, andmany aspects of its life

Methods: In this study, we performed an in-depth characterization of the replication cycle and
particles ofOrpheovirus by transmission and scanning electron microscopy, optical microscopy

Results: We observed, through optical and IF microscopy, morphological changes in V. vermiformis cells
during Orpheovirus infection, as well as increased motility at 12 h post infection (h.p.i.). The viral factory
formation and viral particle morphogenesis were analysed by transmission electron microscopy,
revealing mitochondria and membranerecruitment into and around the electron-lucent viral factories.
Membrane traffic inhibitor (Brefeldin A) negatively impacted particle morphogenesis. The first structure
observed during particle morphogenesis was crescent-shaped bodies, which extend and are filled by the
internal content until the formation of multi-layered mature particles. Wealso observed the formation of
defective particles with different shapes and sizes. Virological assays revealed that viruses are released
from the host by exocytosis at 12 h.p.i., which is associated with an increase of particle counts in the

Conclusions: The results presented here contribute to a better understanding of the biology,

J

Background

Giant viruses belong to a complex group of viruses com-
monly referred to as nucleocytoplasmic large DNA vi- ruses
(NCLDVs). The group gained notoriety after the isolation of
Acanthamoeba polyphaga mimivirus (APMV), which has
large particles (~ 750 nm) capable of infecting amoebae of the
genus Acanthamoeba [1]. The study and search for new giant
viruses has been intensi- fied, and these viruses were
uncovered in different sam- ples and environments,
considerably expanding our knowledge about their diversity
and ubiquity [2, 3]. Most
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giant viruses such as Mimivirus, Marseillevirus, Pandora-
virus and Cedratvirus are associated with free-living amoebae
of the genus Acanthamoeba; however, other giant viruses have
been isolated in Vermamoeba vermi- formis, such as
Faustovirus and Kaumoebavirus [4, 5].

In 2018, a new virus, Orpheovirus IHUMI-LCC2 (hence
forward called Orpheovirus), was described that is capable of
infecting V. vermiformis, which was isolated from rat fae- cal
samples collected in France. These viruses have ovoid- shaped
particles, as observed for Cedratvirus, Pandoravirus, and
Pithovirus, ranging from 900 to 1100 nm in length and
approximately 500 nm in diameter. These viruses are also
marked by the presence of a circular double-stranded DNA
genome of 1,473,573 bp, encoding 1512 predicted genes of
which 57.5% are ORFans [6]. Regarding the predicted

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons
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genes, it was observed that the best hits were with Pitho- virus
sibericum, Pithovirus massiliensis and Cedratvirus Al1l.
Furthermore, pan-genomic analysis and phylogenetic
reconstructions based on different core genes demonstrated a
distant relationship between Orpheovirus and pitho- viruses
and cedratviruses [6].

Due to its large size, it was proposed that the replica-tion
cycle of Orpheovirus was initiated by phagocytosis of viral
particles by V. vermiformis cells. After particle entry,the
genome would be released into the cell cyto- plasm through
an ostiole located at the apex of the vir- ion. An eclipse phase
is established, and then viral factories (VFs) are formed,
where new viral particles are assembled. In the final steps of
the cycle, the cell cyto- plasm is completely filled by new
synthesized particles, which are released from the host cell by
lysis [6]. Despite the information described in the first
proposed model, many steps of the replication cycle and
particles of this virus still need to be elucidated.

In the present work, we present an in-depth investiga- tion
of the steps of the replication cycle of Orpheovirus. Our data
revealed that Orpheovirus induces profound changes in the
morphology of V. vermiformis, including increased cell
motility at some time points of infection. We also provide
details about virus entry, VFs formation, organelle recruitment
and particle morphogenesis. We also observe that viral
particles are released from infected cells both by exocytosis
and cell lysis. The data presented here reveal several peculiar
characteristics of the life cycle, structure andhost interaction
of this new giant virus.

Methods

Cell culture, viral production, purification and titration

V. vermiformis (ATCC CDC19) were cultivated in Peptone
Yeast Extract Glucose (PYG) medium supplemented with
0.14 mg/mL penicillin (Sigma-Aldrich, USA), 50 mg/mL
gentamicin (Thermo Fisher Scientific, USA), and 2.5 mg/ mL
amphotericin (Bristol-Myers Squibb, New York, USA) at 32
°C. For Orpheovirus production and purification, ten T175
cm? flasks (Thermo Fisher Scientific, USA) containing 20 x
108 cells in PYG medium were infected with Orpheo- virus at
a multiplicity of infection (M.0O.1.) of 0.01 and incu- bated for
4 days at 32 °C. The lysate was centrifuged at 1200 x g to
remove cell debris. Then, the supernatant was col- lected,
added over a 40% sucrose (Merck, Germany) cush- ion and
centrifuged at 36,000 x g for 1 h. The pellet was re-suspended
in PBS and stored at — 20 °C. Three aliquots of the virus stock
were titrated to the 50% end-point and calculated bythe Reed-
Muench method [7, 8].

Cytopathic effect, one-step growth curve assays and
particle counts

To investigate the cytopathic effect (CPE) of Orpheo- virus
in V. vermiformis cells by optical microscopy, 25
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cm? cell culture flasks containing 3 x 10° V. vermiformis cells
were infected with Orpheovirus at an M.O.I. of 10, incubated
at 32 °C and observed at different hours post in- fection (h.p.i)
(1, 3, 6,9 12 and 24 h.p.i) for 24 h. Unin- fected V.
vermiformis cells (control) were also observed. A one-step
growth curve was constructed using 25 cm? flasks in
duplicate at an M.O.l of 10. At different time points (1,
3,6,9, 12, 24, 48 and 72 h.p.i), the infected V. vermiformis
cells and supernatants were collected, titred and calculated
using the end point method. We also per- formed a quantitative
polymerase chain reaction (QPCR) assay to quantify the viral
genome load targeting the DNA polymerase gene, using
oligonucleotide  primer  sequences  Forward 5'-
ATGGCGAAATATGCGGAAGGG-3' and

Reverse 5'-TCTTGTGCTCCTAACGCACC-3'. The ther-
mal cycling conditions used were: one cycle at 95 °C for
10 min and 40 cycles at 95 °C for 10 s and 60 °C for 40 s; a
melting curve analysis at 95 °C for 15 s, 58 °C for 15 s and
a final cycle at 95 °C for 15 s was completed.

To investigate if the particles were released from the host
cell by exocytosis, 3 x 10° V. vermiformis cells were infected
with Orpheovirus at an M.O.1. of 5 and analyses were car- ried
out at the infection times of 3, 6, 9, 12 and 24 h.p.i. Thirty
minutes after infection, the monolayer of cells was washed
once with PBS and the flasks were filled with 4 mL of PYG
medium. After each time point, we separated 12 pL of the
supernatant to count the number of released Orpheovirus
particles during infection. The particles were observed by light
microscopy  (OlympusBX41, Japan) under  1000x
magnification using a cell counting chamber (Kcell Olen
Kasvi, Brazil).

Transmission and scanning electron microscopy

For the transmission electron microscopy (TEM) assays, the
cells were infected at an M.O.l. of 0.01, and when the CPE
was observed, we centrifuged the flask content for 10 min
at 800 x g. The pellet was washed twice with 0.1 M sodium
phosphate buffer (pH 7.4) and fixed with 2.5% glu-
taraldehyde in 0.1 M sodium phosphate buffer for at least 1
h at room temperature. The pellet was then washed twice with
0.1 M sodium phosphate buffer and suspended in the same
solution. After, the amoebae were embedded in EPON resin
using a standard method, as follows: 2 h of fixation in 2%
osmium tetroxide, five washes in distilled water, overnight
incubation in uranyl acetate 2% at 2- 8 °C, two washes in
distilled water, 10 min dehydration in increasing ethanol
concentrations (35, 50, 70, 85, 95 and 100%), 20 min
incubation in acetone and embedding in EPON resin. Ultrathin
sections were subsequently ana- lysed under TEM (Spirit
Biotwin FEI-120 kV) at the Cen- ter of Microscopy of UFMG,
Brazil.

For the scanning electron microscopy (SEM) assays, the
cells infected at an M.O.I. of 0.01 were added to round glass
blades covered by poly-L-lysine and fixed
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with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 1
h at room temperature. Samples were then washed three times
with 0.1 M cacodylate buffer and post-fixed with 1.0%
osmium tetroxide for 1 h at room temperature. After a second
fixation, the samples were washed three times with

0.1 M cacodylate buffer and immersed in 0.1% tannic acid for
20 min. Samples were then washed in cacodylate buffer and
dehydrated by serial passages in ethanol solu- tions with
concentrations ranging from 35 to 100%. They were dried at
the critical CO; point, transferred onto stubs and metalized
with a 5 nm gold layer. The analyses were completed with
SEM (FEG Quanta 200 FEI) at the Center of Microscopy of
UFMG, Brazil.

Immunofluorescence assays

For immunofluorescence (IF) analysis, 3 x 10° V. vermiformis
cells were added to round glass blades and after incubation
during 24 h at 32 °C, the cells were infected at an M.O.1. of
2. After 1, 3, 6, 8, 12 and 24 h.p.i., we fixed with acetone for
10 min at — 20 °C. After fixation, cells were stained with poly-
clonal anti-orpheovirus whole particle antibodies produced in
mouse (1:400 diluted in PBS) for 1 h at 37 °C, followed by
three rinses with PBS. Cells were then incubated with 3% bo-
vine serum albumin (BSA)-PAS for 30 min, followed by three
rinses with PBS. After a 1 h of incubation with anti- mouse
secondary antibodies (1:400 diluted in PBS), followedby three
rinses with PBS, the cells were also incubated with DAPI
Sigma (1:1000 diluted in PBS) for 1 h at room temperature.
After three rinses with PBS, the cells were incu- bated with
rodamine-phalloidine (Invitrogen) (1:1000 diluted in PBS) for 1
h at room temperature. Uninfected cells (con- trol) were also
fixed and prepared as described above. Fluo- rescently
labelled cells were observed using an Axio Imager Z2-
Apotome 2 microscope (Zeiss). The Zen Lite software from
Zeiss microscopy was used for image processing at the Center
of Microscopy of UFMG, Brazil.

Membrane inhibitor assays

To evaluate the role of cell membranes in the viral replica- tion
cycle, 14 x 10° V. vermiformis cells were infected with
Orpheovirus at an M.O.I. of 5. Thirty minutes post-infection,
the amoebae were washed with PAS and then we added 15 mL
of PYG medium maintained at 32 °C. After 1 h, BrefeldinA
(BFA), an inhibitor of membrane traffic, was added at a final
concentration of 10 puM, and at 8 h post-infection, the amoebae
were collected for TEM analysis. Samples were pre-pared for
microscopy as previously described.

Results

Characterization of cytopathic effect of Orpheovirus
evidenced morphological changes and increased motility
of V. vermiformis

In order to characterize the CPE of Orpheovirus, V. vermi-
formis cells were infected at M.O.l. of 10 and observed up
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to 24 h.p.i.. Using optical microscopy, we observed that the
cells became stretched into a fusiform shape at 3 h.p.i., and
this effect became more evident at 9 h.p.i. and 12 h.p.i., re-
spectively (Fig. 1a). In addition, at 12 h.p.i., some branched
fusiform cells were observed (Fig. 1a). At 24 h.p.i., the cells
became rounded, cell lysis was more evident and some fusi-
form cells were visualized (Fig. 1a). We also performed counts
of normal (typical morphology of control cells), fusi- form
(branched and not branched) and rounded cells. We observed
a decrease of normal cells, while fusiform cell counts
increased at 9 h.p.i., composing ~ 40% of the total infected
cells. At 24 h.p.i., most cells were rounded, but some fusiform
cells were also observed (~20%) (Fig. 1b).

Different time points during infection (M.O.l. of 5) were
selected for IF assay. IF assays using anti-orpheovirus pri-
mary antibodies at 1 h.p.i. revealed particles being endocy-
tosed by amoebae (Fig. 2). At 3 h.p.i. and 6 h.p.i., respectively,
an increase in particle amounts were visual-ized within the
host cells. We also visualized fusiform cellsat 12 h.p.i. by IF,
and interestingly, we noticed viral particle polarization at one
cell extremity and an increasing num- ber of particles outside
cells (Fig. 2). At 24 h.p.i., many cells were rounded and the
large majority of amoebae were already lysed (Fig. 2). The
CPE triggered by Orpheovirus is different from others
previously described for Faustovirus, which revealed the
formation of plaque forming units, and Tupanvirus, which was
characterized by amoebae aggre- gates called bunches, as well
as rounding and lysis in V. vermiformis [9, 10]. Furthermore,
we observed that Orpheovirus infection induces an increase
in the motility of
V. vermiformis cells, especially those with a fusiform shape.
This effect starts at 6 h.p.i. and became more evi- dent at 12
h.p.i. (Additional file 1: Video S1)

Orpheovirus is phagocytized, forms electron-lucent viral
factories and induce cytoplasmic changes involving
different organelles
Due to the large size of Orpheovirus particles (~ 1.1 pm), it
was proposed that their entry into V. vermiformis cells would
occur by phagocytosis, as previously described for other giant
viruses, such as Pandoravirus, Mimivirus and Cedratvirus [3,
11, 12]. During early steps of the replication cycle, we
visualized, by SEM, the formation of pseudopods in contact
with Orpheovirus particles at the cell surface (Fig. 3a). This
suggests that phagocytosis is the entry strat- egy used by
Orpheovirus, as previously suggested [6]. IF analyses at 1
h.p.i. demonstrated that more than one par- ticleis able to
penetrate the host cell (Fig. 3b). After entry, it was observed,
by TEM, that the internal particle content Is released into the
cell cytoplasm through an ostiole located at the apex of the
viral particles (Fig. 3c).

As previously described in other giant viruses, Orpheo-
virus morphogenesis occurs in subcellular microenviron-
ments called VFs, which are located in the host cell’s
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cytoplasm. Similar to Cedratvirus and Pandoravirus VFs,
Orpheovirus VFs are large electron-lucent areas, which
occupy a large part of the host cell (Fig. 4aand b), and donot
exhibit well-defined zones as observed for mimiviruses [11].
We also visualized, by TEM, the formation of VFs in
perinuclear regions, and unlike those described for pan-
doraviruses, the host nucleus remains present during the
infection (Fig. 4a-c) [3]. Interestingly, the formation of VVFs
with the presence of particles inside blebs in advanced steps
of the viral replication cycle were evidenced by TEM images
(Fig. 5a and b). Induction of bleb formation has also been
described during Cedratvirus getuliensis infec- tions in A.
castellanii cells, but this event requires further investigation
[12].

Mitochondrial recruitment was also observed in periph-eral
regions and inside VFs (Fig. 5¢), as well as membrane

recruitment (Fig. 4a and b). The treatment of infected cells
with BFA, a membrane trafficking inhibitor, at 8 h.p.i.,
affected both the formation of VFs and morphogenesis of new
particles (Fig. 4c).

Morphogenesis dynamics of Orpheovirus particles

With analysis of TEM images of asynchronous infection of
Orpheovirus (M.O.l. of 0.01), the formation of VFs that
presented particles in different maturation stages was
visualized (Fig. 6a), which obtained more informa- tion about
the morphogenesis of new particles. The morphogenesis of
Orpheovirus starts with the formation of electron-dense
semicircular structures named cres- cents, as observed for
other giant viruses, such as Faus- tovirus and Cedratvirus [9,
12]. These structures extend and are filledby the internal
content until the formation
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of a mature particle (Fig. 6b-f). Recruitment of sheet- like
structures in the periphery of the particles under as- sembly
was also observed (Fig. 6e) and may be important for particle
formation, which seems to be composed of several layers of
proteins and membranes. Both by TEM and SEM images, it
was evidenced that the mature parti- cles have a flattening on
one side (Fig. 6g and h).

In order to chronologically analyse viral genome repli-
cation and infectious particle formation, one-step growth
assays were performed. An increase in genome amplifi- cation
was observed at 9 h.p.i., and infectious particle de- tection
increased at 12 h.p.i. (Fig. 6i-j). At 48 h.p.i., Orpheovirus
propagation reached a plateau (Fig. 6i-j). The data corroborate
those previously described [6],
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which suggested that the cycle of Orpheovirus in V.
vermiformis is slower compared to other giant viruses, during
approximately 30 h.p.i.

In addition, it was observed that Orpheovirus particles have
a smaller fibril layer compared to those observed in
mimiviruses (Fig. 7a and b) [13]. The analyses also re- vealed
that mature particles were present in an outer layer, a capsid
layer and an inner membrane that involve the core of the
particle (Fig. 7aandb). It is noteworthy that, even in infections
with low M.O.l., the presence of defective particles in
different formats was evidenced (Fig. 8a-c). This finding
suggests that malformed

particles occur naturally, which is similar to other giant viruses
[6, 10, 11].

Orpheovirus particles are released from the cell by lysis
and exocytosis

After VF formation, expansion of the crescents, and complete
maturation, new particles were visualized inperipheral regions
in the host cell’s cytoplasm (Fig. 9a), and some are involved
with membranes. Furthermore, the presence of one or more
particles in the same vacu- ole was observed, which may
have more than one mem- brane (Fig. 9b-d). The presence of
viral particles within
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vacuoles has also been reported for other giant vi- ruses such
as Pithovirus and Pandoravirus, suggesting that particles are
released from host cells by exocyt- osis [3, 14, 15].
Biological assays, including cell and particle counts in the
supernatant of infected amoe- bae were performed over the
replication cycle (M.O.1.

=5). These analyses revealed that Orpheovirus parti- cles can
be detected in the supernatant of infected cells, even at
times when no cell lysis is observed

(Fig. 9e and f). An increase in particle numbers was noted in
the supernatant at 12 h.p.i. In addition, IF analyses performed
at different times throughout the cycle also demonstrated an
increase in the number of particles outside the cellsat 12 h.p.i.
and 24 h.p.i., re- spectively (Fig. 9e and Fig. 2), which
reinforces exo- cytosis as an alternative strategy for host cell
particle release (Fig. 10a), although cell lysis was also demon-
strated by SEM images (Fig. 10b).
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Discussion

Giant viruses have notable differences in their replication
cycles and structures of their virions. After the discovery of
this group of viruses, studies have been conducted to increase
the knowledge of their biology and host inter- actionthrough
investigations related to the life cycle of these organisms [11,
16, 17]. This study presents an in- depth description of the
stages of the Orpheovirus life cycle, providing information
about the entry, morphogen- esis, release, structural
characteristics and CPE triggered by this virus in its host cells.
Other giant viruses are cap- able of inducing morphological
changes in V. vermiformis, triggering amoebae aggregates
called bunches, as de- scribed for Tupanvirus [10], and
formation of plaque forming units evidenced for Faustovirus
[9], as well as rounding and cell lysis. The morphological
changes trig- gered by the Orpheovirus are different from
those previ- ously described, presenting cells with fusiform
shapes and some branchedcells. It is known that most giant
viruses trigger cell rounding, which prevents the formation of
pseudopods, and consequently decrease the motility of
amoebae. Interestingly,in addition to morphological changes,
we observed an increase in V. vermiformis cell motility never
described before. Although speculative, one hypothesis is that
this increased motility would be a strat- egy that would
facilitate the infection of neighbouring cells, leading to an
increased spread of viral particles.

The strategy of phagocytosis entry has often been de-
scribed for other giant viruses, demonstrated through bio-
logical assays with pharmacological inhibitors for APMV and
Cedratvirus getuliensis, which showed a considerable
decrease in wiral titres [11, 12]. Considering the fact that
Orpheovirus particles are large (900-1100 nm), it was pre-
viously proposed that particle penetration would occur by
phagocytosis [6]. After observing several SEM images, we
noticed the formation of pseudopods in contact with
Orpheovirus particles at the surface of host cells. Due to

this, we reinforce the hypothesis that phagocytosis would be
exploited as an entry strategy, although other entry
mechanisms should not be discarded. Once viruses enter cells,
the internal particle content is released into the cell cytoplasm
through an ostiole located in its apical region. This
mechanism is also described for other giant viruses that have
particles with similar morphology and are phylo- genetically
related to Orpheovirus [12, 14].

Unlike VFs described for mimiviruses, which present well-
defined zones [11], VFs visualized during Orpheo- virus
infections are large electron-lucent areas located in perinuclear
regions, where the morphogenesis of new par- ticles occurs.
Different than that previously observed for pandoraviruses, the
nucleus remains during wiral infection [3]. In addition,
mitochondrial recruitment was observed in peripheral regions
of VFs. Membrane recruitment was also observed inside VFs
and is suggested to be important for the morphogenesis and
vesicle formation phases for further particle exocytosis.
Nevertheless, the origin of the recruited membranes needs to
be investigated. Marseille- virus vesicles have recently been
shown to consist of endo- plasmic reticulum membranes, and
after treatment with inhibitors, there was a decrease in
formation of new parti- cles and vesicles [17]. Also for
Orpheovirus, we observe that the treatment with brefeldin
impacts VF  formation and morphogenesis. The
morphogenesis of Orpheovirus particles occurs within the
VFs, beginning with the forma- tion of electron-dense
semicircular structures called cres- cents. The formation of
these structures is described for othergiant amoeba viruses as
well as other viruses belong- ing to the NCLDV group, such
as Poxvirus [18]. These crescents become thicker, and
throughout the cycle, they are filled withthe inner particle
c?ntegt and become more electron-dense until completely
closed.

Although Orpheovirus particles present an ovoid- shape,
similar to pandoraviruses, cedratviruses, and pithoviruses,
they have a distinct structure. They have a
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fibril layer that is smaller compared to other giant vi- ruses,
such as mimiviruses, that have fibrils, and despite scarce
information about their constitution, they may be related to
host cell adhesion, as demonstrated for mimi- viruses [13].
Unlike Mimivirus, no specific area in which fibrils could be
acquired was observed Iin VFs during Orpheovirus infection,
and thus we hypothesized that they would be acquired within
VFs [11].

Moreover, it was observed that, in addition to fibrils, the
particles have an outer layer to the capsid layer and an inner
membrane surrounding the core. The presence of one or more
particles involved by membranes is described for Cedratvirus
getiliensis and Pithovirus sibericum, sug- gestingthat they
would be released from the host cell by exocytosis [12, 14].
Although cell lysis has been demon- strated by SEM images
and is described as the main strat- egy for viral progeny
release, it is believed that exocytosis is an alternative
mechanism used by Orpheovirus. A signifi- cant increase in
particle counts of the supernatant was noted at 12 h.p.i., with
no decrease in cell counts. In addition, by IF microscopy
images throughout the cycle, we visualized an increase in the
number of particles outside the cells at 12 h.p.i. and 24 h.p.i.,
respectively.

One-step growth assays showed an increase in viral ti- tres
at 12 h.p.i. and increased viral genome amplification by qPCR
at9h.p.i., reaching a plateau at 48 h.p.i. by both gPCRanalysis
and titration. These data corroborate those previously
proposed [6], which showed a replication cycle duration of
approximately 30 h. Other giant viruses, such as Tupanvirus,
Kaumoebavirus and Faustovirus, capable of infecting V.
vermiformis have also been shown to have a longer duration
multiplication cycle [4, 5, 10] compared to giant viruses
associated with amoebae of the genus Acanthamoeba. This
suggests that the replication cycle duration profile of these
viruses might be related to their host. Altogether, this work
brings valuable information concerning the replication cycle,
structure and CPE trig- gered by Orpheovirus, therefore
contributing to enhance our understanding about this new
giant virus. Future stud- ies applying alternative methods will
help to fill some gaps, especially concemning the virus-host
interaction.

Conclusions

In summary, the data presented here reveal several pecu- liar
characteristics of the life cycle, structure, CPE and host
interaction contributing to improve our under- standing about
this new giant virus.
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Abstract: The nucleocytoplasmic large DNA viruses (NCLDV) possess unique characteristics that
have drawn the attention of the scientific community, and they are now classified in the phylum
Nucleocytoviricota. They are characterized by sharing many genes and have their own transcrip-
tional apparatus, which provides certain independence from their host's machinery. Thus, the
presence of a robust transcriptional apparatus has raised much discussion about the evolutionary
aspects of these viruses and their genomes. Understanding the transcriptional process in NCLDV
would provide information regarding their evolutionary history and a better comprehension of the
biology of these viruses and their interaction with hosts. In this work, we reviewed NCLDV tran-
scription and performed a comparative functional analysis of the groups of genes expressed at
different times of infection of representatives of six different viral families of giant viruses. With this
analysis, it was possible to observe a temporal profile of their gene expression and set of genes
activated in specific phases throughout the multiplication cycle as a common characteristic of this
group. Due to the lack of information regarding the transcriptional regulation process of this group
of pathogens, we sought to provide information that contributes to and opens up the field for

transcriptional studies of other viruses belonging to Nucleocytoviricota.

Keywords: NCLDV; transcription; giant viruses; gene expression; evolution

1. Introduction

The nucleocytoplasmic large DNA viruses (NCLDV) are characterized by sharing a
set of conserved genes related to replication, transcription and morphogenesis, a phe-
nomenon that suggests these viruses have a common evolutionary origin. Subsequent
analyses of sequenced genomes of isolated viruses belonging to new families have sup-
ported the monophyly of the NCLDV group [1]. Initial comparative genomic analyses
have derived a set of 40 core genes common to NCLDV. Among these core genes, there
are only a few conserved in all viruses belonging to this group known to date, including
DNA polymerase B family, helicase-primase, and the late transcription factor 3 [2—4]. This
set of genes called “hallmark genes’, reconstructed as present in the common an- cestor,
seem to have origins from different sources, the majority being homologous to

eukaryotic genes and a small part derived from bacteriophage genes [3].
Distinct viral families are part of the NCLDV group, including Poxviridae, Asfarviri-

40 dae, Iridoviridae, Phycodnaviridae, Ascoviridae, Mimiviridae and Marseilleviridae. NCLDV have

recently been officially classified into a new phylum, namely Nucleocytoviricota [5]. Other
recently discovered giant viruses such as pandoravirus, faustovirus, kaumoeba- virus,
cedratvirus, pithovirus, mollivirus, pacmanvirus, orpheovirus and medusavirus have also
been included as members of the NCLDV group, despite not being officially
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classified into any existent taxa [6—14]. This group has unique characteristics such as large
particles and genomes, which encode proteins that have never been described in other
viruses [15]. Another characteristic shared by NCLDYV is the fact that they replicate en-
tirely or partially in the host cell’s cytoplasm, in which some viral groups exhibiting little
dependence on the host cell’s transcriptional machinery, such as poxviruses and mimi-
viruses [15,16]. The presence of a robust transcriptional apparatus in some NCLDV has
raised discussion about the origin and evolution of these viruses and their genomes [16].
In addition, their gene transcription is temporally regulated, allowing sets of genes to be
classified as early, intermediate or late in accordance with the stage of infection when
they are transcribed. A previous study has divided the genes of NCLDV into clusters of
orthologous groups (NCVOG), many of which could be assigned to putative functional
classes [1].

In this work, we reviewed NCLDV transcription and performed a comparative
functional analysis according to what had been described previously for NCVOG as
early, intermediate and late genes expressed throughout the replication cycle of different
viruses, considering representatives of six viral groups within Nucleocytoviricota. This
analysis provides information on a transcriptional pattern of these viruses, with addi-
tional evidence for a common origin of this group of pathogens. Furthermore, under-
standing the regulation of gene expression throughout the replication cycle also im-
proves our knowledge about the biology of giant viruses.

2. Temporal Regulation of Gene Expression

Transcriptional regulation involves a sequence of steps and although most of them
have been studied extensively using static biochemistry, much about the real-time ki-
netics of transcription has not been completely elucidated [17]. As previously described,
NCLDV have many characteristics in common. Among these characteristics, the tran-
scription of their genes has a temporal profile, being classified as early, intermediate and
late; the genes expressed at each time point have different functions. The expression of
each class of gene occurs in a cascade. This is due to the fact that the required transcrip-
tion factors for the expression of each class of genes are the product of the genes previ-
ously expressed [18]. In that way, the products of some genes expressed early during the
replication cycle of the virus will be required as transcription factors to induce the ex-
pression of other genes that will be expressed during the intermediate and later course of
infection. Despite having a similar transcriptional regulation profile, the expression of the
genes of each temporal class occurs at different times among NCLDYV, due to the fact that
their replication cycles last for different length of times. Nevertheless, the expression of
genes from different time classes occurs at similar phases throughout the NCLDV mul-
tiplication cycle, that is, early, intermediate and late during the course of the infection
[16,18].

Such temporal classification has been possible due to the development of new tech-
niques to quantify the expression levels of a large number of genes [19]. DNA microar-
rays were one of the first tools that allowed the large-scale study of the transcriptome.
The technique is based on the hybridisation of target strands on the complementary
probe strand, allowing the identification of genes that are expressed at different times
during the viral infection. A major limitation of this technique is to evaluate genes with
low expression. Nevertheless, the advance of large-scale sequencing tools has allowed a
more robust evaluation of the transcriptome of viruses. RNA sequencing (RNA-seq) has
been widely used to study the gene expression profile of origanisms and viruses, allow-
ing a more in-depth comprehension of their transcriptional pattern. This technique pro-
vides complete sequencing of all expressed genes during the replication cycle of a virus,
even if the genes have a low level of expression (depending on the coverage of the se-
quencing), allowing a better characterisation of the virus’s transcriptome. A full descrip-
tion of the fundaments and possible usage of these techniques are beyond the scope of
this review, but this topic has been extensively addressed elsewhere [20,21]. Although
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these tools are based on different technologies, both techniques make it possible to
quantify the levels of gene expression and have had similar coverage in studies that have
compared both techniques. Hence, they can be used in comparison or as complementary
methods in studies involving gene expression [19]. These techniques have been used to
study the expression profile of different large and giant viruses, as will become apparent
in the subsequent sections, providing important information about the biology of these
viruses.

3. Transcription in Nucleocytoviricota
3.1. Poxvirus Gene Transcription

Among the viral families that comprise NCLDV, Poxviridae is by far the most studied
group. Viruses belonging to this family have enveloped, ovoid-shaped particles that are
200 nm in diameter and 300 nm in length. Its genome consists of linear double-stranded
DNA (dsDNA) of approximately 200 kilobase pairs (kbp), encoding 200 open reading
frames (ORFs) (Table 1) [22,23]. This viral family comprises many human and other an-
imal pathogens, including the one responsible for the most devastating disease that has
affected humankind, the variola virus.

Viruses possess a great diversity in genome composition, structure, replication and
transcriptional strategies, which is manifested both in their biology and the host—virus
interaction. Some DNA viruses with smaller genomes depend on host cell enzymes for
transcription, including RNA polymerase [16]. However, some DNA viruses with larger
genomes can encode their transcriptional apparatus, making them relatively independ-
ent of the host’s transcriptional machinery [24]. The complexity of the poxvirus genome
instigated speculation that these viruses synthesize their genome independently of the
host nucleus. The transcription of poxvirus genes follows a temporal profile and is reg-
ulated by promoter regions and transcriptional factors. Thus, the genes are classified into
early, intermediate and late, and they are activated in a cascade sequence [16,18,25].

Table 1. General information and transcriptional classification of Nucleocytoviricota representative members of different

families.
. . Particle Genome Proteins Temporal . Host range of the
Family Virus size (nm) size (Kbp) encoded classification Time range family Ref
E (0,5-1h); .
M Is, birds, [22, 23,
Poxiviridae ~ VACV 200300 195 218 E L 1 (1-2h); ammals, birds, [22, 23
L (4h) reptile, fish, insects ~ 29]
Asfarviridae ASFV 200 170 152 IE,E I, L NA Pigs and wild boars [35, 36]
E (2h); .
Reptile, fish,
Iridoviridae ~ FV-3 300 105 91 E L 1@4h); |, pwels 37, 38]
insects, crustaceans
L (%9h)
Ascoviridae  HVaV-3g 300-400 199 194 E,L, VL NA Arthropods [45-47]
Phycodnavirida E (5-10 min); .
. PBCV  100-220 350 376 E L L (60-90 min) Eukaryotic algae  [50-53]
E (0-3h) (57, 59
Mimiviridae =~ APMV 750 1,180 979 E 1L I (3-6h) Acathamoeba sp S
61]
L (>6h)
E (0-1h)
Marseilleviridae MRSV~ 200-250 368 457 E L L I (1-2h) Acathamoeba sp [63, 64]
L (>4h)
Pandoraviridae* PANDV 1,000 2,470 1,430 NA NA Acathamoeba sp [6]
Pithoviridae* PITHV 1,500 610 467 NA NA Acathamoeba sp [11]
Molliviridae* MOLLV 600 651 523 NA NA Acathamoeba sp [10]
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NA: data not available; IE: Inmediately early; E: Early; I: Intermediate; L: Late; VL: Very late. *Taxa proposal. Classifica-
tion not officially recognized by ICTV. VACV: Vaccinia virus; ASFV: African swine fever virus; FV-3: Frog virus 3;
HVaV-3g: Heliothis virescens ascovirus 3g; PBCV: Paramecium bursaria chlorella virus NSyl; APMV: Acanthamoeba
polyphaga mimivirus; MRSV: Marseillevirus T19; PAND: Pandoravirus salinus; PITHV: Pithovirus sibericum; MOLLV:

Mollivirus sibericum.

Early transcribed genes encode proteins necessary for DNA replication, transcrip-
tion of intermediate genes and evasion of host defences, while intermediate and late
genes encode structural proteins that participate in the morphogenesis of viral progeny
[18]. In addition, genes transcribed later encode components of the early transcriptional
apparatus, present in the mature particle. After entry and release of the genetic content in
the host cell cytoplasm, early transcription factors bind to AT-rich promoter sequences in
upstream and downstream regions of the transcription start site, leaving the early genes
available for viral RNA polymerase [18,26]. Subsequently, RNA polymerase is recruited,
forming a complex with early transcription factors (VETF), termination factors and
poly(A) polymerases, which bind to RNA polymerase through the RAP94 domain [27].
The RAP94 domain, which is specific to the RNA polymerase packaged in the virion, is
the key link between the RNA polymerase and VETF, being essential for gene expression
[28]. It is interesting to note that there are no homologs of RAP94 outside poxviruses,
suggesting the poxvirus early gene transcription system as an evolutionary outlier [18].

Transcription of intermediate and late genes occurs immediately after DNA synthe-
sis is initiated. Vaccinia virus intermediate and late transcription requires RNA poly-
merase synthesized after infection. Differently for early genes, the presence of RAP%4 is
not essential for these classes of genes [29]. Some viral proteins like VITF-1, a subunit of
RNA polymerase, as well as a viral capping enzyme and a heterodimer of VITF-3, have
beenidentified as necessary for the transcription of intermediate genes [18,27,28]. Besides
the viral proteins, a cellular component called VITF-2 was found to be necessary to com-
plement in vitro viral transcription [30,31]. The presence of intermediate promoter motifs
regulates the expression of late transcription factor genes, consistent with the cascade
model of regulation. For late gene transcription, the viral proteins encoded by AIL, A2L
G8R, and H5R genes have been identified as essential. These proteins have been de-
scribed as showing activity as late transcription factors [32]. As observed for poxviruses’
early transcription factors, none of the intermediate or late transcription factors have sig-
nificant homologs in cellular proteins, highlighting the uniqueness of the viral regulatory
system. As observed for intermediate genes, cellular components are suggested to par-
ticipate in the regulation of late genes. Finally, in vitro assays suggest a role for a host
factor originally called VLTF-X, and also the association of the TATA-box binding protein
(TBP) for viral intermediate and late transcription [29,33]. The virus-encoded transcrip-
tion factors may link the TBP to the viral RNA polymerase and place the initiator in the
correct position near the active site for their respective promoters, thus regulating the
gene expression [18].

Analyses performed with cells infected with cowpox virus (CPXV), monkeypox vi-
rus (MPXV), vaccinia virus (VACV) have demonstrated that approximately 96% of the
cellular transcripts did not change the expression profile. Of the cellular genes that
changed the expression profile, 64.3%, 68.2% and 70% had an increase in the expression
profile modulated by infection by CPXV, MPXV and VACYV, respectively. Besides, a
typical pattern of transcriptional modulationamong the three viruses has been identified.
Thus, of the 321 host cell transcripts modulated by MPXV infection, 241 (75.1%) are also
modulated by CPXV and 148 (46.1%) by VACV [34]. This temporal profile of gene tran-
scription seems to be a common characteristic not only among members of the family, but
also of other viruses related phylogenetically to poxviruses, such as asfarviruses that in-
fect mammals.

3.2. Asfarvirus Gene Transcription
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179 The African swine fever virus (ASFV) is the only characterized member of the As-
180 farviridae family. This pathogen can infect pigs and wild boars. Its genome consists of
181 linear dsDNA, with approximately 170-194 kbp capable of encoding 150-170 predicted
182 proteins [35]. They present enveloped icosahedral particles that are approximately 200
183 nm in diameter (Table 1) [36]. Like poxviruses, their replication cycle occurs in the host
184 cell’s cytoplasm and presents some independence in the transcription process. It is also
185 capable of encoding RNA polymerase, poly(A) polymerase and mRNA capping enzyme.
186 Its transcriptional machinery resembles that of its host. Therefore, it also possesses RNA
187 polymerase containing eight subunits, RNA ligase, capping enzyme, mRNA decapping
188 enzyme, initial transcription factors, elongation factors, histone-like proteins and topoi-
189 somerase [36].

190 Similarly to viruses belonging to the family Poxviridae, its transcription also presents
191 a temporal profile. Genes classified as immediate early and early are expressed before the
192 beginning of DNA replication. Then, intermediate and late genes are expressed. This
193 control of gene expression is regulated by promoter motifs and transcription factors
194 [16,36]. Researchers recently mapped transcription initiation sites; they identified them in
195 ‘upstream’ regions of 151 genes present in the ASFV genome [35].

196 Transcriptomic analysis of genes to classify them temporally, based on RNA-seq and
197 CAGE-seq, identified 101 genes that show differences in their expression in early and late
198 times of infection. Only two time points were evaluated, at 5 and 16 hours post-infection
199 (hpi); therefore, the genes were just classified as early or late, according to the evaluated
200 moment of infection. Based on both techniques, 36 genes were classified as early —related
201 to transcription, evasion of the host’s immune response and DNA replication — and 55 as
202 late — related to transcription, viral structure, morphogenesis and DNA replication [35].
203 New transcriptomic analysis of ASFV, considering the entire time range of infection,
204 would bring valuable information about the temporal classification of all genes, estab-
205 lishing a landscape for the transcriptome of this important swine pathogen.

206 3.3. Iridovirus Gene Transcription

207 The family Iridoviridae is divided into two subfamilies. The subfamily Alphairidovir-
208 inae comprises the genera Ranavirus, Megalocytivirus and Lymphocystivirus, which are
209 pathogenic to ectothermic vertebrates. The subfamily Betairidovirinae is composed of the
210 genera Iridovirus, Chloriridovirus and Decapodiridovirus, which are pathogens of inverte-
211 brates such as insects and crustaceans [37]. Their genomes consist of linear dSDNA that is
212 approximately 105-212 kbp and encodes 92-211 predicted proteins. In addition, they
213 have non-enveloped, icosahedral particles that are 300 nm in diameter (Table 1) [38,39].
214 Like other members of the phylum Nucleocytoviricota, their replication occurs par-
215 tially in the host cell’s cytoplasm. Even with homologous RNA polymerase subunits in
216 the iridoviruses genome, host cell RNA polymerase is necessary to synthesize early gene
217 transcripts of viruses belonging to the Ranavirus and Iridovirus genera [16,40]. Thus, early
218 mRNAs are synthesized in the nucleus using the host cell’s RNA polymerase II in the
219 early stages. However, it is believed that the late transcripts are synthesized in the cyto-
220 plasm of the host cell by the RNA polymerase encoded by the virus [41]. Its gene ex-
221 pression is temporally regulated and results in the expression of three classes of genes:
222 immediate early, early and late [38,41]. Analyses performed with members of the genus
223 Iridovirus, such as red sea bream iridovirus (RSIV), identified nine immediate early genes,
224 40 early genes and 38 late genes [42].

225 The same temporal profile of gene expression regulation has been described for
226 other members of the family Iridoviridae and the genus Ranavirus, including frog virus 3
227 (FV-3). This gene has 33 immediate early genes, 22 early genes and 36 late genes [41].
228 Although the number of genes belonging to the different time classes are not the same,
229 the temporal profile of gene expression regulation is similar among the members of the
230 family Iridoviridae. Immediate early genes are expressed shortly after infection of the host

231 cell and can produce transcripts even in the presence of protein synthesis inhibitors.
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232 Among the products of their transcripts, some factors will activate the transcription of
233 early genes. Early genes encode proteins associated with DNA replication, whereas late
234 genes are expressed after viral DNA replication begins and encode the components of the
235 viral particle [42,43].

236 3.4. Ascovirus Gene Transcription

237 The family Ascoviridae consists of two genera. The Ascovirus genus includes the spe-
238 cies Heliothis virescens ascovirus 3a (HvAV-3a), Spodoptera frugiperda ascovirus 1a (SEAV-1a)
239 and Trichoplusia ni ascovirus 2a (TnAV-2a). The Toursvirus genus comprises Diadromus
240 pulchellus ascovirus 4a (DpAV-4a) as its only representative species. Viruses belonging to
241 this genus can infect arthropods, mainly lepidopterans, in their larval stage, causing a
242 fatal disease. They have enveloped particles that are 300-400 nm in length and 100-150 in
243 diameter [44,45]. Its genome is circular dsDNA with approximately 116-185 kbp that
244 encode 117-180 predicted proteins (Table 1) [44].

245 The gene that encodes the major capsid protein has been used to analyse the rela-
246 tionship among the species of the Ascoviridae family and other viral families such as Iri-
247 doviridae. Ascoviruses are believed to have evolved from iridoviruses, based on phylo-
248 genetic analyses using the major capsid protein gene and the fact that they share ho-
249 mologous protein sequences. Thus, transcriptional regulation may have been maintained
250 during the evolutionary process [16,46]. Studies on ascoviruses are scarce, especially re-
251 garding the processes that regulate the transcription of their genes. Currently, the
252 knowledge we have about ascovirus transcription comes from studies mainly related to
253 the Ascovirus genus [47].

254 Analyses performed using the SfAV-1a virus as a model established temporal tran-
255 scription classes for the identified genes. Its replication cycle lasts approximately 48
256 hours; thus, 17 genes were classified as early, being expressed 6 hpi. They have functions
257 related to nucleotide metabolism, inhibition of apoptosis, interaction with the host and,
258 surprisingly, five of these early genes possess functions related to the viral structure. All
259 the early genes analysed continue to be expressed even at later time points during the
260 infection. Of all the analysed genes, 44 had their transcription initiated 12 hpi, being
261 classified as late. These genes present functions related to RNA and DNA metabolism
262 and viral structure, including the major capsid protein and lipid metabolism. In addition,
263 11 genes expressed 24 hpi were classified as very late; they are related to viral structure,
264 lipid metabolism, transcription factors and some with no known function [47].

265 3.5. Phycodnavirus Gene Transcription

266 The Phycodnaviridae family currently consists of the genera Chlorovirus, Coccolithovi-
267 rus, Prasinovirus, Prymnesiovirus, Phaeovirus and Raphidovirus; the members infect a di-
268 verse group of eukaryotic algae. These viruses are the primary pathogens of these algae,
269 found mainly in marine environments, responsible for a significant control of the host
270 cell population in the oceans. The genome can be linear or circular dsDNA of approxi-
271 mately 180-560 kbp, depending on the specific group of viruses, capable of encoding
272 over 300 predicted proteins, as well as 11 genes that encode tRNAs [48,49]. It presents
273 icosahedral particles that vary between 100 and 220 nm in diameter (Table 1). As de-
274 scribed for other viruses belonging to the phylum Nucleocytoviricota, phycodnaviruses
275 also have a temporal transcriptional profile.

276 The most studied phycodnaviruses are those belonging to Chlorovirus genus, com-
277 monly named chloroviruses. Their replication cycle lasts approximately 6-8 hours, and
278 the transcription of its genes can be divided into early and late stages. The transcription
279 of early genes starts 5-10 minutes after the onset of infection, and the transcription of the
280 late genes begins 60-90 minutes after the start of DNA synthesis [50-52]. Analyses of the
281 transcriptional profile using Paramecium bursaria chlorella virus 1 (PBCV-1) as a model

282 identified that 62% of the 365 predicted proteins were expressed at early times. Of the 227
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283 genes expressed before the beginning of viral DNA synthesis, 127 were classified as early
284 and 100 as early/late, which were also detected after viral DNA synthesis. In addition, 133
285 transcripts were classified as late due to the fact that they were expressed only after the
286 beginning of viral DNA synthesis [51]. Although the transcription of early genes involves
287 transcription factors incorporated into the mature particle, none of the early coded genes
288 that were analyzed were identified as being expressed late and incorporated into the
289 particle. Therefore, these viruses generally depend on the host algae to provide most
290 transcription functions, at least for immediate early expression [51,52].

291 Unlike other NCLDV members, phycodnaviruses do not encode their own RNA
292 polymerase: they depend on the host cell’s RNA polymerase for the transcription of their
293 genes. Thus, viral DNA and associated proteins migrate to the nucleus to start transcrip-
294 tion [53]. However, it has been reported that Emiliania huxleyi virus 86 (EhV-86) has six
295 RNA polymerase subunits, suggesting that this particular member of the Phycodnaviri-
296 dae family encodes its transcriptional apparatus and might have had a different evolu-
297 tionary history compared with other relatives [54]. Transcriptomic data on Emiliania
298 huxleyi virus 201 (EhV-201) showed that all six RNA polymerase subunits are expressed
299 at distinct levels, but all at an early or early-late stage of the virus life cycle, possibly be-
300 ing key regulators of the transcription of late genes [55].

301 Despite having essential elements for transcription, most Phycodnaviridae family
302 members do not have their own transcriptional apparatus. The diversity within Phycod-
303 naviridae is vast and, despite being a monophyletic group, it appears that each group
304 within the family had a distinct evolutionary pathway, probably related to the hosts to
305 which they are associated. Such differences may point to a reorganization of the family at
306 the taxonomic level in the future [56]. However, the regulation of transcription in this
307 family as well as other NCLDV presents a temporal profile that has been conserved
308 during the evolutionary process.

309 3.6. Transcription of Mimiviruses and Other Giant Amoeba Viruses

310 In 2003, the discovery of the first giant amoeba virus, Acanthamoeba polyphaga
311 mimivirus (APMV), led to the establishment of the Mimiviridae family, also belonging to
312 the NCLDV group [57]. Viruses belonging to this family have characteristics never before
313 described in the virosphere, such as particles ~700 nm in diameter, capable of being vis-
314 ualized by optical microscopy. In addition, they have in their particles a layer of fibrils
315 (~120 nm in length) suggested to be immersed in a matrix of peptidoglycan [58]. They
316 also have a face named star-gate, related to the release of the genome in the host cell’s
317 cytoplasm [59]. Its genome is composed of a dSDNA molecule of approximately 1.2 mega
318 base pairs (Mbp), capable of encoding more than 1000 predicted proteins, and a wide
319 range of elements related to transcription (Table 1) [60].

320 Like other NCLDYV, mimiviruses also have a temporal transcription profile in which
321 the transcribed genes are classified as early, intermediate and late [61]. Genes classified as
322 early are expressed from 0 to 3 hpi. This class of genes is functionally diverse, but most of
323 them are composed of genes with functions not yet determined. Three aminoacyl-tRNA
324 synthetases — TyrRS (L124), MetRS (R639) and ArgRS (R663) — belong to this temporal
325 class and researchers suggest they are involved in viral protein translation from the be-
326 ginning of the multiplication cycle. In addition, enzymes involved in DNA repair are also
327 expressed during the early stages of the multiplication cycle [61,62], whereas genes clas-
328 sified as intermediate are expressed between 3 and 6 hpi; most of these genes encode
329 proteins involved in the DNA replication stage, such as DNA polymerase and late gene
330 transcription factors.

331 Finally, genes classified as late are expressed 6 hpi. These genes encode the struc-
332 tural elements such as the major capsid protein and enzymes present in the particles that
333 are necessary at the beginning of the infection. Some topoisomerases, important in DNA
334 replication and encapsidation, are also part of the late gene class. Products related to the

335 expression of late genes have been detected through proteomics analyses in more signif-
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336 icant proportions than those of other temporal classes [60-62]. Due to the interest of the
337 scientific community in this group of viruses, many other giant viruses have been iso-
338 lated over the years, identifying a large part of the pathogens of amoebae that had never
339 been investigated. For example, in 2009 researchers isolated a new giant virus in a culture
340 of A. polyphaga named Marseillevirus marseillevirus (MRSV) from water samples collected
341 in cooling towers in Paris, France. Due to the fact that they present distinct characteristics
342 of mimiviruses, possessing an icosahedral symmetry capsid approximately 250 nm in
343 diameter and a completely new genome, the new viral family Marseilleviridae was created
344 (Table 1) [63].

345 Like mimiviruses, Marseilleviruses also have a temporal transcription profile.
346 Analyses have demonstrated that of the 457 genes identified from Marseilleviruses, 83
347 (18%) are classified as early (0-1 hpi), 218 (48%) as intermediate (1-2 hpi) and 156 (36%) as
348 late (4 hpi). Of all the analysed genes, 316 have no known function, 36 are related to DNA
349 replication and repair and 25 are related to signal transduction regulation. In addition,
350 genes related to nucleotide metabolism (8 genes), transcription (13 genes), translation (4
351 genes), and viral structure and morphogenesis (10 genes) have been identified [64].

352 After the discovery of the first giant viruses and the increasing interest of the scien-
353 tific community in this group, a great diversity of other giant viruses have been isolated,
354 including faustovirus, pandoravirus, pithovirus, and mollivirus, among others. These
355 giant viruses possess particles ranging from 200 to 1500 nm in diameter and a genome
356 from 466 kbp to 2.5 Mbp encoding 450-2500 predicted proteins (Table 1) [6,7,10,11].
357 These viruses have a set of identified transcriptional elements, including subunits of
358 RNA polymerase, which suggests that these viruses have greater autonomy in this pro-
359 cess. Interestingly, medusavirus, a recently isolated and characterized amoeba virus, has
360 no homologue of RNA polymerase and seems to have a greater dependence on the host
361 for gene transcription [14]. However, this virus has other components of the transcrip-
362 tional apparatus, including transcription factors SII and VLTE3, which are expressed
363 during the virus life cycle [65]. Regarding other relatives, the gene expression of medu-
364 savirus is also temporally regulated, with most of the genes related to DNA replication
365 being expressed at early and intermediate times, while genes involved in virion mor-
366 phogenesis are expressed at intermediate and late moments of the virus replication cycle
367 [65]. Studies aiming to elucidate how gene expression is regulated in most amoeba vi-
368 ruses are still needed. Despite having similar temporal regulation profiles that can indi-
369 cate a common origin, studies providing information about the functions of genes be-
370 longing to different temporal classes and whether this profile is also maintained among
371 the different viral families belonging to NCLDV are required.

372 4. Functional comparative analysis of temporally expressed genes from pathogens of
373 Nucleocytoviricota

374 It is clear that different members of Nucleocytoviricota have a similar pattern of gene
375 expression. However, some questions deserve closer attention. Are the functions ob-
376 served in genes expressed in different temporal classes similar among different NCLDV?
377 Which functions are shared and predominant in different temporal classes of genes? To
378 answer those questions and to obtain a general picture of this scenario, we performed a
379 functional comparative analysis of the transcription profile and the genes expressed by
380 different NCLDV using the BLASTp and InterProScan tools. We only included viruses
381 whose transcriptome data related to the full extension of the replication cycle and cov-
382 ering all genes were available to allow a proper comparison of the data: MRSV (GenBank
383 accession number NC_013756.1), APMV (GenBank accession number NC_014649.1),
384 VACV (GenBank accession number AY243312.1), FV3 (GenBank accession number
385 AY548484.1), EhV-201 (GenBank accession number JF974311.1) and medusavirus (Gen-
386 Bank accession number AP018495.1). We obtained all the CDSs whose transcriptomic
387 data were available and performed a re-annotation considering the best hit of BLASTp

388 against non-redundant (nr) protein database with an e-value cutoff of 1x10°, and
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389 searching for conserved domains by using default parameters of InterProScan. After gene
390 re-annotation, we classified them into functional groups compared with the NCVOG
391 categories [1]. To obtain a clear picture and to allow a proper comparison among the vi-
392 ruses, we classified the genes into the following temporal classes: early, intermediate and
393 late, considering the previous classification [25,41,55,61,64,65]. Here it is important to
394 note that the replication cycle of each virus has a different time range. Considering this
395 particular point, we classified the genes into three distinct temporal classes — early, in-
396 termediate and late — based on the moment when they are expressed according to tran-
397 scriptome data instead of the exact time (hours) of expression to avoid misinterpretation
398 of the data. It is also important to note that in the original works, the authors may have
399 defined different temporal classes for the virus (e.g. Emiliania huxleyi virus and medu-
400 savirus), where genes expressed very early in the replication cycle were identified and
401 defined as " immediate-early" genes. Nevertheless, these are genes expressed in the initial
402 (early) phase of the virus replication cycle. Thus, for a proper comparison, we decided to
403 group the genes considered “immediate-early” and “early” into a single category, named
404 “early” genes. A similar rationale was used for the reclassification of genes of other vi-
405 ruses into the three temporal patterns adopted in this study. For viruses that had only
406 three temporal patterns defined, the patterns were maintained considering the three
407 phases of the replicative cycle. This strategy allowed us a proper comparison among vi-
408 ruses whose subdivision in genes expressed in different phases of the replication cycle
409 was not originally defined. For a comparison between the original classification and that
410 adopted in this study, see Table S1.

411 Marseillevirus T19 has 83 coding sequences (CDS) classified as early genes (18%),
412 218 (48%) as intermediate, and 156 (34%) as late (Figure 1A). The main functions ob-
413 served for early genes of Marseillevirus are related to DNA replication and recombina-
414 tion, transcription and signal transduction and some metabolic functions. Of the 83 genes
415 classified as early, 3 (3.6%) are related to DNA replication and recombination. Most genes
416 related to DNA replication are expressed at intermediate or late times during infection;
417 however, some can be expressed as soon as the particle is internalized by the host cell. In
418 addition, 7 (8.4%) genes are related to the transcription process, such as those encoding
419 helicase and RNA polymerase subunits, 13 (15.6%) with regulation and signal transduc-
420 tion like some kinases and only 1 (1%) is related to nucleotide metabolism (Figure 2, Ta-
421 ble S2). The transcription of early genes related to signal regulation and transduction,
422 which encode serine/threonine kinase, suggests that the virus has the potential to ma-
423 nipulate its host’s responses, facilitating the establishment of productive infections. Re-
424 garding genes classified as intermediate, the main functions observed are also related to
425 DNA replication and recombination in (25/218, 11.5%), followed by signal transduction
426 regulation (8/218, 3.7%). Interestingly, many genes involved in DNA metabolism are also
427 expressed during late stages of the replication cycle, suggesting a continuous process of
428 DNA manipulation during the virus life cycle. All of genes related to virion structure and
429 morphogenesis are expressed late, an expected feature considering that these genes are
430 involved in the formation of new viral particles (Figure 2, Table S2).

431
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A

Figure 1: Temporal expression profile of viral genes. Genes for each virus were classified according to the phase of the
replicative cycle they are expressed, named early (blue), intermediate (green), and late (grey). The numbers of genes
associated to each temporal class are indicated. A) Marseillevirus (Marseilleviridae); B) Mimivirus (Mimiviridae). C)
Vaccinia virus (Poxviridae). D) Frog virus 3 (Iridoviridae). E) Emiliania huxleyi virus 201 (Phycodnaviridae). F) Medu-
savirus (Medusaviridae).

APMYV has a total of 979 CDS, but for this analysis we included only genes for which
transcriptome data were available, for a total of 829 genes [53]. The remaining 150 genes
remain to be classified as soon as new data are obtained. It is important to note that after
APMV genome re-annotation [62], some genes initially predicted as complete coding
sequences are now considered a single CDS. In that sense, a few differences in the num-
ber of genes originally classified into distinct temporal classes and the one adopted in this
study occurred (Table S1). Approximately a third of APMV genes (292, 35.2%) are ex-
pressed early, 210 (25.3%) are intermediate and 327 (39.5%) are expressed in the final
moments of the virus life cycle (Figure 1B). Most of the genes related to DNA replication,
recombination and repair are classified as intermediate genes, but there are others ex-
pressed at other moments in the replication cycle, including DNA primase and some
helicases (Figure 2, Table S3). Genes involved in transcription and RNA processing, in-
cluding transcription factors, are expressed early, while RNA polymerase subunits are
predominantly expressed at intermediate and late times, possibly being important for
further viral transcript synthesis. APMV encodes at least 31 genes involved in signal
transduction regulation, including F-box domain-containing proteins and ser-
ine/threonine kinases, which are evenly distributed among distinct temporal classes of
expression. A distinct feature of the APMV is the presence of translation-related genes,
including aminoacyl-tRNA synthetases (aaRS) [52]. A total of 8 CDS are members of the
translational apparatus of APMV, with 4 being early expressed, including 3 aaRS, 1 in-
termediate (the remaining aaRS fall into this category, i.e. cysteinyl-tRNA synthetase),
and 3 late genes (Figure 2). Similar to MRSV, most of genes involved in the mimivirion
structure are classified as late genes (14/18, 77.7%) (Figure 2, Table S3). It is interesting to
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note that most of these genes are putative membrane genes, possibly involved in the
formation of a virus factory and for establishing the initial steps of virion morphogenesis.
The gene coding for the major capsid protein (L425) is a late gene.
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Figure 2. Distribution of genes from different functional categories into temporal gene expression classes. The x-axis
contains the different functional categories based on the NCVOG classification. The y-axis represents the proportion of
genes for each functional category for all six viruses included in the analysis. Data are shown as a percentage to allow for
proper comparison. The number of genes associated with each category are indicated in parenthesis. I, transcription and
RNA processing; II, virion structure and morphogenesis; III, signal transduction; IV, nucleotide metabolism; V, DNA
replication, recombination and repair; VI, translation; VIL host-virus interaction; VIII, other metabolic functions; IX,
miscellaneous. APMV, mimivirus; MRSV, Marseillevirus; VACV, vaccinia virus; FV3, frog virus 3; EhV, Emiliania hux-
leyi virus 201; MDV, medusavirus. The complete data are included in tables S2-57.

Differently from MRSV and APMYV, VACYV infects mammals and has been one of the
most studied viruses throughout history. Among the 218 genes, 118 (54.1%) are ex-
pressed at the initial moments of the replication cycle, while 51 (23.4%) and 38 (17.4%) are
intermediate and late genes, respectively (Figure 1C). A few VACYV genes are duplicated
in the terminal regions of the genome and we included these genes in the analysis as
early genes (Table S1), considering that the corresponding genes were originally classi-
fied in this temporal class [25]. It is interesting to note that VACV has many known genes
related to the host-virus interaction, most of which (16/19, 84.2%) are expressed during
the early moments of the virus life cycle (Figure 2). Among these genes are those related
to the host immune response interaction, such as soluble interferon-alpha/beta receptor
and chemokine-binding proteins. Most of the genes involved in the transcription and
RNA processing of VACV are expressed early (18/24), while only 4 and 2 genes are ex-
pressed at intermediate and late phases of the replicative cycle, respectively (Figure 2,
Table S4). Genes involved in DNA replication, recombination and repair are mostly ex-
pressed at the early and intermediate phases, and most genes related to virion morpho-
genesis are classified as intermediate and late genes (Figure 2, Table S4). Although the
functions of many VACYV genes have been predicted, almost 40% of the genome remains
uncharacterized and many genes have yet to be functionally evaluated, including several
genes that have been annotated as ankyrin repeat domain-containing proteins that is
similar to other NCLDV.

Among NCLDV included in this analysis, FV3 has the smallest genome and, con-
sequently, fewer genes. Of the 91 genes analyzed, 33 (36.3%) are classified as early, 22
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497 (24.2%) as intermediate and 36 (39.5%) as late (Figure 1D). Half of the FV3 genes have no
498 known function. Ten genes are involved in DNA replication, recombination and repair,
499 with 5 being classified as intermediate, 2 as early and 3 as late (Figure 2, Table S5). Only 4
500 genes are involved with transcription and RNA processing, including 2 RNA polymerase
501 subunits and transcription elongation factor SII, all classified as intermediate genes, and
502 the VLTEF3, expressed in the late phase of the replicative cycle. We did not observe genes
503 involved in translation or the host—virus interaction (Figure 2). It is important to note that
504 the absence of genes involved in direct interaction with the host as well as the fact that
505 only a few are involved in signal transduction regulation (2 early genes, 4 late genes) do
506 not indicate that FV-3 only weakly manipulates the host cell. On the contrary, these data
507 should be interpreted with caution given the large number of genes that have not been
508 characterized, and genes involved in the manipulation of host metabolism could be
509 identified with further studies. Curiously, most of the genes involved in virion structure,
510 annotated as surface proteins, are classified as early genes (9/18, 50%), while only 4
511 (22.2%) are classified as late (Figure2, Table S5). This is in sharp contrast to other
512 NCLDYV, where genes involved in the virion structure and morphogenesis are mostly
513 classified as intermediate or late genes. Nevertheless, the gene encoding the conserved
514 major capsid protein is late expressed, as observed for most other NCLDV (Figure 3A).
515 EhV-201 encodes 447 genes and single cell RNA-seq data indicate that all genes are
516 expressed throughout the replication cycle evaluated from 0 to 24 hpi [50]. These genes
517 are expressed at different moments, which we defined as early, intermediate and late.
518 However, due to the limited data, 52 genes (11.6%) could not be assigned to a category in
519 the original study. Therefore, for our analysis we considered only the genes that had been
520 confidently classified into distinct temporal classes. From these 395 genes, 90 (22.8%) are
521 expressed early, 185 (46.8%) are intermediate and 120 (30.4%) are late (Figure 1E). The
522 large majority of EhV-201 genes have no known function (374/447, 83.7%). Among the 73
523 genes with defined functions, 3 could not be included in any temporal class. Genes re-
524 lated to DNA replication, recombination and repair are mainly expressed at intermediate
525 moments of the replication cycle, similarly to other NCLDYV, while those related to the
526 virion structure and morphogenesis are expressed late (Figure 2, Table S6). Most genes of
527 the transcriptional apparatus of EhV-201, including all 6 RNA polymerase subunits, are
528 considered intermediate genes, with only one transcription factor, VLTF2, being ex-
529 pressed early (Figure 2, Table 56). Curiously, genes whose products are involved in lipid
530 and protein metabolism — for example, lipases and proteases — are most expressed early,
531 suggesting a putative role affecting the host’s metabolism.

532 Researchers recently evaluated the transcriptional landscape of medusavirus by
533 using RNA-seq; this virus was isolated from hot spring water in Japan and contains 461
534 protein-coding genes [14]. Of these genes, 131 (28.4%) are considered early, being ex-
535 pressed between 0 and 2 hpi; 272 (59%) are intermediate, expressed between 2 and 4 hpi;
536 and 58 (12.6%) are late, expressed after 4 hpi, with higher expression after 8 hpi [65]
537 (Figure 1F). Similarly to other NCLDYV, the majority of medusavirus genes are unchar-
538 acterized (359/361, 77.9%). Most genes related to DNA metabolism are expressed until 4
539 hpi, including DNA polymerase and viral homologues for histone proteins (Figure 2,
540 Table S7). Despite the lack of RNA polymerase, medusavirus contains some genes in-
541 volved in the transcription process, such as transcription factors that are classified as in-
542 termediate genes. Interestingly, the viral poly-A polymeraseis early expressed and might
543 be related to the poly-adenylation of viral transcripts during the replication cycle. Genes
544 involved in signal transduction are evenly distributed in the three temporal classes,
545 suggesting a constant interaction with the metabolic pathways of the host (Figure 2). Fi-
546 nally, it is curious that, differently from other NCLDYV, most of the genes associated with
547 the medusavirion structure and morphogenesis are classified as intermediate genes, with
548 only a putative membrane protein being expressed late (Figure 2). This profile differs
549 from those observed in other NCLDV and a deeper investigation regarding the mor-

550 phogenesis of this virus could bring important novelties for the field.
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551 As mentioned before, we reclassified the viral genes into three different temporal
552 patterns of expression, considering the different phases of a viral cycle, that is the begin-
553 ning (early), middle (intermediate), and ending (late), so we could make a proper com-
554 parison among the six distinct viruses. However, more than three expression patterns can
555 exist, as originally evidenced for some viruses [55,65]. These additional patterns are
556 probably related to specific regulatory elements, including promoter motifs and tran-
557 scription factors. It is worth noting that other viruses outside NCLDVs, including her-
558 pesviruses, baculoviruses, and bacteriophages, also have similar patterns of gene ex-
559 pression [66-68]. Usually, these expression patterns are defined by clustering methods,
560 considering similar profiles of expression levels of the genes, which can indicate the ex-
561 istence of different temporal divisions, despite being expressed in the same phase of the
562 replicative cycle. It results in the definition of different categories by distinct authors. We
563 do not intend to establish a general concept here, but it is important to mention that for a
564 proper comparison, we must consider the different phases of the replicative cycle instead
565 of the different expression patterns defined by clustering methods.

566 The six viruses included in this comparative analysis exhibit differences in many
567 aspects, including viral structure, genome, and host range. Nevertheless, many studies
568 have been evidencing their common origin [69-72]. The most recent hy pothesis indicates
569 that Nucleocytoviricota members evolved from a small group of viruses (Tectiviridae), most
570 likely following an accordion-like model of genomic evolution [71,73]. Despite the dif-
571 ferences, a common feature among these viruses is the temporal regulatory pattern for
572 gene expression, as revised in this study. Our analysis indicates that despite differences
573 in the genetic arsenal, genes involved in the same biological process are generally ex-
574 pressed in the same phase of the replicative cycle of a virus. A striking divergence is the
575 genes related to other metabolic functions, which are expressed in different phases de-
576 pending on the virus. It could be due to the direct relationship with the host, where the
577 virus would manipulate the host metabolism, which is specific for each group of eukar-
578 yotic organisms. These viral genes were possibly obtained by horizontal gene transfer
579 (HGT) from the host throughout evolution, thus not following a similar expression pat-
580 tern. Interestingly, for the most conserved genes (i.e., the six genes observed in 95% of all
581 NCLDVs [4]), the expression pattern is similar for all the six viruses, despite some dif-
582 ferences can be observed mainly for the vaccinia virus’ genes, which are majorly early
583 expressed (Figure 3A). That may remain true for other NCLDVs and even their distant
584 tectiviruses relatives. A transcription cascade model of gene expression has been evi-
585 denced for tectiviruses [74], reinforcing the hypothesis that the common ancestor of these
586 viruses and NCLDVs already had that mechanism of gene regulation.

587 Altogether, our findings highlight a common feature among members of Nucleo-
588 cytoviricota: a temporal pattern of gene expression. In general, most of the genes with
589 predicted functions fall into the early (323 genes) and intermediate (325 genes) class of
590 temporal expression, independently of their functional classification (Figure 3B). An ex-
591 pected exception is the genes related to the virion structure and morphogenesis, most of
592 which are classified as late genes. Genes belonging to different functional classification
593 are unevenly distributed among the viruses included in this analysis; we can expect that
594 such a result remains true when other NCLDV are considered (Figure 3C, Figure S1).
595 Despite a common pattern for temporal gene expression, a feature possibly inherited
596 from the last common ancestor of Nucleocytoviricota, itis most likely that each viral group
597 has had a different history of gene gain and loss [75], possibly due to interaction with
598 distinct hosts and sympatric organisms, resulting in different proportions of functional
599 categories of orthologous genes. It is not completely clear whether the transcriptional
600 regulatory patterns observed for NCLDVs are different from other viruses. Different
601 dsDNA viruses, including both large and small representatives (e.g. herpesvirus and
602 bacteriophages), have been described as having a transcription cascade model of gene
603 expression [66,68,76]. Here we only compared the transcriptional patterns of viruses re-

604 lated to six different taxa, all belonging to the phylum Nucleocytoviricota. In this sense, it is
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not possible to claim any exclusivity for the NCLDVs concerning the patterns of gene
regulation. Instead, we might expect that such a model of transcription regulation was
broadly selected throughout the evolution for different groups of dsDNA viruses, being a
striking example of convergent evolution. A more in-depth comparison of the underlying
regulatory mechanisms of gene expression among distinct groups of dsDNA viruses
could bring valuable insights into their evolution.

A Gene/Virus APMV  FV3 EhV MRSV VACV MDV C
DNA pol B i i i e | e 1 11

Helicase-primase i e e
Il i |
e e i I
I i i i
. | ‘
| | §

1

i
VLTF3 [T
TEIIS i
il

1

pATPase [
MCP [

T ajeipounsiu)

i@ /

Figure 3. Distribution of functional categories of genes among distinct time of expression and nucleocytoplasmic large 615
DNA viruses (NCLDV). A) Temporal expression pattern of the six most conserved genes among NCLDVs. B) A Circos
plot representing the proportion of different functional classes of genes and their respective moment of expression con-
sidering the viruses’ life cycle (early, intermediate and late). C) A bipartite network graph connecting different viruses by
distinct functional categories of genes. The node diameters are proportional to the edge degree. The edge thicknesses are
proportional to the number of genes belonging to each functional class identified in the genome of each virus. The net- 620
work graph was built using Gephi version 0.9.2. The layout was generated using a force-based algorithm followed by
manual rearrangement for better visualisation of the connections. Abbreviations: e: early; i: intermediate; 1: late; (I-1X) 622
Functional classes of genes: I, transcription and RNA processing; II, virion structure and morphogenesis; III, signal 623
transduction; IV, nucleotide metabolism; V, DNA replication, recombination and repair; VI, translation; VII, host—virus
interaction; VIII, other metabolic functions; IX, miscellaneous. APMV, mimivirus; MRSV, Marseillevirus; VACYV, vaccinia
virus; FV3, frog virus 3; EhV, Emiliania huxleyi virus 201; MDV, medusavirus.

5. Conclusions and perspectives

Many concepts about the virosphere have changed with studies carried out over the
years following the discovery of NCLDV. This group shares many genes related to the
replication of the genome and the formation of the viral structure, called ‘viral hallmark
genes’, which point to the monophyly of this group. In addition, many members of this
group have a nearly complete transcriptional apparatus, which provides some inde-
pendence from their hosts” machinery. Thus, the presence of a robust transcriptional
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apparatus has raised much discussion about the evolutionary aspects of these viruses
and their genome.

In this work, we performed a comparative analysis of groups of genes expressed at
different times of infection of different members of the NCLDV group. We observed that
a common characteristic of this group is a temporal expression profile of their genes
throughout the replication cycle, a characteristic which has been maintained throughout
the evolution. Overall, genes related to genome transcription and replication are gener-
ally expressed in the initial/middle phase of the replicative cycle, while those associated
with virion morphogenesis and structure are mainly expressed in the final phase of the
virus life cycle. Understanding how the genes of a given pathogen are expressed pro-
vides data that assist researchers in understanding their biology and interaction with
their hosts. In addition, information regarding the regulation of the expression of these
genes can also assist in studies with the objective of interrupting this process at a certain
point in the cycle to contribute to the resolution of possible diseases caused by different
viral pathogens. Finally, this study compiles information about the regulation of gene
expression of different pathogens that opens up the field for transcription studies of other
NCLDYV, for which this process has not been completely elucidated. The analysis pre-
sented here provides insights into the gene expression profiles of other viral pathogens
belonging to Nucleocytoviricota and can be used as a starting point for future tran-
scriptomic investigations.

Supplementary Materials: Table S1. Comparison of original data and this study on temporal clas-
sification of genes. Table S2. Marseillevirus T19 (Marseilleviridae) functional/temporal gene classi-
fication. Table S3. Acanthamoeba polyphaga mimivirus (Mimiviridae) functional/temporal gene
classification. Table S4. Vaccinia virus (Poxviridae) functional/temporal gene classification. Table S5.
Frog 3 virus (Iridoviridae) functional/temporal gene classification. Table S6: Emiliania huxleyi 201
(Phycodnaviridae) functional/temporal gene classification. Table S7: Acanthamoeba castellanii me-
dusavirus (Medusaviridae) functional/temporal classification. Figure S1: Comparative analysis of
gene function and temporal classification among different members of Nucleocytoviricota. A) DNA
replication, recombination and repair; B) Host-virus interaction; C) Miscellaneous; D) Nucleotide
metabolism; E) Other metabolic functions; F) Signal transduction regulation; G) Transcription and
RNA processing; H) Translation; I) Virion structure and morphogenesis
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1. Introduction

Since late Decamber 2019, the world is experiencing the worst g{obal health crisis in recent decades due to the ongoing transmission ofa
novel coronavirus. The severe acute respiratory syndrome coronavirus 2 (SARS- CoV-2) causing coronavirus disease 2019
(COVID9) spread globally and affected several sectors, including those related to medicine, eco- nomics, and politics, among
others (Cutler, 2020; Gorbalenya et al, 2020; Lai ¢ al, 2020; Zhu ¢ al, 2020). COVID-19 has areadly affecled over
200 cauntries, resulting in more than 30.6 million cases and 950 thousand deaths worldwide as of September 1, 2020
(WHO, 2020), In Brazil, the first ofﬁcia[ case was regisbmd on Felmmvy 26, 2020, andmore than 4,490,000 CON firmed
casesand 135,000 deathshad been reg- istered across the country as qf Septemberm, 2020 (WHO, 2020).

Belo Horizonte is the capital of Minas Gerais State, one of Brazil smostp qpubus meropolitan regions (6 milion

inhabitants) Thecityre- corded 39,379 confirmed cases and 168 deaths due to COVID-1 as ofSeptember 21 (Secretaria
Muricipal de Saticle, 2020). Theareaswithin Belo Horizonte where most of the deaths and confirmed cases have oc-curred
arrespon precisely boareaswith public squares, bus stations/ erminas, ancl hospital areas e, wherea bige flowand
conentration of peopk iscommanly observed (Secrearia Municipal de Sattel, 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 hese places (Guoet al,, 20205 Lintetal., 20205 Wang ¢tal. 2020). SARS-CoV-2remains viabde on
diffrent typesof swfaces, suchasmeal and plastic, orup o 7:2h, clependlingon the type of surface material, and can remain
infectious in aerosols for atleast 3 h (Van Doremalen et al,, 2020). Assessing the presence of thevirus in the environment, objects,
and sugfaces n publ icareas is ﬁmda -mental fov understanding the risk of infection inthe popu [ation. Tn addi- tion, any ivtformah'on
ga[vted can be used by health managers to conlrolpopu[ation movements in these areas, as well as imp lement environ-

mental disinfection measures.

2. Material and methods

2.1. Sample collection

We investigated the presence of SARS-CoV-2 RNA in a downtownarea of Belo Horizante between April and June
2020, in a fotd of nire dlays. Beb Horizonk's dimate is chssified as tropical with a diry season, with moderately hot and humid
summers andl dry and peasant 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 s the average annual rainfall (INMET, 2020). All samples
were colced] between 14200 pm and 17:00 pm. Temperature was be- tween 20 °C o 25°C (average tem perature 22 °C) andl
réative humidlity varying between 36% to 83% (average humidity 54%). Environmentaldata was retieved 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 highestconcentration of hespitas and! heath units andl one o the hight
num- ber of nified COVID-19 cases. Importanty, this part of the city abo has a brge mumber of peopk aceessing public
fransporttion andl transpor- tation fadlities dlaily. A total of 933 sampls were alluted from eight dlifferent categories of phces
(Supplementary Table 1), including :

a) 38 health care units (hospitals, medical centers, and emergency care units); b) 17 public squares; ¢) two public
parks; d) one publicmarket; ¢) six bus teminaks; ) oneshopping mal; g) 10 eclucation cen- fers (universities and schods) ;
8) 21 other public places, inclucling banks, government departments, among others  (Supplementary Table1). Samples were
collected from different sources including en- trance doors, handrails, benches and tables, bus stops, and ground, and from
disiind materiak, inducling conre, méal, ook, brickwork, and others. For the collection of environmental santples, swabs
with
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sterile phosphate-buffered saline were vigorously rubbed on- surfaces (10 m®) of the aforementioned local andl objets. The
swabs werethen tangferredl o fubes conining transpot sotion (1 mL of guani- dline isothiocyanate buffer, 4 M) and taken
dlivecy tothe aboratory for testing.

2.2. RNA extraction and RT-qPCR

For each sampl, 70 UL of transpart soution containing a sample was submilted to nudeic acid extradion using he QJAmp
Vird RNA Mini Kit (QIAGEN, Maryand, USA). Totd RNA (5 ML) was wsed as a emphte for one-step qPCR
(Promega, Wisconsin, USA) (ina final volume of 20 ML per reaction, GoTaqi-sept qPCR system, Promega), using primers
andprobes specific for the Ny and Na regions of the SARS-CoV-2 genome (CDC, USA 2020). RNA extraction was performed in
batches of 13 sam- pks plus one negative control. Sampks were considlered pasitive when they presented antplificationfor Nran N2
targets region, considering the threshold for cycle quantification valie (Cq) of 40 (CDC, USA 2020). Since between the range of
3740 Cq indicate minimal quantitiesof DNA, Cq 2 40 were considered negative. The results of RT-qPCR runs were manually
inspected for the corection of baseline and threshold parameters whenever necessary due to heterogencity inthe amount of input RNA
among different samples (Bustin et al,, 2009). Negative (extraction control ancl non-template contre) andl positive contrls
(RNA extracted from inactivated SARS-CoV-2, kindly provided by Dr. Danicle Durigon and Dr. Edison Durigon,
USP, Brazl and Dr. RafaelElias Marques (Centro Nacional dle Biociencias LNBio-CNPEM) wereused. To confirm the
results, all positive samples were submitted toa second round of RNA extraction and RT-qPCR. Quantification o vira RNA
in theenvironmental samples was baseclon a standard curve gen- erated from serial difutions(110) of SARS-CoV-2 RNA and comverted
togenomic wnits per ten square centimeters of surface (the area we made the sampling for this study). To date, for PCR quanti fication
(based on standardl curve) we consiclered 1 SARS-CoV-2 plaque frming unit as 1 SARS-CoV-2 genomic unit. Quantification
was based only on N1 target gene given the high efﬁcimcy of our standard curve (Supplementary Fig. 1). Na target gene quanﬁficaﬁon
was not performed due toa low ef-ficiency achieved for the standard curve forthis target. Nevertheless, theCq vakues for N target for all
posiive samples are induded in supple- mentary Table 2. SARS-CoV-2 RNA control was previously quantified as desaribec
dsewhere (de Almeidla etal, 2020).

3. Results

Atotal 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 20samples collected around health care units, corvesponding to 40.8% of the total positive samples, withCt
values ranging from 23.3 to 37.7 (N1) and 22.2t039.4 (N2). These samples are dlistributecl in 12 dlifferent health care wnts
and were detected mainlyat bus' stops near the en- trance of the hospitals and emergency care units (Supplementary Table 1). Seventeen
sarples were positive for SARS-CoV-2 RNA at pub-lic squares distributed across seven different places, corresponding to34.7% of
the positive samples found in this study. Most of the positive samples were detected in benches, with Ctvalues ranging from
a2t
37.5(NY and 34.4t0 39 (N2). Wealso detected SARS-CoV-2indifferentbus terminals in te city, being seven positive samples
(14:3%) with Ctvaues ranging from 29 to 34.7 (N1) and 30.5 b 38.5 (N2). Al of these samples were wlected at
entrance hanclrails of the bus terminals (Table 1). Finaly, we deted the presence of SARS-CoV-2 RNA at very low
concentration in one sample collected in the wall of the major public marke of the city (N1 Ct = 36.95 N2 Ct = 39.6),
and four samples wleded at bus sops [flor (1) and bewhes (3)] in frort of public banks (2), sport club (i), and a
government department (1), with Ct values ranging from 34.7 to 381 (N1) and 37.8 to 39.5 (N2) (Table 1 and

Supplementary Table 7). Afr RNA quanﬁfication, we


https://www.timeanddate.com/weather/brazil/belo-horizonte/
https://www.timeanddate.com/weather/brazil/belo-horizonte/

J.S. Abrahdo, L. Sacchetto, LM. Rezende et al.

Science of the Total Environment 766 (2021) 142645

Healt Care Units, 20 (40,8%)
Public squares, 17 (34,7%)
Bus terminal, 7 (14,3%)
Other public places, 4 (8,1%)

Public market, 1 (2,1%)

Total=933

W 94.75%
O 5.25%

NZ

Fig. 1. Disribuiionof pesitivesamplesfr SARS-CoV-2 RNA. 933 sampleswere alededl at dliffeent eations in Bdo Horizonke, Brazil, with 4.9 being positive for vird genome déecion, dlistributec among five dlifferent categoriesoflocafons. Rawnumbas and perenages are indlicaed.

observed tat most positive sampls hacl very bw viral amoant (€1 ge- nomic unit1o em”), and the higher vival bacl were detected in
samples colectedl from heath care unis (Table 7).

Ttis important to mention that samples were not collected evenly among the cliffeent categories of places. Most of the sampls were
F lected from health careunits (403 samples, 43.2%) and public squares (269 samples, 28.8%) (Supplementary Fig. 2),
andl it can be the reason why over 34 of pusitive sampks were cldecedl from samples cdlectedl at tese beations. Considlering the
propotion o posiivily in the dliffr- ent placs, bus terminals exhibit the higher posiity rate among the aehiakl placss, flved by
pubic markd, public squares, andl halh care units. The Belo Horizonte City Hall was informed about the contam-inatedl areas, andl,
aftr dlisinftion (launclry cletergert folowedl by 1% sodium hypochlorite), viral RNA could no longer be detected, exceptfr ane
sample reulleced] at the entrance of a hospital. We didl ot identify any positive samples in public parks, education centers,
and a mal that were induded in this study.

Samples were collected from different materials, the majority being from concrete (383 samples, 411%) and metal (282
samples, 30.29),and also rock, brickwork, wood, glass and a ninority of other materials, inducling plastc andl potry (10 simples
each) and asphalt (4 sumples) (Fig. 2A). From the 49 positive samples, 20 were identified in metal sur-faces, especially from
benches of bus stops and handrails of hospitals

2.6% 1.8%
3.3%

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

== Brickwork (93)

Positive samples

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 be{ng found in pub- lic squares but one sampled froma frontal pillar of a hospital (Fig. 3). SARS-CoV-2RNAwas 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. 3and Suppplementary Tabk 1). Finly, SARS-CoV-2 RNA was detated in one sample
from a wood banch lowated! in a public square, and one samplefrom a glass surface ina bus stop in front of a hospital (Figs.
2Band 3).

4, Discussion

Although wesought to detect the presence of viral RNA, not {nfec— tious pavﬁc[es, it is possila\e that infecﬁuus pa)ﬂcks were
present in these emvironments, and care must be takento avoid further contami- nation and the eventual collapse of thelocal health system. The
infec- tious dose of SARS-CoV-2 virions to start a productive infection in humans is sl undear, and also if infutious partices
an be rawerd from surfaces with low viral load. Previous studies have reported the isolation of SARS-CoV-2 from

nasaphqryngea[awd oropharyngeal samplesﬁ'om distinct patients in a nursing faci[{ty (USA) with high Ct

204

Fig. 2. Envimmmental sampks oleced from diffrent materials. (A) Dist ibutionofsampks lededin dliffrent surfaces. Rawnumbarsof samptes areindl icated infrontofhe materials names; (B) Distribution of psitive sampks among diffrent kinels of magrials
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Fig. 3. Asaciation beween locaions and materiaks of positive sampks for SARS-CrV-2 RNA. Ciros pht assdating leatinsand sufa ialsaf posit

valuie (S 34) (Avons et al. 2020). Furthermore, other studies have re- ported the recovery of the virus from different surfaces, indudling
metal, cardboard, and plastic (Van Doremalen et al., 2020). Different studies have reported the detection of SARS- CoV-2genome
in different environmental surfaces, especialy insicle hespitd fadities, suggesting that environmental contamination by the virus is
possible (Carraturoet al., 2020; Chia et al., 2020; Jiang et al,, 2020; Wu et al., 2020; Yet al, 2020). Chin andl coworkers
observed that SARS-CoV-2 remainsvi- able in smooth suvfaces fmm distinet materiaks, i‘nduding metal and‘plastic, up to 4
days at 22 °C and humidity around 65% (Chin ¢ al., 2020). Therefore, it is possible that infecious partides could ako
berecovered from the surfaces found positive for the virus RNA in this study, especially considering that around 40% of the

positive samples

iclntifiedl in this sudy hadl Ct vabus bebow 34 Alhough the real infe tious potential o iruses detected in tisstudy cannot e
established, e blivethe detection of SARS-CoVv by moleeular assays indicates the potential isk ofinfecton, and care must b taken
to avoid further increaes in the number of COVID-19 cases. 1t is imyportant to menfon that most of the positive sampes in our
study had very lw amowrt of RNA (S genoniic wnitfom”) andl such amount of virus might not be abk to trigger
COVID-1g in patients. Neverthekss, the viral RNA in dlif* ferent surfaces was detected in our assays, despite the low concentra-
tion, and care must be aken o avoidl pessibt infeion.

Although Belo Horizonte has reltively fw cases when compared with ther cites in Brazil, such as Sao Paub andl Rio dle

Janeiro, ourdata reinforce that the virus is circulating in the city and can be found
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Table 1

Pusiive samples fir SARS CoV-2 RNA in surfaces at diffrenteatos i Bdo Horzri, Brazil,
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Category Sample1D Surface (material) Ctvalue (M) Concentration (N1) (genomic unitsfio cm’)
Health care writs HCU 29C Wall (brickwork) 259 67.9
HCU2B Floor (concrete) 340 <1
HCU 3N Floor (conerete) 372 <
HCU 8A Floor (conerete) 28.5 1.7
HCU 12 E Floor (conerete) 37.7 <
HCU13) Wall (concrete) 345 <1
HCU 29 A Sidewalk (concrete) 34.2 <
HCU 20M Sidewalk (concrete) 36.8 <1
HCU 30C Floor (conerete) 36.2 <
HCU 3D Bench (metal) 340 <
HCU 31 Bench (metal) 34 <
HCU1D Bench (metal) 3.6 <
HCUgH Bench (metal) 36.7 <
HCUnC Handrail (metal) 36.4 <
HCU9A Bench (metal) 331 <1
HCU13E Bench (metal) 36.9 <1
HCU 21 D Pillar (rock) 36 <1
HCU29F Bench (plastic) 23.7 299.8
HCU 29H. Bench (plastic) 233 392.8
HCU12D (glass) 36 <1
Public squares PS18 R Wall (bridkwork) 37.4 <1
PS1E Table (conerete) 334 <1
PS3C Bench (concrete) 35.8 <1
PS6G Bench (concrele) 37.5 <1
PS18X Sidewalk (concrete) 35.4 <
PSi5F Bench (wood) 34.8 <
PS3K Bench (metal) 35.7 <1
PS17) Handrail (metal) 365 <
PS181 Handrail (metal) 354 <
PS2G Berch (rock) 35.6 <
PSaH Bench (rock) 34 <
P21 Berch (rock) 3.9 <
PSoC Bench (rock) 355 <
PS17 A Bench (rock) 23 <
PS17 D Bench (rock) 32 <
PS17E Berch (rock) 34 <
PS18M Bench (rock) 369 <
Bus terminals BT1A Handrail (metal) 32.8 <
BT1B Handrail (meta) 345 <
BT1C Handrail (metal) 29 8.4
BT10_ Handrail (metal) 321 <
BT1S Handrail (metal) 32.8 <1
BT W Handrail (metal) 29 8.4
BT2D Handrail (meta) 347 <
Other publc places OPPHC Floor (conrete) 367 <
OPP5 A Bench (metal) 36.2 <1
OPP10A Bench (metal) 381 <1
OPPuA Bench (metal) 347 <1
Public market PM1G Wall (conerete) 36.9 <1

For PCR quantification, we consider 1 SARS-CoV-2 plaque forming wnit as1 SARS-CoV-2 genomic unit.

on swfaces such as benches, tables, handrails, and ﬂoors, and in p[aces with a |arge flow of peop[e, such as pub[{c squares and
hospital entrances. The detection of the viral RNA at these sites indicates that ad- equate cleaning of public environments and
veinforcemenf of educa- fional campaigns for h)gienic and siial distﬂyxu'ng pradices shold be underiaken. Given the short
sampling period in this sucly, our data dovot support a corrdation between dliffoent environmenial parameers, such as local
temperature or hum idity, and the detection of the virus. Nevertheless, other studies addressed this matter and suggested that SARS- CoV-
2 remains viable for wp to 7 days at 22 °C, preisdy te aver- age temperature in the days we made the sampling for virus
detecﬁonﬁ)r this smdy (Chin et al, 2020). Furthermore, in our work, a mean of 54% of hum{dity was observed, and another
human coronavirus, HCoV-229E, was more stable at 50% of humidity, a similar humidity alue (Kampf ¢ al, 2020).
These clata suppart te indication that viableviruses could be recovered from places where we detectecl the viral RNA. Futher
studies may contribute to elucidate better how frequent we can isdake SARS-CoV-2 fiom inanimate surfaces in the fieldl.

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

bus with 68 individuals, one person in a 100 min trip disseminated the virus to andther 23 passengers (Shen ¢t al.,
2020). Although we did not evaluate the presence of the virus insidle the buses of our city, the detection in the bus terminals and stations
isan indicative that those p\ares ar an important risk facmvfor pwpk b get ivfeded, thon[y inside the buses. Ouvsfudy high[ighfs
the need for the constant as-sessment of the presence of the virus nt orly in hospital faciliies, butako in phaes chse tomedical
aras and wih a hrge cirudation of peo- ple. The presence of SARS-CoV-2 in these environments can resultin an increasein the munber
of cases of the disease in the near future if con- trol measures are ot forcefully adopted.

Supplementary dlatatothisartick can befouncl onlineathtps://chi. orgh 0.1016/jscibtenv. 2020142645,
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Large and giant DNA viruses are a monophyletic group
constituting the recently established phylum
Nucleocytoviricota. The virus particle morphogenesis of these
viruses exhibit striking similarities. Viral factories are
established in the host cells where new virions are assembled
by recruiting host membranes, forming an inner lipid layer. An
outer protein layer starts as a lamellar structure, commonly
referred to as viral crescents, coded by the major capsid
protein gene. Also, these viruses have a conserved AT Pase-
coding gene related to genome encapsidation. Similar
properties are described for tectiviruses, putative small
ancestors of giant viruses. Here we review the morphogenesis
of giant viruses and discuss how the process similarities
constitute additional evidence to the common origin of
Nucleocytoviricota.
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Introduction

The large abundance, diversity, and ubiquity of viruses
are some of the virosphere hallmarks. Viruses exhibit
different particles, genome sizes and structures, and a
broad host range believed to infect all life forms. In
contrast to cell-life forms, viruses seem to have had

multiple evolutionary origins [1]. In this scenario, some

specific viral groups are proposed to share a common
ancestor. The Nucleo-Cytoplasmic Large DNA Viruses
(NCLDV) form a monophyletic viral group comprising
large and giant double-stranded DNA eukaryotic viruses
[2,3]. Recently, the International Committee on Taxon-
omy of Viruses (ICTV) classified the recognized
NCLDV-composing viral families within a novel phylum
named Nucleocytoviricota [1-]. These viruses can infect a

wide diversity of hosts, ranging from algae and amoebas to
insects and mammals.

Since the discovery of mimiviruses [4], novel large and giant
amoeba viruses have been described and clustered within the
NCLDV clade. This continuous group expan- sion increases
the debate about these viruses’ origin and evolution [5-11].
A more recent NCLDV origin hypoth- esis suggests that it
can be related to a genome complex- ification and expansion
from smaller ancestor viruses as polintoviruses and
Tectiviridae bacteriophages [8,9]. The evolutionary origin
and relationships of Nucleocytoviricota members have been
extensively addressed. They can be reconstructed through
phylogenetic analysis using a set of

conserved genes [9,12-], such as the family B DNA

polymerase gene, which is mostly used for this purpose and
is also present in the Tectiviridae ancestors (Figure 1).

These large and giant viruses have many differences,
regarding the viral structure and genomic features, possibly
resulting from distinct evolutionary histories after diver-
gencefromthecommonancestorwithtectiviruses. Despite
this, a common characteristic among Nucleocytoviricota
members is observed in the viral replication cycle, espe-
cially in the morphogenesis step, which occurs in the host
cell cytoplasm [2]. Here we cover the main aspects of
NCLDV morphogenesis. We will focus on giant amoeba
viruses, highlighting the similarities in the assembly pro-
cess, despite exhibiting different structures and evolution-
ary histories. Finally, we provide insights into the evolution
of the morphogenesis process, considering a small hypo-
thetical common viral ancestor of Nucleocytoviricota.

Morphogenesis of large DNA viruses

Unlike most DNA viruses, which have the replication
cycle occurring entirely in the host cell nucleus, the
NCLDV can complete their entire cycle in the cytoplasm,
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Phylogenetic reconstruction using amino acid sequences of the conserved functional gene, DNA polymerase B family, of representative members
of phylum Nucleocytoviricota and family Tectiviridae. The alignment was built using Muscle with standard parameters [68]. Uninformative positions
were removed using TrimAl with gap threshold of 0.2 [69]. Maximum likelihood tree was constructed with IQ-TREE [70]. The best-fitting
substitution model selected by IQ-TREE was VT + F + R5. Branch supports were estimated using ultrafast bootstrap (1000 replicates), and the
tree was visualized with iTOL [71]. Scale bar indicates the number of substitutions per site.

or start it in the nucleus (transcription and replication),
and ending it in the cytoplasm (morphogenesis) [2]. The
NCLDV morphogenesis occurs in dynamic and spatio-
temporal coordinated cytoplasmic sites formed with the
accumulation of viral and cellular factors, recruitment of
membranes, and surrounding mitochondria, the so-called
viral factories (VF) [13,14].

Poxviruses morphogenesis consists of a complex process,
with the recruitment of viral and cellular proteins [15].
Morphogenesis occurs inside a VF, where viral crescents
are formed, which consist of cut regions from the endo-
plasmic reticulum (ER) membrane, giving rise to open
membranes [16-18]. These open membranes are modi-
fied and stabilized by the insertion of viral proteins, like

www.sciencedirect.com
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Al7 and D13 proteins, among others called ‘viral mem-
brane assembly proteins’ (VMAPs) [16]. Trimers of the
D13 scaffold protein associate with the Al7, increasing
the curvature of the open membranes that expand by
fusion with additional membranes and then associate with
the nucleoprotein core [19]. The genome acquisition by
poxviruses is regulated by a conserved ATPase encoded
by the A32L gene, highly conserved among almost all
giant viruses [20]. From there, four other successive
stages of assembly can be viewed: immature virions
(1Vs), mature virions (MVs), wrapped virions (WVs), and
extracellular virions (EVs) — for a more comprehen-sive
review of this process, please see [15].

The replication cycle of other large DNA viruses has also
been investigated, but far less extensively than pox-
viruses. The asfarviruses morphogenesis also occurs in
VF located in the cytoplasm, in the perinuclear area [21- 23].
The virus reorganizes the cytoskeleton and the trafficking
of endosomal membranes to build the VF, which is also
filled with lipid flow mediated by cyto- plasmic lipid
transfer proteins and ER intermediates [23-25]. In fact, as
for poxviruses, it is proposed that the viral inner
membrane from ASFV originates from intermediates of
that organelle [25]. The asfarviruses assembly occurs
through the major capsid protein inter- action, p72, with
open membrane intermediates forming a large complex
viral crescent that culminates in an icosahedral capsid
[26,27]. How capsids are filled with DNA, it is not fully
established yet, even though a model of simultaneous
capsids assembly and DNA insertion hasbeen recently
proposed [25].

For the Iridoviridae family, the VF remains connected to the
nucleus to allow the traffic of cellular factors necessary for
viral synthesis [28]. In the VF, viral crescents emergeto
start the assembly of double-shell icosahedral capsids with
an inner lipid layer, probably derived from the ER. This
membrane supports the deposition of the viral capsid that
will be filled with DNA. As the process occurs, capsids will
curve to form complete icosahedrons, and particles then
migrate to the host cells periphery for envelope acquisition
[28-30]. Ascoviruses have the least characterized cycle.
Morphogenesis occurs in cytoplasmic membranous vesicles.
These vesicles are formed after the reorganization and
rupture of the nuclear envelope, where the first part of the
replication cycle occurs. In these vesicles, the formation
of the internal viral complex is covered by a single
membrane, and a layer of protein subunits occurs, so it is
filled with the nucleoprotein core and genome [31,32].

Finally, the morphogenesis of the eukaryotic algae viruses
from family Phycodnaviridae also exhibits a con- centration
of viral and cellular factors in a cytoplasmic VF, however in
a slightly different way. These are formed by a network of
viral capsid precursors and membrane

biogenesis in the central region, while the genomes for
encapsidation are on the periphery [33]. It is proposed that
the viral crescents that give rise to thephycodnaviruses’
inner membrane would also correspond to open membranes
derived from the ER. Preformedvirions leave the VF and
are packed with viral DNA [33]. It is interesting to note
that phycodnaviruses’ mor- phogenesis process has some
similarities with other large DNA viruses and the giant
amoebae viruses discovered in the past few vyears,
especially with mimiviruses [33].

Giant viruses of amoebae: different
structures, similar assembly process
Mimiviruses were the first amoebae viruses to be
described, and since then, many different viruses had
been isolated and identified by uncultured methods,
which expanded the family Mimiviridae considerably
[34,35]. The interest around these viruses was intense,
and many studies were developed to uncover the basic
features of the replication cycle of these pseudo-icosahe-
dral viruses. After entry into the host cell and release the
genome in the cytoplasm, mimiviruses establish large
electron-dense volcano-like VF in the amoeba cytoplasm,
in which less electron-dense areas are observed in their
periphery, called fibril acquisition area [36,37]. It was
proposed that the morphogenesis of mimivirus particles
start inside the VF with the formation of lamellar struc-
tures, which precede the formation of the capsid. These
lamellar structures seem to be analogous to the semicir-
cular structures, that is, the viral crescents, observed in
other NCLDV. These structures increase in complexity,
and after genome encapsidation and acquisition of fibrils,
the particles are complete [37] (Figure 2). It is interesting
to note that a very similar process occurs for tupanviruses,
despite a significant difference in virion structure —
tupanviruses exhibit a long cylindrical tail attached to

the capsid [38-,39].

Distinct icosahedral large DNA viruses of amoebae have
been described over the past years, and their replication
cycle also exhibits similarities with other NCLDV. Mar-
seilleviruses establish a large electron-lucent VF in the
host cell cytoplasm, presenting intense membrane
recruitment in its periphery [40,41]. The replication cycle of
Marseilleviruses occurs part in the host nucleus, part in the
cytoplasm [42]. It is proposed that the particles” assembly
occurs inside VFs with the formation of cres- cent-shaped
electron-dense structures with the recruit- ment of
endosomes to form the inner membrane found beneath the
virus capsid [41]. As the viral crescents increase in
complexity and acquire DNA, the complete virions are
directed to the cell’s periphery and can be

visualized enclosed in membranous vesicles of 300_1000
nm in diameter [41] (Figure 2). The formation of such
large vesicles containing hundreds of virions can yield
higher infectivity for Marseillevirus, compared to infec-
tion by single particles. Other icosahedral amoebae
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Main steps of morphogenesis of distinct giant viruses of amoebae. Representative images obtained by transmission electron microscopy were
selected to gain a general picture and highlight the similarities in the process of giant viruses with major differences in their structures. (a)
Mimiviridae, pseudo-icosahedral; (b) Marseilleviridae, icosahedral; (c) Pandoraviridae, ovoid; (d) Pithoviridae, ellipsoid. Images from four sequential

steps are indicated in the columns. Scale bars: 250 nm.

viruses have less information about the morphogenesis
process. Recent studies demonstrated that Faustovirus
also exhibits the formation of crescent-shaped structures

during their morphogenesis [43,44--]. As these structures
gain in complexity and acquire DNA, mature particles are
formed and observed in the cell’s cytoplasm agglomer-
ated in a honeycomb shape. The formation of viral
factories in the host cytoplasm during the morphogenesis
step also occurs for kaumoebavirus, pacmanvirus, and
medusavirus, and the assembly process is similar to other
large DNA viruses. However, further in-depth analysis of
their replication cycle is required [45-47].

Studies have been carried out over the years, enabling the
isolationofseveralothergiantviruseswithentirelydifferent
structures, withamphora-shapedandellipsoidcapsids, such
as pandoravirus, pithovirus, cedratvirus, and orpheovirus

[48-51]. During the replication cycle of these viruses,
electron-lucent VF is observed in perinuclear regions.
Another common feature observed is the intense recruit-
mentofmembranesandmitochondria inperipheral regions of
the VF, which was proposed to be necessary for virion
inner membrane formation and providing energy for the

complete assembly process [52-,53-,54]. The morphogen-
esis of cedratviruses begins with the formation of crescent-
shaped electron-dense structures inside the VF. Subse-
quently, thesestructuresundergoalongitudinalelongation,
assumingaclampshape. Astheparticlegainsincomplexity,
they are visualized in a rectangle shape. The capsid walls
becomethicker, andthegenomeisencapsidated, leadingto
complete closure and formation of double-corked mature
virions [52] (Figure 2). In previous studies, the same

rectangle-shaped structures were described during the
morphogenesis of pithoviruses [49], thus constituting

www.sciencedirect.com

Current Opinion in Virology 2021, 49:102-110


http://www.sciencedirect.com/

106 Virus structure and expression

another evidence for a common origin with the cedrat-
viruses, putatively constituting a new viral family Pithovir-
idae with distinct genus, Pithovirus and Cedratvirus. The
morphogenesis of orpheovirus and pandoravirus particles
also begins with crescent-shaped structures, but no clip or
rectangle-shaped structures occur as observed for Pithovir-

idae members [53-,54]. The observed viral crescents
become thicker and electron-dense as they increase in size
and acquire the internal content until the formation of the
mature particles (Figure 2). It is interesting to note that the
cellular assembly compartments, for instance, nucleus or
cytoplasm, do not appear to interfere directly with the
morphology of giant viruses particles. Viruses with
completely different morphology (e.g. mimiviruses and
pandoraviruses) have their particles assembled in the host’s
cytoplasm.

Similar structures described as intermediate membranes
or viral crescents are observed during all giant viruses’
morphogenesis stages. These structures are also present
in the spherical molliviruses, and it was suggested that
different viral proteins with transmembrane domains
would be involved in the assembly process of mature
virions [55,56-]. These common features reinforce the
common origin of Nucleocytoviricota. Those similar char-
acteristics might be conserved since the divergence of the

Figure 3

common ancestor between giant viruses and the smaller
tectiviruses.

Evolution of morphogenesis in
Nucleocytoviricota

The question of the common origin of NCLDVs seems to
be well established, and recent analyzes have identified a
restricted set of genes conserved throughout evolution
among different viral groups, with only eight core genes

(three universal and five present in most groups) [12-].
This same work suggests that NCLDVs originated before the
divergence of modern eukaryotes, which corroborates the
hypothesis of sharing a common ancestor with smaller
viruses that infect prokaryotes. The emergence of giant
viruses before the emergence of modern eukaryotes was
also conceived using specific translation-related genes of
mimiviruses [57]. If we try to reconstruct the evolutionary
relationship between these viruses based on a well-pre-
served functional gene (i.e. DNA polymerase B family),
the tectiviruses appear as an external group with high
statistical support (Figure 1). A similar topology is
observed when using conserved genes that directly par-
ticipate in the viral morphogenesis process, such as the
major capsid protein (MCP) and the DNA packaging
ATPase (Figure 3). Given these analyzes, it is plausible
that these genes have been preserved throughout
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Phylogenetic reconstruction using amino acid sequences of (a) Major Capsid Protein (MCP) and (b) DNA packaging ATPase (A32-like) genes of
representative members of phylum Nucleocytoviricota and family Tectiviridae. The alignments were built using Muscle with standard parameters
[68]. Uninformative positions were removed using TrimAl with gap threshold of 0.2 [69]. Maximum likelihood trees were constructed with IQ-TREE
[70]. The best-fitting substitution models selected by IQ-TREE were LG + F + R3 (MCP) and LG + F+| + G4 (A32-like). Branch supports were
estimated using ultrafast bootstrap (1000 replicates), and the trees were visualized with iTOL [71]. Scale bar indicates the number of substitutions

per site.
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evolution as well as the process of morphogenesis itself,
where MCP acts as a scaffold protein for the synthesis of
new particles and attachment of the internal lipid mem-
brane, a peculiar feature present in both tectiviruses and
different viruses of Nucleocytoviricota.

Different genes have been identified as essential for the
assembly of new viral particles in poxviruses, the VMAPs,
but except the D13L gene (MCP homolog in other giant
viruses and tectiviruses), all others are exclusive to pox-
viruses [16]. It is important to note that D13L is respon- sible
for forming viral crescents in poxviruses, a phenom- enon
conserved among giant viruses, as we have evidenced here.
Interestingly, pandoraviruses do not have a gene
homologous to the D13L of poxviruses, but they still show
a crescent-shape structure during their mor- phogenesis
(Figure 2). The origin of the pandoraviruses capsid is still a
mystery. However, recent studies have addressed this issue
and suggested that the viral structure is composed of
carbohydrates and that the major constit- uent of the
pandoravirion structure would originate from a glycoside
hydrolase present in bacteria [58,59]. Another crucial factor
for the accurate assembly of infectious particles of
poxviruses is the A32L gene that encodes the DNA
packaging ATPase [20]. This gene encodes a protein
responsible for encapsidating the viral genome and is
conserved in all giant viruses, except for Pithovir-

idae [60-]. A homologous protein is also present in tecti-
virus and is essential in the final stage of morphogenesis
[61]. A new class of ATPase will likely be present in
pithoviruses, which is substantially different from those
analogous to the A32L gene in poxviruses, but whose
function is similar. More detailed analyzes looking for
ATPases’ motifs in the different ORFans of these viruses
can help unravel this mystery. Still, it remains unclear

Table 1

whether other ATPases could play the role of encapsidat- ing
the viral genome, such as ATPases of the AAA family,
present in orpheovirus, but not in their closest relatives,
pithoviruses and cedratviruses [51].

Despite significant similarities, the order of events
observed in the morphogenesis of tectiviruses has at least
one fundamental difference compared to the giant
viruses described so far. Analyzes based on the PDR1
phage’s morphogenesis showed that the virus’s internal
membrane originates from the host’s cyto- plasmic
membrane and then the capsid forms around it [61].
With the giant viruses, however, the order seems to have
been reversed. The protein component of the virion is
formed initially from viral crescents, which serves as a
scaffold for the internal lipid mem- brane [62,63]. Such
differences can be explained by the accumulation of
divergences throughout the evo- lutionary history of these
viruses. In any case, viral membrane proteins associate
with the host’s membra- nous structures during viral
morphogenesis. These proteins could sign an attachment
of viral crescents, thus assembling a pre-capsid (outer
layer of protein and an inner layer of lipid). Proteins with
transmembrane domains are found in abundance in the
different groups of giant viruses, ranging from 9.6% of the
genes of cedratvirus to around 40% of the genes in
Emiliana huxleyi virus (Table 1). Transmembrane domain
pro-teins also appear to be in abundance in their putative
tectivirus ancestors (e.g. PDR1 has almost 50% of
proteins containing such domains). Therefore, the
sequential events of morphogenesis of giant viruses may
have been conserved throughout evolution, since the
divergence of the common ancestor of NCLDVs and
tectiviruses.

Transmembrane domain proteins in large and giant viruses’ relatives accessed by TMHMM server 2.0°

Virus Taxon (Family) Genome accession number Number of proteins Proteins with TMD® (%)
Enterophage PDR1 Tectiviridae AY848689.1 31 15 (48,4)
Emiliania huxleyi virus 86 Phycodnaviridae NC_007346.1 472 184 (39)
Iridescent iridovirus 6 Iridoviridae NC_003038.1 468 133 (28,4)
Paramecium bursaria chlorella virus 1 Phycodnaviridae NC_000852.5 802 184 (22,9)
Vaccinia virus Poxviridae NC_006998.1 223 47 (21,1)
African swine fever virus Asfarviridae NC_001659.2 152 31(20,3)
Faustovirus E12 KJ614390.1 492 87 (17,7)
Pandoravirus dulcis NC_021858.1 1070 184 (17,2)
Mollivirus sibericum NC_027867.1 523 89 (17)
Bodo saltans virus Mimiviridae MF782455.1 1207 192 (15,9)
Heliothis virescens ascovirus 3e Ascoviridae NC_009233.1 180 25(13,9)
Acanthamoeba castellanii medusavirus AP018495.1 461 64 (13,9)
Kaumoebavirus NC_034249.1 429 54 (12,6)
Orpheovirus NC_036594.1 1199 147 (12,3)
Pithovirus sibericum NC_023423.1 467 56 (12)
Acanthamoeba polyphaga mimivirus Mimiviridae NC_014649.1 979 117 (11,9)
Marseillevirus marseillevirus Marseilleviridae NC_013756.1 428 43 (10)
Cedratvirus A11 NC_032108.1 574 55 (9,6)

a http://www.cbs.dtu.dk/services/TMHMM/.
b Transmembrane domain.
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Conclusion and future directions

The origin and evolution of giant viruses is an intriguing
mystery that has yet to be adequately unraveled. The same
goes for the paths taken during the evolution of the
morphogenesis process of these viruses. Nucleocytoviricota
members exhibit different morphologies and infect a wide
range of hosts. A correlation between host prefer- ence and
morphogenesis seems unlikely, but the struc- ture of these
viruses could be correlated to the entry mechanisms
exploited by them, thus correlating with host preference
during evolution [64,65]. Although very diverse, the
different groups of giant viruses show some similarities in
assembling their particles that seem to have been preserved
throughout evolution. The evidence pre- sented here further
reinforces the monophyletism of this group and the probable
origin from smaller viruses.

Structural biology studies, including reconstructions
based on high definition images obtained by techniques
such as cryo-EM, are becoming more common, but they
are still a significant challenge when applied to giant
viruses [66]. Nevertheless, we can expect a considerable
advance in this field, and the application of these tech-
niques to giants of the virosphere will provide answers to
questions that we can only have a glimpse until now.
Finally, viral prospecting and characterization of new
viruses must continue to gain novel insights into theorigin
and evolution of giant viruses, as observed with the
recently isolated Yaravirus. It is a new amoeba virus not
deeply linked to giant viruses but has similarities in its

seplication cycle and even in some genes, such as the
presence of a divergent MCP and an A32-like ATPase
[67]. These findings will undoubtedly make important

contributions to a better understanding of the evolution of
viral morphogenesis.
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ANEXO Ill. Outras atividades desenvolvidas durante o doutorado

1. Atividades relacionadas ao enfrentamento da pandemia da COVID-19

1.1 Atuacao junto a equipe de diagndstico de SarsCoV-2 no Laboratério de virus

do Instituto de Ciéncias Biolégicas da UFMG;

1.2 Atuacdo em projeto de validacdo de aparelho purificador de ar para
eliminacdo de SarsCoV-2 no ambiente sob coordenag¢do do Professor Dr.
Alexandre Leao do Instituto de Belas Artes da UFMG e parceria com Centro
de Microscopia da UFMG;

1.3 Atuacao em pesquisa de detecgdo de SarsCoV-2 em ambiente hospitalar sob

demanda do Ministério Publico de Minas Gerais;

1.4 Atuacdo em pesquisa de deteccao de SarsCoV-2 em amostras ambientais

em parceria com a prefeitura de Juatuba e CDTN-UFMG.

2. Participacdo em eventos cientificos

2.1 XXIX BRAZILIAN CONGRESS OF VIROLOGY Xl MERCOSUR MEETING
OF VIROLOGY . 2018.

2.2 XXX BRAZILIAN CONGRESS OF VIROLOGY XIV MERCOSUR MEETING
OF VIROLOGY . 2019

2.3 V SIMPOSIO DE MICROBIOLOGIA DA UFMG PROFESSOR EDUARDO
OSORIO CISALPINO: Desafios Atuais no Enfrentamento de Doencas
Microbianas. 2018.



