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RESUMO

A familia Caulimoviridae compreende fitovirus com genomas semicirculares de DNA de fita dupla
encapsidados em particulas isométricas ou baciliformes, sendo dividida em oito géneros. O género
Badnavirus é o mais importante devido ao seu alto nimero de espécies relatadas infectando plantas
cultivadas em todo o mundo. O presente estudo teve como objetivo avaliar a variabilidade genética
de populacbes e o posicionamento taxonémico/filogenético de espécies de badnavirus.
Inicialmente, sequéncias completas para 0 genoma das espécies de badnavirus foram obtidas a
partir do banco de dados ndo-redundante GenBank. Alinhamentos multiplos das sequéncias
nucleotidicas foram obtidos para os seguintes conjuntos de dados: genoma completo, ORFIII,
RT/RNaseH completa (1020nt) e parcial (579nt). Comparacdes pareadas de sequéncias, analises
filogenéticas, de recombinacdo e variabilidade genética foram realizadas para os conjuntos de
dados. Um total de 127 isolados foram obtidos, representando 53 espécies de badnavirus. As
comparacOes de sequéncias de nucleotideos para o conjunto de dados RT/RnaseH (completa e
parcial) mostraram que algumas espécies de badnavirus relatadas como distintas apresentam entre
57,1-82,5% de identidade, superior ao limite de 80,0% atualmente utilizado para a demarcacao de
espécies em Badnavirus. Resultados similares foram observados para os dados da ORFI1I e genoma
completo, reforcando que sequéncias parciais do dominio RT/RNaseH sdo suficiente para
determinar o posicionamento taxondmico da maioria das espécies descritas neste género. Quatro
grupos (clusters 1-4) bem suportados foram observados nas arvores filogenéticas para genoma
completo e ORFIII, com os cluster 1 e 3 formando grupos irméos compreendendo espécies/isolados
infectando predominantemente cana-de-agucar (Saccharum spp.) e banana (Musa spp.). Anélise de
evolucdo em rede evidenciou alguns possiveis eventos de recombinacéo afetando a diversificacéo
de espécies de badnavirus, com pelo menos 23 eventos independentes sendo detectados com pontos
de recombinacdo ocorrendo predominantemente na ORFIII e regido intergénica. Finalmente, altos
indices de diversidade nucleotidica foram observados para a regido RT/RnaseH parcial em
populacdes de 12 espécies distintas de badnavirus. Estes resultados mostram que mutacdo e
recombinacdo sdo mecanismos importantes atuando na evolugdo dos badnavirus.

Palavras-chave: Evolugdo; Network; Especiagéo.



ABSTRACT

The family Caulimoviridae comprises viruses with semicircular double-stranded DNA genomes
encapsulated into isometric or bacilliform particles, being divided into eight genera. The genus
Badnavirus is the most important due to its high number of species reported infecting cultivated
plants worldwide. The present study aimed to evaluate the taxonomic/phylogenetic positioning and
population genetic variability into the genus Badnavirus. Initially, a data set comprising badnavirus
full-length genome sequences was obtained from the non-redundant GenBank database. Multiple
nucleotide sequence alignments were obtained for the data sets: complete genome; ORF Il11; full
(1020pb) and partial (579pb) RT/RNaseH. Pairwise sequence comparisons, phylogenetic and
recombination analyses were performed for all data sets. A total of 127 isolates were obtained,
representing 53 badnavirus species. Nucleotide pairwise comparisons for the data sets RT/RNaseH
and ORF 111 showed that a number of distinct badnavirus species shared up to 82,5% of identity,
higher than the 80% threshold currently used for species demarcation in the genus. Bayesian
phylogenetic trees showed four well supported clusters, with clusters 1 and 3 being sister groups
comprising predominantly isolates infecting sugarcane and banana. Non-tree-like evolution
evidenced a complex pattern of recombination, and at least 23 independent events were detected
with recombination breakpoints occurring predominantly in the ORF Il and in the intergenic
region. By the analysis of nucleotide diversity of the partial RT/RNaseH region in 12 badnavirus
population, a high genetic variability was observed. These results showed that mutation and
recombination are important evolutionary mechanisms acting on the diversification of
badnaviruses, and that the partial RT/RNaseH sequence is sufficient to determine the taxonomic
placement of most viral species described in this genus.

Keywords: Evolution; Network; Speciation.
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1. INTRODUCAO

Os virus pertencentes a familia Caulimoviridae tém genomas de DNA fita dupla
(dsDNA), semicirculares, com comprimento de 7,2-9,2 kbp, encapsulados em particulas
isométricas ou baciliformes, que replicam via de um intermediario de RNA (pararetrovirus)
(GEERING; HULL, 2012). A familia é dividida em oito géneros (Badnavirus, Caulimovirus,
Cavemovirus, Petuvirus, Rosadnavirus, Solendovirus, Soymovirus e Tungrovirus), de acordo
com a gama de hospedeiro, inseto vetor, organizacdo genémica e filogenia (GEERING;
HULL, 2012; BHAT; HOHN; SELVARAJAN, 2016).

O género Badnavirus engloba virus que possuem genoma de dsDNA semicircular de 7.2-
9,2 kpb, encapsidados em particulas baciliformes ndo envelopadas (GEERING; HULL,
2012). O genoma viral apressenta descontinuidades sitio especificas em cada fita e abriga
trés ORFs, nomeadas |, Il e 111 (BOUHIDA; LOCKHART; OLSZEWSKI, 1993; HAGEN et
al. 1993; HARPER; HULL, 1998; GEERING; HULL, 2012; BHAT et al. 2016). As ORFs |
e Il codificam respectivamente proteinas associadas ao virion (CHENG; LOCKHART;
OLSZEWSKI, 1996) e de ligacdo de acido nucleico (JACQUOQOT et al., 1996). A ORF lII
codifica para uma poliproteina de 208-216 kD, que é clivada proteoliticamente, gerando as
proteinas de movimento (MP), da capa proteica (CP), a aspartate protease (AP- responsavel
pela clivagem da poliproteina), a transcriptase reversa (RT) e a ribonuclease H (RNaseH)
(dominios genémicos que também estdo envolvidos na replicacdo viral) (HARPER; HULL,
1998; MEDBERRY; LOCKHART; OLSZEWSKI, 1990).

Badnavirus sdo frequentemente transmitidos por cochonilha para diferentes espécies de
culturas economicamente importantes: cana-de-agucar (Saccharum spp.), banana (Musa
spp.), cacau (Theobroma cacao), pimenta-peta (Piper spp.), inhame (Dioscorea spp.) e citros
(Citrus spp.) (ENI et al., 2008; JAMES et al., 2011; JOHNSON et al., 2012; KOUAKOQOU et
al., 2012; DEESHMA,; BHAT, 2015; SILVA et al., 2015). Adicionalmente, estes podem
existir como sequéncias enddgenas pararetrovirais (EPRVS) (HOHN et al.,, 2008;
STAGINNUS et al., 2009). Acredita-se que EPRVs integram-se por recombinagéo ilegitima
no genoma da hospedeira, e sua presenca nao esta necessariamente associada com a infecao
(NDOWORA et al. 1999, GEERING et al., 2005). No entanto, alguns pararetrovirus sao
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capazes de "escapar" do genoma do hospedeiro e causar uma infeccéo sistémica (DALLOT
etal., 2001; LHEUREUX et al., 2003; COTE et al., 2010).

Atualmente 40 espécies de badnavirus sdo reconhecidas pelo ICTV (International
Committee on Taxonomy of Viruses). Este 6rgdo estabelece um limite padrdo para
demarcacdo de espécies de badnavirus de > 80% de identidade de nucleotideos na regido
RT/RNase H (GEERING; HULL 2012). Contudo, identificar espécies de badnavirus tem se
tornado um desafio. Primeiro, porque a principal forma de detecgéo e identificacdo destes
virus tem como base a amplificacdo da regido RT-RNase H por PCR, técnica a qual ndo
permite a distin¢do entre formas epissomais e integradas do virus. Segundo diferentes estudos
demonstram que o critério de demarcacao de espécies utilizado pelo ICTV é insuficiente para
separar algumas espeécies de badnavirus, especialmente agquelas que infectam banana e cana-
de-aclcar (MULLER et al. 2011; KARUPPAIAH; VISWANATHAN; KUMAR, 2013;
SILVA et al., 2015, JORDAO, 2015). Por fim, além da grande diversidade de espécies, as
populacbes de badnavirus também apresentam altos niveis de variabilidade molecular
(GEERING et al., 2000; GEIJSKES et al., 2002; HARPER et al., 2002; YANG et al., 2003;
MULLER, et al., 2005, ENI et al., 2008; KENYON, et al., 2008; MULLER, et al., 2011;
GOVIND et al., 2014; GUIMARAES et al., 2015; SILVA et al., 2015), gerada em funcéo da
ocorréncia de frequentes eventos de recombinacdo e mutacdo (GOVIND et al., 2014; SILVA
etal., 2015, JORDAO, 2015).

A identificacdo taxondmica correta e determinagdo da estrutura (ou variabilidade)
genética de populagbes impactam diretamente na durabilidade das medidas no controle de
fitoviroses. Dessa forma, o objetivo desse trabalho foi avaliar a variabilidade genética de

populacdes e 0 posicionamento taxonémico/filogenético de espécies de badnavirus.
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2. REVISAO DE LITERATURA
2.1. Familia Caulimoviridae

A familia Caulimoviridae compreende virus de plantas que possuem genoma
constituido por uma molécula de DNA semicircular de fita dupla (dsDNA), com tamanho
entre 7,2 e 9,2 Kb, encapsulada em particulas ndo envelopadas de morfologia isométrica ou
baciliforme, a depender do género (GEERING; HULL, 2012). Também séo caracterizados
pela presenca da regido intergénica poli (A) e descontinuidades de fita simples ou gaps em
sitios especificos de ambas as fitas (HAPER et al., 2002).

Para divisdo dos géneros sdo adotados critérios que estdo relacionados com o inseto
vetor, gama de hospedeiro, organizacdo gendmica e relacionamento filogenético. De acordo
com o Comité Internacional de Taxonomia de Virus (ICTV, 2016) a familia Caulimoviridae
é constituida por oito géneros: Caulimovirus (11 espécies), Soymovirus (quatro espécies),
Solendovirus (duas espécies), Cavemovirus (duas espécies), Petuvirus (uma espécie),
Rosadnavirus (uma espécie), Badnavirus (40 espécies) (Anexo I) e Tungrovirus (uma
espécie) (https://talk.ictvonline.org/taxonomy/). Membros dessa familia sdo encontrados
amplamente distribuidos geograficamente, sendo que a maioria das espécies dos géneros
Tungrovirus e Badnavirus se localizam nas regides tropicais e subtropicais, os demais

membros, sdo encontrados em regides temperadas (GEERING; HULL, 2012).

Os hospedeiros naturais de espécies da familia Caulimoviridae sdo angiospermas das
classes Dicotyledonae e Monocotyledonae, a depender do género. Membros dos géneros
Petuvirus, Soymovirus e Cavemovirus apresentam infeccdo restrita apenas a plantas
dicotileddneas; Tungrovirus estdo restritos a plantas monocotileddneas, enquanto que 0s
Badnavirus, por exemplo, infectam tanto plantas monocotiledoneas como dicotiledoneas
(GEERING; HULL, 2012).

A transmissdo natural do virus pode ocorrer via inseto vetor (insetos das familias
Aleyrodidae, Aphididae, Cicadellidae e Pseudococcidae: Hemiptera) ou por contato entre
plantas hospedeiras, bem como por sementes ou grdo de polen, dependendo do género. A
transmissdao também pode ser realizada via inoculacdo mecénica e enxertia (FAUQUET et

al., 2005). Além disso, muitas espécies de plantas que séo infectadas por membros da familia
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Caulimoviridae sdo propagadas vegetativamente o que contribui para o processo de

disseminacdo desses virus.

Os sintomas caracteristicos na planta associados aos Caulimoviridae podem variar de
acordo com o hospedeiro, a espécie viral envolvida, e condi¢des climaticas, sendo 0s mais
comumente observados: clareamento de nervuras, estrias, mosaico, manchas necréticas,
linhas e manchas clordticas, nanismo, enrolamento e ma formacdao foliar e enrolamento de
foliolos. (GEERING; HULL, 2012).

Os genomas contém entre um e oito ORFs (open reading frames), dependendo do
género. As proteinas codificadas comuns a todos 0s géneros sdo: proteina de movimento
(MP), proteina do capsideo (CP), aspartato protease (AP), transcriptase reversa (TR) e
ribonuclease H (GEERING; HULL, 2012).

Os membros da familia Caulimoviridae séo classificados como Pararetrovirus, termo
sugerido por Temin (1985) para definir virus de plantas que diferem dos retrovirus por
possuirem genoma de DNA e capacidade de integracdo ao genoma do hospedeiro. Assim
como os Retrovirus, polimerizam dsDNA (DNA de fita dupla) através de um intermediario
de RNA de fita simples (sSRNA) pela acdo da enzima transcriptase reversa no citoplasma do
hospedeiro. Entretanto, os pararetrovirus ndo codificam para uma proteina integrasse,
embora apresentem capacidade de integracdo dentro do genoma do hospedeiro para
replicacdo. Essa integracdo gendmica € conhecida como sequéncia enddgena de
pararetrovirus (Endogenous Pararetroviral Sequences - EPRVS) correspondendo a classe
mais abundante de sequéncias virais enddgenas em diferentes espécies de plantas
(GAYRAL; ISKRA-CARUANA, 2009).

O tipo de replicacao € citoplasmatica/nuclear, ou seja, o virion chega a célula, sendo
desencapsidado pela agdo de proteinases celulares e libera 0 dsSDNA genémico que €
transportado para o nucleo onde as descontinuidades do DNA sdo reparadas e “mini
cromossomos” sdo formados. O DNA é transcrito pela RNA polimerase Il do hospedeiro
(DE KOCHKO et al.,1998), sendo entdo traduzido, resultando nos produtos proteicos
relacionados aos genes virais existentes (FUTTERER et al., 1997; POOGGIN et al., 1999).

O RNA pré-gendmico € retrotranscrito pela transcriptase reversa no citoplasma produzindo
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novos dsDNA genémicos (MEDBERRY; LOCKHART; OLSZEWSKI, 1990). Os dsDNA
gendmicos sdo encapsidados, produzindo assim novos virions. O genoma desses virus
contém uma sequéncia complementar ao tRNAMet da planta que corresponde ao sitio de
iniciacdo da replicacdo do DNA. Geralmente, este sitio esta localizado dentro ou adjacente a
regido intergénica (regido ndo-codificante) e € designado como nucleotideo um (DE
KOCHKO et al.,1998).

2.2. Género Badnavirus

Dentre os géneros da familia Caulimoviridae, os Badnavirus apresentam a maior
diversidade, com 40 espécies  oficialmente  reconhecidas pelo ICTV
(https://talk.ictvonline.org/taxonomy/). Segundo Fauquet et al. (2005) corresponde ao
segundo género mais numeroso entre os fitovirus com genoma de DNA, sendo Commelina
yellow mottle virus (ComYMV) a espécie tipo do género, descrita pela primeira vez em
Commelina diffusa L. na llha de Guadalupe por Migliori e Lastra (1978).

Apresentam particula viral baciliforme ndo envelopada com aproximadamente 30 nm
de largura x 130 nm de comprimento, porém, particulas de 60 — 900 nm de comprimento séo
comumente observadas (GEERING; HULL, 2012; BHAT; HOHN; SELVARAJAN, 2016).
A origem do nome Badnavirus (bacilliform DNA virus) esta relacionada a forma de sua

particula viral associada a constitui¢do do seu genoma (DNA).

O genoma é constituido por uma tnica molécula de DNA de fita dupla, semi-circular,
com tamanho variando de 7,2 a 9,2 kb (GEERING; HULL, 2012). Apresentam
descontinuidades, que representam dominios relacionados a sintese de DNA durante a
replicacéo, sitio-especificas e podem conter uma regido intergénica poli A (MEDBERRY;
LOCKHART; OLSZEWSKI, 1990).

Os Badnavirus codificam seu genoma para trés ORFs conservadas (ORF 1, 11 e I11),
entretanto, algumas espécies podem apresentar ORFs adicionais, como: Piper yellow mottle
virus (PYMoV), Bougainvillea spectabilis chlorotic vein banding virus (BsCVBV),
Dioscorea bacilliform SN virus (DBSNV), Grapevine Roditis leaf discoloration-associated

virus (GRLDaV), Taro baciliform virus (TaBV) e Yacon necrotic mottle virus (YNMoV) que
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possuem uma ORF adicional; Cacao swollen shoot virus (CSSV) e Pagoda yellow mosaic
associated virus (PYMAYV), possuem duas; Citrus yellow mosaic virus (CYMV) e Taro
bacilliform CH virus (TaBCHV), trés e Dracaena mottle virus (DMV) e Rubus yellow net
virus (RYNV) possuem quatro ORF’s adicionais (BHAT; HOHN; SELVARAIJAN, 2016).

As funcbes dos produtos das ORFs | e Il ainda sdo pobremente compreendidas.
Entretanto, a proteina P1 de aproximadamente 23kDa, codificada pela ORF | em Comellina
yellow mottle virus (CoYMV), foi descrita em associacdo com virions imaturos, enquanto
que a proteina P2 de 14,5 a 15 kDa, codificada pela ORF II, foi encontrada em associacdo
com virions maduros e imaturos com funcéo relacionada a encapsidacédo do virion (CHENG;
LOCKHART; OLSZEWSKI, 1996; JACQUOT et at., 1996; HOHN; FUTTERER, 1997;
BHAT; HOHN; SELVARAJAN, 2016). A ORF I11 é maior ORF, variando seu comprimento
entre 5100 a 6000 pb, codificando uma poliproteina de 208 a 216 kDa que é proteoliticamente
clivada, gerando, dentre outros produtos, as proteinas de movimento (MP) e da capa proteica
(CP), aspartil protease (AP; responsavel pela clivagem da poliproteina) a transcriptase
reversa (RT) e a ribonuclease H (conhecidos como dominios gendmicos conservados
envolvidos no processo de replicagdo viral) (Figura 1) (HARPER; HULL, 1998;
MEDBERRY; LOCKHART; OLSZEWSKI, 1990; BHAT; HOHN; SELVARAJAN, 2016).
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Figura 1. Representacdo esquematica da organizacdo gendmica de Dioscorea bacilliform RT virus 1,
apresentando as ORFs I, Il e Il1 e as proteinas comuns aos Badnavirus Capa proteica (CP), movimento (MP),
aspartil protease (PR), transcriptase reversa (RT) e ribonuclease H (RNaseH) (BOMER et al, 2016).

i

pOX tRNAmet
oly(A)-tail

,1000 AT
(,?/
e’b

Para demarcacdo de espécies do género Badnavirus sdo considerados 0s seguintes
critérios: gama de hospedeiro, especificidades do inseto vetor, e principalmente, a
determinacdo da sequéncia de nucleotideos da regido genémica que inclui os dominios
Transcriptase reversa e RNaseH (RT/RNaseH) localizados na ORF 111 do genoma viral. O
ICTV estabelece um limite padrdo de > 80% de identidade de nucleotideos na regido
RT/RNaseH para demarcacdo de espécies deste género (GEERING; HULL, 2012).
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A deteccéo de badnavirus tem sido realizada através de métodos como microscopia
eletronica de transmissdo (visualizagdo da particula viral) e de imuno-adsorcdo, testes
soroldgicos, e testes baseados na detecgdo de DNA (VEGA; SORDI, 1991; DELANOY et
al., 2003; RIVAS et al., 2005; FIGUEIREDO et al., 2006; ANDRADE, 2007;
VERZIGNASSI et al, 2009; ALEXANDRE et al., 2010; BRIOSO; PEREIRA,;
GASPAROTO, 2011; JAMES et al., 2011a; PENG; GUO; WANG et al., 2012).

Testes sorologicos como ELISA (Enzyme Linked Immuno Sorbent Assay) podem ser
vantajosos devido aos baixos custos, relativa eficiéncia e rapidez. Porém, apresentam
desvantagens na deteccao de espécies apresentando alta variabilidade genética, sendo comum
obteng&o de resultados falso-negativos (FIGUEIREDO; BRIOSO, 2007).

A técnica de PCR (Polymerase Chain Reaction) € também bastante utilizada na
deteccdo e identificacdo de espécies do género Badnavirus, possuindo também limitacdes
por ndo ser capaz de distinguir entre sequéncias virais integradas ao genoma do hospedeiro
e cOpias epissomais dos virus na planta (BOUSALEM et al.,, 2009). Dada a grande
diversidade e variabilidade genética dos badnavirus, testes de PCR sdo utilizados para
deteccdo de regides gendmicas conservadas presentes na ORF Ill (MEDBERRY;
LOCKHART; OLSZEWSKI, 1990), mais especificamente os dominios tRNAMet, e
RT/RNaseH (LOCKHART; OLSZEWSKI, 1993; GEERING et al., 2000).

Na tentativa de distinguir entre sequéncias virais endogenas e epissomais, foi
desenvolvida técnica de PCR-Imunocaptura, que inicialmente se utiliza um antissoro
especifico para depois obter a amplificacdo da particula viral via PCR. (HARPER et al.,
1999). Entretanto, foi observado que, apesar da alta eficiéncia na deteccdo de diversas
especies, esta técnica ndo era capaz de distinguir entre sequéncias integradas e epissomais de
espécies de Banana streak viruses (BSVs), dada a alta variabilidade genética presente neste
complexo. (HARPER; HULL, 1998; GEERING et al., 2000, 2005b; HARPER et al., 2005;
FIGUEIREDO et al., 2006).

Um método amplamente utilizado, e que apresenta alta eficiéncia na distin¢éo entre
sequéncias de badnavirus enddgenas e epissomais, é a amplificacdo do genoma completo por

circulo rolante (RCA), evitando assim a deteccdo de virus enddgenos ou Endogenous
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Pararetroviruses (EPRVS) integrados ao genoma do hospedeiro, mesmo para aquelas
espécies apresentando alta variabilidade genética como no caso de BSVs (JAMES et al.,
2011a, 2011b).

2.3. Sequéncias endodgenas

Badnavirus e outros pararetrovirus, como Cavemovirus, Caulimovirus, Petuvirus,
Solendovirus e Tungrovirus, também estdo presentes como sequéncias fragmentadas
integradas aos genomas de plantas hospedeiras (EPRVs). Tobacco vein clearing virus
(género Cavemovirus), Petunia vein clearing virus (género Petuvirus) (RICHERT-
POGGELER et al., 2003) e Banana streak GF virus (género Badnavirus) (GAYRAL;
ISKRA-CARUANA, 2009) sdo exemplos de EPRVs comumente observadas na familia

Caulimoviridae.

A integracdo dos pararetrovirus ocorre por recombinacdo ilegitima em genomas
hospedeiros, e sua presenca nao esta necessariamente associada a infec¢do. As seqiiéncias
enddgenas representam geralmente formas fragmentadas e lineares do DNA viral circular
original (BHAT; HOHN; SELVARAJAN, 2016).

Sequéncias virais enddgenas muitas vezes exercem papel epidemiolégico importante,
ja que podem originar virus epissomais e, consequentemente, iniciar o processo de infeccao
viral. CondicOes de estresse dos hospedeiros tendem a favorecer este processo (DAHAL et
al., 2000; DALLOT et al., 2001). Algumas espécies de badnavirus ja foram descritas
ocorrendo na forma de EPRVs, como: Banana streak OL virus (BSOLV), Pineapple
baciliform comosus virus (PBCV), Dioscorea baciliform virus (DBV) Banana streak GF
virus (BSGFV) (NDOWORA et al., 1999; STAGINNUS; RICHERT-POGGELER, 2006;
GAYRAL; ISKRA-CARUANA, 2009; SEAL, 2014).

A cultura da banana (Musa spp.) destaca-se por apresentar uma alta frequéncia de
integracdo de sequéncias de badnavirus, e comumente sdo encontrados dois tipos de
sequéncias integradas: formas virais incompletas, onde ndo é observada infeccdo viral; e
formas virais completas, onde, sob condi¢des de estresse, sequéncias virais endogenas sao
liberadas com consequente infeccdo do hospedeiro (GAYRAL; ISKRA-CARUANA, 2009;
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JAMES et al., 2011a). Ao menos trés sequéncias de badnavirus integradas ao genoma da
banana foram caracterizadas molecularmente: endogenous Banana streak OL virus
(eBSOLV), endogenous Banana streak GF virus (eBSGFV) e endogenous Banana streak IM
virus (eBSIMV), confirmando assim a alta diversidade destas sequéncias presentes no
genoma do hospedeiro, o que dificulta diagnostico preciso para espécies de BSVs
(CHABANNES et al., 2013).

A presenca de sequéncias endogenas no genoma da planta hospedeira tem se tornado
um desafio a diagnose, taxonomia, movimento seguro de germoplasma e o manejo das
doencas causadas pelos badnavirus. Alguns virus enddgenos podem apenas servir como
componentes de genomas de plantas, enquanto outros poderiam fornecer imunidade viral
(METTE et al., 2002; CHABANNES et al., 2013; BHAT; HOHN; SELVARAJAN, 2016).

Algumas técnicas sdo empregadas para diferenciar as formas epissomais e integradas
do virus, tais como: hibridacdo in situ de sondas virais marcadas para 0 cromossomo,
hibridacdo Southern da sonda viral para 0 DNA digerido do hospedeiro, imunocaptura (IC)
-PCR, amplificacdo por circulo rolante (RCA) e sequenciamento genémico da planta
(BHAT; HOHN; SELVARAJAN, 2016).

2.4.Culturas de importéancia econémica infectadas por badnavirus

Badnavirus tém sido descritos infectando culturas de grande importancia econdmica
em todo o mundo, como: inhame (Dioscorea spp.), taro (Colocasia esculenta (L.) abacaxi
(Ananas comosus), cana-de-agucar (Saccharum spp.), banana (Musa spp.), citros (Citrus
spp.), cacau (Theobroma cacao L.) e pimenta (Capsicum spp.) (YANG et al., 2003; ENI et
al., 2008; JAMES et al., 2011a; JOHNSON et al., 2012; KOUAKOQOU et al., 2012;
DEESHMA; BHAT, 2015; SILVA et al., 2015).

Em alguns casos, esta infeccdo pode interferir diretamente na produtividade da
cultura, causando perdas significativas em qualidade e rendimento. Relatos de perdas
econbmicas associadas a diferentes espécies de badnavirus em diversas culturas variam entre
10% a 90% (BHAT; HOHN; SELVARAJAN, 2016). Essa variagdo ocorre em funcdo da

espécie botanica, cultivar/variedade, idade e época de infeccdo na planta, percentual de
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plantas infectadas, viruléncia da estirpe/espécie viral, e da interagdo com outros grupos de
virus em uma mesma planta (AHLAWAT et al., 1996; COMSTOCK & LOCKHART, 1996;
BHAT et al., 2003; GEIJSKES, 2003; BARANWAL et al., 2005; GEERING, 2009; BESSE
etal., 2010).

Em 1999, foi caracterizado o primeiro badnavirus na cultura do inhame, Dioscorea
bacilliform AL virus (DBALV) infectando D. alata na Nigeéria (PHILLIPS, 1999) Este virus
pode induzir distorcao foliar severa, sendo comumente encontrado em infec¢Ges mistas com
virus do género Potyvirus (PIO-RIBEIRO et al., 2005; YANG et al., 2003). Em seguida, foi
descoberto um novo badnavirus infectando D. sansibarensis em ilhas do Sul do Pacifico, o
Dioscorea bacilliform SN virus (DBSNV) (GEERING; HULL, 2012). Entretanto estudos
realizados na Africa e Sul do Pacifico sugerem alta diversidade de espécies de badnavirus
em inhame, com possivel presenca de até doze espécies distintas (ENI et al., 2008). Os
sintomas causados por badnaviroses na cultura do inhame sdo: mosaico, clorose nas folhas e
deformacéo foliar, levando a uma reducdo da formacdo de aclcar e do armazenamento de
amido, reduzindo significativa o rendimento e qualidade dos tubérculos. O virus é
transmitido vegetativamente e através de cochonilhas Planococcus citri (Risso)(Hemiptera:
Pseudococcidae) (BHAT; HOHN; SELVARAJAN, 2016).

Estudos com ELISA e Southern hybridization envolvendo oito espécies de inhame
suportam a presenca de DBV endogeno (eDBV) em D. rotundata (SEAL et al.,2014). Umber
et al. (2014) relataram a caracterizagdo molecular de sequéncias de eDBV no genoma de
inhame na Africa do complexo D. cayenesis-rotundata mostrando uma sequéncia
proveniente de varias partes de genomas de badnavirus, resultando em uma estrutura em
mosaico. Relataram também que os eDBVs pertencem a pelo menos quatro badnavirus
distintos 0 que indica varios eventos de incorporacdo gendmica independentes. Até o
momento ndo ha nenhum relatorio sobre a possibilidade de eDBV gerar particulas de virus
infecciosas sob condicdes de estresse abidtico (BHAT; HOHN; SELVARAJAN, 2016).

No ano de 1995, Wakman et al. detectaram Pineapple bacilliform virus pela primeira
vez em hibridos de abacaxi na Australia. Pelo menos duas espécies de badnavirus sdo

reconhecidas infectando a cultura do abacaxi: Pineapple bacilliform CO virus (PBCoV) e
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Pineapple bacilliform ER virus (PBErV). Ambos sdo transmitidos pela cochonilha
Dysmicoccus brevipes (Cockerell) (Hemiptera: Pseudococcidae) e, no caso do PBCoV,
também pelas cochonilhas Planococcus citri e D. neobrevipes (GAMBLEY et al., 2008;
SETHER et al., 2012). Entretanto, uma associacdo clara entre sintomas e infeccdo por
badnavirus em abacaxi ainda nao foi demonstrada (GAMBLEY et al., 2008). Sequéncias

enddgenas também foram identificadas na cultura do abacaxi (SETHER et al., 2012).

Sugarcane bacilliform virus foi descrito pela primeira vez em Cuba em 1985 e
posteriormente em muitos paises pelo mundo (AUTREY; BOOLELL; JONES, 1995). Na
cultura da cana-de-agucar, sdo reconhecidas pelo ICTV quatro espécies de badnavirus:
Sugarcane bacilliform IM virus (SCBIMV), Sugarcane bacilliform MO virus (SCBMOV),
Sugarcane bacilliform Guadeloupe A virus (SCBGAV) e Sugarcane bacilliform Guadeloupe
D virus (SCBGDV), sendo comumente observados sintomas de manchas e estrias cloréticas
e nanismo, embora, muitas plantas encontrem-se assintomaticas (VISWANATHAN;
ALEXANDER; GARG, 1996). Trabalho desenvolvido por Li et at. (2010) mostrou dentre
outros fatores, uma diminuicéo do teor de sacarose e peso do caule em amostras de cana-de-
acucar infectadas com SCBV na China. Diversas espécies e hibridos comerciais de cana-de-
acucar (S. barberi, S. officinarum, S. robustum, S. spontaneum e S. sinense) ja foram relatados
sendo infectados por diferentes espécies de badnavirus (VISWANATHAN; ALEXANDER;
GARG, 1996; SILVA et al., 2015).

Trabalho realizado na India mostrou que pelo menos trés novas espécies de
badnavirus estdo associadas a cultura da cana-de-agucar: Sugarcane bacilliform BB virus
(SCBBBYV), Sugarcane bacilliform BO virus (SCBBOV) e Sugarcane bacilliform black
reunion virus (SCBBRV) (KARUPPAIAH; VISWANATHAN; KUMAR, 2013).
Recentemente, foi demonstrada uma alta diversidade de espécies de badnavirus infectando
diferentes espécies/hibridos de cana-de-agucar em um banco de germoplasma no Brasil, com
relato de uma possivel espécie nova: Sugarcane bacilliform AL virus (SCBALV) (SILVA et
al., 2015).

Desde o seu primeiro relato em 1974 no Marrocos, 0 Banana streak virus (BSV), foi
reportado em varios paises da Africa, da América do Sul e do Pacifico e, provavelmente,
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ocorre mundialmente onde ha cultivo de banana (LOCKHART, 1995; LOCKHART;
JONES, 2000; KUMAR et al., 2015). Diversas espécies de badnavirus ja foram relatadas na
cultura da bananeira (Musa spp.) causando uma doenga conhecida como estria clorética, as
quais sdo consideradas um complexo de espécies denominado BSVs (LHEUREUX et al.,
2007; JAMES et al., 2011b). Os sintomas da doenca variam e sdo influenciados pela cultivar,
espécie do virus e condi¢bes ambientais. Alem disso, plantas infectadas com BSV podem
apresentar-se assintomaéticas, sendo a temperatura considerada um fator importante na
expressao da doenca. O BSV é transmitido horizontalmente as bananas de forma semi-
persistente por cochonilhas onde a espécie Planococcus citri € o mais prevalente, e
verticalmente por micropropagacdo em massa — principal método de propagacdo de plantas
de banana (BHAT; HOHN; SELVARAJAN, 2016).

As perdas causadas por este complexo de badnavirus podem variar de 6 a 90 %
(DAHAL et al., 2000; DANIELLS et al., 2001), levando a grandes prejuizos aos produtores.
Pelo menos dez diferentes badnavirus j& foram relatadas compondo esse complexo de
espécies em banana em todo o mundo: Banana streak OL virus (BSOLV), Banana streak GF
virus (BSGFV), Banana streak MY virus (BSMYYV), Banana streak VN virus (BSVNV),
Banana streak IM virus (BSIMV), Banana streak UA virus (BSUAYV), Banana streak Ul
virus (BSUIV), Banana streak UL virus (BSULV), Banana streak UM virus (BSUMV) e
Banana streak CA virus (BSCAV) (HARPER; HULL, 1998; LHEUREUX et al., 2007;
JAMES et al., 2011a; GEERING; HULL, 2012).

Staginnus et al., (2009) relataram quatro espécies de BSV apresentando sequéncias
integradas ao genoma de plantas, séo elas: BSOLV, BSGFV, BSIMV e BSMYV,

denominadas de eBSV.

Citrus yellow mosaic virus (CYMV) foi inicialmente relatado em laranja doce e,
posteriormente, em outras espécies citricas (DAKSHINAMURTI; REDDY, 1975). Este
badnavirus emergiu no sul da india causando a doenca do mosaico dos citros, podendo ser
transmitida através de enxertia (AHLAWAT et al., 1996). Recentemente, CYMYV foi relatado
em diferentes cultivares de citros: Sweet Orange, Pumello, Acid Lime, Sweet Orange SOP,
Sweet Orange Nagri, Acid Lime AP e Rangpur Lime, o qual se apresentou filogeneticamente
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proximo do Cacao swollen shoot virus (CSSV) (JOHNSON et al., 2012). E especialmente
comum e severo em Sweet Orange, apresentando uma varia¢ao de incidéncia de 10 a 70% e
a reducédo do rendimento da fruta foi de 77%, os frutos das arvores afetadas apresentaram
10% menos de suco e acido ascorbico (AHLAWAT et al., 1996).

O badnavirus Cacao swollen shoot virus (CSSV), infectando cacau, foi descoberto
pela primeira vez na regido leste de Gana em 1936. Provoca uma doenca devastadora que
afeta o cultivo de cacau na maioria dos paises da Africa Ocidental. A doenca é caracterizada
por inchaco de raizes e caule e as folhas tornam-se vermelhas, podendo matar a planta em
dois anos (POSNETTE, 1947; POSNETTE, 1950; THRESH, 1980; KEBE et al., 2006;
KOUAKOU et. al, 2012). No Brasil, é considerada praga quarentenaria ausente. A doenca é
causada por pelo menos trés espécies distintas de badnavirus: Cacao swollen shoot virus
(CSSV), Cacao swollen shoot Togo virus (CSSToV) e Cacao swollen shoot Céte d’Ivore D
virus (CSSCIV), indicando a existéncia de uma alta variabilidade entre isolados de CSSV
ocorrendo nos principais paises produtores de cacau (KEBE et al., 2006; KOUAKOQOU et. al,
2012). Na Costa de Marfim, maior produtor de cacau do mundo, a sustentabilidade da
producdo foi comprometida desde o aparecimento desta doenca. Os sintomas da infeccdo
podem ser observados em diversos érgaos da arvore (folhas, galhos, brotos), podendo afetar
a produtividade e até mesmo causar morte da planta (CASTEL et al., 1980).

A disseminacdo de badnavirus ocorre principalmente por propagacéo vegetativa em
algumas espécies como Commelina yellow mottle virus (ComYMYV), Kalanchoe top-spotting
virus (KTSV), Piper yellow mottle virus (PYMoV), Cocoa swollen shoot virus (CSSV) e
Taro bacilliform virus (TaBV) e também podem ser transmitidas por sementes (HEARON;
LOCKE, 1984; QUAINOO; WETTEN; ALLAINGUILLAUME, 2008; HAREESH; BHAT,
2010; DEESHMA; BHAT, 2014; BHAT; HOHN; SELVARAJAN, 2016.) A transmissao
horizontal de badnavirus ocorre através de varias espécies de cochonilha, enquanto as
espécies Gooseberry vein banding virus (GVBaV), Rubus yellow net virus (RYNV) e
Spiraea yellow leaf spot virus (SYLSV) sdo transmitidas por afideos (BHAT; HOHN;
SELVARAJAN, 2016).



25

2.5. Variabilidade genética e estrutura de populagdes de fitovirus

De acordo com Milgroom (1995) a estrutura genética de populac6es pode ser definida
em funcdo da quantidade de variagbes genéticas existentes e a sua distribuicdo nas
populacdes. O estudo da dindmica da variabilidade genética nas populacées de fitopatdgenos
é importante, pois permite a compreensdo da evolucdo das populaces (MCDONALD;
ZHAN; BURDON, 1999). Dessa forma, permite-se deduzir a taxa de evolucdo de uma
populacdo (MCDONALD; LINDE, 2002).

O conhecimento sobre as estruturas genéticas € muito empregado em programas de
melhoramento genético visando resisténcia a patogenos. McDonald e Linde (2002)
propuseram um modelo para auxiliar na definicdo de estratégias de melhoramento, que
permitem aumentar a duragéo da resisténcia baseado no potencial evolutivo populacional de

fitopatdgenos.

Em populacbes de fitovirus, o alto grau de diversidade e variabilidade genética é
conferido, sobretudo, por erros ocorridos durante o processo de replicacdo do genoma viral,
as mutacOes e por rearranjos gendmicos provocados por eventos de recombinacdo e
pseudorecombinacdo (GARCIAARENAL,; FRAILE; MALPICA, 2003).

A mutacdo pode ser definida como um processo pelo qual os nucleotideos externos a
fita-molde do &cido nucléico sdo incorporados a fita-filha durante sua replicacéo e a taxa de
mutacdo avalia o surgimento de mutacbes espontaneas em funcdo do tempo
(GARCIAARENAL; FRAILE; MALPICA, 2003). No geral, as taxas de mutagdo em virus
de RNA e ssDNA sdo bastante elevadas (DUFFY; SHACKELTON; HOLMES, 2008).

Nos virus de RNA, essas taxas elevadas sdo explicadas pela replicacdo utilizando
polimerases de RNA dependentes e que ndo possuem capacidade de corre¢cdo do erro
(DRAKE; HOLLAND, 1999; JENKINS et al., 2002). Para os virus de ssDNA apesar do
sistema de correcdo de erro existir, esses virus tendem a evoluir tdo rapidamente quanto 0s
de RNA (SHACKELTON et al., 2006; DUFFY; SHACKELTON; HOLMES, 2008).
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Existem duas hipoteses que explicam esse fenémeno: a primeira, o tempo de duragéo
do intermediéario de fita dupla formado durante a replicacdo do ssDNA n&o é suficiente para
que 0s erros sejam corrigidos, e a segunda: as mutagOes espontaneas podem ocorrer no DNA
durante a fase de sSDNA (DUFFY; SHACKELTON; HOLMES, 2008; DUFFY; HOLMES,
2009).

Apesar do consenso em que, 0s virus de ssSDNA evoluem mais rapidamente que os de
dsDNA, as informacdes sobre as taxas de mutacdo para virus de dsDNA que infectam plantas
ainda sdo escassas, com poucos relatos na literatura e sdo descritos evoluindo através de

associagOes com seus hospedeiros (FIRTH et al., 2010).

A recombinacdo ocorre quando segmentos de uma fita de &cido nucleico sao
incorporados na fita de um individuo diferente durante a replicacdo (PADIDAM; BEACHY;
FAUQUET; 1999). Esses eventos podem estar associados ao aumento da gama de
hospedeiros, da viruléncia, do potencial evolutivo e da adaptacdo (GIBBS; WEILLER, 1999;
PITA etal., 2001; MONCI et al., 2002).

Em fitovirus com DNA de fita simples, a recombinacdo € um processo bastante
comum, sendo relacionada com os altos indices de variabilidade obervados em populagdes
como Begomovirus (PADIDAM; BEACHY; FAUQUET, 1999; LEFEUVRE et al., 2007;
LIMA et al., 2013; ROCHA et al., 2013; RAMOS-SOBRINHO et al., 2014), nesse caso,
infecdes mistas e a replicacdo dependente de recombinacdo explicam elevadas taxas de

recombinacéo.

Além da importancia econdmica, badnavirus sdo considerados objetos ideais para
estudos de recombinacéo e receberam atencao especial apos a descoberta de sua capacidade
de interagdo com 0 genoma do hospedeiro (SQUIRES et al., 2011). Recombinagdo homologa
foi relatada durante a ativacdo dos genomas epissomais em BSV e TVCV que estavam
integrados ao genoma dos hospedeiros (NDOWORA et al., 1999; STAGINNUS; RICHERT-
POGGELER, 2006). Algumas pesquisas apontam que os eventos de recombinagdo tendem a
contribuir para variagdo genética observada em alguns Caulimoviridae (ARBOLEDA;
AZZAM, 2000; FROISSART et al., 2005).
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Eventos de recombinacao tém sido comumento descritos para espécies de badnavirus
que infectam banana, cana-de-aglcar e inhame (SHARMA et al., 2015; BOOMER et al.,
2017). Em banana e cana-de-aclcar, ja& foram descritos eventos de recombinacdo
interespecifica entre as espécies SCBV e BSV, alem de recombinacdo intraspecifica
respectivamente, em SCBV e BSV (SHARMA et al., 2015). J& em inhame, um provavel
evento de recombinagdo interespecifica entre DBALV e DBSNV deu origem a espécie
DBRTV3 (BOOMER et al., 2017).
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Abstract

The family Caulimoviridae comprises viruses with semicircular double-stranded DNA
genomes encapsulated into isometric or bacilliform particles, being divided into eight genera.
The genus Badnavirus is the most important due to its high number of species reported
infecting cultivated plants worldwide. The present study aimed to evaluate the phylogenetic
positioning and population genetic variability into the genus Badnavirus. Data sets
comprising badnavirus full-length genome and partial RT/RNaseH sequences were retrieved
from the non-redundant GenBank database. Multiple nucleotide sequence alignments were
obtained for the data sets: complete genome, ORFIII, full (1020pb) and partial (579pb)
RT/RNaseH domains. A total of 127 genome sequences were obtained, representing 53
badnavirus species. Nucleotide pairwise comparisons for RT/RNaseH showed that only a
few isolates reported as distinct Badnavirus species shared >80% identity, the current
threshold used for species demarcation into this genus. Bayesian phylogenetic trees for the
complete genome and ORFIII showed four well supported clusters (badnavirus groups 1-4),
with clusters 1 and 3 being sister groups comprising predominantly species/isolates infecting
sugarcane and banana. Non-tree-like evolution evidenced putative recombination events
affecting the Badnavirus diversification, and at least 23 independent events were detected
with recombination breakpoints occurring mostly in the ORFIII and intergenic region. High
levels of nucleotide diversity were observed for the partial RT/RNaseH region in populations
of 11 distinct badnaviruses. These results showed that mutation and recombination are
important mechanisms acting on the evolution of badnaviruses, and that the partial
RT/RNaseH sequences are sufficient for species demarcation of most viruses reported in this
genus.

Key words: recombination, evolution, species demarcation.
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Introduction

Viruses belonging to the family Caulimoviridae have semicircular, double-stranded
(ds)DNA genomes, 7.2-9.2 kbp in length, encapsidated into isometric or bacilliform particles,
and which replicate through an RNA intermediate (plant pararetroviruses; Geering and Hull
2012). This family is divided into eight genera (Badnavirus, Caulimovirus, Cavemovirus,
Petuvirus, Rosadnavirus, Solendovirus, Soymovirus and Tungrovirus) according to host
range, insect vector, genomic organization and phylogeny (Bath et al. 2016; Geering and
Hull 2012). Badnaviruses are transmitted mostly by mealybugs (a few species by aphids) in
a semi-persistent manner (Bath et al. 2016; Geering and Hull 2012) and are among the most
important plant viruses with a DNA genome.

The semicircular dSDNA of badnaviruses has site-specific discontinuities and at least
three ORFs, named I, Il and 11l (Bouhida et al. 1993; Geering and Hull 2012; Hagen et al.
1993; Harper and Hull 1998). Proteins codified by ORFs I and Il have been reported to be
virion-associated (Cheng et al. 1996) and nucleic acid-binding (ORF 11; Jacquot et al. 1996).
ORFIII encodes a polyprotein of 208-216 kDa that is proteolytically cleaved generating the
movement and coat proteins, the aspartate protease responsible for the polyprotein cleavage,
the reverse transcriptase (RT) and ribonuclease H (RNaseH) (both genomic domains
involved in the viral replication) (Harper and Hull 1998; Medberry et al. 1990). The criterion
of 80% nucleotide sequence identity for the RT/RNaseH domains was established for species
demarcation in the genus Badnavirus (Geering and Hull 2012), and specific primer pairs are
largely used to amplify this viral genomic region (Yang et al. 2003). However, different
studies have shown this criterion to be insufficient to separate some badnavirus species,

mostly those infecting banana and sugarcane (Karuppaiah et al. 2013; Muller et al. 2011,
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Silvaetal. 2015). Furthermore, the existence of endogenous badnavirus sequences represents
a great challenge for taxonomy and diagnosis of members into this genus.

Different badnavirus species have been reported infecting economically important
crops such as sugarcane (Saccharum spp.), banana (Musa spp.), cacao (Theobroma cacao
L.), black pepper (Piper spp.), yam (Dioscorea spp.) and citrus (Citrus spp.) (Deeshma and
Bhat 2015; Eni et al. 2008; James et al. 2011; Johnson et al. 2012; Kouakou et al. 2012; Silva
et al. 2015), with 40 badnavirus species being currently recognized by the International
Committee on Taxonomy of Viruses (https://talk.ictvonline.org/taxonomy/). Badnaviruses
have also been reported as integrated sequences into their host genomes, commonly referred
to as endogenous pararetroviruses (EPRVs; Hohn et al. 2008; Staginnus et al. 2009), and it
is known that some EPRVs are able to ‘scape’ from the host genome and establish a systemic
infection (episomal forms; Céte et al. 2010; Dallot et al. 2001; Lheureux et al. 2003). Besides
this high species diversity, badnavirus populations also show high levels of molecular
variability (Geering et al. 2000; Geijskes et al. 2002; Govind et al. 2014; Guimaraes et al.
2015; Harper et al. 2005; Silva et al. 2015). The lack of a proofreading activity of the
badnavirus reverse transcriptase (Svarovskaia et al. 2003) and the occurrence of
recombination events (Govind et al. 2014) may directly affect the high genetic variability
observed in this viral group.

A in silico large-scale study was carried out to obtain more information about the
genetic relationship and variability in Badnavirus. The threshold for nucleotide sequence
comparisons of the RT/RNaseH genomic region currently used for species demarcation
identifies most reported badnaviruses. However, this criterion alone is unable to differentiate
all sugarcane- and banana-infecting badnaviruses. A new badnavirus phylogenetic clade was

proposed, here named badnavirus group 4. Additionally, it was observed this is a highly
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diverse viral group, with recombination and mutation being important factors contributing to

high levels of nucleotide diversity observed in some badnavirus populations.

Material and methods
Badnavirus data set

Full-length genome sequences of badnaviruses were retrieved from the non-
redundant GenBank database (www.ncbhi.nlm.nih.gov/genbank; accessed on Nov 2017)
(Table 1). Data sets of nucleotide sequences of the ORFIII, and full (1020pb) and partial
(579pb) RT/RNaseH domains were obtained from the complete genomes. The partial
RT/RNaseH data set comprises the genomic region amplified by the primer pairs largely used
for detection and identification of badnaviruses (Yang et al. 2003). A previous analysis using
sequences from ORF | and Il showed that these regions are inconclusive, presenting low
support and insufficient phylogenetic signal, for this reason were not included in this study

(data not shown).

Sequence analysis

Multiple amino acid sequence alignments were prepared for the ORFIII using the
MUSCLE algorithm (Edgar 2004), manually edited in the MEGAY package (Kumar, Stecher,
Tamura 2015) and returned to nucleotide sequences for posterior analyses. The RT/RNaseH
sequences (full and partial) were obtained from the ORFIII data set. Additionally, multiple
nucleotide alignments were obtained for the complete genome. To confirm taxonomy
attributed to the badnavirus isolates retrieved from GenBank, pairwise nucleotide sequence
comparisons were performed to all data sets using Sequence Demarcation Tool (SDT) v.1.2

(Muhire et al. 2013).
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Phylogenetic inference

In order, to demonstrate if the phylogenetic relationship observed for the RT/RNaseH
reflects the clustering inferred for the complete genomes of badnaviruses, Bayesian
phylogenetic trees were obtained for the complete genome, ORFIII and RT/RNaseH (full and
partial) data sets. Analyses were run using MrBayes v. 3.2 (Ronquist et al. 2012) through the
CIPRES web portal (Miller et al. 2010), assuming GTR+I+G as the evolutionary model. Two
replicates with four chains each for 20 million generations and sampling every 2,000
generations were used. The first 2,500 trees were discarded as a burn-in phase in each run.
Posterior probabilities (Rannala and Yang 1996) were determined from a majority-rule
consensus tree generated with the 15,000 remaining trees. The trees were edited in FigTree

v.1.4 (ztree.bio.ed.ac.uk/software/figtree) and Inkscape (https://inkscape.org/pt/).

Recombination analysis

Evidence of non-tree-like evolution was assessed for the complete genome, ORFIII,
and RT/RNaseH (full and partial) data sets using the Neighbor-Net method implemented in
SplitsTree v.4.10 (Huson and Bryant 2006). Putative parental sequences and recombination
breakpoints for the complete genome data set were determined using the methods RDP,
Geneconv, Boot-scan, Maximum Chi Square, Chimaera, SisterScan and 3Seq implemented
in the RDP v.4.0 package (Martin et al. 2015). Alignments were analyzed with default
settings for the different methods and statistical significance was inferred by a P-value lower
than a Bonferroni-corrected cut-off of 0.05. Only events detected by at least five different

methods were considered to be reliable.


https://inkscape.org/pt/
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Population genetic variability

Partial nucleotide sequences of the RT/RNaseH region of badnaviruses infecting
different hosts were retrieved from the non-redundant GenBank database
(www.nchi.nlm.nih.gov/genbank; accessed on Dez 2017). The mean pairwise number of
nucleotide differences per site (nucleotide diversity, m) was estimated for each population

using DnaSP v. 6.10 (Rozas et al. 2017).

Results
Badnavirus isolates

A total of 127 full-length genomes were obtained from GenBank (Table 1),
comprising 53 different badnavirus species. Cacao swollen shoot virus (CSSV) was the
badnavirus represented by the higher number of sequences/isolates (12), while 25 species

were represented by one only sequence (Table 1).

Species demarcation

Pairwise sequence comparisons for the partial (579pb) and full (1020pb)
RT/RNaseH, largely used for badnavirus species identification, showed percent nucleotide
identities ranging from 57.2 to 82.4% and 57.1 to 83.8%, respectively, among species
(Supplementary Material). Therefore, some comparisons exceeded the currently used 80%
nucleotide identity criterion for species demarcation into the genus Badnavirus (Geering and
Hull 2012).

According to the partial RT/RNaseH region, Sugarcane bacilliform GA virus
(SCBGAV) isolates shared 80.5-82.0% and 81.3-82.4% identity with Banana streak OL

virus (BSOLV) and Banana streak CA virus (BSCAYV) isolates, respectively, with BSOLV
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and BSCAV showing up to 77.7% identity. Sugarcane bacilliform BB virus (SCBBBV)
showed 77.4-80.4% and 78.3-82.0% nucleotide identity with Sugarcane bacilliform IM virus
(SCBIMYV) and Sugarcane bacilliform MO virus (SCBMOV), respectively, while SCBIMV
and SCBMOV isolates shared 77,9-79,8% identity. To the full RT/RNaseH, the percentages
of nucleotide identity were slightly increased: SCBGAYV shared 81.0-82.4% and 81.9-82.5%
identity with BSOLV and BSCAYV, respectively, with BSOLV and BSCAV showing up to
79.0% identity. SCBBBYV showed 78.7-81.2% and 78.8-81.9% identity with SCBIMV and
SCBMOV, respectively, while SCBIMV and SCBMOV isolates shared 78.4-80.9% identity.

The Sweet potato badnavirus B (SPBV) and Sweet potato pakakuy virus (SPPV)
isolates shared 81.9% and 83.8% of nucleotide identity for the partial and full RT/RNaseH
data sets, respectively. For all badnavirus represented by more than one sequence/isolate,
percent nucleotide identities were higher than 80.0% within species.

When analyzed the ORFIII data set, which comprises the RT/RNaseH domains,
SCBGAYV showed highest nucleotide identity of 80.3% and 79.8% with BSOLV and
BSCAV, respectively. However, SCBBBV, SCBIMV and SCBMOV shared up to 75,7%
identity. For the complete genome, all pairwise comparisons between distinct badnaviruses
were lower than 80% identity, with SCBGAYV isolates showing the highest level of nucleotide

identity (79.5%) with BSOLV and BSCAYV isolates (Supplementary Material).

Phylogenetic analysis

In the complete genome Bayesian phylogenetic tree, the three badnavirus clusters
(badnavirus groups 1, 2 and 3) described by Muller et al. (2011) were observed (Figure 1).
Additionally, a fourth clade can be observed, here named badnavirus group 4 (Figure 1). The

clusters 1 and 3 formed sister groups, being predominantly comprised by badnaviruses
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infecting sugarcane and banana (Figure 1). Similar results were observed for the ORFIII data
set (Figure 2), which represents ~80% of the complete genome. These results reinforce the
idea that badnaviruses infecting sugarcane and banana are closely related, as indicated by the
pairwise comparisons and recombination analyses (see below).

When analyzed the phylogenetic trees for the RT/RnaseH data sets (partial and full),
badnavirus groups are still evidenced, but with many topological incongruences and very low
resolution (Figures 3 and 4). Some species (mainly the cacao-infecting isolates) in the
badnavirus group 2 clustered with isolates in groups 3 and 4, while the other group 2 isolates
clustered with badnaviruses in group 1 (Figure 3). However, statistical support was
considerably smaller for trees based on RT/RnaseH sequences than ORFIII and complete

genome, indicating the RT/RNaseH sequences have insufficient phylogenetic signal.

Recombination events

Non-tree-like evolution for the complete genome, ORF 11l and RT/RNaseH revealed
evidence of putative recombination events affecting the evolution of badnaviruses, with both
intra- and interspecies recombination being observed (Figures 5-8). These events were more
pronounced among badnaviruses infecting sugarcane and banana (phylogenetic groups 1 and
3), and cacao (phylogenetic group 2). Besides recombination, a strong mutation effect was
evidenced in the diversification of members into this genus, indicated by the long branches
associated with many isolates (Figures 5-8).

To investigate putative parental sequences and recombination breakpoints, the
complete genome data set was analyzed using the RDP4 package. Based on a stringent set of
criteria, at least 23 independent recombination events were detected among badnavirus

isolates, with ten of them involving species associated with sugarcane and banana (Table 2).
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Additional recombination events involved viruses infecting citrus, cacao, black pepper,
pineapple and grapevine. Most recombination breakpoints were located in ORF I1l and in the

intergenic region (Table 2).

Population genetic variability

A total of 299 RT/RNaseH partial sequences were obtained for 11 distinct badnavirus
species, and the nucleotide diversity of each dataset/population was calculated (Table 3).
Additionally, 96 Dioscorea bacilliform AL virus (DBALYV) partial sequences from
Guimardes et al. (2015) were added.

High values of per-site nucleotide diversity were observed for Banana streak UA
virus (BSUAV), Banana streak UL virus (BSULV), Banana streak UM virus (BSUMV),
Piper yellow mottle virus (PYMoV), SPBV and SCBIMV, suggesting high genetic variability
for the partial RT/RNaseH region in different badnavirus species/populations (Table 3). The
most variable sequence data sets were BSULV (n = 0.1467), PYMoV (x = 0.0944) and

SCBIMV (n = 0.0876), being higher than the previously reported DBALV (n = 0.0534).

Discussion

Badnaviruses have been reported infecting economically important crops worldwide
(Deeshma and Bhat 2015; Eni et al. 2008; James et al. 2011; Johnson et al. 2012; Kouakou
etal. 2012; Silva et al. 2015), causing great losses in cacao (Kouakou et al. 2012) and banana
(Dahal et al. 2000; Daniells et al. 2001). They comprise a highly diversified group, and recent
studies have shown that badnavirus populations exhibit high levels of genetic variability
(Guimarées et al. 2015; Karuppaiah et al. 2013; Muller et al. 2011; Silva et al. 2015).

Nucleotide sequence comparisons of the partial RT/RNaseH domains (579pb) and a
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threshold of >80% identity have largely been used for species demarcation in the genus
Badnavirus (Geering and Hull 2012; Guimardes et al. 2015; Muller et al. 2011; Silva et al.
2015), with universal primers described by Yang et al. (2003) being very efficient to amplify
this genomic region. However, the existence of closely related badnavirus species which
share more than 80% nucleotide identity in that region suggests this criterion needs to be
revised (Harper et al. 2005; Karuppaiah et al. 2013; Muller et al. 2011; Silva et al. 2015).

In the present study, nucleotide sequence comparisons of a large sequence data set
showed that the threshold of >80% identity for the RT/RNaseH genomic region [partial
(579pb) or full (1020pb)] allowed the species demarcation of most badnavirus isolates with
full-length genome sequences available in GenBank. However, as previously reported, it was
not possible to distinguish a few badnaviruses from banana and sugarcane (Karuppaiah et al.
2013; Muller et al. 2011; Silva et al. 2015), even when analyzed the entire ORF 111 (which
corresponds to ~80% of the badnavirus genome).

We suggest a few alternates to tentatively solve the identification problems observed
for badnaviruses infecting banana and sugarcane. First, maintaining the criterion of >80%
nucleotide sequence identity for the RT/RNaseH genomic region, closely related banana
streak viruses (BSV) and sugarcane bacilliform viruses (SCBV) species sharing >80%
nucleotide sequence identity should be considered as different strains of a same species.
Tanking account biological aspects as host range (Geering and Hull 2012), cross infection
involving sugarcane and banana-infecting badnaviruses has been observed (Lockhart and
Autrey, 1988; Bouhida et al., 1993; Jones and Lockhart, 1993), which reinforces the ideia
SCBV and BSV sharing more than 80% identity may belong to a same viral species.
Additionally, the isolates SPPV (#access FJ560943) and SPBVB (#access FJ560944),

previously reported as distinct species, must belong to a same badnavirus species as they
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share more than 80% identity for RT/RNaseH and the same host range, besides their narrow
phylogenetic relationship. Second, a new threshold for species demarcation based on
nucleotide identity of the RT/RNaseH domain could be established. In our analysis, it was
observed the badnavirus species showed no more than 82,5% nucleotide identity for the
RT/RnaseH domain, and therefore higher values could be adopted as the new threshold for
species demarcation. Third, considering the inefficiency to differentiate some badnavirus
species using the currently established criteria, full-length genome sequences could be used
for taxonomy.

Phylogenetic analysis showed clear admixture of SCBVs and BSVs isolates into at
least two distinct badnavirus clusters (i.e., badnavirus groups 1 and 3 sensu Muller et al.,
2011). The close genetic relationship among sugarcane and banana-infecting badnaviruses,
and the polyphyletic structure of these viruses (Gayral and Iskra-Caruana 2009; Muller et al.
2011), strongly support the hypothesis of a host shift, although it is not possible to determine
whether sugarcane or banana was the original host (Gayral and Iskra-Caruana 2009; Muller
etal. 2011).

The phylogenetic relationships observed for all data sets analyzed, in which SCBVs
and BSVs isolates are grouped in sister clusters, agree with results of pairwise sequence
comparisons. Besides the three well defined badnavirus groups reported by Muller et al.
(2011), a fourth phylogenetic cluster is proposed here, named badnavirus group 4. In the
phylogeny based on full RT/RNaseH, the groups 1 and 3 (both composed predominantly by
sugarcane and banana-infecting viruses) are more distantly related, with group 3 being closer
to group 4. However, in phylogenies based either on ORFIII or complete genomes, a close

relationship between groups 1 and 3 was evident, so they can be considered as sister groups.
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These results reinforce the hypothesis that sugarcane and banana-infecting badnaviruses have
a common evolutionary history.

The high levels of nucleotide diversity for the partial RT/RNaseH region in some
badnavirus species (BSUAL, BSULV, BSUMV, PYMoV, SPBVB, SCBIMV and DBALV)
are comparable to values observed for RNA viruses (Guimardes et al 2015). However, this
variability is lower when compared to less conserved regions [ORFs I, 1l and intergenic
region (IGR)], with IGR showing the highest values of genetic diversity (0.468) followed by
ORFII 0.367; Sharma et al., 2015). These results suggest although the partial RT/RNaseH
region be variable in different badnavirus populations, non-conserved regions tend to have
higher nucleotide diversity.

The high genetic variability observed for badnaviruses has been attributed to error-
prone replication by their reverse transcriptase (Bousalem et al. 2008). Reverse transcriptases
(RT) are known to produce errors in retroviruses and retroelements for which the fidelity
rates have been estimated (Svarovskaia et al. 2003). Although fidelity rates of caulimovirid
RTs have not been estimated, it is believed that the lack of proofreading activity contributed
to the high mutation rates observed for these viruses (Svarovskaia et al. 2003). Nevertheless,
the contribution of recombination to the genetic diversity of badnaviruses must also be
considered (Govind et al. 2014).

One of the basic assumptions for successful recombination is the occurrence of mixed
infections, with the presence of the viruses in the same host cell (Garcia-Andrés et al. 2006;
Graham et al. 2010; Zhou et al. 1997). Cross infection of badnaviruses seems to be an
uncommon event, however it has been reported for viruses infecting sugarcane and banana,
which could explain the putative recombinant origin of SCBV and BSV isolates (Bath et al.

2016; Bouhida et al. 1993; Lockhart and Autrey 1988; Sharma et al., 2015). Here, besides
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the putative recombination events affecting the evolution of SCBV and BSV isolates, it also
seems an important evolutionay mechanism for diversification of cacao-infecting
badnaviruses.

Nucleotide sequence comparisons of the partial RT/RNaseH region are sufficient for
species demarcation of most badnaviruses currently known. However, the >80% nucleotide
identity threshold alone is unable to differentiate all SCBV and BSV species and should be
reviewed. Finally, mutation and putative recombination events may be involved with the high

levels of genetic variability and diversity observed in Badnavirus.
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Figure 1. Midpoint-rooted Bayesian phylogenetic trees based on complete genome
nucleotide sequences of badnaviruses, indicating badnavirus groups 1 (in grey), 2 (green), 3
(blue) and 4 (orange). Commelina yellow mottle virus (CoYMV) (not highlighted) was placed
apart from the four main clusters.
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Figure 4. Midpoint-rooted Bayesian phylogenetic trees based on partial RT/RNaseH
nucleotide sequences of badnaviruses, indicating badnavirus groups 1 (in grey), 2 (green), 3
(blue) and 4 (orange). Commelina yellow mottle virus (CoYMYV) (not highlighted) was placed
apart from the four main clusters.
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Commelina yellow mottle virus (CoYMV, highlighted in grey, was placed apart from the four
main groups.
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KX008577_DBRTV2
KY 827393 DBRTV2
KX008579_DBRTVZ

KX0085/8 DBRTW2

KX008576_DBRTV1
KX 008574 DBRTV1
KXD08575 DBRTVL  Y)

KX430257 DBTRY
KX008572 DBALV
KX 008573 DBALY
KX008571 DBALV

KY 827395 DBALVZ
KY 827394 DBESV

EU489744 CY MV
INODGBE0G_CY MV
EU708317_CYMV
EU708316 CYMV
EU489745 CYMV
INOOG305_CY MY
AF347685 CY MY

KFB75586_HBV

KT809304 FBV1
JF411569 FBV1
KT809306 FBV1

KT80S307_FBY 1
KT809305_FBV 1
KT809303_FBV1

KT965859 GRLDaV
HG340503_GRLDaV

KP710178 TaBCHV
KP710177 TaBCHV

KI873042_PY MoV
KIB73041_PY MoV
KCB08712_PY MoV

KIB73043_PY MoV

LNES1258 MBV 1

JNED6110 CSSCDV
AJ7B100G_CSSTAV

AJ534983_CSsV

L14546 CSSV

KX592578 CSSv *
KX 502580_CSSV KX 592583 CSSV
KX592575_ CSSV AJB09019 CSsv
KX 582579 CSSV
KX 592577 CSSV KX 592582 CSSV
KX 552581 CSSV
KX 592574 CSSV

KX 582571 CRVV
KX592572 CRVV

\ KX066320 Caf MAV

DQESE899 BSOLY

Q409540 BSOLY
Q409539 BSOLY

K1013506_BSOLY
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F1824813 SCBGAV
KJ624754_SCBGAV
Fl824814 SCBGAV
KT895259 SCBGAV BSV

KJ1013511_BSCAV
HQ563111 BSCAV HQE55760_BSIMV
HQ593107 BSUAV KI013508 BSIMV
KT835258 BSIMV
HQ593112_BSIMV

DQOI2436 BSYNV

AY 750155 BSVYNYV
KJ013510 BSVNV

AY 180137 KTSV

KJ013507 BSGFV
AY 493509_BSGFV

DQ473478 DMV
EF494181_DMV

KX 276641 CYVBY

K1413252 BVF

HQSE3108 BSULV
HQS593109_BSULY

KX 168422 WBV 1
KJ013302 PYMAY

HQBS5225
HQB52250,
HQB52248
HQB52249 G\
JQ316114_GVBV

KMO78034 RY NV
KF241951 RY NV

JF301669 GVCV

KX610316 GVCV

EU034539 BCVBY
KM229702_Y NM oy

X52938 CoYMV

AJ277001 SCBIMV
KM214358 SCBIMV
IN377533_SCBIMV
IN377536_SCBIMV
IN377537_SCBIMV

IN377535_SCBBBV

KM214357_SCBBBY

KX552573 CRVY AFds736 TaBY
TEBY Q503110 BSUMV
KX 592584 CRVY FI560943_SPPY ° " IN377534_SCBMOV
FI550944 SPBY i

KX 276640 CaMMV

M89923 SCBMOV

Figure 7. Non-tree-like evolution based on full RT/RNaseH nucleotide sequences of
badnaviruses. Badnavirus Groups 1 (indicated in grey), 2 (green), 3 (blue) and 4 (orange).
Commelina yellow mottle virus (CoYMV, highlighted in grey, was placed apart from the four

main groups.



DQESIE99 BSOLYV
10409540 BSOLY
JQA09539 BSOLY
1624514 SCBGAV DQASI006_BSOLY

M FO74075_CaY MY

KUIES312 Cay My

KX OBE020_Car MAY
F1439817_SCBGDV

KI013508 BSMYV
AY 85074 BSMY VY
KF724855_BSMY Y
KF721856_BSMY
KF724854 BSMYV
KRO14107 BSMYW
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HQBI3107 BSUAY KTE95259 SCBGAV BSV K)013505 BSOLY

AY 180137 KTSV 504754 SCEGAV i sy

FJE24813 SCBGAY Ly B7ELO PRCY

HOS93111_BSCAV EUBSI?08 CYLNV - GU121676 PBCV
KJ013511_BSCAY

IKI0LI510 BSVIY
AY 750155 BEVNY
DQIE2436 BEVHY
HQBS3760_BSIM
KTB5258 ASIMY
K1013508 BSIMY
HQ5a3112 BSIMY

KX276641_ CYVBY

KI013507_BSGFY
AY 493500 BSGFW
K1413252_BVF

KY 827394 DBESY

KY 827395 DBALV2
DQEZ2073 DBSNY

KXO0BS579_ DBRTW2
KY827393 DBRTV2
KXO08577 DBRTVZ
KX00B578 DBRTW2

KX008574 DBRTV1
KX005575 DBRTV1
KX 008575 DBRTY1

KX430057 DBTRY

KX008571 DBALV
KX 008572_DBALY

KX008573 DBALW

KM 229702 YN

AF357836_TaBV

KP710178 TaBCHV
KP7L0177 TeBCHY

KIB73043 PY Mc/
KIS73042_PY MoV
KIB73041_PY Moy IN377534 SCBMOV
KCB08712PY Mav MBg373 SCBMOV
KM 214357 SCBBEYV
IN377535 SCBRBYV
IN377533 SCRIMV
IN377536 SCBIMY
KM 214358 SCBIMV

LNB51255 MBY L
IN377537 SCRIMY

KF875586_HBY
AJ2TIE1_SCBIMY
HQS33108 BSUIV
HQII3109 BSULY
EUT0E317_ CYMY
EUFE316 CYMV HQ5E3110_BSUMY
EUABI74_CY MV
AF3A7695 CY MY
L8975 CY MY
INODGENS CV MY/ FI560043 SPRV
0 HGBAOS03_GRL DAY FISE0044 SPBY
INOORIE CY MY KT065859_ GRL DAV
i —
KTEOS305, FBVL oo
KTB0S303 FBV1 X52938 CoYMV
KTE0E307_FBVL

KTB9306 FBW1 KAN276640 CaMMy

IF411889 FBV1

INGO6T10_CSSCOV
KT809304 FBV1

AJ7BIN CSSTAW
Kx592574_Cssv /8
KX 592500 £S5V I
2 L14546_C95v KX 592572 CRVV
KX&%}S% 23534333 Casv KX 592584 CRVV 1500573 CRVV
KXSa0581_CS8V KX 502577 Cogy KX S2s7LCRVY
KX 592578 CSSV KXS92575 CSsv
KX S32579_CSSV KX 52563 Casv

Figure 8. Non-tree-like evolution based on partial RT/RNaseH nucleotide sequences of
badnaviruses. Badnavirus Groups 1 (indicated in grey), 2 (green), 3 (blue) and 4 (orange).
Commelina yellow mottle virus (CoYMV, highlighted in grey, was placed apart from the four

main groups.
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Table 1. Full-length badnavirus sequences retrieved from the non-redundant GenBank

database on Nov 2017.

Species/Acronym

GenBank access#

Banana streak CA virus/BSCAV
Banana streak GF virus/BSGFV
Banana streak IM virus/BSIMV
Banana streak MY virus/BSMYV

Banana streak OL virus/BSOLV

Banana streak UA virus/BSUAV
Banana streak Ul virus/BSUIV
Banana streak UL virus/BSULV
Banana streak UM virus/BSUMV
Banana streak virus Acuminata Yunnan/BSVNV
Blackberry virus F/IBVF
Bougainvillea spectabilis chlorotic vein-banding
virus/BCVBV
Cacao mild mosaic virus/fCaMMV
Cacao swollen shoot CD virus /CSSCDV
Cacao swollen shoot Togo A virus/CSSTAV
Cacao red vein virus/CRVV
Cacao swollen shoot virus/CSSV

Cacao yellow vein-banding virus /CYVBV
Canna yellow mottle virus/CaYMV
Canna yellow mottle-associated virus/CaY MAV
Citrus yellow mosaic virus/CYMV

Commelina yellow mottle virus/ CoYMV
Cycad leaf necrosis virus/CYLNV
Dioscorea bacilliform AL virus/DBALV
Dioscorea bacilliform RT virus /DBRTV
Dioscorea bacilliform RT virus 1 /DBRTV1
Dioscorea bacilliform RT virus 2/DBRTV?2
Dioscorea bacilliform SN virussDBSNV
Dioscorea bacilliform AL virus 2 /DBALV2
Dioscorea baciliform ES virus/DBESV
Dracaena mottle virussyDMV
Fig badnavirus 1/FBV-1

Gooseberry vein banding virus/GVBV

Grapevine roditis leaf discoloration-associated
virus/=GRLDaV
Grapevine vein-clearing virus/GVCV

Hibiscus bacilliform virus/HBV
Kalanchoe top-spotting virus/KTSV
Mulberry badnavirus 1/MBV-1
Pagoda yellow mosaic associated virus /PY MAV
Pineapple bacilliform comosus virus/PBCV
Piper yellow mottle virus/PY MoV

HQ593111, KJ013511
AY493509, KJ013507
HQ593112, KJ013508, HQ659760, KT895258
KR014107, KJ013509, KF724855, KF724856,
AY805074, KF724854
JQ409540, JQ409539, KJ013506, DQ451009,
DQ859899
HQ593107
HQ593108
HQ593109
HQ593110
DQ092436, AY 750155, KJ013510
KJ413252
EU034539

KX276640
IN606110
AJ781003
KX592584, KX592573, KX592572, KX592571,
KX592582, KX592583, KX592581, KX592580,
KX592579, KX592578, KX592577, KX592575,
KX592574, AJ609019, AJ534983, 14546
KX276641
KU168312, MF074075
KX066020
EU489745, EU489744, EU708316, JN006806,
JN006805, EU708317, AF347695
X52938
EU853709
KX008573, KX008572, KX008571
KX430257
KX008576, KX008575, KX008574
KX008579, KX008578, KX008577, KY827393
DQ822073
KY827395
KY827394
DQ473478, EF494181
KT809307, KT809306, KT809305, KT809304,
KT809303, JF411989
HQ852251, HQ852250, HQ852249, HQ852248,
JQ316114
HG940503, KT965859

KX610317, KX610316, KT907478, JF301669,
KJ725346
KF875586
AY180137
LN651258
KJ013302
GU121676, GQ398110
KJ873043, KJ873041, KJ873042, KC808712



Rubus yellow net virus/RYNV
Sugarcane bacilliform GA virus/SCBGAV
SCBGAV/BSV
Sugarcane bacilliform GD virus/SCBGDV
Sugarcane bacilliform IM virus/SCBIMV

Sugarcane bacilliform MO virus/SCBMOV
Sugarcane bacilliform BB virus/SCBBBV
Sweet potato pakakuy virus/SPPV
Sweet potato badnavirus B/SPBV
Taro bacilliform CH virus/TaBCHV
Taro bacilliform virus/TaBV
Wisteria badnavirus 1/WBV-1
Yacon necrotic mottle virus /'YNMoV

65

KF241951, KM078034
FJ824813, FJ824814, KJ624754
KT895259
FJ439817
AJ277091, IN377537, IN377536, IN377533,
KM214358
M89923, IN377534
KM214357, IN377535
FJ560943
FJ560944
KP710178, KP710177
AF357836
KX168422
KM229702




Table 2. Putative recombination events detected within badnavirus isolates, based on complete genome sequences.

Event Breakpoints* Recombinant Parents Methods+ P value}
Begin End Minor Major
1 202 1499 JN006805_CYMV JN006806_CYMV AF347695 CYMV RGBMCS3  1.7E-82
2 833 1183 AY805074_BSMYV Unknown KR014107_BSMYV RGBMCS3 8.6 E-20
3 3493 7233 NKJ873042_PYMoV KJ873043_PYMoV KC808712_PYMoV RGBMCS3 6.4 E-28
4 7283(7)  202(?) NEU489745 CYMV JN006805_CYMV JN006806_CYMV RGBMCS3  7.3E-20
EU489744 CYMV
5 202(?) 4651 ~JN006806_CYMV EU489745 CYMV AF347695 CYMV RGBMCS3 1.7E-44
6 7510 80 HQ852251 GVBV Unknown HQ852249 GVBV RGBMCS3  5.3E-15
7 4342 4833(?) "HQ852250 GVBV Unknown HQ852249 GVBV RGBMCS3 3.1 E-14
HQ852248 GVBV
8 348 499 AKJ013508_BSIMV Unknown KT895258 BSIMV RGBMCS 3.1E-13
9 1007 1186 ~JN377534_SCBMOV KM214358 SCBIMV  M89923 SCBMOV RGBMCS3 4.6 E-12
10 3733 3848 ~JN377533_SCBIMV Unknown KM214357_SCBBBVY RGBMCS 7.1E-11
11 1066(?) 1309 AGU121676_PBCV Unknown GQ398110_PBCV RBMC3 5.0 E-06
12 6306 647(?) "KF724854 BSMYV Unknown AY805074_BSMYV RGMC3 15E-10

KF724856_BSMYV
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13

14

15

16

17

18

19

20

21

7050

4356

865

7463(?)

7290(?)

7078

1400(?)

5022

601

7146(?)

4863

1234

202(?)

7401

210

2363

6244(?)

1206

KJ013509_BSMYV

NN377534_SCBMOV
AJ277091_SCBIMV
M89923_SCBMOV
KM214357_SCBBBV

ADQ092436_BSVNV
AY750155_BSVNV
KJ013510_BSVNV

HQ593107_BSUAV

AAF347695_CYMV
IN006805_CYMV

ADQ092436_BSVNV
AY750155_BSVNV

~AJ534983_CSSV
L14546_CSSV

AY493509_BSGFV
KJ013507_BSGFV

AKT965859 GRLDaV
HG940503_GRLDaV

NIN377536_SCBIMV
KM214358_SCBIMV

FJ824813_SCBGAV

Unknown

HQ593109_BSULV

Unknown

FJ439817_SCBGDV

Unknown

KU168312_CaYMV

FJ824813_SCBGAV

M89923_SCBMOV

Unknown

KJ013508_BSIMV

HQ593111_BSCAV

EU708317_CYMV

HQ659760_BSIMV

KX592583_CSSV

KX592582_CSSV

AY180137_KTSV

KX592572_CRVV

KM214357_SCBBBV

RGBS3

RBMC3

RBMC3

RGBMC3

RGCS3

RBMC3

RBMCS

BMCS3

RGBMCS

1.8 E-10

2.1E-10

2.6 E-10

2.1 E-09

2.0 E-08

8.8 E-08

2.2 E-09

4.9 E-07

2.6 E-10
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AJ277091_SCBIMV
JN377537_SCBIMV

22 393 702 ~HQ593107_BSUAV Unknown DQ092436_BSVNV RBMCS3 4.7 E-05

23 1055 1388(?) "KX610317_GVCV KJ725346_GVCV JF301669_GVCV RBMCS 2.4 E-06

* Numbering starts at the 5” end of the minus-strand primer-binding site and increases clockwise. (?), breakpoint could not be precisely pinpointed.
1 R, RDP; G, GeneConv; B, Bootscan; M, MaxChi; C, Chimera; S, SisScan; 3, 3SEQ.

1 The reported P values are for the methods indicated in red, and they are the lowest P values calculated for the region in question.

~ The recombinant sequence may have been misidentified (one of the identified parents might be the recombinant).
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Table 3. Genetic variability of the RT/RNaseH region of badnavirus populations infecting

distinct hosts.

Population No. of Lenght (nt) n* (SD)}
sequences

BSGFV 13 668 0.0209 (+0.0069)
BSMYV 10 659 0.0054 (+0.0013)
BSOLV 35 668 0.0164 (+0.0038)
BSUAV 8 662 0.0456 (+0.0039)
BSULV 12 668 0.1467 (+0.0133)
BSUMV 8 668 0.0579 (+0.0061)
PYMoV 27 579 0.0944 (+0.0037)
SPBVB 35 668 0.0418 (+0.0088)
Cssv 26 575 0.0334 (+0.0055)
CSSCbV 7 575 0.0162 (+0.0019)
SCBIMV 118 725 0.0876 (+0.0034)
DBALV# 96 435 0.0534 (+0.0054)

* Pairwise, per-site nucleotide diversity.

+ Standard deviation.

# Guimaraes et al., 2015.



ANEXO |

Lista das espécies de Badnavirus reconhecidos pelo ICTV até novembro de 2017:

Aglaonema bacilliform virus

Banana streak GF virus

Banana streak IM virus

Banana streak MY virus

Banana streak OL virus

Banana streak UA virus

Banana streak Ul virus

Banana streak UL virus

Banana streak UM virus

Banana streak VN virus

Bougainvillea chlorotic vein banding virus
Cacao swollen shoot CD virus

Cacao swollen shoot Togo A virus

Cacao swollen shoot virus

Canna yellow mottle virus

Citrus yellow mosaic virus

Commelina yellow mottle virus

Dioscorea bacilliform AL virus
Dioscorea bacilliform SN virus

Fig badnavirus 1

Gooseberry vein banding associated virus
Grapevine Roditis leaf discoloration-associated virus
Grapevine vein clearing virus

Kalanchoé top-spotting virus

Mulberry badnavirus 1
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Pagoda yellow mosaic associated virus
Pineapple bacilliform CO virus

Pineapple bacilliform ER virus

Piper yellow mottle virus

Rubus yellow net virus

Schefflera ringspot virus

Spiraea yellow leafspot virus

Sugarcane bacilliform Guadeloupe A virus
Sugarcane bacilliform Guadeloupe D virus
Sugarcane bacilliform IM virus
Sugarcane bacilliform MO virus

Sweet potato pakakuy virus

Taro bacilliform CH virus

Taro bacilliform virus

Yacon necrotic mottle virus

71



