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RESUMO GERAL

A mandioca (Manihot esculenta Crantz.) é uma planta da familia Euphorbiaceae nativa do
Brasil. A cultura é uma importante fonte de subsisténcia nas regides tropicais, e o Brasil é
atualmente o sexto maior produtor mundial. No entanto, as doencas da mandioca representam
um desafio e podem impactar amplamente a sua producdo, e entre 0s principais agentes
fitopatogénicos estdo os virus. As principais viroses encontradas na mandioca no Brasil sdo o
mosaico-das-nervuras, causada pelo CsVMV (cassava vein mosaic virus), € 0 mosaico-comum
causado pelo CsCMV (cassava common mosaic Vvirus), que podem ser responsaveis por perdas
de até 30% na producdo brasileira. Uma vez que a metagendémica vem contribuido para o
desenvolvimento da virologia de plantas, esta tese teve como objetivo estudar a diversidade
viral em amostras de (meta)transcriptomas de mandioca das regides Norte e Nordeste do Brasil.
Um total de 28 bibliotecas de amostras de mandioca do banco de germoplasma da Embrapa
Mandioca e Fruticultura foram analisadas por sequenciamento de alto desempenho (High-
throughput Sequencing, HTS) pela plataforma disponivel no Departamento de Virus de Plantas
do Instituto Leibniz DSMZ (Colecdo Alemd@ de Microrganismos e Cultura de Células,
Alemanha). Também foi sequenciado um pool de amostras de mandioca do banco de
germoplasma da Embrapa Amazonia Oriental. Duas espécies de torradovirus foram
encontradas, uma agrupando-se com o isolado de CSTLV da Colémbia, e uma nova espécie
formando um clado distinto, a qual chamamos de cassava torrado-like virus 2 (CsTLV-2). Este
virus também foi encontrado nas amostras de mandioca do banco de germoplasma da Embrapa
Amazonia Oriental mostrando a dispersdo e importancia dos torradovirus em plantacdes no
Brasil. Nesta tese também foi relatada pela primeira vez no Brasil a presenca do cassava virus
X (CsVX), associado a um satélite de potexvirus. Essa sequéncia brasileira compartilha
identidade de 82,9 (nt) e 94,9% (aa) na regido da ORF1 e 82,3 (nt) e 97,2% (aa) nas regides da
CP com a sequéncia venezuelana de CsVX (numero acc: NC_034375). Adicionalmente foi
montado o genoma completo do cassava polero-like virus a partir dos dados de HTS e
confirmado por sequenciamento Sanger. Este polerovirus foi detectado em trés pools de
amostras de tecido foliar de mandioca do banco de germoplasma da Embrapa Amazonia
Oriental. Desta forma, o presente trabalho contribui para ampliar o conhecido sobre a

diversidade viral em amostras de mandioca das regides Norte e Nordeste do Brasil.

Palavras-chaves: High-throughput sequencing (HTS); diversidade viral em mandioca; cassava

torrado-like virus; cassava virus X; cassava polero-like virus.



GENERAL ABSTRACT

Cassava (Manihot esculenta Crantz.) belongs to the Euphorbiaceae family and it is a plant
species native to Brazil. The crop is an important source of subsistence in tropical regions, and
Brazil is currently the sixth largest producer in the world. However, cassava diseases pose a
challenge and can greatly impact their production, and among the main phytopathogenic agents
are viruses. The main viruses found in cassava in Brazil are cassava vein mosaic virus
(CsVMV), and cassava common mosaic virus (CsCMV), which can be responsible for losses
of up to 30% in the Brazilian production. Since metagenomics has contributed to the
development of the area of plant virology, this thesis aimed to study viral diversity in samples
of cassava (meta)transcriptomics from the North and Northeast regions of Brazil. A total of 28
libraries of cassava samples from the germplasm bank of Embrapa Cassava and Fruits were
analyzed by high-throughput Sequencing (HTS) performed by a platform available at the Plant
Virus Department of the Leibniz Institute DSMZ (German Collection of Microorganisms and
Cell Culture, Germany). A pool of cassava samples from the germplasm bank of Embrapa
Eastern Amazon was also sequenced. A pool of cassava samples from the germplasm bank of
Embrapa Eastern Amazon was also sequenced by HTS. Two species of torradovirus were
found, one grouping with the CsTLV isolate from Colombia, and a new species forming a
distinct clade, which we named cassava-like virus 2 (CsTLV-2). This virus was also found in
samples from the germplasm bank of Embrapa Eastern Amazon, showing the dispersion and
importance of torradovirus in cassava plantations in Brazil. In the present thesis, it was also
reported for the first time in Brazil the presence of cassava virus X (CsVX), associated with a
potexvirus satellite. This Brazilian sequence shares 82.9 (nt) and 94.9% (aa) sequence identity
in the ORFL1 region and 82.3 (nt) and 97.2% (aa) in the CP regions with the Venezuelan CsVX
sequence (acc. number: NC_034375). Additionally, the complete genome of the cassava
polero-like virus was assembled from the HTS data and confirmed by Sanger sequencing. This
polerovirus was detected in three pools of cassava leaf tissue samples from the germplasm bank
of Embrapa Eastern Amazon. Therefore, the present work contributes to expand the knowledge

about the viral diversity in cassava samples from the North and Northeast regions of Brazil.

Keywords: High-throughput sequencing (HTS); viral diversity in cassava plants; cassava

torrado-like virus; cassava virus X; cassava polero-like virus
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DIVERSIDADE VIRAL EM MANDIOCA (Manihot esculenta Crantz.) NAS REGIOES
NORTE E NORDESTE DO BRASIL

INTRODUCAO GERAL

1. A cultura da mandioca

A mandioca (Manihot esculenta Crantz.), familia Euphorbiaceae, é uma planta nativa
do Brasil com provavel centro de origem ao sul da bacia do rio Amazonas. A domesticacao da
cultura teve como ancestral a subespécie selvagem M. esculenta ssp. flabellifolia (MARTINS
et al., 2020; OLSEN, 2004).

A cultura da mandioca é uma importante fonte de subsisténcia nas regides tropicais
(MCCALLUM et al., 2017). Segundo dados da FAO, no ano de 2020 a produ¢do mundial de
mandioca foi de 302.662.494 toneladas. Os principais paises produtores em 2020 foram a
Nigéria, Republica Dominicana e Tailandia. O Brasil foi o sexto maior produtor, com uma
producdo de 18.205.120 toneladas.

A regido Nordeste do Brasil teve ao longo dos anos uma queda na producéo, quando
comparados 0s anos de 2000 (7.755.879 t) e 2021 (3.719.184 t), representando
aproximadamente 48% de queda segundo dados do IBGE de 2022 (Figura 1). Dentro desse
cenario, o estado de Pernambuco foi responsavel pela produgéo de 435.695 toneladas em 2021,
com érea plantada de 43.584 ha (IBGE, 2022). Embora o cultivo no estado seja pouco
tecnificado e a area de plantio tenha decaido nas ultimas décadas, a cultura tem uma grande
importancia na alimentacdo e é alternativa socioeconémica para pequenas propriedades na
regido (CUECA; MANDARINO, 2006).
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Figura 1. Gréafico da evolucéo da produc¢do de mandioca no Brasil nas Gltimas décadas, segundo
dados do IBGE.
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Fonte: IBGE, 2022.

A mandioca, por ser uma cultura mundialmente importante, esta na lista de espécies
cultivadas do sistema multilateral do Tratado Internacional sobre Recursos Filogenéticos para
a Alimentacdo e a Agricultura. O Tratado tem como objetivo principal a manutencdo dos
recursos genéticos para agricultura, garantindo a seguranca alimentar (BRASIL, 2008).
Visando a manutencdo dos recursos genéticos no Brasil, diversos 6rgaos de Pesquisa mantém
Banco Ativo de Germoplasma (BAG) no pais. Atualmente, o Ministério da Agricultura,
Pecuéria e Abastecimento do Brasil possui atualmente o registro oficial de 104 cultivares de
mandioca mantidas por 6rgaos de pesquisa do Pais, entre eles: a Empresa Brasileira de Pesquisa
Agropecuaria (EMBRAPA), o Instituto de Desenvolvimento Rural do Parand (IAPAR-
EMATER), o Instituto Agrondémico (IAC), o Instituto Agronémico de Pernambuco (IPA), a
Empresa de Pesquisa Agropecudria e Extensdo Rural de Santa Catarina (EPAGRI), a Secretaria
da Agricultura, Pecuaria e Desenvolvimento Rural (DDPA), a Universidade de Brasilia (UNB),
o Instituto Centro de Ensino Tecnoldgico (CENTEC- CEPLAC) e a Comissdao Executiva do
Plano da Lavoura Cacaueira (CEPLAC) (MAPA, 2022).

As cultivares de mandioca variam de acordo com o teor de acido cianidrico (HCN)

acumulado nas raizes. As com baixo teor sdo popularmente chamadas de aipim, macaxeira ou
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mandioca mansa e as plantas com raizes que contém um alto teor de HCN sdo conhecidas como
amargas ou mandioca bravas. De acordo com essa classificacdo, a mandioca pode ser utilizada
como mandioca de mesa, comercializada geralmente in natura ou mandioca para industria, que
é processada em diversos subprodutos, tendo um papel importante na geracdo de emprego,
especialmente em regifes com baixa renda per capita (MATTOS; CARDOSO, 2003).

O plantio das manivas deve ocorrer em condi¢cOes ideais de umidade para que haja a
brotacdo, mas nao favoreca o desenvolvimento de patdégenos radiculares. A cultura pode se
adaptar e desenvolver em uma faixa de temperatura que varia de 16 a 38°C. A principal préatica
cultural indicada para a cultura é o manejo de plantas daninhas, o que pode representar 35%
dos custos de produgdo (MATTOS; CARDOSO, 2003).

2. Principais viroses da cultura da mandioca

As doengas da cultura da mandioca representam um desafio e podem impactar
amplamente a sua produgéo, contribuindo para a reducédo do total produzido (MCCALLUM et
al., 2017). Os virus estdo entre os principais patdgenos. Os mais importantes no cenario mundial
atualmente sdo o agente causal da doenca da estria marrom (Cassava Brown Streak Virus
Disease, CBSD) e os virus associados a doenca do mosaico da mandioca (Cassava Mosaic
Disease, CMD) (Figuras 2 e 3). Essas doengas s&o consideradas os mais devastadores na Africa
(WINTER et al., 2010; ZINGA et al., 2013), e podem ser responsaveis por diminuir a producdo
de raizes em 70% (HILLOCKS et al., 2008), podendo chegar a 80% de reducdo com a
ocorréncia de infec¢es mistas (OWOR et al., 2004).
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Figura 2. Sintomas da estria marrom da mandioca.

A) Necrose nas raizes, B) Constri¢cBes nas raizes, C) clorose foliar e (D) lesdes escuras nas
hastes. Fonte: Retirado de TOMLINSON et al. (2018).

Figura 3. Sintomas do mosaico da mandioca.

A, B, C e D) Sintomas de mosaico, C e D) Folhas retorcidas, E) desfolhamento. Fonte:
Retirado de MULENGA et al. (2016).
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A forma de propagacéo vegetativa da mandioca pode contribuir para a disseminacgéo e
introducéo de novos patdgenos nas regides produtoras, agravando a atual situacédo sanitaria da
cultura (ENI et al., 2020; ZINGA et al., 2013). Com o objetivo de evitar a entrada de novos
virus no Brasil, em 2019 foram publicados subsidios para inclusdo do complexo de todas as
espécies da familia Geminiviridae que causam o mosaico da mandioca africano na lista de
pragas quarentenarias Al do Brasil, ressaltando a importancia do monitoramento dos virus na
cultura, pois as espécies presentes na Africa representam alto risco para a cadeia produtiva de
mandioca no pais (ANDRADE; LARANJEIRA 2019).

3. Principais virus da cultura da mandioca no Brasil

As doengas mais importantes induzidas na mandioca relatadas no Brasil s&o 0 mosaico-
das-nervuras, causada pelo potexvirus CsVMV (cassava vein mosaic virus), 0 mosaico-comum,
causado pelo cavemovirus CSCMV (cassava common mosaic virus) e possivelmente os virus
que podem estar associados a doenga das raizes denominada de “couro de sapo” cuja etiologia
ainda ndo foi elucidada (ANDRADE; LARANJEIRA 2019). No inicio da década de 1970, a
doenca couro de sapo da mandioca (Cassava Frogskin Disease, CFSD) foi descrita na
Colémbia causando grandes perdas (PINEDA et al., 1983) e tem sido associada a sintomas
radiculares em plantas de mandioca no Brasil, Costa Rica, Panam4, Peru e Venezuela. Além
disso, alguns autores ja associaram a CFSD a fitoplasmas (cepas do grupo 16Srlll) (ALVAREZ
et al., 2009). No entanto, estudos anteriores mostraram que a diversidade viral nas amostras de
mandioca pode estar sendo subestimada e a presenca de infecgdes virais mistas na cultura ainda
precisa ser estudada (CARVAJAL-YEPES et al., 2014; ZINGA et al., 2013).

Além do cavemovirus CsVMV e do potexvirus CsCMV, ja foram relatados no Brasil:

o cassava American latente (CsALV, Nepovirus) (WALTER et al., 1989), cassava polero-like
(CsPLV, Polerovirus), cassava new alphaflexivirus (CSNAV, Potexvirus) e o cassava Torrado-
like (CsTLV, Torradovirus) (OLIVEIRA et al., 2020). Desses, apenas 0 CsSCMV, CsVMV,
CsTLV e CsPLV foram detectados por técnicas moleculares (OLIVEIRA et al., 2020;
COLARICCIO et al., 2020).

3.1. Género Potexvirus
Os potexvirus pertencem a familia Alphaflexiviridae. O género Potexvirus possui
atualmente 49 espécies aprovadas no Comité Internacional de Taxonomia de virus

(International Committee on Taxonomy of Viruses, ICTV). A espécie viral que deu nome ao
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género foi o Potato virus X (ICTV, 2022). Nesse género trés virus ja foram relatados infectando
mandioca e sdo reconhecidas pelo ICTV: CsSCMV (COSTA, 1940; KITAJIMA et al., 1965),
CsVX (CHAPARRO-MARTINEZ; TRUJILLO-PINTO, 2001); e cassava colombian
symptomless virus (CsCSV) (descritos anteriormente como cassava caribbean mosaic virus,
CsCAMV; e cassava new alphaflexivirus, CsNAV) (ALABI; KUMAR; NAIDU, 2011;
CARVAJAL-YEPES et al., 2014). Doencas virais como a doenca do mosaico da mandioca
causada pelo potexvirus CsSCMV podem ser responsaveis por perdas de até 30% na producédo
brasileira da cultura (VENTURINE et al., 2016). Os potexvirus sdo conhecidos por serem
transmitidos mecanicamente e a disseminagéo através de estacas de mandioca infectadas pode
promover a propagacéo viral (LOZANO et al., 2017).

A particula viral é filamentosa flexuosa com simetria helicoidal, didmetro de 13 nm e
comprimento que varia de 470 a 580 nm, dependendo da espécie. O genoma viral codifica até
cinco ORFs, e é composto por uma molécula de RNA linear positiva com tamanho variando de
5,9 a 7.0 kb. A molécula de RNA gendmico possui uma estrutura de cap (quepe) no terminal 5'
e uma cauda poli-A na extremidade 3' (SONENBERG et al., 1978; ATABEKOV et al., 2007;
KREUZE et al., 2020).

A proteina codificada pela ORF1 nos potexvirus contém os dominios de RNA
polimerase dependente de RNA (RdRp), metiltransferase (Met), e de helicase (Hel). As trés
ORFs responsaveis por codificar o gene triplo bloco (TGB, Triple Gene Block), estdo em
quadros de leitura diferentes e sdo expressos a partir de RNAs subgenémicos. A proteina TGB2
dos potexvirus possui dois dominios transmembranares, que auxiliam na integracdo dessa
proteina as membranas do reticulo endoplasmatico (RE), formando uma estrutura em forma de
U. Nesta estrutura os terminais N e C ficam localizados no citoplasma do RE. A proteina TGB3
dos potexvirus possui apenas um dominio transmembranar, onde a regido N-terminal com carga
negativa é exposta ao limen do RE e a C-terminal é exposta ao citoplasma (Figura 4). No
modelo de transporte dos potexvirus, as proteinas do TGB e CP sdo necessarias para o
movimento célula-a-célula (MOROZOV; SOLOVYEYV, 2003; PARK et al., 2014).
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Figura 4. Representacdo das proteinas TGB2 e TGB3 encontradas nos potexvirus, com as

regides conservadas e organizacao molecular de TGB2 e TGB3.

a)

TGB2 ] GDx,GGxYxDG l

TGB3 ] Cx,Gx,,C
b)

N
Lumen
RE
Citoplasma
N C o
TGB2 TGB3

A) Regibes conservadas das proteinas, B) Topologia putativa das moléculas TGB2 e TGB3 na
membrana do reticulo endoplasmatico (RE). Os retangulos pretos representam os dominios
transmembrana. Os motivos conservados das proteinas estdo representados. Fonte: Adaptado
de MOROZOV; SOLOVYEV, 2003.

O virus do mosaico comum da mandioca (CsCMV) foi relatado pela primeira vez
infectando plantas de M. esculenta em 1940 no Brasil (COSTA, 1940). O virus também foi
relatado infectando plantas de Cnidoscolus chayamansa no ano de 1998 em Tuvalu e em 2015
na Venezuela (JONES et al. 1998; MEJIAS et al., 2015) e novamente, recentemente, entre os
anos de 2018 e 2021, o CsCMV foi relatado infectando plantas de mandioca na América do Sul
(COLLAVINO et al., 2021; ZANINI et al., 2018) e China (TUO et al., 2020; YU et al., 2020).
InfecgBes mistas sdo comuns entre 0s potexvirus, porém o Unico capaz de causar doenca em
infeccBes simples em mandioca é 0 CsCMV (LOZANO et al., 2017). As perdas na cultura
podem chegar a 30% no Brasil (VENTURINE et al., 2016).

O RNA gendmico do CsCMYV ¢ de fita simples positivo e possui cinco ORFs. A ORF1

é responsavel por codificar a proteina associada a replicacdo (RdRp). As ORFs 2, 3 e 4
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codificam as proteinas do bloco triplo (TGBs), e sdo envolvidas no movimento célula-a-célula.
Por fim, a ORF5 codifica a capa proteica (CP), que também esta envolvida no movimento
célula-a-célula. A organizacdo genémica do CsVX e CsCSV difere do CsCMV, pois nao
possuem a ORF responsavel por codificar o TGB3 (Figura 5) (PARK; JEONG; KIM, 2014;
KREUZE et al., 2020).

O CsVX foi reportado pela primeira vez em 1985 infectando mandioca na América do
Sul (HARRINSON et al., 1986, LENNON et al., 1985), e ja foi encontrado em infec¢des mistas
com CsCSV na Colémbia em plantas de campo apresentando sintomas de couro de sapo
(HARRISON et al., 1986, LENNON et al., 1986, NOLT et al., 1992). Segundo Chaparro-
Martinez e TrujillPinto (2001), plantas de mandioca cultivadas infectadas no campo com CsVX
ndo expressaram sintomas. No entanto, a transmissdo de CsVX através de estacas infectadas é
100% efetiva (CHAPARRO-MARTINEZ; TRUJILLO-PINTO, 2001). Lozano et al. (2017)
mostraram que plantas de mandioca infectadas com CsVX e CsCSV né&o expressaram sintomas
em experimentos de transmissdao mecanica (LOZANO et al., 2017). No entanto, plantas de
Chenopodium quinoa Willd. e de Nicotiana benthamiana Domin. infectadas com CsVX
mostraram sintomas virais apds inoculacdo (LENNON et al., 1986; LOZANO et al., 2017).

Figura 5. Organizacdo gendmica do cassava common mosaic virus (GenBank NC_001658.1),
cassava virus X (GenBank NC_034375) e cassava colombian symptomless virus (GenBank
KC505252).
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As extremidades 5’e 3’ ndo traduzidas (UTR) sdo representadas por um segmento de reta. As
ORFs que codificam as proteinas da replicase RdRp (RNA-dependent RNA polymerase), TGB1,
TGB2, TGB3 (Triple Gene Block e CP (capa proteica) sdo representadas em cinza. A regido da
cauda poli-A foi representada pela notacédo A(n).

3.2. Género Cavemovirus

Os cavemovirus pertencem a familia Caulimoviridae. O CsVMV foi descoberto em
1966 na América do Sul, Brasil e deu origem ao nome no género. Os cavemovirus possuem
uma particula viral icosaédrica, ndo envelopadas com cerca de 50 nm de didmetro e seu material
genético é composto por DNA de fita dupla circular (ICTV, 2022; TEYCHENEY et al., 2020;
KITAJIMA; COSTA, 1966). Além do CsVMV, mais duas espécies foram aprovadas pelo
ICTV: o Epiphyllum virus 4 (MN153807, EpV4), aceito em 2020, e 0 Sweet potato collusive
virus, aceito em 2011(NC_015328, SPCV) (ICTV, 2022; ZHENG et al., 2020; CUELLAR et
al., 2011; de SOUZA; CUELLAR, 2011).

Os cavemovirus codificam proteinas virais a partir de quatro a cinco ORFs (ZHENG et
al., 2020; CALVERT OSPINA; SHEPHERD, 1995). A ORF1 codifica uma poliproteina que
contém a capa proteica e dominios da proteina de movimento. A ORF2 codifica uma proteina
de funcdo desconhecida. A ORF3 codifica uma poliproteina com dominios de protease
aspartica, transcriptase reversa (RT) e de ribonuclease RNaseH. A ORF4 codifica o
transativador de proteina de traducdo. A ORF 5 codifica uma proteina de funcdo desconhecida
(CALVERT et al., 1995).

Os virus desse género sdo transmitidos por propagacao vegetativa, inoculagdo mecanica
e afideos (ICTV, 2022; ZHENG et al., 2020), os sintomas expressos em infec¢do simples séo
de clareamento de nervuras (CUELLAR et al., 2011), mosaicos, distor¢do foliar e epinastia em
folhas jovens (CALVERT et al., 1995).

O primeiro relato do cavemovirus que causa mosaico das nervuras da mandioca
(cassava vein mosaic virus, CsVMV) foi em 1966 na América do Sul, Brasil. As particulas
virais de CsVMV tém 50-60 nm de diametro (KITAJIMA; COSTA, 1966).

O genoma viral possui uma regido intergénica, na qual estdo localizados o promotor de
RNA pré-gendmico, um sinal de poliadenilacdo do RNA e sitio de ligagdo do iniciador de
cadeia secundaria (KING et al., 2012). A ORF1 do seu genoma codifica uma poliproteina que
contém a capa proteica e dominios da proteina de movimento. A ORF2 codifica uma proteina
de funcdo desconhecida. A ORF3 codifica uma poliproteina com a protease aspartica, 0s

dominios da transcriptase reversa (RT) e a ribonuclease RNaseH. A ORF4 codifica o
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transativador de proteina de traducdo. A ORF 5 codifica uma proteina de funcdo desconhecida
(CALVERT et al., 1995) (Figura 6).

O CsVMV ¢é transmitido através de estacas infectadas utilizadas para propagacdo da
cultura (TEYCHENEY et al., 2020), que ao germinarem formam plantas atrofiadas. InfecgOes
por CsVMV em plantas de mandioca podem causar doencas e expressar sintomas de clorose
nas nervuras que podem coalescer e formar mosaicos, induzir a distorcédo foliar e epinastia em
folhas jovens (CALVERT et al., 1995). Esses sintomas sdo transitorios e as folhas seguintes

podem ndo apresentar sintomas (CALVERT et al., 1995).

Figura 6. Organizacdo gendmica do cassava vein mosaic virus (GenBank NC_001648.1).
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A ORF1 codifica uma poliproteina que contém a capa proteica e dominios da proteina de
movimento. A ORF2 codifica uma proteina de funcdo desconhecida. A ORF3 codifica uma
poliproteina com a protease aspartica, os dominios da transcriptase reversa (RT) e a
ribonuclease RNaseH. A ORF4 codifica o transativador de proteina de traducdo. A ORF 5
codifica uma proteina de funcdo desconhecida (CALVERT; OSPINA; SHEPHERD, 1995).

3.3. Género Torradovirus

O género Torradovirus, familia Secoviridae, possui apenas seis espécies aceitas pelo
ICTV: Carrot torradovirus 1 (NC_025479/NC_025480, CaTV1), Lettuce necrotic leaf curl
virus (NC_035214/NC_035219, LNLCV), Motherwort yellow mottle virus (NC_035218/
NC_035220, MYMoV), Squash chlorotic leaf spot virus (NC_035221/NC_035215, SCLSV),
Tomato marchitez virus (NC_010987/ NC 010988, ToMarV), Tomato torrado virus
(NC_009013/ NC_009032, ToTV) (ICTV, 2022). O virus que deu origem ao género
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Torradovirus, tomato torrado virus, foi relatado em 2007 (VERBEEK et al., 2007), e desde
entdo novas espécies do género foram relatadas em plantas de diferentes familias boténicas,
como cenoura, alface, agripalma, abdbora e mandioca (WINTERMANTEL et al., 2018;
LECOQ et al., 2016; SEO et al., 2015; van der VLUGT et al., 2015, ADAMS et al., 2014
VERBEEK et al., 2014; BATUMAN et al., 2010; VERBEEK et al., 2010; VERBEEK et al.,
2008; VERBEEK et al., 2007, CARVAJAL-YEPES et al., 2014).

Os virus desse género tém particulas isométricas nao envelopadas e contém um genoma
composto por dois RNAs de fita de senso positiva de fita inica. O RNA1 e RNA2 tem tamanho
variado de 6911-7802 nucleotideos (nt) e 5695-4701 nt, respectivamente, para espécies
relatadas e aceitas pelo ICTV. O RNA1 codifica uma poliproteina de 2151-2224 aminoacidos
(aa), que é processada em um cofator de protease, uma helicase, uma protease semelhante a 3C
e uma RNA polimerase dependente de RNA. O RNA2 codifica uma proteina hipotética (185-
212 aa) e uma poliproteina (1168-1223 aa), que € processada em uma proteina de movimento
(MP) e trés proteinas de revestimento (CP-A, CP-B e CP-C). Os RNAs gendmicos dos
torradovirus geralmente tém uma 3'-UTR longa e uma cauda poli(A) (THOMPSON et al.,
2017; FERRIOL et al., 2016; van der VLUGT et al., 2015).

A transmissdo dos torradovirus pode ocorrer de forma semi-persistente por espécies de
mosca branca, tais como, Bemisia tabaci Genn., Trialeurodes vaporariorum Westwood e
Trialeurodes abutilonea Haldeman (LECOQ et al., 2016; VERBEEK et al., 2014) e por
espécies de pulgbes, Cavariella aegopodii Scopoli. e Myzus persicae Sulzer. (ROZADO-
AGUIRRE et al., 2016).

Os sintomas tipicos de torradoviroses sao manchas necroticas com halos amarelos em
tomateiro (van der VLUGT et al., 2015), mosqueados amarelos, mosaicos € nanismo em
Leonurus sibiricus L. (SEO et al., 2014). Além disso, 0 CSTLV foi detectado em amostras com
sintomas de couro de sapo em mandioca (CARVAJAL-YEPES et al., 2014; OLIVEIRA et al.,
2020), mas néo foi comprovada relagdo com a doenca. O CsTLV foi identificado pela primeira
vez na mandioca na Colémbia em 2014 (CARVAJAL-YEPES et al., 2014). O genoma do
CsTLV é bipartido, semelhante aos genomas do género. Na poliproteina expressa pelo RNA1
é encontrada a proteina responsavel pela replicacdo viral, RdRp. No RNA2 est4 presente uma
proteina hipotética na ORF1 e é codificada a proteina de movimento, onde esta presente o
motivo proteico LxxPxL e as trés moléculas da capa proteica (CP-A, CP-B e CP-C) na
poliproteina da ORF2 (Figura 7) (van der VLUGT et al., 2015).
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Figura 7. Organizacdo gendmica do cassava Torrado-like virus (GenBank RNA1-MF449522.1
e RNA2-MF449523.1).
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As ORFs que codificam as proteinas da replicase (RdRp, RNA-dependent RNA polymerase) no
RNAL1, proteina hipotética (HP), proteina de movimento (MP), capa proteica (CP-A, CP-B e
CP-C) no RNAZ2 sdo representadas em cinza. Os motivos da helicase (Hel) e protease (Prot)
estdo indicados na ORF1. As extremidades 5’¢ 3’ ndo traduzidas (UTR) sdo representadas por
um segmento de reta e a regido da cauda poli(A) foi representada pela notagéo A(n)

3.4 Género Polerovirus

As particulas de polerovirus sdo icosaédricas ndo-envelopadas (BYRNE et al., 2019).
O RNA gendmico de sentido positivo € policistronico e codifica até 10 ORFs (DELFOSSE et
al., 2021; JEEVALATHA etal., 2013; JAAG et al., 2003). A traducdo da ORF0O, ORF1 e ORF2
ocorre a partir do RNA gendémico. Na traducdo da ORFO, os ribossomos usam um mecanismo
de varredura com vazamento (leaky scanning) para iniciar a leitura da ORF1 e 0 mecanismo de
mudanca de quadro ribossomal -1 (-1 ribosomal frameshift) acontece na ORF1 para a leitura
da ORF2. A ORF2 codifica a RNA polimerase dependente de RNA. O subgenémico RNAL1 é
usado para a traducdo das ORFs 3a, 3, 4 e 5. Enquanto um RNA2 subgendmico é usado para a
traducdo da ORF6 e ORF7 e um RNA3 subgendmico apenas para a traducdo da ORF7. A ORF3
e ORF5 sdo fusionadas e a expressdo da ORF5 ocorre por leitura ribossomal (readthrough) a
partir do cddon de parada da ORF3 (DELFOSSE et al., 2021; SOMERA et al., 2021;
SMIRNOVA et al., 2015; JAAG et al., 2003). A ORF8 foi encontrada em potato leafroll virus
(PLRV), responsavel por codificar a proteina Rapl, que é associada a replicacéo viral (Figura
8) JEEVALATHA et al., 2013).
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Figura 8. Organizacdo gendmica do virus do enrolamento da batata (potato leafroll virus,
PLRV).
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As ORFs sdo representadas em cinza e as extremidades 5’¢ 3’ néo traduzidas (UTR) sdo
representadas por linhas pontilhadas. Fonte: Adaptado de SOMERA et al., 2021.

A infeccdo viral por polerovirus em plantas ocorre no floema e alteragfes no proteoma
deste tecido parecem contribuir para a infeccdo viral nas plantas e na transmissao por pulgdes
(CILIA et al., 2012; GRAY et al., 2003). A transmissdo também pode ser feita pela mosca
branca (Bemisia tabaci), exemplo encontrado nas transmissdes de pepper whitefly-borne vein
yellows virus (GHOSH et al., 2019) e de cucurbit aphid-borne yellows virus (COSTA et al.,
2020).

Os sintomas expressos em plantas infectadas por polerovirus incluem amarelecimento,
avermelhamento, enrolamento, folhas pequenas, descoloracdo da nervura principal da folha,
aparéncia espessa e quebradica, encurtamento e nanismo nos entren6s (ABRAHAM et al.,
2022; ZHAO et al., 2021; DISTEFANO et al., 2010).

O polerovirus que infecta mandioca, de acordo com o0 ICTV (2022), cassava polero-like
virus foi encontrado em infec¢des mistas em plantas de mandioca que expressam sintomas de
couro de sapo em raizes no Brasil (OLIVEIRA et al., 2020) e na Colémbia (CARVAJAL-

YEPES et al., 2014). Porém néo ha estudos complementares associando o virus a doenca.

4. Manejo das viroses na cultura da mandioca
O manejo das viroses da cultura da mandioca deve iniciar no planejamento do plantio,

com a utilizacdo de mudas sadias, uma vez que a dispersdo viral por meio de material
propagativo infectado pode contribuir para introducdo de virus em areas livres. Além disso,
deve-se dar preferéncia ao plantio de genotipos tolerantes ou resistentes aos virus, pois com o
estabelecimento de viroses no campo, seria possivel minimizar os danos atraves do controle
genético (ANDRADE et al., 2020; ANDRADE; LARANJEIRA 2019). Outra estratégia
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importante € a escolha da area de plantio longe de possiveis fontes de indculo de plantagdes ja
infectadas (LEGG et al., 2014).

As técnicas de termoterapia e cultura de tecidos a partir de meristemas tém sido
utilizadas para a eliminagéo de virus em germoplasmas de mandioca (KIDULILE et al., 2018;
ACHEREMU et al., 2015). Porém, é preciso que se desenvolva métodos de deteccao rapidos e
eficientes, que contribuam com a diagnose viral e o estabelecimento de medidas quarentenarias,
para garantir que as mudas produzidas ap6s a limpeza clonal com essas técnicas estejam
realmente livres de virus (ANDRADE et al., 2020).

Medidas fitossanitarias como a desinfestacdo de ferramentas agricolas utilizadas no
manejo da cultura, principalmente as de corte, pode impedir a transmissdo viral entre plantas
de uma mesma area. As medidas de controle que também podem ser tomadas ap0s O
aparecimento de viroses no campo incluem a elimina¢do de plantas infectadas ‘roguing’;
controle de insetos vetores, quando for vidvel, e controle de plantas que possam ser hospedeiras
alternativas dos virus (LEGG et al., 2014).

5. Sequenciamento de alto rendimento (High Throughput Sequencing-HTS) e sua
aplicacéo da deteccéo e estudos sobre a diversidade viral

Os virus sdo importantes agentes que podem modular a evolucéo de micro-organismos
e tém a capacidade de reprogramar e interferir em rotas metabdlicas de seus hospedeiros
(HURWITZ; HALLAM; SULLIVAN, 2013; ROHWER; THURBER, 2009; MARTINEZ-
GARCIA et al., 2014). Porém, estudos indicam que a diversidade viral e seu papel em
ecossistemas ainda precisa ser elucidada (ROUX et al., 2015). Estima-se que nos oceanos 10
milhGes de particulas por mililitro sdo virais, 0 que 0s torna as entidades bioldgicas em maior
numero nos oceanos (BREITBART et al., 2007). Analises realizadas em bancos publicos de
metadados mostraram que de um total de 3.376.880, 59,38% das execuc¢des continham
provaveis sequéncias de polimerase viral do tipo RdRp (EDGAR et al., 2022). A anélise de
metadados em metagendmica pode contribuir para compreensdo da dinamica temporal e
espacial de comunidades e permitird a caracterizacdo e estudo dos virus presentes no sistema,
0 que ajuda a entender o impacto dos virus no ecossistema (BREITBART et al., 2007;
MIZUNO et al., 2013). Dentro deste contexto, diversas ferramentas foram lancadas e
aprimoradas para detec¢éo de sequéncias virais em amostras de metadados (GUO et al., 2021,
ROUX et al., 2015), especialmente apos a pandemia mundial causada pelo virus da sindrome

respiratoria aguda grave (Severe acute respiratory syndrome coronavirus 2; SARS-CoV-2),
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com o lancamento da plataforma Serratus (https://serratus.io/) (EDGAR et al., 2022). Além
disso, foram desenvolvidos pipelines praticos e especificos para descoberta de novos virus de
plantas com a andlise de metadados (BLAWID et al., 2017), assim como para a analise de
diferentes tipos de amostras (PLYUSNIN et al., 2020).

O sequenciamento de alto rendimento (HTS) é uma importante ferramenta para elucidar
a diversidade viral em plantas (MALIOGKA et al., 2018; PECMAN et al., 2017; BARBA,
CZOSNEK; HADIDI, 2014), além de contribuir para a deteccdo e monitoramento de virus
em material propagativo (REIS et al., 2020; VILLAMOR et al., 2019). Diversos estudos foram
realizados com HTS para deteccdo de virus de plantas e entendimento da diversidade viral em
amostras vegetais, mostrando a importancia da metagendémica para o desenvolvimento da
virologia de plantas (SANTOS et al., 2022; MALIOGKA et al., 2018; ROTT et al., 2018;
VILLAMOR et al., 2016; ESPACH; MAREE; BURGER, 2012). Desde 2017 o ICTV tem feito
esforgos para que haja a aceitacdo de propostas de novas espécies descobertas a partir de dados
de HTS, uma vez que o numero de depoésitos de sequéncias virais tem crescido
significativamente e consequentemente gera um grande numero de informacdo para o
desenvolvimento da taxonomia viral (SIMMONDS et al., 2017).

Esse tipo de tecnologia é capaz de sequenciar em paralelo milhdes ou até mesmo bilhdes
de cadeias de DNA, possibilitando a deteccéo de variantes virais e a caracterizagdo da estrutura
da populacéo viral de quasi-species (NATURE PORTFOLIO, 2019). E crescente a evolugo
na qualidade e no rendimento do HTS nos ultimos anos. Além disso, a tecnologia tem se tornado
mais acessivel, impulsionando o surgimento de novas tecnologias de processamento de dados.
O HTS pode ser utilizado em estudos integrados com sequenciamento hibrido; de leitura longa
e leitura curta, sequenciamento clinico de rotina, monitoramento de patdgenos em tempo real e
estudos a nivel de populacdo (GOODWIN; McPHERSON; McCOMBIE, 2016).

Os sequenciamentos de Ultima geracdo, combinado aos métodos tradicionais em
virologia de plantas podem ser usados para estudar as interacdes presentes em um ecossistema.
A metagendmica tem sido responsavel por facilitar a identificacdo de virus, tornando-a mais
rapida. Sequenciadores portateis, como o MinlON (Oxford Nanopore Technologies), ja estdo
sendo utilizados em campo para o sequenciamento de genomas virais. Estima-se que na
proxima década, esses métodos ajudardo na compreensdao das interacfes entre virus-
hospedeiro-vetor, assim como na forma de entendimento da disseminag&o dos virus, no estudo
do surgimento de novos hospedeiros e no entendimento da introducdo de novos fitopatégenos

através de mudas infectadas (LEFEUVRE et al., 2019). Adicionalmente, os eventos de
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recombinagao nos virus podem ser detectados com o sequenciamento HTS (BOMER et al.,
2018).

Diante do exposto, esta pesquisa visou 0 estudo da diversidade viral em amostras de
(meta)transcriptomas de mandioca, entender a relacdo filogenética e a variabilidade dos
genomas montados, assim como sugerir medidas de controle para prevenir a dispersao e transito
de material vegetal propagativo infectado, através da deteccdo e monitoramento com

sequenciamento de alto rendimento.
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Abstract: As indicated by previous studies, the overall viral diversity in cassava (Manihot
esculenta) is largely underestimated especially in Neotropical areas. Here, we sequenced 29
Illumina libraries aiming to provide insights into the incidence and sequence diversity of cassava-
infecting members of the emergent viral genus Torradovirus (family Secoviridae) occurring in
Brazil. Eleven nearly-complete genome sequences of cassava torrado-like viruses (CsTLVS) were
assembled, and sequences from the protease-polymerase (Pro-Pol) and the combined coat proteins
(CP-A, CP-B, CP-C) regions were used in Bayesian phylogenetic analyses. Two species of
torrado-like virus were found, one grouping with the formerly reported CsTLV from Colombia,
and one separate clade composed of a putative new species, for which the name cassava torrado-
like virus 2 (CsTLV-2) is proposed. CsTLV-2 shared less than 66.3% amino acid identity in the
Pro-Pol region and less than 66.4% identity in the combined CPs region compared to the known
species. Analysis of a RNAseq dataset of a cassava sample from Colombia available in GenBank,
revealed the presence of a CsTLV more closely related to the Brazilian virus than to the formerly

reported Colombian sequences.
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1. Introduction

Cassava (Manihot esculenta Crantz) is an important traditional food crop in tropical regions across
Africa, Asia, and South America. The impact of virus-caused cassava diseases is a serious concern
since they can harm millions of people who depend on this crop for subsistence agriculture
(McCallum et al., 2017). Unlike Africa, where geminivirids and potyvirids are the major
pathogens affecting cassava cultivation, such viruses have not been reported in this crop in Latin
America. However, an array of RNA and DNA viruses belonging to the families Alphaflexiviridae,
Secoviridae, Luteoviridae, Reoviridae among RNA viruses and to the Caulimoviridae among
DNA viruses, have been described infecting cassava in South America (Oliveira et al., 2020,
Carvajal-Yepes, et al., 2014; Calvert et al., 2008). The Cassava Vein Mosaic Disease (CVMD)
and Cassava Common Mosaic Disease (CCMD) were the first diseases to be reported in cassava
in South America (Costa, 1940, Silva et al., 1963), although CCMD is not considered a major
issue. The most economically important disease in Latin America is the Cassava Frog Skin Disease
(CFSD) syndrome. While the disease has been known for many years, with a first serious outbreak
reported in 1971 in the Cauca region of Colombia (Hernandez et al., 1975; Pineda et al., 1983),
the precise etiology has yet to be determined. The disease is of serious concern for cassava
cultivation in different countries, such as Brazil, Costa Rica, Panama, Peru and VVenezuela. Viruses
as well as phytoplasmas (group 16Srlll) have been reported from plant material exhibiting CFSD-
like symptoms (Calvert et al., 2008; Alvarez et al., 2009; Carvajal-Yepes et al., 2014).

The main viruses reported in cassava in Brazil are cassava common mosaic virus (CsSCMV),
cassava vein mosaic virus (CsVMV) (Costa, 1940), cassava symptomless virus (CsSLV) (Kitajima
& Costa, 1979), cassava American latent virus (CsALV) (Walter et al., 1989), cassava polero-like
virus (CsPLV), cassava new alphaflexivirus (CsNAV) and cassava torrado-like virus (CsTLV)
(Oliveira et al., 2020). Mixed infections often occur (Oliveira et al., 2020). The CsTLV was first
identified in cassava in Colombia (Carvajal-Yepes et al., 2014). The virus is a proposed member
of the genus Torradovirus, family Secoviridae. For reported and accepted species by ICTV, the
virions consist of non-enveloped isometric particles and contain a genome composed of two
single-stranded positive-strand RNAs, RNAL and RNAZ2 in the range of 6911-7802 nucleotides
(nt) and 5695-4701 nt in length, respectively for reported and accepted species by ICTV. The
RNAL codes for a polyprotein of 2151-2224 amino acids (aa), which is processed into a protease
cofactor, a helicase, a 3C-like protease and an RNA-dependent RNA polymerase (RdRp). The
RNAZ2 encodes a hypothetical protein (185-212 aa) and a polyprotein (1168-1223 aa), that is
processed into a movement protein (MP) and three coat proteins (CP-A, CP-B, and CP-C). The

genomic RNAs of the torradoviruses usually have a long 3'-UTR and a poly(A)-tail (Thompson et
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al., 2017; Ferriol et al., 2016; van der Vlugt et al., 2015). Transmission vectors have not yet been
identified (van der Vlugt et al., 2015).

Although cassava torrado-like virus sequences have been reported from Brazil (Oliveira et al.,
2020), complete viral genomes and sequence diversity have not been so far determined. The high
degree of sequence variability previously observed among cassava torrado-like viruses and the
inability to detect isolates collected in the same region (Carvajal-Yepes et al., 2014), showed that
a high degree of genetic diversity exists. In this work, we investigated the occurrence and diversity
of torrado-like viruses in cassava material from Brazil. Our investigation revealed a novel torrado-

like virus species, for which the name cassava torrado-like virus 2 (CSTLV-2) is proposed.

2. Results

2.1. Analysis of HTS datasets

An overview of the datasets generated in this work is presented in Tablel. The number of total
reads per sample ranged from 362,290 to 48,781,540 for MiSeq sequencing and from 6,656,458
to 98,271,182 for libraries processed with NextSeq-500. The percentage of trimmed reads ranged
between 0,6 and 18%; the number of contigs per sample generated by SPAdes ranged between
4,135 and 253,292. The HiSeq 2500 sequencing generated a total number 17,254,734 reads and
15,147,828 after trimming, of which 56,524 were assembled into contigs using SPAdes. In 56.7
% of the HTS datasets (from 30), tBLASTX alignments revealed the presence of sequences
corresponding to CsTLV (Table S1). From those, eleven torrado-like virus nearly-complete
genomes could be assembled and were considered in further analyses. Analysis of the dataset
retrieved from GenBank also resulted in assembly of four contigs having CSTLV as closest

relative.

2.2. Characterization and genome structure of the CSTLVs

Alignment analyses using BLASTp revealed that the sequences assembled from five datasets were
close to the CsTLV previously reported from Colombia (Carvajal-Yepes et al., 2014), and are
hereafter named CsTLV-1. The assembled genomic sequences of this CSTLV-1 were in the range
7085-7251 nt for RNAL and 4366-4469 nt for RNA2, excluding the poly(A) tail. The ORF1 of
RNAZ1 was 7011 nt in length and encoded a predicted polyprotein of 2337 aa. The ORF1 of RNA2
was 681 nt in length, coding for a putative protein of 227 aa, while the ORF2 consisted of 3540
nt, coding for a polyprotein of 1180 aa (Table 1). The complete genomic sequence of isolate PV -

1279, from sample P26_2E, chosen as reference collection isolate for this species. The sequence
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showed 98.7% aa acid identity in the Pro-Pol region and 98.9% in the combined CPs region to the
already described CsTLV from Colombia (GenBank acc. MF449522, MF449523).



Table 1. Length of the assembled cassava torrado-like virus sequences, untranslated regions and predicted open reading frames (ORFs).

45

Virus CsTLV-1* CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-2 CsTLV-2 CsTLV-2 CsTLV-2 CsTLV-2
Dataset P26_2E DSC407 DSC492 DSCG4 DSCG5  SRR1050897 AJB1 S86 P26_P27 4C P27 6F P27 6G_1 P27 6G_2
RNA1 Whole contig -poly (A) 7251 7142 7154 7135 7085 7129 7402 7451 7421 7451 7284
5'UTR 148 62 62 62 62 62 155 173 143 173 173
ORF1 7011 7011 7011 7011 7011 7011 6891 6891 6891 6891 6891
3'UTR 92 69 81 62 12 56 356 387 387 387 220
RNA2  Whole contig -poly (A) 4469 4392 4385 4383 4394 4366 4253 4593 4583 4582 4593
5'UTR 140 75 75 75 75 71 119 90 90 90 90
ORF1 681 681 681 681 681 681 660 660 660 660 660
ORF2 3540 3540 3540 3540 3540 3540 3432 3432 3432 3432 3432
3'UTR 154 143 136 134 145 121 89 458 448 447 458

*verified by RACE
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Alignment of other torrado-like virus sequences, assembled from datasets AJB1_S86, P26
P27_4C, P27_6F and P27_6G, revealed aa identity below 66.1% in the Pro-Pol region and 66.9%
in the combined CPs region (Table 2) compared to the previously determined CsTLV. According
to the species demarcation criteria for members of the Secoviridae family, the obtained genomic
sequences should be assigned to a new species, for which we propose the name “cassava torrado-
like virus 2” (CsTLV-2). The assembled RNA1 segment of CsTLV-2 was 7284-7451 nt long,
excluding the poly(A) tail, while the RNA2 ranged from 4553 to 4593 nt. The RNA1 ORF1 was
6891 nt, coding for a polyprotein of 2297 aa. The ORF1 of RNA2 was 660 nt in length, encoding
a putative protein of 220 aa, and the ORF2 of RNA2 consisted of 3432 nt, coding for a polyprotein
of 1144 aa.

Analysis of characteristics aa motifs of CsTLVs, showed the presence of conserved motifs in the
polyprotein encoded by RNAL: the GKT and DD motifs in the helicase domain and KDE, DY,
NS, PSG, GDD, DK, FLSR motifs in the predicted RNA-dependent RNA-polymerase (Gaafar &
Ziebell, 2019; Bruenn, 2003; Poch et al., 1989) were common to all CsTLV sequences (Figure
1a). Instead, the 3C-like protease motifs consisted of GDCG/GECG in CsTLV-1 and 2
respectively, with an isoleucine or glutamine residue at the substrate binding site (Figure 1b). In
the RNA2-encoded polyprotein sequence the expected LKHPKL/LKHPRL movement protein
motif (van der Vlugt et al., 2015) was present.

The predicted molecular weight (MW) of the hypothetical protein encoded by ORF1 of RNA2
was ~ 25.2 kDa for CsTLV-1 and ~24.4 kDa for CsTLV-2. The encoded MP was predicted to be
~55.3 kDa for CsTLV-1 and ~52.5 kDa for CsTLV-2. Based on multiple sequence alignment with
carrot torradovirus, the predicted polyprotein cleavage sites were determined as Qasa/Gass,
Q700/A710 and Qoea/Vesa, and Que2/Gass, Qsss/Ass7 and Qo11/Voerz, in CsTLV-1 and CsTLV-2
respectively. The putative MW of CP-A, CP-B and CP-C were predicted as ~24.2, 27.7 and 23.9
kDa for CsTLV-1, and 24.3, 24.6, and 26.0 kDa for CsTLV-2.
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Figure 1. Genomic structure of cassava torrado-like virus 2 (CsTLV-2) and alignment of the 3C-
like protease region. (a) Schematic representation of the genome organization of CsTLV-2 (from
dataset P26_P27_4C). Dark gray boxes show positions of open reading frames (ORFs) and protein
motifs. The sequence of the 5" and 3" regions have not been verified by RACE. (b) Multiple
alignments of the 3C-like protease motifs in the polyprotein encoded by RNA1, using QIAGEN

CLC Genomics.
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2.3. Sequence diversity

Sequence comparisons of CsTLV-1 from Brazil showed percentage of nucleotide identities with
other CsTLV-1 sequences, ranging from 96.0 to 99.9% in the Pro-Pol region. The percentage of
nt and aa identity of CsTLV-1 (P26 _2E) with the sequence from Colombia (SRR1050897,
assembled in this work) was of 96.8% and 100%, respectively, and of 87.8% and 98.7% with the
reference sequence from Colombia (MF449522) in the Pro-Pol region. The CsTLV-2 sequences
shared 81.7% t0 99.7% identities at nt level and 95.6-100% at aa level in the Pro-Pol region among
them. The Pro-Pol region of the Brazilian CsTLV2 from Amazon (AJB1_S86) showed 82.3-85%
nt and 95.6-97.8-99% aa identities with all other sequences from Babhia, Brazil.

Comparisons of the CPs region showed that CSTLV-1 sequences from Brazil shared 97-100% nt
identity with each other, 97.5-98.4% with the assembled sequence from Colombia (SRR1050897)
and 89.7-90.0% with the reference sequence from GenBank (MF449523). At aa level, the CPs
region showed identities of 99.7-100% among the Brazilian sequences and of 98.7-99.0% with the
assembled Colombian sequence (SRR1050897). Among the CP CsTLV-2 sequences the % of nt
and aa identity was of 87-99.9 and 98.7-100.0, respectively. The CPs region of CsTLV-2 from
Amazon (AJB1_S86) showed 87-87.8% nt and 98.7-99% aa identities with other Brazilian
sequences. Interspecies comparisons of CsTLV-1 and CsTLV-2 sequences revealed identities
varying from 37.9 to 58.6% of nt and 53.1-53.9% of aa of the complete RNAL polyprotein region
(Table S2). In the Pro-Pol region, nt identities of 62.9-65.6 and of 65.6-66.3% aa identities were
observed (Table 2). Comparisons at nucleotide and concatenated proteins sequences of the RNA2
region showed that nt CsTLV-1 sequence identities varied from 91.3% to 99.9%, while CsTLV-2
varied from 98.2% to 100% at the aa level (Table S3).
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Table 2. Distance matrix of MAFFT based comparison (SDT analysis) of the Pro-Pol region from RNAL and combined CPs region from RNAZ2.

Pro-pol nt DSC407 DSC409 DSC492 DSCG4 DSCG5 P26_2E SRR1050897 MF449522 OK040226 AJB1_S86 P26_P27_4C P27_6F P27_6G_1 P27_6G_2
CsTLV-1  DSC407 100,0

DSC409 96,8 100,0

DSC492 96,8 96,0 100,0

DSCG4 98,3 96,3 96,3 100,0

DSCG5 98,1 96,6 96,3 98,5 100,0

P26_2E 96,6 96,0 99,9 96,2 96,1 100,0

SRR1050897 97,4 97,8 97,0 97,3 97,3 96,8 100,0

MF449522 88,0 88,0 88,0 87,8 87,5 87,8 88,0 100,0

0OK040225 88,0 87,8 87,8 87,8 87,7 87,7 87,9 99,4 100,0
CsTLV-2  AJB1_S86 63,6 63,9 63,9 63,9 63,7 63,9 64,3 64,0 63,9 100,0

P26_P27_4C 63,6 63,4 63,8 63,1 62,9 63,8 63,6 63,9 63,6 82,3 100,0

P27_6F 65,1 64,5 64,9 65,1 65,0 64,8 65,6 65,0 64,8 85,0 81,7 100,0

P27_6G_1 63,9 63,9 64,2 63,5 63,5 64,2 64,5 65,0 64,8 84,0 92,4 89,0 100,0

P27_6G_2 63,6 63,4 63,8 63,1 62,9 63,8 63,6 64,0 63,8 82,3 99,7 81,8 92,7 100,0

Pro-pol aa DSC407 DSC409 DSC492 DSCG4 DSCG5 P26_2E SRR1050897 MF449522 OK040226 AJB1_S86 P26_P27_4C P27_6F P27_6G_1 P27_6G_2
CsTLV-1  DSC407 100,0

DSC409 100,0 100,0

DSC492 100,0 100,0 100,0

DSCG4 100,0 100,0 100,0 100,0

DSCG5 100,0 100,0 100,0 100,0 100,0

P26_2E 100,0 100,0 100,0 100,0 100,0 100,0

SRR1050897  100,0 100,0 100,0 100,0 100,0 100,0 100,0

MF449522 98,7 98,7 98,7 98,7 98,7 98,7 98,7 100,0

0OK040225 99,1 99,1 99,1 99,1 99,1 99,1 99,1 99,6 100,0
CsTLV-2  AJB1_S86 66,1 66,1 66,1 66,1 66,1 66,1 66,1 66,3 66,1 100,0

P26_P27_4C 65,6 65,6 65,6 65,6 65,6 65,6 65,6 65,9 65,6 95,6 100,0

P27_6F 66,1 66,1 66,1 66,1 66,1 66,1 66,1 66,3 66,1 97,8 96,3 100,0



P27_6G_1

66,1

50

66,1 66,1 66,1 661 66,1 66,1 66,3 66,1 96,3 98,5 97,8 100,0
P27_6G_2 65,6 65,6 65,6 656 656 656 65,6 65,9 65,6 95,6 100,0 96,3 98,5 100,0
CPnt DSC407 DSC409 DSC492 DSCG4 DSCG5 P26_2E SRR1050897 MF449522 OK040226 AJB1_S86 P26_P27_4C P27_6F P27_6G_1 P27_6G_2

CsTLV-1  DSC407 100,0

DSC409 98,9  100,0

DSC492 97,1 972 1000

DSCG4 98,9 98,5 97,0  100,0

DSCG5 98,9 98,6 97,2 98,7  100,0

P26_2E 97,1 972 1000 969 971 1000

SRR1050897 98,4 98,1 97,5 980 982 975 100,0

MF449523 89,9 89,7 89,8 89,9 90,0 89,8 89,9 100,0

0K040226 97,9 97,7 97,2 97,7 979 97,2 99,0 89,7 100,0
CsTLV-2  AJB1_S86 63,8 63,6 64,1 642 642 64,1 63,9 63,6 64,0 100,0

P26_P27_4C 63,5 63,8 63,4 63,7 63,6 634 63,6 64,9 63,7 87,7 100,0

P27_6F 63,5 63,9 63,5 63,7 637 635 63,7 64,9 63,8 87,8 99,9 100,0

P27_6G_1 63,9 63,9 640 639 641 64,0 64,1 64,7 64,1 87,0 94,0 94,0 100,0

P27_6G_2 63,4 63,8 634 636 637 634 63,6 64,9 63,8 87,7 99,8 99,6 93,9 100,0

CP aa DSC407 DSC409 DSC492 DSCG4 DSCG5 P26_2E SRR1050897 MF449522 OK040226 AJB1_S86 P26_P27_4C P27_6F P27_6G_1 P27_6G_2

CsTLV-1  DSC407 100,0

DSC409 99,9  100,0

DSC492 99,7 99,7  100,0

DSCG4 99,9 99,9 99,9 100,

DSCG5 99,9 99,9 99,9 1000 100,0

P26_2E 99,7 99,7 1000 99,9 999  100,0

SRR1050897 99,7 99,7 1000 99,9 999 1000 100,0

MF449523 98,7 98,7 99,0 988 988 99,0 99,0 100,0

0K040226 99,7 99,7 1000 999 999 1000 100,0 99,0 100,0
CsTLV-2  AJB1_S86 66,6 66,6 66,7 66,6 666 66,7 66,7 66,3 66,7 100,0

P26_P27_4C 66,7 66,7 66,9 66,7 66,7 669 66,9 66,4 66,9 99,0 100,0

P27_6F 66,7 66,7 66,9 66,7 66,7 669 66,9 66,4 66,9 99,0 100,0 100,0
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2.4. Phylogenetic analyses

Bayesian phylogenies were calculated on the Pro-Pol region and on the concatenated ORF1-ORF2
aa region of RNA2 from CsTLV-1 and CsTLV-2. The average standard deviation of split
frequencies was of 0.002254 using the Pro-Pol region and of 0.002710 with the RNA2 region,
indicating a good convergence. Phylogenetic tree reconstructions revealed two distinct clades. The
reference sequence from Colombia (Carvajal-Yepes et al., 2014) grouped with the newly
assembled CsTLV sequence from Colombia (SRR1050897) and six Brazilian sequences
(DSC407, DCS409, DSC492, DSCG4, DSCG5 and P26_2E). The second clade grouped only
CsTLV sequences from Brazil assigned to the proposed CsTLV-2 (Figure 2, Figure 3).

Figure 2. Bayesian phylogenetic reconstruction of torradoviruses based on the amino acid
alignment of the Pro-Pol region (467 aa of aligned sites based on the CsTLV Sec13 sequence —

GenBank acc.: MF449522). The scale bar represents 0.2 substitutions per amino acid position.
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Figure 3. Bayesian phylogenetic reconstruction of torradoviruses based on the amino acid
sequence alignment of the ORF1-ORF2 region (1546 aa of aligned sites based on the CSTLV
Sec13 sequence - accession number: MF449523). The scale bar represents 0.4 substitutions per

amino acid position.
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2.5 Detection of CsTLV in cassava propagation material

In vitro propagation material from a collection of cassava lines, whose sanitary status was
previously determined by HTS, was tested for the presence of CsTLVs by RT-PCR, using primers
designed to specifically detect CsTLV-1 and CsTLV-2. The established RT-PCR assays could
specifically detect CsTLV-1 and CsTLV-2 in the infected material, with no cross-reaction among

the species, neither amplification of specific targets in the healthy controls.

3. Discussion
The history of torradoviruses (genus Torradovirus, family Secoviridae) began in 2007 with the
description of the type member of the genus, Tomato torrado virus (Verbeek et al., 2007). Since

then, new species have been discovered in different hosts, such as carrot, lettuce, motherwort,
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squash (Wintermantel et al., 2018; Lecoq et al., 2016; Seo et al., 2015; van der Vlugt et al., 2015,
Adams et al., 2014 Verbeek et al., 2014; Batuman et al., 2010; Verbeek et al., 2010; Verbeek et
al., 2008; Verbeek et al., 2007), and cassava (Carvajal-Yepes et al., 2014). In the frame of a
screening process of plant material to investigate the occurrence and diversity of cassava torrado-
like viruses from the major producing areas of Brazil, several samples from the Embrapa - National
Cassava and Fruits Research Center collection and Embrapa Amazénia Oriental were analyzed by
HTS for virus discovery. The sequence analysis revealed that the assembled sequenced grouped
in different clusters: a set of CsTLV sequences clustered with the formerly reported reference
sequence from Colombia (Carvajal-Yepes et al., 2014) and another set was determined to be a new
cassava torrado-like virus species according to the species demarcation criteria in the family
Secoviridae, for which we propose the name CsTLV-2. This sequence shared less than 66.3%
amino acid identity in the Pro-Pol region and less than 66.4% in the combined CP regions with the
CsTLV originally found in Colombia.

Torrado-like virus sequences were found in many of the analyzed samples showing that these
viruses are widespread in cassava in Brazil. Although mixed infections in cassava have been
described among viruses belonging to different species (Oliveira et al., 2020; Carvajal-Yepes et
al., 2014), mixed infections of CsTLV-1 and CsTLV-2 were not detected in this work. The CsTLV
sequence assembled from the GenBank dataset originated from a Colombian sample was closer to
the Brazilian sequences than to the formerly reported Colombian sequence, showing that sequence
diversity does not correlate with geographic location. Comparisons between sequence isolates of
CsTLV-2 from different regions of Brazil showed that CsTLV-2 is genetically diverse in Brazil.
Even though the genome organization of torradoviruses is conserved among species, the RNA2
encoded polyprotein processing strategy and cleavage sites have not been reported for all
torradoviruses. The reported cleavage sites of the RNA2 polyprotein are Q/A, Q/A and Q/S for
ToMarV; Q/V, Q/S and Q/V for ToChSV and Q/S, Q/G and Q/L for Carrot torradovirus for
regions between the putative MP/Vp35(Vp37) proteins, Vp35/Vp26(Vp27) and
Vp26/Vp24(Vp26) coat proteins, respectively (Ferriol et al., 2016; Gaafar & Ziebell, 2019).
Although these sites may vary depending on the viral species, the glutamine (Q) is conserved at
the cleavage site in all torradoviruses. The molecular mass of the peptides is also variable (Ferriol
etal., 2016), and based on alignment prediction the putatively calculated MW of CP-A, CP-B and
CP-C of CsTLV varied from 23.9 to 26 kDa (predicted cleavage sites Q/G, Q/A and Q/V), and the
MW of MP from 52.5 to 55.3 kDa. Further experimental studies should be conducted to verify the
predicted cleavage sites of torrado-like viruses infecting cassava, especially because all

polyproteins encoded by CsTLV RNAL showed an isoleucine or glutamine instead of a histidine
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residue at the substrate binding site (Bazan and Fletterick, 1988). Moreover, some nepoviruses
and sequi-viruses do have leucine or cysteine as binding pockets (Sanfacon et al., 2009).

The main disease that affects cassava in South America is the CFSD. In Brazil, the CsTLV was
recently detected in cassava samples with typical symptoms of frogskin disease that tested negative
for phytoplasmas (Oliveira et al., 2020). Investigation on the sanitary status of CFSD material is
critical to get insights into the etiology of the disease. In this context, the developed RT-PCR tests
can be implemented in screening processes to test for the presence of the virus in leaf or tuber
material.

In conclusion, our results show the presence of at least two distinct torradovirus species in cassava
in Brazil and we propose these viruses be named cassava torrado-like virus 1 (CsTLV-1) and
cassava torrado-like virus 2 (CsTLV-2). This work contributes to the understanding of sequence
diversity among CsTLV sequences from South America.

4. Materials and Methods

4.1. Plant material

Germplasm accessions received from the collection of Embrapa - National Cassava and Fruits
Research Center were maintained and propagated in vitro at the Plant Virus Department of the
Leibniz Institute DSMZ. Plantlets were transferred to soil, acclimated and a growing-on test was
conducted for a period of 6-8 months in glasshouse conditions. In addition, samples collected in
trial fields of Embrapa Amazénia Oriental (Belém, Para, Brazil) (Table S1) were included in the
analysis. Single or pooled samples of leaves or tubers were considered for HTS and processed as
described below. Leaves from in vitro propagation material or plants maintained in the greenhouse

were used for testing by RT-PCR assays and Sanger sequencing.

4.2. Library preparation and high-throughput sequencing

Total RNA was extracted from leaves or tubers using a phenol/chloroform extraction protocol or
the GenCatch™ Total RNA Extraction System (Epoch). Complementary DNAs was synthesized
using random octamer primers and used as input in the NEBNext Ultra Il non-directional RNA
Second-Strand Synthesis Module kit (New England Biolabs) for second-strand cDNA synthesis.
Twenty-eight libraries were prepared following the NexteraXT DNA Library Prep Kit (Illumina).
Following quality control (Bioanalyzer, Agilent) and quantification (Qbit Fluoremeter, Thermo-
Fisher Scientific), the libraries were sequenced on MiSeq or NextSeq-500 sequencing platforms
at the Leibniz Institute-DSMZ, as paired reads 2x301 nt and 2x151 nt, respectively. For the sample
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from Amazon, RNA was isolated from a semi-purified preparation from cassava leaves using the
ZR Plant RNA Miniprep Kit (Zymo Research, Irvine, USA) following the manufacturer’s
protocol. The RNA was sequenced using the Illumina HiSeq 2500 platform with 100-base paired-
end reads at the Centro de Genémica Funcional-ESALQ (University of Sdo Paulo, Piracicaba,

Brazil), totaling 29 HTS of samples from Brazil

4.3. Bioinformatics analysis of HTS datasets

Beside the 29 datasets generated in this work, an SRA dataset available from the National Center
for Biotechnology Information (NCBI; Bioproject: PRINA231851, Run: SRR1050897), obtained
by sequencing of cassava material from CIAT germplasm (Colombia), was also included in our
analyses. The bioinformatics workflow followed a pipeline previously described (Blawid et al.,
2017). Briefly, read quality was checked with FastQC v. 0.11.9 (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) and trimming was performed with Trimmomatic v. 0.36. (Bolger
et al., 2014) using the following parameters: ILLUMINACLIP: NEXTERAPE-PE.FA: 2:30:10,
LEADING: 20, TRAILING: 20, SLIDINGWINDOW: 4:20 AND MINLEN: 36. After trimming,
reads were de novo assembled with SPAdes v3.11.1 (Bankevich et al., 2012) using k-values of 21,
33, 55, 77 and 99. Contigs alignments (tBlastx) were calculated in Geneious Prime v. 11.0.5 using
a custom plant virus database constructed from available sequences at NCBI. To obtain complete
virus genomic sequences, reads were iteratively mapped to the assembled contigs. Because of gaps
in the assembled sequences of sample AJB1 86, the virus genomes excluding the terminal ends
was completed by Sanger sequencing. The complete coding sequence of CsTLV-2 RNAL from
Amazon were closed with the following primer pairs: torrado1-1 (5’-AAT TTG TGA GTC AGC
CAA CGT G-3’), torrado-2 (5’-AGC ATC CTG ACA GCC AAC CTA A-3’), and torrado-1-3
(5’-GTT GAAGTG AAG TAC TTG TAC GCT-3") / torrado-1-4 (5’-GAC TCA AAT GCT GAT
GTT CTA ATC CA-3’). The missing fragment in RNA2 was amplified with primers: torrado-2-5
(5’>-TGATCATGA TCT GGG CTC TGC G-3’) and torrado-2-6 (5"-CCA CAA GGC GCT AGT
AAT GT -3’). The cDNA synthesis was performed with the SuperScript IV Reverse Transcriptase
(Invitrogen™) using a N6 random primer, and used as template for PCR. Fragments were
amplified with Phusion High-Fidelity PCR Master Mix (Thermo Scientific™), excised from gel,
purified and sequenced by Sanger at the Universidade Federal de Pernambuco. The genomic
sequences were annotated in Geneious Prime (Biomatters), using formerly annotated torradovirus
sequences as template for comparison. Computational analysis with ScanProsite (De Castro et al.,

2006) allowed to search the predicted proteins for conserved domains. Coat protein cleavage sites
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were predicted using the carrot torradovirus 1-RNA2 sequence (GenBank acc. NC_025480) as

reference.

4.4. Sequence analysis and phylogenetic reconstructions

Multiple sequence alignment calculated with MAFFT v.7 (Katoh et al., 2019). The best model of
protein evolution was estimated with ProtTest v.3.4.2 (Darriba et al., 2011), using the Bayesian
Information Criterion (BIC) (Schwarz, 1978). Phylogenetic reconstructions were performed with
MrBayes v.3.2.6 (Ronquist et al., 2012), using the LG+G model with 10.000.000 generations,
1000 sample frequency and 2500 burn-in, on the amino acid region between the CG motif in the
protease-domain sequence and the GDD RdRp motif (467 aa in length, based on the CsTLV1
Secl3 sequence, acc. MF449522), according to former phylogenetic analyses of torradovirus
sequences (Verbeek et al., 2008). The viral species considered in the analysis were: CsTLV1
(MF449522), CsTLV1 (OK040225), tomato chocolate spot virus (NC_013075), tomato marchitez
virus (KT756874, MK733734, NC_010987), tomato necrotic dwarf virus (NC_027926), tomato
chocolate virus (FJ560489), tomato torrado virus (KJ940975, KM091449, EU563948, KX132808,
NC_009013 and MH587229), red clover torradovirus 1 (KY113159), motherwort yellow mottle
virus (NC_035218), lettuce necrotic leaf curl virus (NC_035214), carrot torradovirus 1
(LC436363, MN399684, NC_025479). Bayesian phylogenetic reconstruction of RNA2 were
performed on the concatenated region including the start codon of the hypothetical protein and the
stop codon of the polyprotein (1550 aa in length, based on the CsTLV1 acc. MF449523), using in
addition the following sequences: tomato chocolate spot virus (NC_013076), tomato marchitez
virus (KT756875, MK726319, NC_010988), tomato necrotic dwarf virus (NC_027927), tomato
chocolate virus (FJ560490), tomato torrado virus (KJ940974, KM114266, EU563947, KX132809,
NC_009032 and MH587230), red clover torradovirus 1 (KY113160), motherwort yellow mottle
virus (NC_035220), lettuce necrotic leaf curl virus (NC_035219), carrot torradovirus 1 (C436364,
MN399685, NC_025480), cassava torrado-like virus 1 (MF449523) and CsTLV1 (OK040226).
Phylogenetic trees were visualized in Figtree software, v.1.4.4 9 (http://tree.bio.ed.ac.uk/
software/fgtree/). Additionally, the Sequence Demarcation Tool v1.2 (SDT) (Mubhire et al., 2014)

was employed to calculate identity scores calculated with MAFFT v.7 alignment.

4.5. Detection of CSTLVs by RT-PCR

One-tube RT-PCR assays for detection of CsTLV-1 and CsTLV-2 were developed using primer
sets CsTLV-1-F (5- GCC TCA AGG RAC AGC TTT CT-3") and CsTLV-1-R (5-TGC ATG
ATG GTT GAT TGC ACA A-3) and set CSTLV-2-F (5"-CTC TGA GGG TGT TTG TGC TT-
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3)and CsTLV-2-R (5"-GTTTCATTATGT TGG TCG CC-3"), to amplify a fragment of ~140bp
in the CP-B sequence and of 100 bp in the CP-A sequence, respectively. Total RNA was used as
template in the reaction mixture prepared according to the SuperScript™ One-Step RT-PCR
System with Platinum™ Taq DNA Polymerase Kit (Invitrogen). The cycling conditions were as
follows: 45 °C for 30 min; 94 °C for 5 min, 40 cycles of 94 °C for 30 s, 52 °C for 30 s and 72 °C
for 20 s; and a final extension at 72 °C for 2 min. Obtained amplicons were separated by gel-
electrophoresis in a 2% agarose gel and visualized under UV light, after staining with ethidium
bromide.

Supplementary Materials: Table S1: Characterization of cassava samples, trimming reads and
assembly contigs results, Table S2: CsTLV1, CsTLV2 and related viruses: alignment of the RNAL
polyprotein, % id nt and % id aa, Table S3 CsTLV1, CsTLV2 and related viruses: alignment of
the RNA2, % id nt and % id aa.
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N Sample Reads before Reads after % Reads Contigs . . Reads mapping Read's
Sample Denomination Source Platform tvbe trimmin trimmin trimmed generated Contigs assigned RNA1 mapping
P & & 8 to CSTLV RNA2
1 AJB1 S86  Amazon* HiSeq 25000 leaf 17254734 15147828  12.2 56524 42 1110 346
2 DSC369 g::\":;:f MiSeq Leaf 1164386 1143632 1,8 4135 8 454 739
3 DSC372 g::’:g;f MiSeq Leaf 1480066 1458458 1,5 11692 0 0 0
4 DSC382 g;‘r’““t’;:f Miseq Leaf 2033140 2007132 1,3 13513 0 0 0
5 DSC389 gc:‘:‘":;:f MiSeq Leaf 1448456 1261554 12,9 8271 0 0 0
6 DSC404 g:;":g;f MiSeq Leaf 932070 791224 15,1 4160 0 0 0
growing- .
7 DSC407 gl MiSeq Leaf 4827040 4650694 3,7 48033 9 2808 3390
8 DSC409 gc:z":(';;f MiSeq Leaf 1294094 1278450 1,2 10237 7 395 730
9 DSC416 g::’:;’;f MiSeq Leaf 2767482 2724396 1,6 42359 30 334 71
10 DSC417 g;i":;:f MiSeq Leaf 1516120 1444600 4,7 4677 0 0 0
11 DSC430 g(;‘r’]"‘t’;:f MiSeq Leaf 2073210 2055348 0,9 4524 0 0 0
12 DSC435 gc:‘:‘":;:f MiSeq Leaf 362290 329982 8,9 5825 0 0 0
13 DSC437 g;‘;"g;f MiSeq Leaf 797534 788134 1,2 4766 9 56 183
14 DSC442 g;i“:;:f Miseq Leaf 1366734 1352452 1,0 12399 0 0 0
15 DSC445 growing- MiSeq Leaf 2517382 2487282 1,2 23990 0 0 0

on test
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24

25

26

27

28

29

30

DSC492
DSCG1
DSCG12
DSCG2
DSCG3
DSCG4
DSCG5
DSCG6
DSCG7
P25_6A
P26_P27_4C
P26-2E**
P27 _6F

P27 6G

SRR1050897

growing-
on test
growing-
on test
growing-
on test
growing-
on test
growing-
on test
growing-
on test
growing-
on test
growing-
on test
growing-
on test
growing-
on test
growing-
on test
growing-
on test
field
sample
field
sample
CIAT

collection

MiSeq
MiSeq
MiSeq
MiSeq
MiSeq
MiSeq
MiSeq
MiSeq

MiSeq

NextSeq
MiSeq/NextSeq

NextSeq

MiSeq

NextSeq

germplasm Genome Analyzer Il

Leaf

Leaf

Leaf

Leaf

Leaf

Leaf

Leaf

Leaf

Leaf

Tuber

Leaf

Leaf

Leaf

Leaf

Stem

1686030

424616

467798

438500

431404

395616

2924524

510208

3604914

13498456

98271182

6656458

48781540

66773560

13725068

1651836

399974

433786

418144

412506

374710

2595720

507104

3479942

12201204

86425598

6167118

45816820

61845420

11253093

2,0

5,8

7,3

4,6

4,4

53

11,2

0,6

3,5

12,1

18,0

13529

5832

5731

10372

11107

9340

36905

11835

47488

58645

253292

51691

89672

91373

43413

12

13

30

12

37

12

26

19

914

12

329

840

837

401

11691

63590

23621

74113

6059

64

1157

22

443

1173

1530

688

20488
121343
25367

80833

28337

* Embrapa Amazonia Oriental

**DSMZ isolate PV-1279 from Embrapa Mandioca e Fruticultura, Cruz das Almas, Bahia, Brazil.



Table S2. Percentages of identity of the RNAL polyprotein (nt and aa) of CsTLV-1, CSTLV-2 and other torradoviruses.
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RNAL(nt) catvi CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-2 CsTLV-2 CsTLV-2 CsTLV-2 CsTLV-2 INLCV MyMoV ReCTV1 ToChsv ToChV ToMarV ToNDV ToTV
NC_025479 DSC407 DSC409 DSC492 DSCG4 DSCGS P26 2E SRR1050897 MF449522 0K040225 AJ1_586 P26 P27 4C P27_6F 51 P27 6G_1 P27_6G 2 NC_035214 NC_035218 KY113159 NC_013075 FI560489 NC_010987 _NC_02792¢ _NC_009013

NC_025479 carrot torradovirus 1 100,0

DSCA07 cassava torrado-like virus 1 534 1000

DSCA09 cassava torrado-like virus 1 554 95 1000

DSC492 cassava torrado-like virus 1 53,7 957 95,4 1000

DSCGA cassava torrado-like virus 1 53,1 984 %5 958 1000

DSCGS cassava torrado-like virus 1 54,0 982 %5 95,8 98,4 100,0

P26_2E cassava torrado-like virus 1 538 956 95,3 99,9 95,7 95,7 100,0

SRR1050897 cassava torrado-like virus 1 536 972 97,3 9,2 97,2 97,2 96,1 100,0

MF449522 cassava torrado-like virus 1Sec13 538 878 87,2 88,0 87,9 87,7 879 881 100,0

OK040225 cassava Torrado-like virus 1 Yop12 357 61,0 61,7 609 61,0 609 6038 609 687 100,0

AJ1_586 cassava Torrado-like virus 2 54,0 57,1 57,2 57,4 57,3 57,2 57,4 57,5 574 37,9 100,0

P26_P27_4C cassava torrado-like virus 2 53,9 57,7 57,2 57,4 57,7 574 574 575 576 385 833 1000

P27_6F cassava torrado-like virus 2 54,2 584 57,9 583 58,2 583 583 586 582 381 853 83,1 1000

P27_6G_1 cassava torrado-like virus 2 54,1 57,7 57,8 57,8 57,9 57,8 57,9 581 58,0 382 8,7 85 %43 1000

P27_6G_2 cassava torrado-like virus 2 54,0 57,7 57,3 57,5 57,7 57,7 575 57,6 57,5 384 85 97,9 88 %04 1000

NC_035214 lettuce necrotic leaf curl virus 57,7 53,0 538 538 526 532 539 53,1 53,2 363 52,7 522 525 524 525 100,0

NC_035218 motherwort yellow mottle virus 588 536 535 52,7 529 534 533 532 53,6 354 52,7 528 526 531 530 588 100,0

KY113159 red clover torradovirus 1 58,9 535 549 536 538 542 536 538 54,3 349 54,1 533 533 531 533 583 593 100,0

NC_013075 tomato chocolate spot virus 54,6 534 536 533 533 536 534 535 538 356 53,9 53,7 54,0 530 533 541 536 544 100,0

FJ560489 tomato chocolate virus 55,6 54,2 541 542 545 545 542 53,7 538 353 53,7 54,0 532 533 535 536 534 542 679 100,0

NC_010987 tomato marchitez virus 550 54,7 554 540 543 549 540 545 542 363 53,9 536 535 540 532 542 530 543 736 68,7 1000

NC_027926 tomato necrotic dwarf virus 548 536 541 534 536 53,7 533 535 530 354 536 528 536 535 533 538 533 532 72,0 68,9 731 1000

NC_009013 tomato torrado virus 54,5 535 548 535 538 539 535 535 538 359 536 538 53,2 533 538 531 546 540 645 64,9 653 64,6 1000
ANAL (22) catvi CsTLV-1 CsTLV-1 CSTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-2 CsTLV-2 CsTLV-2 CsTLV-2 CsTLV-2 INLCV MyMoV ReCTV1 ToChsv ToChV ToMarV NDV. ToTV

NC_025479 DSC407 DSC409 DSC492 DSCG4 DSCGS P26 2E SRR1050897 MF449522 0K040225 Al1_586 P26_P27_4C P27_6F 51 P27 6G_1 P27_6G 2 NC_035214 NC_035218 KY113159 NC_013075 FI560489 NC_010987 NC_02792¢ _NC_009013

NC_025479 carrot torradovirus 1 100,0

DSCA07 cassava torrado-like virus 1 362 1000

DSCA09 cassava torrado-like virus 1 380 993 1000

DSC492 cassava torrado-like virus 1 363 994 99,2 1000

DSCG4 cassava torrado-like virus 1 36,2 99,7 99,4 99,4 1000

DSCGS cassava torrado-like virus 1 36,1 96 993 99,4 99,7 100,0

P26_2E cassava torrado-like virus 1 363 93 99,0 999 993 992 100,0

SRR1050897 cassava torrado-like virus 1 36,2 995 99,4 994 99,7 995 992 100,0

MF449522 cassava torrado-like virus 15ec13 36,5 973 97,1 97,3 97,3 97,3 97,2 97,3 100,0

0K040225 cassava Torrado-like virus 1 Yop12 364 973 97,1 97,3 97,3 97,3 97,2 97,3 99,7 100,0

AJ1_586 cassava Torrado-like virus 2 368 53,2 53,7 533 533 533 533 533 535 535 1000

P26_P27_4C cassava torrado-like virus 2 36,7 535 539 535 536 535 535 535 53,7 53,6 96,2 1000

P27_6F cassava torrado-like virus 2 368 531 53,7 532 533 531 532 532 53,4 53,4 974 9%,2 1000

P27_6G_1 cassava torrado-like virus 2 368 531 53,7 532 532 531 532 532 53,4 534 96,8 973 %8 1000

P27_6G_2 cassava torrado-like virus 2 368 535 539 535 536 535 535 535 53,7 536 93 993 9,6 97,8 100,0

NC_035214 lettuce necrotic leaf curl virus 53,9 354 373 354 355 354 354 355 357 356 362 364 364 364 363 100,0

NC_035218 motherwort yellow mottle virus 53,1 352 371 354 353 354 354 353 356 355 364 366 369 369 367 53,7 100,0

KY113159 red clover torradovirus 1 538 355 37,9 355 356 354 355 356 358 358 373 373 372 370 372 563 542 100,0

NC_013075 tomato chocolate spot virus 39,2 358 372 361 360 358 362 360 364 363 365 369 365 367 369 377 373 390 100,0

FJ560489 tomato chocolate virus 399 363 375 362 362 360 362 351 361 36,1 368 365 364 366 365 383 370 384 733 1000

NC_010987 tomato marchitez virus 05 359 373 36,1 360 359 362 360 361 36,0 362 364 364 36,7 364 381 375 397 834 746 100,0

NC_027926 tomato necrotic dwarf virus 205 357 369 358 357 357 359 357 361 360 368 369 368 371 371 384 379 397 813 74,0 82,9 1000

NC_009013 tomato torrado virus 386 342 352 344 344 44 45 47 351 350 366 365 363 365 364 381 368 37,6 650 643 653 64,2 1000
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of the RNA2 at nucleotide and concatenated proteins sequences of CsTLV-1, CsTLV-2 and other

RNA2 (nt) caTvi CsTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLY-1 CsTLV-1 CsTLV-1 CsTLV-1 CsTLY-1 CsTLV-2 CsTLV-2 CsTLV-2 CsTLY-2 CsTLV-2 INLCY MyMoV/ ReCTV1 ToChsV. ToChV ToMarV ToNDV ToTv.
NC_025480 Dscd07 DsCd09 DSC492 DSCG4 DSCGS. P26 2E SRR1050897 MF449522 0K040226 AJ1_S86 P26_P27_4C P27_6F P27_6G_1 P27.6G_2 NC_035219 NC_035220 KY113160 NC_013076 FI560490 NC 010988 NC 027927 NC_009032

NC_025480 carrot torradovirus 1 100,0

DSC407 cassava torrado-like virus 1 52,8 100,0

DSC409 cassava torrado-like virus 1 52,9 99,0 1000

DSC492 cassava torrado-like virus 1 52,7 973 97,3 1000

DSCGA cassava torrado-like virus 1 532 99,0 98,7 97,1 100,0

DSCGS cassava torrado-like virus 1 53,0 9,1 98,8 97,2 98,8 100,0

P26_2E cassava torrado-like virus 1 52,6 973 97,3 99,9 97,1 97,1 100,0

SRR1050897 cassava torrado-like virus 1 52,8 98,4 98,3 97,5 98,2 983 97,4 1000

MF449522 cassava torrado-like virus 1Sec13 52,0 91,4 91,3 91,6 915 913 91,6 91,4 1000

OK040226 cassava Torrado-like virus 1Yop12 52,7 98,0 97,9 97,2 97,9 98,0 97,2 99,2 91,3 100,0

AJ1_S86 cassava Torrado-like virus 2 533 613 61,2 615 615 61,5 61,5 617 604 61,7 1000

P26_P27_4C cassava torrado-like virus 2 52,2 60,9 61,0 60,7 61,0 60,8 60,7 60,9 61,0 609 83,2 1000

P27_6F cassava torrado-like virus 2 52,2 60,9 61,0 60,7 61,0 60,8 60,7 60,9 61,0 609 88,2 99,9 100,0

P27_6G_1 cassava torrado-like virus 2 52,4 61,2 61,4 615 61,4 61,2 61,5 61,3 616 61,1 86,2 92,9 92,8 100,0

P27_6G_2 cassava torrado-like virus 2 52,1 60,8 61,0 606 609 60,8 60,6 60,9 61,0 609 88,2 99,9 99,8 92,8 100,0

NC_035219 lettuce necrotic leaf curl virus 553 50,8 50,7 509 505 50,6 50,9 50,6 515 51,4 53,2 529 53,0 532 52,9 1000

NC_035220 motherwort yellow mottle virus 57,0 52,1 52,0 524 525 52,1 524 524 51,7 523 54,3 530 52,9 52,9 52,9 57,9 100,0

KY113160 red clover torradovirus 1 56,8 52,7 52,2 526 52,4 52,6 52,2 523 51,7 52,1 526 51,9 51,8 52,4 51,8 59,5 59,1 100,0

NC_013076 tomato chocolate spot virus 536 524 52,0 525 52,8 523 524 52,0 52,1 523 53,0 530 52,8 53,0 53,0 50,9 513 523 100,0

FJ560490 tomato chocolate virus 52,5 533 535 536 536 53,0 536 54,0 53,7 53,8 52,7 52,5 52,6 523 52,5 52,0 52,0 52,2 701 100,0

NC_010988 tomato marchitez virus 515 524 526 53,1 52,4 52,2 533 52,5 52,4 52,8 524 52,7 52,7 52,6 52,7 51,3 52,6 523 733 69,5 1000

NC_027927 tomato necrotic dwarf virus 542 532 524 52,5 530 52,4 525 53,0 523 532 525 52,8 52,7 52,0 52,8 516 51,8 533 736 69,8 77,2 100,0

NC_009032 tomato torrado virus 52,1 51,1 50,1 50,7 50,7 506 507 50,2 29,6 50,7 52,5 52,5 52,5 525 525 515 504 506 66,4 64,6 659 659 100,0
ANA2 (a2) CaTv1 CsTLV-1 CsTLV-1 CSTLV-1 CsTLV-1 CsTLV-1 CsTLV-1 CSTLV-1 CsTLV-1 CsTLV-1 CsTLV-2 CsTLV-2 CsTLV-2 CsTLV-2 CsTLV-2 LNLCV MyMoV/ ReCTV1 ToChsV. ToChV. ToMarV' ToNDV ToTv.

NC_025480 Dscdo7 Dscdo9 DSC492 DSCG4 DSCGS. P26 2E 513 SRR1050897 MF449522 0K040226 AJ1_S86 P26_P27_4C P27 6F P27 6G_1 P27 6G_2 NC_035219 NC_035220 KY113160 NC_013076 FI560490 NC 010988 NC_027927 NC_009032

NC_025480 carrot torradovirus 1 100,0

DSC407 cassava torrado-like virus 1 380 100,0

DSC409 cassava torrado-like virus 1 380 99,9 1000

DSC492 cassava torrado-like virus 1 382 9,4 99,4 1000

DSCGA cassava torrado-like virus 1 380 99,9 99,9 99,5 100,0

DSCGS cassava torrado-like virus 1 380 99,9 99,9 99,5 100,0 100,0

P26_2E cassava torrado-like virus 1 382 9,4 9,4 1000 %5 9,5 100,0

SRR1050897 cassava torrado-like virus 1 381 9,6 99,6 99,5 9,7 99,7 9,5 1000

MF449522 cassava torrado-like virus 1Sec13 379 98,3 98,2 98,4 98,4 98,4 98,4 98,4 1000

OK040226 cassava Torrado-like virus 1 Yop12 380 9,6 99,6 99,5 99,7 99,7 9,5 99,7 98,4 100,0

AJ1_S86 cassava Torrado-like virus 2 384 60,7 60,7 60,7 60,7 60,7 60,7 60,9 60,7 60,7 1000

P26_P27_4C cassava torrado-like virus 2 379 61,1 61,1 61,1 61,1 61,1 61,1 61,2 608 61,1 98,2 1000

P27_6F cassava torrado-like virus 2 79 61,1 61,1 61,1 61,1 61,1 61,1 61,2 608 61,1 98,2 1000 100,0

P27_6G_1 cassava torrado-like virus 2 386 60,6 60,6 606 606 60,6 60,6 60,8 606 60,7 97,3 97,6 976 100,0

P27_6G_2 cassava torrado-like virus 2 379 61,1 61,1 61,1 61,1 61,1 61,1 61,2 608 61,1 98,2 1000 100,0 97,6 100,0

NC_035219 lettuce necrotic leaf curl virus 51,1 357 35,7 358 35,7 357 358 358 35,7 357 356 355 355 355 355 1000

NC_035220 motherwort yellow mottle virus 53,4 366 371 368 366 366 3638 368 369 368 37,7 374 374 374 374 550 1000

KY113160 red clover torradovirus 1 52,2 362 362 363 362 362 363 364 363 363 37,7 372 372 372 372 57,9 580 100,0

NC_013076 tomato chocolate spot virus 374 341 34,2 343 341 34,1 343 342 352 342 361 362 362 364 362 358 371 367 100,0

FJ560490 tomato chocolate virus 36,0 354 356 353 354 354 353 355 352 355 356 357 357 366 357 350 368 36,0 769 100,0

NC_010988 tomato marchitez virus 374 346 347 347 346 346 347 34,6 34,7 347 34,6 34,4 34,4 34,0 38,4 36,5 371 36,0 83,0 76,4 1000

NC_027927 tomato necrotic dwarf virus 381 35,0 351 34,7 350 35,0 347 347 353 347 353 346 346 346 346 36,4 378 368 837 76,0 89,7 100,0

NC_009032 tomato torrado virus 373 331 31 334 331 331 334 31 33 331 357 356 356 355 356 356 366 348 696 68,9 69,4 69,1 100,0
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Abstract

Cassava (Manihot esculenta Crantz.) is an important crop in tropical regions and viral diseases
like cassava mosaic disease caused by the potexvirus cassava common mosaic virus (CsCMV)
may be responsible for losses up to 30% in cassava production. In addition to CSCMV, other
potexviruses have been reported infecting cassava plants, including cassava virus X (CsVX)
and cassava colombian symptomless virus (CsCSV) The first report of CsVX in South America
was from 1985, and so far, no CsVX infections in Brazil have been described. Here, we
identified for the first time CsVX and as well as a satellite virus infecting cassava plants in the
Amazon region using High-Throughput Sequencing (HTS) and Sanger sequencing. The
Colombian CsVX sequence (SRR1050897) shares 87.2 % nt and 97.2 % aa identity with the
ORF1 sequence region of CsVX from Venezuela (NC_034375). Nucleotide and amino acid
sequence comparisons of the CP region of CsVX showed the highest identities of 84,7 % and
96,7 % followed by 82,3 % and 97,2 %, respectively, with an assembled CsVX sequence from
Colombia (Bioproject PRINA231851, SRR1050897) and Venezuela (NC_034375). In
additional a novel CsVX sequence was found in the SRA data from China (Bioproject
PRINA578024, SRR10480878), suggesting a possible introduction of this virus. For the first
time we describe nearly complete sequences of CsVX from Brazil, China and Colombia. The
potential impacts of infections in cassava by the new potexvirus and the satellite virus in Brazil
are yet to be determined.

Keywords: Manihot esculenta (Crantz.); cassava potexviruses; High-Throughput Sequencing
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Introduction

Cassava (Manihot esculenta Crantz.) is an important crop in tropical regions (McCallum et al.
2017). In Brazil, cassava is widely produced for starch (sweet and sour), flours, tapioca or fresh
(in natura) consumption. For the last 10 years Brazil s production has stood between 22 to 25
million tonnes of roots a year, leading as the fourth largest cassava producer in the world (FAO,
2020). Virus diseases like the cassava common mosaic disease caused by the potexvirus cassava
common mosaic virus (CsCMV) are serious impediments to crop productivity and can cause
losses up to 30% in the Brazilian cassava production (Venturini et al., 2016). In addition to
CsCMV, cassava virus X (CsVX) (Chaparro-Martinez and Trujillo-Pinto 2001), and cassava
colombian symptomless virus (CsCSV) have been found in cassava plants (Alabi et al. 2011;
Carvajal-Yepes et al. 2014, Oliveira et al. 2020) also occurring in mixed infections, in plants
from Colombia showing symptoms of Frog Skin Disease (FSD) (Harrison et al. 1986, Lennon
et al. 1985, Lennon et al. 1986, Nolt et al. 1992). Potexviruses are mechanically transmitted
viruses and have no known vectors. Because cassava is a vegetatively propagated crop, multiple
viruses can accumulate and are maintained over cultivation cycles in infected plants grown from
infected cassava stem cuttings (Lozano et al. 2017).

The genus Potexvirus in the family Alphaflexiviridae has 49 species approved by the
International Committee on Taxonomy of Viruses (ICTV). The single-stranded genomic RNA
is between 5800-7000n size and encodes five ORFs flanked by a 5'-methyl guanosine cap and
a 3'-polyadenylated tail. The ORF1 encodes the viral replicase (RdRp) (King et al. 2012). The
overlapping ORFs 2, 3 and 4 encode the triple block proteins, TGB1, TGB2 and TGB3,
respectively, that are involved in cell-to-cell t and long-distance movement (Park et al. 2014).
The ORF5 encodes the coat protein (CP), which is also required for cell-to-cell movement
(Kreuze et al. 2020) and virion assembly. In cassava Colombian symptomless virus and cassava
virus X TGB3 is missing.

Previous studies have shown that the viral diversity in cassava is underestimated (Carvajal-
Yepes et al. 2014; Zinga et al. 2013). We therefore undertook this study to resolve the diversity
of viruses infecting cassava in Amazon, Brazil. Using High-throughput sequencing (HTS), we
investigated cassava samples from Amazon, to reveal the presence of potexviruses, which we

compared to virus sequences deposited in the Sequence Read Archive (SRA) of NCBI.
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Material and methods

RNA extraction, High-Throughput Sequencing, and SRA database analysis

Total RNA was isolated asymptomatic cassava leaves collected from the Cassava Germplasm
Bank area of Embrapa Amazonia Oriental (Amazon, Brazil) using the PureLink@ kit for viral
RNA/DNA Miniprep (Thermo Fisher Scientific/Invitrogen, MA, USA) following the
manufacturer’s protocol. The RNA was sequenced (AJB1 S86 Rl.fastq and
AJB1 S86 R2.fastq) using the lllumina HiSeq 2500 platform with 100-base paired-end reads
at the Centro de Genomica Funcional-ESALQ (University of Sdo Paulo, Piracicaba, Brazil). In
addition, two files available from the Sequence Read Archive (SRA) database of GenBank,
Bioproject PRINA231851-SRR1050897, and Bioproject PRINA578024-SRR10480878 of

Colombia and China, respectively, were used for genome assembly.

Bioinformatic pipeline for assembling viral genomes and secondary structure analysis
The bioinformatics analyses followed a pipeline for plant viral genomes assembly previously
described by Blawid et al. 2017. The reads quality was checked using FastQC v. 0.11.9
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and quality and adapter trimming
were performed with Trimmomatic v. 0.36. (Bolger et al. 2014), using the following
parameters:ILLUMINACLIP: TruSeq3-PE.fa:2:30:10, SLIDINGWINDOW:4:20, MINLEN:
36, LEADING:20 and TRAILING:20. Reads were de novo assembled with SPAdes v3.11.1
(Bankevich et al. 2012) in careful mode, using k-values of 21, 33, 55 and 77. After assembling
the contigs, tBlastx searchers were performed in Geneious v.11.0.5 using a hand-made plant
RefSeq virus database from 9361 sequences downloaded from the NCBI. Viral contigs were
extended through consecutive mappings of the reads using the Geneious assembler (performing
5 iterations per mapping with medium-low sensitivity). Genome annotation of viral sequences
were performed in Geneious with the help of local alignment tools of the NCBI
(https://blast.ncbi.nlm.nih.gov), UniProt (The UniProt Consortium, 2021), Pfam (Mistry et al.
2021) and the Simple Modular Architecture Research Tool (SMART) (Letunic et al. 2021). The
final assembled sequence was used for designing specific primers to amplify a fragment of 1355
nt of cassava virus X ORF1. The consensus secondary structures of 5"-UTRs of CsVX and
cassava satellite virus were constructed with RNAalifold from the Vienna RNA Web Services
(http://rna.tbi.univie.ac.at/cgi-bin/fRNAWebSuite/RNAalifold.cgi).


https://www.ncbi.nlm.nih.gov/bioproject/578024
https://blast.ncbi.nlm.nih.gov/
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Virus detection

Fourteen cassava samples (CPATU 147, CPATU 448, CPATU 452, CPATU 390, CPATU 025,
CPATU 016, CPATU 507, CPATU 322, CPATU 232, CPATU 229, CPATU 013, CPATU 250,
CPATU 183, and CPATU 592) were collected from the Cassava Germplasm Bank area of
Embrapa Amazonia Oriental, Brazil. For virus detection, total RNA was extracted using a
modified protocol of the CTAB method (Doyle and Doyle 1990). Two-step RT-PCR was
performed using the Moloney murine leukemia virus (MMLYV) reverse transcriptase
(Invitrogen™) to cDNA synthesis of pooled samples with four RNA each, and
oligodeoxyribonucleotides d(N)e random primers. PCR temperature cycling conditions were as
follows: 80 °C for 1 min for a manually hot start; initial denaturation at 95 °C for 3 min, 35
cycles of 95 °C for 30 s, 51 °C for 1 min and 72 °C for 1 min and 25 s; and a final extension at
72 °C for 10 min using the Invitrogen Platinum Tag DNA Polymerase. For this reaction, specific
primers potex-624F (5’-CCA AAT AAT GCT CCC AAT TAA GT-3’) and potex-1978R (5°-
ATA TTG AGT CAG TAG CAC GAG A-3’) were employed. RT-PCR of positive pooled
samples were tested individually for CsCVX. Amplicons were excised, purified, and sequenced
by Sanger sequencing. For the Sanger sequencing of amplified cassava satellite fragments (538
nt), the primers SAT-272F (5’-AAC CAC TCT CGC CAG AAA GG-3’) and SAT-809R (5’-
CGATTT GTG GGT CCG GGT AT-3’) were used.

Sequence and phylogenetic analysis

Three assembled CsVX sequences (AJB1_S86, SRR1050897 and SRR10480878) and the
following sequences of the Potexvirus genus available at NCBI were used for phylogenetic
analysis: actinidia virus X (AcVX, NC_028649), allium virus X (NC_012211), alstroemeria
virus X (AVX, NC_007408), alternanthera mosaic virus (AltMV, AY863024) ambrosia
asymptomatic virus 1 (AAV1, KF421905), asparagus virus 3 (AV3, NC_010416), babaco
mosaic virus (BabMV, NC_036587), bamboo mosaic virus (BaMV, NC_001642), cactus virus
X (CVX, NC_002815), cassava colombian symptomless virus (CsCSV, KC505252), cassava
common mosaic virus (CsCMV, KT002439, NC_001658, MW175326, MN243731,
MT038420, KT002435 and MN428639), cassava virus X (CsVX, NC_034375), citrus yellow
mottle-associated virus (CiYMaV, MK957246), citrus yellow vein clearing virus (CYVCYV,
NC_026592), cnidium virus X (CnVX, LC460456), cymbidium mosaic virus (CymMV,
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NC_001812), euonymus yellow mottle-associated virus (EYMaM, MK572000), euonymus
yellow vein virus (EYVV, NC_035190), foxtail mosaic virus (FoMV, NC_001483), hosta virus
X (HVX, NC_011544), hydrangea ringspot virus (HdRSV, NC_006943), indian citrus ringspot
virus (ICRSV, NC_003093), lettuce virus X (LeVX, NC_010832), lily virus X (LVX,
NC _007192), malva mosaic virus (MalMV, NC_008251), mint virus X (MVX, NC_006948),
narcissus mosaic virus (NMV, NC_001441), nerine virus X (NVX, NC_007679), opuntia virus
X (OpVX, NC_006060), papaya mosaic virus (PapMV, NC_001748), pepino mosaic Virus
(PepMV, NC_004067), phaius virus X (PhVX, NC_010295), pitaya virus X (PiVX,
NC_024458), plantago asiatica mosaic virus (PIAMV, NC_003849), potato aucuba mosaic
virus (PAMV, NC _003632), potato virus X (PVX, NC_011620), scallion virus X (SVX,
AJ316085), schlumbergera virus X (SchVX, NC _011659), senna mosaic virus (SenMV,
NC_030746), strawberry mild yellow edge virus (SMYEV, NC_003794), tamus red mosaic
virus (TRMV, NC_016003), tulip virus X (TVX, NC_004322), turtle grass virus X (TGVX,
NC_040644), vanilla virus X (VaVX, NC_035205), yam virus X (YVX, NC_025252) and
zygocactus virus X (ZyVX, NC_006059).

Multiple sequence alignments were generated with the MAFFT v.7 program (Katoh et al. 2019).
The best model of amino acid evolution was estimated with ProtTest v.3.4.2 (Darriba et al.,
2011), using the Bayesian Information Criterion (BIC) (Schwarz, 1978). Phylogenetic
reconstructions were performed with MrBayes v.3.2.6 (Ronquist et al. 2012), using the
LG+I+G+F model for ORF1 and LG+G+F model for CP regions with 10.000.000 generations,
1000 sample frequency and 10 % of burnin. Phylogenetic trees were visualized with Figtree
v.1.4.4 (http://tree.bio.ed.ac.uk/software/fgtree/). Dendroscope (version 3.8.2) was used to
compare phylogenetic trees using a tanglegram algorithm (Huson and Scornavacca, 2012) and
InkScape (https://inkscape.org/) was used to edit tree graphic formats. The identity scores were
calculated with the Sequence Demarcation Tool v1.2 (SDT) (Muhire et al. 2014).

Results

High-Throughput Sequencing analysis

Three nearly-complete genomes of CsVX were assembled from the AJB1 S86, SRR1050897
(Colombia) and SRR10480878 (China) datasets. The HTS dataset AJB1 S86 of Amazon
generated a total number of viral contigs of 56524, of which 14 were contigs of cassava virus
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X. Reads of the SRA database (SRR10480878 and SRR1050897) of GenBank were assembled
into 104278 and 43285 contigs, of which 22 and 13 matched to CsVX sequences, respectively
(Table 1). The near-complete genome sequences of CsV X from Colombia (SRR1050897) were
assembled with an average coverage of 146X (1,963 reads); from China (SRR10480878) with
50X (772 reads) and from Brazil with 133X (1,607 reads). Among the contigs that showed high
identities with satellite sequences (Table 1), the cassava satellite virus sequence (coverage
361X, 1,630 reads) was assembled from the AJB1_S86 data, and it was found only in samples

from Brazil.

Table 1 Information of the HTS datasets and bioinformatics analysis.

HTS Country RBT* RAT %T TC  Contigs of CsVX
AJB1 S86 Brazil 17254734 15147828 12.2 56524 14
SRR10480878 China 275635662 26210411 9.5 104278 22
SRR1050897 Colombia 13725068 11253093 18 43295 13

*RBT: Reads before trimming, RAT: Reads after trimming, %T: Percentage trimmed, TC: Total
contigs

Characterization and genome structure and detection of the cassava virus X and cassava
satellite virus

The assembled genomes of CsVX ranged from 5801-5927 nt, excluding Poly-A tails. The full-
length ORF1 gene varied in size from 3912 to 3930 nt, and the TGB1 gene from 693 to 699 nt.
The TGB2 gene was 300 nt long and the CP was 648 nt in all sequences from Brazil, China and
Colombia. The CP sequence from Venezuela consisted of 645 nt (Table 1).

SMART analysis of the coding sequence of CsVX ORF1 revealed three domains of
Methyltransferase (Met, aa positions 39-331), Helicase (Hel, aa positions 588-821) and RNA-
dependent RNA polymerase (RdRp, aa positions 973-1293) in the order from the N- to C-
terminus. The ORF1 aa sequence has the DxxR motif (123-126 aa) and glycine-rich motif
GXGXG (208-212 aa) in the Met domain. The GKS (597-599 aa) (Li et al. 2001) and TYSSSQG
(778-784 aa) motifs were found in the helicase domain, and the HQQAKDE (917-923 aa),
KSQWVKK (1018-1024 aa), GTMARY (1051-1056 aa), QDGAML (1106-1111 aa) (van der
VLUG; BERENDSEN, 2002), TGEGPTFDANTE (1151-1162 aa), and GDD (1181-1186 aa)
(Lozano et al. 2017) motifs in the RdRp domain. The TGB1 protein contains the
AVAGAGKTT (34-42 aa) and PDILDE motifs (80-85 aa) (Lozano et al. 2017). The RNA-CP
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binding motif (RFAAFDFFDAV/KFAAFDFFDAYV, 141-151 aa) was detected in the CP
sequence (Fig. 1) (Alvarez-Quinto et al. 2017).

GAAAC
Z}. SPU 10IOU 15I00 ZOIOU 25|00 SOPO 35I00 4OIUIJ 45?0 SOPU 55I00 592;!
= ORF1 © TGB1 cp — A(n)
Met Hel » ) RdRp [ TGB2 )
) ) ) ) HQQAKDE % ) ) / PDILDE RFAAFDFFDAV
ksqwvkk: P ! AVAGAGKTT
DFSR GHGGG GKS TYSSSQG GTMARY; i GDD
QDGAM ;
L TGEGPTFDANTE

CsVX-624F 1355,  CsVX-1978R

Fig. 1 Schematic representation and characterization of the genome organization of cassava
virus X, based on the AJB1 S86 sequence. The genome sequence starts with the typical
potexvirus motif (GAAAC). ORFs are represented by a dark gray box indicating the viral sense
(+) orientation. Conserved domains of Methyltransferase (Met), Helicase (Hel) and RNA-
dependent RNA polymerase (RdRp) with motifs marked with black triangles. Primers (CsVX-
624F and CsVX-1987R) used to amplify a 1355 bp fragment for Sanger sequencing are shown.

From the RT-PCR pooled samples, only the one containing samples CPATU 147, CPATU 448,
CPATU 452, CPATU 390, CPATU 390was positive for CsVX. Further investigation
demonstrated that only samples from Bahia Agara were positive for CsVX and the cassava
satellite virus. The CsVX amplified fragment of 1355 bp and the cassava satellite fragment (538
bp) were confirmed by Sanger sequencing. The cassava satellite virus genomic sequence is
1204 nt and has two ORFs. ORF1 is 471 nt long and putatively codes for a protein of 156 aa.
An overlapping AUGA start/stop codons were found at the end of ORF1. A conserved domain
of potexvirus CP was detected in the ORF1 aa sequence with SMART (Pfam database, Fig. 2).
The ORF2 is 273 nt and putatively codes for a protein of 90 aa (Fig. 2). Blastn with
discontiguous megablast mode using the complete assembled cassava satellite virus sequence
resulted in 95.08% nt identity (query cover 100%) with the Brazilian sequence of cassava
satellite (KY607769) and 73.38% (cover 29%), respectively, with the grapevine satellite virus
sequence from USA (MH802033). Similar results were obtained with Blastp searchers. The
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ORF1 aa sequence revealed 97.08% (cover of 87%) identity with the ORF1 aa sequence of the
Brazilian cassava satellite virus (YP_009345894), followed by 62.22% (cover of 85%) with the
grapevine satellite virus (QBZ78379) ORF1 aa sequence from USA. The ORF2 aa sequence
shares 100% identity with the ORF2 of the cassava satellite virus followed by 38.46% identity
with the grapevine satellite virus sequence (YP_008083723). Sequence alignment of the first
53 nt of 5’-UTRs of the Brazilian CsVX and cassava satellite virus (Fig. 2) showed 54,7%
identical sites, indicating the possibility that CsVX may act as the helper virus. A predicted
consensus secondary structure of the aligned 5 -UTR of CsVX and the cassava satellite virus is
shown at Figure 2.
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Fig. 2 Schematic representation and characterization of the cassava satellite virus sequence
found in the AJB1 S86 HTS (A) 5’-UTR structural alignment showing the predicted consensus
secondary structure (dot bracket annotation) (B) and conserved structure with mutational
pattern. Colors indicate levels of incompatible pairs according to the RNAalifold schema: dark
red color indicates high compatibility and conservation according to the legend (C). Genomic
sequence starts also with the GAAAC motif, as found for CsVX. ORFs are represented by a
dark gray box indicating the satellite sense (+) orientation. Conserved domain of CP is
represented with a light gray box. Primer SAT-272F and SAT-809R were used to amplify a 538

bp fragment and are shown below the schematic picture.

SDT sequence comparisons and Bayesian inference

SDT comparisons of all CsVX sequences showed that nt and aa identities varied from 82.9-
89.6% and 94.6-98.9%, respectively, in the ORF1 region, 75.1-89.6% and 80.4-94.2% in the
TGB1 and 69.0-82.3% and 73.7-91.9% in the TGB2 region, respectively. Comparisons
performed with the CP region showed that CsVVX isolates shared nt and aa identities that ranges
from 81.3-91.8% and 93.0-97.7%, respectively (Supplementary file 1). The Colombian CsVX
sequence (SRR1050897) shares 87.2 nt and 97.2% aa identities with the sequence from
Venezuela (NC_034375) in the ORF1 region, and 84.7 nt and 96.7% aa, respectively, in the CP
region. According to the SDT analyses (Table 2), the Brazilian sequence (AJB1_S86) showed
a lower percentage of identities with the Venezuelan sequence, of 82.9 (nt) and 94.9% (aa) in
the ORF1 and 82.3 (nt) and 97.2% (aa) in the CP regions.
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Table 2 Sequence lengths and pairwise sequence identity scores from SDT analysis (nt and aa) of the ORF1, TGB1, TGB2 and CP regions

of cassava potexviruses. Comparisons were performed using the cassava virus X sequence from Venezuela (NC_034375) as reference.

length (nt) Sequence Isolate ORF1 TBG1 TBG2 CP
AJB1_S86 cassava virus X Brazilian 3930 699 300 648
SRR1050897 cassava virus X Colombian 3912 693 300 648
SRR10480878 cassava virus X Chinese 3915 693 300 648
NC_034375 cassava virus X Venezuelan 3915 693 300 645
% identity (nt) Sequence Isolate ORF1 TBG1 TBG2 CcP
KT002439 cassava common mosaic virus isolate Arg1271 55,0 51,3 50,8 53,7
MT279196 cassava common mosaic virus isolate BR 55,5 50,3 56,9 53,9
NC_001658 cassava common mosaic virus Brazilian 55,0 55,0 52,0 55,6
MW175326 cassava common mosaic virus Hainan-CM 55,8 53,5 55,7 53,8
MN243731 cassava common mosaic virus Hainan-DZ 55,5 53,8 52,3 55,6
MT038420 cassava common mosaic virus LG 54,8 54,6 58,9 53,5
KT002435 cassava common mosaic virus Mcol221 55,0 53,2 51,2 55,8
MT334616 cassava common mosaic virus PisVera 57,8 58,0 52,4 42,5
MN428639 cassava common mosaic virus China 55,3 53,6 52,9 55,2
AJB1_S86 cassava virus X Brazilian 82,9 75,9 74,3 82,3
SRR1050897 cassava virus x Colombian 87,2 83,8 79,7 84,7
SRR10480878 cassava virus x Chinese 86,9 83,0 82,3 83,6
KY288505 cassava virus x CM546010* 88,4 82,2 78,7 83,7
KC505252 cassava colombian symptomless virus Colombian 64,8 53,3 60,0 67,4
% identity (aa) Sequence Isolate ORF1 TBG1 TBG2 CP
KT002439 cassava common mosaic virus isolate Argl1271 48,8 34,1 22,2 41,1
MT279196 cassava common mosaic virus isolate BR 48,5 33,2 25,5 42,5
NC_001658 cassava common mosaic virus Brazilian 48,1 32,7 21,2 43,0



MW175326 cassava common mosaic virus
MN243731 cassava common mosaic virus
MT038420 cassava common mosaic virus
KT002435 cassava common mosaic virus
MT334616 cassava common mosaic virus
MN428639 cassava common mosaic virus
AJB1_S86 cassava virus x

SRR1050897 cassava virus x

SRR10480878 cassava virus x

KY288505 cassava virus x

KC505252 cassava colombian symptomless virus

Hainan-CM
Hainan-DZ
LG
Mcol221
PisVera
China
Brazilian
Colombian
Chinese
CM546010
Colombian

48,1
48,5
48,4
48,3
52,4
48,5
94,9
97,2
97,3
98,9
71,3

33,2
32,7
32,7
32,7
32,3
32,7
81,3
91,3
88,7
88,8
50,0

25,5
21,2
25,5
23,7
22,2
21,2
78,8
83,8
87,9
80,8
55,7

43,5
42,5
41,6
43,0
42,5
43,0
97,2
96,7
96,7
94,4
77,1

79
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Bayesian inference was performed using the ORF1 aa and CP coding regions of CsVX. Runs
were stopped with an average standard deviation of the division frequencies of 0.000864 and
0.003290, respectively. Phylogenetic analysis showed the formation of a single clade including
all CsVX sequences and the cassava Colombian symptomless virus sequence, suggesting a
close phylogenetic relationship (Fig. 3 and Fig. 4). The tanglegram of trees revealed
topological concordance between CsVX and CsCSV clades. CsVX shows a closer relationship
to CsCSV than to CSCMV (Supplementary file 2).
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Fig. 3 Bayesian phylogenetic reconstruction of potexviruses based on the amino acid alignment
of the ORF1 (1294 aa aligned sites).
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Fig. 4 Bayesian phylogenetic reconstruction of potexviruses based on the amino acid alignment
of the CP (205 aa aligned sites).
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Discussion

The Potexvirus genus is composed of 49 species approved by the ICTV, of which three species
have been reported infecting infect cassava plants: cassava common mosaic virus, cassava
colombian symptomless virus and cassava virus X (Kreuze et al. 2020). CsCSV and CsVX are
known to lack the TGB3 gene (Lozano et al. 2017). CsVX was first reported infecting cassava
in 1985 (Harrison et al. 1986, Lennon et al. 1985). In 1992, CsVV X was first described in mixed
infections in South America (Colombia) infecting cassava plants expressing symptoms of Frog
Skin Disease (FSD) (Carvajal-Yepes et al. 2014), and earlier reports show that CsVX
transmitted by mechanical inoculation from herbaceous test plants to cassava cultivars quickly
develop symptoms in leaves, but not in directly inoculated cassava plants (Lennon et al., 1985).
Similar results were shown by Chaparro-Martinez and Trujillo-Pinto in 2001, in which
cultivated cassava plants did not express symptoms in the field, although the transmission of
CsVX through infected cuttings was 100% effective. Also, Lozano et al. (2017) reported that
cassava plants infected with CsVX and CsCSV did not express symptoms in mechanical
transmission experiments. According to the authors the only potexvirus that causes disease in
single infections is CsSCMV, which has been found in cassava plants in Brazil (Costa and
Kitajima, 1972; Kitajima et al. 1965) and Cnidoscolus chayamansa in Tuvalu and VVenezuela
(Jones et al. 1998; Mejias et al. 2015). Symptoms of CsVX are, however, expressed in
mechanically inoculated Chenopodium quinoa and with lower efficiency in Nicotiana
benthamiana plants (Lennon et al. 1986, Lozano et al. 2017). Therefore, it is still necessary to
understand the dynamics of CsVX and CsCSV in mixed infections in cassava and their
relationship to the host.

In this work we report for the first time CsVX in cassava plants in the Brazilian Amazon region.
We also used SRA data to assemble near-complete genome sequences from Colombia and
China. Since isolates of the same species of the genus Potexvirus have more than 72% nt or
80% aa identity when compared to their CP or RdRp genes (King et al. 2012), the three
assembled sequences are classified as isolates of CsVX. The Brazilian sequence showed a lower
nt identity to the sequence from Venezuela than from China and Colombia. Therefore, sequence
identity comparisons showed that diversity is not related to geographical location, since the
Chinese isolate of CsVX is more closely related to other South American isolates than the
Brazilian isolate. Bayesian analysis showed the formation of a single clade of CsVX sequences
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with CsCSV, and therefore, they are phylogenetically closer than the CSCMV isolates. These
results are in agreement with previous studies (Lozano et al. 2017; Kreuze et al. 2020).

In this work a cassava satellite virus sequence was assembled from the same plant in which
CsVX was found. The satellite sequence contains two ORFs. The ORF1 aa sequence has a
potexvirus CP domain that is also found in sequences of bamboo mosaic virus satellite RNA
(BaMV, Q6XXR6) and panicum mosaic satellite virus (1STM_E). Bamboo mosaic satellite
RNA (satBaMV) depends on the bamboo mosaic potexvirus for its replication and
encapsidation. However, satBaMV RNA can undergo autonomous long-distance movement in
the absence of BaMV (Chang et al. 2016), and it contains a single ORF encoding a protein that
has an arginine-rich motif at its N-terminal and shares little homology to BaMV, except for its
5’-UTR. Satellite BaMV mimics the secondary structures of 5’- and 3’-UTRs of BaMV, in
which the conserved apical hairpin stem loop (AHSL) downregulates BaMV replication (Lin
and Lin, 2017). Interestingly, we also found relatively high sequence identity between the first
53 nt of 5"-UTRs of CsVX and cassava satellite, and a consensus secondary structure from the
5°-UTRs. Therefore, it is tempting to suggest that CsVX may act as the helper virus for cassava
satellite virus. CsVX lacks the TGB3 gene and seems to be dispensable for systemic infection
of cassava (Lozano et al. 2017), having rather an important effect in cell-to-cell movement than
in systemic movement. Future biological experiments should be performed to confirm if
cassava satellite virus plays a role in long-distance movement in CsVX infected cassava plants,
symptomatology, or even viral replication.

Last, cassava-infecting potexviruses have re-emerged in recent years in South America
(Collavino et al. 2021; Zanini et al. 2018) and China (Tuo et al. 2020; You et al. 2020). CsVX
was found in HTS data from China showing high nt identities to sequences from South America.
Despite the importance of exchanging cassava germplasm materials, it is important to avoid
new viral introductions, especially from those latent where symptom expression might depend
on specific environmental conditions. It is possible, for instance, that latent infections caused
by potexviruses and/or torradoviruses might trigger root symptoms in cassava under rainforest
tropical conditions in South America. Finally, this work strives to shed light on potexvirus

diversity in cassava in the Amazonian tropical environment.
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Supplementary file 1 Distance matrix of SDT analysis of the ORF1, TGB1, TGB2 and CP (nt and aa) of cassava potexviruses.

ORF1nt KC505252  KT002439 MT279196 NC_001658 MW175326 MN243731 MT038420 KT002435 MT334616 MN428639 AJB1_S86 SRR1050897 SRR10480878 KY288505 NC_034375

CsCSV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsvX CsvX CsvX CsvX CsvX

KC505252 cassava colombian symptomless virus 100,0

KT002439 cassava common mosaic virus (isolate Arg1271) 55,1 100,0

MT279196 cassava common mosaic virus (isolate BR) 56,0 89,4 100,0

NC_001658 cassava common mosaic virus (isolate Brazilian) 56,6 885 88,5 100,0

MW175326 cassava common mosaic virus (isolate Hainan-CM) 55,4 89,4 94,7 88,2 100,0

MN243731 cassava common mosaic virus (isolate Hainan-DZ) 55,5 88,7 88,7 90,1 88,2 100,0

MT038420 cassava common mosaic virus (isolate LG) 55,6 89,2 933 88,2 93,7 88,6 100,0

KT002435 cassava common mosaic virus (isolate Mcol221) 56,0 88,9 88,8 98,5 88,5 90,4 88,8 100,0

MT334616 cassava common mosaic virus (isolate Pis\Vera) 56,6 88,9 88,4 93,7 88,3 91,0 88,7 94,1 100,0

MN428639 cassava common mosaic virus (isolate China) 55,2 88,7 88,7 90,4 88,2 98,9 88,6 90,7 91,0 100,0

AJB1_S86 cassava virus x (Brazil) 65,8 54,6 54,8 55,0 54,9 54,3 53,8 55,1 56,8 54,3 100,0

SRR1050897 cassava virus x (Colombia) 66,6 55,2 54,9 55,7 55,3 54,3 55,0 55,2 56,9 54,5 83,5 100,0

SRR10480878 cassava virus x (China) 64,7 55,9 54,7 55,4 55,0 55,2 54,2 55,0 56,4 55,2 83,0 874 100,0

KY288505 cassava virus x (isolate CM546010*) 67,0 61,5 60,1 51,3 60,6 60,4 59,3 60,0 60,1 60,4 83,1 89,6 86,7 100,0

NC_034375 cassava virus X (isolate Ven164) 64,8 55,0 55,5 55,0 55,8 55,5 54,8 55,0 57,8 55,3 82,9 87,2 86,9 884 100,0

ORF1za KC505252  KT002439 MT279196 NC_001658 MW175326 MN243731 MT038420 KT002435 MT334616 MN428639 AJB1_S86 SRR1050897 SRR10480878 KY288505 NC_034375

CsCSV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsVX CsVvX CsVX CsVX CsvX

KC505252 cassava colombian symptomless virus 100,0

KT002439 cassava common mosaic virus (isolate Arg1271) 479 100,0

MT279196 cassava common mosaic virus (isolate BR) 48,1 96,9 100,0

NC_001658 cassava common mosaic virus (isolate Brazilian) 47,2 95,7 96,4 100,0

MW175326 cassava common mosaic virus (isolate Hainan-CM) 472 97,4 99,1 96,5 100,0

MN243731 cassava common mosaic virus (isolate Hainan-DZ) 478 97,2 98,1 96,6 98,1 100,0

MT038420 cassava common mosaic virus (isolate LG) 48,2 96,5 97,7 95,2 97,9 97,0 100,0

KT002435 cassava common mosaic virus (isolate Mcol221) 478 96,8 97,5 98,1 97,6 97,8 96,3 100,0

MT334616 cassava common mosaic virus (isolate PisVera) 50,5 98,7 99,4 98,1 99,6 99,2 98,9 99,1 100,0

MN428639 cassava common mosaic virus (isolate China) 417 975 98,3 96,9 98,4 99,7 97,3 98,1 99,4 100,0

AJB1_S86 cassava virus x (Brazil) 72,1 48,7 48,6 48,3 48,6 48,6 48,4 48,6 52,6 48,6 100,0

SRR1050897 cassava virus x (Colombia) 72,4 48,7 48,6 48,3 48,6 48,6 48,4 48,5 52,5 48,6 94,9 100,0

SRR10480878 cassava virus x (China) 72,0 48,8 485 48,0 485 48,7 483 48,3 52,5 48,7 94,6 97,3 100,0

K'Y288505 cassava virus x (isolate CM546010%*) 73,9 58,3 57,5 57,3 57,5 57,5 57,2 57,7 57,5 57,5 97,0 98,7 98,7 100,0

NC_034375 cassava virus x (isolate Ven164) 71,3 488 485 48,1 48,1 485 484 483 52,4 485 94,9 97,2 97,3 98,9 100,0
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TGBL nt KC505252  KT002439 MT279196 NC_001658 MW175326 MN243731 MT038420 KT002435 MT334616 MN428639 AJB1_S86 SRR1050897 SRR10480878 KY288505 NC_034375

CsCSV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsVX CsVX CsVX CsVX CsVX

KC505252 cassava colombian symptomless virus 100,0

KT002439 cassava common mosaic virus (isolate Argl271) 53,9 100,0

MT279196 cassava common mosaic virus (isolate BR) 51,1 874 100,0

NC_001658 cassava common mosaic virus (isolate Brazilian) 52,5 86,9 86,9 100,0

MW175326 cassava common mosaic virus (isolate Hainan-CM) 51,9 87,5 93,0 86,4 100,0

MN243731 cassava common mosaic virus (isolate Hainan-DZ) 51,8 87,2 87,1 90,8 86,9 100,0

MT038420 cassava common mosaic virus (isolate LG) 52,4 88,9 93,1 87,4 93,4 87,1 100,0

KT002435 cassava common mosaic virus (isolate Mcol221) 51,4 87,2 86,9 98,9 86,6 90,7 87,8 100,0

MT334616 cassava common mosaic virus (isolate PisVera) 51,0 86,9 874 93,5 85,8 91,5 86,9 92,7 100,0

MN428639 cassava common mosaic virus (isolate China) 51,8 87,1 86,9 90,9 86,8 99,9 86,9 90,8 91,4 100,0

AJB1_S86 cassava virus x (Brazil) 52,0 53,7 51,1 554 52,3 52,1 52,3 55,2 53,7 52,0 100,0

SRR1050897 cassava virus x (Colombia) 55,7 50,9 49,7 54,6 49,7 50,2 50,7 52,5 51,6 50,8 76,6 100,0

SRR10480878 cassava virus X (China) 54,4 51,3 51,1 50,6 50,2 51,6 51,8 50,8 50,2 51,8 755 84,6 100,0

K'Y288505 cassava virus X (isolate CM546010) 56,6 50,2 50,3 53,7 52,8 50,8 515 52,9 53,7 50,9 751 89,6 83,4 100,0

NC_034375 cassava virus X (isolate \Ven164) 53,3 51,3 50,3 55,0 53,5 538 54,6 53,2 58,0 53,6 75,9 838 83,0 82,2 100,0

TGB1 aa KC505252  KT002439 MT279196 NC_001658 MW175326 MN243731 MT038420 KT002435 MT334616 MN428639 AJB1_S86 SRR1050897 SRR10480878 KY288505 NC_034375

CsCSV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsVX CsVX CsVX CsVX CsVX

KC505252 cassava colombian symptomless virus 100,0

KT002439 cassava common mosaic virus (isolate Argl271) 315 100,0

MT279196 cassava common mosaic virus (isolate BR) 304 96,5 100,0

NC_001658 cassava common mosaic virus (isolate Brazilian) 30,8 93,9 95,7 100,0

MW175326 cassava common mosaic virus (isolate Hainan-CM) 29,9 95,2 98,7 94,4 100,0

MN243731 cassava common mosaic virus (isolate Hainan-DZ) 29,5 96,1 97,4 96,1 96,1 100,0

MT038420 cassava common mosaic virus (isolate LG) 30,4 95,2 98,7 94,4 97,4 96,1 100,0

KT002435 cassava common mosaic virus (isolate Mcol221) 30,8 94,4 96,1 99,6 94,8 96,5 94,8 100,0

MT334616 cassava common mosaic virus (isolate PisVera) 30,4 94,4 95,2 98,7 93,9 96,5 93,9 99,1 100,0

MN428639 cassava common mosaic virus (isolate China) 29,5 96,1 97,4 96,1 96,1 100,0 96,1 96,5 96,5 100,0

AJB1_S86 cassava virus X (Brazil) 49,1 359 355 35,0 355 35,0 350 350 350 350 100,0

SRR1050897 cassava virus x (Colombia) 50,9 32,6 321 31,7 321 31,7 31,7 31,7 31,2 31,7 82,2 100,0

SRR10480878 cassava virus X (China) 51,8 33,2 33,6 31,7 33,6 33,2 332 31,7 31,2 332 82,6 91,3 100,0

K'Y288505 cassava virus X (isolate CM546010) 50,9 35,0 345 34,1 345 34,1 33,6 34,1 336 341 80,4 94,2 88,8 100,0

NC_034375 cassava virus X (isolate \en164) 50,0 34,1 332 32,7 332 32,7 32,7 32,7 323 32,7 813 913 88,7 88,8 100,0
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TGB2 nt KC505252  KT002439  MT279196 NC_001658 MW175326 MN243731 MT038420 KT002435 MT334616 MN428639 AJBL1_S86 SRR1050897 SRR10480878 KY288505 NC_034375

CsCSV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsvX CsVX CsvX CsvX CsVX

KC505252 cassava colombian symptomless virus 100,0

KT002439 cassava common mosaic virus (isolate Arg1271) 48,6 100,0

MT279196 cassava common mosaic virus (isolate BR) 48,2 95,2 100,0

NC_001658 cassava common mosaic virus (isolate Brazilian) 475 94,9 95,5 100,0

MW175326 cassava common mosaic virus (isolate Hainan-CM) 475 94,9 96,1 95,2 100,0

MN243731 cassava common mosaic virus (isolate Hainan-DZ) 47,6 93,7 93,7 94,6 92,8 100,0

MT038420 cassava common mosaic virus (isolate LG) 49,6 934 94,6 93,7 94,9 92,5 100,0

KT002435 cassava common mosaic virus (isolate Mcol221) 47,4 94,3 95,2 99,4 94,9 94,3 934 100,0

MT334616 cassava common mosaic virus (isolate PisVera) 44,6 95,2 95,8 97,3 94,9 95,5 94,0 96,7 100,0

MN428639 cassava common mosaic virus (isolate China) 472 93,1 94,3 94,6 93,4 99,4 93,1 94,3 96,1 100,0

AJB1_S86 cassava virus X (Brazil) 57,1 51,0 52,2 54,0 53,8 52,6 51,7 54,3 51,8 52,6 100,0

SRR1050897 cassava virus x (Colombia) 54,9 50,0 515 51,6 50,5 53,0 55,7 51,3 51,3 52,2 753 100,0

SRR10480878 cassava virus X (China) 58,7 51,4 55,2 54,2 51,9 53,3 56,1 54,2 55,2 58,6 69,0 78,0 100,0

K'Y288505 cassava virus x (isolate CM546010) 64,2 52,8 47,2 51,4 50,2 49,3 52,8 53,8 47,9 475 75,7 87,7 78,7 100,0

NC_034375 cassava virus X (isolate \Ven164) 60,0 50,8 56,9 52,0 55,7 52,3 58,9 51,2 52,4 52,9 743 79,7 82,3 78,7 100,0

TGB2 aa KC505252  KT002439  MT279196 NC_001658 MW175326 MN243731 MT038420 KT002435 MT334616 MN428639 AJBL_S86 SRR1050897 SRR10480878 KY288505 NC_034375

CsCSV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsvX CsvX CsvX CsvX CsVX

KC505252 cassava colombian symptomless virus 100,001

KT002439 cassava common mosaic virus (isolate Arg1271) 26,5 100,0

MT279196 cassava common mosaic virus (isolate BR) 245 96,4 100,0

NC_001658 cassava common mosaic virus (isolate Brazilian) 253 97,3 96,4 100,0

MW?175326 cassava common mosaic virus (isolate Hainan-CM) 27,8 95,5 96,4 95,5 100,0

MN243731 cassava common mosaic virus (isolate Hainan-DZ) 26,5 95,5 95,5 96,4 94,5 100,0

MT038420 cassava common mosaic virus (isolate LG) 25,5 945 96,4 94,5 945 93,6 100,0

KT002435 cassava common mosaic virus (isolate Mcol221) 26,5 95,5 95,5 98,2 94,5 95,5 93,6 100,0

MT334616 cassava common mosaic virus (isolate PisVera) 255 94,5 94,5 96,4 92,7 95,5 93,6 94,5 100,0

MN428639 cassava common mosaic virus (isolate China) 278 945 96,4 96,4 94,5 99,1 94,5 95,5 96,4 100,0

AJB1_S86 cassava virus X (Brazil) 52,0 258 24,7 232 247 24,2 23,7 258 23,2 24,2 100,0

SRR1050897 cassava virus x (Colombia) 54,1 19,6 24,0 20,6 24,0 19,6 24,0 20,6 20,6 19,6 78 100,0

SRR10480878 cassava virus X (China) 53,1 30,2 333 333 333 30,1 333 323 355 32,3 737 82,8 100,0

K'Y288505 cassava virus x (isolate CM546010) 52,0 22,6 215 22,7 18,6 215 18,6 215 22,6 215 788 91,9 81,8 100,0

NC_034375 cassava virus X (isolate Ven164) 55,7 22,2 255 21,2 255 21,2 255 237 22,2 21,2 788 838 87,9 80,8 100,0
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CPrt KC505252  KT002439  MT279196 NC_001658 MW175326 MN243731 MT038420 KT002435 MT334616 MN428639 AJB1_S86 SRR1050897 SRR10480878 KY288505 NC_034375

CsCsV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsvX CsvX CsvX CsvX CsVX

KC505252 cassava colombian symptomless virus 100,0

KT002439 cassava common mosaic virus (isolate Arg1271) 50,5 100,0

MT279196 cassava common mosaic virus (isolate BR) 53,4 90,6 100,0

NC_001658 cassava common mosaic virus (isolate Brazilian) 52,7 90,4 89,0 100,0

MW?175326 cassava common mosaic virus (isolate Hainan-CM) 49,8 89,9 93,9 88,8 100,0

MN243731 cassava common mosaic virus (isolate Hainan-DZ) 49,6 89,7 89,3 92,2 89,1 100,0

MT038420 cassava common mosaic virus (isolate LG) 50,1 92,2 92,8 88,6 933 88,6 100,0

KT002435 cassava common mosaic virus (isolate Mcol221) 51,9 90,0 89,1 99,3 88,4 91,7 88,1 100,0

MT334616 cassava common mosaic virus (isolate PisVera) 38,5 71,6 70,3 74,8 70,9 72,0 70,0 74,3 100,0

MN428639 cassava common mosaic virus (isolate China) 50,1 89,7 89,1 92,3 89,0 98,7 88,4 91,9 72,0 100,0

AJB1_S86 cassava virus X (Brazil) 67,7 53,4 51,2 52,9 53,7 52,6 52,7 52,4 39,2 52,5 100,0

SRR1050897 cassava virus X (Colombia) 67,7 52,5 50,5 50,1 52,4 52,2 50,8 50,1 39,0 51,5 81,8 100,0

SRR10480878 cassava virus x (China) 65,9 55,2 51,1 52,1 53,2 52,7 52,1 52,2 41,8 53,9 81,3 85,5 100,0

KY288505 cassava virus X (isolate CM546010) 67,1 54,0 52,4 50,5 53,2 51,5 51,0 50,7 394 52,6 82,3 91,8 84,7 100,0

NC_034375 cassava virus x (isolate Ven164) 67,4 53,7 53,9 55,6 53,8 55,6 535 55,8 425 55,2 82,3 84,7 83,6 83,7 100,0

CPaa KC505252  KT002439  MT279196 NC_001658 MW175326 MN243731 MT038420 KT002435 MT334616 MN428639 AJBL_S86 SRR1050897 SRR10480878 KY288505 NC_034375

CsCsVv CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsCMV CsvX CsvX CsvX CsvX CsvX

K(C505252 cassava colombian symptomless virus 100,0

KT002439 cassava common mosaic virus (isolate Argl271) 385 100,0

MT279196 cassava common mosaic virus (isolate BR) 39,4 97,4 100,0

NC_001658 cassava common mosaic virus (isolate Brazilian) 38,5 98,3 974 100,0

MW175326 cassava common mosaic virus (isolate Hainan-CM) 39,1 96,9 97,8 98,3 100,0

MN243731 cassava common mosaic virus (isolate Hainan-DZ) 38,6 96,5 95,2 97,4 96,1 100,0

MT038420 cassava common mosaic virus (isolate LG) 389 97,8 98,7 97,8 98,3 95,6 100,0

KT002435 cassava common mosaic Virus (isolate Mcol221) 395 97,4 96,5 99,1 97,4 96,5 96,9 100,0

MT334616 cassava common mosaic virus (isolate PisVera) 376 96,9 96,1 98,7 96,9 96,9 96,5 97,8 100,0

MN428639 cassava common mosaic virus (isolate China) 39,5 96,5 95,6 97,8 96,5 98,7 96,1 96,9 96,5 100,0

AJB1_S86 cassava virus x (Brazil) 75,8 419 428 428 42,8 423 41,9 428 423 42,8 100,0

SRR1050897 cassava virus X (Colombia) 77,2 414 42,3 42,3 423 419 419 42,3 419 423 94,9 100,0

SRR10480878 cassava virus x (China) 76,3 423 433 42,3 423 419 423 42,3 419 423 94,9 95,8 100,0

KY288505 cassava virus x (isolate CM546010) 76,3 40,9 40,9 414 41,4 40,9 40,9 414 40,9 414 93,0 97,7 94,0 100,0

NC_034375 cassava virus X (isolate Ven164) 771 411 425 43,0 435 425 41,6 43,0 425 43,0 97,2 96,7 96,7 94,4 100,0

*Partial sequence
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Supplementary file 2 A tanglegram depicting phylogenetic potexvirus relationships between
inferred Bayesian phylogenetic trees of ORF1 (1294 aa aligned sites) and CP (205 aa aligned
sites) regions. Scale bar indicates 0.1 and 1.0 amino acid substitutions per site of ORF1 and CP,
respectively.
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First report of a polerovirus infecting cassava plants from the Amazon region.

1Géssyka Rodrigues de Albuquerque, 2Alessandra de Jesus Boari 2Elisa Ferreira Moura Cunha,

2Késsia Fatima Cunha Pantoja, Rosana Blawid

1 Universidade Federal Rural de Pernambuco, Recife, Pernambuco, Brazil.

2 Embrapa Amazonia Oriental, Belém, Para, Brazil.

Abstract
The most economically important disease in Latin America is the Cassava Frog Skin Disease

(CFSD) syndrome. Cassava polero-like virus has been reported in mixed infections in cassava
plants exhibiting CFSD-like symptoms. In the present work, we characterized a cassava polero-
like virus found infecting cassava (Manihot esculenta Crantz.) plants of the Amazon region.
For this, total RNA was extracted from 14 different cassava varieties kept by the Cassava
Germplasm Bank of the Embrapa Eastern Amazon and send for High-Throughput Sequencing.
The complete genome was also confirmed by Sanger sequencing from a single plant (variety
CPATU 147). After assembling the complete genome, specific primers were designed, and
detection was performed in the samples separately. BLASTp analysis of the P1P2 and P3P5
regions showed amino acid identity levels of 95.06% (AHA91815) and 97.35% (ALX37930),
respectively, with partial sequences from Colombia. This is the first worldwide report of a
complete sequence of a polerovirus infecting cassava plants. This characterization will provide
molecular tools for more extensive studies aiming to investigate the putative association of

cassava polero-like virus and the CFSD syndrome.

Poleroviruses are plant viruses that infect many economically important crops (Delfosse et al.
2021). The particles of poleroviruses are icosahedral and nonenveloped (Byrne et al. 2019).
Genomic positive-sense RNA of poleroviruses is polycistronic, codes up to 10 ORFs, contains
5’UTR, 3’UTR, and an untranslated intergenic region (Delfosse et al. 2021; Jeevalatha et al.
2013; Jaag et al. 2003). In ORFL1 translation ribosomes use a leaky scanning mechanism by the
ORFO, and a -1 ribosomal frameshift mechanism in ORF1 is used for reading of the ORF2.
OFR2 encodes the RNA-dependent RNA polymerase (RdRp). Subgenomic RNAL is used for
the translation of 3a, 3, 4 and 5 ORFs, a subgenomic RNAZ2 is used for the ORF6 and ORF7
translation, and a subgenomic RNA3 only for the translation of ORF7. ORF3 and ORF5 are
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fused and the ORF5 expression occurs by a readthrough mechanism from the stop codon of
ORF3 (Delfosse et al. 2021; Sdmera et al. 2021; Smirnova et al. 2015; Jaag et al. 2003). An
ORF8 was found in the potato leafroll virus (PLRV), coding only for the replication-associated
protein Rapl (Jeevalatha et al. 2013).

The viral infection in plants is phloem specific and changes in the phloem proteome appear to
contribute to viral infection. Poleroviruses are transmission by aphids (Cilia et al. 2012; Gray
et al. 2003), and by whitefly (Ghosh et al. 2019). And several symptoms have been associated
with viral infection. Symptoms expressed in plants infected by polerovirus include yellowing,
reddening, curling, small leaves, discoloration of the main leaf vein, bushy and brittle
appearance, internodes shortening and stunting (Abraham et al. 2022; Zhao et al. 2021;
Distéfano et al. 2010). Cassava polero-like virus has been reported in mixed infections in
cassava plants expressing symptoms of Frogskin Disease (FSD) (Oliveira et al. 2020; Carvajal-
Yepes et al. 2014). This study aims to detect and characterize the first complete genome of

cassava polerovirus from cassava plant of Embrapa Amazonia Oriental with symptoms of FSD.

Total RNA was isolated from 14 cassava varieties (CPATU 147, CPATU 448, CPATU 452,
CPATU 390, CPATU 025, CPATU 016, CPATU 507, CPATU 322, CPATU 232, CPATU 229,
CPATU 013, CPATU 250, CPATU 183, and CPATU 592) collected from the Cassava
Germplasm Bank area of Embrapa Amazonia Oriental (Amazon, Brazil) using the PureLink®
kit for viral RNA/DNA Miniprep (Thermo Fisher Scientific/Invitrogen, MA, USA) following
the manufacturer’s protocol. The RNA was sequenced (AJB1 S86 Rl.fastq and
AJB1 S86 R2.fastq) using the Illumina HiSeq 2500 platform with 100-base paired-end reads
at the Centro de Gendmica Funcional-ESALQ (University of S&o Paulo, Piracicaba, Brazil).
The bioinformatics analyses followed a pipeline for assembly of plant viral genomes described
previously by Blawid et al. (2017). Briefly, first the quality of FastQ files of forward and
reverse reads were checked with FastQC v. 0.11.9 (http://www.bioinformatics.babraham
.ac.uk/projects/fastqc/). Then reads files were trimmed with Trimmomatic v. 0.36. (Bolger et
al. 2014) to remove low quality reads and Illumina adapters and used for de novo assembled
with SPAdes v3.11.1 (Bankevich et al. 2012). tBlastx searchers were performed in Geneious
v.11.0.5 using a plant virus database from sequences available at NCBI (9361 sequences,
downloaded at 2020). The larger contig (5.938 nt) classified as polerovirus was extracted and

extended through consecutive mappings of the reads against the consensus. Genome annotation
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of the novel cassava polerovirus was performed in Geneious, with the help of the NCBI BlastP
tool (https://blast.ncbi.nlm.nih.gov) and the Simple Modular Architecture Research Tool
(SMART) (Letunic et al. 2021). The final assembled cassava polerovirus sequence was used
for designing specific primers for sequencing the whole genome by Sanger (Supplementary
Table 1). Secondary structures of polerovirus pseudoknot were constructed with IPknot++ web
server v.2.1.0 (http://rtips.dna.bio.keio.ac.jp/ipknot++/) and visualized with VARNA v.3
(Darty et al. 2009).

In order to detect the polerovirus on the fourteen cassava genotypes previously mentioned, total
RNA was extracted using a modified protocol of the CTAB method (Doyle and Doyle 1990).
First, Two-step RT-PCRs were performed from pooled samples (four cultivars) using the
Moloney murine leukemia virus (MMLYV) reverse transcriptase (Invitrogen™) and
oligodeoxyribonucleotides d(N)6 random primers. Standard PCRs were done using the
Invitrogen Platinum Tag DNA Polymerase, with the specific primers 2290F and 3343R
(Supplementary Table 1). Three pools tested positive and the pooled sample 1 containing four
plants was individually inspected. The complete genome was amplified from a single positive
plant (variety CPATU 147) with specific primers (Supplementary Table 1). For 5’ and 3'-end
amplifications, specific antisense and sense primers, respectively, were used with the
SuperScript IV Reverse Transcriptase (Invitrogen™) for cDNA synthesis (Supplementary
Table 2), followed by RNaseH (Thermo Scientific™, Waltham, MA) digestion. Tailing
reactions were done with addition of dCTP 5mM to cDNA, using the terminal transferase
(NEB, MA, USA). To increase the specificity of the reaction, two Nested-PCR amplifications
with oligo(dG) and internal specifics primers were performed using the Phusion High-Fidelity
PCR Master Mix (Thermo Scientific™, Waltham, MA). Amplicons obtained from the second
Nested-PCRs were excised, purified, and sequenced by Sanger sequencing.

For the phylogenetic analysis the following poleroviruses amino acid sequences of P3P5
available at National Center for Biotechnology Information (NCBI) were employed. Multiple
sequence alignment was done using MAFFT v.7 (Katoh et al. 2019) implemented in Geneious
v11. The Bayesian Information Criterion (BIC) (Schwarz, 1978) was used to estimate the best
model of amino acid evolution with ProtTest v.3.4.2 (Darriba et al. 2011). The best model of
amino acids was GT+G for the P3-P5 region. Maximum likelihood trees were constructed using

PhyML (Guindon et al. 2010) with the P3-P5 aa sequences. Phylogenetic trees were visualized
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in the web tool iTOL v6 (Letunic and Bork, 2021). Comparisons between polerovirus
sequences were made with the Sequence Demarcation Tool v1.2 (SDT) (Mubhire et al. 2014)

using MAFFT v.7 alignment.

The dataset AJB1_S86 had a total of 17254734 reads, remaining 15147828 after trimming. The
total number of viral contigs generated was 56524, of which 62 were assigned as cassava
polerovirus, according to the tBlastX results. The number of reads assembled to the cassava

polerovirus was 9971. The genome size of the assembled polerovirus sequence was of 5939 nt
(Fig.1).

The PO protein contains a distinct F-box domain FPLSL (68-72 aa), different from that
described for poleroviruses LPXXL/IX(10-13)P (Desfosse et al. 2021). ORF1 (P1-P2 protein)
contains the heptanucleotide GGGAAAC sequence, which marks the putative beginning of the
pseudoknot of poleroviruses (Desfosse et al. 2021). Additionally, the CP aa sequence motif
GVLNAFHE (104-111), and the P5 protein translation starts after the Stop codon (ribosomal
read-through) in the sequence 5’-AAAAUAGGUAGAC-3’, conserved in poleroviruses were
found (Costa et al. 2019) (Fig. 1).

ll- 590 1U|00 15|00 20'00 ZSIOD 30IDD ?.SIUO 40I00 45|00 5090 55I00 593'8
GVLNAFHE
GGGAAAC ) oD ) AAAUAGGUAGAC
— —
— P1-P2 — P3-P5 —
PO P4
F-box
} P3

Fig. 1 Schematic representation and characterization of the genome organization of cassava
polerovirus. ORFs are represented by a dark gray box indicating the viral sense (+)
orientation. The putative pseudoknot starts with the GGGAAAC heptamer and the P5 protein
translation after the stop codon UAG. Black triangles indicate poleroviruses conserved regions

and gray lines below the sequence indicate regions confirmed by Sanger sequencing.
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Phylogenetic analysis showed that the cassava polerovirus sequence (AJB1 S86) appears to be

a distinct polerovirus that does not cluster with the other polerovirus sequences (Fig.2).

Tree scale: 1t

AJB1 S86 cassava polero like virus

NC 006265 carrot red leaf virus

NC 010732 tobacco vein distorting virus
D13954 potato leaf roll virus

NC 004751 cereal yellow dwarf virus RPV
NC 002198 cereal yellow dwarf virus RPS
HQ388348 brassica yellows virus
MH464873 faba bean polerovirus 1

NC 003743 turnip yellows virus

NC 002766 beet chlorosis virus

NC 003491 beet mild yellowing virus

NC 004756 beet western yellows virus

NC 000874 sugarcane yellow leaf virus
NC 021484 maize yellow dwarf virus
KU248489 maize yellow mosaic virus
KT992824 Maize yellow dwarf virus RMV2
NC 008249 chickpea chlorotic stunt virus
NC 030225 pepo aphid borne yellows virus
MG800833 pumpkin polerovirus

NC 003688 cucurbit aphid borne yellows virus
NC 010809 melon aphid borne yellows virus
NC 018571 suakwa aphid borne yellows virus
NC 014545 cotton leafroll dwarf virus
HM439608 pepper vein yellows virus 2
LT559483 pepper vein yellows virus 6
KP326573 pepper vein yellows virus 3

NC 015050 pepper vein yellows virus 1
KU999109 pepper vein yellows virus 4

NC 036803 pepper vein yellows virus 5

Fig. 2 Maximum likelihood tree reconstruction of poleroviruses based on fused proteins P3-P5. Bootstraps values
are displayed above 75 at nodes. P3P5 aa sequences of poleroviruses available at National Center for
Biotechnology Information (NCBI) were employed: beet chlorosis virus (NC_002766), beet mild yellowing virus
( NC_003491), beet western yellows virus (NC_004756), carrot red leaf virus (NC_006265), cereal yellow dwarf
virus-RPS (NC_002198), cereal yellow dwarf virus-RPV (NC_004751), chickpea chlorotic stunt virus
(NC_008249), cotton leafroll dwarf virus (NC_014545), cucurbit aphid-borne yellows virus (NC_003688), faba
bean polerovirus 1 (MH464873), maize yellow dwarf virus-RMV (NC_021484), maize yellow mosaic virus
(KU248489), maize yellow mosaic virus (KT992824), melon aphid-borne yellows virus (NC_010809), pepo
aphid-borne yellows virus (NC_030225), pepper vein yellows virus 1 (NC_015050), pepper vein yellows virus 2
(HM439608), pepper vein yellows virus 3 (KP326573), pepper vein yellows virus 4 (KU999109), pepper vein
yellows virus 5 (NC_036803), pepper vein yellows virus 6 (LT559483), potato leafroll virus (D13954), pumpkin
polerovirus (MG800833), suakwa aphid-borne yellows virus (NC_018571), sugarcane yellow leaf virus
(NC_000874), tobacco vein distorting virus (NC_010732), turnip yellows virus (NC_003743) and brassica
yellows virus (HQ388348).



103

Blastp analysis using the fused protein P1P2 sequence showed 95.06% identity (AHA91815)
and 97.35% for the P3P5 fusion protein region (ALX37930), with partial sequences from
Colombia. Distance matrix of SDT analysis (pairwise nt and aa alignment) using the
phylogenetically closest polerovirus sequences showed that the cassava pole-like virus is a
distinct species of polerovirus, since the highest identity of 47,2% (nt) and 47,9(aa) were found
with the PLRV CP nt and TuYV P1P2 sequences, respectively (Supplementary Table 2). Our

results indicate that the CsPLV is a distinct member of the Polerovirus genus.

Cassava polero-like virus was first reported infecting cassava in 2014 (Carvajal-Yepes et al.
2014). This virus was found with viruses of the Secoviridae and Alphaflexiviridae families in
cassava plants expressing FDS (Oliveira et al. 2020; Carvajal-Yepes et al. 2014). However,
there is no evidence that proves the viral association with the FSD, future studies are needed to

understand the importance of this virus in cassava crops in different regions of Brazil.

This work shows the presence of a polerovirus infecting cassava plants in the Amazon region
and shed light on the viral composition in cassava plantations. Additionally, in this work was

assembled and characterized the first complete genome of CsPLV of the world.
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Supplementary Table 1. List of primers used in this study for sanger sequence and detection of

the cassava polerovirus.

Name Length  Direction Sequence (5'-3') Amplicon (bp)
317 22 F CGGAGAGACTGCATTGAACACA
3343 20 R CATAGCGACGCACCAAGAAG 3028
1148 20 F AGCCGTGCATTATGTCACCT
2309 20 R TGAGTTTTTGGCCCCAGAGG 1163
2290 20 F CCTCTGGGGCCAAAAACTCA
3343 20 R CATAGCGACGCACCAAGAAG 1054
3243 21 F CTGGAGTCCAAAAGTCTGGCT
4243 20 R CCGCGAGTGACTGATACTGT 1001
3754 23 F TGAAAGACGTATCCACTTACAGG
4708 23 R AAGTCATTTCAGGCGGTACTTTA 937
4204 20 F AAGATCACAAGGCTCCAGGT
5203 25 R CTTTGTCTGTATAAGCGCTAGAACC 1000
5089 22 F TGGTATACGTTGGCTATTGGGG
5644 22 R AGAGTTCCTCCTGCCAAAGATG >>7
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Supplementary Table 2. List of primers used for race amplification.

Name Length Direction Sequence (5'-3')

Description (3'-UTR)

4204 20 F AAGATCACAAGGCTCCAGGT cDNA

5089 22 F TGGTATACGTTGGCTATTGGGG First Nested-PCR

5415 22 F TTGGAAGAATGTTGAACCAGGC Second Nested-PCR
Name Length Direction Sequence (5'-3') Description (5'-UTR)
1167 20 R AGGTGACATAATGCACGGCT cDNA

890 23 R CTGTGGGATAGGGTATGAGTTGA First Nested-PCR

400 20 R ATTGCCATCGGTTTGCATCG

Second Nested-PCR
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Supplementary Table 2. Distance matrix of SDT analysis (pairwise nt and aa alignment) of the closest polerovirus species

phylogenetically, using the cassava polero-like virus (AJB1_S86) as reference.

Virus * BChV BMYV BWYV Bryv CtRLV CYDV-RPS CYDV-RPV FBPV1 PLRV TVDV TuYVv
Accession no. NC_002766 NC_003491 NC_004756 HQ388348 NC_006265 NC_002198 NC_004751 MH464873 D13954 NC_010732 NC_003743

PO 33,3 30,8 33,0 32,7 31,7 32,1 32,2 32,9 32,1 32,0 32,6

P1P2 41,2 41,5 41,7 43,2 40,4 40,5 40,0 41,8 41,4 41,6 43,1

nt P3P5 40,7 41,3 42,3 42,0 40,1 411 411 43,9 42,7 41,3 41,5
MP 42,4 42,6 42,0 43,2 441 45,4 43,9 43,4 46,4 45,7 43,1

CP 42,7 43,9 42,8 42,8 42,7 45,5 43,3 43,1 47,2 45,9 42,7

PO 25,7 26,8 30,3 26,8 24,7 21,5 24,4 25,2 25 22 25,4

P1P2 42,3 44,4 44,9 47,7 45,0 45,5 44,8 46,1 42,3 45,0 47,9

aa P3P5 33,6 31,0 32,0 31,5 31,4 31,4 33,2 33,8 33,1 31,1 33,1
MP 30,3 28,1 30,8 28,2 33,3 37,3 33,8 30,8 35,6 36,4 29,7

CP 41,2 40,7 41,9 40,5 41,8 46,9 46,0 42,4 45,6 40,7 42,2

* Dbeet_chlorosis_virus (BChV), beet mild_yellowing_virus (BMYYV), beet _western_yellows_virus (BWYYV), brassica_yellows_virus
(BrYV), carrot_red_leaf virus (CtRLV), cereal_yellow_dwarf_virus_RPS (CYDV-RPS), cereal_yellow_dwarf_virus_RPV (CYDV-RPV),
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faba_bean_polerovirus_1 (FBPV1), potato leaf roll virus (PLRV), tobacco vein_distorting _virus (TVDV) and turnip_yellows virus
(TuYV).
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CONCLUSOES GERAIS

1. A analise de dados de 28 amostras de HTS de plantas de mandioca da Embrapa Mandioca e
Fruticultura da Bahia, Cruz das Almas, sequenciadas no Departamento de Virus de Plantas do
Instituto DSMZ, na Alemanha, contribuiu para elucidacdo da diversidade viral no Brasil com a
descoberta de uma nova espécie do género Torradovirus que foi nomeada de cassava Torrado-
like virus 2 (CsTLV-2). Foi possivel montar o primeiro genoma completo da nova espécie e

desenhar primers de deteccdo para o uso em RT-PCR.

2. O CsTLV-2 também foi detectado em uma amostra de mandioca da cole¢do da Embrapa
Amazonia Oriental e foi possivel observar que havia diversidade genética entre os isolados do
Norte e Nordeste do Brasil. Primers de deteccdo foram desenhados e puderam ser utilizados

para amplificar sequéncias dos dois isolados.

3. A andlise do HTS de um pool de 14 amostras de mandioca da colecdo da Embrapa Amazonia
Oriental, mostrou que além do CsTLV-2, havia mais duas espécies de virus na regido. Uma
delas, o CsVX, que ainda ndo havia sido detectada no Brasil e 0 CsPLV. O primeiro genoma
quase completo de CsVX do Brasil foi montado e foi possivel desenhar e validar primers de
deteccdo para o isolado brasileiro. Na mesma amostra, também foi possivel detectar um satélite
assocido aos potexvirus. Assim como, foi possivel montar e validar parcialmente por Sanger o

primeiro genoma quase completo de CsPLV.

4. O uso do HTS foi essencial para a descoberta de novos virus no Brasil e o tamanho da
amostragem de plantas de mandioca das regides Norte e Nordeste realizada neste trabalho foi
considerada importante para fornecer um panorama da diversidade viral nessas regides. A
descoberta e o estabelecimento da deteccdo desses virus geraram informacdes importantes que
contribuirdo com o estabelecimento de medidas de controle para prevenir a disperséo e transito
de material vegetal propagativo infectado e com os programas de melhoramento da Mandioca

no Brasil.
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Tabela 1. Resultado do tBlastx dos acessos de HTSs analisados e dados de montagem.
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Cddigo do Cadigo -
HTS GenBank % Id Descricdo E Value Max Seq* Cobertura n Reads
DSC407 S20  MF449522  96.6% CassavaTorrado-like virusisolate Secls 2377 145 2539
polyprotein
ME449523 97 0% Cassava To_rrado—llk_e virus isolate Se_clS 0 1202 254 3053
hypothetical protein and polyprotein
DSC409_S2 ME449522 96.0% Cassava Torrado-like virus isolate Sec13 0 2059 16 197
polyprotein
ME449523 96.4% Cassava To_rrado-llkg virus isolate 89013 0 1231 61 370
hypothetical protein and polyprotein
NC 033817 91.3%  Cassava satellite virus isolate Casatv_Br 0 264 12 29
DSC416_S19 ME449522 97 2% Cassava Torrado-like virus isolate Sec13 1615 39 371
polyprotein
ME449523 95.8% Cassava To_rrado-llkg virus isolate Se_clS 0 1247
hypothetical protein and polyprotein
DSC417 S8 NC 001648  95.4% Cassava vein mosaic virus 0 892 32 209
DSC430_S11 NC_016136  60.4% Potato yellow dwarf virus 0 879 36 617
NC 016136  42.6% Potato yellow dwarf virus 0 298 37 415
Cacao yellow vein-banding virus isolate ~ 1.25e-
0,
P25 6A S9 NC_033739 67.3% 1CS27 119 251
KR108830 57 8% Cassava brown streak virus isolate 1 556-58 161
TZ_Ser_6 polyprotein
HG965221 58.0% Cassava brown streak virus isolate CBSV 7.83e-58 157
DSCG7 S18 MF449522 95.9% Cassava Torrado-like virus isolate Sec13 0 2026
polyprotein
ME449523 97.0% Cassava Torrado-like virus isolate Sec13 977

hypothetical protein and polyprotein



DSC492_S12

DSC442_S10

DSC437_S9

DSC445_S7

DSC382_S6

DSC372_S5

P26_2E_S13

P26_4C_S11

MF449522
MF449523

NC_025389
NC_016136
MF449523

MF449522

NC_009992

NC_040841
NC_028462

MN243731

NC_028462
NC_040841

MN243731
NC_016436
MF449522

MF449523
NC_009992

MF449523

96.1%

96.1%

65.1%
50.0%
96.6%

96.8%

45.7%

44.5%
23.3%

90.3%

26.9%
53.1%

95.5%
36.2%
96.1%

96.0%

40.6%

72.0%

Cassava Torrado-like virus isolate Sec13
polyprotein
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Eggplant mottled dwarf virus isolate
Agapanthus
Potato yellow dwarf virus
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava Torrado-like virus isolate Sec13
polyprotein
Plum bark necrosis and stem pitting-
associated virus
Pinus nigra virus 1 isolate B2

Blueberry fruit drop associated virus
Cassava common mosaic virus isolate
Hainan-DZ
Blueberry fruit drop associated virus
Pinus nigra virus 1 isolate B2
Cassava common mosaic virus isolate
Hainan-DZ
Grapevine leafroll-associated virus 7
Cassava Torrado-like virus isolate Sec13
polyprotein
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Plum bark necrosis and stem pitting-
associated virus
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein

0

0

2.08e-
118
7.97e-48

0

0

0

1.10e-60
3.37e-16

1.82e-83

2.26e-11
2.14e-46

0
1.13e-18
0

0

2297

1249

192
148
1074

745

435

191
180

144

134
128

972
116
2382

1240

503

418

30

105

1076

1922

2821

60

914

1157

34720

63587

115578

606
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DSC416_S8

DSC369_S4

DSC407_S9

DSC435_S10
DSC389_S3

DSCG6_S6

DSCG3_S3

DSCG2_S2

MF449522
MF449523
MF449522
MF449522
MF449523
MF449523

MF449522

NC_040841
NC_001648

MF449523
NC_001497
MF449522

NC_033817
NC_009992
MF449522

MF449523
NC_001648

66.9%

96.3%

94.5%

95.7%

95.6%

95.7%

97.2%

45.5%
94.0%

87.2%
47.5%
83.1%

94.1%

52.0%

96.6%

97.3%
92.6%

Cassava Torrado-like virus isolate Sec13
polyprotein
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava Torrado-like virus isolate Sec13
polyprotein
Cassava Torrado-like virus isolate Sec13
polyprotein
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava Torrado-like virus isolate Sec13
polyprotein
Pinus nigra virus 1 isolate B2
Cassava vein mosaic virus
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cauliflower mosaic virus
Cassava Torrado-like virus isolate Sec13
polyprotein

Cassava satellite virus isolate Casatv_Br

Plum bark necrosis and stem pitting-
associated virus
Cassava Torrado-like virus isolate Sec13
polyprotein
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava vein mosaic virus

0

0

1.03e-69
0

0
2.70e-51
8.79e-82

7.74e-
144

1.71e-54

0

354

409

289

1952

1251

1244

604

143
798

337
179
142

239

173

1151

1145
470

22

36

643

50

292

352

7516

466
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P27 6F S1

P27 6G_S2

P27_4C_W44

DSCG1_S1
DSCG12_S12

NC_003674
NC_003673
NC_009992

MF449523
MF449522
NC_009992
MF449523

MF449522
NC_003549
NC_003550

NC_009992
MF449523

MF449522

MN243731

MF449522

70.7%
70.2%
40.6%

72.4%

66.9%

40.6%

72.4%

69.5%
98.2%
98.1%

40.6%

72.0%

66.9%

75.8%

98.9%

Olive latent virus 2 RNA 2

Olive latent virus 2 RNA 1
Plum bark necrosis and stem pitting-
associated virus
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava Torrado-like virus isolate Sec13
polyprotein
Plum bark necrosis and stem pitting-
associated virus
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava Torrado-like virus isolate Sec13
polyprotein
Cowpea mosaic virus RNA 1
Cowpea mosaic virus (CPMV) middle-
component RNA (M RNA)
Plum bark necrosis and stem pitting-
associated virus
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava Torrado-like virus isolate Sec13
polyprotein

Cassava common mosaic virus isolate
Hainan-DZ
Cassava Torrado-like virus isolate Sec13
polyprotein

4.07e-
167

317
248
503

413

354

503

413

315
1558
933

503

418

354

1341

353

104

1630

790

154

2814

1309

244

1179

372

2482

25367

23436

2786

56671

40354

9677

19682

1754
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DSC404_S1
DSCG5_S5

DSCG7_S7

DSCG4_S4

SRR1050897

SRR10480878

AJB1_S86

NC_025389

MF449523

MF449522
MF449523
MF449523
MF449522
MF449522

MF449523

NC_001648
NC_003674
NC_003673

MF449522

MF449523

NC_034375
NC_034375
MN243731
NC_034375
KC505249

39.0%

100.0%

97.2%

96.6%

85.0%

94.3%

97.5%

95.9%

91.4%
69.9%
57.4%

95.6%

95.8%

93.1%
95.6%
98.0%
83.5%
87.0%

Eggplant mottled dwarf virus isolate
Agapanthus, complete genome
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein

Cassava Torrado-like virus isolate Sec13
polyprotein
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava Torrado-like virus isolate Sec13
polyprotein
Cassava Torrado-like virus isolate Sec13
polyprotein
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava vein mosaic virus
Olive latent virus 2 RNA 2
Olive latent virus 2 RNA 1
Cassava Torrado-like virus isolate Sec13
polyprotein
Cassava Torrado-like virus isolate Sec13
hypothetical protein and polyprotein
Cassava virus X isolate Ven164
Cassava virus X isolate Ven164
Cassava common mosaic Virus
Cassava virus X isolate Ven164

Cassava Polero-like virus

5.40e-74

8.37e-
165

3.24e-
135

o O oo o

O OO O o o

272

237

1406

1212

601

210

1867

1248

627
508
394

2400

1244

922
893

745
1083
5938

68

107

256

598

349
50
43

148

511

119

840

1090

6059

28337

6953
756
665

1747

9971
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Cassava Torrado-like virus isolate Sec13

MF449522 53.2% . 0 310 50 970
polyprotein
ME449523 69.5% Cassava To_rrado-llkge virus isolate SeplS 7.95e- 308 o5 9590
hypothetical protein and polyprotein 152

NC 033817 89.6% Cassava satellite virus 0 307 361 1623




	8f6e809fbb65a4ccd01e926e69f212fe88fb1b6ce4f78fb1548daeae5784fdc8.pdf
	cc5645ed7ef95445700b04121e39a939e5f0587ed841b9bb4c3e4b76ac5a4621.pdf
	8f6e809fbb65a4ccd01e926e69f212fe88fb1b6ce4f78fb1548daeae5784fdc8.pdf

