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RESUMO
Tese de Doutorado
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ISOLAMENTO E CARACTERIZACAO DE VIRUS GIGANTES EM BIOMAS DO
BRASIL E ANTARTICA

ANA CLAUDIA DOS SANTOS PEREIRA ANDRADE
Orientador: Prof. Jbnatas Santos Abrahdo
Belo Horizonte, Marco de 2019

Os virus gigantes sdo conhecidos por serem virus de morfologia e genomas
complexos e nos ultimos anos Vvarios novos representantes tém sido descritos.
Entretanto, muitos aspectos acerca da diversidade, distribuicdo e interacdo destes
virus com as células hospedeiras ainda permanecem desconhecidos. Neste
trabalho, descrevemos a prospecc¢ao de virus gigantes usando diversas amostras do
Brasil e da Antartica. No total, foram isolados 68 virus, que foram identificados por
PCR em tempo real, microscopia Optica e eletrbnica (2 marseillevirus, 3
pandoravirus, 1 cedratvirus e 64 mimivirus). Além disso, analisamos algumas etapas
do ciclo de multiplicacdo de dois grupos virais isolados: 0s mimivirus e 0s
pandoravirus. Foi demonstrado que os mimivirus dependem da fagocitose e da
acidificacdo dos fagossomos para sua penetracdo e desnudamento,
respectivamente, em hospedeiros amebianos. Os capsideos parecem ser formados
a partir de estruturas lamelares crescentes e adquirem as fibrilas em uma éarea
especifica ao redor da fabrica viral (FV), sendo que a aquisi¢cado de fibrilas e genoma
pela particula pode ocorrer simultaneamente. Foi observado também que particulas
defectivas podem ser formadas mesmo na auséncia de viréfagos. O estudo do ciclo
de multiplicagdo dos pandoravirus mostrou uma intensa reorganizacao
citoplasmatica com formacéo de uma grande FV apresentando intenso recrutamento
de membrana. Nas FV ocorre a morfogénese, e esta pode ser iniciada pelas duas
extremidades da particula. Nas etapas mais avancgadas do ciclo, o ndcleo ndo € mais
observado e a progénie formada pode ser liberada por exocitose e por lise celular.
Em conjunto, estes resultados contribuem para a constru¢édo do nosso entendimento

a respeito da diversidade e ciclo de multiplicacdo de alguns virus gigantes.

Palavras-chave: Virus gigantes, Prospeccéo, Brasil, Pandoravirus, Mimivirus



ABSTRACT
Doctoral Thesis
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ISOLATION AND CHARACTERIZATION OF GIANT VIRUSES IN BIOMAS OF
BRAZIL AND ANTARCTICA

ANA CLAUDIA DOS SANTOS PEREIRA ANDRADE
Orientador: Prof. Jbnatas Santos Abrahdo
Belo Horizonte, Marcgo de 2019

Giant viruses are complex members of the virosphere and in recent years several
new representatives have been discovered. However, many aspects about the
diversity, distribution, and interaction of these viruses with host cells remain
unknown. In this work, we describe the prospection of giant viruses using several
samples from Brazil and Antarctica. In total, 68 viruses were isolated which were
identified by real-time PCR, electron and light microscopy (1 marseillevirus, 2
pandoravirus, 1 cedratvirus and 64 mimivirus). In addition, we have analyzed
some stages of the replication cycle of two isolated viral groups: mimivirus and
pandoravirus. We demonstrated that mimiviruses depend on phagocytosis and
phagosome acidification for entry and uncoating step, respectively, in amoebae
hosts. The mimivirus capsids morphogenesis seems to be assembled from
growing lamellar structures, the genome and fibrils can be acquired
simultaneously, and there is a specific area surrounding the viral factory where
particles acquire the surface fibrils. Finally, defective particles can be formed
even in the absence of virophages. The study of the replication cycle of
pandoraviruses showed an intense cytoplasmic reorganization with formation of a
large VF presenting intense recruitment of membrane. In the VF morphogenesis
occurs, and this can be initiated by both ends of the particle. In the more
advanced stages of the cycle, the nucleus is no longer observed and the progeny
formed can be released by exocytosis and by cell lysis. Together, these results
contribute to building our understanding of the diversity and replication cycle of

some giant viruses.

Key-words: Giant viruses, Prospecting, Brazil, Pandoravirus, Mimivirus
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1. INTRODUCAO

A descricdo do primeiro virus gigante associado a ameba, denominado
Acanthamoeba polyphaga mimivirus (APMV), em 2003, representa um marco na
virologia e revolucionou conceitos classicos acerca da classificacao e definicdo dos
virus (LA SCOLA, et al., 2003). Inicialmente, o APMV despertou grande interesse
da comunidade cientifica por apresentar uma particula estruturalmente complexa
com 750 nm de diametro, sendo o maior virus relatado até entdo. O capsideo deste
virus possui simetria pseudo-icosaédrica e é formado por uma tripla camada
proteica (XIAO et al., 2009). As particulas deste virus apresentam uma face em
formato de estrela denominada de star-gate, estrutura responsavel pela liberacdo
do genoma viral na célula hospedeira durante o ciclo de multiplicagdo viral
(ZAUBERMAN et al., 2008). Na regido interna ao capsideo, o APMV possui uma
membrana lipidica envolvendo o0 genoma que parece estar imerso em uma matriz
fibrosa (revisado por COLSON et al., 2017; XIAO et al.,, 2009). Além disso, a
superficie viral é coberta por uma camada de fibrilas glicoproteicas com 125 nm de
comprimento, que sdo importantes na adesao viral a diferentes organismos,
incluindo as amebas (Figura 1A) (RODRIGUES et al., 2015).

Além da complexidade estrutural da particula, o genoma do APMV também se
mostrou surpreendente (RAOULT et al., 2004). Este genoma € formado por uma
dupla fita de DNA linear composta por 1.2 mega pares de bases (pb) que codificam
1018 genes preditos (LEGENDRE et al., 2011). Alguns destes genes que compde o
arsenal genético dos mimivirus eram considerados como exclusivos de organismos
celulares, entre eles destacam-se genes relacionados ao processo transcricional e
traducional, como aminoacil-tRNA-sintetases, além de fatores raramente
encontrados na virosfera, como RNA transportadores e fatores de traducéo
(ABRAHAO et al., 2017; JEUDY et al., 2012; RAOULT et al., 2004). De acordo com
o Comité Internacional de Taxonomia Viral (ICTV), a familia Mimiviridae é dividida
em dois géneros: Mimivirus e Cafeteriavirus (FISCHER et al., 2010). Baseado em
analises filogenéticas, o género Mimivirus é dividido em linhagens A, B e C, sendo
o APMV protétipo do género e representante da linhagem A (ARSLAN et al., 2011,
LA SCOLA, B. et al., 2003; YOOSUF et al., 2012).



O espectro de hospedeiros destes virus geralmente é restrito a poucas
espécies de amebas dos géneros Acanthamoeba e Vermoameba (ABRAHAO et
al., 2018, LA SCOLA et al., 2003, PHILIPPE et al., 2013, LEGENDRE et al., 2015,
RETENO et al., 2015, BAJRAI et al., 2016, ANDREANI et al., 2017). Em 2010 outro
hospedeiro, o Cafeteria roenbergensis, foi descrito para os mimivirus e este virus
foi denominado cafeteria roenbergensis virus, sendo representante do género
Cafeteriavirus (FISCHER et al., 2010). Descobertas recentes de novos virus
propostos como novos membros da familia Mimiviridae mostrou que o espectro de
hospedeiros pode ser mais amplo, jA que estes novos mimivirus sao capazes de
infectar outras espécies de protozoarios como Bodo saltans e espécies de peixes,
como Acipenser fulvescens ( CLOUTHIER et al., 2018; DEEG et al., 2018).

Nos anos seguintes, a busca por novos virus associados a amebas foi
intensificada e durante os dezesseis anos de estudo e prospeccdo de virus
gigantes, centenas de novos isolados foram obtidos de diversas regides do planeta
(ANDREANI et al.,, 2016, 2017; BAJRAI et al., 2016; BOYER et al., 2009;
LEGENDRE et al., 2014; LEGENDRE et al., 2015; PHILIPPE et al., 2013; RETENO
et al., 2015). No ano de 2009, um novo virus foi isolado em -cultura de
Acanthamoeba polyphaga e denominado Marseillevirus marseillevirus (MsV)
(BOYER et al., 2009). O MsV possui um capsideo de simetria icosaédrica de 250
nm e um genoma composto por aproximadamente 370 Mb. O isolamento do MsV
levou a criagdo de uma nova familia viral denominada Marseilleviridae, que foi
reconhecida pelo ICTV no ano de 2013 (Figura 1B) (COLSON et al., 2013a).
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Figura 1: Estrutura de alguns virus associados a amebas. Imagens de
microscopia eletrénica de transmissdo, evidenciando as diferencas morfolégicas
entre os virus de diferentes grupos. A) Mimivirus B) Marseillevirus; C)
Pandoravirus; D) Pithovirus E) Cedratvirus F) Tupanvirus. As setas vermelhas
indicam as fibrilas de superficie; o asterisco amarelo indica o ostiolo apical da
particula; a seta azul indica o poro apical da particula. Fontes: Banco de imagens
do Gepvig (2018); Legendre et al., 2014.

No ano de 2013, outro grupo de virus gigantes foi descoberto quando dois
isolados foram obtidos em culturas de A. castellanii a partir de amostras de
sedimentos de um rio localizado na costa central do Chile e lama de uma lagoa
préximo de Melbourne, na Australia. Estes virus foram nomeados de pandoravirus
salinus e pandoravirus dulcis, respectivamente (PHILIPPE et al., 2013). As
particulas de pandoravirus sdo ovais e possuem um ostiolo apical em uma das
extremidades da particula que apresenta 1 um de comprimento e 0,5 um de
didmetro (Figura 1C) (PHILIPPE et al., 2013). O genoma destes virus € composto
por uma dupla fita de DNA linear de até 2.5 Mb (pandoravirus salinus), atualmente
0 maior genoma conhecido da virosfera. Além disso, esses virus possuem
caracteristicas estruturais e genémicas distintas aos virus gigantes ja descritos,
fazendo com que ndo fossem alocados em nenhuma familia ja estabelecida
(PHILIPPE et al., 2013). Posteriormente a descoberta destes virus, outros dez
pandoravirus foram descritos em diferentes ambientes de vérias partes do mundo,
incluindo o Brasil (SCHEID et al.,2008; ANTWERPEN et al., 2015; DORNAS et al.,
2015; LEGENDRE et al., 2018; AHERFI et al., 2018; LEGENDRE et al., 2019).

Os pithovirus compdem o quarto grupo de virus gigantes descritos, sendo o
primeiro deles isolado em culturas de A. castellanii a partir de uma amostra de solo
siberiano congelado (conhecido como permafrost siberiano) datada de
aproximadamente 30.000 anos, e foi denominado de pithovirus sibericum
(LEGENDRE et al., 2014). As particulas deste virus apresentam 1,5 ym de
comprimento (Figura 1D) (LEGENDRE et al., 2014). Morfologicamente os
pithovirus sdo semelhantes aos pandoravirus, porém, possuem uma estrutura
semelhante a uma grade hexagonal ao final do poro apical que é ausente nos
pandoravirus (LEGENDRE et al.,, 2014). Em 2016, um virus com morfologia

semelhante ao do pithovirus foi descrito, sendo denominado de cedratvirus e
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possui o tamanho de aproximadamente 1,2 um (ANDREANI et al., 2016). Assim
como o pithovirus, o cedratvirus possui poros apicais, porém nas duas
extremidades da particula viral (Figura 1E) (ANDREANI et al., 2016).

As caracteristicas biol6gicas compartilhadas pelos virus gigantes permitiram a
sua incorporacdo em um suposto grupo monofilético denominado Virus Grandes
Nucleo-citoplasmaticos de DNA (NCLDV). Atualmente o grupo NCLDV é composto
por sete familias que infectam hospedeiros variados, incluindo metazoarios
(Poxviridae, Asfarviridae, Iridoviridae, Ascoviridae), algas verdes e marrons
(Phycodnaviridae), e protistas (Mimiviridae e Marseilleviridae) (YUTIN; WOLF;
KOONIN, 2014). Além disso, alguns outros virus associado a protistas,
recentemente descobertos e que ainda ndo possuem familia assentida pelo ICTV
fazem parte deste grupo, sendo eles: pandoravirus, faustovirus, cedratvirus,
pithovirus, mollivirus, kaumoebavirus, pacmanvirus, orpheovirus e medusavirus
(Tabela 1) (ANDREANI et al., 2016, 2017; BAJRAI et al., 2016; LEGENDRE et al.,
2014; LEGENDRE et al., 2015; PHILIPPE et al., 2013; RETENO et al., 2015;
SCHULZ et al., 2017; ANDREANI et al., 2018; YOSHIKAWA et al., 2019).

Os estudos de prospeccao mais recentes mostraram que 0s virus gigantes
sdo ubiquos, assim como seus hospedeiros. Estes virus ja foram isolados e/ou
detectados em todos os continentes da Terra a partir de diversos tipos de amostras
como agua, esgoto, solo, invertebrados e mamiferos (Tabela 1) (revisado por
AHERFI et al., 2016; BOUGHALMI et al., 2013; COLSON et al., 2013; DORNAS et
al., 2015; DORNAS et al., 2014; KEREPESI; GROLMUSZ, 2016, 2017,
LEGENDRE et al., 2015; PHILIPPE et al., 2013; POPGEORGIEV 2013; ABRAHAO
et al., 2018). Estudos de metagenbémica reforcam a ideia de ubiquidade além de
indicar que muitos virus associados a amebas ainda ndo foram isolados (ZHANG et
al., 2015; MIHARA et al.,, 2018; SCHULZ et al., 2017; SCHULZ et al., 2018).
Entretanto, a diversidade, distribuicdo, assim como o papel destes virus no

ecossistema ainda sao pouco compreendidos.
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Tabela 1: Principais representantes dos grupos virais associados a amebas

Familia/ Espécielisolado Amostra/Local Célulade Morfologia/ Genoma Referéncia

Grupos representante de origem isolamento Tamanho (Kb)

Marseilleviridae*  Marseillevirus Agua de A.polyphaga Icosaédrica/ 368 Boyer
marseillevirus* torre de 250 nm et al 2009
resfriamento/

Franca

Faustovirus Faustovirus Esgoto/ V. Icosaédrico/ 466 Reteno
E12 Franca vermiformes 250 nm et al 2015

Pithovirus Pithovirus Permafrost / A. castellanii Ovoide/ 610 Legendre

sibericum Russia 1,5 um etal 2014

Pacmanvirus Pacmanvirus ?/Argélia A. castellanii Icosaédrico/ 395 Andreani
A23 175 nm etal 2017

Orpheovirus Orpheovirus Fezes de rato V. Ovoide/ 1473 Andreani
IHUMI-LCC2 vermiformes 1um etal 2018

*Taxons reconhecidos pelo ICTV
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No Brasil, diversos estudos de prospeccdo ja foram realizados o que
culminou no isolamento de centenas de virus gigantes (ANDRADE et al., 2014,
ASSIS et al., 2015; BORATTO et al., 2015; CAMPOS et al., 2014; DORNAS et al.,
2015; DORNAS et al., 2016; SILVA et al., 2015). O primeiro virus gigante isolado
no Brasil foi denominado Samba virus (SMBV), o qual € um mimivirus da linhagem
A obtido a partir de amostra de agua, coletadas no Rio Negro, na regido da
Amazoénia. Juntamente com o SMBV foi isolado um vir6fago (um virus que se
multiplica apenas na presenca de outro virus gigante), denominado Rio negro virus
(LA SCOLA et al., 2008; CAMPOS et al., 2014). Posteriormente, outros mimivirus
foram isolados a partir de amostras brasileiras, como o Niemeyer virus, isolado de
amostras de agua coletadas na lagoa da Pampulha, Belo Horizonte, Minas Gerais
(BORATTO et al., 2015); o Kroon virus, isolado em 2012 de amostra de agua de
uma lagoa urbana na cidade de Lagoa Santa, Minas Gerais (BORATTO et al.,
2018); Amazonia virus, isolado em 2011 de amostra de dgua do Rio Negro (ASSIS
et al., 2015); e Oyster virus, isolado a partir de amostras de ostras de uma fazenda
situada na costa sul de Florianopolis, Santa Catarina (ANDRADE et al, 2014).
Outros mimivirus foram isolados de amostras coletadas em diferentes ambientes
hospitalares, em Belo Horizonte, Minas Gerais (SILVA et al., 2015). Além disso, a
circulacdo de mimivirus foi observada em animais domésticos e silvestres
(DORNAS et al, 2014). Todos os isolados acima citados foram identificados
filogeneticamente como mimivirus do grupo A, assim como o SMBV.

No ano de 2015, Dornas e colaboradores, publicaram um amplo estudo de
prospeccdo de virus gigantes utilizando amostras de agua e solo coletadas na
lagoa da Pampulha, Belo Horizonte, Minas Gerais, com o0 isolamento 69 novos
isolados de virus gigantes, sendo 79,3% destes mimivirus da linhagem A, 4,35% da
linhagem C e 1,45% da linhagem B. Além disso, este trabalho relata o isolamento
dos primeiros marseillevirus e pandoravirus obtidos a partir de amostras brasileiras
(DORNAS et al.,, 2015). No ano seguinte, o segundo marseillevirus brasileiro foi
isolado de mexilhbes dourados coletados no estado Rio Grande do Sul (DOS
SANTOS et al., 2016). Em 2018 foram descritos 0s tupanvirus, estes virus compde
um novo clado da familia Mimiviridae e foram isolados a partir de sedimentos de
lagoas salinas do Pantanal e solo oceanico coletados a 3000 metros de
profundidade na Bacia de Campos no Brasil (ABRAHAO et al., 2018). Os

tupanvirus possuem o mais completo arsenal de genes relacionados ao processo
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de traducao ja descrito. Estes virus apresentam um capsideo similar ao observado
para 0s mimivirus, porém possuem uma longa cauda cilindrica acoplada,
resultando em particulas com um tamanho médio de 1.2 um de extensao, podendo
atingir até 2.3 um devido a plasticidade dessa estrutura (Figura 1F) (ABRAHAO et
al., 2018).

Assim como relatado para os isolados brasileiros, outros estudos de
prospeccao e de metagendmica utilizando amostras de diferentes partes do mundo
também obtiveram um maior sucesso de isolamento e/ou deteccdo de mimivirus,
comparado ao de outros grupos de virus gigantes (KHALIL et al., 2016; LA SCOLA
et al., 2010; revisado por AHERFI et al., 2016, COLSON et al., 2017; MIHARA et
al., 2018; SCHULTZ et al., 2018). Devido a isso, a familia Mimiviridae é a familia
com maior numero de isolados entre os virus gigantes, contendo centenas de
representantes. Entretanto, os fatores que favorecem ao maior sucesso de
isolamento de mimivirus em relacdo aos demais virus gigantes ainda ndo estédo
esclarecidos (revisado por AHERFI et al., 2016, COLSON et al., 2017).

Apesar dos mimivirus serem estudados a mais de uma década, algumas
etapas do ciclo de multiplicacdo destes virus ainda ndo foram ou estdo
parcialmente descritas. Devido ao seu grande tamanho, foi proposto e amplamente
aceito que a penetracao destes virus na célula hospedeira ocorre por meio do
processo de fagocitose, apesar de nenhum ensaio biologico ter validado esta
proposicdo até o presente o trabalho (MUTSAFI et al., 2010; SUZAN-MONTI et al.,
2007). Apos a fagocitose, foi demonstrado que o desnudamento se inicia com a
abertura do star-gate, a membrana interna do virus se funde com a membrana do
fagossomo e a denominada semente viral (genoma e proteinas associadas ao
material genético envoltos por uma membrana, formando uma estrutura esférica) é
liberada no citoplasma. Os eventos que ocorrem entre a fagocitose e abertura do
star-gate ainda sdo pouco conhecidos (MUTSAFI et al., 2010; SUZAN-MONTI et
al., 2007). Posteriormente, o DNA viral é liberado no citoplasma e uma fase de
eclipse, na qual as particulas virais ndo sdo observadas na célula, ocorre
(MUTSAFI et al.,, 2010; SUZAN-MONTI et al., 2007). Durante esta etapa o0
citoplasma da célula é reorganizado promovendo a formacéo das fabricas virais
(FV), onde o genoma viral € replicado, transcrito e novas particulas sdo montadas
(FRIDMANN-SIRKIS et al., 2016; MUTSAFI et al., 2010).
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O envolvimento do ndcleo no ciclo de multiplicacdo destes virus ainda néo
esta esclarecido. Suzan-Monti e colaboradores em 2007 propuseram que o DNA
viral migra para o nucleo celular, onde ocorrem os primeiros ciclos de replicacao,
depois 0 genoma volta para o citoplasma, onde os demais ciclos de replicacédo
acontecem. Porém, outros autores defendem que o ciclo de multiplicacdo destes
virus € exclusivamente citoplasmatico, ao demonstrarem que a replicacdo do
genoma € iniciada apos a sua liberacdo da semente viral no citoplasma da célula
(MUTSAFI et al., 2010).

Kuznetsov e colaboradores em 2013 propuseram um modelo de
morfogénese para os mimivirus, baseado em dados de microscopia de forga
atdmica. Neste modelo as etapas de montagem das particulas virais ocorrem de
forma sequencial (KUZNETSOV et al., 2013). Primeiramente, a montagem do
capsideo ocorre na periferia das FV e a formacdo dos capsideos se inicia pela
regido do star-gate, seguido pelas por¢cdes adjacentes. Posteriormente, o DNA viral
e outras macromoléculas sdo inseridos no capsideo ainda em formacao, pelas
faces opostas ao star-gate (SUZAN-MONTI et al., 2007; KUZNETSOV et al., 2013).
Em seguida ocorre a aquisicdo do genoma, o capsideo acaba de ser formado e é
envolvido por uma camada protaica, na qual as fibrilas, que evolvem externamente
toda a particula viral, se aderem. Além disso, neste modelo, a etapa de aquisicédo
das fibrilas virais ocorre na periferia da célula (KUZNETSOV et al.,, 2013).
Entretanto, a analise detalhada da nossa colecdo de imagens de microscopia
eletrbnica de transmissdo e varredura de diferentes etapas do ciclo de
multiplicacdo dos mimivirus, ndo confirma algumas etapas descritas no modelo
acima, como por exemplo, a descricdo de que a aquisicdo de genoma ocorre antes

da aquisicao fibrilas e que esta Ultima etapa ocorre na periferia celular.

Outro grupo viral, os pandoravirus, também apresenta um ciclo de
multiplicacdo ainda parcialmente caracterizado até o presente trabalho. Philippe e
colaboradores em 2013 relataram a descoberta dos pandoravirus e descreveram
brevemente algumas etapas do ciclo de multiplicacdo destes virus utilizando
microscopia eletrénica de transmissao. Eles descreveram que o ciclo se inicia com
a com a penetracdo das particulas virais por fagocitose, e o desnudamento inicia
com a fusdo da membrana interna viral com a membrana do fagossomo criando um

canal na regido do ostiolo apical da particula pelo qual o conteudo interno viral é
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liberado no citoplasma da célula hospedeira. Apds o desnudamento, é observada
uma fase de eclipse onde as particulas virais ndo sao observadas mais na célula.
Durante a etapa de morfogénese foi observado que a particula comeca a ser
montada pela regido do ostiolo apical e que o capsideo e o conteudo interno viral
sdao formados de forma simultdnea. Nas etapas mais tardias do ciclo o nucleo
celular ndo é mais visivel. O ciclo completo tem duracdo de 12 horas apos infec¢éo
(h.p.i) em média (PHILIPPE et al., 2013).

Legendre e colaboradores em 2018, relatam o isolamento de outros
pandoravirus e também fizeram uma breve analise do ciclo de multiplicacdo destes
novos isolados utilizando microscopia 6ptica e eletrdnica. Eles relataram que o ciclo
pode ser mais rapido para alguns isolados como o P. neocaledonia, com duragao
de 8 h.p.i. Além disso, os autores sugeriram que a liberagdo viral também pode
ocorrer por exocitose por meio de um video (magnificacdo de 1000X) que mostra
particulas sendo liberadas de uma ameba infectada utilizando uma multiplicidade
de infeccdo (MOI) de 1000, 5 h.p.i (LEGENDRE et al., 2018). Ainda, sugeriram que
as etapas de penetracdo e desnudamento sdo semelhantes ao que ja foi descrito
por Philippe e colaboradores em 2013. Como descrito acima, o0 ciclo de
multiplicacdo dos mimivirus e pandoravirus ainda estdo parcialmente descritos e
novos estudos que investiguem mais detalhes acerca das etapas que o compde
sdo fundamentais na caracterizacdo biol6gica deste virus, bem como na

compreensao da relacao virus-hospedeiro.
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2. JUSTIFICATIVA

Nos ultimos anos, o estudo dos virus gigantes tem revelado grandes
surpresas quanto a complexidade gendémica e estrutural dos virus. Apds o
isolamento do APMV, os estudos de prospeccdo se intensificaram levando a
descoberta de novos grupos virais como os marseillevirus, pandoravirus,
pithovirus, mollivirus, faustovirus, cedratvirus, tupanvirus, medusavirus.
Embora muito se tenha avancado na identificacdo de novos virus, pouco se
sabe a respeito da diversidade destes virus e sua distribuicdo na natureza.
Sendo assim o isolamento de novos virus gigantes é essencial para uma
melhor compresséo deste universo, possibilitando o avango da virologia. A
descoberta de um novo virus amplia o conhecimento sobre as interagfes entre
0s virus e seus hospedeiros, sua ecologia, além de revelar possiveis novas
caracteristicas genéticas, fenotipicas e evolutivas. Os mimivirus s&do o0s
primeiros virus gigantes de amebas descritos, possuem o maior numero de
representantes e sao 0s mais bem caracterizados pela literatura. Mesmo
assim, no que se refere ao seu ciclo de multiplicacdo, muitas etapas ainda séo
pouco compreendidas. A respeito dos pandoravirus também existem poucas
descricbes em relacdo ao seu ciclo de multiplicacéo. Diante do fato de que uma
parte essencial para caracterizacao biolégica dos virus € o entendimento do
seu ciclo de multiplicacdo, esse trabalho foi direcionado ndo sO para a
prospeccao de novos virus gigantes, mas também para a aquisicdo de novas
informacdes acerca da do ciclo de multiplicagdo dos mimivirus e dos

pandoravirus.
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3. OBJETIVOS

3.1 Objetivo geral:
Isolamento de novos virus gigantes a partir de colecdes de amostras
brasileiras e da Antartica e a caracterizacado biologica de algumas etapas dos

ciclos de multiplicagdo dos mimivirus e dos pandoravirus.

3.2 Objetivos especificos:

o Isolar novos virus gigantes a partir de amostras de agua, esgoto,
solo e fezes coletadas em diferentes regides brasileiras e da Antértica;

o Identificar o0os  novos isolados  molecularmente  e/ou
morfologicamente;

. Avaliar o efeito dos inibidores farmacolbgicos citocalasina e

bafilomicina na penetracdo e desnudamento dos mimivirus em células de A.

castellanii;

. Avaliar a formacdo do capsideo dos mimivirus durante a
morfogénese;

. Avaliar eventos de aquisicdo de genoma e fibrilas durante a

morfogénese dos mimivirus;

. Avaliar a regido em que as fibrilas dos mimivirus sdo adquiridas
durante a morfogénese;

o Avaliar a formagédo de particulas defectivas durante o ciclo de
multiplicacdo dos mimivirus.

o Caracterizar morfologicamente a fabrica viral de pandoravirus
isolados no Brasil;

o Avaliar as modificacbes nucleares da célula amebiana que

ocorrem durante a infeccédo pelos pandoravirus;

o Avaliar a dindmica da morfogénese dos isolados de pandoravirus
brasileiros;
o Avaliar o efeito do inibidor farmacolégico brefeldina na etapa de

liberacdo dos pandoravirus;
o Investigar quais os processos de liberagdo os pandoravirus

utilizam.
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4. METODOLOGIA, RESULTADOS E DISCUSSOES PARCIAIS SERAO
APRESENTADOS NA FORMA DE ARTIGOS PUBLICADOS PRECEDIDOS
DE UM BREVE RESUMO.

4.1. Artigo # 1: Ubiquitous Giants: A plethora of giant viruses found in
Brazil and Antarctica

Desde a descoberta do APMV, em 2003, os estudos de prospeccao viral
se intensificaram e outros virus pertencentes a familia Mimiviridae, assim como
outros grupos virais (marseillevirus, pandoravirus, pithovirus, mollivirus,
faustovirus, cedratvirus e o kaumoebavirus) foram descritos. Estes virus ja
foram isolados a partir de amostras coletadas em diferentes partes do mundo
com condi¢cBes ambientais distintas. Este trabalho descreve o isolamento de
68 virus gigantes a partir de uma colecdo de 976 amostras coletadas no Brasil
e na Antértica. Estes virus foram isolados apés inoculacéo direta das amostras
diluidas em uma cultura de amebas do género Acanthamoeba contendo
antibioticos. A identificacdo foi feita utilizando coloracdo hemacolor, PCR e
microscopia eletrénica. No total, foram isolados 64 virus da familia Mimiviridae,
sendo que 15 s&o da linhagem A, 17 da linhagem B, 2 da linhagem C e 28 de
linhagens nao identificadas. Estes virus foram isolados de diferentes tipos de
amostras, incluindo a4gua marinha da Antartica, sendo o primeiro relato de
isolamento de mimivirus neste ambiente extremo. Além disso, um novo
marseillevirus, dois pandoravirus e um cedratvirus foram isolados de amostras
de esgoto, adicionando novos membros ao grupo dos NCLDV. Dos diferentes
tipos de amostras testadas, a maior diversidade de grupos virais isolados foi
obtida de esgoto. Estes resultados reforcam a importancia de estudos de
prospeccao em diferentes amostras ambientais que auxiliam na compreenséo

da circulacéo e diversidade destes virus no ambiente.

Este artigo foi publicado no periédico Virology Journal em janeiro de 2018.
ApoOs a publicacdo deste trabalho, as amostras isoladas continuaram a ser
analisadas por microscopia eletrbnica e alguns isolados foram identificados

como outro grupo viral. Os dados de identificacdo atualizados até o presente
trabalho estéo disponiveis na tabela suplementar do anexada apés o artigo.
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Abstract

Background: Since the discovery of giant viruses infecting amoebae in 2003, many dogmas of virology have been
revised and the search for these viruses has been intensified. Over the last few years, several new groups of these

viruses have been discovered in various types of samples and environments.In this work, we describe the isolation
of 68 giant viruses of amoeba obtained from environmental samples from Brazil and Antarctica.

Methods: Isolated viruses were identified by hemacolor staining, PCR assays and electron microscopy (scanning
and/or transmission).

Results: A total of 64 viruses belonging to the Mimiviridae family were isolated (26 from lineage A, 13 from lineage
B, 2 from lineage C and 23 from unidentified lineages) from different types of samples, including marine water from
Antarctica, thus being the first mimiviruses isolated in this extreme environment to date. Furthermore, a marseillevirus
was isolated from sewage samples along with two pandoraviruses and a cedratvirus (the third to be isolated in the
world so far).

Conclusions: Considering the different type of samples, we found a higher number of viral groups in sewage samples.
Our results reinforce the importance of prospective studies in different environmental samples, therefore improving our

comprehension about the circulation anddiversity of these viruses in nature.

Keywords: Giant viruses, Prospection, Brazil, Antarctica, Pandoravirus, Cedratvirus, Marseillevirus, Mimivirus

Background

The discovery of Acanthamoeba polyphaga mimivirus
(APMV) in 2003, the first isolated giant virus infecting
amoebas, interested the scientific community due to its
size and genome content, which culminated in the
search for and isolation of new giant viruses [1, 2]. The
giant amoebal viruses have many phenotypic and
genomic features which had never been seen in other
viruses before, like large viral particles presenting up to
1.5 pm in length and large double-stranded DNA ge-
nomes ranging from 350 kb in Marseilleviridae mem-
bers to 2500 kb for pandoravirus [3, 4]. These genes
encode many hypothetical proteins, uncharacterized, or
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with functions that have never orrarely been observed be-
fore in other viruses, such as those related to translation
and DNA repair [5-7]. Common characteristics shared
by giant and large DNA viruses permitted their incorp-
oration into a supposedly viral monophyletic group,
named nucleocytoplasmic large DNA viruses (NCLDV),
created in 2001 [8]. When the NCLDV group was
proposed, it was composed of families Poxviridae (e.g.
Vaccinia virus, Crocodilepox virus), Asfarviridae (e.g.
African swine fever virus) Iridoviridae (e.g. Frog virus 3)
and Phycodnaviridae (e.g. Emiliania huxleyi virus 86,
Aureococcus anophagefferens virus) [8].

Subsequently, viruses belonging to the Mimiviridae,
Marseilleviridae, Ascoviridae family and also the pandora-
virus, faustovirus, pithovirus, mollivirus, kaumoebavirus,
cedratvirus and pacmanvirus were also incorporated to
NCLDV group [9-17]. Recent prospective studies have

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
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shown that giant viruses are ubiquitous, as are their proto-
zoa hosts [2, 18, 19]. The use of high-throughput tech-
niques and different species of amoebae in culture for
viral isolation has allowed the discovery of a large variety
of new viruses and new lineages in recent years. They have
been detected and/or isolated in all continents of Earth.
Metagenomic studies have indicated an outstanding
profile of giant virus distribution and diversity in natural
environments and organisms, including water, soil, inver-
tebrates and mammals [14, 20-27]. It is important to note
that mimiviruses and marseilleviruses have also been iso-
lated from human samples, raising questions abouttheir
possible role as pathogenic agents of diseases, but this
possibility still under investigation, and these viruses may
be components of healthy humans virome [24, 25, 28-31].

Despite the advances made in the techniques used to
isolate new giant viruses, which have increased the
success of detection and the isolation of these viruses in
different environments around the world, the diversity,
distribution and role of these viruses in nature is still far
from completely understood. Therefore, in order to

Table 1 Collections and locations of samples analyzed
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better understand the diversity and distribution of giant
viruses in the environment, this work aimed at the
isolation and identification of giant viruses obtained
from clinical and environmental samples from different
regions of Brazil and Antarctica. A total of 976 samples
were analyzed and 68 viruses were isolated. Taken
together, our results reinforcethat giant viruses, in par-
ticular mimiviruses, are ubiquitous and may play an im-
portant role in the control of amoebal populations, both
in natural and anthropogenic-affected environments.

Methods

Samples collection and treatment

In this work, a collection composed of 976 clinical and
environmental samples was analyzed: 495 soil samples
(mean weight was 3 g of each sample), 124 water samples
(10 mL of each sample), 140 sewage samples (10 mL of
each sample), 200 human nasopharyngeal aspirate sam-
ples (1,5 mL of each sample) and 17 capybara samples
(mean weight was 2 g of each sample) (Table 1 and Fig. 1).

Collections Type of sample

Collection site

Date of collection

Serra do Cipd

13 samples Freshwater Serra do Cip6, MG, Brazil Jan.2015
47 samples Soil Serra do Cipd, MG, Brazil Jan. 2015
Sewage creeks Pampulha
110 samples Sewage Pampulha Creeks, Belo Horizonte, MG, Brazil Oct.2016
Farm Sewage
30 samples Sewage [tadina, MG, Brazil Nov. 2016
Water treatment station
50 samples Freshwater COPASA, Belo Horizonte, MG, Brazil Dec. 2016
Antarctic
7 samples Marine Water Antarctic Dec. 2014
Capybara Stool
17 samples Stool Serra do Cip6, MG, Brazil Dec. 2012
Pampulha, MG, Brazil Dec. 2012
Serro, MG, Brazil Dec. 2012
Pantanal, MS, Brazil
Minas Gerais Soil
470 samples Soil MG, Brazil Jan. 2014
Pantanal soil
12 samples Soil Pantanal, MT, Brazil Mar. 2015
Human nasopharyngeal aspirate
200 samples Human nasopharyngeal aspirate Laboratério Central do Estado do Rio Grande do Sul, Brazil Nov. 2014
Bromeliads Water
10 samples Freshwater Maceid, AL, Brazil Set. 2015
Mangrove water
10 samples Mangroove water ES, Brazil Feb. 2015

Marine water
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Fig. 1 Locations where the environmental samples were collected. Schematic map (a) indicating in dark gray the location of collections tested
and pictures from representative areas represented by letters (b-f). River at Serra do Cipd, MG, Brazil (b); Sewage creeks, Belo Horizonte, MG, Brazil
(c); Location of collection of one of marine water samples in Antarctica (d); Location of collection of mangrove water, ES, Brazil (e). Bromeliads at

All collections were collected in different locations using
sterile tubes.

The samples of human nasopharyngeal aspirate
were used under approval of the ethics committee of
Universidade Federal de Ciéncias da Satde de Porto
Alegre (protocol number 1774/12, register 928/12).
After collection, all samples were stored at 4 °C until
inoculation procedures were performed.

Initially, the samples were divided into two groups,
one with sediment-free water, including human clinical
samples and other with a high concentration of sediment
and soil. Samples with only water and no sediment were
directly inoculated onto amoebalcultures. The soil sam-
ples were transferred to conical tubes of 15 mL and
treated with 5 mL of phosphate buffered saline (PBS).
The system was left for 24 h for sediment decantation
and then the supernatants were collected and inoculated
onto amoebal cultures.

Culture procedures
For viral isolation, we used Acanthamoeba polyphaga
(ATCC 30461), Acanthamoeba castellanii (ATCC 30234)

kindly provided by the Laboratério de Amebiases (Departa-
mento de Parasitologia, ICB/UFMG) and Vermamoeba ver-
miformis (ATCC CDC19), kindly provided by Professor
Bernard La Scola from Aix Marseille University. Amoeba
were grown in 75 cm” Nunc™ Cell Culture Treated Flasks
with Filter Caps (Thermo Fisher Scientific, USA) with
30 mL of peptone-yeast extract-glucose (PYG) medium
supplemented with 0,14 mg/mL penicillin (Sigma-Aldrich,
USA), 50 mg/mL gentamycin (Thermo Fisher Scientific,
USA) and 2.5 mg/mL amphotericin (Bristol-Myers- Squibb,
New York, USA) at 32 °C.

For co-culture, amoeba were re-suspended in 10 mL of
PYG supplemented with an antibiotic mix containing
0,004 mg/mL ciprofloxacin (Cellofarm, Brazil), 0,004 mg/
mL vancomycin (Sigma-Aldrich, U.S.A), and 0,020 mg/
mL doxycycline (Sigma-Aldrich, U.S.A). The suspension
was then diluted 1:10 in PBS and then inoculated in96-
well plates containing 4 x 10* cells per well. The plates
were incubated for 7 days at 32 °C and observation of the
cytopathic effect was done daily using an inverted optical
microscope. The well contents were then collected, frozen
and thawed three times to lyse the bacterial and fungal
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cells that may be present in the samples and thereby
decrease the chance of co-culture contamination and also
helps release the viruses of amoeba cells not lysed. Poster-
iorly, the samples were re-inoculated for two new sub-cul-
tures on fresh amoeba, as described above (blind
passages). The contents of wells with cytopathic effect
were collected and inoculated in a new 25 cm® Nunc™ Cell
Culture Treated Flasks with Filter Caps (Thermo Fisher
Scientific, USA) culture containing 1 million cells, the
cytopathic effect was confirmed and this culture was cen-
trifuged 10,000 rpm for 10 min (Centrifuge Sigma 1-14)
for lysate clearance and were further analyzed for giant
viruses. Negative controls with no sample inoculated
amoeba were used in all microplates.

DNA extraction and PCR

After the identification of cultures with a cytopathic
effect, screening was done to identify which giant virus
was present in samples using PCR with specific targets
for some giant virus groups (Table 2). For this, 200 pL
of each positive suspension was used for DNA extrac-
tion. DNA was extracted using the phenol-chloroform
method [32] and used at the concentration 50 ug/pug as
a template for PCR assays. The genes targeted in the
PCR assays were: helicase of mimivirus lineage A; DNA
polymerase B of mimivirus lineage B; DNA polymerase
B of mimivirus lineage C; the major protein of the capsid
of the family Mimiviridae (generic reaction targeting
lineages A, B and C), Marseilleviridae, pandoravirus and
cedratvirus. The primers were designed using a freely
available primer design tool (https://www.ncbi.nlm.nih.-
gov/tools/primer-blast/) at the National Center for
Biotechnology Information, U.S.A (NCBI); the sequences
are described in Table 2. The primers and reactions were
designed and standardized considering all analyzed vi-
ruses available on GenBank to avoid cross-amplification.
PCR assays were performed using 1 pL of extracted
DNA (~ 50 nanograms) in an amplification reaction mix
containing 5 pL of SYBR Green Master Mix and 0.4 pL
(10 pM) of forward and reverse primers. The final
volume of the reaction was adjusted with ultrapure
waterto 10 pL. The conditions of the StepOne thermal

Table 2 Primer sequences used for specific PCR
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cycler reactions (Applied Biosystem, USA) were: 95 °C
for 10 min, followed by 40 cycles of 95 °C for 15 s and
60 °C for 1 min, which was followed by a final step of
95 °C for 15 s, 60 °C for 1 min and 95 °C for 15 s. Posi-
tive samples in the PCR were those that amplified, show-
ing the specific melting temperature, using the primers
listed in Table 2, whereas the negative samples did not
amplify in the PCR. As negative controls we used DNA
extracted from non-inoculated amoebas with purified
viruses or samples, and as a positive control we used
DNA from amoebae infected with purified virus.
Samples that were not possible to identify using the PCR
assay were identified by electron microscopy and/or
hemacolor staining.

Sequencing validation and phylogeny

Four isolates were selected for sequencing validation.
The genome of two pandoraviruses, the cedratvirus and
one mimiviruses of lineage B positive samples were
sequenced using the Illumina MiSeq instrument
(Illumina Inc., San Diego, CA, USA) with the paired-end
application. The sequenced reads were imported to
CLC_Bio software and assembled into contigs by the de
novo method. The prediction of open reading frame
(ORF) sequences was carried out using the Fgenes V
tool. ORFs smaller than 100aa were excluded from the
annotation. Paralogous groups of genes were predicted
by OrthoMCL program. The ORFs were functionally an-
notated using similarity analyses with sequences in the
NCBI data base using BLAST tools. One fragment of
327 amino acid of DNA polymerase B gene sequence of
the samples was aligned with sequences from other giant
viruses, previously deposited in GenBank, using the
ClustalW program. After the alignment analysis, phyl-
ogeny reconstruction was performed using the Neighbor-
joining method implemented by the MEGA7 software.

Viral stock production and titration

For seed pool production, A. castellanii or A. polyphaga
cells were cultivated and infected with 500 uL of isolates.
After observation of a cytopathic effect, the titer was

Target genes

Forward sequence

Reverse sequence

Helicase of mimivirus lineage A

DNA polymerase beta of mimivirus lineage B

DNA polymerase beta of mimivirus lineage C

Main protein of the capsid of the family Mimiviridae
Main protein of the capsid of the family Marseilleviridae
Main protein of the capsid of pandoravirus

Main protein of the capsid of cedratvirus

5-ACCTGATCCACATCCCATAACTAAA-3'
5-AGTTCATCCGCACTTGGAGA-3'

5'- TCCGAATTCTATGAGGGAGAGA-3'
5-ACTTTATTATCATTATCAGCGAATA-3'
5-CTTTTGCACCTGCTTCATGA-3"
5-GGATGGCTCGACGTCTCTT-3'

5" AGAGTATGCTCGCAACCACC-3'

5-GGCCTCATCAACAAATGGTTTCT-3'
5-TCAACGGATAAAATCCCTGGTACT-3'
5-TGTTCCTTTTTGGGAGAACCA-3'
5-GCTCTTAACCCTGAAGAACA-3'
5-GCGGTAACCCTCCCACTTAT-3
5-CCTYGGTRAGCAMAGGCAAC-3'
5-CACGTTAAGGCCGGGGTAAT -3
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obtained by end-point method [33]. Stocks were kept at
- 80 °C freezers.

Hemacolor staining

A. castellanii and A. polyphaga cells were infected with
isolates at a M.O.I of 0.01 following the procedures
described above. After approximately 18 h, amoeba be-
came rounded, so 10 pL of the previously inoculated
suspension was spread on a histological slide and fixed
with methanol. The virus factories and viral particles
were observed after hemacolor (Renylab, Brazil) or
crystal violet (Labsynth, Brazil) staining, respectively.
After, slides were analyzed under an optical microscope
(OlympusBX41, Japan) with 1000X zoom.

Electron microscopy

For transmission electron microscopy (TEM), A. castel-
lanii and A. polyphaga cells were cultivated until the
observation of 80-90% confluence and infected with the
isolates in an M.O.I of 0.01. The samples were prepared
as described previously [34]. Briefly, 12 h post-infection,
when approximately 50% of the cells were presenting a
cytopathic effect, the medium was discarded and the
monolayer gently washed twice with 0.1 M phosphate
buffer. Glutaraldehyde 2.5% (v/v) was added to the sys-
tem, followed by incubation for 1 h at room temperature
for fixation. The cells were then collected, centrifuged at
3000 rpm for 10 min, the medium discarded and the
cells stored at 4 °C in phosphate buffer until electron
microscopy analyses.

For the scanning electron microscopy (SEM) assay, the
isolates were prepared onto round glass blades covered by
poly-L-lysine and fixed with glutaraldehyde 2.5% in 0.1 M
cacodylate buffer for 1 h at room temperature. Samples
were then washed three times with 0.1 M cacodylate buf-
fer 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 solutions with concentrations ranging
from 35% to 100%. They were dried at the critical CO,
point, transferred into stubs and metalized with a 5 nm
gold layer. The analyses were completed with scanning
electronic microscopy (FEG Quanta 200 FEI) at the
Center of Microscopy of UFMG, Brazil.

Results

Here, we report the screening of 976 environmental
and clinical samples collected between 2014 and 2017
and the isolation of 68 giant viruses (6.97% isolation
rate). Among all of the isolated viruses, 17 (25%)
were isolated in A. polyphaga and 51 were isolated in
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A. castellanii (75%). No virus was isolated in V.
vermiformes (Additional file 1: Table S1).

The PCR, hemacolor staining and electron microscopy
assays showed that 22 samples were positive for mimi-
virus lineage A, 17 were positive for mimivirus lineage B
and 2 were positive for mimivirus lineage C. In addition,
2 samples were positive for pandoravirus, 1 for cedrat-
virus and 1 for marseillevirus (Fig. 2). Twenty-three
other samples were identified as mimiviruses by PCR
(capsid gene, generic reaction), by hemacolor staining or
by electron microscopy, but it was not possible to
discriminate the lineage of these viruses using the
specific PCR (Additional file 1: Table S1).

Twelve samples were positive in PCR for mimivirus
lineage B and for marseillevirus. Four isolates were
selected for genome sequencing and phylogenetic ana-
lyzes performed with the DNA polymerase gene of these
viruses confirmed the identification by PCR (Fig. 3). In
order to investigate the occurrence of co-infections,
these samples were analyzed via hemacolor staining, and
two of them were randomly selected for diagnosis via
TEM. The samples tested showed only particles with
morphology similar to the mimivirus, showing no
marseillevirus-like particles (Additional file 1: Table S1).
In addition, no marseillevirus-like factories were observed
by hemacolor staining, just mimiviruses-like ones.

The highest isolation percentages (27.42%) were
obtained from the water samples, with 34 isolates from
124 samples. Of these, 4 were isolated from 7 seawater
samples (57.14% isolation rate) and 30 were isolated from
117 freshwater samples (isolation rate of 25.64%) (Fig. 2).

In addition, with an isolation success of 18.57%, 26 vi-
ruses were obtained from 140 sewage samples, followed
by samples of capybara feces (5.88%), with an isolate ob-
tained from 17 samples, and soil samples (1.41%), with 7
isolates from 495 samples. In addition, 200 samples of
human nasopharyngeal aspirate were tested and no
isolates were obtained from these samples (Fig. 2).

Although water samples have shown the highest
number of isolated virus, sewage samples presented the
highest diversity of viruses groups isolated (Fig. 2). In
the fresh and marine water samples, only Mimiviridae
family viruses (12 of lineage A, 13 of lineage B and 9
unidentified) were identified, while besides Mimiviridae
(9 of lineage A, 2 of lineage C and 11 unidentified), 1
marseillevirus, 1 cedratvirus and 2 pandoraviruses (Fig. 2)
were found in the sewage samples. Soil and stool sam-
ples also showed only viruses of Mimiviridae family (4
of lineage B and 3 unidentified in soil, and 1 of lineage
A in stool) (Fig. 2).

Comparing the percentage of isolates per collection
region, we can observe that the isolation was higher in
the Antarctica collection with a 57% isolation success
rate; however, this collection has few samples (4 isolates
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Fig. 2 Diversity of isolated giant virus by type of sample and collections. Network graph showing the viral groups isolated and identified by PCR
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was generated using a force based algorithm followed by manual rearrangement for a better visualization of the connections (a). A total of 7
viral groups are represented. Isolation rate of each virus groups by collections (b)

from 7 samples). The collections of Serra do Cipé and
sewage creeks appear with 30% (18 isolates from 60
samples) and 20% (22 isolates from 110 samples) positiv-
ity, respectively. The collections of farm sewage and
Pantanal soils presented a percentage of isolations of
13.33% (4 isolates from 30 samples) and 8.33% (1 isolate
from 12 samples), respectively (Fig. 2).

The collections of water station treatment, capybara
stool and Minas Gerais soils, showed percentages of iso-
lation of 8% (4 isolates from 50 samples), 5.88% (1 iso-
late from 17 samples) and 0,4% (2 isolates from 470
samples), respectively. Collections from bromeliad, man-
grove, and human nasopharyngeal aspirate, showed no
viral isolates (Fig. 2). The collection of creek sewages
showed the greatest viral diversity, with isolates of Mimi-
viridae, Marseilleviridae and Pandoravirus groups;
followed by the collection of farm sewage, with isolates
of mimivirus and cedratvirus. In the remaining collec-
tion, only mimiviruses were identified (Fig. 2).

Electron microscopy assays showed that two isolated
samples of Mergulhdo (Fig. 4b-c) and Bom Jesus (Fig. 4e)
sewage creek show pandoravirus-like morphology, with
particles having an average length of 1 um, as described
by Philippe and colleagues in 2013. Antarctica isolates
showed a mimivirus-like morphology, with particles of
about 750 nm, as described by La Scola and colleagues
in 2003 (Fig. 4d and g). SEM analyses of a sample of
sewage farm collection showed cedratvirus-like morph-
ology with particles of approximately 1.2 um, as
described by Andreani and colleagues in 2016 (Fig. 4a
and d). The images obtained from another isolate from
Bom Jesus creek showed particles with marseillevirus-
like morphology, apparently with icosahedral symmetry
and dimensions of about 200 nm (Fig. 4f).

Discussion
The search for giant viruses in environmental and
clinical samples from different regions of Brazil and
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Antarctica resulted in 68 isolates, reinforcing the
results obtained in other prospective studies involving
environmental Brazilian samples, in which a large
variety of giant viruses, specially mimiviruses, were
isolated [18, 35-39]. The present work corroborates
those studies, since 64 out of 68 viruses isolated
(94.11%) were identified as mimiviruses; however, for
the first time many mimiviruses of lineages B and C
were isolated in Brazil.

Although Brazil is one of the most exploited countries
regarding the presence of giant viruses, only two viruses
of the Marseilleviridae family had been isolated in this
territory to date. Brazilian marseillevirus and Golden
marseillevirus presented a high genomic diversity, thus
suggesting that these isolates form two new lineages

within the family [37, 38]. This study presents the third
marseillevirus isolated from Brazil. The genomic
characterization of this isolate (in progress) may expand
even more the plethora of marseillevirus lineages.
Regarding pandoraviruses, since their discovery in
2013, only 4 isolates have been described worldwide
[18, 40-42]. These viruses form a new group among
the NLCDVs, known as new TRUC (an acronym for
Things Resisting Uncompleted Classification) mem-
bers [10]. Here, we add two members to this club,
providing the possibility of a wider study of this virus
biology. In addition, this study reports for the first
time the isolation of a giant virus from capybara
feces. This type of sample had not yet been explored
for the presence of giant viruses although DNA from
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Fig. 4 Electron microscopy images of viruses isolated. SEM of Cedratvirus isolated from sewage farm of MG (a) TEM (b) and SEM (c) of
Pandoravirus isolate from Mergulhdo sewage creek. TEM of Mimivirus isolated from Antarctica (c) TEM of Cedratvirus isolated from sewage farm of
MG (d) TEM of Pandoravirus isolate from Bom Jesus sewage creek (e) marseillevirus isolated from Bom Jesus sewage creek (f). TEM mimivirus
particle detail that was isolated from Antarctica (g). Scale Bars: (a-d) 500 nm; (e) 50 nm

poxvirus, another member of the NCLDV group, was
previously detected in this collection [43].

The isolation and detection rates of giant viruses vary
in the different studied samples, with noisolation in hu-
man nasopharyngeal aspirate samples and higher rates
in water and sewage, followed by stool and soil samples.
These results corroborate other studies in which giant
viruses are more abundant in water and sewage than in
soil samples [18, 19, 34, 39]. Furthermore, we demon-
strated that giant viruses are not commonly found in
nasopharyngeal clinical samples, as reported elsewhere
[44—46]. Considering the amoebas used in this study, A.
castellanii was shown to be more effective in the isola-
tion of a greater diversity of giant viruses, as demon-
strated by Dornas and colleagues in 2015.

The difficulty in amplifying some preserved lineage-
specific regions by PCR can be explained by the high

genetic diversity among these viruses [36]. This may be
one of the reasons why we could not identify the strains
of all mimiviruses isolated in this work. It is also import-
ant to consider that among these, there may be new
strains which have not yet been described. In addition,
two samples that were PCR positive for mimivirus
lineage B and marseillevirus revealed only mimiviruses
particles or factories when analyzed by electron micros-
copy or hemacolor staining. This finding also reinforces
the importance ofusing a set of techniques for the iden-
tification of giant viruses, as performedin this study.
Metagenomic studies have indicated that the presence
of the giant virus gene marker is common in all conti-
nents including Antarctica, a region with extreme envir-
onmental conditions [20, 21, 47, 48]. Virophages have
already been isolated from this region, which is an
additional indicative of the presence of giant viruses
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[22, 49]. However, to our knowledge, there has been
no description of mimiviruses isolated in this contin-
ent to date. Nevertheless, we report the first giant
amoebal viruses in Antarctica, confirming some previous
expectations and the ubiquity of these microorganisms.
Altogether, our results lead us one step further into
knowledge about the giant virus diversity and ecology,
but important questions were raised. What could be the
role of giant viruses in an extreme environment such as
Antarctica? Will the host spectrum of these viruses be
the same, or are they capable of infecting other more
well-adapted hosts at extreme conditions? In-depth in-
vestigations regarding genetic and biological aspects of
these isolates might provide some answers. Moreover,
new prospecting studies, exploring different isolation
strategies in environments that have never been explored
around the globe, will bring insights about the ecology
of giant viruses and completely new NCLDV members
could be brought to light, boosting our knowledge about
the diversity of this complex group within the virosphere.

Conclusions

This work presented the isolation of different giant virus
species from the prospecting study of a large collection
of environmental samples, providing the isolation of vi-
ruses never previously isolated in Brazil and Antarctica.
The findings of this study reinforce the idea that giant
viruses are ubiquitous and open the door to further
study of the biology of these isolates, which contributes
to an understanding of the diversity of these viruses.

Additional file

Additional file 1: Table S1. Identification and locations of viruses
isolated. (DOCX 34 kb)
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Additional file 1: Table S1: Identification and locations of viruses isolated.

Collections Samples Passage Real Time PCR Hemacolor TEM SEM Amoebas Collection site Coordinates Date
of Staining of isolation
isolation
Serra do Cipd Mimiviridae Pandoravirus Marseillevirus Cedratvirus
Lineage Llineage Lineage All Major Major Major
A B C lineages Capsid Capsid Capsid
Protein Protein Protein

60 water 2° neg pos neg neg neg neg ND ND mimivirus-like ND A. polyphaga Serra do Cipd, S 19° 20.840' 2015
MG,Brazil W 43°36.5911'

46 water 2° neg pos neg neg neg neg ND ND mimivirus-like ND A. polyphaga Serra do Cipd, S 19° 20.893' 2015
MG,Brazil W 43° 36.555'

1 soil 3° neg pos neg neg neg neg ND ND mimivirus-like ND A. polyphaga Serra do Cipd, S 19°20.893' 2015
MG,Brazil W 43° 36.555'

40 water 3° neg pos neg neg neg neg ND ND mimivirus-like ND A. polyphaga Serra do Cipd, S 19° 20.756' 2015
MG,Brazil W 43° 37.074'

5 water 2° neg pos neg pos neg neg ND ND mimivirus-like ND A. polyphaga Serra do Cipd, S 19°22.595' 2015
MG, Brazil W 43° 35,731

59 water 3° neg pos neg neg neg pos ND ND mimivirus-like ND A. polyphaga Serra do Cipd, S 19° 22.595' 2015
MG, Brazil W 43° 35,731

47 water 3° neg pos neg neg neg pos ND ND mimivirus-like ND A. polyphaga Serra do Cipd, S 19° 22.595' 2015
MG,Brazil W 43° 35,731

12 water 3° neg pos neg neg neg pos ND mimivirus-like ND ND A. polyphaga Serra do Cip6, $19°22.595' 2015
MG,Brazil W 43° 35,731

3 water 3° neg pos neg neg neg pos ND mimivirus-like ND ND A. polyphaga Serra do Cipd, $19°20.893' 2015
MG,Brazil W 43° 36.555'

22 water 3° neg pos neg neg neg pos ND mimivirus-like ND ND A. polyphaga Serra do Cipd, S 19° 22.595' 2015
MG,Brazil W 43° 35,731

32 water 3° neg pos neg neg neg pos ND mimivirus-like ND ND A. polyphaga Serra do Cip6, $19°20.756' 2015
MG,Brazil W 43° 37.014'

45 soil 3° neg pos neg neg neg pos ND mimivirus-like ND ND A. polyphaga Serra do Cip6, $19°20.756' 2015
MG, Brazil W 43° 37.014'

25 soil 3° neg pos neg neg neg pos ND mimivirus-like ND ND A. polyphaga Serra do Cipd, S 19° 20.756' 2015
MG, Brazil W 43° 37.014'

57 soil 3° neg pos neg neg neg pos ND mimivirus-like mimivirus-like ND A. polyphaga Serra do Cip6, $19°20.893' 2015
MG,Brazil W 43° 36.555'

29 water 3° neg pos neg neg neg pos ND mimivirus-like mimivirus-like ND A. polyphaga Serra do Cipd, S 19° 22.595' 2015
MG,Brazil W 43° 35,731

11 water 3° neg pos neg neg neg pos ND mimivirus-like ND ND A. polyphaga Serra do Cipd, S 19°20.893' 2015
MG,Brazil W 43° 36.555'

48 water 3° neg pos neg neg neg pos ND mimivirus-like ND ND A. polyphaga Serra do Cipd, $19°20.893' 2015
MG,Brazil W 43° 36.555'

44 water 3° pos ND ND pos neg neg ND ND ND ND A. polyphaga Serra do Cipd, S 19° 20.893' 2015
MG,Brazil W 43° 36.555'




Additional file 1: Table S1: Identification and locations of viruses isolated.

Collections Samples Passage Real Time PCR Hemacolor TEM SEM Amoebas Collection site Coordinates Date
of Staining of isolation
isolation
Sewage Mimiviridae Pandoravirus Marseillevirus | Cedratvirus
creeks
Lineage Llineage Lineage All Major Major Major
A B C lineages Capsid Capsid Capsid
Protein Protein Protein

4.5 Sewage 1° pos ND ND pos neg neg ND ND ND ND A. castellanii Sarandi creek, S 19° 86.084' 2016
Belo Horizonte, W 43°99727'
MG, Brazil

4.2 Sewage 2° neg neg neg neg neg neg ND ND ND mimivirus-like A. castellanii Sarandi creek, S 19° 86.084' 2016
Belo Horizonte, W 43°99727'
MG, Brazil

5.9 Sewage 1° neg neg neg neg neg neg ND ND ND mimivirus-like A. castellanii Tijuco creek, S 19° 85978' 2016
Belo Horizonte W 43°98141'
,MG, Brazil

8.5 Sewage 1° neg ND ND neg neg neg ND ND ND pandoravirus-like A. castellanii Mergulhdo creek, $19°86.478' 2016
Belo Horizonte, W 43° 97618'
MG, Brazil

9.2 Sewage 2° neg ND ND neg pos neg ND ND ND pandoravirus-like A. castellanii Bom Jesus creek, S 19° 86.084' 2016
Belo Horizonte, W 43° 99727
MG, Brazil

9.10 Sewage 2° neg ND ND neg neg neg ND ND ND marseillevirus-lke A. castellanii Bom Jesus creek, S 19°86084' 2016
Belo Horizonte, W 43° 99727'
MG, Brazil

6.10 Sewage 2° pos ND ND pos neg neg ND ND ND ND A. castellanii Tijuco creek, S 19° 85978' 2016
Belo Horizonte W 43°98141'
MG, Brazil

1.7 Sewage 2° pos ND ND pos neg neg ND ND ND mimivirus-like A. castellanii Sewage treatment S 19° 86.084' 2016

W 43° 99723'

Belo Horizonte,
MG, Brazil

2.9 Sewage 2° pos ND ND neg neg neg ND ND ND ND A. castellanii Conflux of Sarandi and S 19° 86.084' 2016
Ressaca creek, W 43°99727'
Belo Horizonte,
MG, Brazil

8.7 Sewage 2° pos ND ND neg neg neg ND ND ND pandoravirus-like A. castellanii Mergulhdo creek, $19°86.478' 2016
Belo Horizonte, W 43° 97618'
MG, Brazil




Additional file 1: Table S1: Identification and locations of viruses isolated.

Collections Samples Passage Real Time PCR Hemacolor TEM SEM Amoebas Collection site Coordinates Date
of Staining of isolation
isolation
Sewage Mimiviridae Pandoravirus Marseillevirus | Cedratvirus
creeks
Lineage Llineage Lineage All Major Major Major
A B C lineages Capsid Capsid Capsid
Protein Protein Protein

17.1 Sewage 3° neg neg pos pos neg neg ND ND ND ND A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43°99727'
MG, Brazil

17.2 Sewage 3° neg neg neg pos neg neg ND ND mimivirus-like ND A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43°99727'
MG, Brazil

17.5 Sewage 3° neg neg neg pos neg neg ND mimivirus-like ND ND A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43°99727'
MG, Brazil

17.9 Sewage 3° neg neg neg neg neg neg ND mimivirus-like ND mimivirus-like A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43°99727'
MG, Brazil

17b.1 Sewage 2° neg neg neg neg neg neg ND mimivirus-like ND mimivirus-like A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43°99727'
MG, Brazil

17b.2 Sewage 3° neg neg neg pos neg neg ND mimivirus-like ND ND A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43°99727'
MG, Brazil

17b.4 Sewage 3° pos ND ND pos neg neg ND ND mimivirus-like ND A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43° 99727
MG, Brazil

17b.6 Sewage 3° pos ND ND neg neg neg ND mimivirus-like ND ND A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43°99727'
MG, Brazil

17b.7 Sewage 2° neg neg neg neg neg neg ND mimivirus-like ND mimivirus-like A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43° 99727
MG, Brazil

17b.8 Sewage 3° neg neg neg pos neg neg ND mimivirus-like ND ND A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43°99727'
MG, Brazil




Additional file 1: Table S1: Identification and locations of viruses isolated.

Collections Samples Passage Real Time PCR Hemacolor TEM SEM Amoebas Collection site Coordinates Date
of Staining of isolation
isolation
Sewage Mimiviridae Pandoravirus Marseillevirus | Cedratvirus
creeks
Lineage Llineage Lineage All Major Major Major
A B C lineages Capsid Capsid Capsid
Protein Protein Protein

17b.9 Sewage 3° neg neg neg pos neg neg ND mimivirus-like ND mimivirus-like A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43°99727'
MG, Brazil

17b.10 Sewage 2° neg neg pos neg neg neg ND mimivirus-like mimivirus-like ND A. castellanii Bom Jesus creek, S 19°86084' 2017
Belo Horizonte, W 43°99727'
MG, Brazil

Farm Sewage

18.1 Sewage 3° neg neg neg pos neg neg ND mimivirus-like ND ND A. castellanii Itaina, MG, $20°4'56.2044" 2017
Brasil

18.4 Sewage 3° neg neg neg pos neg neg ND mimivirus-like marseillevirus ND A. castellanii Itaina, MG, $20°4'56.2044" 2017

-like Brasil

18.5 Sewage 2° neg ND ND neg neg neg pos cedratvirus-like ND cedratvirus-like A. castellanii Itaina, MG, $20°4'56.2044" 2017
Brasil

18.10 Sewage 3° pos ND ND pos neg neg ND ND ND A. castellanii Itaina, MG, $20°4'56.2044" 2017
Brasil

Water

treatment

station

19.1 water 3° neg neg neg pos neg neg ND ND ND ND A. castellanii COPASA, $9°58'36.0876" 2017
Belo Horizonte, W 3°56'529368"
MG, Brazil

19.2 water 3° neg neg neg pos neg neg ND ND ND ND A. castellanii COPASA, $19°58'36.0876" 2017
Belo Horizonte, W 43°56'529368"
MG, Brazil

19.4 water 3° neg neg neg pos neg neg ND mimivirus-like mimivirus-like ND A. castellanii COPASA, $19°58'36.0876" 2017
Belo Horizonte, W 43°56'529368"
MG, Brazil

19.5 water 3° pos ND ND pos neg neg ND ND ND ND A. castellanii COPASA, $19°58'36.0876" 2017
Belo Horizonte, W 43°56'529368"
MG, Brazil

19.6 water 2° neg neg neg neg neg neg ND ND ND mimivirus-like A. castellanii COPASA, $19°58'36.0876" 2017
Belo Horizonte, W 43°56'529368"
MG, Brazil




Additional file 1: Table S1: Identification and locations of viruses isolated.

Collections Samples Passage Real Time PCR Hemacolor TEM SEM Amoebas Collection site Coordinates Date
of Staining of isolation
isolation
Water Mimiviridae Pandoravirus Marseillevirus | Cedratvirus
treatment
station
Lineage Llineage Lineage All Major Major Major
A B C lineages Capsid Capsid Capsid
Protein Protein Protein
19.7 water 3° neg neg neg pos neg neg ND mimivirus-like ND ND A. castellanii COPASA, $19°58'36.0876" 2017
Belo Horizonte, W 43°56'529368"
MG, Brazil
19.8 water 3° neg neg neg pos neg neg ND mimivirus-like ND ND A. castellanii COPASA, $19°58'36.0876" 2017
Belo Horizonte, W 43°56'529368"
MG, Brazil
19.9 water 3° pos ND ND pos neg neg ND ND ND ND A. castellanii COPASA, $19°58'36.0876" 2017
Belo Horizonte, W 43°56'529368"
MG, Brazil
19.10 water 3° neg neg neg pos neg neg ND mimivirus-like ND A. castellanii COPASA, $19°58'36.0876" 2017
Belo Horizonte, W 43°56'529368"
MG, Brazil
Antarctic
PP water 3° pos ND ND pos neg neg ND ND ND ND A. castellanii Punta Plaza, S 62°06. 169" 2014
Antarctica W 58° 21.375'
PU water 3° pos ND ND pos neg neg ND ND mimivirus-like ND A. castellanii PuntaUllman, S 62° 05. 090" 2014
Antarctica W 58° 20.592'
YP water 3° pos ND ND pos neg neg ND ND ND ND A. castellanii Yellow Point, S 62° 05. 090' 2014
Antarctica W 58° 20.592'
ART water 2° pos ND ND pos neg neg ND ND mimivirus-like ND A. castellanii Arctowski, $62°09. 246' 2014
Antarctica W 58° 27.207"
Others
CAP10 Capybara 1° pos ND ND pos neg neg ND ND ND ND A. castellanii Serra do Cipd, $19°20.457" 2012
feces MG,Brazil W 43°37.008'
MG soil 3° neg ND ND neg neg neg ND mimivirus-like ND ND A. castellanii MG, Brazil $21°64.617' 2014
collection W 45°44.003'
MG soil 1° neg ND ND neg neg neg ND ND mimivirus-like ND A. castellanii MG, Brazil $21°23.437' 2014
collection W 42°80.067"
Pantanal soil 1° neg ND ND neg neg neg ND ND tupanvirus Unusual A. castellanii Pantanal, - 2015
morphology MT, Brazil




4.2. Artigo #2: Filling gaps about mimivirus entry, uncoating and
morphogenesis

A investigacdo do ciclo de multiplicacdo de um virus é essencial para
uma melhor compreensao da biologia viral. Desde a descoberta dos mimivirus,
um interesse crescente pelo estudo deste virus se iniciou, entretanto, muitas
etapas do ciclo de multiplicacdo destes virus permanecem pouco
compreendidas. Neste trabalho, novas informagfes a respeito do ciclo de
multiplicacdo dos mimivirus sédo fornecidas, a partir de ensaios biologicos e de
uma extensa analise de imagens de microscopia eletrbnica destes virus com
enfoque nas etapas de penetracdo, desnudamento e morfogénese. Ensaios
utilizando citocalasina, um inibidor de fagocitose, impactaram negativamente na
incorporacdo dos virus pela célula hospedeira Acanthamoeba castellanii, com
consequente diminuicdo na multiplicacdo destes virus. O tratamento com
bafilomicina, um inibidor de acidificacdo de fagossomo, também impactou na
multiplicacdo destes virus. Aliado a isso, inUmeras imagens de microscopia
eletrbnica de transmissdo mostraram a ocorréncia da fusdo do fagossomo
contendo o virus com o lisossomo com posterior inicio do desnudamento viral,
sugerindo que a acidificacdo do fagossomo é importante nesta etapa do ciclo
de multiplicacéo viral. No que se refere a morfogénese o capsideo destes virus,
essa estrutura parece ser montada a partir estruturas lamelares crescentes
visualizadas no citoplasma da célula hospedeira. Apesar de ter sido proposto
anteriormente que a aquisicdo de genoma pelas particulas em formacéo
ocorrer antes da aquisicao de fibrilas, este estudo demonstra que a aquisicdo
das fibrilas e do genoma pode ocorrer de forma simultanea. Além disso, foi
sugerida a existéncia de uma area especifica na periferia das fabricas virais
dos mimivirus onde as particulas adquirem as fibrilas. Esta regiao foi
denominada de area de aquisicdo de fibrilas. Por fim, foi evidenciado que
particulas defectivas sdo formadas mesmo na auséncia de vir6fagos. A partir
destes novos achados um modelo mais atualizado do ciclo de multiplicagéo dos

mimivirus foi proposto.

Este artigo foi publicado no periédico Journal of Virology em setembro de
2017
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Apos a publicacéo desse artigo nos também investigamos como € a area
de aquisi¢cdo de fibrilas em amostras de mimivirus que apresentam um numero
de fibrilas reduzido como nas amostras M4 e um novo isolado da linhagem B,
denominado Borely moumouvirus. A amostra de mimivirus M4 foi obtido apés
150 passagens em cultura de A. castellanii, resultando em uma delecdo de
16% no seu genoma e uma reducgédo drastica no numero de fibrilas na particula
(BOYER et al., 2011). O isolado Borely moumouvirus foi obtido no estudo de
prospeccao viral apresentado nesta tese e foi isolado de amostra de agua
coletada na Serra do Cipé em Minas Gerais. Ap0s a obtencdo de imagens de
MET do novo virus isolado notamos que este virus apresentava uma
quantidade de fibrilas reduzidas quando comparado ao APMV (Figura 2). As
imagens de MET mostram que estes virus também apresentam na periferia de
suas respectivas FV uma regido de caracteristica semelhante a observada para
0 APMV.
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Figura 2: Area de aquisicao de fibrilas (AAF) formada durante a
morfogénese de diferentes amostras de mimivirus. Célula de A. castellanii
infectada com diferentes amostras de mimivirus em um ciclo assincrénico. A
AAF esta destacada em azul. Em detalhe esta a estrutura da particula viral. A)
APMV; B) Borely moumouvirus; C) mimivirus M4. Fontes: Banco de imagens

do Gepvig.
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ABSTRACT Since the discovery of mimivirus, its unusual structural and genomic
features have raised great interest in the study of its biology; however, many as-
pects concerning its replication cycle remain uncertain. In this study, extensive anal-
yses of electron microscope images, as well as biological assay results, shed light on
unclear points concerning the mimivirus replication cycle. We found that treatment
with cytochalasin, a phagocytosis inhibitor, negatively impacted the incorporation of
mimivirus particles by Acanthamoeba castellanii, causing a negative effect on viral
growth in amoeba monolayers. Treatment of amoebas with bafilomicin significantly
impacted mimivirus uncoating and replication. In conjunction with microscopic anal-
yses, these data suggest that mimiviruses indeed depend on phagocytosis for entry
into amoebas, and particle uncoating (and stargate opening) appears to be depen-
dent on phagosome acidification. In-depth analyses of particle morphogenesis sug-
gest that the mimivirus capsids are assembled from growing lamellar structures. De-
spite proposals from previous studies that genome acquisition occurs before the
acquisition of fibrils, our results clearly demonstrate that the genome and fibrils can
be acquired simultaneously. Our data suggest the existence of a specific area sur-
rounding the core of the viral factory where particles acquire the surface fibrils. Fur-
thermore, we reinforce the concept that defective particles can be formed even in
the absence of virophages. Our work provides new information about unexplored
steps in the life cycle of mimivirus.

IMPORTANCE Investigating the viral life cycle is essential to a better understanding
of virus biology. The combination of biological assays and microscopic images al-
lows a clear view of the biological features of viruses. Since the discovery of mimivi-
rus, many studies have been conducted to characterize its replication cycle, but
many knowledge gaps remain to be filled. In this study, we conducted a new exami-
nation of the replication cycle of mimivirus and provide new evidence concerning
some stages of the cycle which were previously unclear, mainly entry, uncoating,
and morphogenesis. Furthermore, we demonstrate that atypical virion morphologies
can occur even in the absence of virophages. Our results, along with previous data,
allow us to present an ultimate model for the mimivirus replication cycle.

KEYWORDS mimivirus, electron microscopy, replication cycle, phagocytosis, fibril
acquisition area

he giant Acanthamoeba polyphaga mimivirus (APMV), which is associated with
amoebas of the Acanthamoeba genus, was isolated in 2003 and astonished the
scientific community with unusual structural and genomic features within the viro-
sphere (1, 2). In subsequent years, several mimivirus-like viruses were uncovered in
different parts of the world, thus expanding the Mimiviridae family, especially the
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Mimivirus genus (3-7). These viruses have some genetic differences which define three
distinct lineages (A, B, and C), but they are structurally similar.

Mimiviruses are composed of a particle with a pseudoicosahedral symmetry, 750-nm
diameter, and a genome of double-stranded DNA of approximately 1.2 Mb (2, 8). They
have a capsid of 500 nm that is formed of multiple protein layers and a lipid membrane
surrounding an inner proteinaceous core, which contains the genome. A star-shaped
projection is present on the capsid, from which the viral genome is released into the
host cytoplasm; this is referred to as the stargate and represents a unique feature of
mimiviruses (9). In addition, a dense layer of 125-nm-long glycoproteic fibers covers the
viral surface and is important for viral attachment to different organisms, including
amoeboid hosts (10).

Given the large size of mimiviruses, it has been proposed and largely accepted that
the replication cycle of these viruses begins with phagocytosis of viral particles by
Acanthamoeba spp. cells (11, 12). Information is lacking concerning the set of events
that occurs between virion entry and stargate opening, but there is evidence that after
opening of the stargate, the virion inner lipid membrane merges with that of the entry
vesicle and releases the viral seed into the amoeba’s cytoplasm. A typical viral eclipse
phase is then established, during which viral particles are not visible in the cell (11, 13).
The viral seed releases the DNA, promoting a reorganization of the host cytoplasm with
further formation of viral factories (VF), where the virus genome is replicated and
transcribed and new particles are assembled (13, 14). Based on atomic force micros-
copy, Kuznetsov and colleagues proposed a model for morphogenesis of mimivirus
particles (15). In the model, capsid assembly occurs on the VF surface in a temporal
fashion; assembly is initiated by the formation of the stargate portal, followed by
thickening of the protein layer in its immediate vicinity. Before capsid formation is
complete, the capsids are filled with DNA and other macromolecules through a stargate
distal portal. Once the genome is enclosed within the capsid, an integument protein
layer attaches to the capsid, on which a coating of fibrils then adheres to the entire viral
surface (15). The involvement of the nucleus during the replication of these viruses is
still unclear. Suzan-Monti and colleagues (11) suggested that APMV replication is
nucleocytoplasmic, although other studies have argued that replication occurs exclu-
sively in the host cell cytoplasm (13).

Mimiviruses have been studied for several years; nevertheless, some aspects regard-
ing their biology remain unclear. Based on biological assays in conjunction with
extensive electron microscopic analyses, now we are able to shed new light on the
mimivirus replication cycle.

RESULTS

Biological assays suggest mimivirus entry into amoebas by phagocytosis.
Although mimiviruses have been studied for more than a decade, some aspects of their
replication cycle remain uncertain, such as their entry into natural hosts. Due to its large
size (~700 nm), it has been proposed and widely accepted that mimivirus enters
Acanthamoeba cells by phagocytosis (11, 13). However, to our knowledge there has
been no biological demonstration of this process. Here, we confirm this hypothesis by
using experimental data. Pretreatment of cells with cytochalasin D significantly de-
creased the titers and numbers of particles incorporated into cells infected with APMV
(Fig. TA and B). Marseillevirus marseillevirus (MsV) titers and particle incorporation were
not reduced after this treatment, since isolated purified particles exploit the endocytic
pathway (16). Pretreatment with bafilomycin also resulted in a significant reduction in
APMV and MsV titers (Fig. 1C). Bafilomycin is a specific inhibitor of vacuolar-type
H*/ATPase that prevents phagosome and endosome acidification (17). Therefore, these
results demonstrated that APMV replication is dependent on the acidification of
phagosomes for the uncoating step. The acidification of the entry compartment is also
important for MsV (16). These results have been corroborated by several transmission
electron microscope (TEM) images that show the occurrence of phagosome-lysosome
fusion, subsequent stargate opening, and release of the viral seed (Fig. 1D to L). Taken
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FIG 1 Mimivirus entry into the host cell by phagocytosis and uncoating depends on acidification of the phagosome. (A to C) The impact of cytochalasin D and
bafilomycin on mimivirus replication. Treatment with cytochalasin D and bafilomycin decreased the mimivirus titers and particle incorporation. MsV was used
as a control, and its titer was not reduced after the treatment with cytochalasin D but was reduced with treatment with bafilomycin. (D to L) Transmission
electron microscopy images of mimivirus particles entering cells by phagocytosis (D to F), the phagosome-lysosome fusion (F to J), stargate opening (K), and
release of the viral seed (L). The inhibitory assays were performed in triplicate. Error bars indicate standard deviations. *, P < 0.05 (two-tailed Student’s t test).
UN, untreated cells; T, treated cells; L, lysosome.
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FIG 2 Growing lamellar structures seem to be important to mimivirus capsid assembly. (A to C) Growing lamellar structures with different sizes
in the viral factory, demonstrating the viral crescent-like structures (in blue). The smaller blocks are observed in the interiors of the viral factories,
and more complete particles are shown in the periphery of the factory. (D to I) Transmission electron microscopy images showing stages of
mimivirus particle formation, as the particle grows in thickness and complexity. Images show the viral crescent (D), particles without a genome

(E), fibrils (E and F), particles acquiring genome (red arrows) and fibrils (F to H), and finally complete mimivirus particle formation (I).

together, these results support the view that APMV entry into Acanthamoeba cells may
occur via phagocytosis.

Capsids are assembled from growing lamellar structures. After mimivirus enters
amoeba cells and delivers the viral seed, early DNA replication and transcription appear
to take place exclusively in the host cytoplasm, moments before the formation of a
mature VF (13). Once a mature VF is formed, the morphogenesis step is initiated. It has
been proposed that the formation of the mimivirus capsid begins with the formation
of the stargate, followed by thickening of the protein layer in its immediate vicinity (15).
However, it is not yet clear how expansion of this protein layer occurs. Through
analyses of TEM images of VF at different time points postinfection, we observed the
presence of several lamellar structures preceding capsid formation, with different sizes
in the inner part of the VF (Fig. 2A to C and 3A and B). Mutsafi and colleagues in 2013
showed the formation of multivesicular bodies and membrane sheets from the endo-
plasmic reticulum (ER) in the outermost zone of the mimivirus VF, the membrane
assembly zone (18). Our TEM images provide evidence for the formation of lamellar
structures, not only on the periphery of the VF but also in its interior (Fig. 2A to C and
3A and B), which is in accordance with the data of Mutsafi and colleagues. It is
noteworthy that after assembly of the complete particle in the later stages of infection
(~7 h postinfection), the crescents were no longer observed. These lamellar structures,
which began in a way analogous to the crescents described for poxviruses and
marseilleviruses, increased in complexity until reaching the VF periphery and moving to
the next stages of virion morphogenesis (Fig. 2D to I): incorporation of DNA and surface
fibrils. In contrast to lamellar capsid-forming structures, the main component of viral
factories is a globular aspect, likely formed by DNA, membranes, and enzymes (Fig. 3A
and B).

Dynamic acquisition of surface fibrils: the fibril acquisition area (FAA). The
mature mimivirus particle is covered by fibrils of lengths ranging from 125 nm to
140 nm (8). A previous study based on atomic force microscopy proposed that the
surface fibers are acquired by viral capsids when they pass sequentially through a
membrane embedded with integument protein and then through a membrane con-
taining surface fibers (15). In this model, layers of integument and fibrils are acquired
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300nm

FIG 3 Scanning microscopy of a disrupted mimivirus viral factory. (A) Lamellar structures related to capsid morphogenesis.
The red arrows indicate the lamelar structures around the viral factory. (B) In contrast to lamellar capsid-forming structures,
the main component of VF presents a globular aspect, likely formed by DNA, membranes, and enzymes.

as an envelope involving the capsid. The same study also suggested that the integu-
ment protein layer is acquired near the VF but the fibril layer is acquired near the
cellular periphery, and the source of these fibrils has not been demonstrated (15).
We noticed a very clear phenomenon regarding the dynamics of fibril acquisition,
leading us to an overview of this step. In TEM images, it is possible to observe at the
periphery of the VF a less-electron-dense region of an apparent fibrillar nature, which
we named the fibril acquisition area (Fig. 4A and B). This arrangement is very clear and
can be verified in almost all VF. During particle morphogenesis, newly formed capsids
pass through this region where the particles acquire the fibrils. This was evident when
we observed particles at the edge of the FAA, which had fibrils only in the upper
portion, suggesting that this fibrillar region provides the fibrils for these particles (Fig.
5). In addition, the particles that had already passed through this region had fibrils all
over their surface (Fig. 5). In the stages where we found few formed viral particles, the
dimension of FAA was larger, and as long as the amount of newly formed particles
increased, this region was reduced in size (Fig. 4A and B and 5). This phenomenon
suggests that, as viral particles are formed, the fibrillar material that gives rise to fibrils
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FIG 4 An area of fibril acquisition is present in the periphery of the viral factory. (A to C) Transmission electron microscopy
images of the viral factory of mimivirus with a less-electron-dense area surrounding the periphery of the factory that decreased
in size during particle morphogenesis. A fibril acquisition area is shown at early (A) and mature (B) stages of viral factory
formation (highlighted by blue lines). (C) Mimivirus particles with fibrils in the periphery of the viral factory and particles
without fibrils inside the factory before passing through the fibril acquisition area. (D) Scanning electron microscopy image of
a viral factory with particles without fibrils (before fibril acquisition) and a prominent stargate.

is consumed. The TEM images of the VF showed the viral capsids forming blocks,
growing in thickness and complexity as they migrated to the outermost part of the VF
and acquiring fibrils when they passed through the FAA (Fig. 2 and 4Q). In a scanning
electron microscope (SEM) image, it was not possible to view the FAA, and the particles
were being assembled before fibril acquisition (Fig. 4D). Notably, all particles were
without fibrils and displayed a prominent stargate (Fig. 4D).

Together, the data presented here lead us to suggest that the fibrils are acquired in
the FAA, not near the cellular periphery as previously suggested (15). This view was also
supported by the presence of various viral particles with fibrils in the cell cytoplasm. In
addition, we did not observe the acquisition of the fibril layer during passage through
a membrane, as previously described (15). Our images suggest that fibrils are acquired
by the capsid when they pass through a region presenting the preformed fibrils. The
full composition of the FAA, as well as the mechanism(s) of fibril binding in the protein
capsid, still require further investigation.

Simultaneous occurrence of genome incorporation and fibril acquisition. The
processes of release and packaging of the viral genome in mimiviruses have been
analyzed in previous studies (9, 13, 15). It has been demonstrated that genome delivery
occurs through the stargate and packaging occurs through the opposite portal (9). This
strategy is different from that of other icosahedral viruses, in which a single vertex-
portal system plays a crucial role in both genome release and packaging (9, 19). The
viral genome is acquired at the periphery of the VF during the morphogenesis step
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FIG 5 Fibril acquisition and genome incorporation can occur simultaneously. Transmission electron microscopy images of
mature viral factories indicate genome incorporation (red arrows) simultaneous to the acquisition of fibrils (purple arrow-
heads). Viral particles are not fully covered by the fibrils (only half of each particle has fibrils), and the genome is still being
packaged. The image shows that the viral genome is acquired at the periphery of the viral factory, at the FAA.

(11, 13). The particles that have already acquired a genome have a more-electron-dense
region inside them, while those that have not yet acquired the genome do not exhibit
this feature (Fig. 2E to H and 5). It was previously proposed that the formation of the
capsid, acquisition of the genome, and acquisition of fibrils by mimivirus particles occur
sequentially in this order (15). According to this model, the genome enters into the
empty capsid, the nucleic acid condenses inside, and the entry portal is sealed,
completing the assembly of the capsid. Subsequently, upper structural layers of integ-
ument and fibrils are acquired to form a mature particle (15).

Our data strongly suggest an alternative view of these events during mimivirus
morphogenesis. In transverse sections of the VF, we clearly observed particles which
were fully or partially covered by fibrils still acquiring the genome (Fig. 4C and 5).
Further TEM images showed particles that had already passed through the fibrillar
region and were therefore covered by fibrils and were acquiring the genome in the
region opposite the stargate (Fig. 4C and 5). It is noteworthy that some viral particles
were not fully covered by the fibrils (only half of the particle has fibrils), and the
genome was still being packaged (Fig. 5). In contrast to what has been previously
proposed, our data suggest that no sequential order of events occurs in the final steps
of mimivirus morphogenesis concerning genome acquisition and fibril incorporation. It
is possible that fibrils attach to some viral particles after full genome acquisition, but
most of the images presented here lead us to support the hypothesis that the
acquisition of the genome occurs concomitantly with the acquisition of the surface
fibrils.

Viral particles with unusual morphologies. The particles of viral progeny were
mostly well formed with a typical morphology. However, particles with unusual struc-
tures were also observed. TEM images showed unusual projections starting from the
capsid or on its sides and from capsids without typical symmetry (Fig. 6A to C). In
addition, an assembled empty capsid in the center of the VF was observed, an
unexpected finding considering the particular stage of the virus replication cycle (Fig.
6D). Particles with an altered fibril arrangement were also identified, and SEM images
showed particles with a nonuniform distribution of fibrils (Fig. 6E and F).

It has been shown that virophages affect the replication cycle of mimiviruses,
decreasing amoeba lysis and generating particles with abnormal morphologies (20-22).
Some particles showed capsid layers that asymetrically accumulated on the viral
particle or harbored fibrils in only one part of the capsid. Sputnik was the first virophage
described which infected a strain of mimivirus (20). Since then, other virophages have
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FIG 6 Defective particles in the mimivirus replication cycle in the absence of virophages. (A to D) Transmission electron microscopy images of mimivirus
particles with atypical morphology (A to C) and an unusual localization of assembled empty capsid in the center of the viral factory (D). (E and F) Scanning
electron microscopy images of particles with a nonuniform distribution of fibrils. Red arrows point to unusual features.

been described, thus reinforcing this new class of viruses (5, 22, 23). Virophages cannot
replicate alone in amoebas, but they can replicate in the mimiviral VF. They have a small
diameter (50 nm) and an icosahedral capsid, but they can be visualized in TEM images
in VF and even within viral particles (20, 22). However, none of the images analyzed in
this study exhibited signs of the presence of virophages, even in those images in which
defective particles were found. To date, our APMV stocks have been tested by PCR for
the presence of Sputniks and Zamilon, but we failed to amplify any virophage gene.

As previously demonstrated, different multiplicities of infection (MOI) used for
mimivirus production resulted in distinct proportions of infectious particles in newly
formed progeny, whereas the most efficacious way to produce infectious mimivirus
particles is to use a low MOI (24). Although we followed this strategy during sample
preparation for TEM analyses, multiple particles can infect the same cell and saturate
the cellular machinery, thus generating defective particles. This is probably a usual
phenomenon in nature, and the formation of defective particles, even in the absence
of virophages, may be more frequent than previously thought (20, 24).

DISCUSSION

A better comprehension of the biology of a virus is achieved with basic investiga-
tions of its life cycle. Viruses are a highly heterogeneous group of organisms and
present different replication strategies. In general, DNA viruses replicate in the host cell
nucleus, while RNA viruses replicate within the cell cytoplasm. However, there are some
exceptions, such as some members of the putative Megavirales order: poxviruses and
iridoviruses, for instance (25). These double-stranded DNA viruses replicate in the host
cytoplasm, wherein they establish a complex viral factory as an intracellular compart-
ment in which both genome replication and viral morphogenesis occur (26). The giant
mimiviruses share this same peculiarity. Studies have been conducting to better
comprehend the replication cycle of these viruses, wherein models that explain this
virus life cycle are constantly being updated (11, 13, 15, 18). In this study, we filled some
gaps in the data concerning mimiviruses and introduced some data relating to entry,
uncoating, and morphogenesis in the mimivirus replication cycle.

Mimiviruses have a diameter of approximately 700 nm and infect free-living amoe-
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bas from the Acanthamoeba genus, which are protists that feed by phagocytosis (8, 27).
The large size of mimiviruses associated with their host’s life style, along with electron
microscopy images, led to the assumption that these viruses enter host cells by
phagocytosis, but until now there were no biological data to validate these assump-
tions. Inhibition of phagocytosis with cytochalasin D allowed us to observe a significant
reduction in mimivirus entry, which was not observed with marseilleviruses (viruses of
~200-nm diameter) (Fig. 1A and B). With supported from TEM images, the data show
that mimiviruses entered amoeba cells by phagocytosis, while marseilleviruses ex-
plored alternative pathways, as previously demonstrated (16). Furthermore, our data
suggested the possible importance of phagosome acidification for mimivirus uncoating
(Fig. 1C to L). In the presence of bafilomycin, viral replication was impaired. It is possible
that a decrease in pH after formation of the phagolysosome is the triggering factor to
the opening of the mimivirus stargate, thus allowing the release of viral seed into the
host cytoplasm. Nevertheless, it remains uncertain which pH is ideal for triggering this
process, or whether enzymes present in the lysosomes are essential for this process.

After release of the viral seed, the DNA replication and transcription take place in
early VF (13). It is possible that nuclear factors are involved in this step, but further
evidence is needed (28). Assembly of new viral particles takes place inside a mature VF.
Previous studies have shown that membranes from the endoplasmic reticulum (ER)
migrate toward the edge of the VF and act as scaffolding for the assembly of capsids,
which would occur by acquisition of individual pentameric units in sequence (15). Our
data corroborate this theory, demonstrating the existence and expansion of lamellar
structures, in an way analogous to that of crescents described for poxviruses and
marseilleviruses (Fig. 2 and 3) (16, 29). It is possible that membranes from the ER
migrate into the VF, wherein they act as scaffolding for protein blocks. These structures
increase in size by incorporation of proteins which move away from the core of the VF,
until they pass through a fibrillar aspect area, which we named the fibril acquisition
area, wherein the new viral particles acquire surface fibrils (Fig. 4 and 5). This hypothesis
was strengthened when we systematically observed the reduction of the fibrillar area
after release of viral particles from the VF, suggesting that a fibrillar matrix is contin-
uously consumed as the particles pass through it. Curiously, fibril proteins were not
detected in isolated VF analyzed via proteomic approaches (14). It is possible that a
large fraction of that region was lost during the purification process of the factories,
thus hampering the detection of fibrils by this method. Our hypothesis for the acqui-
sition of fibrils by mimiviruses relies on a different or maybe complementary way to
that proposed by Kuznetsov and colleagues, who proposed that a layer containing the
fibrils involves the viral capsid in a region distant from the VF (15). Moreover, those
authors proposed that genome acquisition occurs before the acquisition of fibrils. Our
images clearly show that these events occur simultaneously (Fig. 4C and 5). It is possible
that some particles receive the genome while the capsid is assembled and then the
fibrils are attached, as previously proposed, but we believe that, in most cases, these
events occur concomitantly.

The data presented in this study, along with previous published data based on
atomic force microscopy, X-ray diffraction, and fluorescence led us to present an
updated model of the replication cycle of mimiviruses (Fig. 7). Viruses enter amoeba
cells by phagocytosis (0 h). After fusion of the phagosome with the lysosome (1 to 2 h),
the stargate is opened and the viral seed is released (4 h). An early VF is established and
viral proteins are synthesized outside the factory (4 to 6 h). In a mature VF, viral
crescents increase in complexity and acquire the genome and fibrils simultaneously, as
long as they move from the core of the VF to the FAA (8 h). Among the newly formed
viral particles, some of them might not be infectious (defective particles), and these
would exhibit morphological features similar to those in the presence of virophages
(20, 22). Finally, the viral progeny is released by cell lysis. The comprehension of the
biology of mimiviruses is improving due to a combination of biological and genetic
data, along with increasingly illuminating images from different microscopic tech-
niques. Notwithstanding current developments, some aspects regarding the replication
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FIG 7 Representative scheme of the mimivirus replication cycle. Infectious mimivirus particles enter host cell by phagocytosis.
Fusion of the phagosome with lysosome occurs and opening of the stargate is followed by release of the viral seed. An early
viral factory is established, and viral proteins are synthesized outside the factory. It is uncertain whether the cell nucleus is
involved in mimivirus genome replication. The viral crescents increase in thickness and complexity in the mature viral factory
and might acquire genomic material and fibrils simultaneously. The particles move from the core of the viral factory to the FAA,
where the particles incorporate the surface fibrils. Among the newly formed viral particles, some of them might not be

infectious (defective particles), presenting atypical morphology. The viral progeny are released by cell lysis.

cycle of mimiviruses remain uncertain, and these mainly occur at the molecular level.
Future studies will further enhance the model presented here and improve our
understanding of the biology of these complex viruses.

MATERIALS AND METHODS

Cell culture and virus production, purification, and titration. Acanthamoeba castellanii (ATCC
30010) cells were cultivated in peptone-yeast extract-glucose (PYG) medium supplemented with 25
mg/ml amphotericin B (Fungizone; Cristalia, Sdo Paulo, Brazil), 500 U/ml penicillin, and 50 mg/ml
gentamicin (Schering-Plough, Brazil). A total of 7 X 106 cells were infected with APMV at an MOI of 0.01
and incubated at 32°C. After the appearance of a cytopathic effect, cells and supernatant were collected

November 2017 Volume 91 Issue 22 e01335-17

Journal of Virology

jviasm.org 10

SIeJar) Seul\ ap [elapa4 apepisioniun Aq £10g ‘Z2 1890100 U0 /610" wise 1Al//:dny woly pepeojumog


http://jvi.asm.org
http://jvi.asm.org/

Updates on the Mimivirus Replication Cycle

Journal of Virology

and viruses were then purified through ultracentrifugation with a 25% sucrose cushion at 36,000 X g for
30 min. After purification, amoeba cells were infected with purified viruses at an MOI of 0.01. The viruses
were serially diluted, and multiple replicate samples of each dilution were inoculated into A. castellanii
(ATCC 30234) monolayers. After 72 to 96 h of incubation, the amoebas were analyzed to determine
whether infection had taken place. Based on these data, the virus titers were determined using the
endpoint method (30).

Transmission electron microscopy. The Acanthamoeba castellanii cells were infected as described

in the previous section at an MOI of 0.01 and fixed at various times postinfection with 2.5% glutaralde-
hyde in a 0.1 M sodium phosphate buffer for 1 h at room temperature. The amoebas were postfixed with
2% osmium tetroxide and embedded in Epon resin. Ultrathin sections then were analyzed under TEM
(Spirit Biotwin FEI, 120 kV).

Scanning electron microscopy. The Acanthamoeba castellanii cells infected at an MOI of 0.01 were

added to round glass coverslips covered with poly-L-lysine and fixed with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer for at least 1 h at room temperature. The samples were then washed three times with
0.1 M cacodylate buffer and postfixed with 1.0% osmium tetroxide for 1 h at room temperature. After 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. The samples were then washed in cacodylate buffer and dehydrated by serial
passages in ethanol solutions at concentrations ranging from 35% to 100%. Samples were then subjected
to critical point drying using CO,, placed in stubs, and metallized with a 5-nm gold layer. The analyses

were completed using scanning electronic microscopy (FEG Quanta 200 FEI).
Entry and uncoating assays. In the entry and uncoating experiments, we evaluated whether

blocking of phagocytosis and phagosome acidification impacted APMV entry and replication. A total of
106 A. castellanii cells were treated with 2 uM cytochalasin, a phagocytosis inhibitor, in a total volume
of 5 ml of PYG medium. After 1 h, supernatant was removed and cells were infected with APMV at an
MOI of 5. As a negative control for the phagocytosis process, we used sonicated, purified particles of MsV
under the same conditions described for APMV. It was previously demonstrated that isolated particles of
MsV enter amoebas by endocytosis, not phagocytosis. Control groups of untreated, infected amoebas
were also used. Two hours postinfection, the supernatant was collected to measure the remaining viral
particles (nonphagocytized). The supernantant was also collected immediately after infection (0 h
postinfection). The quantity of particles was calculated using flow cytometry, as previously described
(31). The rate of particle incorporation was calculated, taking into consideration the variation in particle
content of the supernatant between times 0 h and 2 h postinfection. An identical assay was performed
in parallel, but after infection the monolayer was washed with PAS, fresh medium was added, and at 8
h postinfection amoebas were collected and titrated. The aim of this experiment was to estimate the
impact on viral replication of the blocking of phagocytosis. Finally, to investigate whether blocking of cell
acidification impacted APMV and MsV replication, cells were treated with 5 nM bafilomycin. Eight hours
postinfection, cells were collected and titrated. All the experiments were performed three independent
times, in duplicate. Graphs were constructed using GraphPad Prism version 7.00 for Windows (GraphPad
Software).
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4.3. Artigo #3: New isolates of pandoraviruses: contribution to the study

of replication cycle steps

Os pandoravirus sdo virus de dimensfes micrométricas e possuem 0S
genomas mais extensos ja descritos na virosfera. Muitos trabalhos desde a sua
primeira descricdo em 2013 tém focado em desvendar aspectos evolutivos a
respeito destes virus. Entretanto, no que se refere aos aspectos biologicos e
sobre o seu ciclo de multiplicacdo existem poucas informacgdes disponiveis. O
presente estudo pretende compreender melhor algumas etapas do ciclo de
multiplicacdo destes virus como a penetracdo, a morfogénese e a liberacéo.
Para isso, foram realizados ensaios bioldgicos utilizando trés novos isolados de
pandoravirus obtidos a partir de amostras ambientais brasileiras. Os resultados
mostraram que a infeccdo causada pelos pandoravirus na ameba A. castellanii
gera profundas modificacdes na organizacdo celular com a formacédo de uma
grande fabrica viral elétron-luscente ocupando aproximadamente um terco do
citoplasma amebiano. Por meio de analises de imagens de MET foi observado
o recrutamento de estruturas de aparéncia membranosa e de mitocondrias
para o interior e ao redor das fabricas virais, além da degradacédo nuclear ao
longo da infeccdo. Durante a morfogénese viral foi possivel notar que a
montagem das particulas pode ser iniciada por ambas as extremidades e nédo
apenas pela regido do ostiolo apical, como sugerido em trabalhos anteriores.
Por meio da contagem das patrticulas virais no sobrenadante da cultura durante
o curso da infeccdo, foi observado que estas séo liberadas antes da lise
celular, indicando que o processo de exocitose também contribui para liberacédo
viral, juntamente com a lise celular. Outros dados que reforcam esta ideia é a
observacdo de particulas recém formadas sendo envoltas por estruturas
semelhantes a exossomos em imagens de MET e o tratamento das células
infectadas com brefeldina mostrou que o trafego de membranas afeta a
liberacdo de dois dos trés isolados analisados. Em conjunto, os dados obtidos
neste estudo fornecem novas informagodes a respeito do ciclo de multiplicacéo

dos pandoravirus.

Este artigo foi publicado no periddico Journal of Virology em fevereiro de
2019
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ABSTRACT Giant viruses are complex members of the virosphere, exhibiting out-
standing structural and genomic features. Among these viruses, the pandoraviruses
are some of the most intriguing members, exhibiting giant particles and genomes
presenting at up to 2.5 Mb, with many genes having no known function. In this
work, we analyzed, by virological and microscopic methods, the replication cycle
steps of three new pandoravirus isolates from samples collected in different regions
of Brazil. Our data indicate that all analyzed pandoravirus isolates can deeply modify
the Acanthamoeba cytoplasmic environment, recruiting mitochondria and mem-
branes into and around the electron-lucent viral factories. We also observed that the
viral factories start forming before the complete degradation of the cellular nucleus.
Various patterns of pandoravirus particle morphogenesis were observed, and the as-
sembly of the particles seemed to be started either by the apex or by the opposite
side. On the basis of the counting of viral particles during the infection time course,
we observed that pandoravirus particles could undergo exocytosis after their mor-
phogenesis in a process that involved intense recruitment of membranes that
wrapped the just-formed particles. The treatment of infected cells with brefeldin af-
fected particle exocytosis in two of the three analyzed strains, indicating biological
variability among isolates. Despite such particle exocytosis, the lysis of host cells also
contributed to viral release. This work reinforces knowledge of and reveals important
steps in the replication cycle of pandoraviruses.

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

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

iant viruses are a group of complex viruses commonly referred to as nucleocyto-
plasmic large DNA viruses (NCLDV); the members of the group exhibit diverse
characteristics that have been astonishing the scientific community over the last few
years. Different groups of viruses described to date are able to replicate in amoeba cells,
expanding considerably our knowledge about their diversity, structure, genomics, and
evolution (1-5).
Five years ago, two complex giant viruses infecting Acanthamoeba castellanii cells
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were described, constituting a new group of viruses called pandoraviruses. One of the
isolated viruses, which originated from a marine sediment layer of the Tunquen River
in Chile, was named Pandoravirus salinus, and the other one, isolated from the mud of
a freshwater pond in Australia, was named P. dulcis. Pandoraviruses have morphological
and genetic characteristics that have never been described before, such as an oval-
shaped particle with an ostiole-like apex, measuring ~1.0 um in length and ~0.5 um
in diameter, representing some of the largest viruses known to date (6). These viruses
are also marked by the presence of a double-stranded DNA genome of up to 2.5 Mb (P.
salinus), currently the largest genome in the virosphere (6).

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

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

RESULTS

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

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

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

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

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

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

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

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

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

FIG 5 The Acanthamoeba castellanii cell nucleus becomes disorganized and loses its natural shape during the course of
pandoravirus infection. (A) Transmission electron microscopy image showing a noninfected Acanthamoeba castellanii cell and how
its nucleus is normally organized in this situation; it occupies about 2/3 of the cellular area, and it is delimited by a double-
membrane layer known as the nuclear envelope (digitally highlighted in orange). The image at lower left represents the same
conditions but visualized on a light microscope with Hemacolor staining. The nucleolus is observed as a dark spot surrounded by
a bright area that represents the nucleus. (B) Image representing the amoeba observed just after the first steps of the pandoravirus
replication cycle, as the virus (red arrow) is still harboring inside the amoebal phagosome. The nucleus does not yet seem to have
suffered any modification at this stage. (C) At between h 3 and h 6 of infection, it seems that the nucleolus starts to be absent,
as shown by one of the several images of transmission electron microscopy analyzed in this work. At lower left, the Hemacolor
staining also shows the beginning of the appearance of the early viral factory. (D) The later steps of viral replication lead to the
formation of the mature viral factory, marked by a bright area, easily recognizable in the images with Hemacolor staining. N,
nucleus; Nc, nucleolus; eVF, early viral factory; mVF, mature viral factory.
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FIG 6 Morphogenesis of pandoravirus particles. Transmission electron microscopy images show stages
of pandoravirus particle formation. (A to C) Crescent-like structures with different sizes, inside the viral
factory, growing in thickness and complexity. (D to F) Particles being formed from the ostiolo-like apex.
(G to 1) Particles being formed from the end opposite the ostiolo-like apex. We used representative
images of P. tropicalis, P. pampulha, and P. kadiweu in this panel; all the described steps were observed
for the three isolates.

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

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

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

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

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

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

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

DISCUSSION

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

It was hypothesized that pandoraviruses enter amoebas by phagocytosis (14). Our
data for P. tropicalis, P. pampulha, and P. kadiweu reinforce this previous observation, as
particles can be seen inside large vesicles in the amoebal cytoplasm within 30 min
postinfection (Fig. 2C to E). Korn and Weisman demonstrated in 1967 that only particles
larger than 500 nm can trigger phagocytosis in Acanthamoeba, a condition so far
fulfilled by pandoravirus particles (29). Our images clearly demonstrate the induction of
pseudopod formation when amoebas were kept in contact with pandoravirus particles
(Fig. 2A and B). Despite this evidence, the possibility of pandoravirus particles entering
amoebas by macropinocytosis could not be overruled, since this pathway also forms
endosomes larger than 1 um (30). However, the involvement of macropinocytosis in
virion entry is a rare phenomenon in the literature (30). After entry of amoebas and
release of the inner virion content (Fig. 2F), a short eclipse phase and an increase in
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FIG 9 Analysis of the time course of infection for the pandoravirus isolates in Acanthamoeba castellanii cultures. The course of infection of P. tropicalis, P.
pampulha, and P. kadiweu was established. (A to C) First, we observed the kinetics for the diminishing of the number of amoebas during the replication cycles
of P. pampulha (A), P. kadiweu (B), and P. tropicalis (C) analyzed by cell counting. (D to F) Then, the number of viral particles present in the supernatant of these
infected cells was also observed for P. pampulha (D), P. kadiweu (E), and P. tropicalis (F), at different time points. After setting a time point at which we observed
an increase of more than 1 log of virus particles in the supernatant but without observing cellular lysis, the amoebal cultures were treated with an inhibitor
of membrane trafficking (brefeldin A). (G to I) The cells were then infected with P. pampulha (G), P. kadiweu (H), and P. tropicalis (I) to check the influence of
brefeldin A in the viral release. The number of exocyted viral particles in supernatant was counted. DMSO, dimethyl sulfoxide.

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

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

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

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

MATERIALS AND METHODS

Viral isolation, stock production, and titration. Three different pandoravirus isolates were used in
this work. Two were coisolated with mimivirus from sewage samples collected in streams in the
Pampulha region, Belo Horizonte, Brazil, in previous work and named P. pampulha and P. tropicalis (12).
The other pandoravirus was isolated in the present work from water samples collected in Bonito, Mato
Grosso do Sul, Brazil, and named P. kadiweu. For viral isolation, we used A. castellanii (ATCC 30234) as
previously described (12). In order to produce the viral stocks, A. castellanii cells were grown in cell
culture flasks and infected with 500 wl of isolates. After observation of typical cytopathic effect (cell
rounding and lysis), the flask content was collected and the viruses were titrated. The titer was obtained
by the endpoint method (42) and expressed as the number of 50% tissue culture infective doses (TCID5,)
per milliliter. Viral stocks were kept at —70°C until use in further experiments.

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

Amoebal and viral particle counting. Initial electron microscopy analyses raised the hypothesis that
pandoravirus could be released by exocytosis. In that way, two experiments were coupled and performed
in duplicate that involved (i) the counting of intact amoebas throughout the viral replication cycle and
(ii) the counting of pandoravirus particles that were being released in the supernatant at the same time
points of infection. A. castellanii cells were infected in 25-cm? culture flasks (Kasvi, Brazil) with P. tropicalis,
P. pampulha, and P. kadiweu isolates using an MOI of 10, and analyses were carried out at the infection
times of 0 h, 3h, 6h, 9h, 12 h, and 24 h. The time point of 0 h corresponds to an adsorption step of 30
min after infection, when the monolayer of cells was washed with 1X phosphate-buffered saline (PBS)
and the flasks were filled with 4 ml of peptone-yeast extract-glucose (PYG) medium. After each time point
was reached, we separated 12 ul of the supernatant to count the number of pandoravirus particles
released during infection. The particles were observed under light microscopy (OlympusBX41, Japan), at
X 1,000 magnification, using a cell counting chamber (Kcell Olen Kasvi, Brazil). In parallel, 12 ul of whole
content presented in the flasks (including cells) was used to count the number of intact amoeba cells
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observed at the different time points of the viral replication cycle. The same procedure was used to count
the eukaryotic cells but at a magnification of X400.
Brefeldin assays. The impact of brefeldin A (BFA) treatment on the pandoravirus replication cycle
was verified. For this, 106 A. castellanii cells implanted in 25-cm? culture flasks were infected with the
pandoravirus isolates at an MOI of 10 and treated with 10 ug/ml of BFA. We analyzed two different
infection periods, 6 h.p.i. for P. tropicalis and 12 h.p.i. for P. pampulha and P. kadiweu. These periods
correspond to the replication cycle stages before cell lysis for each virus occurs. The assays were
performed in duplicate. Pandoravirus particles were counted using light microscopy as described above.
Hemacolor staining. A. castellanii cells were infected with isolates at an MOI of 10 and collected at
0 h.p.i, 3 h.p.i, 6 h.p.i., 9h.p.i, 12 h.p.i, and 24 h.p.i. Then, 10 ul of the collected suspension was spread
on a histological slide and were fixed with methanol. The VFs and viral particles were observed after
Hemacolor staining (Renylab, Brazil), according to the manufacturer's recommendations. Slides were
then analyzed under an optical microscope (OlympusBX41, Japan) at X 1,000 magnification.

Transmission electron microscopy. A. castellanii cells were infected at an MOI of 0.01 as described
in the previous section and fixed at various times postinfection with 2.5% glutaraldehyde in a 0.1 M
sodium phosphate buffer for 1 h at room temperature. The amoebas were postfixed with 2% osmium
tetroxide and embedded in Epon resin. Ultrathin sections were then analyzed using transmission
electron microscopy (TEM; Spirit Biotwin FEI-120 kV) at the Center of Microscopy of Universidade Federal
de Minas Gerais (UFMG).
Scanning electron microscopy. A. castellanii cells infected at an MOI of 0.01 were added to round
glass coverslips covered with poly-L-lysine and fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer
for at least 1 h at room temperature. The samples were then washed three times with 0.1 M cacodylate
buffer and postfixed with 1.0% osmium tetroxide for 1 h at room temperature. After the second fixation,
the samples were washed three times with 0.1 M cacodylate buffer and immersed in 0.1% tannic acid for
20 min. The samples were then washed in cacodylate buffer and dehydrated by serial passages in ethanol
solutions at concentrations ranging from 35% to 100%. Samples were then subjected to critical point
drying using CO,, placed in stubs, and metalized with a 5-nm-particle-size gold layer. The analyses were
completed using scanning electron microscopy (FEG Quanta 200 FEI) at the Center of Microscopy of
UFMG.
Accession number(s). Sequences are available in GenBank under accession numbers MK131392 (P.
kadiweu), MK131393 (P. pampulha), and MK131394 (P. tropicalis).
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5. DISCUSSAO

As amebas de vida livre sdo conhecidas como organismos ubiquos no
planeta (TANVEER et al., 2015; SHEID, 2018). Como elas sao hospedeiras dos
virus gigantes, foi sugerido que estes virus também estivessem amplamente
distribuidos pelo mundo (AHERFI et al 2016). Para responder sobre esta e
outras questdes a respeito da diversidade e distribuicdo dos virus gigantes, 0s
estudos de metagendémica e de prospeccao sdo fundamentais. Neste trabalho,
apresentamos o isolamento de 68 virus gigantes utilizando amostras coletadas
no Brasil e na Antartica. Os resultados obtidos neste estudo apontaram o maior
sucesso de isolamento (91,17% dos isolados) de mimivirus em relacdo aos
demais grupos de virus gigantes, corroborando estudos anteriores que também
apontaram o maior isolamento deste grupo viral (LA SCOLA et al., 2010;
ANDRADE et al.,, 2014; DORNAS et al., 2015). Além disso, 0 insucesso no
isolamento viral a partir de amostras clinicas, também condiz com o ndamero
reduzido de isolados clinicos comparado aos isolados ambientais de virus
descritos na literatura (revisado por COLSON et al., 2016; 2017; DARE et al.,
2008; SAADI et al., 2013).

Este trabalho também descreve o isolamento de dois novos isolados de
marseillevirus e do primeiro cedratvirus brasileiro. Uma analise aprofundada do
ciclo de multiplicacdo do cedratvirus isolado neste trabalho foi realizada e
forneceu informacdes importantes a respeito do ciclo de multiplicacdo destes
virus (SILVA et al., 2018). Até o momento apenas o brazilian marseillevirus e o
golden marseillevirus ja haviam sido descritos no Brasil. Estes dois virus
apresentam uma alta diversidade genbmica, e foi proposto que eles
representem duas linhagens diferentes dentro da familia Marseilleviridae
(SANTOS et al., 2016; DORNAS et al, 2016). Sendo assim, analises
posteriores a respeito do genoma e a biologia dos novos isolados de
marseillevirus apresentados neste estudo também podem contribuir no
entendimento da diversidade desta familia viral.

Em relacdo aos pandoravirus, desde a sua primeira descricdo em 2013,
estudos de metagendmica indicaram a presenca de marcadores genéticos
associados a estes virus em diferentes ambientes como carcaca de animais,

plasma humano, agua, solo e mosquitos (PHILIPPE et al., 2013; VERNEAU et
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al., 2016; TEMMAN et al., 2015; 2017; ATONI et al., 2018; BRINKMAN et al.,
2018). Entretanto, apenas doze isolados de pandoravirus ja foram descritos em
estudos utilizando amostras de diferentes partes do mundo, incluindo as
amostras descritas no presente trabalho (DORNAS et al., 2015; LEGENDRE et
al 2018; AHERFI et al 2018). Neste contexto € importante destacar a
importancia dos trabalhos de prospecc¢éo brasileiros, j& que seis isolados entre
os doze pandoravirus j& descritos sdo brasileiros e trés foram descritos no
presente trabalho. O isolamento dessas novas amostras de pandoravirus
contribuiram para realizacdo de trabalhos que analisaram o pangenoma, as
relac@es filogenéticas e evolutivas destes virus (AHERFI et al., 2018).

Estudos anteriores de metagen6mica e prospeccdo viral também
relataram e/ou indicaram a presenca dos virus gigantes em todos o0s
continentes incluindo em regides de condicbes ambientais extremas como em
amostras da Antartica, de desertos e de lagoas salinas (ABRAHAO et al., 2018;
KEREPESI, GROLMUSZ, 2014; 2017). Amebas ja foram isoladas e sequéncias
genbmicas relacionadas a familia Mimiviridae e a vir6fagos também j& foram
descritas em amostras da Antartica o que é um indicativo da presenca de virus
gigantes neste continente (BROWN et al., 1982; YAU et al., 2011; ROYLES et
al., 2013; KEREPESI, GROLMUSZ, 2017). No entanto, até onde sabemos,
este trabalho relata o primeiro isolamento de virus gigantes associado a
amebas de amostras da Antéartica, confirmando algumas expectativas
anteriores da ubiquidade destes virus.

A técnica escolhida para obtencédo dos isolados foi a inoculacdo direta,
por ser uma técnica nado fastidiosa e ja ter sido utilizada com sucesso em
estudos anteriores de prospeccao de virus gigantes (DORNAS et al., 2015).
Para a identificacdo dos isolados foram utilizadas diferentes técnicas e foi
demonstrado que a utilizagdo apenas da PCR muitas vezes néo foi suficiente
para identificacdo, 0 que pode ser explicado pela alta variabilidade genética
entre esses virus (ASSIS et al, 2015; 2017; BORATTO et al.,, 2018;
LEGENDRE et al, 2018; AHERFI et al., 2018). Também é importante
considerar que entre os isolados ndo classificados em nenhuma das trés
linhagens conhecidas podem haver representantes de novas linhagens que

ainda nao foram descritas. Os resultados obtidos na prospec¢édo demonstram a
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importancia de se utilizar um conjunto de técnicas (e ndo uma técnica apenas)
para a identificagdo, conforme realizado neste estudo.

Nos ultimos anos, a maior parte dos trabalhos sobre virus gigantes
isolados em diferentes lugares do mundo tém focado na caracterizacao
gendmica e evolutiva destes isolados, sendo a caracterizacdo bioldgica
parcialmente explorada (BOYER et al., 2009; KOONIN et al, 2017;
LEGENDRE et al., 2018; AHERFI et al., 2018). Diante dessa necessidade de
aprofundamento das analises de como estes virus se multiplicam e como €é sua
relacdo com a célula hospedeira, escolhemos dois grupos virais isolados neste
trabalho para avangcarmos neste aspecto. O primeiro grupo viral escolhido foi o
dos mimivirus. Buscamos investigar alguns aspectos referentes as etapas de
penetracdo, desnudamento e morfogénese dos mimivirus. O tamanho das
particulas dos mimivirus (aproximadamente 700 nm) associados ao estilo de
vida das amebas de vida livre que se alimentam por fagocitose, juntamente
com as imagens de microscopia eletrénica, levaram a suposicao de que esses
virus penetram nas células hospedeiras por fagocitose. Entretanto, até o
presente trabalho ndo haviam dados biologicos para validar essas suposicoes.
Os dados obtidos demonstraram que a inibicdo da fagocitose por citocalasina
D, um inibidor previamente utilizado em amebas da espécie A. castellanii,
capaz de inibir a polimeriza¢do de actina, resulta em uma reducéo significativa
da incorporacédo de particulas de mimivirus, o que corrobora a hipétese de que
o principal mecanismo de penetracao utilizado por esse virus € a fagocitose
(ALSAM et al., 2005; CHRISMAN; ALVAREZ; CASADEVALL, 2010; SOTO-
ARREDONDO et al., 2014; TAYLOR et al., 1995). Esta inibicdo n&o foi
observada durante a infeccdo pelos marseillevirus, ja que foi demonstrado que
estes virus sdo capazes de utilizar vias outras vias endociticas para penetracao
(ARANTES et al., 2016).

Apbs a penetracao viral, o desnudamento ocorre apés a abertura de um
vértice do capsideo denominado stargate e a formac&o de um portal pela fuséo
da membrana interna viral com a membrana do fagossomo, permitindo que a
semente viral seja liberada no citoplasma (ZAUBERMAN et al., 2008). Neste
trabalho, foi investigado se a acidificagdo do endossomo € um fator importante
no processo de desnudamento. A utilizagdo da bafilomicina (inibidor da

acidificacdo de endossomo) resultou em diminuigdo da replicagéo viral. Além
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disso, as analises das imagens de MET mostram a ocorréncia da fusdo de uma
estrutura semelhante a lisossomo ao fagossomo. E possivel que uma
diminuicio no pH apos a formacdo do fagolisossomo seja o fator
desencadeante da abertura do stargate dos mimivirus, mas permanece incerto
qual pH € ideal e se as enzimas presentes nos lisossomos sdo essenciais para
este processo.

Os processos que ocorrem apos a liberacdo da semente viral no
citoplasma celular até o inicio da morfogénese sdo pouco conhecidos e
algumas vezes controversos. E possivel que fatores nucleares estejam
envolvidos no inicio da replicagdo do DNA viral, mas ainda ndo ha evidéncias
suficientes que comprovem esta hipotese (SUZAN-MONT et al., 2007;
MUTSAFI et al.,, 2010). A morfogénese viral ocorre dentro de grandes FV
elétron-densas formadas no citoplasma celular. Estudos anteriores mostraram
que as membranas do reticulo endoplasmaético (RE) teriam papel de suporte na
montagem do capsideo em formacdo, o qual ocorreria pela aquisicao de
unidades pentaméricas individuais em sequéncia (MUTSAFI et al., 2013).
Nossos dados corroboram essa teoria, demonstrando a existéncia e a
expansdo de estruturas lamelares, de forma analoga a dos crescentes
descritos para poxvirus e marseillevirus (ARANTES et al., 2016; MARURI-
AVIDAL et al., 2011).

Essas estruturas lamelares crescentes aumentam de tamanho pela
incorporacao de proteinas que se afastam da regido mais elétron-densa da FV,
até passarem por uma area de aspecto fibrilar, que denominamos area de
aquisicao de fibrila (AAF). Essa regido recebeu este nome porque foi proposto
gue é nesta area que as novas particulas virais adquirem fibrilas superficiais.
Imagens de MET mostram que particulas em formacao que estdo na interface
da AAF com o citoplasma celular apresenta fibrilas na por¢cdo dos capsideos
que ja passaram pela AAF, enquanto que a por¢do do capsideo que ainda
permanece imersa na AAF ndo possui fibrilas. Além disso, a AAF parece
possuir maior dimensdo nas FV iniciais (em células apresentando poucas
particulas formadas) e esta reduzida nas células que ja apresentam muitas
particulas formadas, sugerindo que essa matriz fibrilar € consumida
continuamente a medida que as particulas passam por ela. Curiosamente, as

proteinas fibrilares ndo foram detectadas na FV isolada sem a regido AAF
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analisada por meio de abordagens protedmicas (FRIDMANN-SIRKIS et al.,
2016). As anadlises iniciais da AAF nas amostras M4 e Borely moumouvirus
mostraram que ela esta presente na fabrica viral destes isolados como era
esperado, uma vez que estes virus também apresentam fibrilas, apesar de elas
estarem presentes em menor quantidade (Figura 2B e C). Ndo temos uma
amostragem de imagens grandes o suficiente para determinar diferengas no
tamanho das AAF formadas para cada amostra viral, e também seria
importante a afericdo do tamanho das AAF apoés diferentes tempos de infeccéo
para uma analise mais detalhada. Futuros estudos poderdo incluir a
caracterizagcdo das AAF no estudo do ciclo de multiplicagédo de diferentes
amostras e linhagens de mimivirus.

As analises deste trabalho demonstram que a aquisicdo de fibrilas
ocorre na periferia das FV dos mimivirus e ndo na periferia celular como
proposto no modelo anterior, e que a aquisi¢ao de fibrilas e de genoma pode
ocorrer simultaneamente, e ndo necessariamente de forma sequencial como
proposto anteriormente (KUZNETSOV et al.,, 2013). Apesar de j4 ter sido
demonstrado para maior parte dos virus conhecidos, que durante a
multiplicacdo viral uma parte da progénie formada € composta por particulas
defectivas, no caso dos virus gigantes a presenca de particulas defectivas
estava usualmente associada a presenca de virdfagos (LA SCOLA et al., 2008;
DESNUES et al,, 2012). Neste trabalho foi demonstrado que mesmo na
auséncia de vir6fagos, particulas defectivas também compde parte da progénie
viral gerada, mesmo quando se é utilizada uma MOI baixa, como demonstrado
também por Abrahdo e colaboradores em 2014. As analises apresentadas
neste estudo, juntamente com dados publicados anteriormente, resultaram na
proposicdo de um modelo mais atualizado a respeito do ciclo de multiplicacao
dos mimivirus.

Apés a caracterizacdo de algumas etapas do ciclo de multiplicacdo dos
mimivirus, a presente tese também teve como objetivo analisar algumas etapas
do ciclo de multiplicacdo dos pandoravirus, fornecendo informacdes relevantes
para o melhor entendimento da biologia de trés isolados brasileiros,
denominados P. pampulha, P. tropicalis, e P. kadiweu. A analise filogenética
realizada utilizando uma regido do gene da DNA polimerase B destes virus

mostrou que estes virus apresentam diferencas genéticas entre si. Porém
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futuros estudos determinarédo se eles pertencem a diferentes clados, ja que até
0 momento, ndo existem regras ou parametros oficiais disponiveis para
estabelecimento de separacdo de grupos dentro da hipotética familia

Pandoraviridae.

Assim como foi hipotetizado para os mimivirus, também foi sugerido que
os pandoravirus penetram nas amebas por fagocitose (PHILIPPE et al., 2013).
As analises das imagens de microscopia apresentadas neste trabalho reforcam
essa hipotese, pois particulas podem ser vistas dentro de grandes vesiculas no
citoplasma da ameba dentro de 30 min pds-infeccdo. Imagens de microscopia
eletrbnica de varredura de tempos iniciais de infeccdo também mostram a
formacdo de pseudopodes englobando particulas de pandoravirus. Apesar
desta evidéncia, a possibilidade de utilizacdo do processo de macropinocitose
para penetracdo viral ndo pode ser anulada apenas pelos dados de
microscopia que foram obtidos (MERCER et al., 2008). A via de
macropinocitose foi investigada como possivel via de penetracdo dos
cedratvirus utilizando o inibidor desta via, 5-(N-ethyl-N-isopropyl) amiloride
(EIPA). Este inibidor ndo afetou a penetracdo de particulas de cedratvirus,
porém o seu efeito em células de Acanthamoeba ainda néo foi profundamente
estudado e a utilizacdo da macropinocitose na penetracdo de cedratvirus
também nao pode ser descartada (SILVA et al., 2018).

O desnudamento dos pandoravirus foi descrito em trabalhos anteriores
como sendo semelhante ao processo descrito para os mimivirus. Também é
observada a formacao de um canal na regido do ostiolo apical pela fusao da
membrana interna da particula com a membrana do endossomo (PHILIPPE et
al.,, 2013; LEGENDRE et al., 2018). As FVs dos pandoravirus foram
caracterizadas neste trabalho e foi observado um intenso recrutamento de
mitocondrias para o interior e ao redor das FVs, fenbmeno que havia sido
descrito anteriormente para os cedratvirus (SILVA et al., 2018). A presenca de
mitocondrias nessa regido poderia estar relacionada a otimizacao da aquisicédo
de energia durante da replicacdo viral (NOVOA et al., 2005). Também faz parte
dessa reorganizagao celular ao longo da infec¢do, a degradagao nucleolar e
nuclear, como ja observado para outros pandoravirus (LEGENDRE et al.,
2018). Entretanto, descrevemos esta etapa de forma mais detalhada

mostrando que primeiro ocorre a degradacéo nucleolar no tempo entre 3 e 6
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h.p.i e nos tempos mais tardios de infeccdo, a partir de 9 h.p.i, o nucleo
desaparece completamente. Analises do conteldo génico de P. salinus
realizada por Philippe e colaboradores em 2013 mostraram que este virus ndo
apresenta genes que codificam componentes essenciais na replicacdo do DNA,
como DNA ligases e topoisomerases. Foi sugerido entdo que a multiplicacéo
dos pandoravirus requer componentes celulares normalmente presentes no
ndcleo da ameba (PHILIPPE et al., 2013).

A morfogénese dos pandoravirus parece ser iniciada a partir de
estruturas semicirculares elétron-densas, semelhantes as crescentes
observadas na montagem de outros virus do grupo dos NCLDV, como o
vaccinia virus, mimivirus, marseillevirus e cedratvirus (ARANTES et al., 2016;
SUAREZ et al.,, 2013; SILVA et al.,, 2018). Nas etapas subsequentes da
montagem das particulas virais pode ser observado que o capsideo e o
contelido interno das particulas sdo montados simultaneamente, semelhantes
ao que foi descrito para os mollivirus, pithovirus e os outros pandoravirus
(PHILIPPE et al., 2013; LEGENDRE et al., 2014; LEGENDRE et al., 2015).
Entretanto, diferente do foi previamente sugerido, observamos que as
particulas virais parecem ser montadas a partir de ambas as extremidades e
nao apenas pelo ostiolo apical (PHILIPPE et al., 2013). As semelhancas
observadas com relacdo a organizacdo de FV e a morfogénese do
pandoravirus e outros virus do grupo NCLDV reforcam a ideia sugerida
anteriormente de que esses virus compartiiham um ancestral comum
(SHARMA et al., 2015; YUTIN et al., 2013).

Em um estudo publicado recentemente, diferentes isolados de
pandoravirus apresentaram diferentes tempos de liberacao viral. Além disso, foi
sugerido neste estudo o que a exocitose também é utilizada como via na
liberacao viral (LEGENDRE et al., 2018). Os padoravirus brasileiros analisados
também apresentaram variagdes no tempo de liberacao viral durante a infec¢ao
e diferentes respostas diante do tratamento com brefeldina. Assim como
observado por Legendre e colaboradores em 2018, os dados gerados neste
estudo também sugerem a presenca de diversidade genética e biologica entre
os isolados. A analise da etapa de liberacéo viral dos pandoravirus brasileiros
corroboram a hipétese de que uma parte da progénie é exocitada ja que

particulas de pandoravirus foram observadas no sobrenadante da cultura
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infectada em tempos anteriores a lise celular. Além disso, uma série de
imagens de MET também sugerem que as particulas virais recém formadas
sao envolvidas por estruturas membranosas semelhantes a exossomos. O fato
da brefeldina afetar a liberacdo viral de dois dos trés pandoravirus analisados
também indica o papel da exocitose uma vez que este processo é dependente
do trafego de membranas (SILVA et al., 2018).

O isolamento e a caracterizagdo de novos virus gigantes sdo objetivos
centrais do nosso grupo de pesquisa. Em conjunto, os resultados obtidos nesta
tese contribuem com novas informacgdes a respeito da distribuicdo, diversidade
e no entendimento de alguns aspectos do ciclo de replicacdo dos mimivirus e
pandoravirus. O isolamento de novas espécies de virus gigantes e futuros
estudos de caracterizacéo bioldgica, especialmente a nivel molecular, poderéo

avancar ainda mais na compreenséao da biologia desses virus complexos.
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6. CONCLUSOES

. Este estudo relata o isolamento:
. Do primeiro mimivirus a partir de amostras da Antartica,
. De trés pandoravirus dos 12 que ja foram isolados no mundo;
. Do terceiro cedratvirus isolado do mundo e o primeiro do Brasil;
. Do terceiro marseillevirus isolado do Brasil.

° A maioria dos novos isolados foram identificados como mimivirus;

o O maior numero total de isolados foi obtido a partir das amostras de
agua, porém a partir das amostras de esgoto foi possivel obter maior nimero

de grupos diferentes de virus gigantes;

o A associacdo de técnicas como, PCR, microscopia Optica e eletrénica,

foi essencial para identificacdo de todos os isolados obtidos;

o Os resultados apresentados neste trabalho reforcam a ideia de que os

virus gigantes sao ubiguos assim como seus hospedeiros protistas;

o Ensaios biol6gicos com inibidores associados com a microscopia
eletrbnica sugerem que a penetracdo dos mimivirus na célula hospedeira

ocorre por meio de fagocitose;

o O capsideo dos mimivirus parece ser montado a partir de estruturas

lamelares crescentes observadas nas imagens de microscopia eletrénica;

o Na periferia das fabricas virais, formadas durante o ciclo de multiplicacéo
dos mimivirus foi identificada uma regido que fornece fibrilas as particulas que
estdo sendo montadas, sendo esta regido denominada de area de aquisi¢do de

fibrilas;
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o Foi observado que aquisicdo de genoma e de fibrilas pelas
particulas de mimivirus pode ocorrer simultaneamente e ndo apenas de forma

sequencial, como relatado anteriormente;

o A formagdo de particulas defectivas durante o ciclo de

multiplicacdo dos mimivirus ocorre mesmo na auséncia de vir6fagos;

o A fébrica viral formada durante a multiplicagdo dos pandoravirus é
caracterizada como largas regides elétron-luscentes e ocupa cerca de 1/3 do

citoplasma amebiano;

. Foi observado que mitocdndrias sdo recrutadas ao redor e no

interior das fabricas virais dos pandoravirus;

. Foi demonstrado um intenso recrutamento de estruturas de
aparéncia membranosas no interior das fabricas virais dos pandoravirus.

Sugerimos que este recrutamento € importante na morfogénese viral e na

formacao dos exossomos;

o Foi descrito que durante o ciclo de multiplicagdo dos pandoravirus
a morfologia nuclear sofre alteracdes e que o desaparecimento nucleolar

precede a degradacéo do restante do nucleo;

. A morfogénese das particulas dos pandoravirus pode ser iniciada
pelas duas extremidades da particula e ndo apenas pela extremidade que

contém o ostiolo apical, como sugerido anteriormente;
o Foi observado a presenca de estruturas similares a exossomos

envolvendo as particulas virais recém formadas no citoplasma das amebas

infectadas com pandoravirus;
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o A inibicdo do trafego de membranas impactou na liberagéo viral
de dois dos trés isolados de pandoravirus analisados, indicando a diversidade

bioldgica dentre os isolados;

o A exocitose € um dos processos de liberacdo viral utilizada pelos

pandoravirus, juntamente com a lise celular.
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8. OUTRAS ATIVIDADES DESENVOLVIDAS DURANTE O DOUTORADO
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= XXVI Congresso Brasileiro de Virologia e V Encontro de Virologia do
Mercosul. Periodo:11 a 14 de outubro de 2015. Florianépolis, SC, Brasil.

= || Simposio de Microbiologia da UFMG - Microbiologia translacional: do
ambiente natural as aplicacdes biotecnolégicas. Periodo: 05 e 06 de outubro de
2015. Belo Horizonte, MG, Brasil.

= |l Simpoésio de Microbiologia da UFMG - Doencas microbianas
emergentes. Periodo: 05 e 06 de setembro de 2016. Belo Horizonte, MG, Brasil.
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8.2 Supervisao de alunos de iniciacdo cientifica

Aluna: Talita Bastos Machado, estudante de graduacdo de Ciéncias
Biolégicas na UFMG. Supervisdo no seu projeto de iniciacdo cientifica intitulado:
Isolamento de virus gigantes em biomas brasileiros.
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Abstract: For many years, gene expression in the three cellular domains has been studied in an
attempt to discover sequences associated with the regulation of the transcription process. Some
specific transcriptional features were described in viruses, although few studies have been devoted
to understanding the evolutionary aspects related to the spread of promoter motifs through related
viral families. The discovery of giant viruses and the proposition of the new viral order Megavirales
that comprise a monophyletic group, named nucleo-cytoplasmic large DNA viruses (NCLDV),
raised new questions in the field. Some putative promoter sequences have already been described
for some NCLDV members, bringing new insights into the evolutionary history of these complex
microorganisms. In this review, we summarize the main aspects of the transcription regulation
process in the three domains of life, followed by a systematic description of what is currently known
about promoter regions in several NCLDVs. We also discuss how the analysis of the promoter
sequences could bring new ideas about the giant viruses’ evolution. Finally, considering a possible
common ancestor for the NCLDV group, we discussed possible promoters’ evolutionary scenarios
and propose the term “MEGA-box” to designate an ancestor promoter motif (‘TATATAAAATTGA’)
that could be evolved gradually by nucleotides” gain and loss and point mutations.

Keywords: megavirales; NCLDV; giant viruses; promoter; transcription; evolution; MEGA-box

1. Introduction

For decades, viruses have been strictly considered intracellular parasites, filterable in membranes
of 0.22 nm, composed by genomes of DNA or RNA encoding only a few proteins, being entirely
dependent on the metabolic machinery of the host cell [1]. However, viruses show a large
diversity of genome size and organization, capsid architecture, mechanisms of replication, and
interactions with host cells. The extreme diversity of viruses suggests that they must have had
multiple evolutionary origins, thus being polyphyletic [2]. In 2001, a supposedly monophyletic
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group named nucleo-cytoplasmic large DNA viruses (NCLDV) was proposed, composed of families
Poxviridae, Asfarviridae, Iridoviridae and Phycodnaviridae [3]. This group gained notoriety two years
later with the discovery of Acanthamoeba polyphaga mimivirus [4] and it is currently composed of the
families mentioned above, as well as Ascoviridae, and the more recently incorporated Mimiviridae
and Marseilleviridae [5]. Moreover, other recently discovered giant viruses such as pandoraviruses,
faustoviruses and pithoviruses were classified as members of the NCLDV group [6-9]. This group has
single features such as large genomes and a diverse gene repertoire, which encode some proteins never
identified previously in viruses. Therefore, the creation of a new viral order named ‘Megavirales’,
encompassing all families of the NCLDV group was proposed [5].

This proposed order comprises viruses with large double-stranded DNA (dsDNA) genomes,
encoding hundreds of proteins and capable of infecting a wide-range of eukaryotic organisms. These
viruses replicate completely or partly, in the cytoplasm of eukaryotic cells and some of them are
able to synthesize RNA polymerases (RNA pol), helicases and transcription factors involved in the
transcription initiation and elongation steps with lower dependence of the host’s transcriptional
machinery [3]. The presence of a robust transcriptional apparatus in some Megavirales members,
along with a quasi-autonomous glycosylation and translational machinery, especially in mimiviruses,
boosted the discussion about the origin and evolution of giant viruses and their genome. Recent
evolutionary reconstructions mapped about 25-50 genes encoding essential genes for the probable
most recent common ancestor [10]. Concerning the origin of such giant genomes, different hypotheses
have been proposed. Some authors suggest a “genome degradation hypothesis”, wherein the giant
viruses are derived from a cellular ancestor through genome simplification linked to the adaptation
to some host lineage [11,12]. Other authors argue in favor of a “genome expansion hypothesis”,
wherein the giant viruses evolved from a smaller viral ancestor and the universal genes have been
independently acquired from their eukaryotic hosts by progressive gene accretion and duplication.
According to this theory, the genes of giant viruses have several origins and the origin of giant viruses
is probably from a simpler ancestor [13,14].

On the other hand, the accordion-like model of evolution proposes that there is no trend of genome
expansion or general tendency of genome contraction. Instead, viruses evolving by constant gene
gain and loss originated from an ancestor giant virus [10]. All these theories are often contradictory
and have stimulated discussion about the establishment of a fourth domain of life where the giant
viruses of the proposed order Megavirales were suggested to share a common ancestral origin based on
analyses of their sequences and gene repertoires and compose a new domain aside Bacteria, Archaea
and Eukarya [14-16].

During the last years, a huge effort has been made to better understand the virus-host interaction
on many levels. One of the most interesting research fields is how the viruses can explore host
transcriptional machinery to express their genes. Nevertheless, it is important also to look into the
transcription process of the cellular organisms. The upstream regions of eukaryotes and prokaryotes
genes have been studied in different organisms in an attempt to discover sequences associated with the
regulation of the transcription process. The same has been done for viruses, especially considering the
proposed Megavirales order, where some putative promoter sequences have already been described.
In this review, we summarize the main aspects of the transcription regulation process in the three
domains of life, followed by a systematic description of current knowledge of the promoter regions of
all members within Megavirales order. Finally, we discuss how the analysis of the promoter sequences
found in giant viruses provides new insights into the evolutionary history of these complex and
intriguing agents.

2. Gene Expression in Cells

In all cells, thousands of genes encoded in the DNA are transcribed into RNA and for the
efficient occurrence of this process, multiple events must be triggered. In eukaryotes, the genome is
coupled to histones and other proteins, forming the chromatin compact complex. Since wrapping
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DNA around histones blocks the access to the genetic information, decondensation of DNA is
required, to allow physical access to the the gene locus and the transcription initiation machinery
formation [17-19]. The transcription initiation machinery is formed over a region of the genome, the
promoter. The promoter is typically located 40 bp upstream and downstream of the transcription start
of a gene, called transcription start sites (TSS). Several transcription factors mediate the transcription
machinery assembly on the promoter region. There are thousands of transcription factors involved in
the transcription process, such as TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH that recognize and bind
the promoter region, called the core promoter, and recruit RNA polymerase (RNA pol) [20]. Eukaryotes
have five types of RNA pol (I to V). RNA pol I transcribes ribosomal RNA, whereas the type II is
the best characterized one and responsible for transcribing genes encoding proteins, and several
noncoding RNA classes [18,21,22]. RNA pol III transcribes genes encoding short, untranslated RNAs,
such as tRNAs, 55 ribosomal RNA (rRNA) and the spliceosomal U6 small nuclear RNA (snRNA) [23].
RNA pol IV and V transcribe siRNA in plants [24].

One classical element of the core promoter is the TATA-box, which is a consensus sequence
(TATAAAT) located at —25 to —30 bp upstream of the TSS. Although the TATA-box sequence is a
well-known promoter core motif, it is present only in a minority of mammalian promoters. This
sequence is commonly associated with tissue-specific gene transcription and high conservation within
species [25,26]. Other eukariotic promoter elements are Initiator (Inr); Downstream Promoter Element
(DPE), Core Element Downstream (CED), TFIIB-Recognition Element (TRE), and Motif Ten Element
(MTE) [20,27,28]. Together, these components act synergistically to increase transcription efficiency by
providing recognition sites for transcription factors, and indicate the direction of transcription and also
the DNA strand to be transcribed [20]. The transcription starts with the binding of the TFIID to the
TATA-box region, the Inr sequence and/or other core promoter elements [27]. TFIID is a multiprotein
complex comprising the TATA-box binding protein (TBP) and more than 10 different TBP associated
factors (TAFs) [22]. After binding TBP to the TATA-box motif, the RNA pol Il is recruited, and the
transcription is triggered (Figure 1A).

Nevertheless, the transcription in eukaryotes is a much more complex process than previously
thought and various strategies are used to increase the diversity of transcripts produced. Among
mammals, previous analysis has shown that a large proportion of protein-coding genes (58%) use
alternative promoters during transcription [25]. These alternative promoters may have different
combinations of core promoter elements to increase the variability of transcripts [20,29,30].

There are many differences between the transcription process of eukaryotic and bacteria cells.
The bacterial transcription is much simpler compared to the eukaryotic process since the transcription
occurs using a single type of RNA pol and there are no transcription factors [31]. This enzyme is
capable of synthesizing RNA from a DNA template, but it is unable to locate the promoter and
transcription initiation site. Thus, a key factor to transcription is the free subunit named o (sigma),
which is responsible for recognizing the promoter region (Figure 1B) [32,33]. Although the majority
of nucleotides within bacteria promoters vary in sequence, several short motifs are conserved. These
include the hexamer (TATAAT), located 10 base pairs (bp) upstream of the TSS and is recognized by
domain 2 of RNA pol o subunit. Another motif is the the hexamer (TTGACA), located 35 base pairs (bp)
upstream of the TSS and recognized by domain 4 of the RNA pol o subunit [31,34,35]. In Archaea, there
is a mix of eukarya and bacteria translational apparatus. Just as in eukaryotes, the archaea RNA pol is
not able to recognize promoter sequences by itself and at least two transcription factors analogous
to TBP and TFIIB are required [36-38]. The archeal TBP also recognizes specifically an AT-rich
sequence, homologous to the TATA-box region of eukaryotes [39,40]. Although archaea transcription
machinery is similar to that of eukaryotes, the characterization of transcription regulators of some
archaeas showed that most of the transcriptional regulation in archaea is done by “bacterial-like”
regulators, as two homologues of bacterial leucine-responsive regulatory protein (Lrp)—Lrs14 and
Sa-Lrp and metal-dependent repressor 1 (MDR1) homologous to bacterial metal-dependent regulators
(Figure 1C) [41-43].
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Figure 1. Main features in the transcription initiation machinery presented in the canonical Domains of
Life. (A) In Eukarya, several components, called general transcription factors (represented as TFIIB,
TFIID, TFIIE, TFIIE, TFIIH and TBP), are responsible for assembling over a region called the promoter,
where they recruit an RNA polimerase to initiate the transcription process. A classical promoter
presented in this group is the TATA-BOX region, located at the positions —25 and —30 from the initial
transcription site; (B) In Bacteria, the sigma factor recognizes and recruits the RNA polimerase over
the promoter regions. These regions are well conserved over the positions —35 and —10 upstream
of the initial transcription site; (C) Archaea present a mixture of the transcription apparatus of
the two other Domains. While the machinery itself is similar to that found in eukaryotes (the
general transcription factors, a homologous TATA-BOX region and the RNA polimerase), the archaeal
transcription regulators, activators and repressors are homologous to the bacterial ones.

Hypotheses regarding the evolutionary history of translational machinery among the living
organisms have been raised during the last years, but the theme is still under debate [44]. Even
considering the most recent proposals, the translational process of viruses remains out of the discussion,
basically because these organisms are traditionally excluded from the canonical tree of life. However,
this scenario has been changing since the discovery of giant viruses [16]. Therefore, it becomes
interesting to examine if NCLDV members share similar transcription initiation strategies that could
bring insights about how this correlates to giant viruses” evolution.

Gene Expression in NCLDVs

In contrast to cellular genomes, which are formed by dsDNA, viral genomes show a large diversity
genome composition, structures, replication and transcription strategies with great implications in
virus biology, as virus-host interactions [45]. The majority of the RNA viruses employ virus-coded
specific enzymes (RNA-dependent RNA polymerases) to synthesize and modify their mRNA. DNA
viruses showing small and intermediate size genomes such as the parvoviruses, papillomaviruses, and
adenoviruses, depend on host-cell enzymes for transcription, including the RNA pol [45]. However,
viruses with a large genome such as the giant viruses, mostly encode their transcriptional apparatus,
which make them relatively independent from their host transcription machinery [15,46].

The transcription of a typical large DNA virus occurs in a temporal pattern in the host cytoplasm
(Figure 2). At the start of infection, a subset of immediate early viral proteins is required for DNA
replication and host cell manipulation [47,48]. The early mRNAs also encode enzymes and factors
needed for transcription of the intermediate genes. Concomitantly with the expression of intermediate
genes, the expression of the early genes is often repressed. Finally, late genes are transcribed, directing
the synthesis of structural proteins, non-structural proteins and enzymes present in the mature particle
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required for viral assembly [45,48]. The efficient transcription of late mRNA usually depends on
intermediate gene products, as well as cellular transcription factors that may differ from those used by
the early promoters. The products of the late genes include the immediate early transcription factors,
which are packaged along with RNA pol and other enzymes within the virus progeny [47-50].
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Figure 2. Representative scheme of the temporal gene expression in NCLDVs. During initial times of
infection, the expression of genes related to the metabolism of nucleic acids is primarily activated (early
and intermediate genes). After DNA replication, the activation of late genes is initiated. Those genes
are involved in the production of viral structural proteins, in transcription factors used for early gene
expression and also in proteins that facilitate the initial step of infection of the viral progeny in the next
round of multiplication. Purple boxes represent the promoters described for giant viruses according to
each gene category (early, intermediate and late genes). Yellow boxes exemplify the biological functions
involved in each category, with some genes represented inside the parentheses.

This ability to regulate temporally the transcription of genes is characterized as an evolutionary
advantage. This strategy is possible due to the presence of promoter codes that dictate when, where,
and at what level the classes of early, intermediate, and late genes are transcribed [45,48]. These
promoter sequences are different between the three genes classes, but there is a pattern of conservation
within the same group. This indicates that during the evolution the gene promoters were selected to
ensure the temporal gene expression, and therefore ensure the gene expression in the host cell during
its replication [45,47,48,50].

In the following sections, we look closer at how the gene transcription is carried out in each family
of the proposed Megavirales order, focusing on the current knowledge about the promoter sequence
of these viruses.

3. Poxviridae Family

Among NCLDVs, the Poxviridae family is one of the most studied. These viruses have enveloped
ovoid particles of around 200 nm in diameter and 300 nm in length and present a linear dsSDNA genome
of approximately 200 kbp coding nearly 200 open reading frames (ORFs). Poxviruses can infect a
wide range of hosts, such as insects, birds, and mammals [48,51]. Extensive study of the poxvirus
genome and replication cycle allowed a detailed identification of its promoters, as well as important
transcription factors. Poxviruses possess their own DNA-dependent RNA polymerase (RNA pol) that
is very similar to the eukaryotic protein, regarding size and subunit complexity. In the case of Vaccinia
virus (VACV), a poxvirus prototype, the enzyme subunits are encoded by eight viral VACV genes
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which, in most cases, are homologous to cellular RNApol [52,53]. Gene transcription in poxviruses
follows a typical temporal profile regulated by well-conserved promoters of early, intermediate and
late genes (Figure 2) [47,48].

The transcription of early genes is characterized by an A /T-rich motif upstream of transcriptional
start site with a critical core region located from —13 to —25 to that region. Figure 3 illustrates the
promoter motifs described in megavirales members. The representative consensus sequence of the
early promoter region is '/AAAANTGAAAA’. Mutagenesis in this promoter region of VACV causes
a drastic negative effect on VACV gene transcription [54]. The intermediate genes are transcribed
after DNA replication, before the transcription of the late genes. The intermediate core promoter is
similar to the early promoter due to the A/T-rich content, but its specific sequence is given by the
tetranucleotide “TAAA’. Furthermore, the intermediate promoter sequence has a bipartite structure
presenting a core and an initiator region with similar sequences (TAAA) [55-57]. Three (A1L, A2L,
and G8R) of the 53 genes that compose the set of intermediate genes encode transcription factors that
are directly related to the late stage of the replication cycle, important to DNA binding/packaging
processes and to core-associated proteins [58].
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Figure 3. Schematic representation of the promoter’s sequences described for different NCLDVs.
Compilation of the described promoters for some viral families belonging to the proposed order
Megavirales: Poxviridae (A); Asfarviridae (B); Phycodnaviridae (C); Iridoviridae (D); Ascoviridae (E) and
Mimiviridae (F). Each promoter was related to the expression of immediate early, early, delayed early,
intermediate and late genes, or related to the expression of genes independent of temporal expression
(several genes). The distances between the transcription start site or translate start site (ATG) until the
promoters are also indicated by brackets.
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The transcription of late genes persists until the end of the replication cycle. Around 38 late
genes have already been identified, with their main functions related to the codification of membrane
proteins in the virion, morphogenesis steps, and also to the production of immediate early transcription
factors [57,59]. Most of them are clustered in the central region of the poxviruses genome and also
have A /T-rich sequence promoters. These regions consist of a core sequence of about 20 bp with
some “T” residues, separated by a region of about 5-7 bp of a conserved ‘TAAAT” motif, which
regulates the transcription initiation. Usually, G or A follows the late promoter sequence, performing
a "TAAAT (G/A)’ transcription initiation sequence. This sequence is conserved among VACYV late
promoters, overlapping the site of transcription initiation that is absent in 5" untranslated regions
(5’-UTR) [48,54]. Mutations within this conserved element were demonstrated to cause complete
inactivation of the promoter, and almost 25% of the “AAA’ sequences are used as transcription
initiation sites in VACV. Along with other factors, the viral RNA pol directs the synthesis of late
mRNAs, finishing the transcription process [54,60-62].

The presence of complete transcriptional machinery in poxviruses allows a lower dependency
of these viruses on their hosts. It permits that the mRNA transcription totally occurs in the host’s
cytoplasm, right after the virus entry. Addionally, the presence of well conserved promoter regulatory
sequences in different poxviruses suggests a conserved evolutionary pattern among them. It is likely
that such a complete transcriptional set was already present in their ancestor and was maintained over
time. Alternatively, the presence of a robust transcriptional apparatus in all members of the Poxivirdae
family might be a result of evolutive convergence. Although less parcimonious, the different poxviruses
might have had different evolutionary histories regarding the transcription process, including both
protein-related elements and promoter sequence regions, but in the course of evolution, they became
more similar to each other. It is not yet possible to determine which hypothesis is the correct, or even if
other possibilities correspond to the real history of these complex viruses, and this discussion shall
continue for a while.

4. Asfarviridae

African swine fever virus (ASFV), a large (~200 nm), icosahedral, and enveloped virus is currently
the single member of the Asfarviridae family, infecting members of the Suidae family (pigs, hogs
and boars) [63]. The genome is composed of a linear dSDNA molecule of approximately 170
kbp with terminal inverted repeats. It encodes approximately 150 ORFs separated by short
intergenic regions [64,65]. ASFV encodes its own RNA pol and all ASFV genes are transcribed by its
enzyme [66,67].

Similar to poxviruses, the ASFV gene transcription follows a temporal profile, where immediate
early and early genes are expressed before the DNA replication that is followed by the expression
of intermediate, late and immediate early genes. Transcription initiation and termination occurs
at very precise positions in the genome, encoding a several genes involved in the transcription
and modification of viral mRNAs. The transcriptional machinery of ASFV provides an accurate
temporal control of gene expression regulated by cis-DNA elements, enhancers, and promoters
together with a structural complexity of transcription factors [68]. Analysis of the base composition
of the intergenic regions shows that they are rich in A/T sequences, similar to that observed in
poxviruses [69-71]. A/T-rich regions located at approximately —30 bp upstream of the ATG translation
start site are essential for the expression of the K9L gene, which encodes a protein with similarity to
mammalian transcription elongation factor IIS [72]. Furthermore, upstream sequences presented in
two intermediate genes exhibit highly conserved sequences at positions —25 to —15, and —9 to +9 to
the translational start codon [70]. Experiments involving genetic deletions, linker scan substitutions
and point mutations in the promoter sequence of the p72 gene (major capsid protein) revealed that
the replacement of the A/T-rich region by G/C residues strongly reduced the transcription rate,
demonstrating the importance of this sequence for efficient late viral transcription [71].
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Two other major essential regions for promoter activity are described: one region is located at
position —15 to —11 upstream of the transcription start site (TATTT); and the second region at positions
—1 to +5 (TATATA) [71]. Mutants presenting the “TATATA’ motif replaced by a G/C-rich sequence
had the promoter activity completely abolished, suggesting that ASFV transcription is dependent on
such sequence at (or near) the region of transcriptional initiation, similar to what is found in other
large viruses [71]. The replacement of the equivalent “TATATA’ sequence on the late genes K78R,
EP402R and A137R by the ‘GCGC’ motif was also demonstrated to be deleterious, suggesting that
the A /T-rich sequence could be a motif for late promoter function as well [68,71]. Interestingly, the
bipartite structure seen in the late promoter of ASFV is similar to the late and intermediate promoters
in poxviruses that contain a core and an initiator region [54,55,62,71]. The similarities found in the
transcriptional strategies reinforce the genetic data, indicating a close relationship between poxviruses
and asfavirus, pointing to a common ancestor for both viral families.

5. Phycodnaviridae

The phycodnaviruses are large and icosahedral viruses (~100-220 nm), with dsDNA genomes
ranging from 180 to 560 kbp [73]. Since they infect a diverse group of eukaryotic algae, they are one of
the most important groups of organisms regulating the oxygen cycle in the Earth [74,75]. The family
Phycodnaviridae consists of six genera, named according to the hosts that they infect: Chlorovirus,
Coccolithovirus, Prasinovirus, Prymnesiovirus, Phaeovirus, and Raphidovirus [76]. As demonstrated by
other giant viruses, the phycodnaviruses exhibit a temporal transcription profile. Early genes are
transcribed within 5 to 60 min post-infection (p.i), and transcripts of late genes begin to appear around
60-90 min p.i. However, some early genes can also be detected in later stages of infection [77,78].

The presence of A/T-rich promoters was also observed in phycodnaviruses. Analysis of
the kcv gene, encoding a potassium ion channel protein in chlorella viruses, revealed a highly
conserved 10-nt sequence (AAAAATANTT) in the promoter region of this gene, present in 16 out of
17 chlorellaviruses [77]. This sequence is located at 10-31 nucleotides upstream of the ATG translation
start codon in all of the analyzed viruses, and it was associated with late gene transcription, since,
apparently, kcv transcripts are produced during the late steps of infection. Furthermore, the region that
precedes seven genes expressed at later times during the Paramecium bursaria chlorella virus 1 (PBCV-1)
replication cycle (a85r, a237r, a248r, a260r, a2921, 4301, and a530r) contain the same sequence or at least
a subset of this sequence located at 6-30 nucleotides upstream of the ATG start codon [77]. The study of
immediate early genes expressed in chlorovirus infections also revealed A /T-rich sequences as putative
promoter regions. Two sequences determined by “ATGACAA’ and “TATAAAT’ (such as the eukaryotic
“TATA-box”) were located in a 150 bp region from the translation start codon in the upstream regions
of almost all immediate early genes (20 of 23 studied) [78]. These elements, especially "ATGACAA’,
were absent in all genes so far examined, expressed after 40 min p.i, including A122R (Vp260) [79],
A181-182R (chitinase), A292L (chitosanase) [80], A430L (major capsid protein) [81], vAL-1 [82].

Bioinformatics analysis revealed highly conserved nucleotide sequences in putative promoter
regions involving three different chlorella viruses: PBCV-1, virus MT325 [83], and Paramecium
bursaria chlorella virus NY-2A [84]. Three putative AT-rich sequence promoters, comprising seven
to nine nucleotides (ARNTTAANA, AATGACA and GTNGATAYR), located at 150-nt upstream of
the translation start codon of many ORFs were observed [85]. The "ARNTTAANA’ sequence is found
between nucleotides —15 and —45 relative to the ATG translation start codon. This sequence occurs in
the promoter region of 25% of PBCV-1 genes, 22% of NY-2A genes and 12% of MT325 genes. Regarding
the entire genome, this sequence is present within the 200-nt promoter region during 44% of the time
in PBCV-1, 49% of the time in NY-2A, and 37% of the time in MT325. The hotspot for the presence of
the "AATGACA’ sequence is located between nucleotides —60 and —90 from the translational start
codon. This sequence occurs in the promoter region of 16% of the PBCV-1 genes, 18% of NY-2A genes
and 8% of MT325 genes. Regarding the entire genome, this sequence is present within the 200-nt
promoter region in 54% of the PBCV-1 genes, 53% of the NY-2A genes, and 25% of the MT325 genes [85].
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The "AATGACA’ sequence in PBCV-1 is associated with early genes during the replication cycle [85].
This sequence is very similar to a motif previously identified in some chlorella viruses (ATGACAA),
which is also correlated with early transcripts [78]. Finally, the ‘GTNGATAYR’ sequence is mainly
located at nucleotide positions —50 to —80 from the ATG initiation codon, occurring in the promoter
region of 13% of PBCV-1 genes, 14% NY-2A genes, and in 11% of MT325 genes. Regarding the entire
genome, this sequence is found specifically within the 200-nt promoter region in 28% of the PBCV-1
genes, 22% of the NY-2A genes, and 21% of the MT325 genes [85].

Unlike other members of the NCLDVs, phycodnaviruses do not encode their own RNA pol and
need to appropriate the host’s RNA pol to properly make their transcripts [86]. However, uniquely
for the Phycodnaviridae family, Emiliania huxleyi virus 86 (EhV-86), a coccolithovirus that infects the
marine calcifying microalga Emiliania huxleyi, contains a total of six RNA pol subunits, which suggests
that this virus partially encodes its own transcription machinery [87]. Although these viruses present
some important elements for the mRNA synthesis, it is not possible to state that they have their
own transcriptional complete apparatus, at least for the majority of them. Therefore, concerning the
transcriptional process, the phycodnaviruses seem to present a different evolutionary history.

6. Iridoviridae

The Iridoviridae family is composed by five genera: Ranavirus, Megalocytivirus and Lymphocystivirus
that infect vertebrates; Iridovirus and Chloriridovirus that infect invertebrates [88]. Iridoviruses have
a linear dsDNA genome varying from 105 to 212 kbp, coding between 92 and 211 putative proteins.
They present a non-enveloped icosahedral particle of 300 nm in size [89-92]. These large viruses also
display a pattern of temporal gene expression regulation, wherein the genes are divided into three
classes: immediate-early (IE or «), delayed-early (DE or 3), and late (L or v) genes [93-95]. Iridoviruses
are typical nucleo-cytoplasmic viruses. They begin the replication cycle in the nucleus, followed by the
second phase of genome replication in the cytoplasm [90].

Gene transcription and promoter sequences studies have been performed for only a few genes in
members of the Iridoviridae family. The study of promoter sequences in iridovirus is focused mainly in
the Ranavirus genus (using type species Frog virus 3 (FV3)) and Iridovirus genus (using type species
Invertebrate iridescent virus 6 (IIV-6)), the type species of the Iridovirus genus. Notwithstanding, both
the gene expression and promoter sequences studies have been performed for only a few genes in
the Iridoviridae family. The most complex studies were performed with immediate-early ICR-169 and
ICR-489 genes of FV3 [96,97]. Those studies revealed the importance of a 78 bp sequence before the
transcription start site of an IE gene of the FV3 promoter. It was shown that an FV3 protein acts in
trans to induce the transcription of the major FV3 IE gene, ICR-169, and is dependent on the 78 bp
sequence located at the 5’ position from the start site of the transcription of this gene [98]. Two years
later, the same group demonstrated that a 23 bp sequence was possibly a critical cis-regulatory element
for the occurrence of FV3 trans-activation, since a significant reduction of transcription occurred after
its deletion, located at the 5’ region, showing the sequence ‘ATATCTCACAGGGGAATTGAAAC' [96].
Despite the importance of the approximately 23-nt sequence upstream of the transcription start site
in the IE ICR-169 gene of FV3, this sequence had no similarity with the promoter region of the
intermediate gene ICR489. This lack of similarity indicated that the contemporary regulation of these
two promoters is not controlled by sequences upstream of the start point of transcription [97]. It is
worthy to note that in the ICR489 gene, in an upstream region, “TATA’, ‘"CAAT’, and ‘GC’ motifs were
identified, which are similar to those of typical eukaryotic promoters [97].

Another study analyzed three genes—two early (ICP-18 and ICP-46) and a late one [major capsid
protein (MCP)] of Bohle iridovirus (another Ranavirus member)—looking for conserved regions to be
considered as regulatory elements [99]. The authors demonstrated that all gene promoters included
sequences located 127 to 281 bases upstream of the transcription initiation site (127 pb or ICB-18, 281 pb
for ICP46, and 169 pb for MCP), but also sequences located from 21 to 26 bases downstream of this site
(26 bases for ICP-18, 21 bases for ICP 46 and 25 bases for MCP) [99].
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Moreover, a detailed study conducted in the following years identified an essential ‘AAAAT’
motif in a DE gene of IIV-6 (Iridovirus) [100]. The authors described a sequence of 19 bp
(AAAATTGATTATTTGTTTT), located between —19 and —2 relative to the mRNA transcription
start site, which is the putative region responsible for promoter activity of the DNApol gene. Deletions
and point mutations in the DNApol promoter of IIV-6 showed that each of the 5-nt of "AAAAT’
motif located between —19 and —15 were equally essential for promoter activity. Mutations at the
downstream side had a lower effect, but the role of individual nucleotides positioned at —14 to —5
was not analyzed in this study [100].

It is noteworthy that the same critical ‘AAAAT’ motif was found in the 100-nt upstream of the
putative translational start codons of several other putative DE IIV-6 genes [91]. In Invertebrate iridescent
virus 3 (IIV-3), many homologues of these genes also presented the ‘AAAAT’ motif in proximity to
their start codon. A great similarity was also found between the region upstream of the DNApol
ORF and the corresponding region in 12 iridovirus genomes [101]. Eight of these genomes showed a
similar "AAAAT’ motif in the DNApol upstream region and three sequenced ranavirus genomes also
shared the related “TAAAT” motif in their DNA pol promoter region, which may indicate a conserved
regulation of DE promoter activity in iridoviruses [101].

A study that targeted a IE gene (012L) of ITV-6 showed that the transcription start site is located
30-nt upstream of the ATG translational start codon. Analyzing mutants (produced by deletion), it
was established that the intergenic region located between —21 and —10 (GGATCATATT) upstream
of the transcription start site comprised the promoter sequence promoter 012L gene. This type of
sequence was not observed in upstream regions of other IE genes of IIV-6, such as 468R, 006L and
010R. The "“TATA’ and ‘CAAT’ sequences were also identified in the intergenic region of this gene, as
well as sequences similar to the "AAAAT’ motif described to the DNA pol gene, but this sequence had
no promoter activity for the 012L, differently than demonstrated for the DNA pol gene. The 037L and
012L genes of IIV-6, both early genes, do not share conserved key promoter motifs. However, DNA
polis considered a DE gene and 012L an IE gene [100,102].

Despite the presence of homologs of RNA pol subunits in the iridoviruses genome, host RNA pol
I is required for the synthesis of Ranavirus IE transcripts, and it is likely that the same is true from
Iridovirus IE genes, contrasting to pox- and asfaviruses [103-106]. It has been proposed that the RNA
pol subunits found in members of the Iridoviridae family are probably involved in the cytoplasmic phase
of transcription in later stages of infection [91,107]. Such a paradox may reflect the long co-evolution
period that these viruses had been through. It is possible that the ancestor of iridoviruses presented
a complete transcription apparatus, but some elements were lost due to the adaptation to a more
parasitic lifestyle. Other possibilities are the occurrence of events of horizontal gene transfer (HGT)
between the viruses and their hosts. However, the lack of information about such events involving
members of the Iridoviridae family prevents further insights into this alternative for the evolution of the
transcription apparatus of these viruses.

7. Ascoviridae

The Ascoviridae family has two genera that include Ascovirus, with three species including
Spodoptera frugiperda ascovirus 1a (SfAV-1a), the prototype of the genus, Trichoplusia ni ascovirus 2a
(TnAV-2a), and Heliothis virescens ascovirus 3a (HvAV-3a), and the Toursvirus genus, with only one
representative, Diadromus pulchellus ascovirus 4a (DpAV-4a) [108,109]. Ascoviruses are enveloped
viruses, 300400 nm long by 100-150 nm in diameter, with a circular dSDNA genome with sizes
ranging from 116 to 185 kb, infecting arthropods, mainly lepidopterans [110-112].

The studies regarding the ascoviruses are still in their infancy. Information about the replication
and more specifically, the transcription process, are extremely scarce. The current knowledge about
transcription in ascoviruses come from the analyses of the Ascovirus genus [110,113]. A study
performed using a possible variant of HvAV-3, the Spodoptera exigua ascovirus 5a (SeAV-5a) showed
that the 5-UTR region of the SeAV-5a MCP gene is composed of 25-nt [114]. The upstream region
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of this gene does not present a typical eukaryotic class II promoter motif sequence ‘TATAAAT’
(TATA box). However, the putative 5" transcription control region of the SeAV-5a MCP gene shares
similarities with other ascoviruses and iridoviruses, containing a conserved TATA-box like motif
(TAATTAAA) and an "ATTTGATCTT’ motif within 40-nt upstream of the translation initiation codon
ATG [114]. The “‘TAATTAAA’ and ‘ATTTGATCTT’ motifs are located downstream and upstream of the
transcription initiation site, respectively. Furthermore, the ORF p27 presents a similar 5" downstream
transcription promoter region, suggesting that such a region might be a truly regulatory sequence
within ascoviruses [114].

Sequences from the promoter regions of the MCP genes from ascoviruses and IIV-6 (late genes),
showed that ascoviruses and iridoviruses are closely related in this aspect, suggesting that the
transcription regulation could be maintained during the viral evolution process in closely related
viruses [115,116]. Furthermore, phylogenetic studies showed that ascoviruses probably evolved from
the iridoviruses [116-118]. It is possible that the same pattern of temporary gene expression exhibited in
iridoviruses (and the other members of proposed Megavirales order) was conserved in the ascoviruses
lineage, and that such a mechanism might have been present in their common ancestor.

8. Mimiviridae and Other Amoebal Giant Viruses

The discovery of mimiviruses in 2003 and the establishment of the Mimiviridae family astonished
the scientific community, making the term ‘giant virus’ more appropriated than ever. These viruses
have particles visible in light microscopy, with sizes of ~700 nm in diameter. Viral particles have
characteristics never described before in the virosphere, such as long proteic fibrils (~125 nm in
length) immersed in a peptidoglycan matrix, and a star-shaped face, named stargate, responsible
for the releasing of the genome inside the cytoplasm of their host (Acanthamoeba genus) [4,119-121].
The genome is a linear dSDNA molecule of about 1.2 Mbp, coding more than 1000 proteins, including
a large set of transcriptional elements [15,122].

Similar to other NCLDVs members, mimiviruses genes can be divided into early, intermediate
and late categories according to three major temporal classes of transcription determined by mRNA
deep sequencing [49]. The analysis of the intergenic regions of Acanthamoeba polyphaga mimivirus,
the prototype species of Mimivirus genus, showed a conserved "AAAATTGA’ motif in nearly 50%
of genes [50]. The intergenic regions of the genome of mimiviruses have an average size of 157-nt.
In silico analyses showed that the conserved ‘AAAATTGA’ motifs are present within the 150-nt
upstream regions of the translation start codon in 45% of all predicted mimivirus genes [50]. This
motif is mainly associated to early (or the late-early) genes during the viral infectious cycle, and it
is absent from the upstream regions of mimivirus late genes, such as DNA replication and particle
morphogenesis and assembly. It is noteworthy that similar sequences were described regulating the
early genes in other giant viruses, such as iridoviruses and phycodnaviruses, as described in the topics
above. Besides the early promoter sequence, another A /T-rich motif (two 10-nt informative segments
separated by a highly degenerated 4-nt sequence) was identified as a putative late promoter within
mimiviruses, which is present in 24.2% of the considered late class genes. To the best of our knowledge,
an intermediate promoter sequence has not already been described in mimiviruses [49,50].

In a distant relative, the Cafeteria roenbergensis virus [CroV (Cafeteria genus)], Mimiviridae family;
the same early promoter motif was identified in the upstream region of 35% of genes [123]. However,
considering the late promoter motif, this virus exhibits a different putative regulatory sequence
compared to other mimiviruses, wherein the “TCTA’ tetramer flanked by A /T-rich regions on either
side was found in the 5" upstream of 124 late genes [123]. Moreover, CroV present eight RNA pol II
subunits, six transcription factors, several helicases, among others, indicating the presence of nearly
complete transcriptional machinery. This feature seems to be a mark to all members of the Mimiviridae
family, which suggests that such a robust transcriptional apparatus was already present in the last
common ancestor.
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After the discovery of mimiviruses, other giant viruses infecting amoebae were described, such as
marseilleviruses, which is currently classified in the family Marseilleviridae [124]. Other viruses have
also been isolated but still not properly classified, namely faustoviruses [125], pandoraviruses [8,126],
phitoviruses [127,128] and mollivirus [129]. Although these viruses are not yet officially recognized
by the ICTV, they are genuine members of the NCLDVs [6,7,9]. In all of these giant viruses, a
set of transcriptional elements has already been identified, including many RNA pol subunits,
indicating a nearly autonomous process in these viruses. However, analysis of promoters and studies
aiming to understand how gene expression is regulated in those newly discovered viruses remain to
be performed.

9. MEGA-Box: A Putative Promoter Region in the Common Ancestor of Megavirales

The proposed Megavirales order comprises viral families that exhibit some unique features
that allow their clustering into a monophyletic group [5]. In addition to some core genes that are
shared among these viruses, they present other similarities, such as a temporal transcription profile.
As described above, all viruses present elements to the transcriptional apparatus, most of them reaching
up to the independence from their host in this step of the viral life cycle. Also, the presence of an
A /T-rich promoter sequence has been described in many representatives of each family, even in those
in which the genome presents a high G/C content. More interesting is the fact that some promoter
sequences found in one family are very similar to others found in their relatives (Figure 3). This fact
suggests that a possible common ancestor of the Megavirales order likely had an A /T-rich promoter
sequence. More interesting is the fact that some promoter sequences found in one family are very
similar to others found in their giant relatives. This fact suggests that such a common ancestor of
Megavirales likely had an A/T-rich promoter sequence.

The origin of the members of the Megavirales order is still under debate, but the evolutionary
history of some of its members is already being told, at least concerning genome evolution. The first
members to be analyzed were the poxviruses. It has been demonstrated by phylogenetic analysis based
on the presence/absence of genes that genomes from this family have been subject to frequent events
of gene duplication, deletion, and HGT from their hosts. Many of these genes can interfere with host
immune signaling, such as homologues of cytokines receptors which could confer some advantages in
the interaction with the hosts [130-132]. By analyzing the poxviruses’ closest relative, ASFV, it seems
that it has been through the same pattern of evolution, at least considering the multigene and p22 gene
families [133,134].

The “accordion-like” pattern of evolution was also identified in different members of the
Iridoviridae family. It is particularly interesting the fact that iridoviruses infecting the same host-range
exhibited a similar pattern of gene gain and loss, but this was slightly different when the viruses
infected different hosts (fish vs. insect-infecting viruses), suggesting that such a pattern was
driven by host—virus co-evolution [135]. Finally, the same evolutionary model for members of the
families Phycodnaviridae and Mimiviridae has recently been described. The genomic comparisons of
closely related viruses belonging to the Mimiviridae and Phycodnaviridae families show that genomes
accumulating genomic mutations occur on successive cycles of genome expansion and reduction.
In addition, there is no general tendency of genome expansion or contraction. Each family exhibits
a specific pattern for gene acquisition, which might be a reflex of interaction with distinct hosts [10].
Since these viruses seem to exhibit a similar pattern of genome evolution, it is possible that a similar
scenario has also happened with their promoter sequences. In the same way, it is reasonable to consider
that NCLDVs’ common ancestor evolved by the same “accordion-like” pattern, and thus it presented a
promoter region that underwent an analogous mechanism.

Considering a common origin for the NCLDVs, a possible scenario is that the Megavirales’
common ancestor presented a “TATATAAAATTGA’ promoter motif, which we named here as the
“MEGA-box” (an allusion to the conserved TATA-box promoter found in cellular organisms). Over
time, with the Megavirales’ order radiation, the MEGA-box has been gradually evolved by nucleotides’
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gain and loss, analogously to that reported for the entire genome, which evolved through gene gain
and loss. The MEGA-box was slightly modified in the poxviruses lineage, at least concerning the early
promoter motif. Considering the intermediate and the late promoter motifs of poxviruses, if they truly
came from the MEGA-box, this could have happened through a series of nucleotide loss. However, it
is also possible that the emergence of other promoters, rather than the early one, have emerged after
the establishment of the poxvirus’ lineage, thus not originating from the ancestral promoter sequence.
The same might be true for mimiviruses, phycodnaviruses and iridoviruses. Considering asfavirus and
ascoviruses, their promoter sequences might have originated from the MEGA-box through successive
gain and loss of nucleotides. However, another scenario is also possible, wherein their promoter motifs
emerged from the poxviruses and iridoviruses lineages respectively (closest evolutionary groups).
This scenario is in agreement with the proposition that the Megavirales” ancestor was already a giant
virus with a large genome [10]. In this aspect, the giant ancestor also had a large promoter sequence
that evolved through constant nucleotide gain and loss, a pattern analogous to the accordion-like
model of genome evolution. However, other scenarios are also possible, although less probable,
considering the evolutionary data currently available for these viruses. One is that the ancestor had a
very short promoter sequence, like a poxvirus intermediate promoter (TAAA), that underwent massive
nucleotide gain over time, leading to very large promoter sequences in the majority of the giant viruses.
Another one is just the opposite; wherein the ancestor had a very large promoter region that had been
losing nucleotides during evolution. A third pathway, equally unlikely, would be the acquisition of
promoter sequences by horizontal /lateral transfer. Similar to different genes, the MEGA-box promoter
evolutionary pattern during the radiation of NCLDVs members could be related to the co-evolution
with different hosts over time.

Whether the NCLDVs came from a simple entity [14,136], or from an already complex
organism [10,16,137], is still under debate. Despite this, increasing evidence that they originated
from a common ancestor is emerging, and it suggests that such an ancestor evolved through an
“accordion-like” pattern. By analyzing the promoter regions currently known for different giant
viruses, we provide another piece of evidence to support this statement. Further, we propose how a
conserved A /T-rich promoter sequence was present in the possible common ancestor, which might
have evolved by continuous gain and loss of nucleotides, in addition to some point mutations in
the MEGA-box original sequence. Other scenarios could also be discussed for the evolution of the
promoter sequences of the NCLDVs, including selective sweep or convergence. However, these
alternatives run off the diffused hypothesis of a common origin for the putative Megavirales order.

10. What Comes Next?

Most of the giant viruses have a powerful genetic arsenal, encoding several proteins necessary
for the transcription system which provides a relative independence of their hosts for this process.
In addition, the transcription of this high gene content is temporally regulated by promoter regions
that exhibit some similarities, indicating a common origin of these regulatory elements. Although
many studies have already been done in relation to almost all viral families of the Megavirales order,
most of them remain without biological confirmation; i.e., the promoter motifs in many giant viruses
were predicted, but not experimentally validated. Therefore, the performance of biological studies to
confirm the existence and the effect of all promoter motifs described so far in giant viruses is imperative.
This analysis will truly establish the common temporal regulation pattern predicted in these viruses,
and will also corroborate (or even refute) the hypothesis of an A /T-rich promoter in the Megavirales
common ancestor. Moreover, the deep analysis of the genome of the recently described giant viruses
(Marseilleviruses, Pandoraviruses, Pithoviruses, Faustoviruses and Mollivirus), and also the discovery
of new complex viruses, will strongly contribute to complete the puzzle of the origin and evolution
of Megavirales.

On the other hand, the biotechnology field will also be boosted by the advance in the studies of
promoters and gene expression in giant viruses. Among the NCLDVs, the poxviruses are by far the best
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characterized group regarding the genome expression, especially the VACV. These viruses have been
used as expression vectors for the synthesis of proteins and as vaccine candidates to prevent infectious
diseases and treat cancer, mainly due to their high gene expression levels [69,138]. This attribute is
clearly shared with other giant viruses that were recently described, and the real comprehension of
their gene regulation and expression will bring uncountable possibilities for biotechnology purposes.
Finally, the impact of the giant viruses on the basic comprehension of the origin and evolution of life
is undeniable, as well as for their ecological, medical and technological importance. The discovery
of even more complex viruses associated with the advance of many techniques used for genomic
studies will certainly answer those remaining questions around the NCLDVs, and will surely bring
new exciting challenges for the whole scientific community.
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Giant viruses of amoebae are distinct from classical viruses by the giant size of their
virions and genomes. Pandoraviruses are the record holders in size of genomes and
number of predicted genes. Three strains, P salinus, P dulcis, and R inopinatum,
have been described to date. We isolated three new ones, namely R massiliensis,
P braziliensis, and P pampulha, from environmental samples collected in Brazil. We
describe here their genomes, the transcriptome and proteome of P massiliensis,
and the pangenome of the group encompassing the six pandoravirus isolates.
Genome sequencing was performed with an lllumina MiSeq instrument. Genome
annotation was performed using GeneMarkS and Prodigal softwares and comparative
genomic analyses. The core genome and pangenome were determined using notably
ProteinOrtho and CD-HIT programs. Transcriptomics was performed for P massiliensis
with the lllumina MiSeq instrument; proteomics was also performed for this virus
using 1D/2D gel electrophoresis and mass spectrometry on a Synapt G2Si Q-TOF
traveling wave mobility spectrometer. The genomes of the three new pandoraviruses
are comprised between 1.6 and 1.8 Mbp. The genomes of P massiliensis, P pampulha,
and P, braziliensis were predicted to harbor 1,414, 2,368, and 2,696 genes, respectively.
These genes comprise up to 67% of ORFans. Phylogenomic analyses showed that
P massiliensis and P braziliensis were more closely related to each other than to the
other pandoraviruses. The core genome of pandoraviruses comprises 352 clusters
of genes, and the ratio core genome/pangenome is less than 0.05. The extinction
curve shows clearly that the pangenome is still open. A quarter of the gene content
of P massiliensis was detected by transcriptomics. In addition, a product for a total of
162 open reading frames were found by proteomic analysis of P massiliensis virions,
including notably the products of 28 ORFans, 99 hypothetical proteins, and 90 core
genes. Further analyses should allow to gain a better knowledge and understanding of
the evolution and origin of these giant pandoraviruses, and of their relationships with
viruses and cellular microorganisms.
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Pangenomic Analysis of Pandoraviruses

INTRODUCTION

Giant viruses of amoebae are distinct from classical viruses by
many features, primarily by the giant size of their virions and
genomes (Colson et al., 2017a). The first to be discovered was
Mimivirus, in 2003 (La Scola et al, 2003). Since then, giant
viruses that were described were classified into two viral families
and several new putative viral groups (Colson et al., 2017b).
Their remarkable characteristics and expanding diversity have
raised many questions about their origin and evolution. Notably,
these giant viruses display several traits that are hallmarks of
cellular organisms, including the encoding of several translation
components by their genomes. Pandoraviruses were discovered
in 2013 (Philippe et al., 2013). The first pandoravirus was isolated
from a marine sediment layer of a river on a coast of Chile
(Philippe et al., 2013), the second one from a freshwater pond
in Australia (Philippe et al., 2013), and the third one from
contact lenses and their storage case fluid of a keratitis patient
in Germany (Scheid et al., 2014). These viruses hence appear to
be cosmopolitan, and pandoravirus-like sequences were detected
in metagenomes generated from water and soil samples collected
worldwide (Verneau et al., 2016; Kerepesi and Grolmusz, 2017;
Brinkman et al., 2018) as well as from mosquitoes (Temmam
et al,, 2015; Atoni et al,, 2018), biting midges (Temmam et al,,
2015), and simian bushmeat and human plasma (Verneau et al,,
2016; Temmam et al., 2017). Pandoraviruses became, and still
are, the record holders in size of viral genomes and number
of predicted genes. In addition, their virions exhibit a weird
morphology for viruses, being ovoid, surrounded by a tegument-
resembling structure, and devoid of recognizable capsid (Philippe
et al,, 2013). As for the mimiviruses, they had been for years
mingled with intra-amoebal eukaryotic parasites (Scheid et al.,
2014).

The isolation of all giant viruses of amoebae until now
was made possible through the use of amoebae of the genus
Acanthamoeba or Vermamoeba as culture support (Khalil et al.,
2017). This culture strategy has been considerably optimized
during the past 15 years, with, notably, the implementation
of high-throughput amoebal co-culture protocols (Khalil et al.,
2017). Such approach was recently used to discover new giant
viruses of amoebae in Brazil (Dornas et al., 2015). Consequently,
three new pandoraviruses were isolated in 2015-2016 from water
collected from a Soda lake and from soil samples (Dornas et al.,
2015). We describe here the genomes of these three new giant
viruses and the pangenome of pandoraviruses based on these
three new isolates and the three previously described strains,
namely Pandoravirus dulcis, Pandoravirus salinus (Philippe et al.,
2013), and Pandoravirus inopinatum (Scheid, 2016).

MATERIALS AND METHODS

Virus Isolation, Production, and

Purification

After collection, samples were stored at —80°C and then co-
cultured on Acanthamoeba castellanii, as previously described
(Andreani et al., 2016). The three samples induced amoebal lysis,

and then were subcultured to produce the new virus isolates.
Viruses were then purified and concentrated by centrifugation
(Andreani et al., 2016).

Genome Sequencing

The viral genomes were sequenced on the Illumina MiSeq
instrument (Illumina, Inc., San Diego, CA, United States) by
using both paired-end and mate-pair strategies for P. massiliensis
and P. braziliensis, and paired-end strategy only for P. pampulha.
Genomic DNA was quantified by a Qubit assay with the high-
sensitivity kit (Life technologies, Carlsbad, CA, United States).
DNA paired-end libraries were constructed with 1 ng of each
genome as input with the Nextera XT DNA sample prep kit
(Hlumina, Inc., San Diego, CA, United States), according to the
manufacturer’s recommendations. Automated cluster generation
and paired-end sequencing with dual index reads were performed
in asingle 39-h run in 2 x 250 bp. Paired-end reads were trimmed
and filtered according to read qualities. The mate-pair library
was prepared with 1.5 pg of genomic DNA. Genomic DNA was
simultaneously fragmented and tagged with a mate-pair junction
adapter. The library profile and the concentration were visualized
on a high-sensitivity bioanalyzer labchip (Agilent Technologies
Inc., Santa Clara, CA, United States). In each construction,
libraries were normalized at 2 nM and pooled, denaturated, and
diluted to reach a concentration of 15 pM, before being loaded
onto the reagent cartridge, then onto the instrument along with
the flow cell. Automated cluster generation and sequencing run
were performed in a single 39-h run generating 2 x 151-bp long
reads. The quality of the genomic data was analyzed by FastQC'.

Genome Assembly

The three pandoravirus genomes were assembled using CLC
genomics v.7.5 with default parameters. The assembly of the
P. massiliensis genome provided nine scaffolds. Gaps were filled
and scaffolds were then reordered using both Sanger sequencing
and three different assembly tools used in combination, including
A5, Velvet, and ABySS (Simpson et al., 2009; Zerbino, 2010; Tritt
et al., 2012). The genome of P. braziliensis was assembled into
seven scaffolds, which were then reordered into two scaffolds
by using similarity searches and synteny bloc detection with the
closest available genomes. Long-range PCR was performed to
resolve the linear or circular organization of the two scaffolds.
The genome of P. pampulha was assembled into 45 scaffolds that
were reordered and fused to form one fragment, using the same
strategy than for P. braziliensis.

Transcriptome Sequencing of

Pandoravirus massiliensis

The transcriptome of P. massiliensis was analyzed at the following
times: 30 min (t0), then 2 (t2h), 4 (t4h), 6 (t6h), and 8 h (t8h)
after inoculation of the virus on A. castellanii in Peptone Yeast
Glucose browth medium. At each time point, the co-culture
was centrifuged then immediately frozen at —80°C. RNA was
extracted with the RNeasy mini kit (Qiagen, Hilden, Germany).

Uhttps://www.bioinformatics.babraham.ac.uk/projects/fastqc/
Zhttps://www.qiagenbioinformatics.com/
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After cDNA generation by RT-PCR, libraries were constructed
with the Nextera XT DNA sample prep kit. cDNA was quantified
by a Qubit assay with the high-sensitivity kit. To prepare the
paired-end library, dilution was performed to require 1 ng of each
genome as input. The “tagmentation” step fragmented and tagged
the DNA. Then, limited cycle PCR amplification (12 cycles)
completed tag adapters and introduced dual-index barcodes. The
library profile was validated on an Agilent 2100 Bioanalyzer
with a DNA high-sensitivity labchip (Agilent Technologies Inc.,
Santa Clara, CA, United States), and the fragment size was
estimated to be 1.5 kbp. After purification on AMPure XP beads
(Beckman Coulter Inc., Fullerton, CA, United States), libraries
were normalized on specific beads according to the Nextera
XT protocol (Illumina, Inc.). Normalized libraries were pooled
for sequencing on the MiSeq instrument. Automated cluster
generation and paired-end sequencing with dual index reads were
performed in a single 39-h run in 2 x 250 bp. Total information
of 3.6 Gb was obtained from a 370 k/mm? cluster density with a
cluster passing quality control filters of 95.7% (6,901,000 passed
filtered clusters). Within this run, the index representation for
P. massiliensis infection kinetic was respectively determined to
be 2.5, 9.4, 3.7, 15.1, and 0.6%. Finally, paired-end reads were
trimmed and filtered according to the read qualities.

Proteome Analysis of Pandoravirus
massiliensis

Preparation of the Total Proteins of the Virus

Samples were rapidly lysed in DTT solubilization buffer (2% SDS,
40 mM Tris-HCI, pH 8.0, 60 mM DTT) with brief sonication.
The 2D Clean-Up kit eliminated nucleic acids, salts, lipids, and
other reagents not compatible with immunoelectrophoresis.

Two-Dimensional Gels

Analysis of the 1D gel electrophoresis was performed with the
Ettan IPGphor II control software (GE Healthcare). For the 2D
gel electrophoresis, buffer (50 mM Tris-HCI, pH 8.8, 6 M urea),
30% glycerol, 65 mM dithiothreitol reducing solution, alkylating
solution of iodoacetamide at 100 mM, and SDS-PAGE gel at 12%
acrylamide were used. The polyacrylamide gel was prepared in
the presence of TEMED, a polymerization agent, and ammonium
persulfate. Sodium dodecyl sulfate at 2% was used to denature
proteins. Migration was carried out under the action of a constant
electric field of 25 mA for 15 min followed by 30 mA for ~5 h.
Silver nitrate was used for protein staining. Proteins of interest
were recovered by cutting the gel.

Mass Spectrometry

For global proteomic analysis, the protein-containing solution
was subjected to dialysis and trypsin digestion. Dialysis was
carried out using Slide-ALyzer 2K MWCO dialysis cassettes
(Pierce Biotechnology, Rockford, IL, United States) against a
solution of 1 M urea and 50 mM ammonium bicarbonate
pH 7.4, twice, during 4 h, and one night. Protein digestion
was carried out by adding 2 pg of trypsin solution (Promega,
Charbonniéres, France) to the alkylated proteins, with incubation
at 37°C overnight in a water bath. The digested sample was
then desalted using detergent columns (Thermo Fisher Scientific,

IlIkirch, France) and analyzed by mass spectrometry on a Synapt
G2Si Q-TOF traveling wave mobility spectrometer (Waters,
Guyancourt, France) as described previously (Reteno et al., 2015).
An internal protein sequence database was used that was built
primarily with two types of amino acid sequences: (i) sequences
obtained by translating P. massiliensis open reading frames
(ORFs); (ii) sequences obtained by translating the whole genome
into the six reading frames then fragmenting the six translation
products into 250 amino acid-long sequences with a sliding step
of 30 amino acids. Contiguous sequences positive for peptide
detection were fused and re-analyzed.

Genome Annotation

Gene predictions were performed using GeneMarkS and Prodigal
softwares, and results were merged (Besemer and Borodovsky,
2005; Hyatt et al., 2010). ORFs shorter than 50 amino acids were
discarded. Predicted proteins were annotated by comparative
genomics by using BLASTp searches against the NCBI GenBank
non-redundant protein sequence database (nr), with an e-value
threshold of le—3. ORFans were defined as ORFs without
homolog in the nr database considering as thresholds an e-value
of le—3 and a coverage of the query sequences by alignments
of 30%. Functional annotation was refined by using DeltaBLAST
searches (Boratyn et al., 2012). Best reciprocal hits were detected
by the Proteinortho program with an amino acid identity
percentage and a coverage thresholds of 30 and 70%, respectively
(Lechner et al., 2011). The core genome and the pangenome
were estimated by clustering predicted proteins with CD-HIT
(Huang et al., 2010) using 30 and 50% as thresholds for sequence
identity and coverage, respectively. Transfer RNAs (tRNAs) were
predicted using Aragorn (Laslett and Canback, 2004).

Transcriptomic Analysis for Pandoravirus

massiliensis

Reads generated from the RNA extracts were mapped on the
assembled genome by using the bowtie2 software with default
parameters (Langmead et al., 2009; Langmead, 2010; Langmead
and Salzberg, 2012). Mapping results were analyzed using the
HTseq-count software, with the union mode (Anders et al., 2015).
Only “aligned” results were taken into account. Predicted ORFs
were considered as transcribed if at least 10 reads were aligned.

Search for Transposable Elements

Miniature inverted repeat transposable elements (MITE)
previously identified in the P. salinus genome were searched for
by using the BLASTn program with an evalue threshold of 1e—3
(Sun et al., 2015). MITE are DNA transposons whose size ranges
between 100 and 600 bp and that require transposition enzymes
from other, autonomous transposable elements.

Phylogenetic Analyses and Hierarchical

Clustering

Phylogeny reconstruction was performed based on the DNA-
dependent RNA polymerase subunit 1. Amino acid sequences
were aligned using Muscle (Edgar, 2004). The phylogenetic
tree was built using FastTree with default parameters (Price
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et al., 2010). Hierarchical clustering was performed with the
Mev program (Chu et al., 2008) based on the presence/absence
patterns of pandoravirus genes that are homologous to clusters
of orthologous groups of proteins previously delineated for
nucleocytoplasmic large DNA viruses and giant viruses of
amoebae (NCVOGs) (Yutin et al., 2013).

RESULTS

Three new pandoravirus isolates were obtained from soil
and water samples collected in Brazil in 2015-2016. Two
pandoraviruses were isolated in 2015 from soil samples collected
from Pampulha lagoon and Belo Horizonte city. A third
pandoravirus was isolated in 2016 from a Soda lake (Soda
lake2). These new viruses were named Pandoravirus massiliensis
strain BZ81 c¢ (Figure la), Pandoravirus pampulha strain 8.5
(Figure 1b), and Pandoravirus braziliensis strain SL2 (Figure 1c),
respectively.

For the P. massiliensis genome, 403,592 reads were obtained
by the mate-pair sequencing, with a length ranging from 35 to
251 nucleotides, and the average quality per read was 28 and
37 for the forward and the reverse sequences, respectively. For
the paired-end sequencing, 269,656 reads were obtained with a
length ranging from 35 to 251 nucleotides; the average quality
score per read was 37 for the forward and the reverse sequences,
respectively. The P. massiliensis genome (EMBL Accession no.
QOFAI01000000) was assembled in two scaffolds of 1,593,057 and
2,489 bp, and was predicted to encode 1,414 proteins (Table 1).
Mean size (£SD) of these proteins is 299 £ 228 amino acids.
Median size is 218 amino acids. A total of 25% of these predicted
proteins are smaller than 136 amino acids, and 25% are larger
than 397 amino acids, among which 15 proteins are larger than
1,000 amino acids. Among these 1,414 proteins, 786 (56%) have
a homolog in the NCBI GenBank nr database (using a BLASTp
e-value threshold of 1e—3), and 628 (44%) are ORFans (ORFs
with no significant homolog in the NCBI nr database). Among
ORFs that have a homolog in nr, 744 (95%) have genes from
previously described pandoraviruses as best BLASTp hits. Two
genes encode for Pro-tRNA and Cys-tRNA. A total of 74 ORFs
have a significant BLASTp hit with a NCVOG. A total of 310
ORFs were found to be paralogous genes. Finally, 425 ORFs (30%
of the gene content) belong to the strict core genome delineated
for the six pandoraviruses. For the P. pampulha genome, a total
of 864,982 reads were obtained, with a length ranging from 35 to
251 nucleotides; the average quality score per read was 37 for the
forward and the reverse strands, respectively. The P. pampulha
genome (EMBL Accession no. OFAJ01000000) was assembled in
a single scaffold of 1,676,092 bp, and predicted to encode 2,368
proteins and two tRNA, a Pro-tRNA, and a Trp-tRNA (Table 1).
Mean size of these proteins is 237 &+ 219 amino acids. Among
these ORFs, 58% have no homolog in the nr database. Among the
989 OREFs that have a homolog in nr, 974 (98%) have genes from
previously described pandoraviruses as best BLASTp hits. A total
of 72 ORFs have a hit with a NCVOG. We detected that 407
ORFs (17%) are paralogs. Finally, 417 ORFs (18%) were found
to belong to the strict core genome of the pandoraviruses. For

the P. braziliensis genome, a total of 542,496 reads with a length
ranging from 35 to 251 nucleotides were obtained for the paired-
end run; the average quality score per read was 37 for the forward
and the reverse sequences, respectively. For the mate-pair run, a
total 0f 2,194,091 reads were obtained, with a length ranging from
35 to 251 nucleotides; the average quality score per read was 37 for
the forward and the reverse strands, respectively. The assembly of
the P. braziliensis genome (EMBL Accession no. OFAK01000000)
provided two scaffolds with a length of 1,828,953 and 21,873 bp
(Table 1). A total of 2,693 proteins were predicted, their mean size
being 215 = 212 amino acids. Three genes encode a Leu-tRNA, a
Pro-tRNA, and a Pyl-tRNA. ORFans represent 67% of the ORF
set. Among the 892 ORFs that have a homolog in nr, 872 (98%)
have genes from previously described pandoraviruses as best
BLASTYp hits. Moreover, 72 ORFs are homologous to a NCVOG.
We detected that 437 ORFs are paralogs. Finally, 428 ORFs (16%)
were found to be shared with the five other pandoraviruses. All
these three genomes were found to be linear double-stranded
DNA, as described previously for P. salinus, P. dulcis, and
P. inopinatum. Thus, here, PCR amplification performed with the
attempt to test the circularity of the genome failed. BLASTp hits
were found in nr for hundreds of additional short ORFs predicted
in the genomes of P. pampulha and P. braziliensis, but e-values
were >1e—3, and only short fragments from these sequences
were usually involved in alignments obtained with these hits.

The pangenome size delineated for these three new
pandoravirus genomes and the three previously described
pandoravirus genomes reaches 7,477 gene comprising clusters
or unique genes (Figures 2, 3). Among them, 6,108 (82%)
encompass a single predicted gene (Figure 4). A total of 427
clusters (5.7%) are composed of two representative sequences
and 163 clusters (2.2%) are composed of three representative
sequences. The “strict” core genome represents 4.7% of
the pangenome. It includes 352 clusters comprising 2,617
pandoravirus proteins, each of these clusters encompassing at
least one predicted protein from each of the six pandoravirus
isolates. The ratio core genome/pangenome is thus less than
0.05 and the proportion for each individual virus of the gene
content that belongs to the core genome is comprised between
15.4 and 29.4%. When considering the proteins involved in best
reciprocal hits with an identity >30% and a query sequence
coverage >70%, a total of 208 clusters of proteins (1.6% of the
full cluster set) encompassed at least one protein of each of the
six pandoravirus isolates. Besides, a homolog was found in the
gene content of all six pandoraviruses for a NCVOG in 403
cases.

Only 13% of the P. massiliensis transcripts were detected
during the first 4 h post-infection of the amoeba by this virus.
In contrast, more than two-thirds of the transcripts (69%) were
detected 6 h post-infection of the amoeba, and 18% of them
were detected 8 h post-infection. A total of 359 P. massiliensis
ORFs (25% of the gene content) were detected by transcriptomics
taking into account all reads at any time post-infection, with
a mean coverage of 50 reads/ORF along the whole genome.
Among these 359 ORFs, three (ORFs 1, 1,350, and 1,364) had a
particularly high coverage, greater than 1,200 reads/ORF (1,592,
1,243, and 1,234, respectively). When removing these three ORFs,
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pampulha; (c) Pandoravirus braziliensis.

FIGURE 1 | Electron microscopy pictures of pandoravirus isolates by negative staining (a,c) or after inclusion (b). (a) Pandoravirus massiliensis; (b) Pandoravirus

TABLE 1 | Main features of the six pandoravirus genomes.

Virus Genome length Number of scaffolds Number of predicted GC% Proportion of the gene content that
proteins belongs to the core genome (%)
(number of proteins)

Pandoravirus dulcis 1,908,520 1 1,487 63.7 29.4 (437)
Pandoravirus salinus 2,473,870 1 2,541 61.7 17.3 (440)
Pandoravirus inopinatum 2,243,110 1 1,839 60.7 26.9 (495)
Pandoravirus pampulha 1,676,092 1 2,368 63.9 17.6 (416)
Pandoravirus braziliensis 1,850,826 2 2,693 59.0 15.4 (415)
Pandoravirus massiliensis 1,595,546 2 1,414 60.1 29.3 (414)

e angenoms —=—Goregmnoms found by proteomics. Strikingly, this ORF is harbored by the

8000 800 2,489 bp-long genomic fragment. The second of these two ORFs
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FIGURE 2 | Evolution of the size of the pangenome and core genome of
pandoraviruses with the description of each of the six pandoravirus isolates.

the mean coverage of transcripts along the genome decreased
to 39 reads/ORF. Two of these three ORFs are hypothetical
proteins and were detected in the five other pandoraviruses.
Nevertheless, the product of only one of these two ORFs was

is contiguous to two other highly transcribed genes (with 425
and 552 mapped reads). The third most transcribed ORF is a
collagen triple helix encoding protein, also found by proteomics.
Finally, a total of 210 of the 359 transcribed ORFs (58%) is part
of the core genome; while 60% of the ORFs that are part of the
core genome were transcribed. Conversely, only 149 (14%) of the
1,062 P. massiliensis ORFs that do not belong to the core genome
were transcribed.

A total of 162 ORFs were found by proteomic analysis of
the P. massiliensis virions. Among them, 90 proteins (55%)
are part of the core genome. Conversely, a protein was found
in P. massiliensis virions for only 72 (7%) of the 1,062 ORFs
that did not belong to the core genome. In addition, the
products of 28 ORFans and 99 hypothetical proteins were
part from these 162 proteins detected by proteomic analyses.
The most abundant peptides found in the P. massiliensis
virions match with 37 proteins, which include 12 ORFan
gene products; 19 hypothetical proteins; a trimeric LpxA-
like enzyme motif-containing protein; a translation initiation
inhibitor belonging to the YJGF family; a thioredoxin-like
fold motif-containing protein; a laminin G domain-containing
protein; a collagen triple helix repeat domain-containing protein;
and an ankyrin repeat-containing protein. A concordance
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P. inopinatum

online tool: http://bicinformatics.psb.ugent.be/webtools/Venn/.

P. dulcis

FIGURE 3 | Venn diagram of genes shared and not shared between the gene contents of the six pandoravirus isolates. Venn diagram was built using the following

~

between transcriptomic and proteomic data was found for
89 ORFs (Supplementary Table S1). These ORFs include
2 ORFans and 61 hypothetical proteins, all found in other
pandoraviruses. The other ORFs with functional annotations
have a pandoravirus protein as their most similar sequence.
These ORFs notably encode an acid phosphatase class b; a Clq
domain-containing protein; two casein kinases; a cathepsin c1-
like peptidase; a trypsin-like serine protease; a disulfide isomerase
motif-containing protein; a DNA pol III gamma/tau subunit-
like domain containing protein; an FAD/FMN-containing
dehydrogenase; a hexapeptide repeat-containing protein; a
histidine phosphatase motif-containing protein; a laminin G
domain-containing protein; a lipase/esterase; an NAD-dependent
amine oxidase; an oxidoreductase; an SMC ATPase domain-
containing protein, SMC proteins being ATPases involved in
chromosome organization and dynamics; a thioredoxin-like fold
motif-containing protein; two translation initiation inhibitors
belonging to the YJGF family; and a trimeric LpxA-like enzyme
motif-containing protein (bacterial transferase). Of note, for the
five genes predicted to encode DNA-dependent RNA polymerase
subunits, transcripts were only detected for those encoding
subunits 1 and 2 and no protein was detected by proteomics.
Finally, among P. massiliensis ORFans, 26 (4.1%) were found to

be transcribed, and a similar number (28; 4.5%) were found to
encode proteins detected in virions.

Sequences similar to MITEs were identified through BLAST
searches, in all six genomes of pandoraviruses, albeit their
number varied considerably according to the genome. Thus,
eight different matches with MITEs were identified in the
P. massiliensis genome, which displayed a nucleotide identity
varying between 78 and 100% with a MITE identified in
P. salinus (Sun et al., 2015). Seven matches with MITEs were
detected in the P. inopinatum genome, which were 76-100%
identical with a P. salinus MITE. Five matches with MITEs
were detected in P. braziliensis and P. dulcis, which were 75—
98 and 76-95% identical with a MITE identified in P. salinus,
respectively. Finally, four matches with MITEs were identified in
the P. pampulha genome, which were 82-98% identical with a
P. salinus MITE. However, when considering full-length MITE
copies described for the P. salinus genome, 3 and 2 such full-
length MITEs were detected in the genomes of P. massiliensis
and P. inopinatum, respectively (Figure 5). These sequences did
not cluster together according to the isolate (Supplementary
Figure S1).

Phylogenetic reconstruction based on the RNA polymerase
subunit 1 showed that P. massiliensis and P. braziliensis
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FIGURE 6 | Phylogenetic reconstruction based on amino acid sequences of the DNA-dependent RNA polymerase subunit 1 from representatives of megavirales.
Phylogenetic tree was drawn using the maximum likelihood model with the FastTree program (Price et al., 2010).

were closely related (Figure 6). Hierarchical clustering showed
congruent results with a close relationship between P. massiliensis
and P. braziliensis (Figure 7). In addition, mean amino acid
identities between orthologous proteins of P. salinus and
P. massiliensis or P. braziliensis were similar (mean values,
50.0 and 51.1%, respectively), and lower than the mean amino
acid identity between orthologous proteins of P. salinus and
P. pampulha (61.0%) (Figure 8). Taken together, on the basis of
phylogenetic analysis, the presence/absence patterns of clusters
of orthologous groups of proteins of Megavirales members, and
amino acid identity of orthologous proteins, two major groups

can be delineated for these six pandoravirus isolates. The first
group is comprised by P. massiliensis and braziliensis, and the
second group is comprised by P. salinus, P. dulcis, P. pampulha,
and P. inopinatum.

Comparison of genome architecture and co-linearity showed
a general tendency among the different pandoravirus genomes
for a greater co-linearity around the first third of the genome
alignement by the MAUVE software, displaying large blocks with
a high level of nucleotide identity (Figure 9). Besides, dot plots
constructed separately for the three new pandoravirus isolates
described here on the basis of their gene content showed a
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FIGURE 7 | Hierarchical clustering based on the presence/absence patterns of clusters of orthologous groups of proteins of megavirales members in the genomes
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FIGURE 8 | Average amino acid identity between ORFs predicted for pandoravirus genomes. For each comparison, estimates were obtained using both best hits
and reciprocal best hits between two sets of proteins from a pandoravirus newly described here and Pandoravirus salinus. (A) Pandoravirus braziliensis versus
Pandoravirus salinus, (B) Pandoravirus massiliensis versus Pandoravirus salinus, (C) Pandoravirus pampulha versus Pandoravirus salinus.

considerable number of paralogous genes, and the scattering
of core genes along the whole genome length (Figure 10).
Paralogous genes mostly consisted in three groups of proteins
with ankyrin repeat motifs, F-box domains, and MORN-repeats.
Finally, the gene of P. salinus recently described as a putative
candidate for encoding a capsid protein (ps_862) (Sinclair
et al, 2017) was detected in the genomes of P. braziliensis,
P. massiliensis, and P. pampulha. However, the product of this
gene was not found in the proteome of P. massiliensis virions.

DISCUSSION

We delineated here the pangenome and core genome of
pandoraviruses based on six viruses, including three new isolates
from Brazil. Our findings indicate that pandoraviruses, first
described in 2013, are likely common in water and soil samples
worldwide, as is the case for mimiviruses and marseilleviruses.
The various pandoravirus isolates described to date were isolated
from three continents in Chile, Australia, Germany, and Brazil
(Philippe et al, 2013; Scheid et al, 2014; Dornas et al,
2016; Andrade et al.,, 2018). Moreover, our results indicate
that pandoraviruses currently form a homogenous viral group,

regarding both their morphology and their genome organization
and content.

Our findings further point out that these giant viruses are
currently those with the largest genomes, which range in size
from 1.59 Mbp (for P. massiliensis) to 2.47 Mbp (for P. salinus).
Far smaller genomes have been described for other giant viruses,
namely pithoviruses (Legendre et al., 2014; Levasseur et al,
2016) and cedratviruses (Andreani et al., 2017; Bertelli et al.,
2017). Indeed, genome size is 0.61-0.68 Mbp for pithoviruses
and 0.57-0.59 Mbp for cedratviruses. This is intriguing as the
size of pithovirus and cedratvirus virions, which have a similar
morphology than pandoravirus virions and a similar tegument-
resembling structure delineating the particle, is similar to those
of pandoravirus virions, or even larger for pithoviruses (up to
1.5-2.5 pm compared to c.a. 1 pm for pandoraviruses) (Legendre
et al., 2015; Okamoto et al., 2017). Such discrepancies between
genome and virion sizes have been rarely described (Cui et al,,
2014; Brandes and Linial, 2016).

We noted here a great size of the pandoravirus pangenome
(comprised by 7,477 unique genes or clusters of genes),
compared with that delineated most recently for mimiviruses
(2,869 clusters) (Assis et al., 2017) and marseilleviruses (665
clusters) (Dornas et al., 2016). Furthermore, expansion of this
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pangenome since 2013, while taking into account the three
new pandoravirus genomes described here, suggests it is still
open with a mean increase of 28% at each new genome
annotation. Conversely, a major finding of our pangenome
analysis is that pandoraviruses have a core genome size that
is limited relatively to the number of genes predicted in each
of their genomes. Thus, the proportion for each individual

virus of the gene content that belongs to the core genome
is lower than 30% and as low as 15%. Compared to the 352
clusters of genes described for the pandoravirus core genome,
mimiviruses core genome comprises 267 clusters of genes based
on 21 described genomes with a size ranging between 1,017 and
1,259 Mbp (Assis et al., 2017) and the marseillevirus core genome
comprises 202 clusters of genes based on 8 described genomes
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with a size ranging between 0.347 and 0.386 Mbp (Dornas et al.,
2016).

Strikingly, a significant number of pandoravirus predicted
ORFs have no homolog in the international databases and no
predicted functions. This proportion of ORFans remains greater
than for other giant viruses of amoebae (Colson et al., 2017b). The
P. massiliensis transcriptomic and proteomic analyses showed
that at least a small proportion of these ORFan genes are
transcribed and encode for proteins. This highlights that most of
the gene armentarium involved in the structure, metabolism, and
replication of these pandoraviruses is currently unknown, as is
the case for all other giant viruses of amoebae. We also noted that
coding capacity differed greatly from one pandoravirus genome
to another. Thus, P. braziliensis harbors the biggest gene content
with a total of 2,693 predicted genes and a coding capacity of 1.45
gene/kbp. In contrast, P. dulcis, with a genome of similar size, is
predicted to encode only 1,502 genes, corresponding to a coding
capacity of 0.79 gene/kbp. Regarding the genomes of the three
new pandoraviruses, the mean size of their genes varies greatly,
from 215 to 299 amino acids. Moreover, the gene contents of
the three new pandoraviruses differ in terms of proportions of
ORFans, ranging betweeen 44 and 67%.

The presence of MITEs in the pandoravirus genomes are
another evidence of the presence of transposable elements
in the genomes of giant viruses of amoebae. Previously,
transpovirons were described in mimivirus genomes, and
genomes of virophages were found to integrate as provirophages
in the genomes of these mimiviruses (Desnues et al.,, 2012).
Moreover, introns were described in genomes of several giant
viruses of amoebae (Desnues et al, 2012; Philippe et al,
2013; Colson et al.,, 2017b). Taken together, all these elements
correspond to a mobilome for these giant viruses (Desnues et al.,
2012). In addition to full-length MITEs, we detected several
sequences in the different pandoravirus genomes that match with
full-length MITEs. They might correspond to degraded MITE
sequences or to different elements. Besides, two ribonuclease
H-like domain motif-containing proteins were detected as part
of the transcriptome of P. massiliensis. This deserves being
mentioned since the presence of ribonuclease H in the genomes
of giant virus has been recently studied and suggested to be
associated with sequence integration (Moelling et al., 2017).

In summary, our knowledge of the pandoravirus diversity
continues to expand (Andrade et al,, 2018). Further analyses
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ABSTRACT Giant viruses have been isolated and characterized in different environ-
ments, expanding our knowledge about the biology of these unique microorgan-
isms. In the last 2 years, a new group was discovered, the cedratviruses, currently
composed of only two isolates and members of a putative new family, “Pithoviri-
dae,” along with previously known pithoviruses. Here we report the isolation and bi-
ological and genomic characterization of two novel cedratviruses isolated from sam-
ples collected in France and Brazil. Both viruses were isolated using Acanthamoeba
castellanii as a host cell and exhibit ovoid particles with corks at either extremity of
the particle. Curiously, the Brazilian cedratvirus is ~20% smaller and presents a
shorter genome of 460,038 bp, coding for fewer proteins than other cedratviruses.
In addition, it has a completely asyntenic genome and presents a lower amino acid
identity of orthologous genes (~73%). Pangenome analysis comprising the four ce-
dratviruses revealed an increase in the pangenome concomitant with a decrease in
the core genome with the addition of the two novel viruses. Finally, phylogenetic
analyses clustered the Brazilian virus in a separate branch within the group of ce-
dratviruses, while the French isolate is closer to the previously reported Cedratvirus
lausannensis. Taking all together, we propose the existence of a second lineage of
this emerging viral genus and provide new insights into the biodiversity and ubig-
uity of these giant viruses.

IMPORTANCE Various giant viruses have been described in recent years, revealing a
unique part of the virosphere. A new group among the giant viruses has recently
been described, the cedratviruses, which is currently composed of only two isolates.
In this paper, we describe two novel cedratviruses isolated from French and Brazilian
samples. Biological and genomic analyses showed viruses with different particle
sizes, genome lengths, and architecture, revealing the existence of a second lineage
of this new group of giant viruses. Our results provide new insights into the biodi-
versity of cedratviruses and highlight the importance of ongoing efforts to prospect
for and characterize new giant viruses.

KEYWORDS Cedratvirus, giant virus, NCLDV, new lineage, virion volume, genome
length, pangenome

iruses are the most abundant microorganisms in the biosphere and present the

greatest genetic and morphological diversity among the known biological organ-
isms (1, 2). Different groups of viruses have specific characteristics that define them as
a group, such as capsid structure (e.g., icosahedral and helical) and type of genome
(e.g., double-stranded DNA [dsDNA] and single-stranded RNA negative sense
[ssRNA—1), which implicate differences in the life cycles and evolution of these viruses.
Moreover, remarkable differences can be seen in the virion volumes and genome
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lengths of viruses, exhibiting a difference of 4 orders of magnitude in the former and
ranging from 1.2 kbp to 2,500 kbp in the latter (3). Despite these differences, the virion
sizes and genome lengths of viruses display an allometric relationship independent of
the type of capsid or genetic material, the ebolaviruses (ssRNA—) being the only
exception to this scaling law described to date (3). This relationship has also been
observed for some giant viruses such as mimivirus and pandoravirus (both dsDNA).

The giant viruses were discovered at the beginning of the last decade with the
description of mimiviruses, revealing a new world within the virosphere (4, 5). These
viruses replicate in free-living amoebas of the Acanthamoeba genus, although other
protists have been associated with giant viruses, such as Cafeteria roenbergensis (6) and
Bodo saltans (7). The discovery of viruses with gigantic particles (>500 nm) and the
presence of genes considered hallmarks of the cellular world (e.g., those encoding
aminoacyl-tRNA synthetases and translation factors) broke many paradigms of classical
virology and reopened a hot debate about the origin and evolution of viruses (8-13).
In subsequent years, other giant viruses have been isolated and characterized (14, 15),
thus expanding the group of nucleocytoplasmic large DNA viruses (NCLDVs)—the
proposed “Megavirales” order (16).

Among these new viruses, the pithoviruses drew attention due to their huge size
(~1.5 um) and relatively “small” genomes (~610 kbp) (17, 18), which suggest that
those viruses do not fit the scaling law observed for other viruses, although no analysis
has been performed in this regard to date. The same case would appear to apply to the
cedratviruses, a new group of recently described viruses, with only two members
characterized thus far, Cedratvirus A11 (19), and Cedratvirus lausannensis (20). These
viruses have an ovoid particle of about 1.0 um and possess a circular dsDNA genome
of ~590 kbp. These viruses are related to the pithoviruses but have two corks in the
viral particle, one at either extremity, rather than the single one displayed by pithovi-
ruses. Recently, it has been reported that some pithovirus particles can have complex
alternative shapes and sometimes have two corks, as observed for cedratviruses (21).
These viruses replicate in Acanthamoeba sp., entering the cells by phagocytosis. The
genome is released through the cork, and an eclipse phase is established, followed by
the formation of an electron-lucent viral factory, where a complex morphogenesis
occurs (19, 20, 22). It is possible that there is a nuclear phase during the replication of
cedratviruses, since the host nucleus remains intact during the viral cycle, although
further investigation into this aspect needs to be performed (22). After ~12 h of
infection, mature viral particles are released by cell lysis. The real extent of the diversity
of cedratviruses is currently unknown, and the discovery of new members of this group
could bring valuable information about it.

Here we describe the isolation and biological and genomic analyses of two new
cedratviruses, one from samples collected in France and a second from samples
collected in Brazil, which have morphological and genomic features distinct from those
of the previously known cedratviruses, suggesting the existence of a second lineage
among this new group of viruses. The discovery of new cedratviruses in different parts
of the world reflects their ubiquity and high diversity and improves our knowledge
about these viruses, thus reinforcing the importance of continuing to prospect for and
biologically/genomically characterize the giant viruses.

RESULTS

New cedratviruses with different virion sizes and genome lengths. In the search
for a better understanding of the diversity of giant viruses in different parts of the
world, we isolated two new cedratviruses, named Cedratvirus Zaza IHUMI and Brazilian
Cedratvirus IHUMI. Transmission electron microscopy (TEM) analyses revealed viruses
with ovoid particles and with corks at either extremity of the particle (Fig. 1A to C; see
Fig. S1 posted at http://www.mediterranee-infection.com/article.php?laref=983&titer=
morphological-and-genomic-analyses-of-new-isolates-reveal-a-second-lineage-of
-cedratviruses), a singular feature of cedratviruses (19, 20). Unlike pithoviruses, cedrat-
viruses usually have two corks, although some alternative shapes with a single cork can
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FIG 1 Morphology and volume analysis of new cedratviruses. (A to C) Negative-staining images exhibiting the characteristic ovoid shape
and the presence of two corks in the particles of cedratvirus A11, cedratvirus Zaza IHUMI, and Brazilian cedratvirus IHUMI, respectively.
Scale bars are indicated on each panel. (D) Length and width of 50 particles of each cedratvirus. Each point represents a single particle
analyzed by using ImageJ software. (E) Volumes of different cedratviruses based on the analyses of 50 individual particles, indicating that
Brazilian cedratvirus IHUMI has a significantly smaller volume than the other viruses. (F) Relationship between genome length and virion
volume for different DNA and RNA viruses. Black circles highlight the pithoviruses and cedratviruses. (G) Relationship between genome
length and virion volume for different viruses. The solid black line marks the linear regression between In-In-transformed data. The gray
area represents the 95% confidence interval for the linear regression line. Black circles highlight the pithoviruses and cedratviruses. The
outer gray lines represent the 95% prediction interval, within which we expect 95% of virion volume to lie for a given genome size. ****,
P < 0.0001 (ANOVA).

be discerned, such as in pithoviruses. Moreover, as recently described for pithoviruses
(21), we also observed membranous structures in empty particles in some negative-
staining images (see Fig. S2 posted at the URL mentioned above). Cedratvirus Zaza
IHUMI particles have a mean size of 1,110 nm (range, 921 to 1,420 nm) in length and
580 nm (range, 481 to 671 nm) in width, values closer to those observed for cedratvirus
A11 (1,280 nm by 550 nm), while the Brazilian cedratvirus IHUMI particle is smaller, with
the particle displaying a mean size of 910 nm (696 to 1,237 nm) in length and 510 nm
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TABLE 1 Main genomic characteristics of known cedratviruses?

Mean particle Genome No. of predicted Coding
Virus length X width (nm) size (bp) GC content (%) proteins density (%)
Cedratvirus A11 1,280 X 550 589,068 426 574 785
Cedratvirus lausannensis ~1,000 X 500 575,161 42.8 643 83
Cedratvirus Zaza IHUMI 1,110 X 580 560,887 42.7 636 84.3
Brazilian cedratvirus IHUMI 910 X 510 460,038 42.9 533 84.3

aAll these viruses showed ovoid, double-cork morphology, and none had tRNA.

(448 to 563 nm) in width (Fig. 1D). The difference in the particle size reflects the
difference in virion volume, in that the Brazilian Cedratvirus IHUMI has the smallest
volume (2.26 X 108 nm3) among the cedratviruses analyzed, significantly smaller than
cedratvirus A11 (4.8 X 108 nm3) and cedratvirus Zaza IHUMI (3.79 X 108 nm3) (P <
0.0001) (Fig. 1E). Despite these physical differences, the replication cycle of the Brazilian
isolate is similar to those previously observed for other cedratviruses, exhibiting the same
infection profile (see Fig. S1 posted at the URL mentioned above). The virus enters the host
through phagocytosis and releases the capsid content into the cytoplasm, establishing an
eclipse phase 2 h after infection. A viral factory is formed in the cytoplasm, where
morphogenesis occurs, and mature virions are released 12 h after infection.

In addition to the size of the particles, the new cedratviruses have different genome
lengths. Cedratvirus Zaza IHUMI has a genome of 560,887 bp coding for 636 proteins,
while the Brazilian cedratvirus IHUMI has a genome of 460,038 bp coding for 533
proteins. Despite the remarkable difference in the length and numbers of predicted
open reading frames (ORFs) in the genomes of the new viruses, both exhibit a circular
dsDNA genome with the same coding density (84.3%) and very similar G+C contents,
42.7% and 42.9% for cedratvirus Zaza IHUMI and Brazilian cedratvirus IHUMI, respec-
tively (Table 1). It is noteworthy that the Brazilian isolate is the smallest cedratvirus
described to date and also has the smallest genome among representatives of this new
group of viruses.

Cedratviruses and pithoviruses: exceptions to the allometric scaling law? The
fact that the new cedratviruses exhibit different genome lengths led us to analyze the
relationship between the genome length and volume size of different NCLDVs, in order
to check whether they lie within the prediction interval and are thus in line with the
allometric scaling law, as observed for other groups of viruses (3). We calculated the
volume of 15 different viruses, including mimiviruses, marseilleviruses, pithoviruses,
cedratviruses, faustovirus, kaumoebavirus, pacmanvirus, phycodnavirus, and iridovirus.
The volume was calculated by considering the dimensions of viral particles resulting
from previous studies using cryo-EM or negative-staining methods (see Table S1 posted
at http://www.mediterranee-infection.com/article.php?laref=983&titer=morphological
-and-genomic-analyses-of-new-isolates-reveal-a-second-lineage-of-cedratviruses), with
the exception of the cedratviruses, for which the volume used in the analysis was the mean
volume obtained from the analyses of 50 viral particles using the negative-staining method.
Data concerning all other viruses were obtained from previous studies (3).

The volume of the viruses varied by 5 orders of magnitude, with porcine circovirus
1 displaying the smallest volume of the viruses under consideration (2.5 X 103 nm3),
and pithovirus sibericum presenting the largest volume (9.9 X 108 nm3). Regarding
genome length, this ranged from 1.76 kbp (porcine circovirus 1) to 2,474 kbp (pan-
doravirus salinus) (Fig. 1F). Considering only the volumes of the NCLDVs calculated in
this study, volumes ranged from 3.31 X 10° nm3 (chilo iridescent virus) to 9.9 X 108
nm3 (pithovirus sibericum) (see Table S1 posted at http://www.mediterranee-infection
.com/article.php?laref=983&titer=morphological-and-genomic-analyses-of-new
-isolates-reveal-a-second-lineage-of-cedratviruses).

Plotting the new data on NCLDVs alongside other viruses on a log-log scale, the
linear relationship is maintained (P < 0.0001, R? = 0.83, slope = 1.58), with values even
more stringent than those previously reported (3). The vast majority of viruses fall
within the 95% prediction interval, indicating that almost all viruses follow the allo-
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metric scaling law for volume size and genome length, i.e,, the larger the volume size
of a viral particle, the longer the genome enclosure by the virus (Fig. 1G). Curiously,
cedratviruses and pithoviruses are at the limit of the prediction level, with pithovirus
sibericum actually outside the interval. The same was observed when considering only
dsDNA viruses (data not shown). This suggests that the putative “Pithoviridae” family
could be the first dsDNA group of viruses that does not conform to the allometric
scaling law, along with ebolaviruses (ssRNA—). It is notable that although cedratviruses
and pithoviruses appear to be exceptions to this scaling law, this appears to be true
only when comparing group of viruses, since a virus with a larger volume (e.g.,
cedratvirus A11) has a longer genome than does a virus displaying a smaller volume,
as verified for the Brazilian cedratvirus IHUMI.

Genome comparison of new cedratviruses. The cedratvirus Zaza IHUMI genome
exhibit 636 genes, of which 313 (49.2%) code for proteins with no known function
(hypothetical proteins). Of these, three had no hits in all searched databases and were
considered ORFans (proteins that were longer than 100 amino acids and with no hits
in any database). Regarding Brazilian cedratvirus IHUMI, 269 of its 533 predicted genes
(50.5%) have no known function and 11 are considered to be ORFans. Among the ORFs
with known functions, the presence of genes related to the metabolism of nucleic acids
(e.g., those coding for DNA polymerase, DNA-dependent RNA polymerase, helicases,
nucleases, DNA repair proteins) and transcription process (e.g., TFIIB initiation factor,
TFIIS elongation factor, viral transcription late factor 3) was observed. Moreover, we
identified 76 ankyrin repeat-containing-domain proteins in the cedratvirus Zaza IHUMI
genome, while only 42 were observed in the Brazilian cedratvirus IHUMI genome. No
tRNA or aminoacyl-tRNA synthetases were detected in the genomes of the new viruses.
Regarding the nucleocytoplasmic virus orthologous group (NCVOG) core genes, we
found some conserved genes also present in some other NCLDVSs, e.g., those encoding
a divergent major capsid protein (NCVOG0022), D5 helicase-primase (NCVOG0023),
DNA topoisomerase Il (NCVOGO0037), ribonucleotide reductase (NCVOG0276 and
NCVOG1353), and an mRNA capping enzyme (NCVOG1117) similar to that observed for
other cedratviruses (19, 20).

Although the gene content does not exhibit significant differences at first glance,
the genome organization of the Brazilian isolate is completely different from that
observed for other cedratviruses, being totally asyntenic (Fig. 2). The synteny analysis
revealed the presence of conserved and aligned blocks between cedratvirus Zaza
IHUMI, cedratvirus A11, and cedratvirus lausannensis, while the same blocks are orga-
nized in a different orientation in the Brazilian cedratvirus IHUMI genome. Compared to
the genome of the other viruses, the genome of the Brazilian isolate exhibits many
inversions and rearrangements of blocks throughout its entire length. Such differences
in the genomic architecture among similar viruses are observed among different
lineages of mimiviruses (23) and marseilleviruses (24), which led us to consider the
existence of a second lineage of cedratviruses, with Brazilian cedratvirus IHUMI being
its first member.

In addition, the Brazilian cedratvirus IHUMI amino acid sequences showed lower
identity than other cedratviruses (Fig. 3). The orthologous genes of the Brazilian isolate
have a mean identity of 73.48% compared to cedratvirus A11, 73.6% compared to
cedratvirus lausannensis, and 73.56% compared to cedratvirus Zaza IHUMI (Fig. 3A to C). In
contrast, when we compared the orthologous genes from other cedratviruses to one
another, we observed an amino acid identity higher than 90%, reaching 95.76% between
cedratvirus lausannensis and the new isolate, cedratvirus Zaza IHUMI (Fig. 3D to F).
Therefore, not only is the genomic architecture between the Brazilian isolate and the
other viruses different, but also amino acid identity is considerably different, reinforcing
the existence of a new lineage among the group of cedratviruses.

Pangenome and phylogenetic analyses of cedratviruses. The pangenome anal-
ysis of the cedratviruses isolated thus far revealed an increase in the pangenome
content with the addition of a gene repertoire by way of the new viruses described in
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FIG 2 Genome synteny analysis. Schematic genome alignment diagram obtained using the Mauve software package. The analysis was performed using the
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this study. A total of 2,386 proteins were grouped into 821 clusters of orthologous
genes (COGs) (Fig. 4), including 613 COGs comprising genes for at least two proteins of
different cedratviruses. The size of the pangenome content displayed a continuous
increase with the addition of the two new viruses, including an increase of 61 new
COGs with the addition of the Brazilian cedratvirus IHUMI, even though this virus
presented a genome coding for fewer proteins than the other viruses. Furthermore, it
is the virus that presents the greatest number of unique COGs (numbering 72), while
the others present only 59 (cedratvirus lausannensis), 47 (cedratvirus Zaza IHUMI), and
30 (cedratvirus A11) unique COGs (see Fig. S3 posted at http://www.mediterranee
-infection.com/article.php?laref=983&titer=morphological-and-genomic-analyses-of
-new-isolates-reveal-a-second-lineage-of-cedratviruses). However, the most remarkable
point is the existence of a break in the curve of the core genome content when genes
of the Brazilian isolate are added (—102), reaching a total of 386 COGs for this proposed
viral genus (Fig. 4). These data suggest that different lineages of cedratviruses could
contribute to a slight increase in the pangenome and could share a reduced core gene set.

To better understand the evolutionary relationship between the new cedratviruses
and other members of the proposed Megavirales order, we performed phylogenetic
analyses based on different NCLDV genes (NCVOGs) including those coding for the
family B DNA polymerase (NCVOGO0038) (Fig. 5), the major capsid protein (NCVOG0022),
the DNA-dependent RNA polymerase subunit 1 (NCVOG0274), and the VV-A18 helicase
(NCVOGO0508) (see Fig. S4 posted at http://www.mediterranee-infection.com/article.php
?laref=983&titer=morphological-and-genomic-analyses-of-new-isolates-reveal-a
-second-lineage-of-cedratviruses). Moreover, we performed additional phylogenetic
analyses using the D6/D11 helicase (NCVOG0031), DNA repair exonuclease
(NCVOG0308), Flap endonuclease (NCVOG1060), and ATP-dependent DNA ligase
(NCVOG0034), focusing on the cedratviruses and closer viral groups, i.e., marseille-
viruses and irido/ascoviruses (see Fig. S5 posted at the URL mentioned above).
Phylogenetic trees recurrently clustered the new isolates alongside previously
described cedratviruses, pithoviruses, and orpheovirus. Furthermore, all trees based
on the core genes showed the cedratvirus Zaza IHUMI as being closer to cedratvirus
lausannensis and cedratvirus A11 and the Brazilian isolate being in a branch distant
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FIG 3 Average amino acid identity. In this analysis, estimates were reached using both best hits (one-way AAI) and reciprocal best hits (two-way AAIl) between
two data sets of proteins from different cedratviruses. Plots A to C demonstrate the amino acid comparisons between Brazilian cedratvirus IHUMI and other
cedratviruses; plots D and E compare cedratvirus Zaza IHUMI and previously known cedratviruses; plot F compares cedratvirus A11 and cedratvirus lausannensis.

from the other cedratviruses with a bootstrap value of >90, corroborating the existence
of a new lineage among cedratviruses. Finally, the putative “Pithoviridae” family is
clustered along with marseilleviruses or irido/ascoviruses depending of the gene used,
the tree topology not being always congruent. An in-depth phylogenetic analysis must
be performed to better establish the phylogenetic relationship among these groups of
giant viruses.

DISCUSSION
The isolation of new giant viruses associated with biological and genomic analyses
has significantly contributed to broadening our understanding of the diversity, ecology,
and evolution of this complex group of viruses. The discovery of pithoviruses (17, 18)
and cedratviruses (19, 20) drew particular attention, since these viruses exhibit very
large particles constraining relatively short genomes, forming a putative novel viral
family among the group of NCLDVs. In this study, we describe the isolation and the
biological and genomic analyses of two new members of this group, providing new
insights into the biodiversity and evolution of these viruses.
The analyses performed in this study revealed two new viruses with significant
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FIG 4 Pangenome (red line) and core genome (green line) sizes of cedratviruses. Numbers at the base of
the column refer to the number of genes carried by each virus strain. Numbers at line nodes represent the
cumulative COG numbers after the inclusion of a new genome. Numbers in (red and green) circles
demonstrate the variation of COGs after the inclusion of the Brazilian cedratvirus IHUMI (proposed new
lineage).

structural differences, both physical and genomic. Although the cedratvirus Zaza
IHUMI exhibits a particle size and genome length similar to those of other cedrat-
viruses that have been described, analysis of the Brazilian cedratvirus IHUMI re-
vealed a virus with particles that were smaller (~20%) than those of the other
viruses of the same group and a considerably smaller genome. By analyzing the
relationship between the virion volume and the genome length of viruses, includ-
ing those from different groups of giant viruses, we noticed that the majority of
viruses fall into the allometric scaling law and, curiously, the pithoviruses and
cedratviruses are at the limits of the prediction interval. This suggests that these
viruses might be exceptions to this scaling law. Since we considered only data from
comparable imaging methods (i.e., cryo-EM and negative staining [25, 26]) to
calculate the volumes of giant viruses, only a few viruses were analyzed. It is
possible that with new, forthcoming structural data on viruses, particularly on giant
viruses, it may be discovered that the pithoviruses and cedratviruses definitively fall
outside the prediction interval. Indeed, when the virion size data for other amoebal
giant viruses (e.g., mimiviruses and marseilleviruses) from TEM images were con-
sidered in our analysis, the members of the putative “Pithoviridae” did not fit with
the allometric scaling law (data not shown). It is notable that, along with ebolavi-
ruses (Filoviridae family), the members of the putative “Pithoviridae” family are the
only known viruses that display a massive particle but a “small” genome. Such
features raise important questions about what is inside these viral particles. A
recent study comparing the internal density of pithoviruses’ and mimiviruses’
particles demonstrated that the former viruses have three-quarters of the internal
density of the latter, suggesting that the pithoviruses may carry macromolecules
other than nucleic acids inside the particles (21). The same would appear to be the
case for the cedratviruses, but further studies are needed to define exactly which
macromolecules could be carried by those viruses.

The fact that the Brazilian isolate has a smaller genome is equally curious. Similar
to other cedratviruses, this new virus exhibits only a few repeat zones throughout
the genome (data not shown), and we identified the presence of genes also present
in other cedratviruses, such as those coding for polymerases, helicases, nucleases,
etc. Among the genes with known function, we noticed differences mainly in the
quantity of those coding for proteins containing repeat domains, especially coding
for ankyrin repeat motifs, as Brazilian cedratvirus IHMU (a virus with a smaller
genome) has fewer genes of these category than do other cedratviruses. This is in
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FIG 5 Phylogenetic tree based on DNA polymerase B amino acid sequences of nucleocytoplasmic large DNA viruses
(NCLDVs). The tree was constructed using MEGA version 6.0, applying the maximum likelihood method and the JTT
model of evolution with 1,000 bootstrap replicates. Colors indicate viral families: blue was used for Mimiviridae; green
for Phycodnaviridae, red for Marseilleviridae, navy blue for Iridoviridae/Ascoviridae, purple for extended Asfarviridae,
and orange for Poxviridae. The new cedratviruses are highlighted with black circles. The scale bar indicates the rate
of evolution.

accordance with the recent analysis conducted by Shukla and colleagues, wherein
they demonstrated that in different groups of giant viruses infecting amoebae, the
quantity of this class of genes is proportional to the length of the genome (27),
which has also been observed for some intracellular bacteria (28). These analyses
also seem to apply to viruses within the same group, such as the cedratviruses
described here. Taking this into account, it is possible that the Brazilian cedratvirus
IHUMI underwent different selective pressures, thus contributing to a different
evolutionary history. This would be in accordance with our proposed new lineage
within the cedratviruses. Such a proposal is supported by the observation of a
completely different genomic architecture between the Brazilian cedratvirus IHUMI
and the other viruses, in addition to a significant difference in the amino acid
identity of orthologous genes, similar to that observed for members of the Mimi-
viridae and Marseilleviridae families (23, 24). In addition, this virus has more exclu-
sive COGs and contributes to an increase in the pangenome with 61 new COGs and,
even more strikingly, with the reduction of the core genome by 102 COGs. Finally,
phylogenetic analyses based on different core genes of giant viruses clearly clus-
tered the Brazilian isolate in a separate branch from other cedratviruses, therefore
reinforcing the existence of a lineage “B” among this new group of viruses.
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It is still premature to dive deep into the evolutionary history of cedratviruses, but
it is possible that they underwent an accordion-like model of evolution as observed for
other giant viruses (29), although new analysis must be performed to confirm this
hypothesis. In any case, it is clear that this new, expanding group of viruses deserves
attention, and new structural and evolutionary analyses could help to solve some
unanswered questions around them.

MATERIALS AND METHODS

Virus isolation, production, and purification. Two novel cedratviruses were isolated by the
coculture method as previously described (30), one from an Alpova sp. (Basidiomycota, Paxillaceae family)
homogenate in sterile distilled water collected near Toulon, France, and the other from a water sample
supplemented with bio-floc, collected in Belo Horizonte, Brazil. The former virus was isolated at the
Institut-Hospitalo-Universitaire (IHU) Méditerrannée Infection at Marseille, France, and was named Ce-
dratvirus Zaza IHUMI, while the second was isolated in the Laboratirio de Virus of UFMG at Belo
Horizonte, Brazil. The Brazilian isolate was then sent to IHU for further production, genome sequencing,
and analysis and was given the name of Brazilian Cedratvirus IHUMI. For multiplication of the viruses,
Acanthamoeba castellanii (strain Neff [ATCC 30010]) was cultured in a 150-cm? cell culture flask with 50
ml of a peptone-yeast extract-glucose (PYG) medium at 28°C. When the flasks contained a fresh
monolayer of A. castellanii, the PYG medium was replaced by starvation medium (TS). The amoebas were
then infected with the isolated virus, and the flasks were kept at 30°C for 72 h. The cell lysates were then
collected and centrifuged at 400 X g for 10 min to remove amoeba debris. The supernatants were then
centrifuged at 6,500 X g for 15 min at 4°C, and the pellets were suspended in Page’s amoeba saline (PAS)
solution. This process was repeated twice. The pellets were suspended in 3 ml of phosphate-buffered
saline (PBS) solution, added to a sucrose cushion (50%), and centrifuged at 16,000 X g for 15 min at 4°C.
The final pellets were suspended in PAS solution.

Characterization of the replicative cycle. In order to study possible differences in the replicative
cycle of Brazilian cedratvirus IHUMI, ultrathin sections of infected amoebas were evaluated under TEM
and a comparative one-step growth curve was performed. For the microscopy analysis, A. castellanii cells
were infected with Brazilian cedratvirus IHUMI at a multiplicity of infection (MOI) of 0.01 for 24 h in PYG
medium (asynchronous cycle). The cells were then collected and fixed with 2.5% glutaraldehyde in a 0.1
M sodium phosphate buffer for 1 h at room temperature. The amoebas were postfixed with 2% osmium
tetroxide and embedded in Epon resin. Ultrathin sections were then analyzed under transmission
electron microscopy (Spirit Biotwin FEI, 120 kV). For the one-step growth curves, A. castellanii cells were
infected with different cedratviruses at an MOI of 10 in TS medium in 24-well microplates. After 30 min
of adsorption, the inoculum was removed, and fresh medium was added. The cell and supernatant were
collected at different time points and further titrated using the endpoint method (31). The experiment
was performed in duplicate.

Virus particle morphometry and volume calculation. For particle morphometry, negative staining
was performed on the fixed supernatant from coculture. A total of 5 ul was deposited onto the
glow-discharged grid for 20 min at room temperature. The dried grid was contrasted with a small drop
of 1% ammonium molybdate for 5 s, and the grid was then observed using a Tecnai G20 electron
microscope (FEI, Germany) operated at 200 kV. At least 50 particles of each virus were analyzed using
ImageJ software (32). For the volume calculation of cedratvirus particles, we employed the formula for
spheroid particles as previously described for ovoid viruses (3), V = 4/3 X ma?c, where V is the volume
of the viral particle, a is the equatorial radius of the spheroid, c is the distance from the center to the pole
along the symmetry axis, and 7 is a constant. The data used for the volume calculation of other NCLDVs
were obtained from previous publications, considering data only from cryo-electron microscopy or
transmission electron microscopy negative-staining data (see Table S1 posted at http://www
.mediterranee-infection.com/article.php?laref=983&titer=morphological-and-genomic-analyses-of-new
-isolates-reveal-a-second-lineage-of-cedratviruses). For icosahedral viruses, we used the formula for
spherical particles, V = 4/3 X @r3, employing a strategy described elsewhere (3), where r is one-half of
the diameter of the virus capsid. For other viruses, we kept the volume data previously calculated by Cui
and colleagues (3).

Statistical analysis. We used analysis of variance (ANOVA) to compare the virion volumes of
different cedratviruses and linear regression between the natural logarithm of genome length and the
natural logarithm of virion volume to test whether the allometric relationship previously described for
other viruses (3) also applied to giant viruses of amoebas, which had not previously been evaluated. The
statistical analyses were performed by using GraphPad Prism 6.0.

DNA extraction and genome sequencing and assembly. The genomes of the new cedratviruses
were extracted using the automated EZ1 virus minikit v.2 (Qiagen GmbH, Hilden, Germany) according to
the manufacturer’s instructions. DNA was quantified using a Qubit assay with the high-sensitivity kit (Life
Technologies, Carlsbad, CA, USA) to 30.3 ng/ul (cedratvirus Zaza IHUMI) and 16 ng/ul (Brazilian
cedratvirus IHUMI). DNA was sequenced using MiSeq Technology (lllumina Inc., San Diego, CA, USA) with
the paired-end application. DNA was barcoded in order to be mixed with other projects for the Nextera
XT DNA sample prep kit (Illumina).

To prepare the paired-end library, dilution was performed to yield 1.0 ng of each genome as input.
The “tagmentation” step fragmented and tagged the DNA. Limited-cycle PCR amplification (12 cycles)
then completed the tag adapters and introduced dual-index barcodes. The library profile was validated
on an Agilent 2100 BioAnalyzer (Agilent Technologies Inc., Santa Clara, CA, USA) with a DNA high-
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sensitivity LabChip, and the fragment size was estimated to 1.5 kb. After purification on AMPure XP beads
(Beckman Coulter Inc., Fullerton, CA, USA), the libraries were then normalized on specific beads according
to the Nextera XT protocol (lllumina). Normalized libraries were pooled for sequencing on the MiSeq.
Automated cluster generation and paired-end sequencing with dual index reads were performed in a
single 39-hour run in 2X 250 bp. A total of 2.8 Gb of information was obtained from a 277,000/mm?
cluster density in the first run with a cluster passing quality control filters of 98.2% (5,333,000 passed
filtered clusters). Within this run, the index representation for cedratvirus Zaza IHUMI was determined to
be 2.18%. The 149,880 paired-end reads were trimmed and filtered according to the read qualities.
Additionally, a total of 7.5 Gb of information was obtained from an 802,000/mm? cluster density in the
second run with a cluster passing quality control filters of 96.4% (14,444,000 clusters). Within this run, the
index representation for Brazilian cedratvirus IHUMI was determined to be 8.75%. The 1,264,356
paired-end reads were filtered according to the read qualities.

In addition, a run was performed through the Minlon Oxford Nanopore for the Brazilian isolate. The
Oxford Nanopore approach was performed on 1D genomic DNA sequencing for the Minlon device using
the SQK-LSK108 kit. A library was constructed from 1.5 ug genomic DNA without fragmentation and end
repair. Adapters were ligated to both ends of the genomic DNA. After purification on AMPure XP beads
(Beckman Coulter Inc., Fullerton, CA, USA), the library was quantified using a Qubit assay with the
high-sensitivity kit (Life Technologies, Carlsbad, CA, USA). An amount of 136.8 ng, adapted and tethered
as a library, was loaded on the flow cell via the SpotON port. A total of 1,110 active pores were detected
for sequencing, and the WIMP workflow was chosen for live bioinformatic analysis. After 4 h and 40 min
of run time, the EPI2ME software led to 6,299 classified reads of the Brazilian cedratvirus IHUMI of the
98,601 analyzed reads, with an average length of 2.6 kb.

The sequence reads were assembled de novo using the CLC Genomics Workbench v7.5 (http://www
.clcbio.com/blog/clc-genomics-workbench-7-5/) for the cedratvirus Zaza IHUMI and hybridSPAdes (33)
for the Brazilian cedratvirus IHUMI.

Study of genome organization and genome annotation. Open reading frames were predicted by
GeneMarkS (34), and the draft genomes were deposited in NCBI. The tRNA genes were searched using
the tRNAscan-SE and ARAGORN software (35, 36). Predicted proteins of fewer than 50 amino acids in
length were discarded. A BLASTp search against the NCBI nonredundant (nr) protein sequence database
was performed on 5 January 2018. Homology was considered significant if the E value was lower than
1 X 1073. A BLASTp search was also computed with the same parameters against the clusters of
orthologous groups (COGs) of proteins of the nucleocytoplasmic large DNA virus (known as NCVOGs)
(37). In addition, we searched for conserved domains and putative functions of predicted proteins using
the online InterProScan software, version 66.0 (https://www.ebi.ac.uk/interpro/search/sequence-search).
In addition, predicted ORFs ranging from 50 to 99 amino acids were submitted for tridimensional folding
analyses using Phyre2 (38). Proteins ranging from 50 to 99 amino acids in length were discarded if they
exhibited no hits either against the BLASTp or against the InterProScan searches or if they exhibited
abnormal folding as modeled by Phyre2. Those proteins that were longer than 100 amino acids and with
no hits in any database were kept and referred to as ORFans. Finally, the genome annotation was
manually revised and curated.

Comparative genomic and pangenome analysis. The genome synteny among cedratviruses was
checked using the Mauve program (39) with default parameters. The Proteinortho tool (40) was used to
identify orthologous gene sequences based on the reciprocal best hit shared by cedratviruses using an
amino acid sequence identity of 30% and sequence coverage of 60% as thresholds. The average amino
acid identity (AAI) calculator tool (41) was used to compare identity between orthologous genes from
cedratvirus isolates. To estimate the size of the pangenome, their predicted proteins were clustered using
the Proteinortho tool (40), applying the same criteria as those given above. We also described pange-
nome and core genes size variation by stepwise inclusion of each new virus annotation in the pairwise
comparisons of the gene contents of the available cedratvirus genome sequences.

Phylogenetic analysis. Phylogenetic reconstructions were based on individual alignment of distinct
genes, namely, those encoding the DNA polymerase B family, the DNA-dependent RNA polymerase
subunit 1, the VV-A18 helicase, the major capsid protein, the D6/D11 helicase, the Flap endonuclease, the
ATP-dependent DNA ligase, and the DNA repair exonuclease. Amino acid sequences were aligned using
the Muscle software (42). Phylogenetic trees were built using the MEGAG6 software (43), the Jones-Taylor-
Thornton (JTT) model for amino acid substitution, and the maximum likelihood method with 1,000
bootstrap replicates.

Accession number(s). Sequences for the draft genomes were deposited in NCBI under the accession
numbers LT994651 (Brazilian cedratvirus IHUMI) and LT994652 (cedratvirus Zaza IHUMI).
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The giant viruses are the largest and most complex viruses in the virosphere. In the last decade,

new members have constantly been added to this group. Here, we provide an in-depth descriptive
analysis of the replication cycle of Cedratvirus getuliensis, one of the largest viruses known to date.
We tracked the virion entry, the early steps of virus factory and particles morphogenesis, and during
this phase, we observed a complex and unique sequential organization of immature particle elements,
including horseshoe and rectangular compartments, revealed by transverse and longitudinal sections,
respectively, until the formation of the final ovoid-shaped striped virion. The genome and virion
proteins are incorporated through a longitudinal opening in the immature virion, followed by the
incorporation of the second cork and thickening of the capsid well. Moreover, many cell modifications
occur during viral infection, including intense membrane trafficking important to viral morphogenesis
and release, as evidenced by treatment using brefeldin A. Finally, we observed that Cedratvirus
getuliensis particles are released after cellular lysis, although we obtained microscopic evidence

that some particles are released by exocytosis. The present study provides new information on the
unexplored steps in the life cycle of cedratviruses.

The study of giant viruses has been intensified after the isolation of Acanthamoeba polyphaga mimivirus, a virus
of outstanding dimensions, capable of infecting amoebas of the genus Acanthamoeba’. Since then, the intense
prospection and improvement of isolation techniques has made possible the discovery of new viruses*’. The pres-
ence of these viruses has been observed in rather diverse environments, such as water, soil, sewage, and clinical
samples, as well as in extreme environments, including permafrost and soda lakes, for example*-®. These discover-
ies have revealed a wide diversity and variety of species not previously observed in the virosphere, challenging the
concepts and paradigms concerning the canonical definition of viruses”. Currently, the International Committee
of Taxonomy of Viruses (ICTV) officially recognizes two families of giant virus of amoebas: Mimiviridae and
Marseilleviridae. In addition to these families, other giant viruses (not assigned yet) have been isolated, such as
Faustovirus and Kaumoebavirus, the first giant viruses described to replicate in Vermoamoeba vermiformes®®.
The tupanviruses, recently isolated from Brazilian environments, present a complex virion structure, with a
mimivirus-like capsid attached to a long tail, and these viruses replicate in a broad range of protists (unpublished
data). Other isolated viruses, such as Pandoravirus, Pithovirus, Mollivirus and Cedratvirus, also have atypical
virion morphologies, exhibiting amphora-shaped, spherical or ovoid structures*®1%11,

Among these viruses, the cedratvirus has an ovoid viral particle, morphologically similar to that of pithovi-
rus but presenting two corks, one at each apex*'°. The first Cedratvirus, A11, was isolated from environmental
samples from Algeria'®. Then, a second isolate, Cedratvirus lausannensis, was recovered from a water treatment
plant in Morsang-sur-Seine, France'2. Through an extensive prospective study, we isolated the first cedratvirus
from Brazil, named Cedratvirus getuliensis. Although studies on the prospection of giant viruses have advanced
over the years, enabling the isolation of new viruses, information regarding their biology remains scarce. In
the present study, we present an in-depth investigation of the replication cycle of Cedratvirus getuliensis (C.
getuliensis). Through transmission electron microscopy and biological assays using different pharmacological
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inhibitors, we elucidated different steps of the replication cycle. We provided the first evidence of a complex and
unique sequential organization of immature particles elements, including transverse-sectioned horseshoe and
longitudinal-sectioned rectangular compartments, until the formation of the final striped, ovoid-shaped virion.
Moreover, many cell modifications occur during viral infection, raising questions about the role of some orga-
nelles during the replication of Cedratvirus getuliensis. Amorphous particles were observed in many cells, similar
to those previously observed for Pithovirus, but these particles were homogeneously diffused throughout the
host cytoplasm, suggesting that deformed particles are naturally formed by Cedratvirus getuliensis. Finally, we
observed that Cedratvirus getuliensis particles are released after cellular lysis, although we obtained microscopy
evidence that some particles are released by exocytosis. These results provide new information on the unexplored
steps in the life cycle of cedratviruses.

Material and Methods

Virus isolation, cell culture, production and titration. Cedratvirus getuliensis was previously isolated
in 2017 from sewage samples collected in the city of Itaiina, Minas Gerais, Brazil. After isolation, the virus genome
was sequenced, and subsequent bioinformatics analyses were developed; we observed high homology and syn-
teny among the genomes of Cedratvirus getuliensis and other Cedratviruses (in preparation). For co-culture and
isolation procedures, Acanthamoeba castellanii cells (ATCC 30010) were cultivated in Peptone-yeast extract with
glucose (PYG)"® medium supplemented with 25 mg/ml amphotericin B (Fungizone; Cristalia, Sdo Paulo, Brazil),
500 U/ml penicillin (Schering-Plough, Brazil) and 50 mg/ml gentamicin (Schering-Plough, Brazil). A total of
7 % 10E6 cells was infected with C. getuliensis at a multiplicity of infection (MOI) of 0.01 and incubated at 32 °C.
After the appearance of a cytopathic effect, the cells and supernatants were collected, with sterile serological
pipettes, stored in conic sterile tubes and the viruses were subsequently purified through ultracentrifugation
with a 40% sucrose cushion at 36,000 ¢ for 1 h. After purification, the viruses were serially diluted, and multiple
replicate samples of each dilution were inoculated into A. castellanii monolayers. After 72-96h of incubation,
the amoebas were analyzed to determine whether infection occurred. Based on these data, the virus titers were
determined using the endpoint method!*!4.

Entry and traffic membrane assays. In these experiments, we first evaluated the primary mechanism
used by C. getuliensis to enter A. castellanii cells. For that we used different chemical inhibitors in order to investi-
gate different endocytic pathways commonly explored by viral particles to enter in host cells, such as cytochalasin
D - a phagocytosis inhibitor, chloroquine - clathrin and caveolin -dependent of acidification pathways inhibitors,
and 5-(N-ethyl-N-isopropyl) amiloride (EIPA) - a specific macropinocytosis inhibitor. Cytochalasin D and chlo-
roquine had already been confirmed as inhibitors of endocytic pathways in Acanthamoeba. However, the micropi-
nocytosis inhibition effect induced by EIPA (observed in other systems) remains to be molecularly investigated
in Acanthamoeba. A total of 5 x 10° A. castellanii cells was pre-treated with 2 uM of cytochalasin (Sigma-Aldrich,
United States), 100 uM of chloroquine (Sigma-Aldrich, United States) or 1 uM of EIPA (Sigma-Aldrich, United
States). The cytotoxicity of the inhibitors was tested in Acanthamoeba and the choice by inhibitors concentrations
was based on previous studies'®22. After 1h, the cells were infected with C. getuliensis at an MOI of 5. Control
groups of untreated infected amoebas were also prepared. Thirty minutes post-infection, cells and supernatant
were collected and centrifuged at 800 g per 10 minutes. The resultant pellet was washed three times with Page’s
amoeba saline (PAS)". After, cells were submitted to three rounds of freezing and thawing, to allow the viral
particles release, and then subjected to titration using the endpoint method'>!*. In parallel, the supernatant of
cytochalasin assay was also submitted to titration for comparison.

To evaluate the role of cell membranes in the viral replication cycle, 5 X 10° A. castellanii cells were also
infected with C. getuliensis at an MOI of 5. Thirty minutes post-infection, the amoebas were washed with PAS
and then transferred to 6-well microplates containing 1 mL of PYG medium and maintained at 32°C. After 1h,
brefeldin A (BFA), an inhibitor of membrane traffic, was added at a final concentration of 10 M, and at 8 and 24 h
post-infection, the amoebas were collected for TEM analysis and titration, respectively.

All experiments were performed in triplicate. Graphs were constructed using GraphPad Prism version 7.00
for Windows (GraphPad Software).

Transmission electron microscopy and Scanning electron microscopy. For transmission electron
microscopy (TEM), 7 x 10° Acanthamoeba castellanii cells were subjected to an asynchronous viral infection using
alow MOI of 0.1, and 24 hours post-infection they were recovered and pelleted for 10 min at 800 g. The pellet was
washed twice with 0.1 M phosphate buffer (pH 7.4) and fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer
for 1 h at room temperature. The pellet was then washed twice with 0.1 M phosphate buffer and resuspended in
the same buffer. After repelleting, the amoebas were embedded in Epon resin by using a standard method, as
follows: 2h of fixation in 2% osmium tetroxide, five washes in distilled water, overnight incubation in uranyl ace-
tate 2% at 2-8 °C, two washes in distilled water, 10 min dehydration in increasing ethanol concentrations (35%,
50%, 70%, 85%, 95% and 100% ethanol), 20 min incubation in acetone and embedding in EPON resin. Ultrathin
sections were subsequently analyzed under transmission electron microscopy (TEM; Spirit Biotwin FEI-120 kV).

For scanning electron microscopy assays, 10 uL of purified particles of C. getuliensis were added to round glass
coverslips covered with poly-1-lysine and fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for at least 1h
at room temperature. The same procedure was performed to observe Acanthamoeba cell interactions with C. get-
uliensis during the early (1h.p.i) and late stages (24 h.p.i.) of infection. The samples were 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. The samples were then washed in cacodylate buffer and 10 min dehydrated by serial passages in ethanol
solutions (35%, 50%, 70%, 85%, 95% and 100%). Samples were subsequently subjected to critical point drying
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Figure 1. Cedratvirus getuliensis entry in Acanthamoeba castellanii cells. (A) Scanning microscopy showing
a C. getuliensis particle attached to an Acanthamoeba cell. (B) The impact of different inhibitors of endocytic
pathways in C. getuliensis entry. Treatment of amoebas with cytochalasin D reduced Cedratvirus getuliensis
virion incorporation, indicating that particles can enter amoebas by phagocytosis. (C) and (D) TEM of C.
getuliensis particles inside vesicles that strong resemble phagosomes.

using CO,, placed in stubs and metalized with a 5nm gold layer. The analyses were completed using scanning
electron microscopy (FEG Quanta 200 FEI).

Results

Cytochalasin impacts the incorporation of cedratvirus getuliensis particles by Acanthamoeba
castellanii cells. Upon discovery of the first cedratviruses', analyses involving transmission electron
microscopy and scanning electron microscopy'? revealed the presence of particles with a similar morphology
presented by other described viruses, such as pandoravirus and pithovirus. In addition to the morphological sim-
ilarity, other aspects involving the replication cycle of these viruses were extrapolated and applied to characterize
the cedratviruses, such as the internalization of viral particles in amoeba cells by phagocytosis. Our data indicate
that Cedratvirus getuliensis can explore phagocytic pathways to enter A. castellanii cells, since the titration of
pellet cells pretreated with cytochalasin D revealed a significantly decrease (p-value =0.0385) in the viral titer,
when compared to the untreated cells (Fig. 1A and B). Corroborating with those results, when we performed
the titration of the supernatant, we observed a higher viral titer for samples pretreated with cytochalasin D, evi-
dencing that a significant number of particles were not phagocytosed (p-value =0.0243). Transmission electron
microscopies of infected particles also corroborate this hypothesis, once C. getuliensis particles could be observed
inside vesicles that strong resemble phagosomes (>500 nm), which is consistent with previous studies in which
phagocytosis was investigated in amoebas (Fig. 1C and D)***. In contrast to cytochalasin D, pretreatment with
EIPA did not result in a significant reduction in viral titer, indicating that the macropinocytosis is not essential
for Cedratvirus getuliensis entry (Fig. 1B). However, as the effects of EIPA has not been previously studied in
Acanthamoeba, the entry of cedratvirus getuliensis by macropinocytosis cannot be ruled out. In addition, some
works have demonstrated that cytochalasin can also interfere on macropinocytosis, that's why a in depth char-
acterization of EIPA in Acanthamoeba would be important. Interestingly, we also observed a strong biological
tendency of viral title increasing when Acanthamoeba cells were treated with chloroquine, an inhibitor of clathrin
and caveolin pathways (Fig. 1B).

Cedratvirus getuliensis infection induces the formation of an electron-lucent viral factory and
causes cytoplasmic modifications involving different organelles. The replication of many viruses
occurs in subcellular microenvironments designated viral factories that originate from the reorganization of
cytoskeleton, organelles and cellular membrane compartments®. Similarly, the morphogenesis of cedratviruses,
as other giant viruses!>?, occurs in a viral factory located in the cytoplasm of host cells. Using TEM images of
Cedratvirus getuliensis replication cycle, we observed the presence of an evident viral factory that in general
is as large as the cellular nucleus. Different from mimiviruses, which present an electron-dense viral factory
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Figure 2. Electron-lucent viral factory and cytoplasmic modifications induced by Cedratvirus getuliensis
modification. (A) C. getuliensis presents an electron-lucent viral factory (contoured in red and in detail) not
easily distinguished from the rest of the cytoplasm and observed at the perinuclear region. Different stages

of viral particle morphogenesis could also be observed within the viral factory. (B) Abundant presence of
mitochondria inside (contoured in red) the viral factory (contoured in blue). (C) Lysosomal accumulation

and polarization in the host cytoplasm (contoured in yellow). (D) Intensified membrane traffic in the host
cytoplasm (yellow arrow). (E) Treatment with BFA reduces the viral titer after 24 hours of infection. (F)
Infected cells treated with BFA presented membrane degradation after 8 hours of infection. VF: Viral factory.
Nu: Nucleus. Mi: Mitochondria. Image A-right was obtained by TEM and graphically highlighted by using IOS
image visualization software.

divided into different parts (one related to genome replication and morphogenesis and another one associated
with fibrils acquisition) and are easily distinguished from the rest of the host cytoplasm, the C. getuliensis viral
factory is electron-lucent and does not exhibit well-defined zones, thus preventing its prompt distinction from
the remaining cytoplasm (Fig. 2A)**2%. Moreover, the morphogenesis of C. getuliensis progeny could be observed
in the periphery and in the middle of the viral factory, where some electron-dense structures were observed, in
contrast to the results observed for mimiviruses, for which the final assembly of new particles occurs at the edge
of the factory (Fig. 2A).

Interestingly, we observed that the C. getuliensis viral factory is typically situated at the perinuclear region.
During the cycle, the nucleus was consistently present and apparently not affected by the virus, different from that
described for pandoraviruses, in which some nuclear disorganization with numerous membrane invaginations
were observed in infected cells'"?. In addition, during C. getuliensis replication, some absorbing cellular alter-
ations were observed (Fig. 2B,C and D). One alteration was the abundant presence of mitochondria inside and
around the viral factory (Fig. 2B). Another interesting change was the intense accumulation and polarization of
structures that resemble lysosomal vesicles in the host cytoplasm, particularly during the late steps of the cycle
(Fig. 2C). Finally, we also observed exacerbated membrane traffic (Fig. 2D), revealed as important for the mor-
phogenesis and/or exocytosis release of virions, upon the treatment of amoebas with BFA, which significantly
impacts the viral titer after 24 hours of infection (Fig. 2E). TEM images also showed a decrease of membrane
traffic, as well as membrane degradation in BFA-treated cells, after 8 h of infection (Fig. 2F).

Cedratvirus getuliensis morphogenesis involves the complex and unique sequential organiza-
tion of immature particles. C. getuliensis morphogenesis is a complex process involving the formation
of subsequent structures that could be clearly visualized as electron-dense materials within and at the periphery
of the viral factory in TEM images (Fig. 3). TEM images should be analyzed with cautious, since 2D perspective
can lead to misinterpretation. However, the obtained images suggest that the first discernible viral particle struc-
tures are crescent-shaped ~100nm precursors developed in the middle of viral factory (Fig. 3A). Similar struc-
tures, described as open membrane intermediates or precursors, have been also observed during Vaccinia virus,
Mimivirus and African Swine fever virus replication, suggesting the occurrence of a common assembly steps for
NCLDVs*-33, The following observed differentiation is the longitudinal elongation of the particle (~600 nm),
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Figure 3. Cedratvirus getuliensis morphogenesis involves the occurrence of subsequent complex structures.
(A) First discernible viral structures showing a crescent-shaped capsid precursor. (B) Longitudinal sections
revealed the longitudinal-elongation of the particle and capsids assuming a staple-shaped conformation. (C)
Transversal sections showed empty capsids with a horseshoe conformation. (D) Longitudinal sections showed
staple-shaped with the first cork evident (red arrow). The particle may be an open cylinder at this moment,
since transversal-sectioned particles appears as rectangles (F) and transversal-sectioned particles still reveals
horseshoe-like structures (E). Progressive filling of the capsid (G,H). (J) Complete closure of the capsids.

when the precursor capsid assumes a staple-shaped conformation, as visualized by longitudinal sections (Fig. 3B).
Transversal sections revealed empty capsids with a similar horseshoe conformation and an evident striated wall, a
characteristic feature of pithoviruses as also observed*** (Fig. 3C). At this stage, only one cork region is clearly vis-
ible in the longitudinal cut, at the pole where the morphogenesis probably started (Fig. 3D). The particle appears
to be an open cylinder at this moment, since longitudinal-sectioned particles appear as rectangles (Fig. 3F) and
transversal-sectioned particles still reveal horseshoe-like structures (Fig. 3E). Next, we observed a progressive
filling of the capsid (Fig. 3G,H and I), followed by the complete closure of the capsid (Fig. 3]) and the emergence/
incorporation of the second cork.

Following the total closure of the capsid, we observed that this structure undergoes some degree of differenti-
ation related to the capsid wall thickness. Immediately after capsid closure, some ovoid particles are observed in
the periphery of the viral factory and particle thickening occurs in an area at the edge of or surrounding the viral
factory (Fig. 4A and B). Initially, the capsid presents a thin wall and the two corks are not completely laterally
covered (Fig. 4C,D and E). As the maturation progresses, the capsid wall becomes thicker until it acquires the
same thickness presented by both corks (Fig. 4F,G and H).

Misshapen Cedratvirus getuliensis particles could be observed during virus morphogenesis.
We also observed the appearance of some misshapen structures as blobs comprising portions of corks, capsids,
membrane and electron-dense material (Fig. 5A and B). These unusual structures have previously been described
by Legendre and colleagues in the Pithovirus sibericum replication cycle as “possible reservoirs of partially organ-
ized virion building blocks™*. We could not discard the hypothesis that these structures might be premature
or defective particles, as the occurrence of abnormal particles has previously been reported for other viruses,
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Figure 4. Particle wall thickening after capsids closure. (A) Viral particles suffer differentiation related to the
thickness in a specific area at the edge of the viral factory (contoured in red and in detail). (B) Viral factory
periphery evidencing the capsid wall thickness. Cross (C) and longitudinal (D) sections of capsids presenting a
thin thickness and the corks not completely laterally covered (E) (red arrows). (F) and (G) The capsids become
thicker with the progression of maturation and acquire the same thickness presented by both corks (H) (red
arrow). VF: Viral factory. Nu: Nucleus. Image A-left was obtained by TEM and graphically highlighted by using
I0S image-visualize software.

Figure 5. Misshapen structures observed during C. getuliensis multiplication. (A) and (B) Amorphous
structures resembling defective particles and composed by portions of corks, striated capsids, membrane and
electron-dense material could be visualized in different regions of the host cytoplasm alongside mature virus.
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Figure 6. Cedratvirus getuliensis particles present a striped amphora-shaped format and a size plasticity. (A)
Typical capsid presenting parallel stripes and not completely opposite corks. (C) Superficial section of a mature
particle evidencing the striped wall. (D) Capsid interior composed by a membrane (red arrow) that delimits the
internal homogeneous compartment. Images were obtained by TEM and graphically highlighted by using IOS
image visualization software.

including giant viruses?>*>. Notably, the quantification of occurrence of these misshapen structures revealed that
7% of the cells presented at least one of these elements detected in different regions of the host cytoplasm along-
side mature virions; thus, these particles are not confined to a viral factory, suggesting that these elements might
be defective particles and not particles under morphogenesis.

Viral progeny present ovoid-shaped format, striped capsid and size plasticity. As mentioned,
the end of the C. getuliensis replication cycle is characterized by cell lysis with the consequent release of viral
particles. An observation of the viral progeny revealed mature particles measuring ~1 um in size and ~0.5 um
in diameter and showing an ovoid-shaped format with a typical capsid presenting parallel stripes (Fig. 6A). We
sagittally sectioned the lateral top, revealing that the virion subunits appear as organized dots (Fig. 6B). Inside this
capsid, we observed a putative membrane delimiting the internal compartment without substructures (Fig. 6C).
We believe that this putative inner membrane is acquired during the first steps of morphogenesis, prior to the
filling of the particles with the viral genome and virion proteins. Unlike that observed for pithovirus, the interior
of Cedratvirus getuliensis virions does not harbor episodic electron-dense spheres or tubular structures but is
rather homogeneous?*.

As a hallmark of cedratvirus virions, C. getuliensis particles also showed two characteristic protruding striped
corks at each apex (Fig. 6A and C). However, although these corks are located at the apices, these structures are
not antipodally aligned to each other (Fig. 6A and B) and we observed the existence of a misalignment between
the centers of the opposite corks.

Although most of the C. getuliensis particles present a similar morphological pattern, different mature parti-
cles were also present. This variation is primarily related to the size of the particles, as shown by scanning electron
microscopy analyses that revealed the presence of virions up to 2.04 um, almost the double the size observed for
the majority of particles. Therefore, these data provide evidence of size plasticity for the progeny of Cedratvirus
getuliensis, as demonstrated for Pithovirus sibericum®.

Cedratvirus getuliensis virions can be released after cell lysis or by exocytosis. After the cap-
sid thickening process, the viral morphogenesis and maturation is now complete and new virions are found
immersed in the host cytoplasm surrounded by a halo that, despite could be an artefact of epon embedding, is
recurrently observed around other giant viruses particles studies*®!*!2%”. Furthermore, new viruses were also
observed embedded within membranes (Fig. 7A). Interestingly, these data revealed the presence of one or more
particles inside the same vacuole (Fig. 7B,C and D), which could also present more than one membrane (Fig. 7E).
We also observed some particles insides vacuoles and outside the cell membrane, but based only in a 2D per-
spective we could not affirm that the particles are indeed outside of the amoebas or inside some membrane
protrusions (Fig. 7F). The presence of the giant virus progeny inside vacuoles has previously been described for
Pithovirus sibericum, suggesting that these particles could be released from the cell by exocytosis*. Although exo-
cytosis could be an alternative mechanism used for releasing viral progeny, the main strategy used for Cedratvirus
getuliensis is cell lysis. Scanning electron microscopy analyses of the late steps of the C. getuliensis cycle reveals
the presence of many cells with substantial damage in the plasmatic membrane, where new viral particles are
released (Fig. 7G). Furthermore, the cell lysis is accompanied by plasma membrane blebbing (Fig. 7H), that was
not visible in control cells not infected by C. getuliensis (Fig. 7I). However, the causes of these blebs induced upon
Cedratvirus getuliensis infection deserve further investigation.
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Figure 7. Cedratvirus getuliensis virions can be released after cell lysis or by exocytosis. (A) New Cedratvirus getuliensis
particles are found immersed in the host cytoplasm or inside vacuoles. (B-C) Vacuoles presenting one or more
visible particles. (D) Particles being engulfed by a membrane. (E) Vacuole with more than one membrane. (F) Particle
insides vacuole apparently outside the cell membrane. (G) Scanning microscopy of a host cell presenting a huge damage
in the membrane from where new viral particles were released (red arrow). (H) Many blebs in the plasma membrane
can be observed at the end of infection. (I) Cell control not presenting blebs formation in membrane.

Discussion

The current understanding of the virosphere has dramatically changed after the discovery of mimivirus, which
paved the way for the discovery of other giant and complex amoeba-infecting viruses®®. Although many stud-
ies have highlighted that giant viruses can be phylogenetically related and may form a new putative viral order
‘Megavirales’ along with other large DNA viruses®, these viruses present a plethora of virion structures and
remarkable differences regarding their developmental cycles. In the present study, we present the first in-depth
description of Cedratvirus getuliensis replication cycle, providing valuable information to better understand the
biology of this new group of viruses.

Cedratviruses are ~1.4 um in size and ~0.5 um in diameter, representing one of the longest viruses described
thus far, along with their close relative pithoviruses*!%234, Due to their huge size, it was initially proposed that
these viruses started their replicative cycle by entering the hosts through phagocytosis, but no experimental data
was provided to support this hypothesis, except for a few microscopy images. Here, we demonstrated that the
inhibition of phagocytosis with cytochalasin D results in a reduction of Cedratvirus getuliensis virion incorpora-
tion by amoebas, suggesting that this virus may enter by this pathway (Fig. 1B,C and D). However, the inhibition
of macropinocytosis by EIPA does not affect the entry of Cedratvirus getuliensis particles (Fig. 1B). Interestingly,
Acanthamoeba cells treatment with chloroquine increased C. getuliensis viral titer, suggesting that this inhibitor
could accumulates inside the phagosomes, resulting in pH increasing and consequent prevention of uncoating
process; thus preserving a higher number of not uncoated virions inside phagosomes. Following entry, one of the
corks is expelled, enabling the fusion of the internal membrane with the phagosome membrane and further releas-
ing the genome into the host cytoplasm'®. The precise mechanism that triggers these events remains unclear, but it
may be related to the low pH environment of phagosomes, similar to the mechanism observed for mimiviruses®.

After an eclipse phase, a large electron-lucent viral factory (VF) is formed, wherein genome replication and
virion morphogenesis occur. It is still uncertain whether the host nucleus is involved in the replication of the
cedratvirus genome, since the nucleus remains apparently unaltered during the entire viral cycle, different from
other giant viruses®!!. Similar to pithovirus, no delimiting structure was observed around the VF of Cedratvirus
getuliensis, which is perinuclearly located*. Cedratviruses present a gene-set related to DNA replication and tran-
scription'®!?, and it is possible that these elements are packaged into mature virions, similar to its closest rela-
tive Pithovirus sibericum®; no nuclear machinery is required during cedratvirus replication, in contrast to that
described for marseillevirus*. The morphogenesis of cedratviruses is complex, wherein different structures are
observed until the full maturation of the virion, which exclusively occurs within the VF (Figs. 3 and 4). Similar to
other large and giant DNA viruses, cedratviruses form crescent-like structures and may exhibit an internal mem-
brane, although its origin is still unknown'>2630-333 Besides to this putative intern membrane, we also observed
transversal-sectioned capsids been filled with an electron-dense material that suggest the occurrence of genome
and virion protein acquisition (Fig. 3G,H and I). The complete morphogenesis of the virion resembles that of
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Figure 8. Schematic representation of the Cedratvirus getuliensis replication cycle. Infectious particles

enter their host cells by phagocytosis (1). Following entry, one cork is expelled and the fusion of the internal
membrane with the phagosome membrane occurs with the release of the genome into the cytoplasm, as
demonstrated by Andreani et al. (2016) and Bertelli ef al. (2017) (2-3). The precise mechanism that triggers

the cork expelling and membrane fusion remains unknown, but it may be related to the low pH environment
of phagosome. After an eclipse phase, a large electron-lucent viral factory is formed, wherein the virion
morphogenesis occurs (4). This process is complex and involves sequential structures starting with crescent-
shaped precursors, followed by longitudinal-elongation, first cork acquisition, and the presence of structures
with a horseshoe-like and rectangular shape (4). Next, a progressive filling of the capsid is observed, followed by
the complete closure of the capsid and the emergence of the second cork (4). Thickening of the capsid wall (5)
also occurs, and new viral particles are observed dispersed throughout the cytoplasm (6) or taken up by vesicles
with one or two membranes (7). The viral progeny are primarily released through cell lysis (8), but exocytosis is
also likely to occur.

pithoviruses, with a rectangular shape initially emerging, followed by a thickening of the capsid and subsequent
acquisition of an oval shape*; but differently from its relative, cedratviruses acquire a second cork at the end of
the process. Furthermore, no horseshoe structure has been described for pithoviruses. It is likely that this feature
is shared by the members of the putative ‘Pithoviridae’ family, but additional studies on the morphogenesis of
pithoviruses are needed to corroborate this hypothesis. The replication cycle is completed with the release of new
viral particles primarily through cell lysis, but exocytosis is likely to occur, since we observed some viral parti-
cles embedded in the membranes and outside the host cells. The origin of these membranes is not clear, but we
observed that treatment with BFA significantly impacted the viral titer, showing that membrane traffic is impor-
tant for the occurrence of virion morphogenesis and/or exocytosis. Although no specific labeling for lysosomes
was used, we observed the polarization of structures that resemble these organelles during cedratviruses infec-
tion, that could suggest the occurrence of autophagy of target viral components or virions, once this organelle acts
as an end point degradative structure (Fig. 2)*. Moreover we also noted the recruitment of mitochondria, which
could be related to the optimization of energy acquisition, required for viral replication (Fig. 2)*. However, the
actual impact of these organelles on the viral replication cycle remains unknown. Finally, based on the present
data, we provide a general view of the entire life cycle of cedratviruses (Fig. 8 - see legend for details).

There are still some unanswered questions concerning the replication cycle of this new group of viruses, espe-
cially at the molecular level. Further investigation using different imaging techniques, combined with transcrip-
tomics and proteomics data, will certainly provide valuable insights into the virus-host interaction dynamics
and fill some remaining gaps concerning the life cycle of cedratviruses. The world of giant viruses is constantly
increasing, and investigating their infectious biology will provide a better understanding of the ecology and evo-
lution of these complex organisms.
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Abstract: Vaccinia virus (VACV) is the etiological agent of bovine vaccinia (BV), an emerging zoonosis
that has been associated with economic losses and social effects. Despite increasing reports of BV
outbreaks in Brazil, little is known about the biological interactions of Brazilian VACV (VACV-BR)
isolates during coinfections; furthermore, there are no tools for the diagnosis of these coinfections.
In this study, a tool to co-detect two variants of VACV was developed to provide new information
regarding the pathogenesis, virulence profile, and viral spread during coinfection with VACV-BR
isolates. To test the quantitative polymerase chain reactions (qQPCR) tool, groups of BALB/c mice were
intranasally monoinfected with Pelotas virus 1—Group II (PV1-GII) and Pelotas virus 2—Group I
(PV2-GI), or were coinfected with PV1-GII and PV2-GI. Clinical signs of the mice were evaluated and
the viral load in lung and spleen were detected using simultaneous polymerase chain reactions (PCR)
targeting the A56R (hemagglutinin) gene of VACV. The results showed that JPCR for the quantification
of viral load in coinfection was efficient and highly sensitive. Coinfected mice presented more
severe disease and a higher frequency of VACV detection in lung and spleen, when compared to
monoinfected groups. This study is the first description of PV1 and PV2 pathogenicity during
coinfection in mice, and provides a new method to detect VACV-BR coinfections.

Keywords: Vaccinia virus; qQPCR; coinfection; mice model

1. Introduction

Vaccinia virus (VACV) is a member of the family Poxviridae, genus Orthopoxvirus, which includes
other members, such as Variola virus, Cowpox virus and Monkeypox virus [1,2]. Variola virus was one of
the most terrible pathogens in human history, but it was declared eradicated in 1980 after an intensive
vaccination campaign promoted by the World Health Organization (WHO) [3]. VACV can induce
serological cross-reactivity against other orthopoxvirus (OPV) members and was used in the WHO
campaign [1,3].

VACYV is the etiological agent of bovine vaccinia (BV), an exanthematous disease that causes
ulcerative lesions in cattle and humans, economic losses, and social effects in South America and Asia,
especially in Brazil [4-8]. The clinical signs of BV range from papules and vesicles to scabs, mainly on
the udder and teats of bovines. In humans, lesions occur primarily on the hands and arms, and other
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symptoms, such as fever, myalgia, headache, arthralgia, and lymphadenopathy, have been described
and there is a significant economic impact on rural workers [1,6].

The natural circulation of VACV in Brazil has been often reported since 1999, and is associated
with exanthematous outbreaks [6,7,9-12]. Many studies have shown biological and genetic variations
among Brazilian VACV (VACV-BR) isolates. This variability allowed VACV-BR clustering into two
distinct groups: Group 1 (GI) and group 2 (GII). These two groups are supported by biological features,
such as virulence in a BALB/c mouse model and plaque phenotype in BSC-40 cells. Gll isolates display
larger plaque sizes and are virulent to mice, unlike GI [4,12-16]. Furthermore, molecular diversity is
observed in specific VACV genes, such as the hemagglutinin gene (A56R), A-type inclusion body gene
(A26L), and chemokine-binding protein gene (C23L), and these genes have been used in phylogenetic
studies and further confirmed the dichotomy between GI and GII VACV-BR. The A56R sequence
contains a signature deletion of 18 nt, present in the sequences of Gl isolates and absent of GIl isolates,
which is used as a “molecular marker” for VACV-BR group identification [9,13,16-18]. The circulation
of the two VACV-BR groups was demonstrated in the same outbreak in 2006 [4] and in the same host
as a coinfection was only identified later [15,16]. In 2008, a VACV outbreak, caused by viruses of the
two VACV-BR groups, was described in horses from Pelotas City, Brazil. This coinfection presented
hemorrhagic lesion and scabs in the muzzles and nostrils of animals [15,19]. The VACV isolates were
named Pelotas virus 1—Group II (PV1-GII) and Pelotas virus 2—Group I (PV2-GI) and were used in
this study [15]. Despite increasing reports of outbreaks related to VACV-BR, little is known about its
biological relevance, virulence profile and viral spread during coinfections with VACV-BR of GI and
GIIL Moreover, until now, there have been no established tools for the diagnosis or pathogenesis studies
of coinfections with VACV-BR of GI and GII. As the best well-characterized molecular difference of the
two groups is the A56R sequence which contains a signature deletion of 18 nt for GI, it results in the
difficulty of developing a test for direct quantification of this group.

In this study, a new tool for the detection and quantification of VACV isolates in coinfections
was developed and could be used as a tool to provided new information regarding the diagnosis,
pathogenicity, virulence profile, and viral spread during a coinfection with VACV-BR isolates.
Our method aims to improve screening in outbreaks and consequently the study of VACV-BR GI/GII
coinfections pathogenesis.

2. Materials and Methods

2.1. Ethical Statement

This study was approved by the Committee of Ethics in Animal Use from the Universidade
Federal de Minas Gerais (CEUA /UEMG, Belo Horizonte, Brazil), protocol number 207 /2010.

2.2. Cells and Viruses

African green monkey kidney BSC-40 (ATCC-CRL-2761) and VERO (ATCC-CCL-81) cells were
maintained in a 5% CO, atmosphere at 37 °C, in Eagle’s Minimum Essential Medium (MEM)
(Gibco BRL, Invitrogen, Carlsbad, CA, USA), supplemented with 5% fetal bovine serum (FBS)
(Cultilab, Brazil), 25 pg/mL fungizone (Amphotericin B) (Cristalia, Sao Paulo, Brazil), 500 U/mL
penicillin and 50 pug/mL gentamicin (Schering-Plough, Sao Paulo, Brazil). VERO cells were used for
viral replication and the BSC-40 cells were used for viral plaque phenotypes and titration. The VACV
used in the study, PV1 and PV2, were isolated from clinical specimens of horses during an equine
vaccinia outbreak [15,19].

2.3. Animal Experiments

For all animal experiments, five-week-old male Balb/c mice were used, and were maintained
in micro-isolators located in a ventilated animal caging system (Alesco Ltd., Campinas, SP, Brazil),
and were provided with commercial mouse food and water, ad libitum, in controlled lighting (12 h
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light-12 h dark), humidity (60-80%) and temperature (22 + 1 °C). The mice of all groups were
anesthetized via intraperitoneal injection of 0.1 mg of ketamine and 0.01 mg of xylazine in 0.9%
PBS, per gram of animal weight. The four groups of five mice were inoculated intranasally with 10 pL
of viral suspension: PV1-GII 1 x 10° p.f.u.; PV2-GI 1 x 10° p.f.u.; PV1-GII+ PV2-GI 5 x 10° p.f.u. of
each sample; a negative control group was inoculated with 10 pL of PBS, as previously described [14].
Mice were weighed daily, and other clinical signs were recorded for 30 days post infection (d.p.i.). To
study viral tropism, the mice were euthanized with an overdose of anesthetics (three times the anesthetic
solution) and were perfused with PBS-EDTA intracardiac and those animals had their spleens and
lungs collected on 5 d.p.i. [14]. The collected organs were weighed and macerated with the Beadbeater
16 homogenizer in 500 uL of PBS, with glass beads in the microtubes thread. Three cycles of freezing
and thawing were performed in order to release the viral particles from the cells. The cells were then
centrifuged at 425x g for 10 min at 4 °C and the supernatants were used for DNA extraction and plaque
phenotype assays. For DNA extraction, the High Pure Viral Nucleic Acid Kit (Roche Diagnostics GmbH,
Branchburg, NJ, USA) was used.

2.4. Plaque Phenotype

For plaque phenotype assays, BSC40 cells seeded in 6-well plates at 90-95% confluence were
inoculated with the macerated tissues. After 1 h of adsorption (37 °C, 5% CO;), monolayers were
washed twice with PBS and overlaid with solid medium, prepared by mixing equal parts (1:2)
of 1% agarose and twice the standard concentration Eagle’s minimum essential medium (MEM)
supplemented with 2% FBS. After 48 h of incubation (37 °C, 5% CO;), cells were fixed with
formaldehyde and stained with crystal violet for plaque size analysis.

2.5. gPCR

The qPCR consisted of two simultaneous reactions, A and B, targeting the hemagglutinin gene [20].
DNA amplifications were carried out in duplicate in a StepOne™ thermocycler (Applied Biosystems,
Foster City, CA, USA). qPCR took place in a total volume of 10 pL, containing 5 uL of Master Mix
SYBR Green (Applied Biosystems, manufactured by Roche, Branchburg, NJ, USA), 200 nM of each of
the forward and reverse primers (Table 1) and 10-50 ng of each DNA sample.

Table 1. Real-time PCR primers.

Reaction Primers Sequence (5’-3") Specificity
A56R-gen F AACCACCGATGATGCGGAT .
A A56R-gen R TGCCACGGCCGACAATATAA Amplify all VACV Group Tand IL
B A56R-BVV-nDELF  GCGGATCTTTATGATACGTACAATG  Amplify all VACV that do not present
A56R-generic R ACGGCCGACAATATAATTAATGC the 18nt deletion Group II [20].

Figure 1 shows the target DNA regions for the primers used in this study. Thermal cycling conditions
were as follows: one cycle at 95 °C for 10 min, followed by 40 cycles at 95 °C for 10 s, and 58 °C for
40 s; and a melting curve analysis, consisting of 95 °C for 15 s, 58 °C for 15 s, followed by increasing the
temperature by 1 °C every 2 s until 95 °C was reached, and then 95 °C for 15 s. Standard curves were
constructed by plotting four dilutions of each prototype DNA against the corresponding cycle threshold
value (Ct); melting curves were used to ensure there were no non-specific amplifications.
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Reaction A - - {ARCCACCGATGA: TATATTGTCGGCCGTGGCA|

GI—

GIIH

Figure 1. Alignment of the target DNA region within the A56R gene of the Vaccinia virus used for

primer sequence design. The virus sequences were obtained from GenBank and the accession numbers
are shown in the figure. The alignment was performed using the standard parameters of CLUSTAL W.
The primers used in Reaction A (A56R-gen F and A56R-gen R) are outlined in black and, for Reaction B
(A56R-BVV-nDEL F and A56R-generic R), are in red.

For standardization, a curve was made using lungs from uninfected Balb/c mice, spiked with
10°, 10°, 10%, 103, 10% or 10! p-f-.u. of PV1-GII and PV2-GI. For validation lungs from uninfected Balb/c
mice were spiked with 10° p.f.u. of each sample (PV1-GII and PV2-GI). DNA was extracted and qPCR
reactions A and B were performed. An equation for the differential viral load calculation was proposed:

[]VACV GI =[] VACV total (GI+GII) — [ ] VACV GII
[]VACV GI =3.38 x 10° — 1.68 x 10°

[]VACV GI=1.70 x 10°

GI =1.70 x 10° and GII = 1.68 x 10°

2.6. Statistical Analyses

All results were plotted using GraphPad Prism (GraphPad Software, version 6.01, La Jolla, CA, USA)
and compared using one-way ANOVA and Tukey’s multiple comparisons test, and two-way ANOVA
using the Bonferroni method. In all tests, p-values < 0.05 were considered statistically significant.

3. Results

3.1. Development of gPCR Tool

The efficiency of primers developed for the A56R gene in VACV coinfection, for Reaction A,
showed an efficiency of 96.6% and an R? value of 0.971; for Reaction B, an efficiency of 94.0% and a
value of R? of 0.983 (Figure 2) were found. The detection limit of the assay was 2 p.f.u./mg of tissue
and the reaction was efficient in different matrices such as lung, gut, and spleen.

The analysis of only one quantitative PCR (qPCR) peak fluorescence reaction was not able to
distinguish the VACV-BR groups and to identify the presence of the deletion of 18 nt in A56R gene of
Gl viruses. In qPCR Reaction A, the fluorescence peaks were within 0.5 °C, making it difficult to rely
on the melting (Tm) curve as a unique identifier for each PCR product (Tm GI: 75.8 °C and Tm GII:
76.3 °C). In Reaction B, GI is not amplified.



Viruses 2018, 10, 15 50f 10

Reaction A y =-1.479In(x) + 42.797
i R2=0.9713
’ Efficiency: 96.619%
o..
SFe
<
v [ ]
3 .9
>
2
S 31
'
é 29 .
3 2
5
O 27
25 [ ]
100 1000 10,000 100,000
Viral load (pfu)
B .
Reaction B y=-1.509In(x) + 43.462
R2=0.9828
39 ~ 3
Etficiency: 94.03%
g
P
I 0
L "a,,
=
S Ty
,j 31 =
4
3 2 B-.
3 2
o
e
O
..... °
100 1000 10,000 100,000
Viral load (pfu)

Figure 2. Efficiency curve of A56R gene qPCR in coinfection of PV1-GII and PV2-GI. Uninfected
Balb/c mice lungs were spiked with 10°, 10°, 10%, 103, 10> and 10! p.f.u. of PV1-GII and PV2-GL
(A) in Reaction A shown in black circles, primers A56R-gen F and A56R-gen R were used; and (B) in
Reaction B shown in white circles, primers A56R-BVV-nDEL F and A56R-generic R were used.

3.2. A56R qPCR as a Tool to Study Pathogenesis and Viral Spread

3.2.1. Clinical Signs in Mice: Coinfected Versus Monoinfected

Mice that were inoculated with PV1-GII (1 x 10°) and coinfected (PV1-GII + PV2-GI with 5 x 10°
of each) showed the first clinical signs, such as facial edema, fur ruffling, hunching of the back, dyspnea
and severe weight loss from 4 to 15 d.p.i. The coinfected mice presented a slightly longer clinical
manifestation compared to the PV1-GII group, which was not significant with respect to percent
weight loss (PV1-GII vs. PV1-GII + PV2-GI). In the PBS and PV2-GI groups, no clinical signs or weight
loss were observed. The only significant differences were the weight variation of PV1-GII and the
co-infected group compared to the PBS group (Figure 3).

3.2.2. Coinfected Mice Present Higher Frequency of VACV Detection in Lungs and Spleens than
Monoinfected Groups

Using Reaction A, which amplifies all VACV, a positive qPCR was obtained in the lungs and
spleen of 100 % of the mice inoculated with PV1- GII and PV1-GII + PV2-GI and in 60% of the PV2-GI
infected mice lungs and 80% of the spleens. Reaction B of qPCR, which amplifies only the GII A56R
gene (inoculated with PV1), showed a high positivity (100%) in lungs and only 60% of positivity in
spleen (Figure 4A). This was confirmed by plaque phenotype assays (Figure 4B) of the lungs of four
mice that were coinfected, which showed the presence of two viral populations (small plaques-PV2-GI
and large plaques-PV1-GII).
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3.2.3. Viral Load in Lung and Spleen

The analysis of the viral loads in the lungs of mice in the monoinfected group (PV1) revealed
an average viral load of almost two logs higher than monoinfected group (PV2-GI) (Figure 5A).
A significant difference was observed when the viral loads of both monoinfected groups (PV1-GII and
PV2-GI) were compared with each sample in coinfection (PV1-GII with PV1-GII + PV2-GI and PV2-GI
with PV1-GII + PV2-GI) (Figure 5A). Differences about one log for PV1-GII groups and almost three
logs between PV2-GI mice groups were observed (Figure 5A).

The differences between the monoinfected groups (PV1-GII or PV2-GI) in the spleens were
irrelevant, demonstrating a higher concentration of viral DNA of Gl in this tissue (Figure 5B). The viral
load in spleens of PV2-GI monoinfected was very similar to that of PV2-GI from the coinfected
group (PV1 + PV2) (Figure 5B). When the viral load of PV1-GII monoinfected with PV1-GI from the
coinfected group (PV1-GII + PV2-GI) was compared, it showed a decrease of about one log with
statistical significance (Figure 5B).

PBS PVv2

130 -
120 A - PBS
f Pv2
Mo —— PV
_3300 = PV1+PV2
E-oo
280 *p<0,05
** p<0,01
60 4 At PRSPV *** p<0,001
50 o S — e [NV Y

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 %0
d.p.d

Figure 3. Clinical signs of Balb/c mice coinfected and monoinfected with PV1-GII and PV2-GI.
Five-week-old male Balb/c mice were intranasally inoculated with 10 pL of viral suspension: PV1-GII
1 x 10° p.fu,; PV2-GI 1 x 10° p.f.u.; PV1-GII + PV2-GI 5 x 10° p.f.u. of each sample; and a negative
control group was inoculated with 10 uL of PBS. Clinical signs were observed on day 5 p.i and were
recorded for 30 days post infection (d.p.i.). (A) In PBS and PV2-GI groups, no clinical signals were
observed. Mice monoinfected with PV1-GII and coinfected (PV1-GII + PV2-GI) showed fur ruffling
and hunching of the back. (B) The mice were daily weighed and relative mean weight was calculated.
The error bars indicate standard deviations. PV1-GII: Pelotas virus 1 Group II; PV2-GI: Pelotas virus
2 Group I; PBS: phosphate-buffered saline. Asterisks indicate a statistically significant difference:
*p <0.05; ** p < 0.01; *** p < 0.001.
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Figure 4. Detection of VAC-BR GI and GII in infected Balb/C mice: (A) gPCR detection of viral DNA
from VACV A56R gene in mice spleen and lung samples. The results of Reaction A and Reaction B are
represented. (B) Plaque phenotype assays of monoinfected (PV1-GII and PV2-GI) and coinfected mice
showed two viral populations: small plaques-PV2 (red arrows) and large plaques-PV1 (black arrows).
PV1-GII: Pelotas virus 1; PV2-GI: Pelotas virus 2; PBS: phosphate-buffered saline.
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Figure 5. Viral load in mono or coinfected PV1-GII and PV2-GI mice. Viral loads in: lungs (A);
and spleen (B) of Balb/c mice monoinfected (grey columns) and coinfected (black columns) with
PV1-GII and PV2-GI were determined by qPCR. Comparisons between mono and coinfected groups
are highlighted in red (PV1-GII groups) and blue (PV2-GI groups). The error bars indicate standard
deviations. The statistical tests used were One-Way ANOVA and Tukey’s multiple comparisons test
Asterisks indicate a statistically significant difference: ** p < 0.01; *** p < 0.001. PV1: Pelotas virus 1;
PV2: Pelotas virus 2; PBS: phosphate-buffered saline.
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4. Discussion

Notifications of natural cases of VACV infection have increased [4,15,16], but this increase
may be due to the development and improvement of study and detection techniques. qPCR is a
rapid diagnostic tool, and is more sensitive than standard PCR; in addition, it allows acquiring
molecular quantifications. Currently, multiplex real-time PCR has been described as a simple,
reliable, and rapid method for the detection, identification and quantification of many kinds of viral
coinfections [21-23]. In this way, JPCR assays have been used to detect and identify parapoxviruses and
orthopoxviruses [24-27]. Here, we developed a new tool for the detection and quantification of VACV-BR
isolates belonging to GI and GII during coinfections. This method was standardized under controlled
conditions in animal model. Although the detection limit of 2 p.f.u./mg make its efficiency possible for
many types of clinical samples more studies are needed to better clarify the total applications of method.

The qPCR assay to measure the viral load in coinfection was efficient and highly sensitive for
different specimens (lung and spleen), showing a detection limit of 2 p.f.u./mg of tissue. The developed
qPCR assay was useful as a detection system and in establishing the total viral load or relative viral
load of VACV-GI and -GII in coinfections. The viral load could be measured because the efficiencies
between two reactions are very close (96% and 94%).

Previous studies have shown that isolates of VACV-BR GII are virulent in murine model Balb/c,
with weight loss and severe clinical signs, differently from GI, which is avirulent in this model [14].
Corroborating these data, the VACV isolates used in this work, in the monoinfected groups, PV1-GII
and PV2-Gl, followed the same pattern of virulence that has been previously described [15]. However,
in this study, clinical signals in coinfected mice were evaluated and, unlike other studies conducted
to date, this study evaluated animals until 30 d.p.i. when they had recovered from the infection [14-16].
Mice infected with the PV1-GlI, a virulent representative of GII, and coinfected with PV2-GI, showed
similar clinical signs, such as facial edema, fur ruffling, hunching of the back, dyspnea and severe
weight loss. The weight variation data were significant at several points in the curve when we compared
the control group to the groups infected with PV1-GII and co-infected (we use the two-way ANOVA
test and Bonferroni method post-test).

The viral spread could be analyzed using this developed tool demonstrating a higher number
of positive spleens samples (80%), compared to lung samples (60%) which is the primary site of
inoculation in mice infected with PV2-GI. Furthermore, this analysis demonstrated the first description
of spread of VACV-BR samples of GI. Viral loads data and the spread of VACV-BR Gl isolates have
not yet been demonstrated in other studies, and these results demonstrate the tendency of a higher
tropism for lungs of PV1-GII and PV2-GI in coinfections.

In primary infection site (lungs), the coinfections with both viruses have higher viral loads,
contrasting with monoinfected groups. On the other hand, in spleen the viral load of the virulent
group (PV1-GII) is low in case of coinfection compared with the group monoinfected by same virus.
These results may suggest an intriguing interaction among host and viruses which could help to
understand why these two VACV groups are found in coinfections on nature. It is too early to answer the
many questions raised by these results and more studies are needed to generalize these characteristics
for all VACV-BR GI and GII coinfections, or as exclusive of PV1-GII and PV2-GI isolates.

Studies have shown that plaque size phenotypes are one of the biological characteristics that
make possible the differentiation of the two groups of VACV-BR GI, with a small plaque phenotype,
and GII with a large plaque phenotype [10,15,16,28]. Confirming biological characteristics of the
plaque phenotype, the two viral populations (GI and GII) were detected in lungs of coinfected mice.

Using the developed tool of differential qPCR the first description of VACV-BR GI spread was
possible. In previous studies, the GI virus could not be detected in mice lungs 5 d.p.i. [14]. Reports
related to VACV-BR groups coinfections increases as well as the difficulty to detect both groups at
the same time by methods of viral isolation and DNA sequencing. The main focus of this study was
to develop an efficient tool to facilitate screening during outbreaks and consequently the study of
coinfection, and also clarify its possible medical and veterinary importance.
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For over a century, viruses have been known as the most abundant and diverse
group of organisms on Earth, forming a virosphere. Based on extensive meta-analyses,
we present, for the first time, a wide and complete overview of virus—host network,
covering all known viral species. Our data indicate that most of known viral species,
regardless of their genomic category, have an intriguingly narrow host range, infecting
only 1 or 2 host species. Our data also show that the known virosphere has expanded
based on viruses of human interest, related to economical, medical or biotechnological
activities. In addition, we provide an overview of the distribution of viruses on different
environments on Earth, based on meta-analyses of available metaviromic data, showing
the contrasting ubiquity of head-tailed phages against the specificity of some viral
groups in certain environments. Finally, we uncovered all human viral species, exploring
their diversity and the most affected organic systems. The virus—host network presented
here shows an anthropocentric view of the virology. It is therefore clear that a huge effort
and change in perspective is necessary to see more than the tip of the iceberg when it
comes to virology.

Keywords: virosphere, anthropocentric, virus-host relationship, network, metavirome

INTRODUCTION

The virology, as a science field, started at the end of the XIX century with the studies of Adolf
Mayer, Dmitry Ivanofsky, and Martinus Beijerinck about tobacco mosaic disease. The investigators
noticed that they were dealing with an agent completely unknown to the academic community,
which retained its infectious nature even after passing through Chamberland filters (at that time,
the most efficient method to retain bacteria). Furthermore, even after being diluted by filtration
in a porous membrane, the agent recovered its infectiveness after replication within living tissues
of healthy plants. The new pathogen was named “contagium vivum fluidum,” and only after the
advent of in vitro plaque assays and electron microscopy it was fully recognized as a virus (Enquist
and Racaniello, 2013). Lwoff (1957) published a seminal work in which he established, for the first
time, a set of characteristics for an organism to be considered a virus; among them were being an
intracellular parasite and completely relying on the biosynthetic machinery of its host, thus being
considered a non-living organism. With the advancement of virology, the International Committee
on Taxonomy of Viruses (ICTV) was created in the 1960s (originally the International Committee
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on Nomenclature of Viruses) with the objective of cataloging
and organizing the viruses that were being described in the years
to come; it established the first rules for viral taxonomy. A few
years later, David Baltimore proposed a strategy to organize the
viruses according to the properties of their genetic material, with
six groups being defined at that time: I (dsDNA), II (ssDNA),
IIT (dsRNA), IV [ssRNA(+)], V [(ssSRNA(—)], and VI (ssRNA-
RT) (Baltimore, 1971). In the following years, two additional
groups were considered, composing the groups VII (dsDNA-RT)
and VIII (viroids). This organization strategy is currently well
accepted among virologists.

In the years to come, several viruses were described, being
isolated in every corner of the planet from hosts belonging to
the three domains of life, i.e., Eukarya, Bacteria, and Archaea. In
this context, the virus species concept was created by the ICTV,
which is the lowest taxon (group) in a branching hierarchy of
viral taxa, defined as a polythetic class of viruses that constitute
a replicate lineage and occupy a particular ecological niche (i.e.,
possess similar biological features) (International Committee
on Taxonomy of Viruses - Taxonomy, 2017). These viruses
continuously reaffirmed the established criteria raised in the
1950s to recognize an organism as a virus. Only during the
last few years this paradigm was broken with the discovery
of giant viruses (La Scola et al., 2003; Boyer et al, 2009;
Philippe et al., 2013; Legendre et al., 2014). These viruses put
the well-established concepts to the test, restoring debates about
their complete dependency on their hosts and whether they
should be considered living organisms, therefore deserving a
place in the metaphorical tree of life (Raoult and Forterre,
2008; Forterre, 2010). Besides, advancements in the field of
genomics during the last few years, especially metagenomics (or
even metaviromics), have allowed the identification of countless
viral sequences in several regions of the globe, supporting
previous electron microscopy data which suggested the viral
ubiquity and an astronomical number of viruses on Earth,
thus forming a virosphere (Suttle, 2005; Kristensen et al.,
2010).

Although the identification of new viruses and studies of their
interaction with hosts have considerably advanced, we still do not
know how this interactive network is truly connected. Moreover,
many metaviromic studies have been developed allowing the
identification of different viral sequences around the world,
but we do not have a clear vision of how the viral diversity
is distributed on the planet, or how much we have searched
for new viruses. Therefore, a new look into what is currently
available and the use of new strategies to explore these data could
bring new insights and allow the advancement of the virology
field. Through extensive meta-analysis of currently available
data, we demonstrate here that the known viruses have a very
narrow host range, resulting in a spatially connected network.
We found a highly anthropocentric view of the virosphere and
demonstrated the existence of some specific viral groups in
certain environments on the Earth, leading us to reflect about
how far we have progressed in the study of viruses. Finally,
we analyzed the diversity of human-associated viruses and the
tropism of these viruses. The results presented here show a
highly biased virology, confirming that we know only the tip

of the iceberg and a lot of work remains to be done so we
can have a clearer view of the diversity and ecology of the
virosphere.

MATERIALS AND METHODS

Dataset Preparation and Selection

Criteria

Virosphere and Hosts

To analyze the host range of the known viruses, only
those officially recognized by the International Committee on
Taxonomy of Viruses (ICTV) were included in the analysis. The
definition of the best dataset to perform this analysis comprises
a challenging task. In this context, ICTV proved to be the best
option for gathering the largest and most updated dataset of
recognized virus species, grouping and reflecting the diversity
and circulation of viruses in nature. A list containing all of
the virus species was downloaded from ICTV website'. A list
released on May 26th, 2016 was used. Therefore, new viruses
classified by means of metagenomic data, following the new
criteria recently approved by the Executive Committee of ICTV
(Simmonds et al., 2017), as wells as the reclassification of the
family Bunyaviridae, were not considered in this analysis. We
considered hosts those organisms in which we found consistent
and recurrent evidences of the detection of a virus in a given
species by means of isolation, serology, and molecular detection.
This detection was associated in most cases with clinical
manifestation and, in a few cases, in a non-disease context.
Organisms used as study models were not considered here. Hosts
were associated with each virus at the lowest taxonomic level
possible using the Virus-Host Database (Mihara et al., 2016),
VIDE database?, and full research articles related to a given
virus. In the latter, only one reference was used to determine
the host species, even though more than one study (whenever
available) was analyzed to corroborate the reference used. During
our research and analyses, we considered (whenever the data
were available) different viruses within a virus species and
their host-range. Only the viruses in which it was possible to
determine the hosts at species or genus taxonomic level were
considered for the construction of the network. A total of 4497
nodes were included in the network dataset, classified as virus,
animalia, plantae, fungi, protist, bacteria, and archaea, along
with 4814 edges directly connecting the nodes, all with weight
(w) = [11.

Viral Diversity

To analyze the known viral diversity on the planet, we considered
viral groups (families recognized by the ICTV or groups currently
unassigned to a proper taxa) identified in diverse metavirome
studies performed in the following environments: marine [10],
freshwater [7], soil [6], hypersaline [5], thermal springs [4],
sewage [4], and polar water [3], in a total of 39 works. The studies
were accessed at National Center for Biotechnology Information

Uhttps://talk.ictvonline.org/files/master-species-lists/
Zhttp://sdb.im.ac.cn/vide/sppindex.htm
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(NCBI)’ using the name of the environments added by virome
or metavirome as keywords in the search field. All of the viral
groups identified were included in the network analysis, where
they were associated with the environments in which they were
detected. A total of 103 nodes were included in the network
graph, classified according to the analyzed environments and
viral order recognized by the ICTV [Ligamenvirales, Tymovirales,
Herpesvirales, Caudovirales, Picornavirales, Mononegavirales,
Nidovirales, and those not classified in order (Unassigned)],
and 260 edges indirectly connecting the nodes, with w = [1].
To better visualize the viral groups shared between different
environments, we created a circular layout image using Circos
package (Krzywinski et al., 2009). In addition to the detected viral
groups, we computed the type of technology used for nucleic acid
sequencing, the type of material analyzed (DNA or RNA), and
whether a 200 nm filter was used for sample preparation.

Human Viruses and Viral Tropism

The viruses that affect humans were defined after the association
of the hosts of each virus species recognized by the ICTV, as
described above. The viruses were associated with the following
organic systems, according to the clinical manifestation
reported in cases of infection: digestive, integumentary,
respiratory, nervous, muscular, skeletal, cardiovascular, urinary,
reproductive, lymphatic, immune, endocrine, or none of
them, in cases of non-pathogenic viruses, based on clinical
manifestation and/or tropism for a particular body tissue.
Clinical manifestation and the tropism for each system were
defined according to full research articles found at NCBI and
using the arboviruses catalog of the Center for Disease Control
and Prevention®. The viruses were associated with different
systems in a bipartite network composed of 333 nodes classified
according to the organic systems and viruses, and 497 edges
indirectly connecting the nodes, with w = [1]. In parallel, we
built a unipartite network graph wherein the systems were
interconnected according to the viruses that affect different
systems simultaneously, in a total of 12 nodes and 42 edges
indirectly connecting the nodes, with w = [1,25].

Construction of Networks

The networks presented in this work were built using the
program Gephi version 0.9.1 (Bastian et al, 2009). All
components of the each graph were listed in a comma-separated
values (.csv) spreadsheet, which was imported to the software.
Another .csv spreadsheet containing the connections between the
components was also imported to generate the raw graph. In
all networks, the node diameter is directly proportional to the
edge degree. The thickness of the edges is directly proportional
to the number of times that a node is connected to another,
wherein different weights were assigned to the edges. The layout
was generated using algorithms based on force of attraction
and repulsion of the nodes (Fruchterman-Reingold followed by
ForceAtlas 2), followed by local rearrangement of the nodes for

3https://www.ncbi.nlm.nih.gov/pubmed/
“https://wwwn.cdc.gov/arbocat/

a better visualization of the connections between nodes, without
perturbing the general layout of the networks.

RESULTS AND DISCUSSION

The Known Viruses Have a Very Narrow

Host Range

The ICTV is the organization responsible for cataloging and
classifying viruses into virus species that have been described over
time. Historically, this organization has taken into consideration
several criteria for a new isolate to be considered a new species,
such as the genetic material and the hosts in which it was
isolated, as well as any clinical manifestations it may possibly
cause (Simmonds et al., 2017). Viral taxonomy covers the levels
of order, family (and subfamily in some cases), genus and species,
wherein the vast majority of virus species remain outside of a
virus order. All of this information is constantly updated by
the ICTV, which periodically publishes the Master Species List
(MSL). In this work, we evaluated the host range of all known
viruses with a virus species officially recognized and published
by the ICTV on May 26th, 2016 (MSL#30) [Supplementary
Table S1]. An extensive search using public databases and
indexed publications was performed to define the natural hosts
of all of the viruses present in the list (see Materials and
Methods). The majority of the viruses present in the MSL#30
(a total of 3704 virus species, henceforward named the known
virosphere) comprises group I (dsDNA) and IV [ssRNA(+)]
according to Baltimore’s classification [35 and 28%, respectively,
followed by group II (ssDNA - 17%)], with the remaining groups
representing 20% of the known virosphere (Figure 1A). It was
possible to associate hosts at the species or genus level to 3414
viruses (92.2%), at the family level or higher to 265 viruses
(7.15%), and it was not possible to associate any host for only 25
viruses (0.65%), either because the natural hosts for the viruses
are not yet known, or due to a complete lack of information in
the literature about their host range (Figure 1B). For all viral
groups, according to Baltimore’s classification, the host range is
very restricted, with more than 50% of known viruses infecting
only one or two host species, reaching up to 75% in some groups,
such as those viruses with genomes composed of dsDNA, ssDNA,
ssRNA-RT, and viroids (Figure 1C). Only the ssRNA(—) viruses
seems to possess a slightly broader host range, wherein 42%
of the viruses are able to infect more than four host species.
Considering the entire known virosphere, 73.3% are associated
with only one or two host species; 3.5% with three or four
species; 22.5% with more than four species; and only 0.7% have
a natural host range which has not been defined (Figure 1C).
These analyses reveal that, until now, based on the available
information we have, viruses have a very narrow host range. This
disturbing data must be interpreted carefully. It is likely that
several unknown viruses have a broader host-range, which will
drastically change the view presented here; however, we might be
far from acquire this kind of knowledge since these relationships
are likely out of scope of human investigation. Therefore, in light
of the research performed so far, we are facing such suspicious
data.
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FIGURE 1 | Host range of the known virosphere. (A) Pie chart showing the distribution of the viruses recognized by the International Committee on Taxonomy of
Viruses (ICTV) according to Baltimore’s classification. (B) Taxonomic level of the hosts associated to the known viruses. More than 90% of the viruses were
associated to hosts at species or genus taxonomic level, which were used in following analysis. (C) Amount of host species for viruses according to Baltimore’s
classification, showing a very narrow host range of the viruses. NA, not available.

An Anthropocentric View of the Known
Virosphere

To better represent the interaction between the viruses and the
hosts so that we can have a clear vision of how interconnected
these organisms are, we built a bipartite network graph composed
of 4497 nodes, with 3414 viruses (only viruses associated with
hosts at species or genus taxonomic level were included in this
analysis) and 1083 hosts (at genus level), all connected by 4814
edges with the same weight (w) = [1]. The hosts were classified
according to the major realms and domains of life: Animalia,
Plantae, Protist, Fungi, Bacteria, and Archaea (Woese, 2002).
We observed a spatially connected network, wherein only a
few hosts were associated to a huge amount of viruses, while
the majority of the hosts are associated with a few viruses, a
reflex of the very narrow host range of the known virosphere
(Figure 2). Furthermore, the analysis of the network revealed

a highly anthropocentric virosphere, in which most viruses are
associated with humans or hosts that are directly related to
humans by economic, medicinal or biotechnological interests.
The vast majority of known viruses are associated with plants
(483 genera) or animals (467 genera). These groups are more
interconnected than others, even though more than 70% of these
hosts possess only one or two associated viruses (Supplementary
Figure S1). It is noteworthy that some viruses can cross broad
host categories, infecting both plants and animals. These viruses
are plant pathogens transmitted by arthropod vectors, in which
are able to fully replicate and reach the plant host (Dietzgen
et al., 2016). Bacteria-infecting viruses (known as bacteriophages
or phages) are mainly distributed among the families Myoviridae,
Podoviridae, and Siphoviridae (order Caudovirales), and are
associated with 62 known host genera. This group is spatially
connected, reflecting the narrow host range of phages. However,
different to animals and plants, almost 40% of known bacteria
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are infected by more than four viruses. Some bacteria comprised
hubs in the network, such as Mycobacterium and Escherichia,
with several associated viruses. Since they are intensively studied
due to their medicinal and biotechnological relevance (Korb
et al, 2016; Vila et al, 2016), it was expected that a large
number of viruses would be identified as parasites of these
groups. In fact, a large majority of phage sequences available in
GenBank was isolated from a few groups of bacteria associated to
human diseases or food processing (Holmfeldt et al., 2013). The
knowledge about viruses affecting fungi, protists and archaea is
scarce, probably due to the lack of investigation of these groups
of viruses and their hosts. These viruses were associated with
36 genera of fungi, 23 protists, and only 12 genera of archaea,
reflecting how poorly these microorganisms are studied under the
lens of virology.

Among the host genera of each group that possess more
associated viruses, many are composed of domesticated species
such as Bos sp., Sus sp., and Gallus sp. (Animalia; e.g,

cattle, swine, and chickens, respectively); Solanum sp., Nicotiana
sp., Phaseolus sp., Capsicum sp., and Cucumis sp. (Plantae;
e.g., potato, tobacco, common bean, peppers, and cucumber,
respectively); Chlorella sp. (Protist); and Saccharomyces sp.
(Fungi) (Supplementary Figure S2). Many species of these
groups are employed in farming, such as cattle, pigs and
poultry, as well as many grains and legumes consumed
worldwide, handling billions of dollars annually (Thornton,
2010; Reganold and Wachter, 2016). In addition, some species
of green algae (Chlorella sp., Chlorophyta phylum) are used
as dietary supplementation as sources of vitamins and macro-
nutrients and its efficacy against some human diseases are
under constant investigation (Ebrahimi-Mameghani et al., 2016;
Panahi et al., 2016). Yeasts of the Saccharomyces genus, especially
S. cerevisiae, are considered domesticated fungi, being used
worldwide in the production of alcoholic beverages, also making
them economically important (Sicard and Legras, 2011; Gallone
et al., 2016). Given the economic relevance of these organisms,
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constant efforts are made to reveal parasites that might be
considered a threat to them, thus enabling possible strategies
of control and prevention to be established. Therefore, it was
expected that these groups of hosts had more known viruses.

Other hosts are known due to their medicinal relevance for
humans or animals and commercially explored plants, such as
Acanthamoeba sp. and Trichomonas sp. (Protist), both related to
severe infections in humans (Siddiqui and Khan, 2012; Menezes
et al.,, 2016); Heterobasidion sp., Cryphonectria sp., Rosellinia sp.,
and Ophiostoma sp. (Fungi), groups of fungi related to diverse
plant infections, both domesticated and from native forests,
causing severe diseases such as annosum root and chestnut
blight (Hillman and Suzuki, 2004; Durkovi¢ et al., 2013; Kondo
et al., 2013; Vainio and Hantula, 2015); and Mycobacterium
sp., Escherichia sp., Pseudomonas sp., Staphylococcus sp., and
Bacillus sp. (Bacteria), all groups of prokaryotes related to life-
threatening diseases, such as tuberculosis (Korb et al., 2016),
gastrointestinal, respiratory and urinary infections (Langan et al.,
2015; Vila et al., 2016), and also used as biological weapons (Goel,
2015). Therefore, it is expected that these species are the target
of intense investigation, and the majority of known phages are
associated with these bacteria. Finally, some hosts are important
in the biotechnology field or used as laboratory study models for
molecular biology, such as Ectocarpus sp. (Protist) (Lipinska et al.,
2016); Sulfolobus sp., and Thermus sp. (Archaea) (Cava et al.,
2009; Zhang et al., 2013) (Supplementary Figure S2). Altogether,
the data presented here show that in all group of hosts, both
eukaryotic and prokaryotic, most of the known viruses are related
to hosts that are important for humans in certain aspects. In this
way, the virus-host network shows a highly anthropocentric view
of the virology performed so far. This biased virology is probably
the very reason for our view of a narrow host-range of the known
viruses.

Viral Diversity on Earth

Since the discovery of the tobacco mosaic virus at the end of XIX
century, many other viruses have been described and biologically
characterized in many regions of the planet, thus contributing
to the concept of viral ubiquity. With advances in electron
microscopy techniques, many studies have been conducted in
order to define the abundance and diversity of viruses, coming to
an astronomic number, in the order of 103! viral particles on the
Earth (Suttle, 2005). However, only with the advent of massive
parallel sequencing of nucleic acids and the development of a
new research field - metagenomics - it was possible to create a
better view of the viral diversity on the planet, reaffirming the
viral ubiquity concept (Kristensen et al., 2010).

By analyzing different available metagenomic works, more
specifically metaviromic works (analysis of viral nuclei acid
sequences in different environments), we built a bipartite
network graph connecting the viral groups found within
seven distinct environments around the planet: marine,
freshwater, polar water, thermal springs, hypersalines, and
sewage (Figure 3A). A total of 39 works were analyzed (for
choice criteria, see Materials and Methods). A total of 96
viral groups (genus or family) were detected in those studies.
Different amount of viral groups are shared among the
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FIGURE 3 | Viral diversity on Earth. (A) Network graph showing the viral
groups detected in different environments by metaviromic analysis. Each node
represents an environment (white) or viral groups (families or known viral
genus — colored nodes) classified according to the orders formally recognized
by the ICTV. The viruses not currently assigned in any order are listed. The
node diameter is proportional to the edge degree. The layout was generated
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(B) Relationship between the different environments based on the amount of
shared viral groups.

environments, wherein marine shared up to 49 viral groups
with other environments, reinforcing the ubiquity of viruses
on the planet (Figure 3B). Among the viral groups identified,
only representatives of the families Myoviridae, Podoviridae,
and Siphoviridae (phages belonging to the order Caudovirales)
were found in all of the searched environments. After the
initial studies of metagenomics in marine environments, in
which they searched basically for bacteriophages, the hypothesis
“Everything is everywhere but environment selects” was
applied to these viruses, stating the ubiquity of the phages,
even though some groups were specifically found in certain
environments (O’Malley, 2008; Thurber, 2009). Our meta-
analysis corroborates this hypothesis and goes further, showing
that head-tailed phages are found in every location investigated,
not only in marine samples. In contrast, the majority of viral
groups were found only in two or three environments, and
surprisingly, some groups were also restricted to only one
environment (Figure 3A). The viral diversity is higher in marine
environments, wherein 15 groups were exclusive to it. The great
diversity of viruses in the oceans is a reflection of the abundance
of hosts found there, but also reflects the number of studies
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performed, covering all of the oceans and many important seas
around the globe, such as the Mediterranean, the Baltic and
the Arctic (Supplementary Table S2). As expected, extreme
environments, such as thermal springs (high temperatures)
and hypersalines (high osmolarity), were those with the lowest
viral diversity, with only 11 and four viral groups found in
each, respectively. The families Globuloviridae and Spiraviridae
were detected exclusively in thermal springs. The viruses of
these families infect hyperthermophilic archaea, which are
highly abundant in hot springs, thus explaining the exclusivity
of those viruses in these environments. No viral group was
exclusive to hypersaline environments. Curiously, viruses
belonging to the families Sphaerolipoviridae and Pleolipoviridae
(archaea-infecting viruses) have already been isolated and
characterized from extreme environments (Luk et al., 2014);
however, representatives of these groups were not detected by
metaviromic approaches so far.

The absence of some viral groups in certain metaviromic
studies might be due to the employed methodology, either in the
sequencing platform/method and bioinformatic pipelines, in the
type of genetic material that was analyzed (DNA or RNA), or even
(and mainly) the procedures employed in the preparation of the
samples for sequencing. The vast majority of studies target DNA
viruses and use 0.2 pm porous filters during the processing of
the collected samples (Supplementary Table S2). These strategies
restrict the detection of a large part of the viruses (those with RNA
genome) and also the giant DNA viruses (Halary et al., 2016),
thus making a change in the protocols for the preparation of
samples for metaviromic approaches necessary. Nevertheless, it is
important to emphasize that the majority of the sequences found
in metaviromic studies has no similarities with known sequences
available from public databanks. This demonstrates that although
the emergence of metagenomic techniques greatly contributed to
the discovery of new viruses, even leading the ICTV executive
committee to recently approve the use of such information
for viral classification (Simmonds et al., 2017), the works on
isolation and characterization, both genomically and biologically,
should continue and be encouraged. With the association of
biological/virological and metaviromic approaches, we might
have new insights into the real diversity and distribution of
viruses on Earth.

Human-Associated Viruses and Viral
Tropism

Since human species is the one with more associated viruses
officially recognized by the ICTV among all of the hosts analyzed
here, the next step was to turn our attention to these viruses.
Until recently, it was thought that about 200 viruses were
associated with infections in humans, some with no direct
evidence of causing any disease (Woolhouse et al, 2012).
Here, we demonstrate that among the known virosphere, 320
virus species are related to human infections (Supplementary
Table S3). Among them, 146 (45.6%) infect only humans; 116
(36.2%) infect humans and other mammals, some considered
important zoonosis, such as rabies (Rabies lyssavirus), poxviruses
(Orthopoxvirus), and hantaviruses (Hantavirus) (Shchelkunov,

2013; Jackson, 2016b; Jiang et al, 2017); and 58 (18.2%)
are arboviruses (viruses transmitted by arthropods, including
mosquitoes, sandflies and ticks) (Figure 4A). These viruses are
classified within 26 families, wherein Anelloviridae, Bunyaviridae,
and Papillomaviridae are the most significant, gathering 44% of
the human viruses (Figure 4B). These viruses are highly variable,
both structurally and genetically, using different replicative
strategies. Although all groups of Baltimores classification
possess representatives of human viruses [except for viroids that
infect only plants (Steger and Perreault, 2016)], the majority
belong to groups I-V, with retroviruses accounting for less than
3% of viruses (Supplementary Table S3). Although they are
the minority among human viruses, retroviruses were central
to the emergence of mammals, thus also to humans, being
pivotal components in placenta development (Chuong, 2013). In
addition, the human immunodeficiency virus (HIV), the main
representative of the group, is one the main life-threatening
pathogens, being responsible for immunosuppressive conditions,
paving the way to numerous severe secondary infections such
as tuberculosis, systemic mycosis, Kaposi sarcoma, among others
(Miceli et al., 2011; Godfrey-Faussett and Ayles, 2016; Govindan,
2016).

Many are responsible for clinical
manifestations, while others are related only to mild symptoms
of disease or even asymptomatic infections. To have a better
view of the tropism of human viruses and the most affected
organic system, we built a network graph associating the
viruses with different systems of the human body, according to
clinical manifestations related to different viral infections. The
viruses that have no direct evidence of causing disease were
also included in the analysis. The integumentary, respiratory,
and nervous systems were the main affected systems, with 92,
72, and 58 associated viruses, respectively (Figure 4C). The
integumentary and respiratory systems are the most exposed to
infection by different micro-organisms, since they are in direct
contact with the environment, thus being expected to be the
most affected by viruses. It is noteworthy that many viruses
that affect the respiratory tract also affect the muscular system,
a reflection of the viruses that cause only flu-like symptoms
(Supplementary Figure S3). Unlike the two first systems, the
nervous system is not directly exposed to the environment,
thus making it curious that it is the third most frequently
affected system by viruses. Since it is an extremely important
and delicate system of the human body, several studies have
been conducted to elucidate possible threats for its components,
leading to the identification of a considerable range of viruses
associated with diseases of the nervous systems. Many of
these viruses are associated with severe cases of encephalitis
and meningitis, such as herpesviruses (Granerod et al., 2010),
lyssaviruses (Jackson, 2016a), and flaviviruses (Daep et al., 2014)
(Supplementary Table S4), which is why they are target of
intense investigation, to better understand the biology of these
viruses, thus allowing the development of control mechanisms
and possible treatments for diseases. Many of the viruses of
the nervous system also affect others, mainly the respiratory
and integumentary systems (Supplementary Figure S3). In
that sense, some viruses are considerable pantropics, affecting

viruses severe
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different systems simultaneously, such as ebolavirus, dengue
virus and rubella virus, affecting the cardiovascular (hemorrhagic
fever), muscular (myalgia), skeletal (arthralgia), and nervous
(encephalitis) systems, among others (Supplementary Table S4).

The reproductive and lymphatic systems are the least affected
by viruses. The first is affected by only two viruses (mumps
virus and Rio Bravo virus), responsible for cases of orchitis and
oophoritis (Volkova et al., 2012). Although the herpesviruses
and papillomaviruses are commonly associated with infections
in the reproductive system, where they cause ulcerative lesions
and warts in genital regions, we associated these viruses to
the integumentary system, since their tropic site of infection
is epidermal cells and not specific organs belonging to the
reproductive tract. The lymphatic system has also only two
associated virus species (Human gammaherpesvirus 4 and
Primate T-lymphotropic virus 1), both related to lymphoma
cases. Although some viruses trigger lymph node inflammation,
these are not considered the tropic site of infection for most
viruses, so they are excluded from this analysis. It is possible
that other viruses are related to these systems, as well as others
included in this network, but further investigations are required.
More studies are necessary regarding these systems, thus we
can identify the viruses with tropism for these sites. Finally, 83
(26%) viruses analyzed in this work are not connected to any
system since they are not related to any known disease so far
(Figure 4C). The majority of these viruses belong to the family
Anelloviridae (67.5%), which is mainly composed of the torque
teno viruses. These viruses are present in most parts of people, as

many metaviromic studies have demonstrated, but there is still
no consensus that they carry any kind of loss for our health.
As far as we know, they are part of the human virome along
with many bacteriophages (Rascovan et al., 2016). Along with the
anelloviruses, others have already been detected in human beings
by metagenomic approaches, where the association with any
disease remains under discussion, such as the giant mimiviruses
and marseilleviruses (Popgeorgiev et al., 2013). While there is
some evidence linking these viruses with human pathologies, we
are still far from ending this debate.

CONCLUSION

It has been more than a century since the discovery of the
first viruses. During this time, we have seen great advances in
cellular and molecular biology and genetics, which have boosted
achievements in the field of virology. Nevertheless, the results
presented here show us that, even with great advances, we still
know only a tiny fraction of the viral universe, mainly regarding
the virus-host interaction. The discovery of giant viruses during
the last decade was essential for us to realize how diverse and
intriguing the virosphere is, triggering the search for new viruses
in hosts completely ignored in the lens of virology. A break
of concepts was established after those discoveries, taking us
to think again what a virus is and what else is waiting to
be discovered. Moreover, the advent of metaviromics had a
unique contribution to the expansion of our knowledge about
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the virosphere, mainly on the diversity and distribution of these
microorganisms, but also with the discovery of new viruses
(Alavandi and Poornima, 2012; Shi et al., 2016). However, we
are still unable to define the host range of these new viruses with
enough accuracy based only on genomic data. In that sense, the
improvement of viral isolation techniques is important so that we
can look deeper into how these new organisms interact with their
hosts and the environment which they inhabit.

The analyses shown here provide a picture of what we
know about the entire virosphere and their hosts, and confirm
the anthropocentric view of the virology so far. It is likely
that the network presented here (Figure 2) is largely more
interconnected. However, further studies should be performed,
especially searching for viruses in hosts that are not of primary
human interest, such as environmental fungi and archaea, or even
plants and animals that have no added medicinal or economic
value. It is an arduous work, but with the improvement of viral
isolation techniques and metaviromics, both fundamental tools
to this task, it will be possible to continuously add new pieces
to fulfill the virus-host network, providing a broader view of
the viral universe. In that moment, possibly when science would
once again be performed and applied to the understanding of
the nature rather than serving the exclusive interests of human
beings, we might see beyond just the tip of the iceberg.

AUTHOR CONTRIBUTIONS

RR, AA, and PB prepared the dataset. RR performed the analysis.
RR wrote the manuscript. GT, EK, and JA designed the study. All
authors read and approved the final version of the manuscript.

FUNDING

This work was supported by CNPq (Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico), CAPES

REFERENCES

Alavandi, S. V., and Poornima, M. (2012). Viral metagenomics: a tool for virus
discovery and diversity in aquaculture. Indian J. Virol. 23, 88-98. doi: 10.1007/
s13337-012-0075-2

Baltimore, D. (1971). Expression of animal virus genomes. Bacteriol. Rev. 35,
235-241.

Bastian, M., Heymann, S., and Jacomy, M. (2009). “Gephi: an open source
software for exploring and manipulating networks,” in Third International
AAAI Conference on Weblogs Social Media, Paris, 361-362. doi: 10.1136/gshc.
2004.010033

Boyer, M., Yutin, N., Pagnier, I, Barrassi, L., Fournous, G., Espinosa, L., et al.
(2009). Giant Marseillevirus highlights the role of amoebae as a melting pot
in emergence of chimeric microorganisms. Proc. Natl. Acad. Sci. U.S.A. 106,
21848-21853. doi: 10.1073/pnas.0911354106

Cava, F., Hidalgo, A., and Berenguer, J. (2009). Thermus thermophilus as biological
model. Extremophiles 13, 213-231. doi: 10.1007/s00792-009-0226-6

Chuong, E. B. (2013). Retroviruses facilitate the rapid evolution of the mammalian
placenta. Bioessays 35, 853-861. doi: 10.1002/bies.201300059

Daep, C. A., Mufoz-Jorddn, J. L., and Eugenin, E. A. (2014). Flaviviruses, an
expanding threat in public health: focus on dengue, West Nile, and Japanese
encephalitis virus. J. Neurovirol. 20, 539-560. doi: 10.1007/s13365-014-0285-z

(Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior)
and FAPEMIG (Fundagio de Amparo a Pesquisa do estado de
Minas Gerais).

ACKNOWLEDGMENTS

We would like to thank our colleagues from Laboratério de
Virus of Universidade Federal de Minas Gerais. JA, GT, and EK
are CNPq researchers. JA, EK, RR, and PB are members of a
CAPES-COFECUB Project.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2017.01673/full#supplementary-material

FIGURE S1 | Amount of viruses associated by hosts (at genus level) separated by
taxonomic group of the hosts. The total amount of hosts is depicted in the top of
each column.

FIGURE S2 | The five hosts with more associated viruses for all six major
taxonomic groups, evidencing that most of them is related to human interests. (A)
Animalia, (B) Plantae, (C) Protist, (D) Fungi, (E) Bacteria, (F) Archaea. d,
domesticated host; i, infection related host; b, biotechnology application host.

FIGURE S3 | Unipartite network graph showing the connections between organic
systems according to the viruses that have tropism for more than one system. The
nodes’ diameter is proportional to the edge degree. The layout was generated
using a force based algorithm followed by manual rearrangement to a better
visualization of the connections. The thickness of the edges is proportional to the
number of viruses that affect the two systems it connects.

TABLE S1 | Viruses and their hosts.
TABLE S2 | Technical information of metaviromic works.
TABLE S3 | Human-infecting viruses and other animals.

TABLE S4 | Tropism of human-infecting viruses and clinical manifestation.

Dietzgen, R. G., Mann, K. S., and Johnson, K. N. (2016). Plant virus-insect vector
interactions: current and potential future research directions. Viruses 8, 1-21.
doi: 10.3390/v8110303

Durkovi¢, J., Cafiovd, I, Lagana, R., Kuéerové, V., Morav¢ik, M., Priwitzer, T., et al.
(2013). Leaf trait dissimilarities between Dutch elm hybrids with a contrasting
tolerance to Dutch elm disease. Ann. Bot. 111, 215-227. doi: 10.1093/aob/
mcs274

Ebrahimi-Mameghani, M., Sadeghi, Z., Abbasalizad Farhangi, M., Vaghef-
Mehrabany, E., and Aliashrafi, S. (2016). Glucose homeostasis, insulin
resistance and inflammatory biomarkers in patients with non-alcoholic
fatty liver disease: beneficial effects of supplementation with microalgae

Chlorella  vulgaris: a  double-blind  placebo-controlled  randomized
clinical trial. Clin. Nutr. 36, 1001-1006. doi: 10.1016/j.clnu.2016.
07.004

Enquist, L. W., and Racaniello, V. R. (2013). “Virology: from contagium fluidum
to virome,” in Fields Virology, eds D. M. Knipe and P. M. Howley (Philadelphia,
PA: Lippincott Williams & Wilkins), 1-20.

Forterre, P. (2010). Giant viruses: conflicts in revisiting the virus concept.
Intervirology 53, 362-378. doi: 10.1159/000312921

Gallone, B., Steensels, J., Prahl, T., Soriaga, L., Saels, V., Herrera-Malaver, B., et al.
(2016). Domestication and divergence of Saccharomyces cerevisiae beer yeasts.
Cell 166, 1397-1410.e16. doi: 10.1016/j.cell.2016.08.020

Frontiers in Microbiology | www.frontiersin.org

August 2017 | Volume 8 | Article 1673


http://journal.frontiersin.org/article/10.3389/fmicb.2017.01673/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fmicb.2017.01673/full#supplementary-material
https://doi.org/10.1007/s13337-012-0075-2
https://doi.org/10.1007/s13337-012-0075-2
https://doi.org/10.1136/qshc.2004.010033
https://doi.org/10.1136/qshc.2004.010033
https://doi.org/10.1073/pnas.0911354106
https://doi.org/10.1007/s00792-009-0226-6
https://doi.org/10.1002/bies.201300059
https://doi.org/10.1007/s13365-014-0285-z
https://doi.org/10.3390/v8110303
https://doi.org/10.1093/aob/mcs274
https://doi.org/10.1093/aob/mcs274
https://doi.org/10.1016/j.clnu.2016.07.004
https://doi.org/10.1016/j.clnu.2016.07.004
https://doi.org/10.1159/000312921
https://doi.org/10.1016/j.cell.2016.08.020
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Rodrigues et al.

Predicting WM Performance with Spectral Entropy

Godfrey-Faussett, P., and Ayles, H. (2016). Why are people living with HIV still
dying of tuberculosis? Lancet 387, 1141-1143. doi: 10.1016/S0140-6736(16)
00699-1

Goel, A. K. (2015). Anthrax: a disease of biowarfare and public health importance.
World J. Clin. Cases 3, 20-33. doi: 10.12998/wjcc.v3.i1.20

Govindan, B. (2016). Recapitulation of acquired immuno deficiency syndrome
associated Kaposi’s sarcoma. Indian J. Sex. Transm. Dis. 37, 115-122.
doi: 10.4103/0253-7184.192120

Granerod, J., Ambrose, H. E., Davies, N. W. S., Clewley, J. P., Walsh, A. L,
Morgan, D, et al. (2010). Causes of encephalitis and differences in their clinical
presentations in England: a multicentre, population-based prospective study.
Lancet Infect. Dis. 10, 835-844. doi: 10.1016/S1473-3099(10)70222-X

Halary, S., Temmam, S., Raoult, D., and Desnues, C. (2016). Viral metagenomics:
are we missing the giants? Curr. Opin. Microbiol. 31, 34-43. doi: 10.1016/j.mib.
2016.01.005

Hillman, B. I, and Suzuki, N. (2004). Viruses of the chestnut blight fungus,
Cryphonectria parasitica. Adv. Virus Res. 63, 423-472. doi: 10.1016/S0065-
3527(04)63007-7

Holmfeldt, K., Solonenko, N., Shah, M., Corrier, K., Riemann, L., Verberkmoes,
N. C,, et al. (2013). Twelve previously unknown phage genera are ubiquitous
in global oceans. Proc. Natl. Acad. Sci. U.S.A. 110, 12798-12803. doi: 10.1073/
pnas.1305956110

International Committee on Taxonomy of Viruses - Taxonomy (2017). Available at:
https://talk. ictvonline. org/taxonomy/w/ictv-taxonomy [accessed July 1, 2017].

Jackson, A. C. (2016a). Diabolical effects of rabies encephalitis. J. Neurovirol. 22,
8-13. doi: 10.1007/513365-015-0351- 1

Jackson, A. C. (2016b). Human rabies: a 2016 update. Curr. Infect. Dis. Rep. 18, 1-6.
doi: 10.1007/s11908-016-0540-y

Jiang, H., Zheng, X., Wang, L., Du, H., Wang, P., and Bai, X. (2017). Hantavirus
infection: a global zoonotic challenge. Virol. Sin. 32, 32-43. doi: 10.1007/
s12250-016-3899-x

Kondo, H., Kanematsu, S., and Suzuki, N. (2013). Viruses of the white root rot
fungus, Rosellinia necatrix. Adv. Virus Res. 86, 177-214. doi: 10.1016/B978-0-
12-394315-6.00007-6

Korb, V. C., Chuturgoon, A. A., and Moodley, D. (2016). Mycobacterium
tuberculosis: manipulator of protective immunity. Int. J. Mol. Sci. 17:131.
doi: 10.3390/ijms17030131

Kristensen, D. M., Mushegian, A. R., Dolja, V. V., and Koonin, E. V.

(2010). New dimensions of the virus world discovered through
metagenomics. Trends Microbiol. 18, 11-19. doi: 10.1016/j.tim.2009.
11.003

Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., et al.
(2009). Circos: an information aesthetic for comparative genomics. Genome
Res. 19, 1639-1645. doi: 10.1101/gr.092759.109

La Scola, B., Audic, S., Robert, C., Jungang, L., de Lamballerie, X., Drancourt, M.,
et al. (2003). A giant virus in amoebae. Science 299, 2033. doi: 10.1126/science.
1081867

Langan, K. M., Kotsimbos, T., and Peleg, A. Y. (2015). Managing Pseudomonas
aeruginosa respiratory infections in cystic fibrosis. Curr. Opin. Infect. Dis. 28,
547-556. doi: 10.1097/QC0O.0000000000000217

Legendre, M., Bartoli, J., Shmakova, L., Jeudy, S., Labadie, K., Adrait, A., et al.
(2014). Thirty-thousand-year-old distant relative of giant icosahedral DNA
viruses with a pandoravirus morphology. Proc. Natl. Acad. Sci. U.S.A. 111,
4274-4279. doi: 10.1073/pnas.1320670111

Lipinska, A. P., Van Damme, E. J. M., and De Clerck, O. (2016). Molecular
evolution of candidate male reproductive genes in the brown algal
model Ectocarpus. BMC Evol. Biol. 16:5. doi: 10.1186/s12862-015-
0577-9

Luk, A. W. S., Williams, T. J., Erdmann, S., Papke, R. T., and Cavicchioli, R. (2014).
Viruses of haloarchaea. Life (Basel) 4, 681-715. doi: 10.3390/1ife4040681

Lwoff, A. (1957). The concept of virus the third marjory stephenson memorial
lecture. J. Gen. Microbiol. 17, 239-253.

Menezes, C. B.,, Amanda Piccoli Frasson, A. P., and Tasca, T. (2016).
Trichomoniasis - are we giving the deserved attention to the most common
non-viral sexually transmitted disease worldwide? Microb. Cell 3, 404-418.
doi: 10.15698/mic2016.09.526

Miceli, M. H., Diaz, J. A,, and Lee, S. A. (2011). Emerging opportunistic yeast
infections. Lancet Infect. Dis. 11, 142-151. doi: 10.1016/S1473-3099(10)70218-8

Mihara, T., Nishimura, Y., Shimizu, Y., Nishiyama, H., Yoshikawa, G., Uehara, H.,
et al. (2016). Linking virus genomes with host taxonomy. Viruses 8:66.
doi: 10.3390/v8030066

O’Malley, M. A. (2008). ‘Everything is everywhere: but the environment selects’:
ubiquitous distribution and ecological determinism in microbial biogeography.
Stud. Hist. Philos. Biol. Biomed. Sci. 39, 314-325. doi: 10.1016/j.shpsc.2008.
06.005

Panahi, Y., Darvishi, B., Jowzi, N., Beiraghdar, F., and Sahebkar, A.
(2016).  Chlorella  vulgaris: a multifunctional dietary supplement
with diverse medicinal properties. Curr. Pharm. Des. 22, 164-173.
doi: 10.2174/1381612822666151112145226

Philippe, N., Legendre, M., Doutre, G., Couté, Y., Poirot, O., Lescot, M.,
et al. (2013). Pandoraviruses: amoeba viruses with genomes up to 2.5 Mb
reaching that of parasitic eukaryotes. Science 341, 281-286. doi: 10.1126/science.
1239181

Popgeorgiev, N., Temmam, S., Raoult, D., and Desnues, C. (2013). Describing
the silent human virome with an emphasis on giant viruses. Intervirology 56,
395-412. doi: 10.1159/000354561

Raoult, D., and Forterre, P. (2008). Redefining viruses: lessons from
Mimivirus. Nat. Rev. Microbiol. 6, 315-319. doi: 10.1038/nrmicro
1858

Rascovan, N., Duraisamy, R., and Desnues, C. (2016). Metagenomics
and the human virome in asymptomatic individuals. Annu.
Rev.  Microbiol. 70, 125-141. doi:  10.1146/annurev-micro-102215-
095431

Reganold, J. P, and Wachter, J. M. (2016). Organic agriculture in the
twenty-first century. Nat. Plants 2, 15221. doi: 10.1038/NPLANTS.
2015.221

Shchelkunov, S. N. (2013). An increasing danger of zoonotic orthopoxvirus
infections.  PLoS  Pathog.  9:€1003756.  doi:  10.1371/journal.ppat.
1003756

Shi, M., Lin, X.-D., Tian, J.-H., Chen, L.-J., Chen, X., Li, C.-X,, et al. (2016).
Redefining the invertebrate RNA virosphere. Nature doi: 10.1038/nature20167
[Epub ahead of print].

Sicard, D., and Legras, J. L. (2011). Bread, beer and wine: yeast domestication in
the Saccharomyces sensu stricto complex. C R Biol. 334, 229-236. doi: 10.1016/
j.crvi.2010.12.016

Siddiqui, R., and Khan, N. A. (2012). Biology and pathogenesis of Acanthamoeba.
Parasit. Vectors 5:6. doi: 10.1186/1756-3305-5-6

Simmonds, P., Adams, M. J., Benkd, M., Breitbart, M., Brister, J. R., Carstens,
E. B, et al. (2017). Consensus statement: virus taxonomy in the age
of metagenomics. Nat. Rev. Microbiol. 15, 161-168. doi: 10.1038/nrmicro.
2016.177

Steger, G., and Perreault, J. P. (2016). Structure and associated biological
functions of viroids. Adv. Virus Res. 94, 141-172. doi: 10.1016/bs.aivir.2015.
11.002

Suttle, C. A. (2005). Viruses in the sea. Nature 437, 356-361. doi: 10.1038/
nature04160

Thornton, P. K. (2010). Livestock production: recent trends, future prospects.
Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 365, 2853-2867. doi: 10.1098/rstb.
2010.0134

Thurber, R. V. (2009). Current insights into phage biodiversity and
biogeography. Curr. Opin. Microbiol. 12, 582-587. doi: 10.1016/j.mib.2009.
08.008

Vainio, E. J., and Hantula, J. (2015). Taxonomy, biogeography and importance
of Heterobasidion viruses. Virus Res. 219, 2-10. doi: 10.1016/j.virusres.2015.
10.014

Vila, J., Sdez-Lopez, E., Johnson, J. R,, Romling, U., Dobrindt, U., Cantén, R, et al.
(2016). Escherichia coli: an old friend with new tidings. FEMS Microbiol. Rev.
40, 437-463. doi: 10.1093/femsre/fuw005

Volkova, E., Tesh, R. B., Monath, T. P., and Vasilakis, N. (2012). Full genomic
sequence of the prototype strain (M64) of Rio Bravo virus. J. Virol. 86, 4715.
doi: 10.1128/JV1.00331-12

Woese, C. R. (2002). On the evolution of cells. Proc. Natl. Acad. Sci. U.S.A. 99,
8742-8747. doi: 10.1073/pnas.132266999

Woolhouse, M., Scott, F., Hudson, Z., Howey, R., and Chase-Topping, M. (2012).
Human viruses: discovery and emergence. Philos. Trans. R. Soc. B Biol. Sci. 367,
2864-2871. doi: 10.1098/rstb.2011.0354

Frontiers in Microbiology | www.frontiersin.org

August 2017 | Volume 8 | Article 1673


https://doi.org/10.1016/S0140-6736(16)00699-1
https://doi.org/10.1016/S0140-6736(16)00699-1
https://doi.org/10.12998/wjcc.v3.i1.20
https://doi.org/10.4103/0253-7184.192120
https://doi.org/10.1016/S1473-3099(10)70222-X
https://doi.org/10.1016/j.mib.2016.01.005
https://doi.org/10.1016/j.mib.2016.01.005
https://doi.org/10.1016/S0065-3527(04)63007-7
https://doi.org/10.1016/S0065-3527(04)63007-7
https://doi.org/10.1073/pnas.1305956110
https://doi.org/10.1073/pnas.1305956110
https://talk.
https://doi.org/10.1007/s13365-015-0351-1
https://doi.org/10.1007/s11908-016-0540-y
https://doi.org/10.1007/s12250-016-3899-x
https://doi.org/10.1007/s12250-016-3899-x
https://doi.org/10.1016/B978-0-12-394315-6.00007-6
https://doi.org/10.1016/B978-0-12-394315-6.00007-6
https://doi.org/10.3390/ijms17030131
https://doi.org/10.1016/j.tim.2009.11.003
https://doi.org/10.1016/j.tim.2009.11.003
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1126/science.1081867
https://doi.org/10.1126/science.1081867
https://doi.org/10.1097/QCO.0000000000000217
https://doi.org/10.1073/pnas.1320670111
https://doi.org/10.1186/s12862-015-0577-9
https://doi.org/10.1186/s12862-015-0577-9
https://doi.org/10.3390/life4040681
https://doi.org/10.15698/mic2016.09.526
https://doi.org/10.1016/S1473-3099(10)70218-8
https://doi.org/10.3390/v8030066
https://doi.org/10.1016/j.shpsc.2008.06.005
https://doi.org/10.1016/j.shpsc.2008.06.005
https://doi.org/10.2174/1381612822666151112145226
https://doi.org/10.1126/science.1239181
https://doi.org/10.1126/science.1239181
https://doi.org/10.1159/000354561
https://doi.org/10.1038/nrmicro1858
https://doi.org/10.1038/nrmicro1858
https://doi.org/10.1146/annurev-micro-102215-095431
https://doi.org/10.1146/annurev-micro-102215-095431
https://doi.org/10.1038/NPLANTS.2015.221
https://doi.org/10.1038/NPLANTS.2015.221
https://doi.org/10.1371/journal.ppat.1003756
https://doi.org/10.1371/journal.ppat.1003756
https://doi.org/10.1038/nature20167
https://doi.org/10.1016/j.crvi.2010.12.016
https://doi.org/10.1016/j.crvi.2010.12.016
https://doi.org/10.1186/1756-3305-5-6
https://doi.org/10.1038/nrmicro.2016.177
https://doi.org/10.1038/nrmicro.2016.177
https://doi.org/10.1016/bs.aivir.2015.11.002
https://doi.org/10.1016/bs.aivir.2015.11.002
https://doi.org/10.1038/nature04160
https://doi.org/10.1038/nature04160
https://doi.org/10.1098/rstb.2010.0134
https://doi.org/10.1098/rstb.2010.0134
https://doi.org/10.1016/j.mib.2009.08.008
https://doi.org/10.1016/j.mib.2009.08.008
https://doi.org/10.1016/j.virusres.2015.10.014
https://doi.org/10.1016/j.virusres.2015.10.014
https://doi.org/10.1093/femsre/fuw005
https://doi.org/10.1128/JVI.00331-12
https://doi.org/10.1073/pnas.132266999
https://doi.org/10.1098/rstb.2011.0354
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Rodrigues et al. Predicting WM Performance with Spectral Entropy

Zhang, C., Krause, D. J., and Whitaker, R. J. (2013). Sulfolobus islandicus: a  Copyright © 2017 Rodrigues, Andrade, Boratto, Trindade, Kroon and Abrahdo.
model system for evolutionary genomics. Biochem. Soc. Trans. 41, 458-462.  This is an open-access article distributed under the terms of the Creative Commons
doi: 10.1042/BST20120338 Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) or licensor are credited and that the

Conflict of Interest Statement: The authors declare that the research was  original publication in this journal is cited, in accordance with accepted academic

conducted in the absence of any commercial or financial relationships that could  practice. No use, distribution or reproduction is permitted which does not comply

be construed as a potential conflict of interest. with these terms.

Frontiers in Microbiology | www.frontiersin.org 11 August 2017 | Volume 8 | Article 1673


https://doi.org/10.1042/BST20120338
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Human Microbiome Journal 11 (2019) 100050

journal homepage: www.elsevier.com/locate/humic

Contents lists available at ScienceDirect

Human Microbiome Journal

Virus and microbiota relationships in humans and other mammals: An

evolutionary view

Check for
updates

Mauricio Teixeira Lima, Ana Claudia dos Santos Pereira Andrade, Graziele Pereira Oliveira,
Jacques Robert Nicoli, Flaviano dos Santos Martins, Erna Geessien Kroon,

Jonatas Santos Abrahao”*

Departamento de Microbiologia, Instituto de Ciéncias Bioldgicas, Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais 31270-901, Brazil

ARTICLE INFO ABSTRACT

Keywords:

Indigenous microbiota
Virus-host interactions
Virus-microbiota interactions
Microbiota-host interactions
Evolution

In the last decades, studies have revealed multiple and strong correlations between the host and its commensal
microbiota consisting of bacteria, protozoa, fungi and viruses. This associated microbiota can positively or ne-
gatively influence the course of a wide range of infections. Here, we review the interactions between the host and
its viral microbiota and discuss new paradigms from an evolutionary perspective. The viral adaptation to a
microbial environment in a co-evolutionary approach is highlighted, as well as viral cross transmission in the

context of the barriers imposed by the indigenous microbiota. In addition to reviewing the host-microbiota-virus
relationships, we focus the discussion on microbiota-virus interactions that could be applied to preventive and

therapeutic treatments.

1. Introduction

Viruses are the most abundant biological entities on Earth and have
evolved with prokaryotes and eukaryotes for thousands of years. The
abundance of viruses varies according to the environment and some-
times is relative to bacterial activity and colonization [1]. The human
gut harbors a dense and complex microbial ecosystem, with presents
not only prokaryotic and eukaryotic organisms but also viruses (vir-
obiota, and their genes — virome). This indigenous microbiota can be
associated with the host cells (eukaryotic virobiota) or with some of the
approximately 2776 prokaryotic species that inhabit it (prokaryotic
virobiota) and this interation may be beneficial or detrimental to the
host [2]. An example of a positive effect is the adherence of phages to
mucus forming an antimicrobial barrier in various host mucosal sur-
faces [3]. This co-evolutionary mechanism is called “non-host-derived
immunity” and acts primarily controlling the abundance and equili-
brium of bacterial populations [3,4]. The evolutionary battle between
viruses and prokaryotes was reported in the last years by studies on the
“Kill the Winner” hypothesis, horizontal genetic exchange, CRISPR-
encoding bacteria and viral anti-CRISPR proteins [5-7]. Investigation of
these relationships has provided important biotechnological tools that
can be used for genetic engineering such as CRISPR-Cas9 genome
editing human cells [6].

Recent studies have shown that the host’s normal microbiota is able
to influence the infections caused by various families of animal viruses
[8-10]. Microbiota-virus interactions have been studied in germ-free
mice or antibiotic-treated mice models highlighting the opposing
modulating effects of commensal bacteria on the course of viral infec-
tions [9,10]. Commensal bacteria can potentially influence viral in-
fections either hindering or promoting the viral infection and some-
times aggravate the disease [8,9]. Bacteria commonly isolates from
human nasopharynx as Staphylococcus aureus, Pseudomonas species,
Streptococcus pneumonia, Haemophilus influenzae and Streptococcus pyo-
genes has been associated with increased risk of death in adults and
children infected with influenza [11].

This review highlights the important role of microbiota-virus in-
teractions through an evolutionary perspective, emphasizing the viral
adaptations to the microbial environment and the use of available re-
sources by viruses. The cooperation or the competition with other
components of the indigenous microbiota, as well as the co-evolution
with host and viral cross-species transmission in the context of the
barriers imposed by the endogenous microbiota are also addressed.

2. Viruses versus microbial ecosystem

Viral particles face numerous host-related challenges to reach the
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permissive cells, such as tissue specificities, body temperature and
epithelial secretions including IgA, defensins and a mucus barrier, as
well as environmental modifications due to microbiota metabolism and
cellular composition such as pH, redox potential, lipopolysaccharide
(LPS) and glycans. The gastrointestinal microbiota is the most complex
and diverse ecosystem in mammals, quite different when compared to
those present in other body sites, and there is a considerable variation
in the constituents of the gut microbiota among apparently healthy
individuals [12].

The presence of the microbiota or its products is associated with
increases in the viral fitness for all enteric viruses studied so far, in-
cluding Enterovirus C (poliovirus) [13,14], Mammalian reovirus [13],
Rotavirus A [15], Norwalk virus (norovirus) [16-19] and Mouse mam-
mary tumor virus (MMTV) [20,21] (an enteric retrovirus). In this con-
text, some findings suggest different mechanisms by which the enteric
viruses could use bacteria and their products to withstand environ-
mental adversities and cross the host cell barriers.

A study of poliovirus was the first to show that viral exposure to
bacteria enhanced host cell binding and infection by the virus [13]. The
enhancement of viral infectivity did not require live bacteria, and the
presence of bacterial surface polysaccharides, including LPS and pep-
tidoglycan (PGN), was sufficient [13]. LPS is the major cell wall com-
ponent of Gram-negative bacteria with highest concentrations in the
gut lumen [22]. Poliovirus can use LPS to promote attachment to the
surface of permissive cells through direct facilitation of viral binding to
its poliovirus receptor (Fig. 1A). In addition, LPS can enhance virion
environmental stability by increasing its thermostability and resistance
to chlorine bleach [13,14]. A specific residue in the capsid protein of
poliovirus VP1 was shown to be crucial for stabilization, and this ability
is important to prevent premature conformational changes before un-
coating [14] (Fig. 1B). A mechanism similar to the LPS-mediated sti-
mulation of poliovirus was observed for human norovirus when it was
discovered that it could infect human B cells [16]. Some specific
commensal bacteria express a glycan called histo-blood group antigen
(HBGA) that correlated with the ability of norovirus to attach and infect
B cells [18]. The isolated HBGA was sufficient to stimulate viral at-
tachment to the surface of B cells [19] (Fig. 1C) by using a mechanism
apparently very similar to that of poliovirus-LPS attachment to its host
receptor. However, the receptor used by human norovirus remains
unknown precluding an understanding of the mechanism by which
bacterial HBGA stimulates viral attachment [19].

It is not yet clear how viruses cross all of the barriers to reach the
host cells, such as those which separate virus from B cells and the
human norovirus-HBGA complex located in the intestinal lumen. Some
opportunistic members of the commensal microbiota contribute to the
process of injury of the gut barriers by primarily destroying the mucus
layer or even the enterocytes by using the enzymatic apparatus [23];
viral particles could use these passages to reach the target cells. Fur-
thermore, many bacteria can translocate, which is the ability to pass
through the intestinal epithelium from the lumen to the internal com-
partment [24].Viruses may adhere to bacterial surfaces during trans-
location, which occurs through the transcellular (inside enterocytes) or
the paracellular (by passing through the intercellular space between the
cells) pathways. This phenomenon described here as “microbial
phoresy” is defined in ecology as an inter-species biological interaction
where an organism is mechanically transported by its host. Phoresy is
frequently used within the animal kingdom and is a type of com-
mensalism where neither organism is physiologically dependent on the
other. Recently, the binding of human norovirus around the outer cell
surfaces and pili structures of bacteria was described, but without ap-
parent localization [25] (Fig. 1D). A similar function may be present in
other viruses of different viral families seen the affinities between these
and bacterial surface components [26]. In conclusion, viruses can in-
teract with the microbiota and their products to increase viral fitness
through virion stability and enhanced binding to the surface of target
host cells. (Fig. 1A-D).
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3. Host immune environment: From tolerance to battlefield

The intestinal microbiota interacts with the whole host immune
system and consequently with antiviral immune responses. However
some viruses have evolved to use this phenomenon, the microbiota
being directly involved in viral evasion of the host immune system and
in induction of a tolerogenic microenvironment. The establishment of a
tolerogenic microenvironment is made by specific regulatory T cells,
highly prevalent in the intestine and responsible for recognition of
commensal microbiota and for the immunological tolerance to many of
its non-pathogenic components [27].Viruses may use regulatory T cells
to influence antiviral immune responses, such as for the persistence of
MMTV retrovirus infection in mice pups (Fig. 2). MMTV seems to bind
directly to LPS and then incorporates LPS-binding host proteins into its
envelope, such as CD14, MD2 and TLR4. Virions isolated from knockout
mice for LPS-binding proteins were unable to bind to LPS [20,21]. It is
important to highlight the immunostimulatory nature of LPS in gen-
erating sequential events in which binding of LPS to TLR4 drives the
production of IL-6, which then induces IL-10 secretion [20,21] (Fig. 2).
In addition, virion-LPS binding is essential for viral transmission in pups
that ingested MMTV-laden maternal milk [20]. Furthermore, infected
mouse pups failed to produce detectable antiviral antibodies when
immunized orally with viral antigens, whereas those which were ex-
posed to MMTYV intraperitoneally were not tolerant to MMTV antigens
[20]. These data revealed that interactions between the microbiota and
MMTV promotes tolerance to viral antigens and facilitates the estab-
lishment of a persistent viral infection.

Another virus that has been shown to benefit from the bacterial
modulation of the host immune system is murine norovirus (MNV),
which presents a bacteria-mediated persistence [28]. In vivo assays
using mice treated with antibiotics for bacterial depletion showed that
the treatment inhibits persistent MNV infection in the intestine [28].
The tissue infection and systemic viral replication were not affected by
antibiotic's treatment and the persistent infection occurred only when
the microbiota was recomposed [28]. Additionally, mice lacking IFN-A
receptor were persistently infected with a MNV irrespective of the
presence of commensal microorganisms [28,29]. The hypothesis cur-
rently accepted is that commensal bacteria suppress the production of
IFN-A upon their interaction with MNV [28,29]. Similarly, this cytokine
also controls rotavirus infection in murine model [30]. However, a
study showed that MNV can replace the beneficial function of micro-
biota in germ-free or antibiotic-treated mice restored intestinal mor-
phology and lymphocyte function without inducing overt inflammation
and disease [31]. The IFN-a receptor was associated with the ability of
MNV to compensate for bacterial depletion and kept the intestinal
homeostasis [31].

As pointed out above, the modulation of the immune system by the
microbiota can promote viral infection, but can inversely benefit the
host depending on the viral agent. The presence of the microbiota is
essential for an effective immune response against the Vaccinia virus
(VACV), a large and complex enveloped virus belonging to the
Poxviridae family [32]. An in vivo study demonstrated that VACV pre-
sented a similar profile of systemic infection in germ-free and im-
munosuppressed mice models, whereas conventional mice were re-
fractory to this infection [32]. Additional in vivo studies have also
demonstrated a microbiota-mediated protection against the Influenza A
virus, in which the microbiota activated the inflammasome [33]. The
inflammasome activation induced migration of dendritic cells from the
lung to the draining lymph node, to stimulate influenza-specific T-cell
responses (Fig. 3A). Antibiotic treatment in mice caused microbiota
depletion and increased the animals’ susceptibility to the virus [34].
Additionally, recent studies highlighted the importance of signals de-
rived from commensal bacteria that can calibrate the activation
threshold of innate immunity, and revealed an interplay between
commensal and antiviral interferon signaling pathways in macro-
phages, involved in responses to Influenza A virus [35]. Conversely,
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studies also showed that respiratory influenza infection could cause
digestive diseases such as intestinal immune injury and secondary in-
fections in gut [36,37]. The intestinal immune injury may have resulted
from an altered intestinal microbiota composition mediated by IFN-y
produced by lung-derived T-cells and recruited into the intestine
(Fig. 3B) [36].

Therefore, in the host immune system environment, the cross-talk
between microbiota and virus shows a two-way pattern involving reg-
ulator and regulated agents, both the microbiome and the viral infec-
tion having had alterations in their composition and fitness, respec-
tively. In summary, the triangular relationships between viruses,
microbiota and immune system are complex and vary from tolerance to
dysbiosis in a phenomenon shaped by co-evolution.

4. From co-evolution to cross species transmission

In host-microbiota-virus co-evolution, each element of this re-
lationship exerts selective pressures the others, thereby affecting the
evolutionary aspects in general. Many organisms have been described
for their probiotic effect on various types of viral infections, leading to
consequent applications in preventive and therapeutic approaches
[38-41]. Specific members of the microbiota may have a promoter or
inhibitory effect on viral infections in the original or new host.

The human female vaginal microbiota co-evolved with the entire
genus Lactobacillus [42]. These bacteria responsible for production of
antiviral agents such as hydrogen peroxide (H,0,) and lactic acid are
dominant in the vaginal ecosystem. The hydrogen peroxide produced



M.T. Lima, et al.

Human Microbiome Journal 11 (2019) 100050

| Infectious MMTV virions in milk |

Host-acquired pmTV

TIR-A 55
iy

)]
he 5
°\§’£’; $ O

Commensal bacteria

Ge

Enterocytes

@ :

‘ “{! i,",u

-

: IL-6 \
\\\ \/\\? L//ﬁ ///
| —— Q (;TLR-d MMTV
Q Q Q Q ] C ﬁ!
/ Q\\\\' //) S \\\lj \)' ‘;,) LY
N G W “;}- 2%y _‘
Tcell *ﬂ\ TR e
Q are ] )“, ' M
Dendriticcell [ 3, P?
0
Q
Q
Lol l Persistent MMTV infection ]
0
Sl o
— ft&‘:""{% SIS, )i:, "“*jv
¥ "‘l !" 2 " 1“! ?V %) VI‘O ' 3
NI e T e, S
. . "l 4J Gty XA
Anti-viral LI AN
& ,5 » "y ‘\,’ gv i
Response s ot i
qu l,"},) % [SAY) 3 s L) 3
Loty 9% ne ’,{: 2] }’t’ 3

e
SR
kg! s L 2vet

Fig. 2. Establishment of persistent MMTV infection in mice pups wherein regulatory T cells influence the antiviral immune response. The engagement of TLR4 (that
was incorporated by MMTV) on LPS drives the production of IL-6, which induces IL-10 secretion. In this immunosuppressive microenvironment, MMTV is able to

establish a persistent infection.

by Lactobacillus plays an important role as a natural antimicrobial agent
in the vaginal ecosystem and is toxic to a numerous organisms, in-
cluding viruses such as Human immunodeficiency virus 1 (HIV-1) [43]
and Human alphaherpesvirus 2 (HSV-2) [44]. Another important Lacto-
bacillus antimicrobial product is lactic acid, which is responsible for
homeostasis of the female vaginal pH (=<4.5)[45].This pH is the lowest
in the vaginal ecosystem among all mammals and differs greatly from
other primates (~pH 7.0) [45]. Lactobacilli generate L-lactic acid as a

final product of the glycogen metabolism produced by mucosal epi-
thelial cells. This acidic environment can inhibit the growth of several
potentially pathogenic species, such as Chlamydia trachomatis, Gard-
nerella vaginalis in addition to inactivating HIV, HSV-2 and human pa-
pillomavirus type 16 (HPV-16), an Alphapapillomavirus 9 [46-53]
(Fig. 4A). The E5 protein of HPV-16, responsible for viral transforma-
tion, is known to be particularly susceptible to low pH [53]. In addition,
vaginal microbiota dominated by Lactobacillus gasseri was associated
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with a faster clearance rate of detectable human papillomavirus (HPV)
[54].

A comparative study of the primate vaginal microbiome showed
that Lactobacillus dominance is an exclusive characteristic of humans
and does not occur in non-human primates [45]. Importantly, women
with bacterial vaginosis exhibit compositional similarities with non-
human primates and a higher vaginal pH (pH = 5.5) than healthy
women [55] (Fig. 4B). Bacterial vaginosis increases HSV-2 infection
and has been linked to an increased risk of HIV-1 acquisition [56-58].
Vaginal microbiota may influence women’s risk of HIV acquisition by
some groups of microorganisms promotegenital inflammation and
produce HIV-inducing factors in vaginal fluid, sialidases and mucinases
that disrupt the protective cervicovaginal mucus layer [58-61]. Dif-
ferences in the vaginal microbial diversity and concentrations of Par-
vimonas species types 1 and 2, Gemella asaccharolytica, Mycoplasma
hominis, Leptotrichia/Sneathia, Eggerthella species type 1 and Mega-
sphaera were significantly associated with increased risk of HIV acqui-
sition in african women [58]. The majority of new HIV infections in
Africa reached women women, unlike other parts of the world. Fur-
thermore vaginal dysbiosis accounts for 20-30% of the population at-
tributable risk of HIV acquisition in african women [58]. Additionally,
in a study with Costa Rican pre-menopausal women, vaginal pH greater
than 5.0 was shown to be significantly associated with a 10-20% in-
creased risk of HPV positivity [62]. The characterization of the vaginal
bacterial microbiota associated with HIV, HSV-2 and HPV risk provide
important targets for future prevention research.

From an evolutionary perspective, humans and non-human pri-
mates differ considerably in mating habits, diet, estrus cycles, sexual
behavior, gestation period and vaginal pH, these factors being

associated with differences in microbial composition. To cross between
animal species, a virus must overcome the barriers imposed by host
biology and microbiota (Fig. 4C). An event related to this fact occurred
recently for the HIV-1 origin through multiple events of cross-species
transmission of Simian immunodeficiency virus (SIV) [63] (Fig. 4). In this
case, it is essential to consider the aspects of the barriers imposed by the
microbiota to better understand the path of the virus until it reaches its
pandemic form and its epidemiology. This situation relates to the
probability of women becoming infected with HIV-1 via vaginal inter-
course, which is significantly lower than that of rectal or parenteral
transmission [64].

5. Conclusion

In the last years, studies with poliovirus, norovirus, MMTV and in-
fluenza virus showed strict relationships between the microbiota and
virus infections. These studies raised new questions and hypotheses that
have remained largely unanswered, including the mechanism by which
some viruses pass through the intestinal mucosa to reach their target
cells. In view of the current findings about the affinity of viruses with
the bacterial surface, the “microbial phoresy” traces a microbial parallel
with the macroscopic animal world that could be an interesting model
to explain how the viruses travel through the intestinal microbiota.

Another very interesting issue discussed here was the unusual fea-
tures of the human healthy vaginal microbiota, such as the low pH and
H,0, presence. These features are effective barriers against various
pathogens of the vaginal tract and a potential barrier against viral
species cross transmission, such as for SIV-HIV where the probability of
infection by this route is much lower than by others, but increased in
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the situation of vaginal dysbiosis. An evolutionary hypothesis, named
“disease risk hypothesis,” proposes that humans face higher sexually
transmitted disease risk than non-human mammals [65,66]. Humans
show a more continuous sexual receptivity throughout the menstrual
cycle, pregnancy, and the post-partum period [67]. This fact generates a
selective pressure for the need of protective mechanisms, which could
explain why Lactobacillus populations are higher in the human vaginal
ecosystem compared to those of mammals with less frequent sexual
contact [55].

We emphasize the need for further studies to better understand the
regulatory relationships between the microbiota, the viral agents and
the host immune system. The use of genomic and metagenomic tools is
fundamental for the advancement of studies on microbiota-virus-host
relationships given that little has been described about the amplitude of
the virosphere. Taking as inspiration the famous phrase cited by the
evolutionary biologist Theodosius Dobzhansky who says “Nothing in
Biology Makes Sense Except in the Light of Evolution,” we believe that
an evolutionary perspective on microbiota-virus relationships is es-
sential to discuss and unveil new aspects that remain in the dark.
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infecting viruses and exhibit a peculiar morphology with a
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Introduction

Viral particles have a variety of shapes, symmetries, and
sizes. The large majority of known viruses have
extremely small sizes, with dimensions up to 200 nm
in length and relatively simple structures, composed by
one or few proteins [1]. This characteristic reflects the
genomes of these viruses, which have a reduced num-
ber of genes that encode only a few proteins. One group

that stands out in this scenario is the giant viruses.
These viruses are classified as nucleo-cytoplasmic large
DNA viruses (NCLDVs — proposed order Megavirales).
They have dimensions larger than 200 nm and exten-
sive genomes reaching up to 2.5Mb that can encode
thousands proteins [2-5].

Most giant viruses, such as mimivirus, pandoravirus,
and pithovirus, are associated with free-living amoebae
of the genus Acanthamoeba [3-5]. Some giant viruses
though, have been described infecting flagellate micro-
organisms such as Cafeteria roenbergensis virus and Bodo
saltans virus, and both groups are phylogenetically
related to the family Mimiviridae [6,7]. The giant
viruses have extremely complex structures and differ-
ent shapes or symmetries. The mimiviruses exhibit
pseudo-icosahedral particles covered with long glyco-
proteic fibers reaching ~750nm in diameter [8,9°°],
while pandoravirus and pithovirus exhibit an ovoid-
to-ellipsoid shape reaching >1000nm in length and
contain apical pores [4,5,11°]. Other giant viruses have
been described with ovoid particles, such as cedrat-
viruses and orpheovirus [12-14], which exhibit genomic
similarities with pithoviruses and together constitute a
putative new viral family. Icosahedral viruses are also
present among the giant viruses, such as marseille-
viruses, faustoviruses, pacmanvirus, and kaumoeba-
virus, all of which have particles of 220-270nm in
diameter [15-18]. Considering the size and complexity
of the particles of these viruses, studies to better
characterize their three-dimensional structure through
high resolution techniques, such as X-ray crystallogra-
phy and cryo-clectron microscopy, are still limited
[9°°,10,11°,17,18,19°,20,21].

Even more striking is the structure observed for tupan-
viruses, a new group of viruses within the family
Mimiviridae. 'These viruses were recently isolated from
extreme environments in Brazil and are capable of infect-
ing a wide variety of amoebae species [22°°]. Tupanvirus
has more than 1200 genes, and a vast gene arsenal related
to the process of protein synthesis, for example, 20 ami-
noacyl-tRNA synthetases, ~70 tRNAs, and 11 factors
related to all translation steps. In addition, it has a
cytotoxic profile and causes the host’s ribosomal rRNA
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to shut down by a still unknown mechanism that is
possibly related to the viral particle [22°°]. In this review,
we explore the peculiar characteristics of the Tupanvirus’
particles compared to the other mimiviruses and compile
the available proteomics data for the giant viruses.
Finally, we perform phylogenetic analyses of the protein
coding sequences found in the Tupanvirus’ particles to
determine the contribution of various taxonomic groups
to their genomes.

The complex structure of giant tupanviruses

Tupanviruses are represented by two isolates of giant
viruses (tupanvirus soda lake and tupanvirus deep ocean)
that were described in 2018 and are putative members of
the family Mimiviridae [22°°]. At the time of their discov-
ery, the impressive features exhibited by the particles

Figure 1

were surprising. T'upanviruses not only have characteris-
tically large dimensions for viruses of the Mimiviridae
family but also a very complex structure marked by the
presence of a semi-icosahedral capsid attached to a long
cylindrical tail (Figure 1) [22°°]. These viruses have a
capsid similar to other mimiviruses with a diameter of
about 450 nm that is covered by a layer of long fibrils
everywhere except in a region named stargate [22°°]. The
stargate region is a special pentameric vertex that serves
as a portal for release of the viral genome [23]. Associated
with this capsid there is a tail (also covered by fibrils) that
is about 550 nm in length and 450 nm in diameter (fibrils
included). Electron microscopy analyses initially sug-
gested a weak form of interaction between these two
structures. However, further experiments involving soni-
cation and enzymatic treatment of purified viral particles

Current Opinion in Virology

Electron microscopy of tupanvirus particles.

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

capsid and tail.
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demonstrated that both the capsid and the tail remained
tightly attached, hampering complete determination of
the nature of interaction between these structures. The
average size of these particles was around 1.2 wm, though
the tails vary in size and facilitate a substantial plasticity
in some of the particles which reach up to 2.3 pm [22°°].

In other members of the family Mimiviridae the structure
of the virus is known at a somewhat higher level of detail
due to the longer period of time over which these viruses
were described. In 2009, the structure of the acantha-
moeba polyphaga mimivirus (APMV) particle was ana-
lyzed in detail by cryo-electron microscopy (cryo-EM)
[9°°]. It was observed in this study that the particles had a
diameter of about 7500 A.The pseudo-icosahedral capsid
is about 5000 A in diameter and is composed of multiple
layers of proteins and lipid membranes surrounding the
nucleocapsid. The major capsid protein (MCP) of APMV
is formed by two consecutive jelly-roll domains forming
capsomers with quasi-sixfold symmetry. As observed for
tupanvirus, on the surface of the APMV capsid there is a
layer of 1250 A -long fibers everywhere with the exception
of the stargate region. In another study with an APMV-
related giant virus, the virus known as Samba virus
(SMBYV), the authors have performed an in-depth analysis
of the structure of the virion by a series of methodologies,
including cryo-EM. Apparently, the virion structure
seems to be less rigid than the one observed for the
particles of APMV. The particles of SMBV are composed
by a capsid with a slightly larger diameter (~27 nm) and
longer fibers (~30nm) than the observed for APMV.
Furthermore, the structure of SMBYV virions appeared
to be different from the quasi-icosahedral symmetry of
the prototype of the family Mimiviridae, evidencing a high
level of structural heterogeneity and with unique char-
acteristics, even for individuals belonging to the same
viral family [10]. The structure of Cafeteria roenbergensis
virus (CroV) was also reconstructed by cryo-EM [19°].
Although CroV infects marine zooplankton and not amoe-
bae, it is phylogenetically related to APMYV and belongs to
a new genus in the family Mimiviridae. Cafeteria roen-
bergensis virus has an icosahedral capsid with a diameter
of 3000 A, and 30 A- long surface protrusions which appear
to form from loops of its double jelly-roll MCP [19°].

Other giant viruses have had their particles thoroughly
analyzed. A member of the faustovirus clade, a group of
large viruses that infect amoebae of the genus Verma-
moeba, have had their particles described using cryo-EM.
These viruses are about 2400 A in diameter and have
icosahedral symmetry [21]. It was proposed that the
faustovirus capsid is composed of two concentric protein
shells. The outer shell is formed by double jelly-roll
protein, like those of mimivirus, while the inner shell
is formed of different capsid proteins [21]. The intearnal
capsid is flexible, having sizes ranging from 1600 A to
1900 A, and contacts the outer shell with protrusions

present on its surface [21]. The structure of the largest
viral particle known thus far, Pithovirus sibericum, was
studied using high-voltage electron cryotomography and
energy-filtered cryo-EM [11°]. Pithovirus particles are
ovoid and can measure up to 2.5um in length and
0.9 wm in diameter. At one end, or less often at both
extremities, the particles harbor a striated cork-like struc-
ture that is characteristic for those isolates [11°]. The
Pithovirus particles also present a low-density layer that is
about 40 nm in thickness on the outermost surface of
particles. The density within the particles is higher than
expected when considering the ‘reduced’ size of its
genome (600 kbp) and the large volume it occupies indi-
cates a substantial macromolecule component in addition
to the genome [11°].

T'he high degree of detail obtained from cryo-EM studies
of giant viruses’ particles enabled us to move one step
forward in our comprehension of the biology in these
complex members of the virosphere. Considering the
high level of complexity of tupanvirus particles, this kind
of analyses remain to be done. Ultrastructural study of
tupanviruses will allow a better characterization of their
virions, and possibly generate insights about the nature of
the interaction between the capsid and tail. Together
with thorough proteomic analyses, the structure of tupan-
viruses will yield exciting discoveries in the near future.

Proteome of giant viruses

According to many protcomic studies within the known
virosphere, the mature particles of amoebal giant viruses
are composed of a great number of proteins
[4,24°°,25,26°]. 'This has generated hypotheses that seek
to explain why only a small fraction of the nearly one
thousand proteins encoded by mimiviruses are incorpo-
rated into mature virions [24°°]. There are larger numbers
of proteins present in the mimivirus viral factories (VF)
when compared to the protein diversity detected in the
mature virion. This observation suggests that these VF
are highly elaborate and dynamic structures, with many of
these components being specifically required to produce
and to propagate the VF structure [24°°]. This may partly
explain the high number of genes in the genomes of these
giant viruses [24°°].

Among the amoebal-infecting giant viruses, there are stud-
ies into the proteomics of purified viral particles, including
APMYV, CroV, different pandoravirus isolates, faustovirus
E12, pithovirus sibericum, mollivirus sibericum, and also
for tupanvirus soda lake [5,16,25,26°27-30]. In initial
comparisons of these viruses’ proteomic profiles, it was
observed that the proteins predicted to be ORFs primarily
belonged to functional categories typical among the mem-
bers of this group, such as those represented by ‘DNA

replication, repair and recombination’, ‘transcription’,
‘oxidative pathways’, ‘protein and lipid modification’,
‘particle  structure’, and  ‘nucleotide  synthesis’
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[5,16,25,26°,27-30]. Generally, the functional category
‘transcription factors’ is the largest class coding for non-
structural proteins in these viruses [4,5,26°]. The number of
proteins required to make the mature particle of these
viruses was obtained from proteomic works and appears
to be broadly similar. Among the giant viruses with avail-
able proteomic data, their virions are made with about
130 proteins. This rough value holds even after considering
the different techniques used in different analyses and the
main problem in viral proteomics: the contamination of
analyzed samples with host proteins [29,31]. Interestingly,
the size of particles repertoire does not seem to be corre-
lated with the size of the viral genome or the number of
proteins that makes up a specific viral particle, for example,
faustovirus virion has 164 proteins and pithovirus sibericum
virion has 159 proteins.

Figure 2

Proteomic analysis was performed on tupanvirus soda
lake (TPV-SL) particles and revealed the presence of
127 proteins constituting the mature virions [22°°]. As
observed for other giant viruses, an important fraction of
these proteins corresponds to sequences of unknown
functions and almost 10% of them are related to ORFans
(sequences with no match in databases). For the proteins
predicted to belong to a functional category, the purified
particles of tupanvirus are split into the same groups as
the other giant viruses described above [22°°]. Compara-
tive analyses of proteomic data from Mimiviridae family
viruses revealed a set of conserved proteins that compose
the mature virions. These conserved proteins were espe-
cially related to DNA replication and transcription
(e.g. DNA polymerase X family and DNA-directed
RNA polymerase) and the major capsid protein, a pivotal
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Proteome analysis of tupanvirus soda lake.

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

group are specified in the figure.
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component in the structure of viruses (Figure 2a). This
supports the presence of these components in the last
common ancestor of the  Mimiviridae  family
[22°°,24°°,26°]. It is noteworthy that TPV-SL. has more
proteins in common with APMV than with CroV, reinfor-
cing the close relationship observed in a phylogenetic
analysis [22°°]. Further, a total of 74 proteins were exclu-
sive to TPV-SL and the majority of these have no known
function (Figure 2a). This observation, in addition to the
presence of many of these sequences in metagenomic
studies indicates participation of these genes in highly

Figure 3

29

coordinated multimolecular processes that are estab-
lished under tight evolutionary constraints [27]. These
data also support the hypothesis that environmental
ORFans do indeed correspond to bona fide proteins,
however, the role of these still require elucidation in
future studies [27].

Contribution of multiple taxonomic groups to
the tupanvirus particle structure

One of the most striking features of the known virosphere
concerns the genomic and structural characteristics of the
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Phylogenetic analyses of the tupanvirus proteome.

Maximum-likelihood trees created with data gathered from the best BLAST-matches within each group of the following organismal (when
available) groups: eukarya (30 best-hits), archaea (30 best-hits), amoebozoa (10 best-hits), viruses (10 best-hits), proteobacteria (15 best-hits), and
firmicutes (15 best-hits). Inferences were performed for the 127 proteins composing the mature particle of tupanvirus. In these analyses,
tupanvirus proteins (red arrows) were grouped with other sequences of (a) archaea - gene L352, (b) eukarya - gene L996, (c) bacteria - gene
L1162, and (d) other viruses - L250. All of the trees were created with the FastTree 2.1 software and visualized with MEGA 7.
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tupanviruses. Their approximately 1.5Mb double-
stranded DNA genomes code for over 1200 proteins,
28% of which have never been identified in other organ-
isms [22°°]. Moreover, tupanviruses have many genes
related to protein synthesis, including 20 aminoacyl-
tRNA synthetases and several translation factors, which
appear to have originated from other taxonomic groups
[22°°]. Similar to tupanviruses, other giant viruses, such as
mimiviruses and Marseilleviruses, have genes originating
from across the three domains of life, which led to their
mosaic genomes [25,32]. It is possible that such genomic
mosaicism is reflected in the virion structure.

To avoid artifacts caused by the observation of taxonomic
relationships performed with BLAST-searches alone, we
have created phylogenetic trees using a maximum-
likelihood analysis for all of the proteins predicted pres-
ent in the purified particles of TPV-SL [22]. These
analyses reinforce that multiple groups of organisms
contribute to the formation of the virion structure
(Figures 2b and 3 ). The maximum likelihood trees
grouped about 20% of the TPV-SL proteome with mem-
bers of eukarya (9% of total; one third of this 9% originates
from amoebae), archaea (3% of total), bacteria (8% of
total) (Figures 2 and 3a—c). This result supports data
demonstrating the relevance of other groups from the
Tree of Life in the evolution of NCLDVs genomes and
indicates that parts of these proteins may be incorporated
during the formation of the viral particle as well. The high
contribution of genes/proteins with a probable bacterial
origin has been postulated as a distinctive feature for the
NCLDYV that infect unicellular eukaryotic hosts, espe-
cially for the mimiviruses, Marseilleviruses, and phycod-
naviruses [25]. The other 80% of the TPV-SL proteome
was related to other groups of viruses, specifically (but not
exclusively) to other NCLDVs (Figures 2 and 3d).
Finally, since this portion of genes is shared with mem-
bers of other cellular domains, it may indicate that
tupanviruses are not constrained solely to the extreme
environments where they have thus far been isolated.

Future perspectives

From more than 300 isolates of giant viruses, only in a
dozen the proteins that make up the structure of the
particle itself have been analyzed [5,16,25,26°,27-29]. By
understanding the components involved in the formation
of a virion, it is possible to answer important questions
related to the evolution of viruses, their origins, and even
what exactly characterizes them. Phylogenetic analyses of
all 127 tupanvirus proteins indicate that a substantial
portion of the particle structure is influenced by members
from across the three Domains of Life. However, it is still
an open question whether this portion is relevant when
compared to other members of the NCLDVs. To extend
this observation to other giant viruses, we must amplify
our knowledge on the structure of their virions. This will
help so that the currently available viral proteomes can be

analyzed and inferred phylogenetically to other cellular
groups.
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Abstract

Giant viruses were identified from the beginning of the 21 century and

broke many paradigms of traditional virology related to particle size and

genome content. These viruses are associated with different amoebae species
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and have been found in various places on the planet. Due to their astonishing
complexity, giant viruses lie in the center of a hot debate about the origin and
evolution of viruses. Moreover, they can be infected by other viruses, named
virophages, and have their own genetic mobilome. In this chapter, we describe

the history and general features of the different giant viruses and their parasites.

Keywords

Amoebae, evolution, genomics, giant virus, megavirales, mimivirus, mobilome,

NCLDVs, proteomics, replication cycle, virophage.

Glossary

Megavirales: A proposed taxon (order) to comprise all nucleo-cytoplasmic large

DNA viruses, given its hypothetical common origin.

MIMIVIRE: A mimivirus defense system against virophage infection.

Polintovirus: Large DNA transposons found in cellular organisms that encodes

up to 10 proteins, including a homolog of viral capsid, possibly generating

infectious patrticles.

Provirophage: A virophage genome integrated in the host DNA.
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Transpoviron: Named after the “transposon,” this is a small linear DNA

transposable element found in mimivirus genomes.

Viral factory: A viral-induced region in the host cytoplasm, wherein genome

replication and viral morphogenesis of giant viruses occur.

Virophage: A new class of viruses associated with giant viruses, depending on

the viral host for replication.

Introduction

Viruses are traditionally conceived as filterable agents capable of passing
through membranes with pore sizes of 0.22 um, containing small genomes
encoding only a few proteins. However, with the discovery of giant viruses,
these concepts have been broken down, and a new era of virology has arisen.
Giant viruses are part of a group of nucleo-cytoplasmic large DNA viruses
(NCLDV), in which the viral particle size and structure and the genome length
and complexity make them special within the group. In the original NCLDV
proposal, the group consisted of the viral families Poxviridae, Asfarviridae,
Iridoviridae and Phycodnaviridae. These families are composed of viruses that
contain large double-stranded DNA (dsDNA) genomes, which replicate partially
or entirely into the host cytoplasm, and which also share genetic similarities that
points to a hypothetical common origin, thus comprising a monophyletic group.
However, NCLDV only became a more intense topic of discussion and

evolutionary study in 2003, due to the discovery of the first giant virus of
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amoebae named Acanthamoeba polyphaga mimivirus (APMV). Phylogenetic
analyses indicated that APMV could be categorized with other viruses
belonging to the NCLDV group, and the fact that this virus occupied an isolated
branch in the phylogenetic tree that was associated with distinct morphological
features led to the establishment of a new family, named Mimiviridae. The
discovery of mimiviruses paved the way for the isolation of other giant viruses,
with the development of new isolation techniques that were no longer
constrained by the classical definitions of viruses based on particle size. As a
consequence, new NCLDV members were discovered, among which included
marseilleviruses, faustoviruses, pandoraviruses, cedratviruses, pithoviruses,
orpheovirus, mollivirus, pacmanvirus and kaumoebavirus, and new definitions of
viruses are currently being debated. These viruses exhibit many distinctive
features, along with some common characteristics that classify them as part of
the NCLDV group, which was proposed to comprise a new viral order named
“‘Megavirales.” In this chapter we describe how the giant viruses were
discovered and compiled the basic features about them, regarding diversity,
replication cycle, genomics and evolution. Finally, we talk about the genetic

mobilome and virophages, the parasites of giant viruses.

The serendipitous discovery of amoebae giant viruses

The isolation of the first mimivirus accidentally occurred during studies of
amoebae-associated pathogens from environmental water samples in the midst
of a pneumonia outbreak in Bradford, England. This virus was initially

considered to be a bacterium of amoebae, mainly due to its Gram-positive
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staining back in 1992 that revealed a microorganism referred to as “Bradford
coccus.” In addition, molecular attempts had failed to identify the new isolate. It
was years later, when the sample was taken to Aix Marseille University where it
was characterized and described in 2003 as the largest virus defined at that
time. Its classification as a virus was confirmed by the observation of the
eclipse-phase during its replication and the visualization of a likely icosahedral-
shaped patrticle via transmission electron microscopy (TEM), which is typical of
viruses, that was also covered in long fibrils. The virus was named after its
ability to mimic microbes and the host cell it was first isolated from,
Acanthamoeba polyphaga. Mimivirus particles measure about 750 nm and are
composed of a peculiar structure, characterized by a protein capsid containing
an internal lipid membrane and surrounded by a dense glycoprotein fibril layer
that is important for viral attachment to the host cell and other microorganisms
(Fig. 1A). The capsid does not exhibit the typical icosahedral symmetry,
presenting instead a modified vertex in starfish shape, named stargate, a portal
from where the viral genome is released into the hosts’ cytoplasm (Fig. 1B). Its
genome consists of a long and complex linear double-stranded DNA molecule
of approximately 1.2 Mbp, encoding over 1,000 genes with many different
functions, such as enzymes involved in DNA replication, recombination and
repair (e.g., DNA polymerase and DNA topoisomerase), transcription (RNA
polymerase and mRNA capping enzyme) and translation (translation factors
and aminoacyl-tRNA synthetases), among others. The mimiviruses penetrate
into the host cell (free-living amoebae) by phagocytosis; in principal, this
generates rounding due to a cytopathic effect, followed by lysis of the amoebae.

Similar to other viruses belonging to the NCLDV group, mimiviruses replicate in
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the cytoplasm of the host cell, where they form large viral factories.

<Figure 1 near here>

Since the discovery of APMV in the context of pneumonia, discussions
about the possible relationship between mimiviruses and this disease have
been raised. One study showed that laboratory mice inoculated intracardially
with mimivirus displayed histopathologic symptoms, and mimiviruses were re-
isolated from lung samples of these animals. Moreover, patients with
pneumonia presented antibodies against mimivirus, and a high positivity of
mimivirus in hospital facilities was recorded. Years later, the isolation of
mimivirus from stool and bronchoalveolar lavage samples from patients with
pneumonia strengthened the relationship between mimiviruses and this
disease. However, human cells capable of being infected by these viruses,
wherein the virus could establish a productive replication cycle, have not been
found yet. Recent studies found no evidence of mimivirus replication in human
peripheral blood mononuclear cells, despite its ability to enter and interfere with
antiviral responses. Furthermore, other studies revealed the absence of
mimiviruses in patients with respiratory disease by means of molecular biology
and/or serology. However, it is important to consider the possibility that
mimivirus might be a member of the vertebrates’ virome, since their genome
has been detected in humans, as well as both in domesticated and wild
mammals. Nonetheless, this association needs more evidence to be confirmed.
It is worth noting that a mimivirus-related virus infecting sturgeons has been

described in the last years, causing lethal disease in the integumentary systems



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

of these animals. Further studies are required to better evaluate the putative
pathogenic role of mimiviruses and other giant viruses in humans and other

vertebrates.

Diversity and distribution of giant viruses in the world

After the discovery of mimiviruses, other amoebae giant viruses have
been described over the past decade in different places around the world,
revealing an increasingly complex fraction of the virosphere. These viruses
have a great structural diversity, with particles of different sizes and shapes,
ranging from icosahedral capsids of about 200 nm to circular, ovoid or tail-
containing particles that exceed 1,000 nm in length. Four distinct groups,
named marseilleviruses (family Marseilleviridae), kaumoebavirus, pacmanvirus
and faustovirus (all phylogenetically related to Asfarviridae members), are
composed of smaller viruses that present icosahedral capsids of 175-250 nm.
Marseilleviruses were the second group of amoeba viruses to be discovered
and were associated with Acanthamoeba cells in water samples from Paris,
France. Over the years, other isolates were described, expanding the new viral
family that is currently composed of five different lineages (A-E), with viruses
discovered in different regions of the planet, such as Brazil, Tunisia and Japan,
among others. The other groups, despite infecting amoeba cells, are most
closely related to the African swine fever virus, a mammalian parasite.
Pacmanvirus also infects Acanthamoeba cells, but kaumoebavirus and
faustoviruses are associated with Vermamoeba vermiformis cells, a different

amoebal host. Similar to mimiviruses, these smaller viruses have an internal
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lipid membrane surrounding their genetic material. Electron microscopy images
demonstrate an overall similar structure between these different viruses (Fig. 2).
Although in-depth structural analysis of giant viruses particles are scarce, some
studies have indicated exclusivities for some viruses. Among them, faustovirus
has the peculiarity of being formed by a double concentric capsids that connect
to each other by protrusions of the internal capsid surface, which was not
observed for other viruses until now.

Other groups have larger particles that are ovoid in shape. In 2013, the
description of pandoraviruses set a new limit to the viral particles’ sizes, with
ovoid-shaped virions with 1.0 um presenting an ostiole-like apex at one end of
its capsid (Fig. 2). These viruses were first isolated in Chile and Australia, but
novel isolates have recently been found in Germany, France, New Caledonia
and Brazil, constituting an expanding putative Pandoraviridae family. Curiously,
the pandoravirus capsid composition remains unknown, since no protein even
remotely similar to the major capsid protein (MCP) was detected in the
genomes of these viruses. A year later, the previous size limit was pushed once
again by the discovery of the giant Pithovirus sibericum, isolated from 30,000-
year-old permafrost soil samples from Siberia, composed of ovoid particles
reaching more than 1.5 pm in length, making them the largest viral particles
known so far. The particles have a striated capsid wall and a hexagonal grid-like
structure, called a cork, which is generally found at one extremity of the particle
and is an analogous structure to the pandoraviruses’ apex. Curiously, a new
virus was isolated from the same ancient sample, named Mollivirus sibericum,
which is a spherical-shaped virus that is approximately 600 nm in diameter, but

no further studies have been performed to date. A contemporary pithovirus was
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isolated in France that exhibited a similar structure and a genomic conservation,
named Pithovirus massiliensis. Due to these structurally and genomically
distinct features, a new viral family called “Pithoviridae” was suggested. In 2016,
cedratvirus, a virus with a morphology similar to the pithovirus, was described,
but it contained smaller particles with a mean size of 1.2 um. Like the pithovirus,
cedratvirus has apical corks, but at both ends of the particles. Other
cedratviruses have been isolated in France and Brazil, with the Brazilian isolate
exhibiting differences in particle and genome size and probably constituting a
new lineage among cedratviruses (Fig. 2). Cedratviruses and pithoviruses are
phylogenetically close and might constitute a new single family. A distantly
related Pithoviridae member named Orpheovirus was recently isolated using V.
vermamoeba cells, which is morphologically similar to pandoraviruses,
however, have more electron-dense capsid layers that are covered with short
fibrils on their outer surface (Fig. 2). More studies should be performed to get a

clear picture of the diversity and distribution of these new giant viruses.

<Figure 2 near here>

Currently, the family Mimiviridae encompasses the largest number of
representatives described to date, which have considerable differences in both
structure and genomic features. After the discovery of APMV, several other
mimivirus-like viruses were isolated from different parts of the world that
exhibited structural similarities, but with genomic differences, contributing to the
formation of three different lineages, called lineage A (represented by APMV), B

(represented by Moumouvirus) and C (represented by Megavirus). Distantly
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related mimiviruses were also described infecting marine flagellates, named
Cafeteria roenbergensis virus (CroV), a new virus exhibiting large particles with
many genes shared with mimiviruses, which put it on a new viral genus, the
Cafeteriavirus, within the family Mimiviridae. The bodo saltans virus, a
kinetoplastid-infecting virus, constitutes a new member of the family, the first
isolated member of the putative subfamily “Klosneuvirinae”, whose members
were initially identified by metagenomics analysis, revealing a new group of
mimiviruses with unexpected genomic features, such as a much larger
translation-related gene set. More recently, the structural and genomic
complexity of the family was expanded with the discovery of Tupanviruses in
samples collected from extreme places in Brazil, which are the viruses with the
most complete translational apparatus in the virosphere. The viral particles are
formed by a capsid similar to that of APMV and are associated with a cylindrical
tail of about 550 nm in length and 450 nm in diameter, with the whole particle
covered in fibrils (Fig. 2). The size of these particles is approximately 1.2 ym on
average, although some particles may be up to 2.3 um, due to the plasticity of
the tail.

The discovery of the first viruses associated with amoebas at the
beginning of 21st century, with their diverse and complex structural
characteristics, led to an intense search for new giant viruses in distinct places
of the world. Since then, the number of new isolates has grown every year.
These viruses have already been isolated using samples collected on each
continents from various conditions, such as polluted environments, those with
extreme conditions of temperature and pH, slightly anthropized regions and

clinical samples. The constant discovery of giant viruses in wide-ranging types
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of samples reinforces the idea that these viruses are ubiquitous, as well as their
protist hosts. Metagenomic studies reinforce the ubiquitousness, further
indicating that many amoeba-related viruses have yet to be discovered.
Remarkably, a large metagenomic analysis of soil samples from the Havard
forest (Massachusetts, USA) identified the complete genome of 16 new giant
viruses, representing new lineages of klosneuviruses, other members of the
family Mimiviridae and hundreds of MCP fragments belonging to giant viruses,
thus indicating a huge diversity of these viruses in soil ecosystems that remain
to be characterized. The host spectrum for most of these viruses is restricted to
a few species of amoebae of the genus Acanthamoeba and/or Vermoameba.
However, recent discoveries of new members of the Mimiviridae family have
shown that the spectrum may be broader, since they can infect different hosts,
like other groups of protozoa and fish species (e.g., Bodo saltans virus,
tupanviruses and namao virus). Novel studies involving prospection in
unexplored regions using different cell platforms and isolation techniques could
reveal exciting new viral groups, contributing to an increase in our knowledge

about the viruses’ diversity, ecology and evolution.

Replication cycle: Inside the life style of the giants

The replication cycle of giant viruses begins with viral entry into the host
cells. For most of these viruses, this process has been proposed to occur by
phagocytosis. Drugs such as cytochalasin, a phagocytosis inhibitor, have
already been used to demonstrate the impact of this entry mechanism for

mimivirus, cedratvirus and large membranous vesicles containing marseillevirus
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particles. For pandoravirus, pithovirus, mollivirus, orpheovirus, faustovirus,
pacmanvirus and kaumoebavirus, entry by phagocytosis was suggested by
electron microscopy image analyses. The phagocytosis process requires the
recognition of particles of at least 500 nm, so the assumption that giant viruses
enter by this mechanism seems reasonable. However, other smaller viruses,
such as marseilleviruses (~ 250 nm) do not fulfill this criteria; thus, other
mechanism are likely involved. A thorough investigation of the replication cycle
of this virus demonstrated that it is able to penetrate in cells by two alternative
routes: by phagocytosis of grouped particles inside giant vesicles, or by
exploiting other endocytic pathway for single particles. It is not clear yet if a
similar process could occur for other large (yet not giant) viruses, such as
faustoviruses and kaumoebavirus. After entry, the viral genome is released into
the host cytoplasm. It has been observed that the uncoating process of
mimivirus, mollivirus, pandoravirus, pithovirus, faustovirus and cedratvirus
occurs after the fusion of the inner viral membrane with the endosomal
membrane, allowing the formation of a channel by which the genome is
released into the host cell. For other giant viruses, the uncoating process has
not been described in detail yet. Mimiviruses release their genomes after
stargate opening, and it was verified that endosome acidification is important for
the induction of this step. The genomes of pandoraviruses, orpheovirus,
pithovirus and cedratvirus are released by their respective ostiole-like apex and
corks at the extremities of the particles.

Following the release of the genome, a typical viral eclipse phase is
observed, wherein no viral particles are detected in the host cytoplasm, followed

by the formation of small viral factories (VFs) in the cytoplasm. Throughout the
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infection, these VFs increase in size and occupy a large portion of the cellular
cytoplasm in the later stages of infection. VFs of most giant viruses are non-
delimited electron-lucent areas that contain particles at different stages of
morphogenesis. Nevertheless, mimivirus VFs are well-defined structures, with
at least two areas described: the central area, where replication of the genome
and assembly of the structures necessary to form the viral capsid occurs, and a
less electron-dense region of apparent fibrillar nature in the periphery. This
outermost portion was named the fibrils acquisition area, since it was observed
that is in this region the newly formed particles acquire the fibrils. Such
compartmentalization of VFs was not observed for other giant viruses so far.
Previous studies proposed that capsid morphogenesis of mimiviruses,
pandoraviruses and cedratvirus is initiated by crescent-shaped lamellar
structures that can be observed inside the VFs. The morphogenesis of
cedratvirus involves crescent-shaped structures that assume staple-shaped and
horseshoe conformations, depending on the section of TEM. Initially, only one
of the corks is observed; then the capsid is filled and closed with the emergence
of the second cork, and the capsid wall becomes thicker. Regarding
pandoravirus, the capsid and internal contents seem to be assembled
simultaneously. A pattern of where the assembly of the particle begins was not
observed, since it can be at the extremity that presents ostiole-like apex or at
the opposite end. For mimiviruses, capsid precursors increase in complexity
and assume a pseudo-icosahedral symmetry. Then genome acquisition occurs
at the stargate on the opposite side, and this step may occur simultaneously

with the acquisition of surface fibrils.
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During the morphogenesis step, defective particles have been recurrently
observed for different groups of viruses, including mimiviruses, pandoraviruses,
cedratviruses, among others. For mimiviruses, these unusual particles were
initially associated with the presence of virophages, parasites of giant viruses
(described later in this chapter). However, recent analysis demonstrated the
formation of defective particles, even in the absence of these parasites, thus,
making clear that malformed particles are a natural process during the
replicative cycle of these viruses. Once viral particles are fully assembled,
release of most of these viruses occurs after cell lysis. Marseillevirus can
release many particles into giant vesicles after cell lysis, which boosts its entry
into another cell host by exploiting different entry strategies. Moreover, it has
been suggested that the exocytosis process could be used for releasing
mollivirus, pandoravirus, orpheovirus and cedratvirus particles. However, the
viral release through exocytosis still needs to be further investigated for the
majority of these viruses. The real impact of this viral release mechanism is still
not well known.

Overall, in spite of some peculiarities of each viral group, a general
picture of the replication cycle of giant viruses is observed and composed by
different steps (Fig. 3). Viruses enter host cells through endocytosis or
phagocytosis (i), release the genome into the cytoplasm (ii), establish a viral
factory (iii) where the genome is replicated (iv), new particles are assembled
during the morphogenesis step (v), and finally, the new progeny is release by
cell lysis or exocytosis (vi). It is still not clear if these viruses depend on the host
nucleus to complete their replication cycle, but some evidence for this has been

described for marseilleviruses, pandoraviruses, mimivirus and mollivirus.
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Additional analysis should be done to better elucidate this important biological

feature for the different groups of giant viruses.

<Figure 3 near here>

Genomics and proteomics of giant viruses

A striking feature of giant viruses is the presence of an extensive dsDNA
genome containing hundreds of genes. Some viruses have a linear genome,
such as mimiviruses, tupanviruses, pandoraviruses, mollivirus and
pacmanvirus, while others have a circular genome, such as marseilleviruses,
fautoviruses, kaumoebavirus, pithoviruses, cedratviruses and orpheovirus. For
the most part, the genome of these viruses is A/T-rich, ranging from ~ 55% in
marseillevirus to ~ 75% in mimiviruses. Pandoravirus and mollivirus differ from
the others in this regard, presenting genomes with G/C content above 60%. The
size of the genome varies among the different viral groups between, ~ 350 kb to
~ 2500 kb, with Pandoravirus salinus containing the largest viral genome
described so far. These viruses present, on average, 1 gene/Kb and short
intergenic regions of approximately 200 nucleotides, although large regions of
thousands of nucleotides can occur between genes.

Even more impressive than the size of the genome is the genetic content
of these viruses. Sequencing of the APMV genome in 2004 revealed the
presence of genes rarely found in the virosphere, some of which are considered
exclusive to the cellular world. Giant viruses present several genes involved in

DNA replication, recombination and repair, nucleotide and carbohydrate
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metabolism, transcription (including RNA polymerases and various transcription
factors) and protein synthesis. In the latter category, members of the family
Mimiviridae are characterized by exhibiting several transfer RNAs (tRNAS),
many translation factors (involved in the three stages of the process, i.e.,
initiation, elongation and release) and aminoacyl-tRNA synthetases (aaRS),
which are key enzymes in the process of protein synthesis and have never
been observed before for other viruses. In this context, the tupanviruses are the
viruses that present the largest arsenal of genes involved in the translation
processes observed in the virosphere, with up to 70 tRNAs and 20 aaRS (one
for each proteinogenic amino acid encoded by the standard genetic code).
Other giant viruses also have components of the translational apparatus, but in
much smaller quantity and diversity. Although several translation-related genes
exist in these viruses, no ribosomal RNA (rRNA) gene has been detected in a
virus thus far, making them still dependent on their hosts to synthesize proteins.
In spite of several gene novelties observed, a common feature in all giant
viruses at the time of their discovery is the large number of genes with unknown
functions, without any similarity to other genes deposited in databases, called
ORFans, with values varying from 31 to 84% of ORFans in the genome.
Pandoravirus salinus has the larger fraction of ORFans among the giant viruses
(Fig. 4). This massive number of new genes reflects how different these viruses

are and suggests that they are a valuable sources of genetic diversity.

<Figure 4 near here>
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Little is known about the transcriptional profile of these viruses and how
the regulation of gene transcription occurs. Conserved A/T-rich sequences were
identified in most of the mimivirus, marseillevirus, faustovirus and
kaumoebavirus genes. Analyses based on RNA sequencing for APMV indicated
the existence of a temporal profile of gene expression, with the AAAATTGA
promoter sequence being associated with early expressed genes. Other
members of the family Mimiviridae exhibit the same promoter motif, such as
CroV, Bodo saltans virus and tupanvirus, which suggests it being a typical
feature of this viral family. Marseillevirus also has genes expressed at different
times in the replication cycle, but the previously identified motif promotor
(AAATATTT) does not appear to be specifically related to any temporal class of
genes, as is observed for mimiviruses. Most genes involved in cell signaling
(e.g., serine/threonine kinases) and DNA replication and repair (e.g., DNA
polymerase and DNA topoisomerases) are expressed at earlier times in the
viral replication cycle, whereas transcription, translation and especially those
involved in viral morphogenesis, such as constituents of the capsid (e.g., MCP
and DNA packaging ATPase), are expressed later during the infectious cycle. In
addition, transcripts of these viruses are polyadenylated, and hairpin
polyadenylation signals have been identified throughout the genome of the
mimivirus; however, there is still no information for the other giant viruses, being
a broad field for new investigations.

Proteomics studies have revealed that giant virus particles are composed
of a large amount of proteins, with more than 100 proteins found in the particles
of APMV, CroV, Tupanvirus soda lake, Pithovirus sibericum, Mollivirus

sibericum, pandoraviruses and E12 faustovirus. In the particles of all these



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

18

viruses proteins with different functions were detected that were involved in
DNA replication, oxidative pathways, lipid modification, transcription processes,
in addition to the already expected structural genes. It is worth noting that in all
viral particles, products from ORFans were also identified, demonstrating that
new genes discovered in these entities are truly expressed and translated,
although their exact function remains unknown. Many genes identified in viral
particles, as well as others expressed during the viral replication cycle, have
multiple origins (i.e., from viruses, eukaryotes, bacteria and archaea), making
giant DNA virus true genetic mosaics. This feature is observed in several
groups of giant viruses, but is especially evident in the marseilleviruses, where
a large fraction of their genes originate from lateral gene transfer events. This
genomic mosaicism is attributed in large part to the sympatric lifestyles of these
organisms (i.e., from the same environment as several other microorganisms),
since they infect amoebas, and they are considered melting pots for the

emergence of new organisms.

Origin and evolution: an intriguing enigma

Giant amoeba viruses share several genes with other members of the
NCLDV group, which is a possibly monophyletic group within the virosphere.
With the discovery of different viral groups, the amount of so-called core genes
has been drastically reduced, with only three genes currently present in
members of all viral groups, named the D5 primase-helicase, viral late
transcription factor 3 (VLTF3) and DNA polymerase B family. Some core genes

appear to have been lost in some specific groups throughout evolution, such as
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the MCP genes in pandoravirus and DNA packaging ATPase in pithovirus and
cedratvirus. Phylogenetic analyses based on these core genes tend to maintain
the same topology, with the presence of three major clades, with the different
groups of amoeba viruses scattered among them (Fig. 5). Although they share
a common ancestor with the other Megavirales members, it is possible that the
gigantism observed for some groups has arisen independently throughout
evolution, with the host acting as a selection agent of this characteristic.
However, the origin and evolution of these viruses are at the heart of a heated
debate that has lasted more than a decade, and there is still no scientific

consensus.

<Figure 5 near here>

The discovery of the presence of an extensive genome (> 1.0 Mb)
encoding hundreds of proteins (~ 1,000) in mimiviruses, with particular attention
to translation genes like aaRS, contributed to reviving a long-standing debate
about the nature of viruses (i.e., whether they are living organisms or not). Initial
analyses suggested that mimiviruses could be remnants of a fourth domain of
life, originating from a more complex organism (possibly a cell), which would
have evolved through genomic reduction to adapt to the intracellular parasitism
lifestyle. Additional phylogenomic analyses, associated with phylogenetic
reconstructions based on protein fold conservation, reinforced this initial
hypothesis, even inferring that giant viruses would have coexisted with primitive
cellular life forms. However, alternative analyses involving conserved genes, as

well as those related to the translation process, suggested an opposite
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scenario, in which the giant viruses would have originated from simpler entities
and which would expand the genome mainly through gene gain and duplication.
These analyses used sequence sampling and varied methods of phylogenetic
reconstruction and have indicated that the evolution of these viruses would
have followed an accordion-like model, where there were losses and gains of
genes along the process of evolution. A positive balance of this relation would
have occurred, resulting in viruses with extensive genomes and giant particles.
Thus, two diametrically opposed scenarios are in force and remain in constant
debate among specialists.

The latter hypothesis has gained strength from comparative polintovirus
analyses, a type of DNA transposon commonly identified in the genome of
several cell organisms and which have genes homologous to some giant virus
genes, including a major capsid protein and DNA polymerase B family genes.
Recent analyses have suggested these mobile elements are the ancestors of
NCLDVs, hence the various groups of giant amoeba viruses. These elements
form a complex network of evolutionary interactions together with transpovirons
and provirophages, elements that are part of the giant virus mobilome,

something never before observed in other viruses.

Parasites of viruses: the nature of virophages and the genetic mobilome

A hallmark of giant viruses is the presence of their own genetic
mobilome, which includes introns, transposable elements and even viruses,
which are the so-called virophages. Virophages are a new group of viruses

associated with giant viruses, the first isolate of which was described in 2008



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

21

and was associated with the Acanthamoeba castellanii mamavirus, a new
isolate of the family Mimiviridae. The new virus, called Sputnik virus, has
icosahedral particles of 75 nm and a circular A/T-rich genome of 18 Kb
encoding 21 ORFs (Fig. 6A, B). This virus was initially observed as associated
with mimivirus fibrils and was initially suggested as the mode of virophage entry
into amoebae cells. However, analyses based on other isolated virophages
have suggested that penetration may occur through clathrin-mediated
endocytosis. These viruses replicate in the viral factory of the giant virus,
appropriating from the viral host transcriptional machinery (Fig. 6A). These
viruses do not have their own RNA polymerase, and in silico analyses have
demonstrated the presence of promoter motifs similar to those found in
mimivirus, reinforcing the hypothesis that these viruses depend on the giant
virus host to have its genome transcribed, and subsequently, to form the new
progeny. The fact that the presence of the associated virus causes the
reduction of the multiplication of the giant virus by ~ 70%, coupled with other
peculiar characteristics of these parasites, differentiates them from the already

known satellite viruses leading to the establishment of a new category of virus.

<Figure 6 near here>

In the years following the discovery of the first isolate, other virophages
were isolated, such as the Mavirus that is associated with the Cafeteria
roebergensis virus, Sputnik 2, Sputnik 3, Zamilon and Rio Negro virus, and all
were associated with different isolates of mimiviruses. Interestingly, Sputnik 2

was identified integrated into the genome of a host mimivirus (Lentille virus),
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which led to the creation of the term “provirophage.” Recently, the presence of
provirophages in the genome of a unicellular algae (Bigelowiella natans), whose
genes are actively transcribed, has been described, and their presence has led
to the hypothesis that they would act as a defense system against giant virus
infection. Mavirus was found integrated in multiple sites of the genome of the
protozoan Cafeteria roenbergensis, and its activation was observed through
CroV infection, which led to the generation of a progeny with subsequent
cellular lysis. The newly produced virophages lead to the suppression of the
giant virus replication and increase the survival of the cellular host community,
reinforcing the hypothesis of an antiviral system triggered by the presence of a
provirophage.

Interestingly, the Zamilon virophage is able to replicate with mimiviruses
from lineage B and C, but not when in the presence of viruses from lineage A.
Extensive analysis of the genome of different mimivirus isolates revealed that
members from lineage A contain the insertion of a repeated Zamilon sequence
within an operon, which was named the “mimivirus virophage resistant element”
or MIMIVIRE. This system is composed of interspaced, repeated virophage
sequences, along with nuclease genes, in a way analogous to the CRISPR-Cas
system found in prokaryotes. By silencing the MIMIVIRE genes and the repeat
sequences, the mimiviruses becomes susceptible to the virophage infection,
which led to the proposition of a new nucleic-acid-based immunity system
against virophage infection. An alternative explanation was further proposed,
stating that the defense system is not CRISPR-like, but instead a protein
interaction model would be responsible for the phenotype. Recently, a pivotal

component in this system, the R354 gene of mimivirus encoding a nuclease,
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had its structure defined, with analysis evidencing that the viral nuclease is
functionally similar to the Cas4 protein, thus providing additional evidence that
the MIMIVIRE is a new innate immune defense system.

Several other virophages have had their genomes identified by means of
metagenomic analyses in different places of the world, including Yellowstone
lake virophages (1-7, USA), Organic lake virophage and Ace lake mavirus
(Antarctic), and Dishui lake virophage and Qinghai lake virophage (China).
Other virophage genomes and gene fragments have been recovered from
metagenomics datasets from Lake Mendota and Trout Bog Lake (Wisconsin,
USA), identified as “freshwater virophage candidate genus.” Moreover,
virophages have also been identified in datasets from sheep rumen
metagenomics, constituting a hybrid group of virophages and polintons (linear
genomes with inverted terminal repeats and genes with a strong similarity to
polinton genes), named “sheep rumen virophages.” Some of these virophages
were associated with algae viruses, which would be responsible for controlling
the dynamics between the virus and algae-host in the environment. These new
viruses have a genome that ranges from 17-30 kb, encoding 16—-34 ORFs and
containing several genes without known functions, but also containing some
conserved genes, such as major and minor capsid protein, protease and
packaging ATPase, which are used as genetic markers for these viruses and for
phylogenetic reconstructions (Fig. 6C). The presence of at least some of these
genes, along with the association or dependence on viruses of the NCLDV
group to fully replicate, characterize a virus as a virophage and are thus
classified in the family Lavidaviridae, which includes the genera Sputnikvirus

and Mavirus to date.
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Virophages and provirophages are part of the genetic mobilome of giant
viruses. Along with these elements are the transpovirons, a linear sequence of
7 Kb capable of integrating randomly into regions of the genomes of giant
viruses, and which have been identified in different isolates of the three lineages
of the genus Mimivirus. In addition, introns have already been detected in genes
of different giant viruses, such as mimivirus and faustovirus, and together with
inteins complete the known viral mobilome so far. Genomic analyses have
indicated similarities between the mobile elements of giant viruses and
polintons/mavericks, large transposable DNA elements found in various cellular
organisms. Phylogenetic reconstructions suggest that virophages, as well as
giant viruses, may have originated from polintoviruses, which constitute a

complex network of evolutionary interaction.

Perspectives

Giant viruses and their parasites is a new and wide-spread field within
virology. Since the discovery of the giant mimivirus, new viral groups have been
described, amplifying the complexity of the virosphere as we know it, and
making it necessary to advance the taxonomy of these viruses. New isolation
techniques for subsequent viral characterization associated with metagenomic
techniques have strongly contributed to the advancement of our understanding
of this complex group of eukaryoviruses and their parasites. Finally, studies
aimed at better understanding the biology of these viruses are necessary and

may reveal new features that could be exploited from the biotechnological point
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of view, given the enormous genomic and structural variety presented by these

viruses, and the singular features of these giants of the virosphere.
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Figure legends:

Figure 1) Electron microscopy images of mimivirus particles. (A)
Transmission electron microscopy image demonstrating the capsid covered in
fibrils and an internal membrane; (B) scanning electron microscopy image

evidencing the stargate structure.

Figure 2) Diversity of giant viruses. Transmission and scanning electron
microscopy images of different viral groups, representing the large variety of
particle sizes and shapes among giant viruses. (A) mimivirus; (B) marseillevirus;
(C) pandoravirus; (D) tupanvirus; (E) orpheovirus; (F) cedratvirus. Scale bars:

100 nm.
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Figure 3: Representative scheme of the amoeba giant viruses replication
cycle. The particles can enter host cell by phagocytosis or endocytosis for
individual particles of marseillevirus (l). Subsequently, the genome is released
into the host cytoplasm (II). A viral factory is established in the cytoplasm of the
(111) wherein the genome replicates (IV) and the morphogenesis of new patrticles
occurs (V). During morphogenesis of mollivirus and pandoravirus, nuclear
morphological changes are observed. The cycle ends with the release of
progeny, which can occur by exocytosis or after cell lysis (VI). In this illustration,
the pandoravirus was chosen in a representative way among the other groups
of giant viruses. *Mimivirus viral factories organization is different from that
illustrated in the figure, being more electron-dense than the cytoplasm and

divided into at least two distinct areas.

Figure 4) Genome composition of giant viruses. Pie-chart representing the
proportion of genes presenting no homology in databases (ORFans) and genes
with the best hits with eukaryotes, prokaryotes and viruses for different groups
of giant viruses. The data was considered at the time the first isolate for each
group was described. Representatives include Cedratvirus All, Pacmanvirus
A23, Orpheovirus LCC2, Mollivirus sibericum, Marseillevirus T19, Pithovirus
sibericum, Faustovirus E12, Kaumoebavirus isolate Sc and Pandoravirus

salinus.

Figure 5) Phylogeny of NCLDV. Phylogenetic reconstruction based on amino
acid sequences of DNA polymerase B family of different members of NCLDV

group. Viral families containing viruses not associated with amoebae were
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collapsed. Different colors represent distinct groups of amoebae giant viruses.
Blue: mimiviruses, green: pandoraviruses and mollivirus, red: marseilleviruses,
orange: pithoviruses, purple: asfarviridae-related viruses. Alignment was
performed using MUSCLE, and the tree was built using the Maximum
Likelihood method in FastTree software with 1,000 bootstrap replicates. Only

bootstrap values > 50 are shown. Scale bar represents rate of evolution.

Figure 6) Virophage characteristics. (A) Transmission electron microscopy
images of the Rio Negro virophage, a sputnik-related virus associated with the
Sambavirus (Mimiviridae), showing the virion shape within vesicles (left image),
and replication cycle inside viral factory (middle image), and effect on giant virus
particles (right image). White arrows indicate defective particles. VF: Viral
factory; (B) genome features of the Sputnik virus, the first virophage to be
discovered, indicating the genome size, ORF position, GC content and skew,
and the conserved genes found in members of the Lavidaviridae family; (C)
phylogenetic reconstruction based on MCP gene of virophages. Colors
represent the virophages identified by culture methods (red) and metagenomics
methods (blue). Alignment was performed using MUSCLE and the tree was
built using the Maximum Likelihood method in FastTree software with 1,000
bootstrap replicates. Only bootstrap values > 50 are shown. Scale bar

represents rate of evolution.



Figure 1) Electron microscopy images of mimivirus particles. (A)
Transmission electron microscopy image demonstrating the capsid covered in
fibrils and an internal membrane; (B) scanning electron microscopy image

evidencing the stargate structure.



Figure 2) Diversity of giant viruses. Transmission and scanning electron
microscopy images of different viral groups, representing the large variety of
particle sizes and shapes among giant viruses. (A) mimivirus; (B) marseillevirus;
(C) pandoravirus; (D) tupanvirus; (E) orpheovirus; (F) cedratvirus. Scale bars:

100 nm.
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Figure 3: Representative scheme of the amoeba giant viruses replication
cycle. The particles can enter host cell by phagocytosis or endocytosis for
individual particles of marseillevirus (I). Subsequently, the genome is released
into the host cytoplasm (ll). A viral factory is established in the cytoplasm of the
(1) wherein the genome replicates (V) and the morphogenesis of new particles
occurs (V). During morphogenesis of mollivirus and pandoravirus, nuclear
morphological changes are observed. The cycle ends with the release of
progeny, which can occur by exocytosis or after cell lysis (VI). In this illustration,

the pandoravirus was chosen in a representative way among the other groups



of giant viruses. *Mimivirus viral factories organization is different from that
illustrated in the figure, being more electron-dense than the cytoplasm and

divided into at least two distinct areas.
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Figure 4) Genome composition of giant viruses. Pie-chart representing the
proportion of genes presenting no homology in databases (ORFans) and genes
with the best hits with eukaryotes, prokaryotes and viruses for different groups
of giant viruses. The data was considered at the time the first isolate for each
group was described. Representatives include Cedratvirus All, Pacmanvirus
A23, Orpheovirus LCC2, Mollivirus sibericum, Marseillevirus T19, Pithovirus
sibericum, Faustovirus E12, Kaumoebavirus isolate Sc and Pandoravirus

salinus.
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Figure 5) Phylogeny of NCLDV. Phylogenetic reconstruction based on amino
acid sequences of DNA polymerase B family of different members of NCLDV
group. Viral families containing viruses not associated with amoebae were
collapsed. Different colors represent distinct groups of amoebae giant viruses.

Blue: mimiviruses, green: pandoraviruses and mollivirus, red: marseilleviruses,



orange: pithoviruses, purple: asfarviridae-related viruses. Alignment was
performed using MUSCLE, and the tree was built using the Maximum
Likelihood method in FastTree software with 1,000 bootstrap replicates. Only

bootstrap values > 50 are shown. Scale bar represents rate of evolution.
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Figure 6) Virophage characteristics. (A) Transmission electron microscopy
images of the Rio Negro virophage, a sputnik-related virus associated with the
Sambavirus (Mimiviridae), showing the virion shape within vesicles (left image),
and replication cycle inside viral factory (middle image), and effect on giant virus
particles (right image). White arrows indicate defective particles. VF: Viral
factory; (B) genome features of the Sputnik virus, the first virophage to be
discovered, indicating the genome size, ORF position, GC content and skew,

and the conserved genes found in members of the Lavidaviridae family; (C)



phylogenetic reconstruction based on MCP gene of virophages. Colors
represent the virophages identified by culture methods (red) and metagenomics
methods (blue). Alignment was performed using MUSCLE and the tree was
built using the Maximum Likelihood method in FastTree software with 1,000
bootstrap replicates. Only bootstrap values > 50 are shown. Scale bar

represents rate of evolution.
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