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RESUMO

Os virus gigantes de amebas representam uma das areas mais intrigantes da virologia moderna,
ndo apenas por sua morfologia e genoma complexos, mas também por sua relevancia evolutiva
e taxondmica. Esses virus estdo classificados taxonomicamente no reino Bamfordvirae, sendo
representados por diferentes familias virais, como Marseilleviridae, Mimiviridae e
Sputniviroviridae. Aqui, descrevemos novos isolados de bamfordvirus obtidos de amostras
ambientais brasileiras. Na primeira parte, ¢ descrito o Marseillevirus cajuinensis, primeiro
isolado da familia Marseilleviridae proveniente de agua salgada. Este virus apresenta um
genoma com cerca de 380 mil pares de bases, contendo 515 ORFs, entre elas 38 ORFans, e um
RNA transportador, um tipo de gene, até entdo, raramente descrito entre os Marseillevirus. As
analises filogenéticas mostraram que o M. cajuinensis ¢ um membro divergente da linhagem A
e revelaram uma organizagdo dos Marseillevirus em trés grandes grupos, questionando a
divisdo tradicional em cinco linhagens e sugerindo a necessidade de reorganizagdo taxondmica.
Com base nesses dados, foi submetida ao Comité Internacional de Taxonomia viral (ICTV)
uma proposta de inclusdo de novos taxons na familia Marseilleviridae, incluindo a criagao de
novas espécies e géneros para ampliar sua diversidade taxondmica. A segunda parte do trabalho
aborda o isolamento de um sistema viral tripartite composto por um moumouvirus, um
transpoviron e um novo virdfago, denominado virdéfago Pantanal, a partir de amostras da regido
do Pantanal brasileiro. Embora filogeneticamente agrupado aos Sputnikvirus, o virofago
Pantanal apresenta caracteristicas gendmicas distintas, incluindo trés ORFans e regides
genOmicas exclusivas. A baixa identidade de nucleotideos e de aminoacidos quando comparado
com outros Sputnikvirus, somada a filogenia de proteinas conservadas, confirmaram a
divergéncia do vir6fago e ajudaram a sustentar sua proposta como uma nova espécie dentro do
género Sputnikvirus. Juntos, os resultados revelam a importancia dos esforgos para prospec¢ao
e caracterizacdo de novos virus gigantes e de seus elementos associados, principalmente em
ecossistemas ainda pouco explorados para tal feito, como o litoral e o Pantanal brasileiros. A
inclusdo desses novos isolados em andlises comparativas permite aprofundar o entendimento
das relagdes evolutivas entre virus conhecidos e destaca a necessidade continua de revisao e
atualizacdo da taxonomia viral, consolidando o papel desses estudos na ampliagdo do

conhecimento basico sobre os virus do reino Bamfordvirae.

Palavras-chave: Marseillevirus cajuinensis, virofago, Pantanal, Bamfordvirae, taxonomia



ABSTRACT

Giant amoeba viruses represent one of the most intriguing areas of modern virology, not only
because of their complex morphology and genomes, but also because of their evolutionary and
taxonomic relevance. These viruses are taxonomically classified in the Bamfordvirae kingdom,
which is represented by different viral families, such as Marseilleviridae, Mimiviridae and
Sputniviroviridae. Here, we describe new isolates of bamfordviruses obtained from Brazilian
environmental samples. In the first part of the work, we describe Marseillevirus cajuinensis, the
first isolation of a Marseilleviridae family virus from saltwater. This virus has a genome with
approximately 380 thousand base pairs, containing 515 ORFs, including 38 ORFans, and a
transfer RNA (tRNA) which was a gene, util then, rarely described among Marseilleviruses.
Phylogenetic analyses showed that M. cajuinensis is a divergent member of lineage A and
revealed that Marseilleviruses can be organized into three major groups instead of the classical
five, suggesting the need for taxonomic reorganization. Based on these data, a proposal was
submitted to the International Committee on Viral Taxonomy (ICTV) for the inclusion of new
taxa in the Marseilleviridae family, including the creation of new species and genera to expand
their taxonomical diversity. The second part of the work addresses the isolation of a tripartite
viral system composed of a moumouvirus, a transpoviron and a new virophage, called Pantanal
virophage, from samples collected in Pantanal biome region. Although phylogenetically
grouped with Sputnikviruses, the Pantanal virophage presents distinct genomic characteristics,
including three ORFans and exclusive genomic regions. The low nucleotide and amino acid
identity in comparison with other members of the group added to the phylogeny of conserved
proteins confirmed their divergence and supported their proposal as a new species within the
genus Sputnikvirus. Altogether, the results reveal the importance of efforts to prospect and
characterize new giant viruses and their associated elements, especially from ecosystems that
have not yet been explored for this purpose, such as the Brazilian coast and Pantanal. The
inclusion of these new isolates in comparative analyses allows for a deeper understanding of
the evolutionary relationships between known viruses and highlights the ongoing need for
review and updating of viral taxonomy, consolidating the role of these studies in expanding

basic knowledge about viruses in the Bamfordvirae kingdom.

Keywords: Marseillevirus cajuinensis, virophage, Pantanal, Bamfordvirae, taxonomy
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13
1 INTRODUCAO

1.1 O reino Bamfordvirae e seus filos: Nucleocytoviricota e Preplasmiviricota.

A virosfera € o conjunto dos virus que habitam o nosso planeta. Ela ¢ vasta e muito diversificada,
além de ser composta pelas entidades bioldgicas mais abundantes do globo. Além de abundantes e
ubiquos, os virus também apresentam uma grande diversidade de formas, tamanhos e genomas. Essa
diversidade ¢ tao grande, que ao analisar o conjunto de todos os virus conhecidos, identifica-se
grandes grupos virais que ndo compartilham uma ancestralidade comum, evidenciando o carater
polifilético dos virus e dificultando a sua organizacgdo taxonomica (KOONIN et al., 2020). Por causa
disso, ao longo da histoéria (principalmente na era pré-gendmica), os virus conhecidos foram sendo
classificados de acordo com caracteristicas que nao implicam necessariamente em ancestralidade
comum e filogenia. Um exemplo ¢ a classificacdo de Baltimore, que considera a estrutura do 4cido
nucleico viral e sua estratégia de replicagdo do genoma para organiza-los (BALTIMORE, 1971).
Outro exemplo ¢ a classificagdo de determinados grupos de virus de acordo com caracteristicas
fenotipicas, como a forma de disseminacao (por exemplo, os “arbovirus”) e a presenca de envelope

ao redor do capsideo.

O Comité Internacional em Taxonomia de Virus (ICTV - International Committee on Taxonomy
of Viruses), estabelecido em 1966, tem direcionado esfor¢cos para organizar os virus
taxonomicamente, mesmo com toda sua diversidade de grupos. Dessa forma, embora existam outras
formas de classificagdo viral validas, como a classificagdo de Baltimore, apenas uma taxonomia
viral oficial € considerada, sendo determinada e validada pelos membros do ICTV (SIDDELL et al.,
2023). Anteriormente, os virus eram organizados taxonomicamente dentro de tdxons que
alcancavam somente até o nivel de ordem. No entanto, desde 2016, o comité executivo do ICTV
vinha discutindo sobre a necessidade de reorganizacgao hierdrquica dos virus, permitindo taxons em
maior nivel hierdrquico. Dessa forma, foi feita uma proposta de organizacao taxonomica global dos
virus incluindo novos taxons, ficando os virus classificados em: “dominio” (realm), reino
(kingdom), filo, classe, ordem, familia, género e espécie (ordem da maior hierarquia para a menor
hierarquia) (GORBALENYA et al., 2020). E valido mencionar que ficou definido que as atribuicdes
taxonOmicas devem ser correspondentes a filogenia dos grupos de virus, ou seja, os taxons devem

ser monofiléticos (GORBALENYA et al., 2020).

Apesar da falta de um ancestral comum entre todos os virus conhecidos, existem genes

amplamente conservados dentro de determinados grupos de virus, codificando proteinas envolvidas
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em fungdes centrais na replicagdo e morfogénese de particulas. Um exemplo desse tipo de gene ¢
aquele que codifica proteinas principais de capsideo do tipo “double-jelly-roll” (DJR), amplamente
distribuido dentre os virus de DNA dupla fita (KOONIN et al., 2020). Dessa forma, atualmente,
existem 7 “dominios” (realms) de virus (ICTV, 2024). Dentre eles, esta o “dominio” Varidnaviria,
formado por virus de DNA dupla-fita (DNAdf). O taxon Varidnaviria é composto por dois reinos:
Bamfordvirae e Abadenavirae (ICTV, 2024). O reino Bamfordvirae, formado com base na presenga
da proteina de capsideo com a estrutura de DJR em seus componentes, serd o principal tdxon

estudado neste trabalho. Esse reino ¢ composto pelos filos Nucleocytoviricota € Preplasmiviricota.

O filo Nucleocytoviricota inclui familias virais que, anteriormente, formavam um grupo nao-
taxondmico chamado de Virus Grandes Nucleocitoplasmaticos de DNA (NCLDV — Nucleo-
Cytoplasmic Large DNA Viruses). Esse ¢ um grupo que compartilha um conjunto de genes
ortdlogos, que inclui a DNA polimerase tipo B/delta catalitica (IYER et al., 2006; IYER;
ARAVIND; KOONIN, 2001). O filo Nucleocytoviricota é, até entdo, dividido em 3 classes:
Megaviricetes (inclui as familias Phycodnaviridae, Mimiviridae, Ascoviridae, Iridoviridae e
Marseilleviridae); Mriyaviricetes (inclui a familia Yaraviridae) e Pokkesviricetes (inclui as familias
Asfarviridae e Poxviridae) (ICTV, 2024). Ja o filo Preplasmiviricota, inclui, dentre outros virus, os
membros da familia Adenoviridae, os polintonvirus, a familia Tectiviridae e os membros da antiga
familia Lavidaviridae, responsavel por agrupar vir6fagos, como o mavirus e os sputnikvirus (ICTV,

2024).

1.2 A familia Marseilleviridae

1.2.1 Diversidade de isolados pertencentes a familia

A familia Marseilleviridae, cujos membros sdo chamados de Marseillevirus (MsV), foi o
segundo grupo de virus de amebas isolados. A descoberta dos Marseillevirus ocorreu gragas ao
interesse que a descricdo do primeiro virus gigante de ameba, o mimivirus, causou na comunidade
cientifica, em 2003 (LA SCOLA et al., 2003). Os mimivirus, incluidos na familia Mimiviridae,
chamaram a atengdo pelo tamanho da sua particula e de seu genoma, além dos genes que sdo capazes
de codificar, tendo caracteristicas absolutamente diferentes do que se conhecia sobre os virus até
entdo (LA SCOLA et al., 2003). Diversos outros membros da familia Mimiviridae foram sendo
descritos posteriormente, formando o que atualmente ¢ uma familia composta por 3 diferentes
subfamilias. Dentre essas subfamilias, estd a Megamimivirinae, que inclui 5 géneros, dentre os quais

se agrupam os primeiros isolados de mimivirus. O género Mimivirus abriga virus filogeneticamente
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relacionados ao primeiro isolado (Acanthamoeba polyphaga mimivirus ou APMV), anteriormente
chamados de linhagem A de mimivirus. Ja o género Moumouvirus abriga virus relacionados a
chamada linhagem B de mimivirus. O género Megavirus ¢ responsavel por agrupar os isolados

filogeneticamente relacionados a chamada linhagem C de mimivirus (ICTV, 2024).

Gragas a descoberta dos primeiros mimivirus, esfor¢os para o isolamento de novos virus de
ameba surgiram, levando ao isolamento do primeiro Marseillevirus, o qual se revelou ndo s6 como
um outro virus de ameba, mas também como um componente de uma nova familia viral. O primeiro
1solado de Marseillevirus, chamado de Marseillevirus T19 ou Marseillevirus marseillevirus foi
descoberto em 2007, na cidade de Marseille (Franga), a partir de amostras de agua de uma torre de
refrigeragdo de Paris (BOYER et al., 2009). Durante o isolamento do primeiro Marseillevirus foram
observadas grandes particulas icosaédricas, com cerca de 250 nandmetros (nm) (Figura 1). O
capsideo ¢ circundado por pequenas fibrilas (~12 nm) e dentro dele existe um nucleocapsideo que

¢ cercado por uma membrana interna (BOYER et al., 2009)(Figura 1 B, setas vermelhas).

Figura 1 —Particula viral dos Marseillevirus. (A) Reconstru¢do em 3D, por crio-microscopia eletronica, da particula
de Marseillevirus (MsV), mostrando sua morfologia icosaédrica. (B) Imagem de microscopia eletronica de transmissdo
das particulas de MsV, mostrando a membrana interna que circunda o nucleocapsideo (setas vermelhas). Imagens

adaptadas de: (ARANTES et al., 2016; BOYER et al., 2009)

O isolamento do Marseillevirus T19 foi o primeiro de diversos outros isolados similares
descritos até entdo. Em 2011, foi descrito o Lausannevirus, segundo membro da familia
Marseilleviridae, obtido de amostras de agua do Rio Sena, em Paris (THOMAS et al., 2011). Nos
anos seguintes, a busca por novos MsV, principalmente em amostras de agua, levou a descri¢ao do
Cannes8 virus, isolado da agua de uma torre de refrigeracdo em Cannes, na Franca (AHERFI et al.,

2013). Diversos outros isolados obtidos de amostras relacionadas a 4gua doce foram descritos

posteriormente (Tabela 1). Dentre eles, destacam-se o Tunisvirus, o Melbourne virus, o
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Noumeavirus e o Tokyovirus (AHERFI et al., 2014; DOUTRE et al., 2014; FABRE et al., 2017;
TAKEMURA, 2016)

Tabela 1 — Lista dos principais Marseillevirus isolados e as respectivas caracteristicas do seu isolamento.

Virus Tipo de amostra Local (ano da descrigdo)
Marseillevirus marseiilevirus Agua de Torre de refrigeracéo Paris, Franga (2009)
Lausannevirus Agua doce (Rio Sena) Paris, Franga (2011)
Senegal virus Fezes humanas Senegal (2013)
Cannes 8 Agua de Torre de refrigeracfio Cannes, Franga (2013)
Insetomime Orggos internos de larva de inseto Tunis, Tunisia (2013)
Saint-Charles virus Agua doce (fonte decorativa) Marseille, Franca (2013)
Tunisvirus Agua doce Tunis, Tunisia (2014)
Melbourne virus Agua doce/Lama (lagoa) Melbourne, Australia (2014)
Port-miou virus Agua salobra de uma nascente cérstica Port-miou, Cassis, Franga (2015)
Brazilian Marseillevirus Agua doce (Lagoa da Pampulha) Belo Horizonte, Brasil (2016)
Tokyovirus Agua/Lama (Rio Arakawa) Téquio, Japdo (2016)
Marseillevirus Shanghai Agua doce (Solo do fundo de uma lagoa) Shanghai, China (2016)
Golden Marseillevirus Agua interna de mexilh&es (Rio Guaiba) Rio Grande do Sul, Brasil (2016)
Noumeavirus Lama (lagoa) Nova Caleddnia, Franga (2017)
Kurlavirus Esgoto Mumbai, india (2017)
Marseillevirus-like virus SRS Solo Malasia (2018)
Hokutovirus Reservatério de agua doce Kashiwazaki, Japdo (2019)
Kashiwazakivirus Agua doce (Rio Ukawa) Kashiwazaki, lapdo (2019)
Kyotovirus Agua doce (Rio Tatakaigawa) Kyoto, Japdo (2019)
Shanghaivirus, Quyangvirus e Dashavirus Agua Doce (Rio Yangtzé e Rio Pearl) China (2025)
Jyvaskylavirus Solo Jyvaskyla, Finlandia (2025)

Nota: Dados analisados até junho de 2025.

Posteriormente, outros tipos de amostra comecgaram a ser testadas para o isolamento de MsV.
Em 2015, um isolado de MsV foi obtido a partir da 4gua salobra de uma nascente cérstica e chamado
de Port-miou virus (DOUTRE et al., 2015). Entretanto, alguns anos antes, dois tipos de amostras
bem diferentes resultaram no isolamento de dois Marseillevirus. O primeiro ¢ o Senegal virus,
isolado de amostras de fezes humanas de um homem senegalés (COLSON et al., 2013). J4 o segundo
¢ o insectomime virus, obtido a partir dos 6rgdos internos e trato digestivo de uma larva de inseto

da ordem Diptera (BOUGHALMI et al., 2013).

No Brasil, o primeiro Marseillevirus isolado foi o Brazilian Marseillevirus, a partir de
amostras de dgua da Lagoa da Pampulha, Belo Horizonte. Esse virus foi classificado como um
membro fundador de uma nova linhagem de MsV, devido as andlises gendmicas e filogenéticas
realizadas (DORNAS et al., 2016). Pouco tempo depois, outro trabalho brasileiro descreveu o
isolamento do Golden Marseillevirus, obtido de amostras de agua de dentro de um mexilhao
(Limnoperna fortunei) do Rio Guaiba, no Rio Grande do Sul. Isso evidenciou ainda mais a
diversidade de amostras nas quais os MsV podem ser detectados. Além disso, o Golden
Marseillevirus apresentou varias divergéncias genOmicas e filogenéticas, sendo responsavel,

também, por fundar uma nova linhagem de MsV (DOS SANTOS et al., 2016). Um terceiro isolado
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de Marseillevirus brasileiro foi descrito em 2018 em amostras de esgoto, em meio a um painel de
68 isolados de virus gigantes de diferentes grupos (ANDRADE et al., 2018). Dessa forma, os
trabalhos que descrevem Marseillevirus brasileiros evidenciam o quanto esses isolados foram
capazes de expandir o conhecimento acerca da diversidade, evolucdo e distribuicdo de
Marseilleviridae. Por causa disso, os trabalhos de prospec¢do utilizando diferentes amostras

mostram-se muito relevantes para garantir que novos virus sejam, cada vez mais, isolados.

Além de diversos isolados ja descritos, existem também estudos de metagendmica que
descrevem sequéncias divergentes de MsV em sedimentos de uma fonte hidrotermal no Oceano
Atlantico, localizada em um campo de fontes hidrotermais ativas chamado Castelo de Loki (Loki’s
Castle). Nesse estudo, 5 sequéncias foram descritas e chamadas de LCMAC 101, LCMAC 102,
LCMAC 103, LCMAC 201 e LCMAC 202 (BACKSTROM et al., 2019). Considerando que a
maioria dos Marseillevirus isolados estdo relacionados a amostras de dgua doce (Tabela 1), essas
descobertas de metagendmica em ambientes diferentes, como regides profundas do oceano,

expandem o conhecimento sobre os diferentes locais onde MsV podem ser isolados.

1.2.2 Caracteristicas genomicas dos Marseillevirus

Os Marseillevirus apresentam um genoma composto por uma molécula de DNA de dupla
fita de topologia circular. O tamanho das sequéncias varia em torno de 348 a 404 kpb e o contetido
de guanina-citosina (G-C) gira em torno de 42,9 a 44,8%. J4 o nimero de genes preditos que foram
descritos vai de 386 a 491 (SAHMI-BOUNSIAR et al., 2021). O grupo de sequéncias detectadas
por metagendmica, a partir das amostras da regido de Loki’s Castle, apresenta, curiosamente,
tamanhos de genoma, numero de genes preditos e conteido de G-C maiores do que dos outros
Marseillevirus. Por exemplo, o tamanho das sequéncias pode chegar a 763 kpb, o nimero de genes
preditos a 793, enquanto o contetido de G-C alcanca 62,3 % (BACKSTROM et al., 2019; SAHMI-
BOUNSIAR et al., 2021)

O genoma dos Marseillevirus é composto por uma grande quantidade de genes que
codificam proteinas ndo caracterizadas, das quais ndo se sabe a funcdo, assim como acontece com
os outros virus gigantes. Dentre as proteinas com fung¢des preditas, destacam-se as que apresentam
homologos com outros nucleocitovirus, como a DNA polimerase. Além disso, os MsV também
codificam um conjunto de genes cujos produtos sdo proteinas homoélogas a histonas, que estdo
envolvidas na protecdo do DNA viral (BRYSON et al., 2022; LIU et al., 2021). Ao contrario do que

acontece com outros virus gigantes, como os mimivirus, os MsV ndo apresentam uma diversidade
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de genes envolvidos na traducdo de proteinas. Embora seja descrita a codificagao de alguns fatores
de tradu¢do, ndo ¢ comum encontrar a descricdo de genes que codificam RNAs transportadores e
aminoacil-tRNA sintetases (ABRAHAO et al., 2017; SAHMI-BOUNSIAR et al., 2021). No caso
de RNAs transportadores, eles sdo descritos apenas em Tokyovirus e nas sequéncias de
metagendmica de Loki’s Castle (BACKSTROM et al., 2019; TAKEMURA, 2016). Em
contrapartida ao que ¢ descrito para a maioria dos MsV, no caso das sequéncias de Loki’s Castle
sao descritos até 26 genes que codificam RNAs transportadores e 15 que codificam aminoacil-tRNA
sintetases, valor maior at¢ mesmo do que o encontrado em mimivirus. Isso mostra a divergéncia

dessas sequéncias em relagio aos outros MsV (BACKSTROM et al., 2019).

Outra caracteristica que se destaca no genoma dos MsV ¢ sua alta taxa de mosaicismo, ou
seja, presenca de um repertorio de genes com vérias origens. Além de compartilhar homélogos com
os outros NCLDV, uma parte dos genes do Marseillevirus marseillevirus existe também em
bactérias e fagos. Outra parte dos genes tem homologos em amebas e em outros eucariotos (BOYER
et al., 2009). A existéncia de genes com origens multiplas pode estar ligada com o estilo de vida dos
hospedeiros dos MsV, as amebas, uma vez que elas podem ser infectadas por diferentes tipos de
organismos ao mesmo tempo. A coexisténcia de virus gigantes e outros organismos dentro da
mesma ameba, torna essa célula um ambiente favoravel para transferéncia génica horizontal (TGH),

transformando-a no chamado “caldeirdo” (melting pot) de genes (BOYER et al., 2009).

1.2.2  Taxonomia atual e filogenia da familia Marseilleviridae

Como citado anteriormente, os Marseillevirus fazem parte de uma familia viral propria,
chamada de Marseilleviridae. Atualmente, o ICTV classifica os MsV hierarquicamente da seguinte

maneira:

Dominio (realm): Varidnaviria
Reino (kingdom): Bamfordvirae
Filo: Nucleocytoviricota

Classe: Megaviricetes

Ordem: Pimascovirales

Familia: Marseilleviridae

Figura 2 — Classificacdo hierarquica familia Marseilleviridae realizada pelo Comité Internacional em Taxonomia

de Virus (ICTV). Fonte: (ICTV, 2024)
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Utilizando analises filogenéticas, geralmente baseadas na proteina DNA polimerase ou na
proteina principal do capsideo (MCP), os Marseillevirus tm sido divididos com base na existéncia
de cinco linhagens filogenéticas, chamadas de A, B, C, D e E (Figura 3). A linhagem A ¢
representada pelo primeiro isolado, o Marseillevirus marseillevirus e virus filogeneticamente
relacionados. Ja a linhagem B ¢ representada pelo Lausannevirus, segundo MsV isolado, e outros
virus relacionados. As linhagens A e B, sdo as que possuem o maior numero de isolados descritos.
A terceira linhagem (C) ¢ formada por Tunisvirus e Insectomime virus. J& as linhagens D ¢ E, sao
compostas pelos isolados brasileiros, Brazilian Marseillevirus e Golden Marseillevirus,
respectivamente. As sequéncias de MsV detectadas por metagenomica na regido de Loki’s Castle,
quando incluidas nas arvores com os outros MsV, formam dois grupos externos as cinco linhagens

(SAHMI-BOUNSIAR et al., 2021).
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Figura 3 — Arvore filogenética baseada no gene para a proteina principal do capsideo, indicando as 5 linhagens
filogenéticas de Marseillevirus. Arvore sem raiz, construida com o método de maxima verossimilhanga. Fonte: (AOKI

etal.,2019). Obs.: os virus destacados na arvore correspondem a sequéncias obtidas na ocasido do trabalho que publicou
essa arvore (AOKI et al., 2019).

Ao considerar a filogenia da familia Marseilleviridae e compara-la com a taxonomia do

grupo proposta oficialmente pelo ICTV, € possivel perceber a existéncia de algumas lacunas, uma
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vez que estdo incluidos apenas membros de trés das cinco linhagens aqui descritas. A familia ¢
composta por dois diferentes géneros. O primeiro género, Marseillevirus, ¢ composto por duas
espécies: Marseillevirus massiliense and Marseillevirus senegalense, ambas representando
membros da linhagem A. J4 o segundo género, Losannavirus, também ¢ formado por duas espécies:
Losannavirus lausannense (virus relacionados filogeneticamente a linhagem B) e Losannavirus

tunisense (virus filogeneticamente relacionados a linhagem C) (ICTV, 2024).

1.3 Os virdfagos: familia Sputniviroviridae.
1.3.1 Descoberta e diversidade dos virofagos

Os viréfagos sao definidos como virus de DNAfd, com tamanho de particula variando entre
50 e 74 nm. Eles sdo comumente chamados de “virus que infectam virus”, pois sdo caracterizados
por dependerem ndo apenas da célula hospedeira, mas também da presencga de um virus gigante, do
filo Nucleocytoviricota, para completar seu ciclo (Figura 4) (KRUPOVIC; KUHN; FISCHER,
2016; MOUGARLI et al., 2019b). Eles foram descritos pela primeira vez em associagdo com um
virus da familia Mimiviridae e do género Mimivirus, chamado de mamavirus, que foi obtido a partir
de amostras de agua coletadas de uma torre de resfriamento localizada em Paris, Franca. (LA
SCOLA et al., 2008). Os virofagos despertaram o interesse cientifico por apresentarem uma

interacdo incomum tanto com o mamavirus, quanto com a célula hospedeira.

Figura 4 — Particulas de viréfago (setas pretas) associadas a um mimivirus dentro de uma ameba hospedeira. A
figura evidencia a diferenca de tamanho entre as particulas dos tipos de virus. Fonte: Adaptado de AZEVEDO et al.,
2022
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Foi observado que os vir6fagos se multiplicavam dentro da fabrica viral dos mimivirus e que
ndo eram capazes de se multiplicar sozinhos na ameba, ou seja, sem uma coinfec¢cdo com o virus
gigante. Em vez de recorrerem diretamente a maquinaria transcricional da célula hospedeira, os
viréfagos se aproveitam da fabrica viral e dos recursos do virus gigante para ativar a expressao de
seus proprios genes. Essa interferéncia pode, em algumas situagdes, comprometer a producao de
novos virus gigantes. Além disso, os estudos também evidenciaram que ¢é possivel que os virofagos
causem o aumento significativo da formagao de particulas de mamavirus defeituosas, o que causa
um impacto para a produtividade do virus gigante (LA SCOLA et al., 2008). Para definir a natureza
dessas pequenas particulas recém-descobertas, foi proposto o termo virdfago, fazendo referéncia
aos bacteriofagos, que sdo os virus que infectam bactérias. O primeiro virofago descrito foi chamado

de sputnik (LA SCOLA et al., 2008).

A descoberta do viréfago sputnik abriu portas para a posterior descri¢do de outros isolados de
viréfagos. Em 2011, o viréfago mavirus, foi obtido a partir de 4guas costeiras do Texas, nos Estados
Unidos, associado ao Cafeteria roenbergensis virus (CroV) que ¢ membro da familia Mimiviridae,
porém de uma subfamilia diferente (A//imimivirinae) daquela que agrupa os mimivirus “classicos”
(Megamimivirinae) (FISCHER; SUTTLE, 2011). Assim como o CroV, os mavirus compdem uma
linhagem filogenética mais divergente em relagdo a linhagem dos viréfagos sputnik. Algum tempo
depois, outros isolados da linhagem de vir6fagos sputnik, chamados de sputnik 2 e sputnik 3, foram
descobertos na Franca, a partir de amostras de fluido de lentes de contato e de amostras de solo,
respectivamente (DESNUES et al., 2012; GAIA et al., 2013). Posteriormente, outra linhagem de
viréfagos que infectam Megamimivirinae foram descritos e chamados de zamilon, zamilon 2 e
zamilon vitis (BEKLIZ et al., 2015; GAIA et al., 2014; JEUDY et al., 2020). Os vir6fagos zamilon
sdo intrigantes, pois apresentam uma especificidade de hospedeiros. Eles sdo capazes de infectar os
membros do género Megavirus (antiga linhagem C de mimivirus), mas ndo sdo capazes de se
multiplicar em coinfec¢do com os membros do género Mimivirus (antiga linhagem A de mimivirus).
Pesquisas desenvolvidas depois dessa descoberta propuseram a existéncia de um mecanismo de

defesa contra vir6fagos nos mimivirus género Mimivirus (LEVASSEUR et al., 2016).

No Brasil, o primeiro viréfago, chamado de viréfago Rio Negro, foi isolado em associagao com
o sambavirus, a partir de amostras de 4gua do Rio Negro, na Amazdénia (CAMPOS et al., 2014). O
segundo isolado de vir6fago brasileiro, chamado de vir6fago Guarani, foi obtido a partir de amostras
de 4gua da Lagoa da Pampulha, em Belo Horizonte (MOUGARI et al., 2019a). Por fim, foi descrito

o Sputnik argentum, que ¢ genotipicamente similar aos outros virdéfagos sputnik, mas que foi
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descoberto em uma relagdo tripla envolvendo o viréfago, um mimivirus € um elemento genético

moével chamado de transpoviron, presente no genoma do virus gigante (AZEVEDO et al., 2022).

E importante ressaltar que a existéncia de varios estudos com abordagem metagendmica,
visando detectar sequéncias de novos virofagos em diferentes ambientes, tem sido bastante
significativa ao contribuir para a expansao da diversidade conhecida de vir6fagos. Sdo exemplos de
sequéncias completas de virdfagos obtidas por metagenomica o “Organic Lake Virophage” (OLV),
obtida a partir de amostras de um lago organico hipersalino da Antartida e os Yellowstone Lake
virophages” (YSLVs), cujas sequéncias foram detectadas de amostras do lago Yellowstone, nos
Estados Unidos (YAU et al.,2011; ZHOU etal., 2013, 2015). Além de genomas completos, algumas
sequéncias incompletas ou genes especificos de vir6fagos também vém sendo descritas e detectadas
por metagendmica. Essa abordagem metagenomica tem permitido a deteccdo de viréfagos em
ambientes muito diversos e, até mesmo, extremos (BELLAS; ANESIO; BARKER, 2015; YUTIN;
KAPITONOV; KOONIN, 2015; ZABLOCKI et al., 2014). Em conjunto, esses estudos evidenciam
que os virdfagos podem estar presentes em diversos ambientes ao redor do mundo e que novos

estudos visando o isolamento das particulas nesses ambientes podem ser bem-sucedidos.

1.3.2 Genoma, filogenia e taxonomia dos virofagos sputnik.

Os genomas dos isolados de vir6fago sputnik apresentam alta similaridade um com o outro,
sendo formados por uma molécula de DNA de dupla fita circular. Os genomas apresentam um
nimero de pares de bases que, normalmente, variam em torno de 17 e 18 mil, com uma alta
porcentagem de adenina e timina (A+T). J4 o nimero de genes codificadores de proteinas (ORFs)
pelos virofagos sputnik varia entre 20 e 22 (MOUGARI et al., 2019b). Os produtos desses genes
incluem algumas proteinas conservadas entre os virofagos. As proteinas conservadas estdo
associadas a morfogénese da particula dos virofagos e, dentre elas, se inclui a proteina principal do
capsideo (MCP), a proteina secundaria do capsideo (mCP), uma ATPase da superfamilia FtsK-HerA
relacionada ao empacotamento do DNA para dentro da particula e uma protease responsavel por
clivar a MCP durante a maturacdo do capsideo (BORN et al., 2018; LA SCOLA et al., 2008;
YUTIN; RAOULT; KOONIN, 2013). O par de proteinas de capsideo MCP-mCP ¢ bastante
conservado, e estd presente em todos os virdfagos, o que evidencia a sua importancia para esses
organismos (FISCHER, 2021). Além disso, ndo existem homoélogos detectaveis para essas proteinas
em outros organismos, além dos vir6fagos, o que também ¢ indicativo de uma ancestralidade em
comum (YUTIN; RAOULT; KOONIN, 2013). E interessante destacar que, assim como em muitos
virus gigantes de ameba, uma parte dos genes dos virofagos sputnik também nao apresentaram

homologos nos bancos de dados analisados até entdo, o que caracteriza esses genes como ORFans
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(LA SCOLA et al., 2008). As proteinas conservadas mencionadas acima, em especial a MCP, sdo

frequentemente utilizadas em andlises filogenéticas do grupo (Figura 5).

A taxonomia dos virofagos foi recentemente atualizada e aprovada pelo ICTV.
Anteriormente, foi proposto que eles fossem classificados em uma tinica familia viral chamada de
Lavidaviridae (KRUPOVIC; KUHN; FISCHER, 2016), que foi incluida no “dominio”
Varidnaviria, junto aos outros virus de DNAdf. Como a proteina principal do capsideo dos virofagos
apresenta a estrutura DJR, o grupo também foi incluido no reino Bamfordvirae, formando o filo
Preplasmiviricota, ao lado dos Nucleocytoviricota (KOONIN et al., 2020). Entretanto, apesar de
terem sido mantidos no filo Preplasmiviricota, a organizacao interna desse filo foi alterada e, até
entdo, os virofagos isolados (linhagem dos mavirus, linhagem dos sputnik e linhagem dos zamilon)

estao incluidos no subfilo Polisuviricotina e na classe Virophaviricetes.
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Figura § — Arvore filogenética de maxima verossimilhanca da proteina principal do capsideo
(MCP) dos viréfagos isolados e algumas sequéncias de metagenéomica. Fonte: Adaptado de
Azevedo et. al, 2022
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A classe Virophaviricetes € composta por 4 ordens, dentre elas as ordens Lavidavirales e
Mividavirales, que abrigam os virdfagos isolados. A ordem Lavidavirales inclui a familia
Maviroviridae e seu unico género Mavirus, contendo a espécie Mavirus cafeteriae, correspondente
a linhagem dos mavirus. J& a ordem Mividavirales ¢ composta pela familia Sputniviroviridae e seu
género Sputnikvirus, que ¢ formado por duas espécies: Sputnikvirus mimiviri (inclui os isolados de
viréfago sputnik), e Sputnikvirus zamilonense (inclui os isolados da linhagem dos zamilon). As

outras ordens da classe incluem sequéncias diversas de virofagos detectados por metagendmica.

Essa atualizagdo compreensiva da taxonomia dos virofagos feita nos ultimos anos somada
as contantes atualizagdes na filogenia dos MsV e as lacunas existentes na taxonomia desse grupo
demonstram o quanto o conhecimento sobre a evolucdo desses virus tem se expandido, gragas aos
esfor¢os para novos isolamentos e para estudos relacionados. Além disso, reflete-se também a
necessidade de uma proposta taxondmica que reflita toda a diversidade conhecida das familias
Marseilleviridae e Sputniviroviridae, o que contribui para o melhor entendimento da taxonomia e

evolucdo do reino Bamfordvirae.
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2 JUSTIFICATIVA

Os virus s3o as entidades mais abundantes do planeta Terra e apresentam uma ampla
distribuicao e diversidade. Os virus gigantes atrairam a atencao da comunidade cientifica nas ultimas
décadas, devido a sua singularidade. A descoberta e a caracterizacdo de novos virus por meio da
prospeccao de diferentes amostras ambientais, incluindo as de origem brasileira, tém mostrado o
seu potencial no isolamento de diferentes grupos de virus pertencentes ao reino Barmfordvirae,
incluindo os Marseillevirus e os mimivirus, componentes do filo Nucleocytoviricota, € os viréfagos,

componentes do filo Preplasmiviricota.

Os Marseillevirus sdo virus de ameba do filo Nucleocytoviricota cujos isolados conhecidos
sao classicamente divididos em 5 linhagens filogenéticas (A, B, C, D e E). O surgimento de novas
linhagens foi acontecendo gragas aos esforgos para isolamento e detec¢do de novos virus, incluindo
dois isolados brasileiros que sao, ainda, os tnicos membros pertencentes as linhagens D e E. Os
mimivirus e os virdfagos passaram pelo mesmo processo de expansdo da diversidade de linhagens
e do conhecimento sobre sua biologia e evolucdo, gragas ao isolamento e caraterizacdo de novos

virus, além da deteccao de sequéncias por metagenomica.

O potencial dos estudos de prospeccdo, isolamento e caracterizacdo de novos virus de
amebas ¢ refor¢ado neste trabalho, pois nele descreveremos novos isolados pertencentes as familias
Marseilleviridae, Mimiviridae e Sputniviroviridae e suas respectivas caracteristicas genomicas €
filogenéticas. A caracterizagdo desses novos isolados trouxe novos dados e observagdes a respeito
da filogenia de Marseilleviridae e de Sputniviroviridae, como a identifica¢do de lacunas a serem
preenchidas na taxonomia oficial e a observagdo de uma necessidade de se estabelecer parametros
para a classificacdo dos virus, além da necessidade de manter uma constante atualizagdao da
taxonomia viral. A taxonomia ¢ uma ciéncia dindmica e que vai se desenvolvendo na medida em
que novos métodos e dados vao surgindo ou sendo melhorados. Com base nisso, esse trabalho se
faz importante, pois evidencia que o isolamento de novos virus de ameba e sua caracterizacdo podem
contribuir enriquecendo o conhecimento sobre os aspectos biologicos, gendomicos, evolutivos dos

virus do reino Barfordvirae, bem como contribuindo com a dindmica da taxonomia desses virus.
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3 OBJETIVOS
3.1 Objetivo geral

Descrever o isolamento e a caracterizacdo gendmica e filogenética de novos isolados de
bamfordvirus brasileiros, das familias Marseilleviridae e Sputniviroviridae, bem como classificar

esses isolados, propondo mudangas na taxonomia oficial dos grupos.

3.2 Objetivo especificos

e Analisar, de maneira geral, as caracteristicas morfologicas das particulas dos virus isolados.

e Caracterizar os genomas dos virus isolados, incluindo a identificagao de genes codificadores
de proteinas (ORFs).

e Caracterizar as proteinas dos virus isolados, identificando possiveis fun¢des biologicas.

e Investigar as relagdes filogenéticas de diferentes proteinas conservadas dentro do grupos aos
quais pertencem os virus isolados.

e (Comparar a sintenia entre diferentes genomas virais dos grupos estudados.

e Identificar genes relacionados a RNAs transportadores em diferentes linhagens de
Marseillevirus.

e Analisar o pangenoma e o coregenoma dos Marseillevirus.

e Comparar a presenca de Clusters of Orthologous Groups (COGs ou grupos de proteinas
ortdlogas) exclusivas e compartilhados entre as diferentes linhagens de Marseillevirus
descritas.

e Explorar as relacdes fenéticas entre diferentes linhagens de Marseillevirus com base na

presencga e auséncia de COGs.

e Avaliar a similaridade gendmica e proteica entre virus isolados e sequéncias relacionadas,

visando estabelecer parametros quantitativos que facilitem a sua classifica¢do taxondmica.
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4. METODOLOGIA, RESULTADOS E DISCUSSAO.

A metodologia e os resultados desse trabalho serdo apresentados a seguir na forma de artigos
cientificos ja publicados ou em processo de submissao. Os manuscritos serao apresentados em duas
partes diferentes e cada um sera precedido de um breve resumo, de forma a otimizar a compreensao

da conexao entre eles.

4.1- PARTE 1: DESCOBERTA E CARACTERIZACAO DE UM NOVO MEMBRO DA
FAMILIA MARSEILLEVIRIDAE E PROPOSTA DE ATUALIZACAO TAXONOMICA DO
GRUPO.

Nessa primeira parte do trabalho serdo descritos o isolamento e a caracterizagdo gendmica e
filogenética do Marseillevirus cajuinensis, um novo isolado de Marseillevirus brasileiro. Os
Marseillevirus sdo membros da familia Marseilleviridae, que por sua vez pertence a filo
Nucleocytoviricota e ao Reino Bamfordvirae. A caracterizagdo realizada levou a novas observagoes
e inferéncias a respeito da evolugdo e classificacdo taxondmica desses virus. Primeiramente, sera
apresentado o artigo, ja publicado, que descreve o isolamento e a caracterizagdo dos virus, trazendo
as analises gendmicas e filogenéticas em detalhes. Em segundo lugar, sera apresentada a proposta
de alteragdo taxonomica para a familia Marseilleviridae, que deve ser submetida ao ICTV para que

os membros do comité avaliem as mudangas propostas e as considerem oficialmente.
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4.1.1 ARTIGO - The genomic and phylogenetic analysis of Marseillevirus cajuinensis raises
questions about the evolution of Marseilleviridae lineages and their taxonomical organization

Esse artigo foi publicado no periddico Journal of Virology (DOI:
https://doi.org/10.1128/jv1.00513-24)

Resumo: Os Marseillevirus (MsV) sdo virus gigantes de ameba pertencentes ao filo
Nucleocytoviricota. Os MsV ja foram isolados de diferentes tipos de amostras, sendo amostras de
agua doce as mais frequentemente descritas. Esses virus sdo classificados em 5 linhagens
filogenéticas (A, B, C, D e E), mas a taxonomia oficial da familia Marseilleviridae ainda nao reflete
a diversidade de MsV conhecida. Nesse artigo descrevemos o isolamento e a caracterizacao
gendmica e filogenética do Marseillevirus cajuinensis, obtido de dgua salgada do litoral brasileiro.
Apds o sequenciamento ¢ montagem do genoma, as analises mostraram que o Marseillevirus
cajuinensis apresenta uma sequéncia de 380.653 pares de bases. Esse genoma codifica 515 ORFs,
dentre as quais 38 foram consideradas ORFans, pois ndo foi encontrada similaridade nos bancos de
dados. Além disso, o MsV cajuinensis codifica um RNA transportador (RNAt), uma categoria
génica raramente descrita para os Marseillevirus. Nesse contexto, analisamos a presenca de RNAt
em outros MsV e os resultados revelaram a codificacdo de RNAt em 5 isolados de Marseillevirus,
além do Tokyovirus. As andlises filogenéticas sugeriram que o MsV cajuinensis ¢ um membro
divergente dentro da linhagem A dos MsV e mostraram também que o ancestral dos Marseillevirus
das cinco linhagens se diversificou em trés grandes grupos. Outras analises como a distribuicao de
Clusters of Orthologous Groups (COGs) nos MsV, uma analise de distdncia evolutiva relativa
(RED) e analises da média de identidade de aminoécidos e de nucleotideos entre os diferentes
isolados de Marseillevirus reforcaram as observagdes realizadas, revelando uma nova perspectiva
sobre a classificacdo dos Marseillevirus, tanto com base em suas linhagens filogenéticas, quanto em
sua taxonomia oficial. Tomados em conjunto, os resultados deste artigo mostram que a descoberta
de novos virus pode expandir o conhecimento bésico sobre familias virais ja& conhecidas e pode
ajudar a entender cada vez melhor as relagdes evolutivas existentes entre diferentes isolados. Com
uma maior diversidade descoberta, a classificagao desses virus torna-se um desafio ¢ as analises
aqui apresentadas podem ajudar a preencher lacunas existentes na taxonomia da familia

Marseilleviridae.


https://doi.org/10.1128/jvi.00513-24

... | Journalof
(] swareor | Virology

Virology | Full-Length Text

29

The genomic and phylogenetic analysis of Marseillevirus
cajuinensis raises questions about the evolution of
Marseilleviridae lineages and their taxonomical organization

Eruna Luiza de Azevedo,' Victéria Fulgénclo Quelroz,' Isabella Lulza Martins de Aquino,' Tallta Bastos Machado,' Felipe Lopes de
Assls," Erlk Rels," Jodo Pessoa Aradjo Junlor,” Lella Sabrina Ullmann,” Philippe Colson,*** Gilbert Greub,” Frank Aylward,”® Rodrigo

Aratjo Lima Rodrigues,” Jénatas Santos Abrahio’
AUTHOR AFFILIATIONS See affiliation list on p. 17.

ABSTRACT  Marsegilleviruses (MsV) are a group of viruses that compose the Marsaillevir-
idae family within the Nucleocytoviricota phylum. They have been found in different
samples, mainly in freshwater. MsV are dassically organized into five phyloganetic
lineages (A/B/CDVE), but the current taxonomy does not fully represent all the diversity
of the MsV lineages. Here, we describe a novel strain isolated from a Brazilian saltwater
sample named Marseillevirus cajuinensis. Based on genomics and phylogenetic analyses,
M. cajuinensis exhibits a 380,653-bp genome that encodes 515 open reading frames.
Additionally, M. cajuinensis encodes a transfer RMA, a fieature that is raraly described for
Marseilleviridae. Phylogeny suggests that M. cajuinensis forms a divergent branch within
the MsV lineage A. Furthermaore, our analysis suggests that the common ancestor for
the five classical lineages of MsV diversified into three major groups. The organization
of MsV into three main groups is reinforced by a comprehensive analysis of dusters
of orthologous groups, sequence identities, and evolutionary distances considering
sevieral MsY isolates. Taken together, our results highlight the importance of discover-
ing new viruses to expand the knowledge about known wiruses that belong to the
same lineages or families. This work proposes 3 new parspective on the Marseilleviridae
lineages organization that could be helpful to a future update in the @xonemy of the
Marseilleviridae family.

IMPORTANCE  Marseilleviridae is a family of viruses whose members were maostly
isolated from freshwater samples. In this work, we describe the first Marseilievirus isolatad
from saltwater samiples, which we called Marseillevirus cajuinensis. Most of M. cajuinensis
genomic features are comparable to other Marseilleviridae members, such as its high
number of unknown proteins. On the other hand, M. cajuinensis encodes a transfer RNA,
which is a gene category involved in protein translation that is rarely described in this
viral family. Additionally, our phylogenetic analyses suggested the exstance of, at least,
three major Marseilleviridae groups. These observations provide a new perspective on
Marseilleviridae lineages crganization, which will be valuable in future updates to the
taxonomy of the family since the current official classification does not captura all the
Marseilleviridae known diversity.

KEYWORDS  Marseillevirus, Marseilleviridae, lineages, phylogeny, taxonomy, evolution
ome years after the mimivirus discovery (1), the Marseilleviridae family became the
second described group of large/giant viruses that are able to infect amoebas. The

first Marseilleviridae isolate was obtained from water samples collectad in a cooling
tower in Paris, France (2). Typically, the members of the Marseilleviridae family exchibit
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icosahedral particles with an average diameter of approximately 250 nm. The discovery
of the first Marsaillevirus (MsV) paved the way to describe several new isolates.
Amoebae are likely marsaillevirus hosts in the environment, and Acanthamoeba was tha
species used at the laboratory to isolate these vinuses. Most of them were obtained
from freshwater samples, including Lausannevirus, Tunisvirus, Melboumevirus, Cannes
8 virus, Moumeavirus, Brazilian marseillevirus, and Tokyovirus (3-9). Samples from other
environments have been tested leading to the discovery of new Marsailleviridae isolates.
Golden marsaillevirus and Insectomime virus, for example, were isolated from golden
mussels and internal organs of insect larvae, respectively (10, 11) In addition to several
isolates already described, metagenomic studies have reported five divergent Marseille-
viridae sequences detected in sediments from a hydrothermal vent (Loki's Castle), in the
Atlantic Ocean (12). These discoveries in different types of environments, such as deep
oCean regions, have expanded our understanding about the ecology of these viruses and
locations where they can be isolated.

Marseilleviridae genomes are composed by cincular double-stranded DNA molecules
that range in size from 348 to 404 kbp (13). The G-C content ranges from 42.9% to
44.8%, and the number of predicted gemes varies from 386 to 491 (13). Most part of
Marsaillevirus genomes emcodes uncharacterized proteins. This is a general characteristic
for giant viruses. Besides, Marsailleviruses do not have a diversity of genes involvad
in protein translation as observed in other giant viruses, such as those of Mimiviridas
family (14). Although genes encoding translation factors have been described, it is not
commcn to find in Marszillevinuses genome genes that encode transfer RNAs (ERNA) and
aminoacyl-tRNA synthetases (13, 15). Considering tRMAs, they are currently described
only in Tokyovirus and in the Lokis Castle metagenomic sequences (8, 12). As other
Mudeocytoviricota phylum viruses, Marseillevirus genomes present a high mosaicism,
which means that they have sets of genes of multiple origins (2).

The International Committee on Taxonomy of Virusas (ICTV) dassifies all members of
the Marseilleviridae family within the Mudeocytoviricota phylum, Pimascorivales order
(16, 17). Currently, Marseilleviridae is composed by one genus (Marseillevirus), in which
two species are included: Marseillevirus marseiflevirus and Senegahvirus marseillewvirus.
There are two other species in the family, which are not included in any genus, the
species Lousanmevirus and Tumisvirus (16). However, 3 new organization and nomencla-
ture for Marseillevirus-related taxa was recently proposed and is under approval for
official publishing by ICTV. Phylogenetic analyses based on DMA polymerase proteins
revealed the axistence of five different Marseillevirus phylogenetic lineages, mamed A,
B C D and E Lineage A is represented by the first isolate, Marseillevirus marseilievirus
(2). Lineage B is represented by Lausannevirus, the second Marseilleviridae isolated (3L
Lineages A and B hawve the largest number of isolates. The lineage C is represented
by Tunisvirus and Insectomime virus (5, 17), while lineages D and E are composad of
the Brazilian isolates, Brazilian marseillevirus and Golden marseillevirus, respectively (3,
11). Taking that into account, the known diversity of Marseillevindae members is not
being completely represented by the official taxonomy of the group. For example, the
reprasentatives of lineages D and E are not considered yet.

Almost 15 years after the discovery of the first Marseillevirus, it becomes apparent
that the isolation of new vimuses is important to elucidate the evolutionary history of this
family. In this study, we report the discovery of Marseillevirus cajuinensis, a new isolate
obtained from a saltwater sample from the Mortheast coast of Brazil. This discovery
paved the way for a genomic and phylogenetic characterization that suggested the
existence of at least three major consistent Marseilleviridaa groups. Analysis involving
Clusters of Orthologous Groups (C0Gs), relative evolutionary distanca (RED), and average
aminge acid/nuclectide identity (AAl and AN reinforces this three-group organization
and helps to establish parameters for a future taxonomic organization of Marseilleviridas
into three genera and different species. These findings provide a new perspective on
Marsailleviridae lineages, which will be valuable in evolutive studies and future updates
to the taxonomy of the family.
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RESULTS

Marseillevirus cajuinensis: a new amoebae-infecting wvirus isolated from
saltwater

From a saltwater sample collected in the Mortheast coast of Brazil, we identified a
new viral isolate able to infect Acanthamoeba castellanii. The transmission electronic
microscopy (TEM) images containing infected amoebae showed icosahedral particles
presenting shape similar to members of Marseilleviridae (Fig. 1A). With TEM analysis,
it was also possible to observe some general morphological aspects from the isolate
replication cycle. For example, we obsarved viral factories (VF) with an electron lucent
aspect that occupied a large part of the cell cytoplasm (Fig. 1B, highlighted in pink). The
images showed several viral particles in different maturation stages inside the VF (Fg.
1C, black arrow). Amorphic structures wera also observed inside VFs (Fig. 1B through D9,
some of them horseshoe shaped (Fg. 1C and D, yellow arrows), resembling the crescent
precursors of viral particles found in poxvinus and mimivirus viral factonies (18, 19). Also,
we observed giant vesicles harboring several viral particles at the end of the replication
cycle. One of these giant vesicles reached a size of 5 pm (Fig. 1E, red armow).

Basides TEM, the viral sample was analyzed by genome sequencing for a more
accurate identification of the virus. Mext-generation sequencing generated 225 574 reads
that were assembled into a 166x depth single scaffold containing 380,653 bp. When
comparad with the Mational Center for Biotechnology Information (WCBI) database, the
genome sequence best matched with a member of the Marseilleviridae family, present-
ing 793 of average nucleotida identity with Tokyovirus. Since we could confirm that the
isolate is a Marseilleviridae, we namead it Marseillevirus cajuinensis.

Marseillevirus cajuinensis genome

The circular double-strandad DNA molecule that composes M. cajwinensis genome has a
G-C content of 45.24%. A total of 515 open reading frames (ORFs) were predicted that
encode proteins with sizes ranging from S0 o 1,520 amino acds. GenBank saguence
database searches suggested that 40 of the 515 proteins encoded by M. cajuinensis
genome have functions related to DMA replication, recombination, and repair (Fig. 2A).
This category includes a chaperone, a DNA topoisomerase, different nucleases, helicases,
histones, and the DNA polymerase protein, which is commonly used as a marker for
phylogeny. Other remarkable categories include signal transduction regulation and
miscellaneous (Fig. 2A). The former primarily comprises serine/threonine protein kinases,
while the latter consists of proteins whose function cannot be reliably predicted due to
the presence of non-specific domains and/or repeats, such as ankyrin repeat-containing
proteins and zinc finger proteins. M. cgjuimensis genome also encodes for proteins
involved in different metabolic processes, such as lipases and proteasas. Furthermore,
the major capsid protein (MCP) and the A32dike packaging ATPase are important
praoteins found in the virion structure and morphogenasis catagory.

Mora than half (593 of the 515 M. cgjuinensis proteins were classified as uncharacter-
ized (Fig. 24). Another 38 proteins were consideraed as ORFans since they had no hits with
any other sequence in the used databases (Fig. 2A). Since several Marseilleviridae isolates
have been described, it could be considered a high number of ORFans for a new isolate.
However, by analyzing the ORFans' sizes, we observed that most of them (27/38)
correspond to short polypeptides ranging from 50 to 100 amino acids (Fig. ZB). The
possible high number of ORFans and their short sizes was intriguing. To confirm these
results, a new gene prediction was performed using a different program. Thus, Prodigal
was used instead of GeneMarkS. After this new analysis, 493 protains (bigger than 50
amino acids) were predicted by Prodigal, 22 less than the 515 that were pradicted by
GeneMarks. Interestingly, the number of predicted ORFans decreased considerably.
Instead of 38, the new pradiction retumed only 9 ORFans. When analyzing the size of
these newly predicted ORFans, it was possible to note that the number of ORFans biggar
than 150 aming acids was increased, while the number of ORFans that were composed
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FIG 1 Transmission electronic microscopy images showing morphological characteristics from the new Isolate Inside Acanthamoeba castellanit cells. (A) Several
Icosahedral Marselllevirus-like particles. (B) Acanthamoeba aastefiand cell containing 2 viral factory occupying a large portion of the cell. Viral factory boundaries
are highlighted In pink. (C) A portion of FIg. 1B seen closer, showing a VF contalning particles In different maturation stages (black arrow) and horseshoe-shaped
structures {yellow arrow). (D) Another amoeba cell containing a VF filled with amorphic and horseshoe-shaped structures (yellow arrows). (€) Glant vesicle (red
arrow) harboring several viral particles in a final stage of the cycle.

by less than 100 amino acids was considerably low (Fig. 2B). Here, predictions generated
by GeneMarkS were selected to perform all the analysis in this work because this tool
was the one the most consistently used for Marseilleviruses in previous works (2, 4-6, 9,
10, 17, 20).
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FIG 2 Genomic analysis of the Marselllevirus cajuinensls genome. (A) Number of M. agjuinensis proteins according to the function predicted during gznome
annotation. n = 515. (B) Comparison between the number of M. cajuinensls ORFans and thelr sizes when using different gene prediction tools. (C) Percentage of
Marseillevirus caluinensis proteins that presented best hit (BLASTp) with the five different Marsetleviridae lin2ages currently described (A-EL.n = 515.

To know which organisms had their sequences considered as best hits with M.
cajuinensis proteins, we analyzed hit by hit the results obtained in the BLASTp searches .
Thus, for more than half (73.2%) of M. cajuinensis proteins, best hits from GenBank
database, were Marseillevirus lineage A sequences (MsV A) (Fig. 2C). This suggests that M.
cajuinensis could present a closer evolutionary relationship with lineage A, which can be
confirmed by phylogeny. Also, this best hit analysis showed one M. cajuinensis protein
(P86) whose best hit was a sequence encoded by a bacterium (Fig. 20). P86 was the only
protein for which no best hits were sequences from other members of the family
Marseilleviridae.

Genome synteny analysis of different members of Marseilleviridae lineages highligh-
ted the relatedness between M. cajuinensis and previously described lineage A members.
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It is possible to cbserve that the organization of the M. cajuinensis genome blodks,
separated and colored according to similarity, is more like that of the representative
member of lingage A than of viruses from other lineages (Fig. 3). In this analysis, it
is also possible to observe that in all the genomes analyzed, there is a region that
appears to be more conserved, being approximately the last third of genome lengths
(Fig. 3). 5uch conserved region in Marseilleviridae genomes was already described before
and called a “core region” (21). More detailed synteny analysis containing different
Marseilleviruses isolates from the five lineages can be found in Supplementary Figure
1 at https/fwww.giantviruses.comssup-material-of-papers/sup-material -the-genomic-
and-phylegenetic-analysis-of-marseillevirus-cajuinensis-raises-questions-about-the-evo-
lution-of-marseilleviridae-lineages-and-their-taxonomical-organization.

Marseillevirus cajuinensis’ translation-related genes and detection of tRNAs in
different Marseilleviruses

The genomic analysis showed that M. cajuinensis encodes four different translation
factors. Mo aminoacyl-tRNA-synthetase genes were found. Additionally, a search for
transfer RMA sequences in M. cajuinensis genome was performed. To perform this search,
two different programs (Aragom and tRNAscanSE) were used. Mo tRNA sequence was
found in M. cajuinensis genome by using tRMAscanSE. However, Aragom was able to
detact 1 tRMA sequence (tRNA-GIn-CTG) that has a 1379-nudeotida intron.

Considering all the known giant/large amoeba-infecting viruses, tRNA encoding is
mot commonly described for Marseilleviridae isolates neither for other families from
Fimascovirales. Otherwise, in groups phylogenetically related to the Pimascovirales
order, such as cedratviruses and orpheoviruses, tANAs were already described (220
Because of the difference in results between the two programs used to predict the
tRMA, we carried out a search for tRNA in genomes from the five classical Marseilleviridae
lineages that had complete sequences available in GenBank (March 2023). For this, we
used both Aragorn and tRNAscanSE The Aragorn program allows changing its parame-

“core region”

I
Marseillevirus ===y i T : e x e |
couinensis zmmm Mﬂlﬂmml.ﬁll IEE@-PIIIE
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FIG 3 Genome syntamy analysis of Marsedlleviridas |solates representing the five currently described lineages and Marseillevirus cajuinensis. Each line represents
the sequence of a differant virus, which Is identified in the legend on the left. The letters A, B, C. 0. and E Indicate the respective phylogenetic lineages of each
anabyzed virus. Blocks of the same color Indicate similar reglons between saquences. The areas without any colored blocks represent regions exclusive to that
virus, that Is, which do not show similarity with other vinuses used In the analysls. Note: As they have a drcular topology, the sequences were adjusted to start
from the MCP alming to facilitate Interpretation of this figure. Marseiiievines marseiifevinus was used as the reference genome.
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ters to consider or not the prasence of introns, and we performed the analysis in both
conditions.

Thus, we detected tRMA sequences in Tokyowirus, Marseillevirus marseillevi-
rus, Melbournevirus, Insectomime  wirus, Tunisvinus, and Golden marseillevirus
using the Aragorn program with parameter allowing introms detection. When
introns detection was not considered, it was only possible to detect tRNA
in Tokyovirus, as the two sequences encoded by this wvirus do not hawe
introns.  Using tRWAscan5E it was possible to detect tRMA only in the
Tokyovirus sequence. Interestingly, tRMAscanSE detected three tRMA saquences
in Tokyovirus, while Aragorn detected only two isee Supplementary Figure
2 at httpssferanw.giantviruses.comysup-material-of-papers/sup-miaterial -the-genomic-
and-phylogenetic-analysis-of-marseillevirus-cajuinensis-raises-questions-about-the-evo-
lution-of-marsailleviridae-lineages-and-their-taxonomical-organization). Considering all
tRNA sequences detected in different Marseillevirus, only two of the Tokyovirus
tRNA were already described (8). Albeit [ittle described in the Marseilleviruses of the
five previously reported lineages, tRMAs hawve already been described in the sequen-
ces detected by metagenomics from samples from Loki's Castle. Although genomes
assembled from metagenomes should be considered with caution, one of these
sequendces, called LCMAC202, was reported to encode 26 types of tRNA (121

Phylogeny of different Mucleocytoviricota conserved proteins raises ques-
tions about Marseilleviridae lineages organization

To better alucidate the evolutionary relationship of M. cgjuinensis with other Marseilleviri-
dae members, phylogenetic analyses were performed using protein sequences that are
considered conserved in Nucleocytoviricota. This set of conserved proteins includas the
DNA polymerasa, the A32-like packaging ATPase, and the late transcription factor VLT3
like, which wera used as markers to construct phyloganetic trees (Fig. 4). It is noteworthy
that the topology within lineages or genera varies not only among Marseilleviruses but
also among other amoebal virusas, depanding on the gene analyzed. Vinus evolution is
modular, with each gene subject to various nuances of a mulitude of selactive prassures.

Analyzing all phylegenies, it was possible to observe that M. cajuinensis groups
together with sequences from Marseilleviruses of lineage A but represents a more
divergent branch within this group (Fig. 41 Similar results were described for Tokyovirus
within lineage A in previous works (8). It is noteworthy that M. cajuinensis and Tokyovirus
cluster together in separate branch in the VLT3-like tree but not in all constructed trees,
including the concatenated one. It is important to note that the divergence of M
cajuinensis within lineage A is comparable with the divergence that separates two
different lineages (C and O). It raises questions about which criteria should be used to
define what can be considered a new lineage or 2 new genus within the Marseillaviridae
family. For example, by comparing lineage C and D branches, Brazilian marseillavirus is
currently considered as a different lineage. Based on this, M. cgjuinensis, and even
Tokyowirus, could also be considerad new lineages.

In addition to this questicning, it is also possible to obsarve the clear divergence of
the common ancestor of the five classical Marseilleviridae lineages into three major
groups: one that groups the current members of lineage & corresponding to the current
genus Marseillevirus, another that groups members of the current lineages B-C-D and
finally Golden marseillevirus (lineage E) in a third group. Moteworthy, the lineage E is
closer from B-C-D branch than from the Marseillevirus genus (lineage A) but still presants
a high divergence within its cade. Indeed, this same topology can be observed in a
concatenated phylogenetic tree based on the three conserved sequences former
analyzed individually (Fig. 4.

Marseillevirus cajuinensis expands the pangenome of Marseilleviridae isolates

To understand the impact of the M. cajuwinensis isolation on the pangenome and core
genome of Marseilleviridae isolates, we searched for Clusters of Orthologous Groups of
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proteins shared between complete genome sequences of the isclates available in
(zenBank. Thus, it was possible to analyze the pangenome and core genome of solated
members of the Marseilleviridae family after induding M. cajuinensis (Fig. 5) as well as the
sharing of COGs between each lineage. It was observed that the pangenome of Marseil-
leviridae isclates increases from 598 to 1,626 when 13 new isolates are added in the
analysis (Fig. 5). The first inserted sequence was Golden marseillevirus because it is the
most divergent member of the five lineages. It was expected that with each new
discovery of a different wirus, the number of total COGs (pangenome) increases. This
shows that the Marseilleviridae pangenome is still expanding and that the discovery of
new additional viruses is wamranted and important, as it will consequently lead to the

discovery of new genes.
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On the other hand, the number of COGs shared by all the analyzed viruses (core
genome) is 182 (Fig. 5). The graph analysis suggests that the core genome of Marseille-
viridae isolates appears to have reached a plateau, suggesting that the gene content
essential for the existence of these viruses is already relatively well defined, although the
functions of most of these genes still need to be deciphered.

A detailed analysis of COGs shared between different Marseilleviruses
reinforces the organization of Marseilleviridae in three major groups

In addition to pangenome and coregenome analyses, our data indicate the number of
COGs that are shared betwean the members of the five Marseilleviridae classical lineages
(Fig. 6. This analysis shows that M. cajuinensis (Fig. 64, V1, red arrow) has 65 singletons,
that is, clusters of proteins that are found only in its sequence. Among the members of
lineage A (Fig. 64, red disks), M. cajuinensis (V], red arrow} and Tokyovirus () are those
that have the greatest numbers of singletons. This reinforces the assumption that both
viruses are the most divergent members of the lineage, corroborating the phylogeny
results mentioned above. Altogether, the members of lineage A analyzed hera share a
total of 370 COGs that are unique to their lineage (Rg. 64, rad disksh

Among the other Marsailleviridae lineages analyzed, in lineage B (Fg. 64, blue disks),
it is possible to observe that all the four lineage memibers share 137 COGs that are absent
in other lineages. Similarly, the lineage C members (Fig. 64, purple disks) share 133 COGs
that are exclusive to their lineage. On the other hand, the only known member of lineage
D, Brazilian marseillevirus, has 52 singletons (Fg. 64, gray armow). This virus is described
to compose its own lineage; however, in this analysis, it presents a smaller number
of COGs than M. cajuinensis and Tokyovirus which are considered members of a same
phylegenatic lineage (lineage A). Golden marseillevirus, the only known representative
member of lineage E, has 294 singletons (Fig. 64, orange armow). The comparison of the
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themselves In the network, making anakbysis hard.

number of exclusive shared COGs between the different linaages is detailed in Fg. 6B. In
this graph, it is possible to analyze the sharing of C0Gs between different lineages in 3
simpler way. Lineages A and E (A + E), for example, share only eight COGs. This number
decreasas when comparing the other lineages with lineage E Lineages B and E (B + E)
share only four COGs, while lineages Cand E (C + E), and D and E (D + E) share only C0Gs.
Together, lineages A, B, C, and D (A + B + C + D) share 89 COGs that are not found in
lineage E (Fig. 64, asterisk). Thus, thesa data reinforce the divergence of lineage E among
Marseilleviridae and support its assignment in a distinct group of the family.

Lsing the data obtained in COGs analysis described abowve, a hierarchical clustering
phenophyletic tree was constructed based on the presence and absence of COGs in
the analyzed sequences (Fig. 7). In this figure, it was possible to observe a topology
vary similar to what was observed in the phylogenetic trees described in this work.
Representatives of lineage A are organizad into a group (group 1) that represents the
current genus Marseillevirus and apart from representatives of lineages B, C, D (group 11},
and E {group Il (Fig. 7).

Within lineage A, it was possible to observe the crganization of the viruses into
two subgroups, one was composed of M. cajuinensis and Tokyovirus, and the other
was composed of the other lineage A wviruses (FRg. 7). The same happens in group Il
since there are three subgroups composad by each member of lineages B, C and D
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(Fig. 7). These results reinforce what was observed in phylogeny and genomic analyses.
Also, they reinforce the questions raised about the classical organization of Marseille-
viridae viruses in five lineages. For example, if the tree branches (lincages B C and
O} that compose group |l are represented by viruses originally classified into three
different lineages, this could justify that Marseilfevirus cajuinensis and Tokyovirus could be
classified in its own lineages. On the other hand, the different branches that compose the
classical Marsailleviridae lineages could also be considerad as members of major groups.

Relative evolutionary distance and average amino acid/nucleotide iden-
tity analyses suggest the organization of Marseilleviridae isolates in three
putative genera

To quantify all these observations and make them more consistent, an RED analysis
was performed. Thus, we considered three groups for this analysis based on the three
major clades observed in DNA polymerase phylogeny: group | (lineage A), group I
(lineages B, C, DY, and group Il (ineage E} (Fig. 8A). DNA polymerase phylogeny was
selected because it is the main phylogenetic marker for Nucleocytoviricota, but the same
topology was observed for all phylogenies (Fig. 4) and for the hierarchical clustering tree
as well (Fig. 7).

RED values varies from 0 to 1, and threshold values for different taxonomic levels in
Mudleocytoviricota were defined previously (23). The previously reported RED values for
genus ranged from 0.69 to 0.995 (23). The present analysis showed that group | lineage
&) had a RED value of 0.86, while group Il fineages B, C, and [} had a RED value of 0.83
(Fig. 84). These numbers are consistent with values expected for the genus level (23).
Because group I (lineage E) is composed by a single genome (Golden marseillevirus),
RED analysis cannot be performed. However, when Golden marseillevirus sequence is
included in group |l (lineages B, C, and D), the RED value decreases to 0.78. Although this
value could still classify group Il a5 a genus while including Golden marseillevirus, the
loweer RED value makes group Il less consistent when comparing with group I. Thus,
axcluding lineage E from group Il and considering it as a separate group were most
comsistent hera.

Additionally, sequences of the Marseillevirus isolates previousky analyzed in this work
ware submitted to an average nucleotide identity analysis. The ANI analysis delineatad
three main groups of Marseilleviruses, considering an ANI cutoff »>75% (Fig. 8Bl This
value corroborates with our phylogenetic analyses and hierarchical clustering of C0Gs,
revealing the existence of three distinct groups in Marsailleviridae, possibly correspond-
ing to three distinct genera. Within groups, we can use pairwise ANl >95% to defina viral
species, as usad for members of Imitervirales (241 In this case, we can define sight viral
species, among which three belong to group |—one of them comesponding to the
Marseillevirus cajuinensis; four belong to group II; and only one, consisting of the Goldan
marseillevirus isolate, belongs to group (. Also, an average amino acid identity analysis
was performed. The same three groups could be observed in the bidirectional AAl
analysis, with AAl »65% (Fig. 8B). Moreover, in the AAI estimation, we clearly saw eight
putative viral spacies, with AAI =95%.

DISCUSSION

Imi this wiork, we describe the isolation of M. cajuwinensis from a saltwatar sample from the
Mortheast coast of Brazil. Although members of the family Marseillaviridae have alraady
been isolated from samples of different sources (2, 10, 11, 17, 25), most of them were
obtainad from freshwater or mud from rivers and lakes (2-4, 6-8). To our knowledge, this
is the first time that a Marseilleviridae member has been isolated from ocean water,
although they have already been detected in this type of environment through metage-
nomic analyses (12).

TEM images revealed that the replication cycle of M. cajwinensis shares similar
characteristics with other membsers of the Marseillevindae family, such as the presence of
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AMI < T5% was set to zero. ANI values anged from 77 to 100, and AAl values ranged from 53 to 100

giant vesicles by the end of the cycle (26). These vesicles ara important structures for
thedr replication cycles, as the viruses can be released from the cell inside these vesicles,
referred to as “expelled vesicles” (27, 28). This mechanism is important to ensure greater
effectiveness in the subsequent entry of particles into another amoeba to start new
oycle, commesponding to a sort of Trojan horse strategy. Alternatively, such structure may
be related to the exocytosis of the viral progeny (26) and their increased resistance to
harsh enivironments whan being outside amoebae, waiting for new hosts. The presenca
of amorphic and horseshoe-like structures inside the viral factory (Fig. 1C and D) requires
further investigations, and more detailed analyses of the replication cycle are needad to
infer a biological function to these structures. It is known that in the initial stages of
Marseilleviridae isolates viral factory formation, endosomal membranes are recruited.
These recruited membranes are involved in the formation of the internal membranes
that compose viral capsids (26). Therefore, it can be hypothesized that M. cajuinensis VF
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structures have baen recruited from some cellular component to perform a function that
is not yet knowrn.

After analyzing the genome of M cajuinensis, we observed that its genome size, GC
content, and number of genes are compatible with that descnbed for other members
of the Marseilleviridae family (2, 3, 5, 9, 11, 13). The functional categorization of
proteins suggests that more than half of the M. cajuwinensis genome encode proteins
with unknown functions. This is a very commen characteristic among giant amoeba
viruses and reinforces the need for new studies that aim the ducidation of the unknown
functions of these proteins (1, 29, 30). Also, we detected 38 ORFans in a first gene
prediction, but most of them have sizes that range from 50 to 100 amino acids. This
puts in doubt whather these saquences are real proteins or whether they are artifacts
due to the main gene prediction protocol wsed in this study. When using a new gene
prediction tool, the number of ORFans decreased to 9. This considerable difference
in results might be due to the lack in updates of prediction tools that cumently are
mastly indicated for prokaryotes, eukaryotes, and for viruses that have smaller and fewer
complex genomes. The number of ORFs was also affected when different parameters
and tools for pradiction are utilized. In addition, we detactad a gene that encodes 3 tRNA,
which is not commonly described in members of the family Marseilleviridae (13, 14). By
analyzing sequences from other Marseillevinidae members using different programs and
parameters, we detected tRMNAS in five Marsailleviruses that, to our knowledge, have not
been previously described as encoding such sequences. The absence of tRNA detection
might be attributed to the use of a single algorithm in most previous analyses. Our
current analysis shows a difference in the sensitivity of tRNA detection, with Aragorn
being more sensitive than the tRNAscanSE algorithm tested in parallel. This is likely
due to the different tAMA search models and parameters used by each tool (31, 32L
For axample, the Aragorn does niot depend on the taxonomic lineage specification as
parameter to achieve maximum search sensitivity, whereas the tRMAscan-5E does (31L
Thus, current gene prediction algorithms lack updates that consider the singularities
of giant viruses. This highlights the importance to systematically use mora than one
algorithm for ORFs and tRMA prediction, as they can complement each other and can
stimulate deeper investigations.

Comparisons between M. cgjuinensizs and members of the Marseillevirus genus,
conducted through genomic and phylogenic analyses, showed that they are all
grouped within the lineage A. Despite this, M. cojwinensis and Tokyovirus form a
divergent branch within this lineage. Phylogenetic analyses also showed that the
common ancestor of the five dassical Marseilleviridae lineages is in fact diversified
into three main branches, which we refer to as group | {lineage A), group Il {lin-
eages B, C, and D), and group Il (ineage E). After analyzing parameters such as
RED. AAl and AN it is possible to suggest that these three groups could poten-
tially be considered as three genera. Taxonomically, growp | cumrently coresponds
to Marseilievirus genus, and group Il corresponds to the recently proposed Losanng
genus (that includes the L lgusarnnense and the L funisiense species). Group [l and
some members of the other proposed groups (eq. Brazilian marsaillevirus) remain
to be officially assigned taxonomically. Also, AAl and ANl analyses suggested the
organization of Marseilleviridae isolates in eight species (see Supplementary Figure
3 at https2www.giantviruses.com/sup-material-of-papers/sup-material-the-ganomic-
and-phylogenetic-analysis-of-marseillevirus-cajuinensisraises-questions-about-the-evo-
lution-of-marsailleviridae-lineages-and-their-taxonomical-organization), according  to
the percentage of sequence identity between each other. This could be helpful to dassify
the isolates that are still not considerad officially.

The analyses of COGs shared between different lineages highlight conserved and
variable COGs in each lineaga. An in-depth analysis to understand the function of each
protein belonging to the custers was not performed here, and most part of these
proteins might not have a known function. However, it is possible to hypothesize that
conserved COGs might represent important genes to the lineage, possibly inherited
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from their common ancestor. Conversely, the proteins belonging to cdusters that vary
among lineages might have different origins. The presence/absence of COGs analysis
complemented the phylogeny and reinforced both the greater divergence of Marseil-
levirus cajuinensis within lineage A and the crganization of Marseilleviridae classical
lineages into three groups. However, is it worth mentioning that defining the number
of Marsailleviridae lineages/genera is a big challenge and might be treacherous as it
depends on the methods and the viruses considered in the analysis. Taking that into
account, it is clear that there is a need to continue efforts to obtain new isolates as
the Marseilleviridae pangenome is still open. The raised guesticns about the number
of lineages within the Marseilleviridae family reflect the impact of new virus discovery
0N takonomists' perspactives, as these new strains add new information to the analyses,
sometimes leading to different tree topologies. Such new topologies call for updating
phylegensatic organization and taxonomy to ensure that genus and spacies taxonomic
levels better reflect the reality of diversity in a given taxon, rather than being biased due
to sampling mostly specific habitats, such as freshwater. For this taxonomic update to
happen, it is necessary to first establish the parameters that are needed to dassify these
virusas into new spedes or genus. Thus, this work represents a contribution to shapa
future updates in Marseilleviridae taxonomy.

MATERIALS AND METHODS
Viral isolation, multiplication, purification, and titration

The isolate was obizined through the collection of saltwater samples at Cajueiro da
Praia city, located in Piaui state (Northeast coast of Brazil). The protocol was based on
the inoculation of the collected samples on 96-well plates contzining Acanthamoeba
castefianii calls (33). The inoculated wells that presentad cytopathic effects (Le., rounding
cells and cellular lysis) had their content collected and analyzed through transmission
elactron microscopy. After confirming the isolation, the wvirus was inoculated at a
miultiplicity of infection (MO0} of 0.01 in cell culture flasks containing 1.4 = 107 Acan-
thamoeba casteflanii cells and 35 mL of peptone-yeast extract-glucose (PYG) medium,
supplemented with penicillin (100 WmL; Cellefarm, Brazil), streptomycin (100 pg/mil;
Sigma-Aldrich, USA), and amphotericin B (0,25 pgd/ml; Cultilab, Brazil). The cells wera
incubated at 32°C. Mon-infected cells maintained in the same conditions were used as
control. When viral-induced cytopathic effects were obsarved, the flask’s content was
collected. This content was filtered through 0.45 pm pores, and then it was ultracentri-
fuged (36,000 ¥ g} in 3 25% sucrosa cushion for 2 howrs. The pellet containing purified
viral particles was homogenized in 200 pl of phosphate-buffered saline (PES 1x). All the
viral titers were cbtained and calculated using the end-point mathod (34).

Transmission electron microscopy

To analyze the morphology of isolated viral particles, the samples wera prepared for
TEML First, 7 = 10f A. castellanii cells, cultured in 25 mL of PYG medium, were inoculated
with the virus at an MOl of 0.01. Once cytopathic effects wera observed, we performed
two consecutive washes with 0.1 M sodium phosphate buffer, and we subsequently
fixed the cells for 2 hours at room temperature under rotation in an orbital miboer.
The fixation solution consisted of 0.1 M sodium phosphate buffer and 2.5% glutaralde-
hiyde. Following this initial fixation step, the cells underwent a secondary fixation with
2% osmium tetroxide before being embedded in Epon resin. This resin allowead an
ultramicrotomy, and the 60-nm-thick sections ware then axamined using a transmission
electron microscope (Spirit Biotwin FE-120 kV) at the Center of Microscopy of the
Federal University of Minas Gerais (CM-URMG).

Month X000 Volume @  lssue(

43



FulH ength Text

Sequencing, assembly, and annotation

The purified virus was ssquenced using an llumina MiSeq instrument with a paired-end
library using the llumina DNA Prep Kit (llumina Inc, 5an Diego, CA, USA). The FastOC
program was used for quality control of the obtained reads, and the per base sequence
quality was considered satisfactory (phred =28). The reads were trimmed using the
Trimmomatic tool (35). Genome de novo assembly was performed wsing Spades 3.12
program with default parameters (36, 37). The obtained scaffold was compared with
sequences from the MCBI database, using BLASTN (database: nr/nt; expect threshold:
107%). Open reading frames wera predicted with the GeneMarkS tool and Prodigal
(38, 39), considering only proteins that were bigger than 50 amino acids. Addition-
ally, tRNA-coding sequences (CD5s) were predicted using ARAGORMN (parameters -
type: tRNA; allow intron: yes and no (alternately); topology: circular; strand- bath) and
thMNAscanSE (parametars - Sequence source: general tANA model; Search mode: default,
Genetic Code for tRMA lsotype Pradiction: universal) (31, 32). ORFs were annotated
wsing BLASTp (expect thresholbd: 10-% against the NCEI non-redundant protein sequance
(nr) database aiming to search for similar saquences in this database. The functional
categorization of predicted proteins was caried out based on the Nudeo-Cytoplasmic
Virus Orthologous Groups (40, 41).

Synteny and phylogenetic analysis

To perform syntemy analyses, genome sequences of different MsV isolates wera
obtained from the NCBI GenBank database. Only genomes from isolated Marseilleviruses
(excluding those built from metagenomic data) and that were complete and available
in GenBank (March 2023} were selectad. As they have a dircular topology, the sequen-
ces were manually curated to start from the major capsid protein aiming to facilitate
image interpretation. After curating the sequences, synteny analysis was performed
using the MAUVE program, with default parameters (42). The following genome
sequences were retrieved from GenBank and then analyzed: Tokyovirus (NC_030230.1)%
Marseillevirus marseillevirus (GUO71086.1); Cannes & wirus (KF261120.1); Marseillavi-
mis Shanghai (MG327395.1); Melbournevirus (KM275475.1); Kurlavirus (KY073338.1);
Lausannevirus (H3113105.1); Noumeavirus (KX066233.1); Port-micu virus (KT428292.1);
Imsactomime (HE428764.1); Tunisvirus (KF483846.1); Brazilian MsV (KT752522.1); Golden
MsV (KT835053.1).

Phylogenetic trees were constructed using the IQtree software (version 1.6.12) with
1,000 bootstrap replicates as branch support (43). To prepare the data sets for alignment,
a search for similar sequences was performed using the MCEl non-redundant protein
saquences (nr) database and BLASTp with an expected threshold of 105 Saguence
alignment was performed using the MUSCLE algorithm (44). The best-fit substitution
mdels were determined using the ModelFinder algorithm within IQtree (45). Finally, the
resulting phylogenetic trees wera visualized and edited using MEGA X software (446).

Relative evolutionary distance analyses were parformed using phylogeny constructed
according to parameters mentioned above. RED values were calculated using the R
package "castor” (47), and the thresholds for taxonomic levels were defined as described
im the Rasults saction based in a previous work (23).

Pangencme and COGs analysis

All complete MsV sequences that were previously obtained for synteny analyses from
GenBank were also subjected to a new gene pradiction using GeneMarks (28). The amino
acid sequences of each predicted CD5 were analyzed wsing the ProteinCriho software
(parameters - selfblast, identity: 30%, coverage: 50%, and e-value of 107% (48). The output
files generated by ProteinCrtho were used to analyze the pangenome and core genaome
of isolated MsV. Also, output files of orthologous proteins were used to compare the
number of Clusters of Orthiologous Groups that are shared betwean the studied vinuses
and to construct a hierarchical clustering based on the presence and absence of C0Gs
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in different MsV. To amalyze the sharing of C0Gs between different MsV, a network
reprasentation was constructed wsing the Gephi 0.10 software. For this, data obtained in
ProteinCrtho analysis were used to create spreadshests containing the “nodes” (viruses
and C0Gs) and the “edges” (presence of COGs in each virus). Metwork representation
was built using an algorithm based on attraction and repulsion forces (Force Atlas)
To perform COGs presence and absence analysis, a binary file was generated, and a
phanetic tree was created in the MultiExperiment Viewer program, version 4.9.0, using
the hierarchical dustering algorithm and the Pearson cormalation as distance metric (49).

Awverage nucleotide and amino acid identities

Whole-genome average nudectide identity analysis was performed using FastANI
(50} implemented on Galaxy Server (httpss/usegalaxy.ew/), on the complete genomes
of 14 Marseilleviruses obtained inform the WNCEl GenBank database. AMI <75% was
considered 0. Average amine acid identity was calculated using redprocal best hits
itwo-way AAI) between two Marseilleviruses' protein genomic data sets, considering
an identity cutoff of 20%. AAl was estimated using the AAl calculator (httpe’enve-
omics.ce.gatech.eduw/aais).
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4.1.2 PROPOSTA TAXONOMICA — Criagdo de um novo género e inclusdo de novas espécies
dentro dos géneros atuais da familia Marseilleviridae (ordem Pimascovirales, classe
Megaviricetes, filo Nucleocytoviricota)

Essa ¢ uma proposta taxonomica submetida ao Comité Internacional de Taxonomia de Virus
(ICTV) como parte do protocolo para que as mudancgas taxondmicas sejam avaliadas e consideradas

oficialmente. Posteriormente, essa proposta serd publicada como um artigo.

Resumo: As analises realizadas durante a descricdo do Marseillevirus cajuinensis abriram as portas
para uma reorganizagdo da taxonomia oficial da familia Marseilleviridae. Para tal é necessario que
uma proposta de alteracdo taxondmica seja feita oficialmente ao ICTV, para que os membros do
comité analisem tal proposta. As mudancas foram sugeridas, pois a taxonomia atual da familia
Marseilleviridae, apesar de recentemente atualizada, ainda ndo abrange boa parte da diversidade
conhecida de linhagens virais da familia. Atualmente, a familia ¢ composta por dois géneros. O
primeiro género, Marseillevirus, ¢ composto por duas espécies: Marseillevirus massiliense e
Marseillevirus senegalense. Os membros desse género sdo filogeneticamente relacionados a
linhagem A de Marseillevirus. Tradicionalmente, os Marseillevirus isolados vinham sendo
classificados nao oficialmente em 5 linhagens filogenéticas chamadas de A, B, C, D e E. O segundo
género atual da familia € o Losannavirus, que também ¢ composto por duas espécies: Losannavirus
lausannense e Losannavirus tunisense, que representam as linhagens B e C, respectivamente. Dessa
forma, as linhagens D e E ndo estdo representadas na taxonomia atual e outros isolados poderiam
ser incluidos nos tdxons ja existentes. Com base na filogenia da DNA polimerase e nas analises de
média de identidade de nucleotideo e aminoacidos, foi proposta a criacdo de duas novas espécies
dentro do género Marseillevirus: Marseillevirus cajuinensis e Marseillevirus tokyoensis. Ambas sao
compostas por isolados filogeneticamente divergentes dentro da linhagem A de Marseillevirus.
Quanto ao género Losannavirus, foi proposto que ele agrupasse virus que estejam filogeneticamente
associados tanto as linhagens B e C, quanto a linhagem D. Assim, propusemos que duas novas
espécies fosse incluidas nesse género: Losannavirus noumeaensis, que € representada por um
membro divergente da linhagem B, e Losannavirus brasiliensis, representada pelo isolado brasileiro
Brazilian Marseillevirus, fundador da linhagem D. Por fim, para agrupar a linhagem E, foi proposta
a criagao de um terceiro género para a familia, chamado Goldenvirus, contendo uma tinica espécies

que representa o unico isolado dessa linhagem, o brasileiro Golden Marseillevirus.
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Part 1b: Taxonomy Proposal Submission <To be completed on initial submission=

1ICTV Subcommittee: Enter an "X" against the subcommities{s) most appropnate to deal with
the taxonomy proposal. If in doubt, contact the appropriate subcommittes chair tor clarification
[Sea httpsyVictv.global/sc).

Animal DMAVIruses and Retroviruses Bacterial viruses

Animal minus-strand and dsBEMNA viruses Fungal and protist viruses X
Animal positive-strand BMA viruses Plant viruses

Archaeal viruses General -Submit to Proposals Secretary

List the ICTV Study Group(s) that have seen or have been involved in creating this proposal:
A list of study groups and their members is provided at httpsficty globalisc.
Fithoviridae Study Group

Opticnal - complete only if formally voted on by an ICTV Study Group: <To ba
Study Group=

complated by

Study Group Number of members
Votes in support Votes against No vote
| Submission date: | | Enter date of the initial submissicn (DD/MMYYYY).

Part 1c: Feedback from ICTV Executive Committee (EC) meeting <To ba completed by the
subcommittes chair after EC evaluation=

Executive Commitiee Meeting Decision code:

A — Accepl

Ac — Accept subject to revision Dy relevant subcommittes chair. No further vote required
U — Accept without revigion but with re-evaluation and email vote by the EC

Ug —Accep! subject 1o revision and re-evaluation and email vote by the EC

Ud — Deferred ta the next EC meeting, with an invitation to revige based on EC commeants
1 - Raject

W - Withdrawn

Comments from the Executive Committee:

Part 1d: Revised Taxonomy Proposal Submission <To be completed for the revised version=

Response of proposer: Please describe in detail how you have responded to the EC meeting
fecdback

Revision date: Enter date of the reviged version (DDSMMAYYY).
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Part 3: TAXONOMIC PROPOSAL
Please use this section for proposing taxonomic changes. The changes MUST also be presanted in the
accompanying form, TP_Template Excel module 2025.x15x, available at

Mo A 1R

Taxonomic changes proposed: Entar an "X" against ane or maore
actions

Establish new taxon X | Split taxon

Abolish taxon Merge taxon

Move taxon Promote taxon

Rename taxon Demote taxon

Mowve and renamsa

Etymology (origin) of proposed taxonomic names: Briafly describe the origin and rationale for each
proposed taxkonomic name in the proposal. A longer explanation can be provided in the main section
af the taxonomy propoasal if required. Use one row for each takonomic name; additional rows can be
inserted where nesded. Seo examples for exdisting names in https:Victd global/taxonomy/etymology.

Taxon name Etymology of the term
“Marzeillevirus™ from the genus and “cajuinensis™ in referancea o a
Marseillevirus cajuinensis popular drink {cajuina) from the region where the virus was isolated:
Piaui, Brazil

“Marszeillevirus™ from the genus and “tokyoensis" from Tokyao, the

Marsaillevirus tokyoansis
yoe Japanese city where “tokyovirus" was isolated.

“Losannavirus™ from the genus and “brasiliensis”™ from Brazil,
Logannavirus brasiliensis country where ‘Brazilian marseillevirus® where isolated. It was the
firat marseillevirus isolated in Brazil

“Losannavirus™ from the genus and “noumeaesnsis™ from the place
Logannavirus noumaasnsis where noumeavirus was isolated: Noumeaa Airport (New Caledonia,
France)

“Goldenvirus” is derived from ‘golden mussels’ that was the type of

Goldenvirus —
sample where golden marseillevirus was isolated.

“Goldernvirus™ form the genus and “brasiliensis™ from Brazil, country

Goldenwrus brasilensis o .
where golden marseillevirus was isolated.

Permission for use of names derived from a living person: |l you propose taxon name(s) which are
derived from the name of a living person or parsons, you must attach documents to verify that
permission has been obtained from those persons and that they agree to the form inwhich their
name Or 80 elemeaent of it is to be used. These documents should be listed in the Accompanying Files
table below. The documents will not be posted online but will be retained by ICTV as evidence of
authorization.

Taxon name Full name of person from whom the name is derived Attached X

Abstract of Taxonomy Proposal: Please provide a structured summany of your taxonomic propogal
uging the headings provided (maximum 250 words). The abstract should provide sufficient context to
be understandable without reference to the full text of the proposal as it will be used as written for the
automatic population of public documents Such as taxonomy summary publications.

Taxonamic rank(s) alfected:

The marseilleviruges belong to the family Marseilloviridae, a taxon found within the order
Pimascowvirales, phylum Nucleocytowviricola, kingdom Bamfordviraa, and realm Varidnawviria.
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Description of current taxonormy:

Marseilleviruses (MsV) are members of Marseilleviridae family which is composed of two genera. The
first genus, Marssillevirus, is composed of two species: Marsaillevirus massiliense and Marseillevirus
senegalansa. The second genus, Losannavirus, is also composed of two species: Losannavirus
lausannanse and Losannavirus tunisansa.

Proposed taxonomic change(s):

MsV are unofficially classified into five phylogenatic lineages (A/B/C/D/E). We propose that genus
Marsaillevirus represent only Marseillevirus lineage A, and that genus Losannavirus encompass
Marseillevirus lineages B, C, and D. We also propose the creation of a third genus ("Goldenvirus™)
containing one species representing Marseillevirus lineage E. Additionally, we propose the creation of
new species within the two already existing genera. Since two diverdent branches within the
Marseillevirus lineage A (genus Marseillevirus) were observed, they could represent two new species.
Within the genus Losannavirus, we propose the creation of two new species: one to include the known
linaage O marseillavirus isolate and another to expand the classification of lineage B marseillavirus
isolates.

Justification:

COwur proposal was constructed according to the results found in analysis imolving DMNA polymerase
phylogeny, genome synteny, RED (Relative evolutionary distance) and an amino acid and nucleotide
average identity analysis (AAl and ANI). All these analyses were performed using sequences from
different isolated Marseilleviruses available in databases.

Teut of Taxonomy proposal: Please explain the reasons for the taxonomic changes you are
proposing.

Species:

o Explain how to distinguish the newly proposed species from established ones in a genus and
use defined eriteria, such as nucleotide sequence identity, for species demarcation.

o If criteria have not been previously established, and if mare than one species in the genus is
envisioned, please state the species demarcation criteria you are proposing.

o I demarcation criteria have been previously established, provide a reference for those criteria
{e.g. previously accepted proposal, ICTV Repart Chapter, or publication).

o Mames for new or renamed species must follow a penws + species epithet binomial format
{zee httpaufpubmed.ncbi. nlm.nih. gow35043230/).

Higher taxa:
o If criteria have not been previously established, and if more than one taxon in the rank is
envisioned, please state the demarcation criteria you are proposing.
o I demarcation criteria have been previously established, provide a reference for those criteria
{e.g. previously accepted proposal, ICTV Repoart Chapter, or publication).
o Defining the unigue characteristics of the taxon is desirable and can assist evaluation of the
praposal.

Format of proposed taxon names:
o Proposed names for new or renamed taxa should be written in italics but in quote marks to
indicate that the names are provisional until the proposal is ratified.
o Forexample (from 2024.002A): The new order is proposed to be named “Adrikaivirales™ and
include a new family “Satyavatiiviridas™. The genus and species representative for this order is
“Vyasahirus” and "Vyasailvirus brisbanensea”, respectively.

E|Page
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o Proposed taxonomic names are formatted in italics in the Excel module, but they do not
require quote marks.

Availability of genome sequences:

o Proposels for the establishment of new taxe require that annotated and coding complete
genome sequences of the species exemplars are available from an INSDC database (ag.
GenBank).

o Shortread archive [SRA) records [unassembled sequences) are not acceptable.

Taxonomic rank(s) affected:

Marseilleviruses (M3V) are amoeba-infecting viruses found in several different types of samples,
such as freshwater, saltwater and animals (1-3). These viruses are members of the family
Marsailleviridse that is classified within the Pimascorivales order, Nucleocytovincota phylum,
Bamfordwirae kingdom and Varidnawiria realm (4).

Description of currant taxonomy:

Phylogenetic analyses based on DNA polymerase proteins revealed the sdstence of five different
Marszilleviruses phylogenetic lineages, named &, B, C, D, and E. Lineage A is represented by the first
isolate, Marseillevirus marseillevirus and related viruses (1). Lineage B is represented by the second
izolate Lawsannevirus and related viruses (5). The lineage C is represented by Tunisvirus and
Inzectomime virus (2,6}, while lineages D and E are composed of the Brazilian isolates, Brazilian
marsaillevirus and Golden marseillevirus, respectively (7,8). About the taxonomic ranks, currently, the
Marsailleviridae family is composed of two genera. The first genus, Marseillewvirus, is composed of two
species: Marsaillevirus massilianse and Marseillevirus senegalense. Marseillevirus genus members
ara related to lineage A marseilleviruses. The second genus, Losannavirus, is also composed of two
species: Losannavirus lauwsannense (lineage B related) and Losannawirus tunisanse (lineage C related].

Proposad taxonomic changals):

We performed a genomic and phylogenetic analysis comparing Marseilleviruses from the five
phylogenatic lineages that were isolated and had sequences available in databases (GenBank). The
DMA polymerase phylogeny suggested the existence of three major consistent Marseilleviruses groups
instead of five lineages, as they were classically organized (Figure 1), A genome synteny analysis (Figure
2} reinforces this three-group organization. Together the phylogeny and the genome synteny can help
to establish the parameters for a taxonomic organization of Marseillesviidaeg into three genera that
together include at least 8 different spacies.

The first group is already officially classified as the Marseillevirus genus and includes two species,
sz mentioned before. We propose the creation of two new species in this genus that together with the
other exsting species could represent the Marseilleviruses related to lineage A. Based on DMA
palymerase phylogeny (Figure 1) it is possible to obsere that within the former lineage A there are at
least three divergent branches, one including M. cajuinensis, other including Tokyovirus and & third
with several other lineage A isolates, including the one that represents the already existing species
Marsailleviruz massiiansea (represented by Marseillevirus marseillevirus). Therefore, we propose the
creation of two new species within the Marseillevirus genus named “Marsallevirus cajuinensis™ to
include M. cajuinensis isolate) and “Marssillsvirus tokyoanszis " represented by Tokyovirus).

The second group is already officially classified as the Losannavirus genus and already includes two
species, a5 mentioned before. We propose that this genus could represant all the Marsailleviruses
lineages B, C and D. These three lineages are all included in the same group derived from a more recent
comman ancestor (Figure 1) and this proposal corroborates with the current classification that already
includeslineages B and Cin the zame ganus. Also, we proposa that two new species could be included
in Losannawirus Eenus namead “Losannavinus noumeaansis ™ irepresented by Moumeavirus and related

E|Fage
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virusges from lineage B.) and “Losannavirus brasilienzis™ (represented by Brazilian marseillevirus,
previously included in ineage D.}

The third group is still not officially recognized thus we propose the creation of a third genus named
“Goldenvirus™ containing one species named “Goldemdirus brasiliensis™ that represents the
Marseilleviruses lineage E single isolate until then.

Demarcation critenia:

The changes proposed above are supported by the already exposed data (Figures 1 and 2} and by
ather analysis that helped to establish consistent criteria to reinforce this taxonomic change proposal.
A RED (Relative evolutionary distance) analysis was performed and criteria were defined based on
previously described threshold values for Nucleocytoviricota (3). RED values vary from 0 to 1 and the
previously reported RED values for genus ranged from 069 to 0.995. The analysis of Marseillevirus
genus representatives showed a RED wvalue of 0.88, while the analysis of Losannavirus genus
representatives (including the ones from lineagens B, C and D) showed a RED value of 0.83. Thesa
numbers are consistent with values expected for the genus level (3) (Figure 3. The proposed third
genus “Goldenvirus” is composed by a single genome thus RED analysis cannot be performed.

Additionally, sequences of the Marseillevirus isolates were submitted to an average nucleotide
identity [AMI} and average amino acid identity (AAl) analysis. The three Marseilleviridse proposed
genera were delineated considering a cutoff of ANI > 7% and AAIXE5%. To species demarcation
criteria we propose AMI > 55% and AAIZ95% as used for other members of Imitendrales and
Pimascovirales arder (10,11} (Figure 4).

Taken together these demarcation criteria could support the proposal of three genera:
Marsailleviruz, Losannavirus and “Goldenvirus " that together contains at least B species. Each species
contains a different number of isolates. A new isolate can be considered 8 member of 8 determined
species and genera i phylogenetic analysis and AMI and AAl values are consistent with this
demarcation criteria here proposed. The same can be considered to new isolates that could represant
entirely new taxa. As obsened in figure 4, we resume our proposal by considering that:

1-  Marsaillevirus genus is composed four species :

Marsaillevirus senegalensa*

Marseillevirus massiliansis®; contains at least 4 isolates [Marseillevirus marseillevirus,
Cannesd virus, Marseillevires Shanghai e Melbournevirus).

“Marsaillevirus tokyoansis ™ comtaining 1 isolate (Tokyovirus).

“Marsaeillevirus cajuinansis™: containing 1 isolate (Marseillevirus cajuinensis).

2 Lozannavirys genus is composed of four species:

“Losannavirus nowmeaaensis™ contains 2 isolates (Moumeavirus and Kurlavirus).
Losannavirus lausannense®: contains ? isolates (Lausannevirus and Port-miou virus).
Losannavirus tunisense®: contains 2 isolates (Tunisvirus and Insectomimevirus).
“Losannavirus brasiliensis™: contains 1 isolate (Brazilian Marseillevirus).

3 Proposed "Goldanvirus™ genus is composed by a single species:
“Goldenwvirus braziliensis": contain 1 isolate (Golden Marseillevirus)
*: species demarcated with * are already officially considered in texonomy.

Justification:

Taking all the data and information exposed before into account, it is possible to observe that the
known diversity of Marsailleviridae family members is not being completely represented by the official
taxonomy of the group. For example, the representatives of lineages D and E are not considerad in the
taxonomy yet. Also, the discovery of new viruses has increased the number of known viruses in other
lineages, especially A and B, which highlights the need to expand the classification of the family.

TiPaee
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Filename Description of contents

Tables, Figures: The use of Figures and Tables as supporting evidence is strongly recommended
[note that using material from publications will require parmission from the copyright holder if the
publication is not open access).
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For phylogenetic analysis, please provide a tree based on aligned nucleotide or translated amino acid
sequences with branch lengths proportional to genetic distance. Trees should be generated using an
appropriate algorithm (eg. neighbor-joining, maximum likelihood, or maximum clade credibility); the
use of UPGMA is discouraged. Provide evidence of the reliability of the branching (eg. by boot-
strapping or posterior probabilities). Where possible, trees should be rooted using an outgroup
sequence.

Include INSDC (eg. GenBank) nucleotide accession numbers in the sequence labels. Annotate trees
with existing and proposed taxa.
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Figure 1 -Phylogenetic tree based on DNA polymerase amino acid sequences of Marseilleviridae isolates
available at GenBank. The letters A, B, C, D and E represent the classical five Marseilleviruses phylogenetic
lineages while “group I”, “group II” and “group lIl” represent the proposed organization of Marseilleviruses in
three major groups that could represent three genera (indicate in parenthesis). The tree was built using the
maximum likelihood method, with statistical support based on 1,000 replicates (bootstrap). The best model,
selected by IQtree (ModelFinder), for the tree was VT + F + | + G4, The tree is rooted on Iridoviridae branch as an
outgroup. The tree scale bars represent the number of amino acid substitutions per site.
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Lineages
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Figure 2 - Genome synteny analysis with representatives of the five phylogenetic lineages of Marseilleviruses,
labeled by the letters from A to E. Each line represents the sequence of a different virus, which is identified in
the legend on the colored boxes at the left. The organization of the sequences in the three major groups (1, Il and
IIl) proposed as genera in Marseilleviridae family is indicated on the left. Blocks of the same color indicate similar
regions between sequences. The areas without any colored blocks represent regions exclusive to thatvirus, that
is, which do not show similarity with otherviruses used in the analysis. Note: As Marseilleviruses genomes have
circular topology, the sequences were adjusted to start from the MCP aiming to facilitate interpretation of this
figure. Marseillevirus marseillevirus was used as the reference genome.

Irido/Ascoviridae
10 Pithoviridae
Marseilleviruses-like sequences (metagenomics)

AL Marseilleviruses-like sequences (metagenomics)

92 0 Group [ (Marseillevirus genus) RED:0.86
100 Group Il (Losannavirus genus) RED:0.83
106" Group 111 (“Goldenvirus” genus)
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Figure 3— DNA polymerase phylogenetic tree illustrating the three-genera proposal for Marseilleviridae family.
RED (Relative Evolutionary Distance) values are indicated for groups | and Il, and the numbers are consistent
with the genus level for taxonomy. Group Ill does not have a RED value because there is only one virus in lineage
E. The sequences used in this tree are the same used in figure 1. The tree was built using the maximum likelihood
method, with statistical support based on 1,000 replicates (bootstrap). The best model, selected by IQtree
(ModelFinder), for the tree was VT + F + | + G4. The tree was rooted on Iridoviridae branch as an outgroup. The
tree scale bars represent the number of amino acid substitutions per site.
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Viruses

ANI
100
Cannes8 virus
Marseillevirus marssillevirus T19
Group 1
(Marseittevirus Marseillevirus shanghai a0
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Figure 4 - Average nucleotide identity (ANI) and average amino acid identity (AAl) analysis of Marseilleviridae
family isolates. Fourteen Marseilleviruses are grouped based on a similarity matrix composed by ANI (left
heatmap) and AAl (right heatmap). The three viral groups and their corresponding genus are indicated. ANI <75%
was set to zero. ANI| values ranged from 77 to 100, and AAl values ranged from 53 to 100.
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4.2 —PARTE 2: ISOLAMENTO E CARACTERIZACAO DE UM NOVO ISOLADO DE
VIROFAGO PROPOSTO COMO NOVA ESPECIE DO GENERO SPUTNIKVIRUS.

A parte dois deste trabalho descreve o isolamento e caracterizagdo genomica e filogenética
do virofago Pantanal, associado a um moumouvirus e a um transpoviron. O viréfago aqui descrito
faz parte da familia Sputniviroviridae, que esta incluida no filo Preplasmiviricota, fazendo parte,

portanto, do reino Bamfordvirae.

4.2.1 MANUSCRITO: Pantanal Virophage: a divergent lineage of virophage associated with a
moumouvirus and a transpoviron suggests an expansion of Sputnikvirus genus

Este manuscrito estd em processo de submissdo ao periddico Journal of Virology.
Obs.: As figuras e suas legendas estdo listadas em sequéncia, ao final do manuscrito, apds a
descricao dos resultados.

Resumo: Este artigo descreve a descoberta e caracterizagdo de um novo viréfago, chamado de
virdfago Pantanal (Pantanal virophage), isolado a partir de amostras do bioma Pantanal, no Brasil.
O virus foi obtido em associagdo com um moumouvirus (denominado Moumouvirus pantanalensis)
e um transpoviron, formando um sistema tripartite que pela primeira vez foi obtido de uma mesma
amostra para a linhagem dos moumouvirus. A presenca simultdnea desses trés elementos sugere
uma complexa rede de interagdes entre virus gigantes, virofagos e elementos genéticos moveis. A
caracterizacdo morfologica, genomica e filogenética teve foco no virdfago, devido as suas
caracteristicas mais divergentes. O virofago possui um genoma que codifica com 21 ORFs,
incluindo genes conservados e trés ORFans, ou seja, genes cuja funcdo ainda nao € conhecida. A
analise filogenética posiciona o viréfago Pantanal como um ramo divergente dentro do género
Sputnikvirus. A andlise de média de identidade de nucleotideos e de aminoacidos confirmou essa
distin¢do, com valores abaixo do limite de 95% usados como pardmetro para demarcar de espécies
virais, indicando que o isolado se trata de uma nova espécie de Sputnikvirus. Este trabalho amplia
o conhecimento sobre a diversidade e evolugdo de virdfagos, contribuindo para o avango e
atualizacdo da taxonomia viral e destaca a importancia de investigar ecossistemas como o bioma
pantanal que ainda sdo pouco explorados como fonte de novos virus gigantes e de seus elementos

associados.
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Ahbstract:

Amoeba-infecting giant viruses, such as mumiviruses, challenged paradigms of
virology since their discovery. Their extensive and complex genomes and particle
structures can interact with virophages and transpovirons revealing unique aspects of
the viral ecology and evelution. Here, we descnibe the 1solation of Pantanal virophage, a
new virophage cbtamed from Brazilian pantanal lome. The virophage was found m
assoclation with Moumouvirus pantanalensis and a transpoviron sequence. Sequencing
and genomic analysis revealed that Pantanal virophage presents a 17,964 bp genome
with 21 coding sequences, including three OFRFAns that code for proteins with
completely imknown functions. Phylogeny showed that Pantanal virophage composes a
divergent branch within virophages from Spumikvirus genus. Average nucleotide and
amino acid identity amalysis companng different virophage sequences indicated that
Pantanal virophage could represent a new Spumikvirus species. These findings shed
light into the giant virus-virophage-transpoviron tnplet diversity, evelution and ecelogy,

contnbuting to a future update in virophages taxonomy.

Importance:

Studies on prospecting, 1solation and charactenzation of new amoeba vimuses are
mportant to provide new mformation about biology, diversity, evolution, ecology and
taxonomy of these viruses. This work reinforces this importance since we descnibe
Pantanal wvirophage, a new species of Sputmkvirus found mn association with a
moumouvirus and a transpoviron. The charactenzation of Pantanal virophage provided
new data and observations regarding the phylogeny and taxonomy of Spumikvirus

genus evidencing the need for constant updates in taxonomic classification. Taxonomy
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15 a dynamuc science that develops as new methods and data emerge or are improved.
Thus, this work shows that the efforts for i1solation of new amoeba viruses and their
characterization can contribute to ennching the knowledge about taxonomy and

evolutionary dynamics of these viruses and of their parasitic-assoclated elements.

Kevwords: vircphage, Pantanal moumouviruses, transpoviron, species, taxonomy,

Sputmkvims
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Introduction

Giant viruses of amoeba have surpnised the scienfific commumity since the
description of their first representative, the mimivirus, m 2003 (1). With particles that
exceed the dimensions (730 mm) of some bacterial cells and double-stranded DNA
genomes with more than 1.2 milhon base pairs, nmumiviruses represent a milestone in the
history of modem virclogy and they opened the door to the discovery of new amoeba-
mfecting viruses. In the last years, it was revealed the great diversity of mimiviruses.
Currently, Mimiviridae fanuly i1s composed of different subfamilies among them the
Megamimivirinae, which mcludes genera such as Mimivirus, Meumouvirus, Megavirus
and Tupamvirus (2). Considenng the high structural and genomic complexity of
megamimiviruses, subsequent studies have shown that they have atypical relationships
with other orgamisms, including the possibility of being parasitized by satellite viruses,
known as virophages (3). These entities parasifize the viral factones of mimiviruses and
are only able to form their progeny in the amoeba cytoplasm durng co-infection with
DI VITUISes.

Different wvirophages have been descnbed In recent vyears, capable of
parasitizing not only minuviruses but also megaviruses, moumouvirses, fupanvinses,
and Cafetenia roenbergensis virus (4-7) . The impact of virophage parasitism on the
morphogenesis of glant viruses 1s vanable. Some wvirophages strongly affect the
formation of their associated glant virus progeny. while others appear not fo interfere
with their development (3, 4, &, 9). The mterachion between virophages and their viral
hosts 15 complex and can also be related to specific genetic mobile elements known as
transpovirons (10-12). Transpovirons are episomal and linear sequences with around

7kb that code therr own protemns. It i1s proposed that transpovirons use the DNA
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replication machinery of the giant virus and that they can use the wvirophage to
dissemmate and to increase their gene expression without affecting the productivity and

the gene expression patterns from the virophage or from the giant virus (11, 13).

Besides the virophage 1solates. thousands of virophage sequences have been
detected through metagenomics, including high-gquality metagenome-assembled
genomes (MAGs), revealng great diversity (14-18). As a result, a recent taxonomic
proposal submutted fo the ICTV established a restruchunng m the taxonomy and
nomenclature of virophage-related taxa. In this context, species related to Sputmk- and
Zamilon-type wvirophages were allocated to the famuly Spumiviroviridae, genus
Spumikvirus, with two species: Spumikvirus mimiviri and Spumikvirus zamilonense,
respectively (2). These two virus groups, along with maviruses, are linked to the mitial
studies on virophages. Because some of therr representatives have been 1solated, they
have enabled findamental studies mto the nature of the virophage—giant virus

relationship and allowed for structural analyses of the particles.

Here, we present the discovery of a new virophage of the gemus Sputnikvirus,
named Pantanal virophage. This virus was 1solated m association with a moumouvirus
and a transpoviron, suggesting a complex mterplay among mmltple entiies within the
same host. The Pantanal virephage exhibits intermediate genomic features that position
1t between previously descmibed virophages of the Sputmik and Zamilon types. These
findings not only highlight the contimmum of diversity within the Spumikvirus gemus but
also provide further evidence of the evelutionary plasticity and ecological versatihty of

virophages in amoebal environments.
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Results

A moumounvirus-virophage-transpoviron tripartite association obtained from

Brazilian Pantanal samples.

From the samples collected from Pantanal biome, in Brazl we 1solated an
amoeba-mnfecting glant virus, using Acanthamoeba castellanii as host platform. The
1solation was confirmed through transmission electronic microscopy (TEM) images that
showed the presence of mimiwvirus-like particles (Figure 1 A). The isolated wirus
presents replicaton cycle charactenstics corresponding to those observed for other
muniviruses, such as the viral factory morphology (Figure 1 B). Also, we observed the
presence of smaller parhicles that were suggestive to be virophage particles (Figure 1 C,
black arrows). These smaller particles were often found inside wesicles m the final
stages of the cycle. In Figure 1 C, it 15 possible to observe a mumivirus-like defective

particle (red arrow) mside the same vesicle where virophage particles are observed.

After sequencing and genome assembly. scaffolds representing the mant virus
genome were obtained Compared fo the database (GenBank), these scaffolds had as
‘best lut” the Moumouvirus maliensis genome (=90% of mucleotide identity). This
mdicates that the 1solate can be grouped mto the Mimiviridae fammly, the
Megamimivirinae subfamily and to the Moumowvirus genus. Then, the new 1solate was
called Moumouvirus pantanalensis. An additional parameter that comroborates with the
genomic ldenfification of the isclate as a moumouvirus 1s its pattern of fibml
organization in the particle. Moumouvimses are known to have fewer fibrils that are not

uniformly distnbuted (19), such as 15 observed m Figure 1 A
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Also, a scaffold contaming 6.711 nt were identified and 1t had 99.40% of
micleotide identity with a ranspoviron associated with moumouviruses. We analyzed
the transpoviron sequence performing genes prediction and funchional annotation. The
moumouvirus pantanalensis-associated transpoviron presented 8 OFFs that code for
protems that vary from 24 to 1,028 amino acids (Figure 2 A). OFFs 1 to 4, code
hypothefical proteins whose functions were not defined yet. ORF 7 codes for the biggest
protein (1,028 amino acids) which is predicted to be a DNA helicase. The DNA helicase
15 a conserved protein among the known franspovirons and can be used fo phylogeny
amalysis. In transpovirons phylegeny, the known DNA helicase protein sequences form
three different lineages that comespond to the giant viral lineage to which they are

related (Mimivirus genns, Moumouvirus gemus or Megavirus genms). (Figure 2 B).

Another scaffold contaiming 17 964 nucleotides (nf) were obtamed after the
sequencing and it presented a high copy number, indicated by the sequencing coverage
of 1,926, This sequence presents 86,12% of mucleotide idenbty with a sputmk
virophage, confirming the isolation of a virophage m the sample. which we named

Pantanal Virophage.

Pantanal virophage composes a divergent branch within the sputnik virophages

phylogeny

In contrast with the moumouvirus and the transpoviron obtained sequences, the
Pantanal virophage scaffolds presented a lower nucleotide identity (86.12%) with 1ts
best hit from GenBank. Thus, we decided to focus on the genomic and phylogenetic
charactenization of the isolated virophage Pantanal virophage genome sequence

presents a G-C content of 28.45% and 21 ORFs which code for protems that vary from
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62 to 775 amuino acids in size. By searching for sumilar sequences m databases we were
able to 1dentify conserved proteins among the virophages such as the major capsid
protem (MCP), the munor vinon protem (mCF), and the DNA packaging ATPase
(Figure 3 A). On the other hand, 3 ORFs code for proteins to which there are no smmlar
sequences n databases, the so called ORFans. Thus, Pantanal virophage are predicted to
encoded 3 completely new proteins, which represents 14% of its proteome (Figure 3 A

and B).

When searching for simular sequences in GenBank database, 1t 15 possible to
observe that the Pantanal wvirophage protemns matched with sequences from different
virophages. The most part (34%, 0=7) of Pantanal virophage proteins showed a bigger
1dentity with sputmik virophage 1. Four proteins (19%, n=4) had as “best lut’ a Guarami
virophage protein sequence, while three proteins (14%, n=3) presented a bigger amino
acid identity with Zamilon virophage protemns. The remaming proteins had as best hits

glant vims sequences (moumouvins and mimivirus) (Figure 3 B).

To better understand the relatonship between Pantanal virophage and the other
virophage we performed phylogenetic analysis. MCP phylogeny revealed that Pantanal
virophage 15 included within the sputmk and zamilon virophages clade (Figure 4). Also,
1t 15 possible to observe that Pantanal Virophage forms a divergent branch within the
virophages belonging to Spumikvirus gemms. The same topology 15 observed when
analyzing the other conserved protems (Supplementary Figures 1 and 2).

Additionally, a genome synteny was performed. companng complete genomic
sequences from different virophages from Sputmikvirus genus with Pantanal virophage
(Figure 5). In this analysis it 1s possible to observe that the Pantanal virophage presents

at least four genomuc regions that do not show smmlanty with the other viruses used m
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the amnalysis (Figure 3, red arrows). This data commoborates with phylogemes that show

Pantanal virophage as a divergent sequence m this group.

Nucleotide and Amino Acid Identity analysis reveal Pantanal virophage as a new

virophage species

The sequences of Sputnikvirus gemns isolates were submutted to Awverage
Nucleotide Identity (ANI) and Average Amino Acid Identity (AAT) analysis. In both
ANT and AAT analysis it 15 possible to delineate three major groups whitin Spumikvirus
genus group, based on a cutoff of ANI and AAT =93% (Figure 6). This ANI cutoff was
previcusly considered as a parameter to define viral species m Nucleocytoviricota
phylum (20, 21). The first group represents Spumikvirus mimiviri species and 1ts 1solates
with ANI values that vary from 98% to 100% and AAT values ranging from 97.29% to
100% (Figure 6). Guaram virophage 1s the sequence with a smaller ANI and AAT
numbers when compared with the other 1solates from Spumik mimiviri species. The
second group represents Spumikvirus zamilonense species. The results show ANI =33%
and AAI = 62% comoborating with its classification as a different species (Figure 6).
The third group corresponds to Pantanal virophage sequence that when compared to the
other sequences presented ANI values rangmng from 80 to 84% and AAT values ranging
from 61.81% to 70,68%. These data cormroborate with our genomic and phylogenetic

analyses, revealing Pantanal virophage as new species whitin the Spumikvirus genus.
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Discussion

The findings and analysiz descnbed here represent the i1solation of a mparfite
system mvolving Moumouvirus pantanalensis, ifs assoclated transpoviron, and the
Pantanal virophage. This kind of relationship was already descrmibed before for
Mimivirus genus (10, 12) and Megavirus genus (4, 11) members. For Moumouvirus
genus 1t was described the detection of associated franspovirons sequences, but not
simultaneously with virophages (10, 11). Also, it was described that zamulon virophage
15 able to mnfect moumewviruses, but they were not isolated from the same sample (4).
This work describes, to our knowledge, the first report of simultaneous isolation of this
tmpartite system from the same sample mvolving moumouvimses. Also, 1t 1s the first
report of this interaction i Pantanal biome which adds new mformation to the ecology

and diversity of giant viruses and virophages.

The isolation of Moumouvirus pantanalensis was confirmed both
morphologically and gencmically. The particle presents fewer fibrils with a non-
uniform distmbution cormroborating with the fibril pattern descnbed for moumouviruses
previously (19). Genomic comparisons further support this classification, with =90%:
mclectide identity, placing the vims within the Moumouvirus group. The 1dentification
of a closely related transpoviren, shanng =99% identity with known Moumouvirns-
associated transpovirons and the phylogeny based on the conserved helicase gene of the
transpoviron reinforce the established three-lineage model comresponding to Mimivirus,
Moumouvirus, and Megavirus genera, supporting the hypothesis that franspovirens are

co-evolving with their associated viral ineages (11, 12).

The major contribution of this study is the charactenization of the Pantanal
virophage. The description of three OFFans may reflect adaptation to a umique

ecological niche or host interaction pattern, considenng the different location where it
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was isolated and the tripartite system with which the wvirophage is related. These
unknown proteins could play key roles in the biclogy of the virophage which could
warrant the need for an in-depth fimctional charactenzation Also, the presence of
protein-coding genes showing highest similanty to mwltiple virephage (ncluding
Sputnik, Guarani, and Zamilon) and giant viruses lineages reflects the moesaicism of
Pantanal virophage genome, as it is observed for virophages in general (3). This kind of
genetic mesaicism can be assoclated to horizontal gene transfer (HGT) possibly
facilitated by co-infection scemarios due to the amoebas phagocytic behavior orfand to

the presence of genetic mobile elements like the transpoviron (10, 22-24).

Althongh it clusters within the Spumilvirus genus, Pantanal virophage exhibits
several features that distingiush it from previeusly descnbed members. The relatively
low mucleotide i1demfity (86.12%) with its closest relative, along wath divergent
phylogenetic placement and unigque genomic regions lacking symfemy with other
Sputnikvims genomes, suggest that Pantanal wvirophage constitufes a new group of
virophages. These findings are reinforced by ANI and AAT analyses, which show that
Pantanal virophage falls below the 93% 1dentity threshold previcusly used to demarcate
viral species (20, 21}, suggesting that it can be classified as a new species whitin the

Spumikvirus genus.

Taking together, owr results extend the kmown biodiversity of virephages and their
associated elements and mderscore the importance of further explonng
undemepresented ecosystems for novel giant viruses™ discovery. The identification of
Pantanal virophage as a new species within Sputmikvirus gemus not only expands the
known phylogenetic and taxonomic diversity of this group but alse raises important
gquestions about virophage-host coevolution, adaptation, and ecological mmpact in the

ecosystems.
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Figure 1 — Morphological aspects of the viral isolates analyzed through transmission electronic
microscopy (TEM) images. (A) A mimivirus-like with a fibril distribution pattern that corresponds to
a moumouvirus particle. (B) Virophage-like particles (black arrows) inside a vesicle. A moumouvirus
defective particle is also observed inside the same vesicle (red arrow). (C) The isolated

moumouvirus viral factory (VF). highlighted in red. surrounded by newly assembled particles.
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Figure 2 — Genomic and phylogenetic characteristics of the Moumouvirus pantanalensis-associated
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represents DNA helicase protein, which is conserved among the known transpovirons. (B) Maximum
likelihood phylogenetic tree using the DNA helicase amino acid sequence from known transpovirons
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51  The areas without any colored blocks represent regions exclusive to that virus, that 1s. which do not
52  show smmlanity with the other viruses used in the analysis. Some of the exclusive regions from
53  Pantanal virophage are mdicated by red arrows. Note: All the sequences were adjusted to start from
54  the main capsid protemn (MCP) ammung to facilitate interpretation of this figure, because they have a
55  circular topology.
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67 Figure 6 — Average nucleotide identity (ANI) and Average Ammo Acid Identity (AAT) analysis
68 comparnng different virophage sequences from Sputmilvirus genus. including Pantanal virophage.
69  The analysis 1s based on a simulanty matnx composed by ANI and AAT values presented on left and
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71 Sputnikvirus zamilonense) are indicated. Pantanal virophage 1s indicated as a new species. ANI
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Marterials and Methods

Viral isolation

The sample was collected from sewage samples obtained dunng an expedition to
Porto Murtinho city (21°41'36"S 57°53'25"W), Mato Grosso do Sul state, Brazil This
city 15 located at the southem end of the Pantanal biome, which 15 a South Amencan
ecosystem known for its wetlands and great biodiversity. The giant virus and the
virophage were 13olated following a well-stablished protocel based on the inoculation of
the collected samples on 96-well plates contaiming Acanthamoeba castellanii cells (23).
Non-infected wells were reserved in the same conditions to be used as the expenment
control. The moculated wells were often observed amung to search for cytopathic
effects (CPE), such as rounding cells and cellular lysis. When the CPE was observed the
well content was collected and analyzed through transmission electron microscopy

(TEM) aiming to confirm the 1solation.
Viral production and titration

To conduct genomic analysis, we needed to produce a great quantity of the
1solated virus. Then, cell culture flasks filled with 1.4 = 107 Acanthameeba castellanii
cells and 35 ml of peptone-yeast extract-glucose (PYG) medium, supplemented with
penicillin (100 U/ml; Cellofarm, Brazml), streptomycin (100 pg/ml; Sigma-Aldnch,
USA), and amphotericin B (0.25 pug/ml.; Cultilab, Brazl) was inoculated with the
1solates considenng at a multiphcity of mfection (MOI) of 0.01 for the gant virus as
performed before (26). The viral titration were obtammed and calculated using the end-
pomnt method (27). The infected cells were mcubated at 30°C. Non-infected cells
mamtamed in the same conditions were used as control. When viral-induced CPE were

observed, the flask’s content was collected and then 1t was ultracentnfuged (36,000 x g)
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m tubes confaming a 22% sucrose cushion for 30 minutes. The punfied viral particles
were stored at -20°C i microtubes contaming 300 pl of phosphate-buffered saline

(PBS 1x).
Transmission electron microscopy

The samples contaimng the i1solated viruses were processed to fransmission
electron microscopy (TEM) analysis. A total of 7 = 10° Acanthamoeba castellanii cells,
grown in a cell culture flask contaming 25 mL of PYG medium, were infected with the
virus at a multipheity of mnfecton (MOI) of 0.01. After the observation of CPEs the
flask’s contet was washed twice using 0.1 M sodium phosphate buffer. After, the sample
was fixed 1n a solubon contamming glutaraldehyde (2.5%) and sodium phosphate buffer
(0.1 M) for 2 hours. Post-fixation methodology was performed by usmg 2% osmium
tetroxide followed by the meclusion of the sample m Epon resin to allow the sectioming.
A Spint Biotwin FEI transmission electron microscope (120 kV) was used to analyze
the samples at the Microscopy Center of the Federal University of Minas Gerais (CM-

UFMG).
Genome sequencing, assembly and annotation

The virus-virophage-transpoviron sequences were obtained using an Illumina
MiSeq mstrument with a single-end library using the llumina DNA Prep Kit (IIlumina
Inc., 5an Diege, CA, USA). The obtained reads were subnutted to FastQC program to a
sequence quality control. The cutoff for satisfactory sequence quality was phred values
that were bigger than 28. The reads were tnmmed using the Tnmmomatic tool (28). The
sequences were de nove assembled through Spades 3.12 program with default
parameters (29, 30). After assembling, the scaffolds were compared with the NCBI

database, using BLASTn (database: nrnt; expect threshold: 107%). FASTQC,
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Tnmmomatic and Spades were all used i this work through the Galaxy server (31).

Virophage and franspoviron genes prediction were performed using the Prodigal
software (32) with the meta mode parameter The functional annotation of the protemns
was obtained through BLASTp (expect threshold: 107%) analysis against the NCBI non-

redundant protein sequence (nr) database.
Genomic synteny

The companson between different wvirophage genomic sequences was performed by
making a genome synteny amalysis using the MAUVE program, with its default
parameters (33). The sequences used in this analysis were obtamned from the NCBI
GenBank database available until Febmary 2025: Sputmk 1 (NC 011131.1); Sputnik 2
(TN603369.1); Sputmk 3 (JN603370.1); Fio Negro virophage (MG676470.1); Sputmik
argentum (OL770071.1); Guaram wirophage (L5999520.1); Zamilon wirophage
(NC 022990.1). A manual curation was performed aiming to standardize the sequences
to start with the major capsid protein since wvirophages have genomes with circular
topology.

Phylogenetic analysis

The sequences for alignment and phylogenetic analysis were obtained through a
search for simmlar sequences agamst the NCBI non-redundant protemn sequences (nr)
database using BLASTp with an expected threshold of 107°. The data sets were alizned
with the MUSCLE algonithm using the MEGA X software (34, 35). Maximum
likelihood phylogenetic trees were obtained using the IQtree software (version 1.6.12)
with 1,000 bootstrap replicates as branch support (36). The best-fit substitution models
were determimed using the ModelFmder algonthm within IQtree (37). The resulting

phylogenetic frees were visualized and edited using 1TOL (38).
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Average nucleotide and amino acids’ identitv analysis.

The average mucleotide identity (ANI)} analysis was performed using whole-
genome sequences obtamed from NCBI database as descnbed before for genomume
synteny. These genomic sequences were submitted to FastANI (39) by using the Galaxy
Server (31). Average ammo acid identity (AAT) was calculated using the AAT calculator

available at htip://enve-omics ce.gatech eduw'aay. It analyzed reciprocal best hats (two-

way AAD between two virophages protein gencmic data sets. A mimimum identity
cutoff of 20%: was considered for AAI The ANI and AAT obtamned data was plotted mm

heatmaps developed using GraphPad Prism 10.3.0 software.
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5 CONCLUSOES

A primeira parte do trabalho traz um artigo onde esta descrito o primeiro isolado de
Marseillevirus de agua salgada, o qual apresenta um genoma com elementos raramente descritos
para esse grupo de virus, os RNAs transportadores. Além disso, a filogenia revelou uma divergéncia
do isolado dentro dos Marseillevirus de linhagem A e uma organizacao dos Marseillevirus em trés
grandes grupos ao invés de cinco linhagens, o que implica em uma reorganizacdo em niveis
taxonOmicos como género e espécie. Ainda na primeira parte, uma proposta de reorganizagao
taxondmica oficial foi construida e submetida ao comité de taxonomia viral (ICTV), destacando

ainda mais a importancia da descoberta do Marseillevirus cajuinensis para a virologia.

A segunda parte deste trabalho ¢ composta por um artigo que descreve o isolamento de um
moumouvirus envolvido em uma relagao tripla com um viréfago e um transpoviron, a partir de uma
amostra do Pantanal brasileiro. Embora esteja agrupo junto aos Sputnikvirus, o vir6fago pantanal
apresenta caracteristicas genomicas e filogenéticas que o distinguem dos virdéfagos ja descritos. Ele
apresenta 3 ORFans, cujas fungdes ainda sdo completamente desconhecidas. A sintenia dos
genomas de diferentes Sputnikvirus, bem como a filogenia das principais protéinas conservadas
entre os virofagos revelou a divergéncia do novo isolado em relagdao aos Sputnikvirus ja descritos.
Por fim, dados de identidade de aminoacidos e nucleotideos reforcam essa divergéncia e ajudam a
classificar o virofago pantanal como uma nova espécie de Sputnikvirus, expandindo esse género

viral.

Em conjunto os resultados desse trabalho mostram que a adi¢do de novos virus nas analises
gendmicas e filogenéticas ajuda a entender cada vez melhor as relagcdes evolutivas existentes entre
os diferentes isolados e que com uma maior diversidade descoberta, se faz necessaria uma constante
atualizacdo taxondmica. A taxonomia ¢ uma ciéncia que demanda constantes atualizacdes e
melhorias, na medida em que novas informagdes e métodos sdo descritos. Isso evidencia que o
isolamento de novos virus e sua caracterizagdo podem contribuir para preencher lacunas que existam

no conhecimento sobre seus aspectos biologicos, genOmicos, evolutivos e taxondmicos,

enriquecendo, portanto, o conhecimento basico acerca dos virus do reino Barmfordvirae.
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