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que nos levam aos mesmos lugares. 

É o tempo da travessia: e,  

se não ousarmos fazê-la, 

teremos ficado, para sempre, 

a margem de nós mesmos.”  

Existem pessoas que são essenciais para que essa travessia aconteça,  

as quais tornam nossa caminhada mais significativa pela paciência, apoio, carinho e  

dedicação! 

Em nome da minha mãe Ana Maria e meu pai Joel, dedico. 

 
  



 

 
 

iii  

AGRADECIMENTOS 

 

À Deus por estar presente em todos os momentos firmes e trêmulos, por me dar 

a segurança necessária para enfrentar os problemas e seguir adiante e principalmente 

por iluminar meus caminhos e permitir mais essa conquista em minha vida. 

Aos meus pais, Joel e Ana Maria, pelo amor, incentivo, apoio incondicional em 

todos os momentos e decisões tomadas, dedicação, confiança e principalmente 

paciência. Vocês são responsáveis pelas minhas conquistas, sou o reflexo de vocês! 

Aos meus irmãos, Lucas e Thiago, por acreditarem em mim e contribuírem 

para mais essa realização. 

A toda a minha família pela confiança e apoio. A minha avó Maria, um 

obrigado especial, suas orações foram atendidas! 

Ao Ricardo por estar sempre presente na minha vida, me proporcionando amor, 

tranquilidade, compreensão e paciência em todos os momentos, desde os difíceis até 

os mais memoráveis.  

À Universidade Federal de Viçosa (UFV) por proporcionar a realização do 

doutorado em Genética e Melhoramento. 

Ao Professor Francisco Murilo Zerbini, pelo suporte profissional, orientação, 

dedicação e amizade durante a realização deste trabalho. 

Ao Professor Jesús Navas Castillo e a Elvira Fiallo Olivé por todos os 

ensinamentos, orientação, amizade e dedicação durante a minha trajetória tanto na 

Espanha, quanto no Brasil. 

Aos amigos do Laboratório de Virologia Vegetal Molecular, Alison, Daniel, 

Tathiana, Igor, Hermano, Josiane, Angélica, Marcos, Osvaldo, Lenin, Roberto, 

Glória, Talita, Larissa, Diogo, Silvia, Adriana, Fábio, Murilo, Renan, Fernanda B., 



 

 
 

iv 

André, David, Flávia, Ana, Fernanda, Diego e Laiane pela amizade e pelo agradável 

ambiente de trabalho durante esses quatro anos. Em especial ao César, Márcio, Vitor 

e João, minha eterna gratidão! Vocês ajudaram a tornar esse sonho realidade e 

fizeram meus dias mais alegres. 

Ao ex-funcionário Joaquim e a funcionária Patrícia, pelo apoio para a 

realização deste trabalho e à amizade. 

As professoras Poliane e Claudine pelos ensinamentos e amizade. 

Aos meus amigos de Viçosa, em especial a Dayana, Ana Lídia, Gabriela, 

Nívia, Haydee, Marcus e Yanna, que sempre estão ao meu lado, nos momentos de 

alegrias e de tristezas. 

Aos amigos da vida, que fizeram parte do meu passado, do presente e 

seguramente estarão no meu futuro. Um agradecimento especial à Mariana, Milena, 

Priscila, Patrícia, Daiana, Marina, Gustavo, Rafael, Lizo, Murilo, Caroline, Fernanda 

W., Fernanda R., Renata, Renata L., Monique, Thaís, Eduarda, Paolo, Pedro G., 

Daniel, Andréia, Paulo, Daniela, Francisco, Rodrigo, Taís, Márcio e Lucas Takami.  

Aos amigos, funcionários e pesquisadores do IHSM-CSIC (La Mayora). Em 

especial à Yazmin, Pedro, Eduardo, Amanda, Elisa, Rida e Francisco pela amizade. 

A todas as amizades feitas em Málaga (Espanha), muito obrigada por me 

proporcionarem dias excepcionais! 

Enfim, a todos que contribuíram direta ou indiretamente para conclusão deste 

trabalho. 

 

  



 

 
 

v 

BIOGRAFIA 

 

Camila Geovana Ferro, filha de Joel Ferro e Ana Maria Bortolin Ferro, 

nasceu em 14 de agosto de 1986, em Rio Claro, São Paulo.  

Residiu e estudou todos os anos do ensino fundamental e médio na cidade de 

Rio Claro, São Paulo, sendo concluído em 2003. Graduou-se em Agronomia pela 

Universidade Federal de Viçosa (UFV), na cidade de Viçosa, Minas Gerais, em 

janeiro de 2010. Ingressou, em março de 2010, no curso de pós-graduação em 

Genética e Melhoramento em nível de Mestrado na Universidade Estadual Paulista 

"Júlio de Mesquita Filho", Campus de Jaboticabal, obtendo o título de Magister 

Scientiae em fevereiro de 2012. Ingressou no mês seguinte no curso de pós-

graduação em Genética e Melhoramento em nível de Doutorado na Universidade 

Federal de Viçosa e, em março de 2016, submeteu-se à defesa de tese.  

 

  



 

 
 

vi 

SUMÁRIO 
 

RESUMO ................................................................................................................... viii 

ABSTRACT . ............................................................................................................. x 

INTRODUÇÃO GERAL ........................................................................................... 1 

CAPÍTULO 1 - THE EVER INCREASING DIVERSITY OF 

BEGOMOVIRUSES INFECTING NON-CULTIVATED HOSTS: NEW 

SPECIES FROM SIDA SPP. AND LEONURUS SIBIRICUS, PLUS TWO 

NEW WORLD ALPHASATELLITES ..................................................................... 15 

 Summary ............................................................................................................... 17 

 Introduction ........................................................................................................... 19 

 Materials and Methods .......................................................................................... 21 

 Results and Discussion .......................................................................................... 22 

 Acknowledgements ............................................................................................... 30 

 References ............................................................................................................. 30 

 Figure legends ....................................................................................................... 40 

 Supporting information ......................................................................................... 42 

CAPÍTULO 2 - GENETIC STRUCTURE AND VARIABILITY OF TWO 

BEGOMOVIRUS POPULATIONS INFECTING NON-CULTIVATED 

HOSTS ....................................................................................................................... 57 

 Abstract ................................................................................................................. 59 

 Introduction ........................................................................................................... 60 

 Results ................................................................................................................... 63 

 Discussion ............................................................................................................. 71 

 Methods ................................................................................................................. 76 

 References ............................................................................................................. 80 

 Figure legends ....................................................................................................... 98 

CAPÍTULO 3 - DIVERSITY OF DELTASATELLITES ASSOCIATED 

WITH SWEEPOVIRUSES INFECTING IPOMOEA INDICA IN 

SOUTHERN SPAIN .................................................................................................. 108 

 Abstract ................................................................................................................. 110 

 Introduction ........................................................................................................... 112 

 Materials and Methods .......................................................................................... 116 

 Results ................................................................................................................... 118 

 Discussion ............................................................................................................. 122 

 References ............................................................................................................. 126 

 Figure legends ....................................................................................................... 140 
  



 

 
 

vii 

RESUMO 

FERRO, Camila Geovana, D.Sc., Universidade Federal de Viçosa, março de 2016. 
Diversidade de espécies e variabilidade genética de begomovírus e DNAs 
satélites infectando plantas não-cultivadas no Brasil e na Espanha. Orientador: 
Francisco Murilo Zerbini Júnior. Coorientador: Alison Talis Martins Lima. 
 

Begomovírus (gênero Begomovirus, família Geminiviridae) possuem um ou dois 

componentes genômicos de DNA circular de fita simples, encapsidados em 

partículas icosaédricas geminadas. A maioria dos begomovírus presentes no Novo 

Mundo (NM) são bissegmentados, enquanto no Velho Mundo (VM) prevalecem os 

monossegmentados, frequentemente associados a duas classes de DNAs satélites: 

alfassatélites e betassatélites. Recentemente, alfassatélites foram relatados em 

associação com begomovírus bissegmentados no NM. Membros do gênero 

Begomovirus são responsáveis por doenças em culturas economicamente importantes 

em todo o mundo. Begomovírus que infectam Ipomoea spp. (família 

Convolvulaceae), comumente denominados "sweepovírus", possuem organização 

genômica típica dos vírus monossegmentados do VM, porém são filogeneticamente 

distintos das demais espécies do gênero. O entendimento da dinâmica e variabilidade 

genética de populações virais em plantas não-cultivadas é importante para auxiliar na 

previsão e prevenção de doenças em plantas cultivadas. Este trabalho teve como 

objetivos: (i) estudar a diversidade de espécies de begomovírus em dois hospedeiros 

não-cultivados amplamente distribuídos no Brasil, Sida spp. e Leonurus sibiricus; (ii ) 

determinar a estrutura e a variabilidade genética das populações de begomovírus em 

Sida spp. e L. sibiricus; (iii ) determinar a variabilidade genética de deltassatélites 

associados a sweepovírus infectando Ipomoea indica no sul da Espanha, expandindo 

a análise para outras regiões geográficas. Para os dois primeiros objetivos, o DNA 

total foi extraído de plantas de Sida spp. e L. sibiricus coletadas nos estados do Rio 

Grande do Sul, Paraná e Mato Grosso do Sul de 2009 a 2011, e os genomas virais 

foram amplificados, clonados e sequenciados. A maioria das amostras de Sida spp. 

estavam infectadas pelo Sida micrantha mosaic virus (SiMMV). Foram encontradas 

também três novas espécies. A maioria absoluta das amostras de L. sibiricus estavam 

infectadas pelo Tomato yellow spot virus (ToYSV). Dois alfassatélites foram 

encontrados: Euphorbia yellow mosaic alphasatellite em Sida sp. e um novo 

alfassatélite em L. sibiricus. As populações de SiMMV e ToYSV possuem alta 
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variabilidade genética. Embora um elevado nível de recombinação tenha sido 

detectado, a dinâmica mutacional é o fator primário de diversificação. Os resultados 

são inconclusivos em relação a estruturação baseada em localização geográfica. Para 

o terceiro objetivo, DNA foi extraído de plantas de I. indica coletadas no sul da 

Espanha em 2015, e amplificação por círculo rolante (RCA), uma técnica que leva a 

amplificação de moléculas de ssDNA circulares sem o conhecimento prévio da 

sequência nucleotídica, foi usada para clonar os deltassatélites e seus sweepovírus 

associados, Sweet potato leaf curl virus (SPLCV) e Sweet potato mosaic virus 

(SPMV). Deltassatélites apresentaram baixa variabilidade de sequência, ausência de 

recombinação e de estruturação geográfica. Além disso, uma quimera sweepovírus-

satélite com um tamanho similar ao dos deltassatélites foi detectada.  
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ABSTRACT 

FERRO, Camila Geovana, D.Sc., Universidade Federal de Viçosa, March, 2016. 
Species diversity and genetic variability of begomoviruses and associated DNA 
satellites infecting non-cultivated plants in Brazil and in Spain. Advisor: 
Francisco Murilo Zerbini Júnior. Co-advisor: Alison Talis Martins Lima. 
 

Begomoviruses (genus Begomovirus, family Geminiviridae) possess one or two 

genomic components of circular, single-stranded DNA (ssDNA) encapsidated in 

geminate icosahedral particles. Most begomoviruses in the New World (NW) are 

bipartite, while the majority in the Old World (OW) are monopartite and frequently 

associated with two classes of satellite DNAs: alphasatellites and betasatellites. 

Alphasatellites have been recently reported in association with bipartite 

begomoviruses in the NW. Members of the genus Begomovirus are responsible for 

important crop diseases worldwide. Begomoviruses that infect Ipomoea spp. (family 

Convolvulaceae), commonly known as "sweepoviruses", have the typical genomic 

organization of OW monopartite viruses but are phylogenetically distinct from all 

other species in the genus. Understanding the dynamics and genetic variability of 

viral populations in non-cultivated hosts is important for the prediction and 

consequent prevention of new virus diseases in cultivated plants. This work aimed to: 

(i) assess the diversity of begomoviruses in two non-cultivated hosts widely 

distributed in Brazil, Sida spp. and Leonurus sibiricus; (ii ) determine the genetic 

structure and variability of begomovirus populations infecting Sida spp. and L. 

sibiricus; (iii ) determine the genetic variability of deltasatellites associated with 

sweepoviruses infecting Ipomoea indica in Spain and expand the analysis to other 

geographical areas. For the first two objectives, total DNA was extracted from 

samples of Sida spp. and L. sibiricus collected in the states of Rio Grande do Sul, 

Paraná and Mato Grosso do Sul from 2009 to 2011 and viral genomes were 

amplified, cloned and sequenced. In Sida spp. the most prevalent virus was Sida 

micrantha mosaic virus (SiMMV). In addition, three new species were also detected. 

The vast majority of L. sibiricus samples were infected by Tomato yellow spot virus 

(ToYSV). Two alphasatellites were found: Euphorbia yellow mosaic alphasatellite in 

Sida sp. and a new alphasatellite associated with ToYSV in L. sibiricus. Both the 

SiMMV and ToYSV populations have a high degree of genetic variability. Although 

a high level of recombination was detected, mutational dynamics was the primary 
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factor of diversification. The results were inconclusive regarding genetic 

structuration based on geography. For the third objective, DNA was extracted from I. 

indica samples collected in southern Spain in 2015 and rolling circle amplification 

(RCA), a technique that allows amplification of circular ssDNA molecules without 

previous knowledge of nucleotide sequence, was used to clone deltasatellites and two 

associated sweepoviruses, Sweet potato leaf curl virus (SPLCV) and Sweet potato 

mosaic virus (SPMV). Deltasatellites showed low sequence variability, no evidence 

of recombination, and no obvious geographical structuration. Also, a sweepovirus-

deltasatellite chimera with a size similar to deltasatellites was detected.  
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INTRODUÇÃO GERAL 

 

A família Geminiviridae é composta por vírus com genoma de DNA circular 

de fita simples, encapsidado em partículas icosaédricas geminadas (Brown et al., 

2012). A família inclui os gêneros Begomovirus, Becurtovirus, Curtovirus, 

Eragrovirus, Mastrevirus, Topocuvirus e Turncurtovirus, definidos com base no tipo 

de inseto vetor, gama de hospedeiros, relacionamento filogenético e organização 

genômica (Brown et al., 2012; Varsani et al., 2014). O gênero Begomovirus é o 

maior na família e inclui vírus com genoma mono- ou bissegmentado, transmitidos 

por Bemisia tabaci (Hemiptera: Aleyrodidae) a plantas dicotiledôneas (Brown et al., 

2015). São responsáveis por sérias doenças causadas em culturas de grande 

importância econômica em regiões tropicais e subtropicais (Polston e Anderson, 

1997; Morales e Anderson, 2001; Monci et al., 2002; Briddon, 2003; Were et al., 

2004).  

Com base em estudos filogenéticos e características do genoma, os 

begomovírus podem ser divididos em dois grupos: Velho Mundo (VM; Europa, 

África e Ásia) e Novo Mundo (NM; Américas) (Rybicki, 1994; Padidam et al., 1999; 

Paximadis et al., 1999). Begomovírus presentes no NM são predominantemente 

bissegmentados (dois componentes denominados DNA-A e DNA-B), com um único 

relato de um vírus monossegmentado nativo do NM, o Tomato leaf deformation virus 

(ToLDeV) (Melgarejo et al., 2013; Sanchez-Campos et al., 2013). O DNA-A contém 

genes envolvidos na replicação, encapsidação da progênie viral e supressão da 

respostas de defesa do hospedeiro (Rojas et al., 2005; Hanley-Bowdoin et al., 2013), 

e o DNA-B contém genes requeridos para o movimento intra- e intercelular na 

planta, determinação da gama de hospedeiros e supressão de defesas do hospedeiro 
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(Rojas et al., 2005; Mahajan et al., 2011; Hanley-Bowdoin et al., 2013; Brustolini et 

al., 2015). A grande maioria dos begomovírus que ocorrem no VM são 

monossegmentados e têm organização genômica semelhante à citada acima para o 

DNA-A dos vírus bissegmentados (Padidam et al., 1996; Mansoor et al., 2003), com 

a presença de uma ORF adicional que codifica a proteína nomeada V2/AV2, a qual 

está envolvida no movimento viral e na supressão do silenciamento gênico (Rybicki, 

1994; Padidam et al., 1996; Glick et al., 2008).  

Os begomovírus que infectam a batata-doce (Ipomoea batatas) e outras 

espécies da família Convolvulaceae (comumente denominados "sweepovírus") 

possuem organização genômica típica dos vírus monossegmentados do VM, porém 

são filogeneticamente distintos de todas as demais espécies do gênero, se agrupando 

basalmente aos begomovírus do VM e do NM (Lozano et al., 2009; Lozano et al., 

2016). Nos últimos 20 anos, um grande número de sweepovírus foi identificado em 

vários países (Lotrakul et al., 1998; Banks et al., 1999; Fuentes e Salazar, 2003; 

Lotrakul et al., 2003; Briddon et al., 2006; Luan et al., 2006; Miano et al., 2006; 

Luan et al., 2007; Prasanth e Hegde, 2008; Lozano et al., 2009; Paprotka et al., 

2010a; Albuquerque et al., 2011; Wasswa et al., 2011; Esterhuizen et al., 2012). O 

fato desses vírus serem comuns no NM é atribuído ao caráter de propagação 

vegetativa da batata-doce associado ao comércio internacional de material 

propagativo, que permitiu a disseminação dos sweepovírus por todo o mundo 

(Paprotka et al., 2010a; Albuquerque et al., 2012). 

DNAs e RNAs satélites são agentes subvirais que não codificam proteínas 

relacionadas à replicação, dependendo da co-infecção de uma célula hospedeira por 

um vírus auxiliar para a sua multiplicação, e cujo material genético não possui 

identidade de sequência com o genoma do vírus auxiliar (Simon et al., 2004).  
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O primeiro DNA satélite descoberto, nomeado ToLCV-sat, foi isolado de 

plantas de tomateiro infectadas com o begomovírus monossegmentado Tomato leaf 

curl virus (ToLCV) na Austrália (Dry et al., 1997). O ToLCV-sat possui apenas 682 

nucleotídeos, não possui ORF, contém uma região rica em adenina e duas estruturas 

em forma de grampo, uma contendo o nanonucleotídeo TAATATTAC (conservado 

nos geminivírus) e outra contendo uma sequência idêntica à do iteron do ToLCV 

(Saunders et al., 2000). Entretanto, a grande maioria dos begomovírus 

monossegmentados que ocorrem no VM estão associados a dois outros tipos de 

DNAs satélites, denominados alfa- e betassatélites (Mansoor et al., 2003; Briddon e 

Stanley, 2006; Zhou, 2013). Em comum, esses dois tipos de DNAs satélites possuem 

um genoma de ssDNA circular com aproximadamente 1300 nucleotídeos (Briddon e 

Stanley, 2006).   

Alfassatélites (anteriormente denominados DNA-1) (Briddon et al., 2004) 

codificam uma proteína associada à replicação (alpha-Rep) (Briddon et al., 2004; Xie 

et al., 2010; Zhou, 2013), e portanto não são DNAs satélites em sentido específico. 

Entretanto, necessitam de um vírus auxiliar para movimentar-se nas plantas, bem 

como para sua transmissão pelo inseto vetor (Mansoor et al., 1999; Saunders e 

Stanley, 1999). Seu genoma possue uma região rica em adeninas e uma estrutura em 

forma de grampo semelhante à encontrada no genoma dos begomovírus. A estrutura 

em forma de grampo contém o nonanucleotídeo conservado TAGTATTAC, idêntica 

à encontrada nos nanovírus (família Nanoviridae) e semelhante ao nonanucleotídeo 

TAATATTAC conservado nos begomovírus. A proteína alpha-Rep possue 

similaridade de sequência significativa com as proteínas Rep de nanovírus. De fato, a 

região rica em adenina é a única característica que diferencia os alfassatélites do 

componente DNA-R dos nanovírus. É consenso que os alfassatélites se originaram 
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de nanovírus (Stanley, 2004; Rojas et al., 2005), e acredita-se que essa região rica em 

adenina permanece conservada por aumentar o tamanho do genoma, de 

aproximadamente 1000 nucleotídeos no caso dos componentes genômicos dos 

nanovírus, para 1300 nucleotídeos, a metade do tamanho do genoma dos 

begomovírus (Briddon et al., 2004). Os alfasatélites normalmente ocorrem 

associados a complexos begomovírus/betassatélites no VM (Xie et al., 2010; Leke et 

al., 2015), porém recentemente foram relatados em associação com begomovírus 

bissegmentados no NM (Brasil, Cuba e Venezuela) (Paprotka et al., 2010b; Romay 

et al., 2010; Jeske et al., 2014).  

Betassatélites (previamente conhecidos como DNA-β) tem sido identificados 

apenas no VM (Saunders et al., 2000; Briddon et al., 2001). Esses agentes possuem 

uma organização genômica contendo uma região altamente conservada (satellite 

conserved region, SCR), uma região rica em adenina, e um único gene denominado 

betaC1 (Briddon et al., 2008). A proteína betaC1 é multifuncional e atua como 

determinante de patogenicidade (Cui et al., 2004), possuindo funções de supressora 

de silenciamento gênico transcricional (Yang et al., 2011) e pós-transcricional (Li  et 

al., 2014).   

Recentemente, um tipo distinto de DNA satélite foi identificado em 

associação a begomovírus infectando plantas da família Malvaceae em Cuba (Fiallo-

Olive et al., 2012a). Estes satélites possuem as mesmas características genômicas do 

ToLCV-sat (Fiallo-Olive et al., 2012a). DNAs satélites apresentando características 

similares foram encontrados na Flórida (EUA), por meio de análise metagenômica de 

moscas-brancas adultas (vector-enabled metagenomics, VEM) (Ng et al., 2011). 

Lozano et al. (2016) detectaram uma quimera vírus-satélite em uma planta de batata-

doce, a partir da qual foram desenhados oligonucleotídeos específicos para 
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amplificar a sequência correspondente ao satélite. A amplificação via PCR utilizando 

esses oligonucleotídeos levou à detecção de DNAs satélites, também estruturalmente 

semelhante ao ToLCV-sat, em associação com sweepovírus em batata-doce e 

Ipomoea indica na Espanha (Lozano et al., 2016). Utilizando a técnica de 

amplificação por círculo rolante (rolling-circle amplification, RCA), pequenos 

DNAs satélites foram detectados em plantas de Merremia dissecta coletadas na 

Venezuela (Lozano et al., 2016).  

Embora todos esses satélites semelhantes ao ToLCV-sat compartilhem 

algumas características com os betassatélites, eles não possuem o gene betaC1, 

possuem sequências que divergem significativamente da SCR, e ocorrem na ausência 

de betassatélites (Lozano et al., 2016). Com base nessas características, Lozano et al. 

(2016) sugerem que esses satélites semelhantes ao ToLCV-sat devem ser 

coletivamente considerados uma classe distinta de DNAs satélites, para a qual o 

nome deltassatélite foi proposto.  

Fiallo-Olivé et al. (2012a) observaram que a distribuição da variabilidade 

genética de deltassatélites associados a plantas não-cultivadas da família Malvaceae 

em Cuba é determinada por geografia e fatores do hospedeiro. Lozano et al. (2016) 

observaram que os deltassatélites associados a sweepovírus em plantas do gênero 

Ipomoea, obtidos na Espanha, formam um único grupo monofilético. Dentro desse 

grupo os isolados se organizam de acordo com a origem geográfica (um subgrupo 

contendo isolados da Espanha e outro subgrupo com isolados das Ilhas Canárias). 

Além disso, dentro do subgrupo espanhol existe uma subdivisão adicional: os 

isolados obtidos a partir de I. indica formam um único grupo, o qual é mais 

relacionado aos deltassatélites obtidos de I. batatas na Espanha, do que aos 

deltassatélites de I. batatas obtidos nas Ilhas Canárias (Lozano et al., 2016). 
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Relatos recentes da associação de begomovírus do NM com alfassatélites 

(Paprotka et al., 2010b; Romay et al., 2010; Jeske et al., 2014), da existência de uma 

terceira classe de DNAs satélites (deltassatéllites) associados a begomovírus 

infectando plantas cultivadas e não-cultivadas (Dry et al., 1997; Ng et al., 2011; 

Fiallo-Olivé et al., 2012a; Lozano et al., 2016), e da emergência de um begomovírus 

do Novo Mundo possuindo apenas um componente genômico (Melgarejo et al., 

2013) sugerem que a variabilidade genética dos begomovírus é muito maior do que 

se acredita. 

As maiores fontes de variabilidade genética de vírus de plantas são mutação, 

recombinação e pseudo-recombinação (Monci et al., 2002; García-Arenal et al., 

2003; Seal et al., 2006). Para os begomovírus, assim como para outros vírus, a 

evolução depende primariamente da ocorrência de mutações. Os begomovírus 

apresentam taxas de substituição de nucleotídeos elevadas em relação a outros vírus 

com genoma de DNA (de fato, elas são comparáveis às de vírus com genoma 

composto por RNA de fita simples) (Duffy e Holmes, 2008; Duffy e Holmes, 2009). 

Embora a dinâmica mutacional seja o fator primário da diversificação das populações 

virais (Roossinck, 1997; García-Arenal et al., 2003), ela não é responsável por toda a 

variação genética, já que outros mecanismos evolucionários, incluindo a 

recombinação, podem contribuir significativamente (Martin et al., 2011; Lima et al., 

2013). A recombinação é um evento bastante comum em geminivírus (Padidam et 

al., 1999; Lefeuvre et al., 2009), e parece contribuir de forma significativa para a 

diversificação genética dos begomovírus, aumentando seu potencial evolucionário e 

adaptação local (Harrison e Robinson, 1999; Padidam et al., 1999; Berrie et al., 

2001; Monci et al., 2002). Recombinantes naturais de begomovírus foram 

responsáveis por epidemias severam e grandes perdas econômicas nas culturas da 
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mandioca na África (Zhou et al., 1997; Pita et al., 2001), tomateiro na Espanha 

(Monci et al., 2002; García-Andrés et al., 2007a; García-Andrés et al., 2007b) e 

algodão e quiabo no Paquistão (Zhou et al., 1998; Idris e Brown, 2002; Briddon et 

al., 2014). Outra fonte de variabilidade genética é a pseudo-recombinação, que pode 

ocorrer por meio da troca entre os dois componentes genômicos de vírus 

bissegmentados (Andrade et al., 2006).  

A estrutura genética de populações de vírus de plantas refere-se à quantidade 

de variabilidade genética e sua distribuição dentro e entre subpopulações (García-

Arenal et al., 2001). Diversos estudos tem sido conduzidos para investigar os 

principais mecanismos responsáveis por moldar a estrutura genética e a variabilidade 

de populações de geminivírus em diferentes hospedeiros e regiões geográficas (Zhou 

et al., 1997; Fondong et al., 2000; Legg e Thresh, 2000; Pita et al., 2001; Owor et 

al., 2007; Lima et al., 2013; Rocha et al., 2013; Ramos-Sobrinho et al., 2014).   

Uma elevada diversidade de espécies de begomovírus em plantas não-

cultivadas tem sido observada em diversos países (Frischmuth et al., 1997; Roye et 

al., 1997; Idris et al., 2003; Jovel et al., 2004; Amarakoon et al., 2008; Fiallo-Olive 

et al., 2012b; Silva et al., 2012; Tavares et al., 2012) e algumas dessas espécies virais 

também infectam plantas cultivadas (Fernandes et al., 2009; Fernandes et al., 2011; 

Barbosa et al., 2012; Barreto et al., 2013; Rocha et al., 2013; Fernandes et al., 2014; 

Ramos-Sobrinho et al., 2014), destacando a necessidade de estudar essas plantas 

como reservatórios de diversidade viral e como fonte de novos vírus que podem 

causar doenças em culturas economicamente importantes.   

Este estudo teve como objetivos: (i) estudar a diversidade de espécies de 

begomovírus presentes em dois hospedeiros não-cultivados amplamente distribuídos 

no Brasil, Sida spp. e Leonurus sibiricus; (ii ) determinar a estrutura genética e os 
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mecanismos que influenciam a variabilidade de populações de begomovírus 

infectando Sida spp. e Leonurus sibiricus; (iii ) determinar a variabilidade genética de 

deltassatélites associados a sweepovírus infectando Ipomoea indica, por 

reamostragem das populações no sul da Espanha e expandindo as análises para 

outras regiões geográficas. 
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Summary 

 

Begomoviruses (whitefly-transmitted, single-stranded DNA plant viruses) are 

among the most damaging pathogens causing epidemics in economically important 

crops worldwide. Besides cultivated plants, many weed and wild hosts act as virus 

reservoirs where recombination may occur, resulting in new species. The aim of this 

study was to further characterize the diversity of begomoviruses infecting two major 

weed genera, Sida and Leonurus. Total DNA was extracted from samples collected 

in the states of Rio Grande do Sul, Paraná and Mato Grosso do Sul during the years 

2009 to 2011. Viral genomes were enriched by rolling circle amplification (RCA), 

linearised into unit length genomes using various restriction enzymes, cloned and 

sequenced. A total of 78 clones were obtained: 37 clones from Sida spp. plants and 

41 clones from Leonurus sibiricus plants. Sequence analysis indicated the presence 

of six bipartite begomovirus species and two alphasatellites. In Sida spp. plants we 

found Sida micrantha mosaic virus (SiMMV), Euphorbia yellow mosaic virus 

(EuYMV), and three isolates that represent new species, for which the following 

names are proposed: Sida chlorotic mottle virus (SiCMoV), Sida bright yellow 

mosaic virus (SiBYMV) and Sida golden yellow spot virus (SiGYSV), an Old 

World-like begomovirus. L. sibiricus plants had a lower diversity of begomoviruses 

compared to Sida spp., with only Tomato yellow spot virus (ToYSV) and EuYMV 

(for the first time detected infecting plants of the genus Leonurus) detected. Two 

satellite DNA molecules were found: Euphorbia yellow mosaic alphasatellite, for the 

first time detected infecting plants of the genus Sida, and a new alphasatellite 

associated with ToYSV in L. sibiricus. These results constitute further evidence of 



 

 
 

18 

the high species diversity of begomoviruses in non-cultivated hosts, particularly Sida 

spp. 

Keywords: begomovirus, biodiversity, geminivirus, recombination, satellite DNA 
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Introduction 

The family Geminiviridae is comprised of plant viruses with one or two genomic 

components of circular, single-strand DNA (ssDNA) encapsidated in geminate 

particles (Brown et al., 2012). The family is divided into seven genera (Becurtovirus, 

Begomovirus, Curtovirus, Eragrovirus, Mastrevirus, Topocuvirus and 

Turncurtovirus) according to the type of insect vector, host range, genome 

organization and phylogeny (Brown et al., 2012;  Varsani et al., 2014). The genus 

Begomovirus is the largest in the family and includes mono- and bipartite viruses 

transmitted by Bemisia tabaci (Hemiptera: Aleyrodidae) to dicotyledonous plants 

(Brown et al., 2015). 

Based on phylogenetic analysis and genomic features, begomoviruses are 

broadly divided into two groups: Old World (OW; Europe, Africa, Asia and 

Oceania) and New World (NW; the Americas) (Rybicki, 1994;  Paximadis et al., 

1999;  Padidam et al., 1999). Begomoviruses in the New World are mostly bipartite 

(DNA-A and DNA-B), except for Tomato leaf deformation virus (ToLDeV), an 

indigenous NW monopartite virus (Melgarejo et al., 2013). The DNA-A contains 

genes involved in replication, encapsidation of viral progeny and suppression of host 

defenses (Rojas et al., 2005;  Hanley-Bowdoin et al., 2013), and the DNA-B contains 

genes required for intra- and intercellular movement in the plant, host range 

determination and suppression of host defenses (Hanley-Bowdoin et al., 2013;  Rojas 

et al., 2005;  Mahajan et al., 2011;  Brustolini et al., 2015). The majority of the 

begomoviruses that occur in the Old World (OW) are monopartite, with a genomic 

organization similar to the DNA-A of bipartite viruses (Mansoor et al., 2003;  

Padidam et al., 1996) and the presence of an additional open reading frame (ORF) 

which partially overlaps the cp gene, named v2 in monopartite viruses or av2 in 
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bipartite viruses. The V2/AV2 protein is involved in viral movement and gene 

silencing suppression (Rybicki, 1994;  Padidam et al., 1996;  Glick et al., 2008). 

Begomoviruses in the OW are generally associated with satellite DNA molecules 

(Zhou, 2013).  

Brazil is a begomovirus diversity hotspot, with reports of their detection 

dating back to the 1950's (Costa, 1955;  Costa and Bennett, 1950). Begomoviruses 

are limiting factors for common bean and tomato production (Faria et al., 2000;  

Zerbini et al., 2005), and a large number of new species of tomato-infecting 

begomoviruses has been identified in the country (Calegario et al., 2007;  Ribeiro et 

al., 2007;  Fernandes et al., 2006;  Ribeiro et al., 2003;  Castillo-Urquiza et al., 2008;  

Fernandes et al., 2008;  Albuquerque et al., 2012). The advent of techniques for the 

unbiased amplification of circular DNA genomes (specially rolling circle 

amplification, RCA (Inoue-Nagata et al., 2004), created new possibilities for the 

discovery of novel begomoviruses, and also of divergent ssDNA viruses (Loconsole 

et al., 2012;  Krenz et al., 2012;  Basso et al., 2015).  

Non-cultivated species of the families Asteraceae, Caparaceae, 

Euphorbiaceae, Fabaceae, Labiatae, Malvaceae, Solanaceae and Sterculiaceae have 

been reported as hosts of many begomoviruses in Brazil and in several other 

countries in the Americas (Faria and Maxwell, 1999;  Assunção et al., 2006;  Tavares 

et al., 2012;  Castillo-Urquiza et al., 2008;  Silva et al., 2012;  Barbosa et al., 2009;  

Barreto et al., 2013;  Silva et al., 2011;  Frischmuth et al., 1997;  Roye et al., 1997;  

Fernandes et al., 1999;  Idris et al., 2003;  Jovel et al., 2004;  Amarakoon et al., 

2008). There is evidence that some of these begomoviruses from non-cultivated hosts 

can be transmitted to cultivated species by the insect vector and by grafting (Castillo-

Urquiza et al., 2007;  Cotrim et al., 2007;  Barreto et al., 2013;  Silva et al., 2010;  
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Rocha et al., 2013;  Ramos-Sobrinho et al., 2014;  Arnaud et al., 2007), highlighting 

the need to investigate these plants as reservoirs of viral diversity and as a source of 

new viruses which may cause diseases in crops. 

 

Materials and Methods 

During the years 2009 to 2011, leaf samples from Sida spp. (Malvaceae) and 

Leonurus sibiricus (Lamiaceae) plants displaying symptoms of yellow mosaic and 

leaf distortion and/or infestation by B. tabaci were collected in the states of Rio 

Grande do Sul (n=27), Paraná (n=33) and Mato Grosso do Sul (n=10). Total DNA 

was extracted from press-dried samples as described by Doyle and Doyle (1987). 

Full-length viral circular genomes were enriched by rolling-circle amplification 

(RCA) as described by Inoue-Nagata et al. (2004). Unit length genomes fragments 

were excised with ApaI, BamHI, ClaI, EcoRI, HindIII, KpnI, SacI, SalI or SpeI and 

ligated into the pBLUESCRIPT-KS+ (pKS+) plasmid vector (Stratagene), previously 

cleaved with the same enzyme. Viral inserts were sequenced commercially 

(Macrogen Inc., Seoul, South Korea) by primer walking. All genome sequences were 

organized to begin at the nicking site in the invariant nonanucleotide at the origin of 

replication (5'-TAATATT//AC-3').  

Pairwise sequence comparisons were performed using Sequence Demarcation 

Tool (SDT) v.1.2 (Muhire et al., 2014) using the MUSCLE alignment option (Edgar, 

2004). Multiple sequence alignments were obtained using the MUSCLE algorithm 

implemented in MEGA6 (Tamura et al., 2013). Phylogenetic analyses were 

performed with the sequences of the closest begomoviruses determined by BLASTn 

comparison of the clones generated in this study and the sequences deposited in 

Genbank, plus some begomovirus sequences of the New and Old World. 
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Phylogenetic trees were constructed using Bayesian inference performed with 

MrBayes v. 3.0b4 (Ronquist and Huelsenbeck, 2003), with the nucleotide 

substitution model selected by MrModeltest v. 2.2 (Nylander, 2004) in the Akaike 

Information Criterion (AIC). The analysis was run for 10 million generations, 

excluding the first 2,000,000 generations as burn-in. The trees were visualized in 

FigTree v.1.3.1 (tree.bio.ed.ac.uk/software/figtree/). Recombination analysis was 

performed with Recombination Detection Program (RDP) v.4.5.1 (Martin et al., 

2010) using default settings and a Bonferroni-corrected P-value cutoff of 0.05. The 

same data set used for the phylogenetic analysis was used for recombination analysis. 

Only the recombination events detected by more than four of the seven tests 

implemented in RDP were considered to be reliable. 

 

Results and Discussion 

A total of 70 samples samples (43 Sida spp. samples, 27 L. sibiricus samples) were 

collected and 61 were preliminarily positive for the presence of a begomovirus, 

based on the detection of an ~2,600-bp band after digestion of the RCA products 

with restriction enzymes (data not shown). A total of 78 clones were obtained: 37 

clones from Sida spp. plants and 41 clones from L. sibiricus plants (Table 1; these 

include DNA-A, DNA-B and satellite DNA clones). BLASTn analysis and pairwise 

sequence comparisons indicated the presence of six begomovirus species and two 

alphasatellites (Table 1; Suppl. Figure S1 and S4).  

Pairwise sequence comparisons of cloned genome sequences with those 

deposited in GenBank indicated that Sida micrantha mosaic virus (SiMMV) was the 

predominant begomovirus infecting Sida spp. plants. Out of 15 DNA-A clones 

obtained from this host, 10 correspond to SiMMV isolates, as well as 19 out of the 
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21 DNA-B clones (Table 1). The DNA-A sequences share >96.3% nucleotide 

identity amongst themselves and 96.3% to 97.2% identity with SiMMV (accession 

number FN436003), and the DNA-B sequences share >88.0% nucleotide identity 

amongst themselves and 89.1% to 93.3% identity with SiMMV (FN436004) (Suppl. 

Figure S1). Bayesian phylogenetic trees based on either the DNA-A or DNA-B 

placed these isolates in a monophyletic branch together with SiMMV (Figure 1). 

Two DNA-A sequences (BR:Trm531.2:10 and BR:Caa691:10) obtained from 

Sida spp. samples #531 and #691 displayed 97.0% and 97.2% nt sequence identity to 

Euphorbia yellow mosaic virus (EuYMV; FJ619507), respectively (Table 1; Suppl. 

Figure S1). This virus has already been found infecting Sida santaremnensis in 

Minas Gerais (Tavares et al., 2012).  

The Sida sample #531 actually had a mixed infection. A virus representing a 

new species (BR:Trm531.1:10) based on the criteria of <91% nucleotide sequence 

identity for the DNA-A, recently updated by the Geminiviridae Study Group of the 

ICTV (Brown et al., 2015), was cloned from this sample, for which the name Sida 

chlorotic mottle virus (SiCMoV) is proposed. Pairwise sequence comparisons of the 

DNA-A sequence (2601 nt) with those deposited in GenBank indicated a maximum 

nucleotide sequence identity of 81.5% with Tomato dwarf leaf virus (ToDfLV, 

JN564749) (Suppl. Figure S1). A DNA-B was detected in the sample but has not yet 

been cloned. SiCMoV is placed in a monophyletic branch with ToDfLV, Tomato 

chino La Paz virus (ToChLPV), Tomato leaf deformation virus (ToLDeV), Tomato 

golden mosaic virus (TGMV) and Sida mosaic Bolivia virus 1 (SiMBoV1) and 

Abutilon mosaic Bolivia virus (AbMBoV) (Figure 1A). This close relationship is 

consistent with the pairwise sequence identity analysis and with previously reported 

data (Medina and Lambertini, 2012;  Marquez-Martin et al., 2011;  Melgarejo et al., 

http://www.ncbi.nlm.nih.gov/nuccore/JX415200.1
https://www.google.com.br/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjv3IG6tNfKAhXJF5AKHbtGCE8QFggcMAA&url=http%3A%2F%2Fwww.q-bank.eu%2FVirus%2FBioloMICS.aspx%3FTable%3DPlant%2520Virus%2520Species%2520Database%26Rec%3D1100%26Fields%3DAll&usg=AFQjCNE8wv0R4JmM5Vjk0n_0sEhQv8nkuA&bvm=bv.113034660,d.Y2I
https://www.google.com.br/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjv3IG6tNfKAhXJF5AKHbtGCE8QFggcMAA&url=http%3A%2F%2Fwww.q-bank.eu%2FVirus%2FBioloMICS.aspx%3FTable%3DPlant%2520Virus%2520Species%2520Database%26Rec%3D1100%26Fields%3DAll&usg=AFQjCNE8wv0R4JmM5Vjk0n_0sEhQv8nkuA&bvm=bv.113034660,d.Y2I
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2013). Interestingly, although no recombination events were detected for this virus, it 

clustered with viruses of the EuYMV group (including BR:Trm531.2:10 obtained 

from the same sample) in a cp nt sequence tree, but with SiMBoV1, ToDfLV and 

Tomato yellow spot virus (ToYSV) in a rep nt sequence tree (Suppl. Figure S2), 

suggesting a recombinant origin. Mixed infections by different begomoviruses are 

common in non-cultivated hosts (Alabi et al., 2008;  García-Andrés et al., 2006;  

Monde et al., 2010), facilitating recombination events among distantly related 

begomoviruses which may contribute to the frequent emergence of new species. 

A virus corresponding to a second new species was cloned from the Sida spp. 

sample #720 (BR:Tac720:10). Nucleotide sequence identity between the common 

regions (CR) of the DNA-A and DNA-B was 94.7%, and the two components have 

identical iterons (TGGGG), indicating that they constitute a cognate pair. Both the 

DNA-A (2692 nt) and the DNA-B (2656 nt) show the highest nucleotide sequence 

identity with SiMMV (86% and 75.5%, respectively) (Suppl. Figure S1). The name 

Sida bright yellow mosaic virus (SiBYMV) is proposed for this new species. 

Analysis with the RDP4 program detected one strongly supported recombination 

event in the DNA-A, with SiMMV (FN436003) and an unknown virus as the 

putative parents (Table 2). Phylogenetic reconstruction based on the DNA-A placed 

this isolate in a monophyletic branch with SiMMV isolates, occupying a basal 

position in the clade (Figure 1A). The recombination event has strong phylogenetic 

support: the rep tree places BR:Tac720:10 in a monophyletic branch (99% posterior 

probability) with the SiMMV isolates, while the cp tree places the isolate in a 

monophyletic branch (99% posterior probability) with Abutilon mosaic Brazil virus 

(AbMBV, JF694480) (Suppl. Figure S2). Phylogenetic analysis based on the DNA-B 

placed this isolate in a monophyletic branch with SiMMV, Tomato rugose mosaic 
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virus (ToRMV, AF291706) and Tomato severe rugose virus (ToSRV, KC004086), 

occupying a basal position in the clade (Figure 1B). One recombination event was 

detected, with BR:Tol1075:11 and Bean dwarf mosaic virus (BDMV, M88180) as 

the isolates inferred to be most closely related to the parents (Table 2). The 

recombination event has good phylogenetic support: BR:Tac720:10 groups with 

different begomoviruses in the mp and nsp nt sequence trees (Suppl. Figure S3). 

Recombination is a common event among geminiviruses (Padidam et al., 1999;  

Lefeuvre et al., 2009) and contributes greatly to the genetic diversity of 

begomoviruses, increasing their evolutionary potential and local adaptation (Harrison 

and Robinson, 1999;  Padidam et al., 1999;  Berrie et al., 2001;  Monci et al., 2002). 

A number of natural begomovirus recombinants have been responsible for severe 

diseases and great economic losses in cassava in East Africa (Zhou et al., 1997;  Pita 

et al., 2001), tomatoes in Spain (Monci et al., 2002;  García-Andrés et al., 2006;  

García-Andrés et al., 2007a;  García-Andrés et al., 2007b), and cotton and okra in 

Pakistan (Zhou et al., 1998;  Idris and Brown, 2002;  Briddon et al., 2014).  

A DNA-A component (BR:Sab889:10) was cloned from the Sida spp. sample 

#889 (Table 1; a DNA-B was detected in sample #889 but has not yet been cloned). 

Pairwise comparisons indicated the highest nucleotide sequence identities of 72.1% 

with Tomato mottle leaf curl virus (ToMoLCV, JF803249) and 73.8% with two 

unpublished sequences obtained from Sida acuta samples in our laboratory 

(BR:Vic25.4:11 and BR:Vic26.1:11; Xavier, 2015). Thus, BR:Sab889:10 constitutes 

the third new virus species detected in the Sida spp. samples, for which the name 

Sida golden yellow spot virus (SiGYSV) is proposed.  

Strikingly, the DNA-A components of BR:Sab889:10, BR:Vic25.4:11 and 

BR:Vic26.1:11 have a length within the range of OW begomoviruses (2813, 2828 
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and 2828 nt, respectively) and contain an av2-like gene (which is present only in OW 

begomoviruses). The region encompassing part of the CR and the av2-like and cp 

genes of these three components (approximately 1,100 nt) has very low similarity to 

any other begomovirus sequence in GenBank. The deduced amino acid sequences of 

their CP and AV2-like proteins were further analyzed with BLASTp and with the 

program Interpro. The analysis performed with Interpro indicated the presence of a 

domain related to geminivirus CPs, despite the divergence of the cp gene (data not 

shown). No functional domains were predicted in the AV2-like protein. BLASTp 

analysis with the CP and AV2 proteins detected only a very low similarity with a 

highly divergent monopartite geminivirus recently described in China infecting apple 

trees, named "apple geminivirus" (AGV) (Liang et al., 2015). The BR:Sab889:10 CP 

shares 27% identity (90% coverage, E value 2e-12) with the AGV CP and the AV2-

like protein shares 43% identity (83% coverage, E value 1e-15) with the putative V2 

protein of AGV. 

Analysis with the RDP4 program detected two strongly supported 

recombination events in  BR:Sab889:10, with Sida yellow leaf curl virus (SiYLCV, 

KC706539), Sida mosaic Bolivia virus 1 (SiMBoV1, HM585441) and two unknowns 

viruses identified as putative parents (Table 2). In the phylogenetic tree, SiGYSV 

was placed in a cluster with BR:Vic25.4:11, BR:Vic26.1:11 and ToMoLCV (Figure 

1A), which is consistent with the pairwise identity analysis. A cp nt sequence tree 

was constructed with a data set including four highly divergent geminiviruses (Citrus 

chlorotic dwarf-associated virus, CCDaV; Euphorbia caput-medusae latent virus, 

EcmLV; Grapevine red blotch associated virus, GRBaV; apple geminivirus, AGV), 

one topocuvirus (Tomato pseudo-curly top virus, TPCTV), BR:Vic25.4:11 and 

BR:Vic26.1:11, and seven NW and OW begomoviruses (Figure 2). BR:Sab889:10 
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clusters with BR:Vic25.4:11, BR:Vic26.1:11 and AGV, reflecting the BLASTp 

analysis in which a similarity was found among the CPs of these four viruses. Studies 

are in progress in our laboratory to characterize these divergent, OW-like 

begomovirus species.  

The vast majority of the DNA-A clones obtained from L. sibiricus samples 

corresponded to Tomato yellow spot virus (ToYSV) isolates (15 out of 16 DNA-A 

clones and 19 out of 20 DNA-B clones; Table 1). Pairwise sequence comparisons 

indicated that the DNA-A sequences share >93.4% sequence identity with each other 

and 92.3% to 95.5% nt identity with the sequence of ToYSV (DQ336350), and the 

DNA-B sequences share >91.9% nucleotide identity amongst themselves and 91.0% 

to 92.3% nt identity with ToYSV (DQ336351) (Table 1; Suppl. Figure S1). The 

Bayesian phylogenetics trees based on the DNA-A and DNA-B components placed 

these isolates in monophyletic clusters with ToYSV (Figure 1). 

The cloned DNA-A and DNA-B (BR:Arm713:10) from L. sibiricus sample 

#713  have 97.2% and 95.3% nt sequence identity with EuYMV (FJ619507 and 

FJ619508), respectively (Table 1; Suppl. Figure S1). EuYMV has been found in 

many non-cultivated hosts (Fernandes et al., 2011;  Rocha et al., 2013;  Tavares et 

al., 2012;  Silva et al., 2012;  Barreto et al., 2013), but to our knowledge, this is the 

first report of  EuYMV infecting plants of the genus Leonurus. 

Alphasatellite DNA molecules were cloned from samples #18 and #1095 

(Sida spp. and L. sibiricus, respectively) (Table 1). Isolate BR:Cha18:09 (1338 nt) 

showed the highest nucleotide sequence identity (93.2%) to Euphorbia yellow 

mosaic alphasatellite (EuYMA, FN436008) (Suppl. Figure S4) and a close 

phylogenetic relationship with this isolate (Figure 3).  
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From sample #1095, five alphasatellite clones (BR:Dou1095.1:11 to 

BR:Dou1095.5:11; all 1367 nt) as well as begomovirus DNA-A and DNA-B 

components were cloned (Table 1). Pairwise sequence comparisons indicated that the 

DNA-A and DNA-B nucleotide sequences showed the highest identities with 

ToYSV (94.6% and 93.0%, respectively) (Suppl. Figure S1). Alphasatellite 

sequences shared >99.9% nucleotide identity amongst themselves and 82.3% to 

82.4% identity with the sequence of EuYMA (Suppl. Figure S4). The sequences 

showed typical features of alphasatellite molecules, containing one ORF (alpha-Rep) 

potentially encoding a Rep protein with 313 amino acids (data not shown). The 

deduced amino acid sequences of the ORF display 86.9% identity with the Cleome 

leaf crumple alphasatellite (ClLCrA) alpha-Rep protein. The sequences also contain 

an A-rich region located immediately downstream of the ORF (coordinates 1115-

1222, with a 57% adenine content) and a predicted hairpin structure containing, 

within the loop, the nonanucleotide TAGTATTAC, which is conserved in 

alphasatellites (Zhou, 2013).  

Phylogenetic analysis showed that the isolates grouped most closely with 

EuYMA (Figure 3), consistent with the pairwise identity analysis. According to the 

proposed demarcation threshold of 83% nucleotide sequence identity for 

alphasatellites (Mubin et al., 2009;  Mubin et al., 2012), this indicates that the five 

clones from L. sibiricus sample #1095 represent a distinct alphasatellite, for which 

the name Leonurus yellow spot alphasatellite (LeYSA) is proposed.  

Originally thought to be restricted to the OW, alphasatellites have recently 

been found in association with bipartite begomoviruses in Brazil (state of Mato 

Grosso do Sul), Cuba and Venezuela (Paprotka et al., 2010;  Jeske et al., 2014;  

Romay et al., 2010). Our results extend the geographical range of alphasatellites in 
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South America, suggesting that these molecules may be widespread in the continent, 

and also their host range, with the first report of EuYMA infecting plants of the 

genus Sida and the detection of a new alphasatellite, LeYSA, in L. sibiricus.  

Sida spp. are arguably the most abundant natural reservoirs for 

begomoviruses in several regions of the world (Jovel et al., 2004;  Frischmuth et al., 

1997;  Fiallo-Olivé et al., 2010;  Hofer et al., 1997;  Roye et al., 1997;  Echemendía 

et al., 2004;  Fiallo-Olivé et al., 2012;  Xiong et al., 2005;  Guo and Zhou, 2006;  

Das et al., 2008). For example, in a recent survey, Tavares et al. (2012) reported the 

occurrence of nine begomoviruses (including four new species) in 57 Sida spp. 

samples collected in the Brazilian states of Minas Gerais and Alagoas. Here, out of 

43 Sida spp. samples, we found two previously described begomoviruses, three new 

species, and also (for the first time) an alphasatellite, further emphasizing the 

tremendous diversity of begomoviruses and associated DNA satellites naturally 

infecting Sida spp. 

Conversely, L. sibiricus harbors a much lower diversity of begomoviruses, 

with ToYSV as the causative agent of infection in almost all samples, corroborating 

with published data (Fernandes et al., 2014). ToYSV was first reported infecting 

tomato plants in the state of Minas Gerais (Ambrozevicius et al., 2002), and was later 

reported in bean and soybean plants in northwestern Argentina (Rodríguez-Pardina et 

al., 2011). L. sibiricus is a widely distributed plant in Brazil, and seems to be the 

main natural reservoir, as well as a potential source of inoculum, of ToYSV to bean, 

soybean and tomato crops, as previously noted also by Barbosa et al. (2012). 
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Table 1. Begomovirus and alphasatellite sequences reported in this study. 

Sample code Sampling date Location Geographical coordinates Host 
Enzyme1 

Isolate name 
GenBank access 

number DNA-A DNA-B Satellite 

Sida micrantha mosaic virus (SiMMV) 

CF48 03/19/09 Santo Angelo, RS S28 22' 54,70'' W54 18' 17,24'' Sida sp. EcoRI 
 

  BR:Saa48:09 KX348158 

CF65 03/20/09 São Miguel das Missões, RS S28 29' 35,59'' W54 33' 37,15'' Sida sp. SpeI 
  

BR:Smm65:09 KX348159 

CF69 03/20/09 Santo Antonio das Missões, RS S28 29' 42,70'' W55 25' 18,00'' Sida sp. 
 

SpeI 
 

BR:Sam69:09 KX348195 

CF115 03/20/09 Panambi, RS S28 18' 24,45'' W53 29' 21,38'' Sida sp. EcoRI SpeI  BR:Pan115:09 KX348160 (A) 
KX348192 (B) 

CF547 03/24/10 São Miguel das Missões, RS S28 29' 35,59'' W54 33' 37,15'' Sida sp. 
 

SpeI 
 

BR:Smm547:10 KX348196 

CF556 03/25/10 Cruz Alta, RS S28 36' 10,89'' W53 39' 25,34'' Sida sp. 
 

SalI 
 

BR:Cra556:10 KX348194 

CF662 03/25/10 Realeza, PR S25 40' 45,00" W53 33' 09,00" Sida sp. EcoRI SpeI  BR:Rea662:10 KX348156 (A) 
KX348186 (B) 

CF679 06/08/10 Marechal Candido Rondom, PR S24 30' 59,50" W54 04' 37,20" Sida sp. 
 

ApaI 
 

BR:Mcr679:10 KX348197 

CF698 06/09/10 Dourados, MS S22 17' 58,00" W54 49' 14,10" Sida sp. 
 

HindIII 
 

BR:Dou698:10 KX348191 

CF704 06/09/10 Laguna Carapã, MS S22 25' 35,60" W55 21' 30,00" Sida sp. 
 

SalI 
 

BR:Lac704:10 KX348193 

CF732 06/10/10 Umuarama, PR S23 50' 12,30" W53 17' 23,60" Sida sp. EcoRI 
  

BR:Umu732:10 KX348164 

CF755 06/10/10 Marialva,PR S23 30' 05,00" W51 47' 08,00" Sida sp. 
 

SalI 
 

BR:Mar755:10 KX348198 

CF799 08/11/10 São Domingos, PR S24 00' 51,00'' W51 30' 37,00'' Sida sp. 
 

ApaI 
 

BR:Sad799:10 KX348190 

CF822 08/24/10 Chapada, RS S28 01' 08,80'' W53 05' 52,31'' Sida sp. SpeI SpeI  BR:Cha822:10 KX348161 (A) 
KX348199 (B) 

CF832 08/25/10 Santo Angelo, RS S28 22' 54,70'' W54 18' 17,23'' Sida sp. 
 

SpeI 
 

BR:Saa832:10 KX348202 

CF876 10/06/10 São Miguel das Missões, RS S28 23' 59,00'' W54 39' 52,00'' Sida sp. SacI SpeI  BR:Smm876:10 KX348155 (A) 
KX348200 (B) 

CF895 10/07/10 Tapatuba, RS S29 03' 57,00'' W54 43' 53,00'' Sida sp. 
 

SalI 
 

BR:Tap895:10 KX348189 

CF926 03/15/11 Chapada, RS S28 01' 08,80'' W53 05' 52,31'' Sida sp. SpeI SpeI  BR:Cha926:11 KX348162 (A) 
KX348201 (B) 

CF949 03/16/11 São Miguel Das Missões, RS S28 29' 35,59'' W54 33' 37,15'' Sida sp. 
 

SalI 
 

BR:Smm949:11 KX348203 

CF1116 06/08/11 Tacuru, RS S23 38' 17,60" W54 58' 17,70" Sida sp. 
 

ApaI 
 

BR:Tac1116:11 KX348188 
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CF1120 06/09/11 Guaíra, PR S24 04' 57,00" W54 10' 04,00" Sida sp. 
 

ApaI 
 

BR:Gua1120:11 KX348204 

CF1121 06/09/11 Umuarama, PR S23 50' 12,30" W53 17' 23,60" Sida sp. SpeI 
  

BR:Umu1121:11 KX348157 

CF1128 06/09/11 Janiópolis, PR S24 08' 02,00" W52 47' 22,00" Sida sp. 
 

BamHI 
 

BR:Jan1128:11 KX348187 

CF1142 06/09/11 Marialva, PR S23 30' 09,40" W51 47' 42,90" Sida sp. EcoRI 
  

BR:Mar1142:11 KX348163 

 Euphorbia yellow mosaic virus  (EuYMV) 

CF531 03/24/10 Três de Maio, RS S27 45' 39,44'' W54 15' 42,87'' Sida sp. HindIII 
  

BR:Trm531.2:10 KX348180 

CF691 06/08/11 Caarapo, MS S22 26' 42,50" W54 49' 49,50" Sida sp. SalI 
  

BR:Caa691:10 KX348181 

CF713 06/09/10 Aral Moreira, MS S22 46' 19,70" W55 24' 43,90" Leonurus sibiricus ApaI KpnI  BR:Arm713:10 KX348182 (A) 
KX348224 (B) 

Sida chlorotic mottle virus (SiCMoV) 

CF531 03/24/10 Três de Maio, RS S27 45' 39,44'' W54 15' 42,87'' Sida sp. ApaI 
  

BR:Trm531.1:10 KX348183 

Sida bright yellow mosaic virus (SiBYMV) 

CF720 06/09/10 Tacuru, MS S23 38' 17,60" W54 58' 17,70" Sida sp. SpeI ClaI  BR:Tac720:10 KX348184 (A) 
KX348225 (B) 

Sida golden yellow spot virus (SiGYSV) 

CF889 06/10/10 São Borja, RS S28 57' 30,00'' W55 32' 30,00'' Sida sp. ApaI 
  

BR:Sab889:10 KX348185 

Tomato yellow spot virus (ToYSV) 

CF724 06/10/10 Guaíra, PR S24 08' 35,30" W54 14' 53,20" Sida sp. 
 

ApaI 
 

BR:Gua724:10 KX348226 

CF661 06/07/10 Realeza, PR S25 40' 45,00" W53 33' 09,00" L. sibiricus SpeI KpnI  BR:Rea661:10 KX348169 (A) 
KX348214 (B) 

CF673 06/08/10 Toledo, PR S24 46' 45,00" W53 40' 41,00" L. sibiricus ApaI ApaI  BR:Tol673:10 KX348174 (A) 
KX348223 (B) 

CF677 06/08/10 Marechal Candido Rondom, PR S24 30' 59,50" W54 04' 37,20" L. sibiricus ApaI 
  

BR:Mcr677:10 KX348170 

CF697 06/09/10 Dourados, MS S22 17' 58,00" W54 49' 14,10" L. sibiricus ApaI HindIII  BR:Dou697:10 KX348171 (A) 
KX348205 (B) 

CF703 06/09/10 Laguna Carapã, MS S22 25' 35,60" W55 21' 30,00" L. sibiricus ApaI 
  

BR:Lac703:10 KX348177 

CF735 06/10/10 Janiópolis, PR S24 08' 02,00" W52 47' 22,00" L. sibiricus 
 

ApaI 
 

BR:Jan735:10 KX348206 

CF739 06/10/10 Engenheiro Beltrão, PR S23 42' 12,60" W52 08' 54,60" L. sibiricus SacI HindIII  BR:Egb739:10 KX348168 (A) 
KX348207 (B) 

CF775 08/10/10 Cascavel, PR S24 52' 06,00'' W53 20' 28,00'' L. sibiricus ApaI ApaI  BR:Cas775:10 KX348172 (A) 
KX348222 (B) 
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CF776 08/10/10 Cafelândia, PR S24 39' 21,30" W53 13' 07,40" L. sibiricus ApaI ApaI  BR:Caf776:10 KX348175 (A) 
KX348221 (B) 

CF779 08/10/10 Ubiratã, PR S24 33' 07,00"  W53 00' 34,00" L. sibiricus 
 

HindIII 
 

BR:Ubi779:10 KX348208 

CF784 08/10/10 Campo Mourão, PR S23 57' 14,90" W52 20' 59,30" L. sibiricus SacI KpnI  BR:Cam784:10 KX348167 (A) 
KX348209 (B) 

CF793 08/11/10 Londrina, PR S23 26' 20,30" W51 08' 17,90" L. sibiricus 
 

ApaI 
 

BR:Lon793:10 KX348207 

CF796 08/11/10 São Domingos, PR S24 00' 51,00'' W51 30' 37,00'' L. sibiricus 
 

KpnI 
 

BR:Sad796:10 KX348219 

CF802 08/11/10 Ivaiporã, PR S24 18' 37,00'' W51 43' 24,00'' L. sibiricus 
 

ApaI 
 

BR:Iva802:10 KX348218 

CF1024 04/26/11 Francisco Beltrão, PR S26 00' 09,00'' W52 56' 36,00'' L. sibiricus 
 

ApaI 
 

BR:Frb1024:11 KX348210 

CF1058 06/06/11 Pato Branco, PR S26 11' 47,44'' W52 49' 23,87'' L. sibiricus ApaI 
  

BR:Pab1058:11 KX348179 

CF1067 06/06/11 Ampere, PR S25 57' 06,90" W53 24' 25,00" L. sibiricus ApaI 
  

BR:Amp1067:11 KX348173 

CF1075 06/07/11 Toledo, PR S24 46' 46,00" W53 40' 41,00" L. sibiricus 
 

ApaI 
 

BR:Tol1075:11 KX348211 

CF1077 06/07/11 Nova Mercedes, PR S24 30' 54,70" W54 07' 0,22" L. sibiricus 
 

ApaI 
 

BR:Nom1077:11 KX348217 

CF1083 06/07/11 Guaíra, PR S24 14' 04,00'' W54 11' 57,00'' L. sibiricus SpeI ApaI  BR:Gua1083:11 KX348166 (A) 
KX348216 (B) 

CF1095 06/08/11 Dourados, MS S22 17' 58,00" W54 49' 14,10" L. sibiricus ApaI ApaI  BR:Dou1095:11 KX348165 (A) 
KX348212 (B) 

CF1111 06/08/11 Aral Moreira, MS S22 46' 19,70" W55 24' 43,90" L. sibiricus 
 

HindIII 
 

BR:Arm1111:11 KX348213 

CF1130 06/09/11 Araruna, PR S24 03' 50,00" W52 33' 52,00" L. sibiricus ApaI 
  

BR:Ara1130:11 KX348176 

CF1135 06/09/11 Sertanópolis, PR S23 50' 25,00'' W52 18' 19,00'' L. sibiricus ApaI ApaI  BR:Ser1135:11 KX348178 (A) 
KX348215 (B) 

Euphorbia yellow mosaic alphasatellite  

CF18 03/19/09 Chapada, RS S28 01' 08,80'' W53 05' 52,31' Sida sp. 
  

EcoRI BR:Cha18:09 KX348227 

Leonurus yellow spot alphasatellite 

CF1095 06/08/11 Dourados, MS S22 17' 58,00" W54 49' 14,10" L. sibiricus 
  

EcoRI BR:Dou1095.1:11 KX348228 

         
BR:Dou1095.2:11 KX348229 

         
BR:Dou1095.3:11 KX348230 

         
BR:Dou1095.4:11 KX348231 

         
BR:Dou1095.5:11 KX348232 

1Enzyme used for releasing genome-length DNA components after rolling-circle amplification and subsequent cloning into the plasmid vector pKS+. 
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Table 2. Recombination events detected in the Sida bright yellow mosaic virus (SiBYMV-BR:Tac720:10) and Sida golden yellow spot virus (SiGYSV 

-BR:Sab889:10) genomes, based on a data set including the nucleotide sequences of the begomoviruses described in this study and additional 

begomoviruses1 from the New World (NW) and Old World (OW). 

Event1 Recombinant Recombination breakpoints2 Parents Method3 P-value 

    Begin End Minor Major     

 
SiGYSV (DNA-A) 

      

1 BR:Sab889:10 180 1178 Unknown  SiMBoV1 (HM585441) RGBMCS3 5.066 X 10-38 

2 BR:Sab889:10 1448 1889 SiYLCV (KC706539) Unknown RMC3 2.524 X 10-7 

 
SiBYMV (DNA- A)              

3 BR:Tac720:10 193 1906 Unknown  SiMMV (FN436003) RGBMCS3 7.891 X 10-28 

 
SiBYMV (DNA-B)              

4 BR:Tac720:10 2562 587 BR:Tol1075:11  BDMV (M88180) RBMCS 1.725 X 10-6 

1See Table S1 in the supplemental material for the complete data set and full virus names. 
2Recombination breakpoint coordinates are according to the first nucleotide after the cleavage site at the origin of replication, increasing clockwise. 
3Recombination events and their putative parental viruses were identified using the the Rdp (R), Geneconv (G), Boostcan (B), Maxichi (M), Chimaera (C), Siscan (S) and 3Seq (3) 

modules in RDP4. 
4The reported P-values are for the programs indicated in bold in the "Method" column and are the lowest P-values calculated for the region in question. 
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Figure legends 

 

Figure 1. Bayesian phylogenetic trees based on the complete DNA-A (A) and DNA-

B (B) nucleotide sequences of the begomoviruses obtained from Sida spp. (red) and 

Leonurus sibiricus plants (green) in this study plus begomoviruses from the New 

World and Old World (see Suppl. Table S1 for full names and GenBank access 

numbers). BR:Vic25.4:11 and BR:Vic26:11 (blue) are unpublished sequences 

determined in our laboratory (Xavier, 2015). The OW begomoviruses African 

cassava mosaic virus (ACMV), East African cassava mosaic virus (EACMV), 

Tomato yellow leaf curl virus (TYLCV) and Watermelon chlorotic stunt virus 

(WmCSV) were used as outgroups. Nodes with posterior probability values between 

0.50 and 0.89 are indicated by empty circles and those with values equal to or greater 

than 0.90 are indicated by filled circles. 

 

Figure 2. Bayesian phylogenetic tree based on the nucleotide sequences of the cp 

genes of Sida golden yellow spot virus (SiGYSV, in red). The unrooted cp tree 

includes four highly divergent geminiviruses (apple geminivirus, AGV; citrus 

chlorotic dwarf associated virus, CCDaV; Euphorbia caput-medusae latent virus, 

ECMLV; and grapevine red-blotch associated virus, GRBaV), one topocuvirus 

(Tomato pseudo-curly top virus, TPCTV), the BR:Vic25.4:11 and BR:Vic26:11 

sequences (blue) determined in our laboratory, in addition to seven New World and 

Old World begomoviruses (see Suppl. Table S1 for full names and GenBank access 

numbers). Nodes with posterior probability values between 0.60 and 0.89 are 

indicated by empty circles and those with values equal to or greater than 0.90 are 

indicated by filled circles.  
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Figure 3. Bayesian phylogenetic tree based on the alphasatellites sequences 

described in this study from Sida spp. (red) and Leonurus sibiricus plants (green) and 

the most closely related alphasatellites (see Suppl. Table S2 for full names and 

GenBank access numbers). Nodes with posterior probability values between 0.50 and 

0.89 are indicated by empty circles and those with values equal to or greater than 

0.90 are indicated by filled circles. 
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Supporting Information 

 

Supplementary Table S1. Geminivirus sequences used for pairwise sequence 
comparisons, phylogenetic analysis and detection of recombination events. 
 

Species Acronym 
Access number 

Origin 
DNA-A DNA-B 

Abutilon mosaic Brazil virus AbMBV JF694480 JF694483  NW 
Abutilon mosaic Bolivia virus AbMBoV HM585445  HM585446 NW 
Abutilon mosaic virus AbMV LN611623 LN611625 NW 
Bean dwarf mosaic virus BDMV M88179 M88180 NW 
Bean golden mosaic virus BGMV KJ939853  

 
NW 

Blainvillea yellow spot virus BlYSV KC706520 KC706525 NW 
Cleome leaf crumple virus CleLCrV FN435999  FN436000 NW 
Corchorus yellow spot virus  CoYSV DQ875868 DQ875869 NW 
Cotton leaf crumple virus CLCrV AY742220  AY742221 NW 
Euphorbia mosaic virus EuMV JQ963887 JQ963888 NW 
Euphorbia yellow mosaic virus EuYMV FJ619507 FJ619508 NW 
Tomato yellow spot virus ToYSV DQ336350 DQ336351 NW 
Okra mottle virus OMoV EU914817  EU914818  NW 
Oxalis yellow vein virus OxYVV KM887907 n.a.1 NW 
Passionfruit severe leaf distortion virus PSLDV FJ972767 FJ972768 NW 
Pepper golden mosaic virus PepGMV AY928514  AY928515 NW 
Cabbage leaf curl virus  CabLCV DQ406672 DQ406673   NW 
Sida golden mosaic virus SiGMV AF049336 AF039841 NW 
Sida micrantha mosaic virus SiMMV FN436003 FN436004 NW 
Sida mosaic Bolivia virus 1 SiMBoV HM585441 HM585442  NW 
Sida mottle virus SiMoV AJ557450 AJ557454 NW 
Sida yellow leaf curl virus SiYLCV KC706539 n.a. NW 
Sida yellow mosaic virus  SiYMV JX871369  n.a. NW 
Squash leaf curl virus SLCuV M38183 M38182 NW 
Tomato chino La Paz virus ToChLPV AY339618 n.a. NW 
Tomato chlorotic mottle virus ToCMoV KC706557 KC706562  NW 
Tomato common mosaic virus ToCmMV KC706570 KC706595 NW 
Tomato dwarf leaf virus ToDfLV JN564749 JN564750 NW 
Tomato golden mosaic virus TGMV JF694488 JF694489 NW 
Tomato golden leaf distortion virus ToGLDV HM357456 n.a. NW 
Tomato leaf deformation virus ToLDeV GQ334472 m. NW 
Tomato mild mosaic virus ToMlMV KC706611 KC706613  NW 
Tomato mottle leaf curl virus ToMoLCV JF803249 JF803264 NW 
Tomato rugose mosaic virus ToRMV AF291705 AF291706 NW 
Tomato severe rugose virus ToSRV KC706625  KC004086 NW 
Tomato yellow spot virus ToYSV DQ336350 DQ336351 NW 
Tomato mottle virus  ToMoV AY965900 AY965901  NW 
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Tomato pseudo-curly top virus TPCTV X84735 m.  
African cassava mosaic virus  ACMV FN668378  FN668379  OW 
Ageratum yellow vein virus AYVV  KJ744212 m. OW 
Apple geminivirus AGV NC026760 m. OW 
Citrus chlorotic dwarf associated virus CCDaV NC018151 m. OW 
Corchorus golden mosaic virus CoGMV FJ463902 FJ463901 OW 
Corchorus yellow vein virus CoYVV AY727903  AY727904 OW 
Euphorbia caput-medusae latent virus EcmLV HF921477 m. OW 
East African cassava mosaic virus EACMV HE979774  HE979778 OW 
Grapevine red-blotch associated virus GRBaV Q901105 m. OW 
Tomato yellow leaf curl virus  TYLCV JX128099  m. OW 
Watermelon chlorotic stunt virus WmCSV KJ939448 KJ939447    OW 

1 Not available. 
2 Monopartite geminivirus. 
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Supplementary Table S2. Alphasatellite sequences used for pairwise sequence 

comparisons, phylogenetic analysis and detection of recombination events. 

Species Acronym Access number 
Cleome leaf crumple alphasatellite ClLCrA FN436007  
Croton yellow vein mosaic alphasatellite CYVMA FN658711 
Cuban alphasatellite 1 CuA1 HE806451  
Euphorbia yellow mosaic alphasatellite  EuYMA FN436008 
Melon chlorotic mosaic alphasatellite MeCMA HM163578  
Papaya leaf curl alphasatellite PLCA HQ668024  
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Supplementary Figure S1. Pairwise sequence identity matrices of the DNA-A (A) 

and DNA-B (B), between the begomoviruses obtained from Sida spp. (red) and 

Leonurus sibiricus plants (green) in this study and additional begomovirus from the 

Americas. BR:Vic25.4:11 and BR:Vic26:11 (blue) are unpublished sequences 

determined in our laboratory (Xavier, 2015).  

 

Supplementary Figure S2. Bayesian phylogenetic trees based on the nucleotide 

sequences of the the cp (A) and rep (B) genes of the begomoviruses obtained from 

Sida spp. (red) and Leonurus sibiricus plants (green) in this study plus 

begomoviruses from the New World and Old World (see Suppl. Table S1 for full 

names and GenBank access numbers). BR:Vic25.4:11 and BR:Vic26:11 (blue) are 

unpublished sequences determined in our laboratory (Xavier, 2015). The OW 

begomoviruses African cassava mosaic virus (ACMV), East African cassava mosaic 

virus (EACMV), Tomato yellow leaf curl virus (TYLCV) and Watermelon chlorotic 

stunt virus (WmCSV) were used as outgroups. Nodes with posterior probability 

values between 0.50 and 0.89 are indicated by empty circles and those with values 

equal to or greater than 0.90 are indicated by filled circles. 

 

Suplementary Figure S3. Bayesian phylogenetic trees based on the nucleotide 

sequences of the mp (A) and nsp (B) genes of the begomoviruses obtained from Sida 

spp. (red) and Leonurus sibiricus plants (green) in this study plus begomoviruses 

from the New World and Old World (see Suppl. Table S1 for full names and 

GenBank access numbers). The OW begomoviruses African cassava mosaic virus 

(ACMV), East African cassava mosaic virus (EACMV) and Watermelon chlorotic 

stunt virus (WmCSV) were used as outgroups. Nodes with posterior probability 
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values between 0.50 and 0.89 are indicated by empty circles and those with values 

equal to or greater than 0.90 are indicated by filled circles.  

 

Supplementary Figure S4. Pairwise sequence identity matrices between the 

alphasatellites sequences described in this study from Sida spp. (red) and Leonurus 

sibiricus plants (green) and the most closely related alphasatellites (see Suppl. Table 

S2 for full names and GenBank access numbers). 
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Figure 1A 
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Figure 1B 
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Figure 2 
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Figure 3 
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Supplementary Figure S1 
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Supplementary Figure S2A 
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Supplementary Figure S2B 
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Supplementary Figure S3A 
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Supplementary Figure S3B 
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Supplementary Figure S4 
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CAPÍTULO 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

GENETIC STRUCTURE AND VARIABILITY OF TWO BEGOMOVIRUS 

POPULATIONS INFECTING NON-CULTIVATED HOSTS 
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Abstract 

Begomoviruses are responsible for serious diseases in several crops of great 

economic importance, especially in tropical and subtropical regions. Non-cultivated 

plants act as begomovirus reservoirs, enabling the occurrence of mixed infections 

where recombination can occur. A high species diversity of begomoviruses is found 

in non-cultivated plants, and begomoviruses originally described in these plants have 

already been found naturally infecting cultivated plants. Previous work indicated a 

higher degree of genetic variability in populations of begomoviruses infecting non-

cultivated hosts compared to crop-infecting begomoviruses. Understanding the 

dynamics and genetic variability of viral populations is important to assist on the 

prediction and consequent prevention of new virus diseases in cultivated plants. In 

this work, full-length begomovirus DNA-A and DNA-B components of Sida 

micrantha mosaic virus (SiMMV) and Tomato yellow spot virus (ToYSV) were 

sequenced from samples of the non-cultivated hosts Sida spp. and Leonurus 

sibiricus, respectively, collected in the states of Rio Grande do Sul (RS), Paraná (PR) 

and Mato Grosso do Sul (MS) between 2009 and 2011. We found a high genetic 

variability for both begomovirus populations, with the DNA-B being more 

permissible to the variation than the DNA-A. Recombination partly explains the high 

genetic variability found for these two viruses, but mutational dynamics was the 

primary factor in the diversification of both viral populations.  
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Introduction 

The Geminiviridae family includes viruses whose genomes are comprised of 

one or two molecules of circular, single strand DNA (ssDNA) encapsidated by a 

single structural protein into twinned icosahedral particles. Geminiviruses are 

currently divided into seven genera (Becurtovirus, Begomovirus, Curtovirus, 

Eragrovirus, Mastrevirus, Topocuvirus and Turncurtovirus) on the basis of their 

genome organization, phylogenetic relationships, host range, and insect vectors 

(Brown et al., 2012; Varsani et al., 2014). The genus Begomovirus includes viruses 

with mono- and bipartite genomes transmitted by whiteflies of the Bemisia tabaci 

cryptic species complex (Homoptera: Aleyrodidae) to dicotyledonous plants (Brown 

et al., 2015). 

Begomoviruses are broadly divided into two groups: Old World (OW; 

Europe, Africa, Asia and Oceania) and New World (NW; the Americas), based on 

phylogenetic studies and genomic features (Padidam et al., 1999; Paximadis et al., 

1999; Rybicki, 1994). The DNA-A contains five open reading frames (ORFs) which 

encode proteins with functions in viral replication (Rep, Ren), suppression of host 

defenses (Trap) and particle formation (CP), while the two ORFs in the DNA-B 

encode a movement protein (MP) and a nuclear shuttle protein (NSP) which are 

involved in intra- and intercellular movement in the plant, host range determination 

and suppression of host defenses (Brustolini et al., 2015; Hanley-Bowdoin et al., 

2013; Mahajan et al., 2011; Rojas et al., 2005).  

Begomoviruses are responsible for severe diseases in several crops of great 

economic importance, especially in tropical and subtropical regions (Briddon, 2003; 

Legg & Fauquet, 2004; Monci et al., 2002; Morales, 2006; Polston & Anderson, 

1997; Rocha et al., 2013). This fact has been attributed to the ability of these viruses 
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to evolve rapidly, enabling the emergence of new species or more aggressive 

variants, together with the emergence of polyphagous insect vector populations with 

greater reproductive capacity (Gilbertson et al., 2015; Navas-Castillo et al., 2011). 

Virus evolution depends firstly on the occurrence of mutations. 

Begomoviruses evolve at rates which are comparable to those of ssRNA viruses, 

with estimates of substitution rates in the order of 10-3-10-4 substitutions/site/year 

(Duffy & Holmes, 2008; Duffy & Holmes, 2009). Although mutational dynamics is a 

primary factor in the diversification of viral populations (García-Arenal et al., 2003; 

Roossinck, 1997), it is not responsible for all the genetic variation, since other 

mechanisms that generate variability, including recombination, might contribute 

significantly (Lima et al., 2013; Martin et al., 2011). Recombination is a common 

event in geminiviruses (Lefeuvre et al., 2009; Padidam et al., 1999) and contributes 

greatly to their genetic diversity, increasing their potential for adaptation to different 

hosts and environmental conditions (Berrie et al., 2001; Lefeuvre & Moriones, 2015; 

Monci et al., 2002). A number of natural begomovirus recombinants have been 

responsible for severe diseases and great economic losses in cassava in East Africa 

(Pita et al., 2001; Zhou et al., 1997) and cotton and okra in Pakistan (Briddon et al., 

2014). Another source of genetic variability is pseudo-recombination (or 

reassortment), which may occur by the exchange of genomic components between 

bipartite viruses (Andrade et al., 2006; Garrido-Ramirez et al., 2000; Gilbertson et 

al., 1993).  

The genetic structure of plant virus populations refers to the amount of 

genetic variability and its distribution within and among subpopulations (García-

Arenal et al., 2001). Several studies have been conducted to investigate the main 

mechanisms which are responsible for shaping the genetic structure and variability of 
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geminivirus populations in different hosts and geographic regions (Fondong et al., 

2000; Legg & Thresh, 2000; Lima et al., 2013; Owor et al., 2007; Pita et al., 2001; 

Rocha et al., 2013; Zhou et al., 1997). Comparative analyses of begomovirus 

populations found in cultivated and non-cultivated plants indicated that populations 

infecting non-cultivated plants have a higher degree of genetic variability compared 

to those present in cultivated plants (Lima et al., 2013; Ramos-Sobrinho et al., 2014; 

Rocha et al., 2013). Some of these studies have suggested that recombination 

explains the greater genetic variability of begomoviruses in non-cultivated hosts 

(Lima et al., 2013; Ramos-Sobrinho et al., 2014).   

A high species diversity of begomoviruses in non-cultivated plants, especially 

in Macroptilium and Sida spp., has been observed in studies conducted in several 

countries in the Americas (Amarakoon et al., 2008; Fiallo-Olivé et al., 2012; 

Frischmuth et al., 1997; Idris et al., 2003; Jovel et al., 2004; Roye et al., 1997; Silva 

et al., 2012; Tavares et al., 2012). Many of the viral species found in these hosts also 

infect cultivated plants (Barbosa et al., 2012; Barreto et al., 2013; Fernandes et al., 

2011; Fernandes et al., 2009; Fernandes et al., 2014; Ramos-Sobrinho et al., 2014; 

Rocha et al., 2013), reinforcing the role of non-cultivated plants as virus reservoirs 

and the importance of characterizing begomovirus populations infecting these hosts. 

An understanding of the dynamics and genetic variability of viral populations in non-

cultivated plants can be helpful for the prediction and consequent prevention of new 

virus diseases in cultivated plants. 

We have carried out a study to obtain detailed information on the genetic 

structure and on the mechanisms which influence the genetic variability of 

begomovirus populations infecting two ubiquitous non-cultivated plants in Brazil. 

We hypothesized, based on previous studies, that begomovirus populations obtained 
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from these hosts would present a high degree of genetic variability and would be 

structured by geographical region. Indeed, we found a high genetic variability for 

begomovirus populations in both hosts. Although a high level of recombination was 

detected, mutational dynamics was the primary factor in the diversification of viral 

populations. The results are inconclusive regarding genetic structuration based on 

geographical location.  

 

Results 

 A total of 31 DNA-A clones and 41 DNA-B clones were obtained from the 

Sida spp. and Leonurus sibiricus samples. A number of these clones corresponded to 

new begomovirus species and to DNA satellites, and were described in detail in 

Chapter 1. Pairwise sequence comparisons of 10 DNA-A clones from Sida spp. with 

those deposited in GenBank indicated that the sequences share >96.3% nucleotide 

identity amongst themselves and 96.3% to 97.2% identity with Sida micrantha 

mosaic virus (SiMMV) (accession number FN436003), and 19 DNA-B clones share 

>88.0% nucleotide sequence identity amongst themselves and 89.1% to 93.3% 

identity with SiMMV (FN436004) (Figure 1; Suppl. Table S1). Pairwise sequence 

comparisons of the 15 DNA-A clones obtained from L. sibiricus plants indicated that 

the sequences share >93.4% sequence identity with each other and 94.6% to 99.0% 

identity with Tomato yellow spot virus (ToYSV) (JX863082), and the 19 DNA-B 

clones share >91.9% nucleotide identity amongst themselves and 92.3% to 94.4% 

identity with ToYSV (JX513953) (Figure 1). A further 24 DNA-A and 14 DNA-B 

sequences were retrieved from GenBank (Suppl. Table S2). The final data sets 

consisted of 25 DNA-A and 30 DNA-B sequences of SiMMV, and 24 DNA-A and 

22 DNA-B sequences of ToYSV. 
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The SiMMV population is more variable than the ToYSV population 

The SiMMV population showed greater genetic variability for both DNA 

components compared to the ToYSV population (Tables 1 and 2). In general, DNA-

B sequences were more variable than DNA-A sequences in the two data sets 

analyzed. The nucleotide sequences of the Rep, CP, MP and NSP genes and of the 

DNA-A intergenic region (IR-A), DNA-B large intergenic region (LIR-B) and short 

intergenic region (SIR-B) were analyzed separately to verify whether the distribution 

of variability is evenly distributed along the genome. Non-coding regions were more 

variable compared to coding regions. The SIR-B and LIR-B were more variable 

compared to IR-A, and the SIR-B was more variable than the LIR-B for both 

populations. In general, the MP and NSP genes were more variable than the CP and 

Rep genes, reflecting the greater variability of the DNA-B compared to the DNA-A. 

Also, within each component, Rep was more variable than CP, and NSP was more 

variable than MP (Tables 1 and 2).  

 

Phylogenetic analysis 

In the SiMMV DNA-A phylogenetic tree, isolates from Goiás (GO) and Rio 

de Janeiro (RJ) formed one clade, most Bolivian (BO) isolates formed a second 

clade, and a third clade includes isolates from Mato Grosso do Sul (MS), Paraná 

(PR) and Rio Grande do Sul (RS) plus one additional isolate from BO (Figure 2A). 

Within this third clade there are two well-defined subclades, one with isolates from 

MS, and another with isolates from PR and RS, suggesting geographical subdivision 

(Figure 2A). Isolates BR:Rea662:10 (PR) and BR:Smm876:10 (RS) grouped with 

isolates of PR and RS, but are more distantly related to them. Phylogenetic trees 
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based on the nucleotide sequences of the CP and Rep genes were constructed and 

they are not congruent (Figure 3), suggesting the existence of recombination events 

among the isolates.  

The SiMMV DNA-B tree showed three major clades. The first clade includes 

isolates from RS, MS and PR, subdivided into three well-defined minor clades 

separating the isolates from each state and therefore suggesting a relationship by 

geography. However, this relationship is not reflected when the other two clades are 

examined and compared with the first one. The second clade includes isolates from 

MS, GO e RJ, and the third incudes isolates from RS and BO (Figure 2B). Thus, 

isolates from RS and MS are each split into two clades, together with isolates from 

different regions (Figure 2B). Phylogenetic trees based on the nucleotide sequences 

of the MP and NSP genes were highly incongruent. The MP tree shows few well 

supported clades (Figure 4A), and the NSP tree shows three clades with significant 

genetic distance between them (two with 100% bootstrap support; Figure 4B).  

 The ToYSV DNA-A tree showed four major clades: one clade with isolates 

from PR and Argentina (AR); a second clade with isolates from PR; a third with one 

isolate from PR and two from Minas Gerais (MG); and a fourth clade with isolates 

from Paraguay (PY), PR and MS (Figure 5A). In the ToYSV DNA-B tree there were 

two major clades, one with isolates from PR, MG and AR and the second with 

isolates from PR and MS. This second clade is subdivided into three smaller clades, 

all three including isolates from both PR and MS (Figure 5B). Phylogenetic trees 

based on the nucleotide sequences of the CP, Rep, MP and NSP genes were 

constructed, however the CP/Rep and MP/NSP trees were incongruent between each 

other (Figure 6 and 7), suggesting the existence of recombination events in both 

DNA components.  
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Genetic structure of SiMMV and ToYSV populations  

Due to the indication of a possible geographical subdivision among isolates 

observed in the SiMMV DNA-A tree, and in spite of the small number of isolates 

from each region, population subdivision tests were performed. The subdivision test 

performed for the SiMMV total population indicated high genetic differentiation for 

both the DNA-A and DNA-B components, with a higher differentiation for the 

DNA-A compared to the DNA-B (Fst = 0.42929 and 0.32271, respectively) (Table 

4). The tests contrasting the DNA-A of isolates from different regions showed a high 

genetic differentiation in all cases, except for the isolates from PR and RS (Fst = 

0.02513; Table 4), corroborating the phylogeny results. Isolates from GO and RJ 

showed a smaller degree of genetic differentiation compared to isolates from other 

regions, corroborating the phylogenetic analysis in which GO and RJ isolates 

grouped in the same clade without a clear separation between them (Table 4 and 

Figure 2A). Together, the SiMMV DNA-A phylogenetic tree and the population 

subdivision tests are indicative of geographical structuring, with four subpopulations: 

(i) GO and RJ; (ii ) BO; (iii ) MS; (iv) PR and RS. However, due to the small number 

of isolates from each region, these results should be considered preliminary. 

Likewise, the population subdivision tests for the DNA-B also indicated high genetic 

differentiation for most pairwise comparisons (Table 4), except for the isolates from 

MS and RS (Fst = 0.03542; Table 4). This also reflected the phylogenetic analysis, in 

which isolates from these two states were split into different clades, while isolates 

from the other regions clustered together (Figure 2B). Thus, although the DNA-B 

analysis indicates the existence of three subpopulations (GO/RJ, BO and PR) which 

were also infered by the DNA-A analysis, it does not support subdivision of isolates 

from MS and RS. 
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Population subdivision test performed for the ToYSV total population 

indicated high genetic differentiation for the DNA-A and low genetic differentiation 

for the DNA-B (Fst = 0.58686 and Fst= 0.03882, respectively). For the DNA-B, PR 

and MS isolates comprise a single population. Although the population subdivision 

tests contrasting the DNA-A of isolates from different regions indicated a high 

genetic differentiation for most of the comparisons (Table 4), this is not supported in 

the phylogeny (Figure 5A), mostl likely due to the strong bias in terms of isolates 

from PR (16 out of the 24 isolates comprising the data set) and very small numbers 

of isolates from the other regions (one from PY, two from AR, two from MG, three 

from MS). 

 

SiMMV is most prone to recombination than ToYSV 

To investigate possible recombination events, full-length DNA-A and DNA-

B sequences of SiMMV and ToYSV were analyzed using the RDP4 program. A 

higher number of putative recombination events were detected in both SiMMV 

components compared with ToYSV (Table 3). For both viruses, the DNA-B was 

most prone to recombination than the DNA-A, with a higher number of putative 

events (Table 3). For SiMMV, 7 and 15 single recombination events were detected 

for the DNA-A and DNA-B, respectively, whereas for ToYSV, 5 and 7 events were 

detected for the DNA-A and DNA-B, respectively (Table 3).  

In the ToYSV DNA-A, most recombination events involved breakpoints 

located within the Rep gene and the IR-A, whereas for SiMMV the breakpoints were 

mostly located in the Rep and CP genes. In the ToYSV DNA-B, most recombination 

events involved breakpoints within the MP gene and the LIR-B. For the SiMMV 

DNA-B, in contrast, most of the breakpoints are located within the NSP gene and the 



 

 
 

68 

LIR-B (Table 3). These results corroborate with the conflicting CP/Rep and MP/NSP 

phylogenies for both viruses. Isolates that showed evidence of a shared 

recombination event in the SiMMV Rep sequence, for example, were readily 

identified in well supported clades observed on the SiMMV Rep-based phylogenetic 

tree (Table 3 and Figure 3B). There were no geographical patterns associated with 

recombination events. 

 

Relative contribution of mutation and recombination to the genetic variability of 

SiMMV and ToYSV populations 

All substitutions over the branches in midpoint-rooted ML trees were 

mapped, and those branches which were associated with well-supported 

recombination events were determined as described by Lima et al. (2013).  

For SiMMV, the total number of substitutions was higher in the NSP and MP 

trees compared to the Rep and CP trees (Table 5). In the CP tree a total of 252 

substitutions were counted (Table 5), and 41 substitutions were assigned to three 

recombination events (events 3, 4 and 6 in Table 3; showed in red, blue and pink, 

respectively, in Figure 3A). Event 4 accounted for the largest individual contribution 

amongst the unique recombination events (37 substitutions) and was exclusively 

detected in isolate BR:Pda43:05 (KC706536) (Figure 3A). As expected, a 

considerably higher number of substitutions (565) was observed for the Rep ML tree 

(Table 5), and 82 substitutions were assigned to recombination events 1, 5, 6 and 7 

(showed in yellow, orange, pink and purple, respectively, in Figure 3B). Sixty-two 

and 11 substitutions, respectively, mapped to events 1 [shared by isolates 

BR:780Si4a:08 (JX415194), BR:780Si4b:08 (JX415195) and BR:GO:Luz780:03 

(JX415187)] and 5 (shared by 9 isolates from Paraná and Rio Grande do Sul). One 
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substitution mapped to event 6 [shared by isolates BO:CF1:07 (HM585437) and 

BO:CF2:07 (HM585439)] and 8 mapped to event 7 (BR:Sag3:Soy:08, FJ686693) 

(Figure 4B).  

A total of 692 substitutions were counted in the SiMMV MP tree (Table 5), 

with just 17 substitutions being assigned to three recombination events (events 7, 10 

and 13 in Table 3; showed in green, brown and light pink, respectively, in Figure 

4A). All three events were detected in unique isolates: event 7 in BR:Saa832:10 (9 

substitutions), event 10 in BR:Sad799:10 (1 substitution) and event 13 in 

BR:Smm876:10 (7 substitutions) (Figure 4A). In the NSP tree, a total of 819 

substitutions were counted (Table 5), and 60 substitutions were assigned to 5 

recombination events (events 3, 5, 8, 10 and 11 in Table 3; showed in blue, orange, 

grey, brown and pink, respectively, in Figure 4B). Events 3, 5 and 10 were detected, 

respectively, in isolates BR:okra:5157:07 (EU908734; 5 substitutions), 

BR:Saa832:10 (9 substitutions) and BR:Sad799:10 (7 substitutions). Events 8 

[shared by isolates BO:BoVi:2007 (HM585432), BO:CF1:07 (HM585438) and 

BO:CF2:07 (HM585440)] and 11 (shared by BR:Gua1120:11 and BR:Saa832:10) 

are associated with 27 and 12 substitutions, respectively (Figure 4B).  

Isolate SiMMV-[BR:Saa832:10] is highly recombinant, with three well 

supported recombination events detected in its DNA-B. Two of these events overlap, 

with breakpoints in the NSP gene (one of them detected only in this isolate) and the 

third has breakpoints in the MP gene (also detected only in this isolate). This isolate 

contributed with 50% of the substitutions attributed to recombination in the DNA-B 

tree.  

Many well supported recombination events were detected in the intergenic 

regions of the DNA-A and DNA-B, but as only the coding regions were being 
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analyzed, they were not counted and for the events in which the exact location of the 

breakpoints was variable and frequently ended in the intergenic region instead of the 

Rep, CP, MP and NSP genes, only those substitutions that occurred within coding 

regions were added to ƞr. Nevertheless, for the four SiMMV genes analyzed (CP, 

Rep, MP and NSP), ƞm was >84% (Table 5), indicating that most of the genetic 

variability is explained by mutational dynamics rather than recombination. 

In all ToYSV trees, the total number of substitutions was lower than in the 

SiMMV trees. The ToYSV Rep tree had the highest number of substitutions (393; 

Table 5). In spite of the Rep gene having the largest total number of substitutions, 

less than 1% of them were assigned to recombination events (only 3 substitutions). 

Conversely, the CP gene had the lowest number of substitutions (127) but the highest 

number of substitutions assigned to recombination (but even then, only 6 

substitutions; Table 5). In the Rep tree, all three substitutions were assigned to 

recombination event 2 (indicated in green in Figure 6B). In the CP tree, the 6 

substitutions were assigned to recombination events 4 and 5 (showed in yellow and 

orange, respectively, in Figure 6A), with three substituions assigned to each event.  

In the MP tree, a total of 283 substitutions were counted (Table 5) and only 

13 substitutions were assigned to two recombination events (events 1 and 3 in Table 

3; showed in blue and pink, respectively, in Figure 7A). Both events were detected in 

unique isolates: event 1 in BR:Dou1095:11 (3 substitutions) and event 3 in 

BR:Arm1111:11 (10 substitutions) (Figure 7A). A total of 320 substitutions were 

counted in the NSP tree (Table 5) and only 11 substitutions were assigned to a 

unique  recombination event (event 2) shared by isolates BR:Cas775:10, 

BR:Dou697:10 and BR:Jan735:10) (indicated in red in Figure 7B). 
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As observed for SiMMV, for the four ToYSV genes analyzed (CP, Rep, MP 

and NSP), ƞm was much higher than ƞr (>95%; Table 5), indicating that mutation, 

rather than recombination, is the main driver of genetic variability. 

 

Discussion 

It it currently accepted that non-cultivated hosts act as a reservoir of 

begomovirus diversity and as a source of inoculum which may contribute to 

epidemics in cultivated hosts (Barreto et al., 2013; Castillo -Urquiza et al., 2008; Idris 

et al., 2003; Jovel et al., 2004). Studies conducted in Brazil and in a number of other 

countries indicate a high species diversity begomoviruses in non-cultivated plants 

(Amarakoon et al., 2008; Barbosa et al., 2012; Fernandes et al., 2014; Fiallo-Olivé et 

al., 2012; Frischmuth et al., 1997; Idris et al., 2003; Jovel et al., 2004; Roye et al., 

1997; Silva et al., 2012; Tavares et al., 2012), and comparative analyses of 

begomovirus populations found in cultivated and non-cultivated plants indicate that 

the viral populations infecting non-cultivated plants have a higher degree of genetic 

variability compared to those present in cultivated plants (Lima et al., 2013; Rocha et 

al., 2013).  

Our analyses of the genetic variability of two begomovirus populations 

obtained from non-cultivated hosts, SiMMV from Sida spp. and ToYSV from 

Leonurus sibiricus, indicate a high degree of variability in both genomic components 

for the two viruses. Rocha et al. (2013) found a much lower degree of variabilit y for 

four tomato-infecting begomoviruses compared to that of a begomovirus from a non-

cultivated host (Blainvillea yellow spot virus, BlYSV) sampled in south-eastern 

Brazil. The genetic variability indices for the SiMMV and ToYSV populations 
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observed here, for both components, are much higher than those determined by  

Rocha et al. (2013) for BlYSV.  

The SiMMV population, which is more recombination-prone, was also more 

variable, for both components, than the ToYSV population. The genetic variability of 

SiMMV was similar to that observed for Macroptilium yellow spot virus (MaYSV), a 

begomovirus that infects both non-cultivated and cultivated hosts (Macroptilium 

lathyroides and common bean) (Lima et al., 2013; Ramos-Sobrinho et al., 2014; 

Rocha et al., 2013).  

ToYSV is a virus that was first described infecting tomato plants 

(Ambrozevicius et al., 2002) and has also been detected in bean and soybean 

(Rodríguez-Pardina et al., 2011), but the results suggest that  its original host may be 

a non-cultivated plants (either L. sibiricus or an unidentified species). Even though 

the genetic variability of ToYSV was lower than that of SiMMV, it is much higher 

than that observed for tomato-infecting viruses (Lima et al., 2013; Rocha et al., 

2013), and equivalent to the variability observed for begomoviruses described in 

other non-cultivated plants (Rocha et al., 2013; Silva et al., 2012). Phylogenetically, 

ToYSV isolates are grouped with begomoviruses that infect primarily non-cultivated 

plants (Andrade et al., 2006; Calegario et al., 2007; Celli et al., 2014; Rodríguez-

Pardina et al., 2011), and it has often been found in natural conditions infecting 

Leonurus sibiricus (Barbosa et al., 2012; Fernandes et al., 2014). Together, these 

results strongly indicate that ToYSV is a virus from non-cultivated plants that is 

capable of, eventually, infecting cultivated plants. On this regard, it has an unusually 

wide host range, including L. sibiricus (family Lamiaceae) and cultivated plants from 

at least two botanical families (Solanaceae and Fabaceae). Although it is only rarely 
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detected in tomatoes in Brazil (Rocha et al., 2013), it is significantly widespread in 

bean and soybean in northwestern Argentina (Rodríguez-Pardina et al., 2011). 

Our results further indicate that the DNA-B is more variable than the DNA-A 

for both SiMMV and ToYSV, in accordance to previous studies (Briddon et al., 

2010; Rocha et al., 2013). This could be explained by two hypotheses: i) the DNA-B 

has a different origin and evolutionary history in relation to the DNA-A, possibly 

evolving from a satellite molecule that was captured by a monopartite begomovirus 

(Briddon et al., 2010; Nawaz-Ul-Rehman & Fauquet, 2009); ii ) the DNA-B can 

tolerate a greater number of mutations since it does not contain overlapping genes. 

The DNA-A encodes four overlapping genes (Rep, AC4, Trap and Ren), which are 

involved in several cis- and trans-interactions (Rep-Rep, Rep-iterons, Rep-Ren, 

Trap-promoter) that could be negatively affected by nucleotide substitutions 

(Briddon et al., 2010). It is noteworthy that the two hypotheses are not mutually 

exclusive, with the combination of them leading to greater genetic variability in the 

DNA-B compared to the DNA-A. 

The genetic structure of begomovirus populations is determined by processes 

that generate genetic variability (mutation and recombination) and the interaction 

between adaptation to host species and to the vector, and is influenced by the 

geographical distribution of the hosts, vectors and other begomoviruses (Lima et al., 

2013; Ramos-Sobrinho et al., 2014; Rocha et al., 2013). Studies have shown that 

populations of Brazilian begomovirus are highly recombinant (Lima et al., 2013; 

Ramos-Sobrinho et al., 2014; Rocha et al., 2013) and that recombination explains the 

greater variability of begomoviruses in non-cultivated hosts (Lima et al., 2013). 

Segregation of tomato-infecting begomoviruses by geographical region was observed 

in Brazil, with different viruses being prevalent in different growing areas (Rocha et 
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al., 2013), and evidence of structuring by both host and geography was found for 

BGMV populations (Ramos-Sobrinho et al., 2014). In contrast, for MaYSV 

populations, no evidence of structure by geographical region or host was found 

(Lima et al., 2013; Ramos-Sobrinho et al., 2014). In our study, despite the high Fst 

values for both SiMMV and ToYSV populations, support for structuration by 

geographical region was inconclusive. We detected many well supported 

recombination events, and the phylogeny reflected, in part, the clustering of isolates 

that shared the same recombination event, with no geographical patterns associated 

with these recombination events. For example, in the SiMMV DNA-A and Rep trees, 

the same clade was observed with isolates from PR and RS that share the same 

recombination event (event 2 in Table 3). Recombination is known to reduce the 

accuracy of the phylogenetic signal (Posada & Crandall, 2002), and therefore 

recombinant isolates should be removed from the data set prior to phylogenetic 

analysis. However, SiMMV and ToYSV populations are both highly recombinant, 

with isolates showing recombination events throughout the entire genome, which 

prevented us from excluding recombinant isolates of the analysis. 

Recombination has been extensively studied in begomoviruses as one of the 

main mechanisms contributing to the diversification of their populations (Lefeuvre et 

al., 2007; Lima et al., 2013; Monci et al., 2002; Ramos-Sobrinho et al., 2014; Rocha 

et al., 2013). A complex recombination pattern was found for the SiMMV and 

ToYSV populations. In the DNA-A, most recombination events detected in ToYSV 

involved breakpoints located within the Rep gene and the IR-A, whereas in SiMMV 

the breakpoints were located mostly in the Rep and CP genes. Furthermore, in most 

recombination events involving the Rep gene, the breakpoints were located in the 5-

terminal portion, and most of the recombination events involving the CP gene had 
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initial breakpoints located in the central portion of the gene and spanned its entire 3'-

terminal portion. Recombination breakpoints are known to be non-randomly 

distributed in monopartite begomoviruses and in the DNA-A of bipartite 

begomoviruses, with hot spots in the Rep gene 5'-terminal portion, the 5'-end of the 

common region and the central portion of CP gene (Lefeuvre et al., 2007; Prasanna 

& Rai, 2007).  

For both populations, the DNA-B was shown to be more prone to 

recombination than the DNA-A. This could be explained by its lowest organizational 

complexity when compared to the DNA-A, as was demonstrated that tolerance to 

recombination in a given region of the genome is correlated with the maintenance of 

intragenome interactions (protein-protein/protein-DNA), which restrict 

recombination events that could deregulate these interactions (Martin et al., 2005). 

Most of the recombination events in the DNA-B occurred in the LIR-B, and this non-

coding region showed greater genetic variability than all the coding regions. For both 

populations, our results show a higher genetic variability in the Rep gene and the 

LIR-B, which are also the regions where we observed the largest number of 

recombination events.  

Our results suggest that, as much as recombination partly explains the high 

genetic variability of the SiMMV and ToYSV populations, both populations are 

clearly dominated by mutational diversification, as observed by Lima et al. (2013) 

for MaYSV. However, these estimates should be interpreted as the minimal relative 

contribution of recombination, as some of the variation that is attributed to mutation 

is likely due to recombination that was not statistically detectable. Moreover, Lima et 

al. (2013) demonstrated that the relative contribution of recombination to the total 

variability does not necessarily correlate with the number of detectable 
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recombination events. Indeed, in the SiMMV CP tree, 41 substitutions were assigned 

to three recombination events but a unique event accounted for 37 substitutions. Our 

results indicate that the highest relative contribution of recombination for both 

populations was in the CP gene, which is also the least variable. Moreover, the 

DNA-B of both populations has greater genetic variability and a greater number of 

recombination events, but >93% of the nucleotide substitutions are attributed to 

mutation instead of recombination. 

In this study we found a high degree of genetic variability for two populations 

of begomoviruses infecting two ubiquitous non-cultivated hosts. For both 

populations, the DNA-B was more permissible to genetic variability than the DNA-

A. Phylogenetic analysis portrayed the clustering of isolates that shared the same 

recombination events, with no geographical patterns associated with these 

recombination events. Our results indicate that most of the genetic variability is due 

to mutations, although recombination may play a significant role for certain regions 

of the genome. 

 

Methods 

Sample collection and cloning of begomovirus genomes 

Foliar samples from Sida spp. and Leonurus sibiricus showing symptoms of 

yellow mosaic and leaf distortion and/or infestation by B. tabaci were collected in 

the states of Rio Grande do Sul (RS), Paraná (PR) and Mato Grosso do Sul (MS) 

between 2009 and 2011 (these are the same samples described in Chapter 1). Total 

DNA extraction, RCA-based amplification and cloning of full-length viral genomes 

were performed as described in Chapter 1. Viral inserts were sequenced 

commercially (Macrogen Inc., Seoul, South Korea) by primer walking. All genome 
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sequences were organized to begin at the nicking site in the invariant nonanucleotide 

at the origin of replication (5'-TAATATT//AC-3').  

 

Sequence comparisons and phylogenetic analysis 

Sequences were initially analyzed with the BLASTn algorithm (Altschul et 

al., 1990) to determine the viral species with which they shared greatest similarity. 

Pairwise comparisons between all DNA-A sequences and the begomoviruses with 

greatest similarity (as determined by the BLASTn search) were performed with the 

program SDT v. 1.2 (Muhire et al., 2014) using the MUSCLE alignment option 

(Edgar, 2004). Species demarcation was based on a threshold of 91% nucleotide 

sequence identity for the full length DNA-A proposed by the Geminiviridae Study 

Group of the International Committee for Taxonomy of Viruses (ICTV) (Brown et 

al., 2015). 

Multiple sequence alignments were prepared for the full-length DNA-A and 

DNA-B using the MUSCLE alignment option in MEGA6 (Tamura et al., 2013). 

DNA-A and DNA-B trees were constructed using Bayesian inference performed 

with MrBayes v. 3.0b4 (Ronquist & Huelsenbeck, 2003), with the nucleotide 

substitution model selected by MrModeltest v. 2.2 (Nylander, 2004) in the Akaike 

Information Criterion (AIC). The analyses were carried out running 10,000,000 

generations, excluding the first 2,000,000 generations as burn in. Maximum 

likelihood (ML) trees were inferred for nucleotide sequences of the CP, Rep, MP and 

NSP genes using PAUP* v. 4.0 (Swofford, 2003). The best-fit model of nucleotide 

substitution was determined using MODELTEST (Posada & Crandall, 1998) by the 

Akaike Information Criterion. The heuristic ML search was initiated with a 

neighbour-joining tree, with optimization using the tree-bisection-reconnection 
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algorithm. The robustness of each individual branch was estimated from 2,000 

nearest neighbour interchange bootstrap replicates. Trees were visualized using 

FigTree v. 1.3.1 (tree.bio.ed.ac.uk/software/figtree/). 

 

Genetic structure and variability indices 

Partitioning of genetic variability and inferences about population structure 

were based on Wright's F fixation index (Wright, 1951), calculated using DnaSP v. 

5.10 (Rozas et al., 2003). Descriptors of molecular variability [haplotype diversity 

(Hd) and average pairwise number of nucleotide differences per site (nucleotide 

diversity, π)] were estimated for each population/subpopulation using DnaSP v. 5.10.  

 

Recombination analysis 

Recombination analysis was performed using the Rdp, Geneconv, Bootscan, 

Maximum Chi Square, Chimaera, SisterScan and 3Seq methods implemented in 

Recombination Detection Program (RDP) v. 4 (Martin et al., 2015). Alignments 

were scanned with default settings for the different methods. Statistical significance 

was inferred by p-values lower than a Bonferroni-corrected cut-off of 0.05. Only 

recombination events detected by at least four of the analysis methods available in 

the program were considered reliable. 

 

Relative contribution of recombination and mutation for the genetic variability of 

ToYSV and SiMMV populations 

To discriminate the relative contributions of mutation and recombination to 

the genetic variability of the SiMMV and ToYSV populations, we used the 

phylogeny-based method developed by Lima et al. (2013). Groups of sequences were 



 

 
 

79 

identified which descended from a shared recombination event (based on RDP4 

analysis), and frequently these formed clades on midpoint-rooted CP and Rep ML 

trees. The sequence of the ancestral node of each of these clades reflected the 

recombination event. In the case of recombination events associated with only one 

sequence, the event was assigned to the branch leading to the corresponding tip. 

Using PAUP* (Swofford, 2003), all substitutions that occurred over each ML tree 

were identified and used to calculate ƞ, the total number of substitutions over the 

phylogeny. We then looked at the location within the gene of substitutions that 

occurred on branches associated with recombination. Substitutions that occurred in 

the region likely introduced by recombination were added to ƞrecombination (ƞr), the total 

number of substitutions on the phylogeny likely due to recombination. All other 

substitutions, including those on branches associated with recombination but outside 

of the region implicated in the recombination event, were added to ƞmutation (ƞm). 
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Table 1. Genetic variability based on the DNA-A of the begomoviruses Sida micrantha mosaic virus (SiMMV) and Tomato yellow spot virus 

(ToYSV). 

 

Population No. of 
sequences 

H1 Hd DNA-A π Rep π CP π IR-A π 

SiMMV (Total) 25 23 0.99 (± 0.02) 0.059 (± 0.00433) 0.073 (± 0.00470) 0.033 (± 0.00435) 0.074 (± 0.00618) 

Bolívia 4 4 1.00 (±  0.18) 0.061 (± 0.01455) 0.065 (± 0.01815) 0.043 (± 0.00761) 0.082 (± 0.02140) 

Goiás 6 4 0.80 (± 0.17) 0.051 (± 0.01027) 0.064 (± 0.01223) 0.019 (± 0.00714) 0.071 (± 0.01353) 

Paraná 4 4 1.00 (± 0.18) 0.017 (± 0.00445) 0.019 (± 0.00674) 0.015 (± 0.00289) 0.028 (± 0.00664) 

Mato Grosso do Sul 2 2 1.00 (± 0.50) 0.023 (± 0.01177) 0.026 (± 0.01300) 0.020 (± 0.01022) 0.041 (± 0.02049) 

Rio de Janeiro 3 3 1.00 (± 0.27) 0.034 0.031 (± 0.01006) 0.045 (± 0.01859) 0.024 (± 0.00760) 

Rio Grande do Sul 6 6 1.00 (± 0.09) 0.026 (± 0.00404) 0.029 (± 0.00648) 0.018 (± 0.00213) 0.041 (± 0.00591) 

ToYSV (Total) 23 23 1.00 (± 0.01) 0.042 (± 0.00380) 0.055 (± 0.00606) 0.022 (± 0.00178) 0.070 (± 0.00628) 

Argentina 2 2 1.00 (± 0.50) 0.045 (± 0.02264) 0.072 (± 0.03621) 0.013 (± 0.00661) 0.070 

Paraná 16 16 1.00 (± 0.02) 0.039 0.050 (± 0.00475) 0.020 (± 0.00148) 0.069 (± 0.00535) 

Mato Grosso do Sul 3 3 1.00 (± 0.27) 0.0085(± 0.00236) 0.009 (± 0.00254) 0.005 (± 0.00212) 0.012 (± 0.00454) 

Minas Gerais 2 2 1.00 (± 0.50) 0.003 (± 0.00131) 0.002 (± 0.00093) 0.001 (± 0.00066) 0.005 (± 0.00259) 
 

1H, number of haplotypes; Hd, haplotype diversity; π, average pairwise number of nucleotide differences per site (nucleotide diversity) 
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Table 2. Genetic variability based on the DNA-B of the begomoviruses Sida micrantha mosaic virus (SiMMV) and Tomato yellow spot virus 

(ToYSV). 

 

Population 
No. of 

sequences 
H1 Hd DNA-B π NSP π MP π LIR π SIR π 

SiMMV (Total) 30 30 1.00 (± 0.009)  0.103 (± 0.00407) 0.097 (± 0.00584) 0.068 (± 0.00245) 0.136 (± 0.00580) 0.208 (± 0.00908) 

Bolívia 4 4 1.00 (± 0.177) 0.106 (± 0.02141) 0.102 (± 0.01980) 0.074 (± 0.01359) 0.134 (± 0.03309) 0.135 (± 0.02623) 

Goiás 2 2 1.00 (± 0.500) 0.043 (± 0.02132) 0.041 (± 0.02075) 0.0078(± 0.00397) 0.078 (± 0.03913) 0.026 (± 0.01282) 

Paraná 6 6 1.00 (± 0.096) 0.055 (± 0.00622) 0.050 (± 0.00636) 0.033 (± 0.00449) 0.074 (± 0.00876) 0.112 (± 0.01865) 

Mato Grosso do Sul 4 4 1.00 (± 0.177)  0.102 (± 0.01884) 0.092 (± 0.01742) 0.067 (± 0.01209) 0.136 (± 0.02531) 0.200 (± 0.04050) 

Rio de Janeiro 3 3 1.00 (± 0.272)  0.064 (± 0.02027) 0.056 (± 0.02064) 0.034 (± 0.00935) 0.085 (± 0.02852) 0.211 (± 0.06621) 

Rio Grande do Sul 11 11 1.00 (± 0.039) 0.088 (± 0.00479) 0.069 (± 0.00495) 0.059 (± 0.00386) 0.122 (± 0.00706) 0.196 (± 0.01644) 

ToYSV (Total) 20 20 1.00 (± 0.014) 0.057 (± 0.00317) 0.052 (± 0.00377) 0.034 (± 0.00181) 0.084 (± 0.00571) 0.123 (± 0.00893) 

Paraná 17 17 1.00 (± 0.020)  0.056 (± 0.00298) 0.047 (± 0.00359) 0.033 (± 0.00182) 0.082 (± 0.00603) 0.139 (± 0.00997) 

Mato Grosso do Sul 3 3 1.00 (± 0.272) 0.046 (± 0.01326) 0.044 (± 0.01407) 0.030 (± 0.01168) 0.062 (± 0.01779) 0.115 (± 0.04474) 
 

1H, number of haplotypes; Hd, haplotype diversity; π, average pairwise number of nucleotide differences per site (nucleotide diversity) 
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Table 3. Recombination events detected in the DNA-A and DNA-B of Sida micrantha mosaic virus (SiMMV) and Tomato yellow spot virus 

(ToYSV) populations. 

 

Event Recombinant Recombination breakpoints1 Parents2 Method P-value3 

    Begin End Minor Major     

ToYSV(DNA-A)        
1 KJ742419 2015 2554 JX513952 FJ538207 RGBMCS3 2.645 X 10-19 

2 JX863082 2327 2636 JX513952 BR:Dou1095:11 RGMCS3 6.016 X 10-12 

 
JX863081 

      

 
JQ429791 

      

 
BR:Egb739:10 

      

 
BR:Cam784:10 

      
3 JX513952 2135 2530 Unknown  BR:Lac703:10 RGMCS3 3.432 X 10-18 

 
BR:Pab1058:11 

      

 
KJ742419 

      
4 JX513952 254 1401 BR:Lac703:10 BR:Pab1058:11 RGMCS3 4.041 X 10-09 

5 BR:Ara1130:11 2616 754 Unknown  BR:Tol673:10 RMCS 3.693 X 10-07 

 
BR:Caf776:10 

      

 
BR:Ser1135:11 

      
ToYSV(DNA-B)               

1 BR:Dou1095:11 1511 44 BR:Dou697:10 BR:Caf776:10 RGBMCSP3 1.493 X 10-19 

2 BR:Cas775:10 398 1305 Unknown BR:Gua1083:11 RGBMCS3 8.897 X 10-12 

 
BR:Dou697:10 

      

 
BR:Jan735:10 
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3 BR:Arm1111:11 1745 2471 Unknown  BR:Gua1083:11 MCSP3 3.200 X 10-08 

4 JX513953 2445 122 BR:Rea661:10 BR:Sad796:10 RGBMCS3 5.664 X 10-08 

5 BR:Tol1075:11 (?) 2522 487 BR:Cam784:10 BR:Rea661:10 BMCS3 1.311 X 10-05 

 
BR:Ubi779:10 

      

 
BR:Arm1111:11 

      
6 BR:Rea661:10  (?)399  (?)52 BR:Dou697:10 BR:Nom1077:11 MCS3 2.001 X 10-03 

 
BR:Gua1083:11 

      
7 BR:Cam784:10  (?)2133  (?)1315 BR:Cas775:10 Unknown  MCS3 8.259 X 10-04 

 
BR:Dou1095:11 

      

 
BR:Nom1077:11 

      

 
BR:Caf776:10 

      
SiMMV (DNA- A)               

1 JX415194 2676 2129 EU908733 Unknown RGMCS3 4.902 X 10-17 

 
JX415195 

      

 
JX415187 

      
2 BR:Smm65:09 633 1460 HM357459 Unknown RGMCS3 7.927 X 10-11 

 
BR:Smm876:10 

      

 
BR:Rea662:10 

      

 
BR:Umu1121:11 

      

 
BR:Saa48:09 

      

 
BR:Pan115:09 

      

 
BR:Cha822:10 

      

 
BR:Cha926:11 

      

 
BR:Mar1142:11 

      

 
BR:Umu732:10 

      

 
HM585433 
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FN436005 

      

 
FN436003 

      
3 HM357459 652 1027 KC706535 KC706536 RGMCS3 5.802 X 10-12 

4 KC706536 678 989 Unknown  KC706535 RGMCS3 9.054 X 10-10 

5 BR:Smm876:10 (?)1872 2241 HM357459 BR:Rea662:10 RMCS3 3.083 X 10-16 

 
BR:Umu1121:11 

      

 
BR:Saa48:09 

      

 
BR:Smm65:09 

      

 
BR:Pan115:09 

      

 
BR:Cha822:10 

      

 
BR:Cha926:11 

      

 
BR:Mar1142:11 

      

 
BR:Umu732:10 

      
6 HM585439 52  (?)1600 Unknown KC706537 RMS3 2.549 X 10-06 

 
HM585437 

      
7 FJ686693 1616 1899 Unknown EU908733 RGBMC3 4.626 X 10-05 

SiMMV (DNA- B)               

1 BR:Sam69:09 2492 118 BR:Tap895:10 BR:Rea662:10 RGBMC3 1.254 X 10-15 

 
BR:Tac1116:11 

      

 
BR:Smm949:11 

      
2 KC706534 2544 2644 Unknown  KC706532 RGBMCS3 2.359 X 10-10 

 
BR:Tap895:10 

      

 
BR:Dou698:10 

      

 
BR:Lac704:10 

      

 
BR:Cra556:10 

      

 
BR:Sam69:09 
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BR:Smm547:10 

      
3 EU908734 2585 697 BR:Lac704:10 FJ686694 RBMC3 4.655 X 10-11 

4 BR:Cha822:10 2550 211 BR:Rea662:10 Unknown RGBMCS 7.461 X 10-07 

 
BR:Pan115:09 

      
5 BR:Saa832:10 781 1389 BR:Gua1120:11 BR:Pan115:09 RGBMCS 5.753 X 10-05 

6 KC706532 1023 1371 Unknown BR:Lac704:10 RGBMCS3 2.723 X 10-06 

 
KC706534 

      

 
KC706533 

      
7 BR:Saa832:10 2079  (?)2541 BR:Rea662:10 BR:Pan115:09 RBMS3 9.479 X 10-08 

8 HM585440 231 843 Unknown  FN436006 RBMCS 2.967 X 10-14 

 
HM585438 

      

 
HM585432 

      
9 EU908734  (?)863 1440 Unknown FN436006 RGBMCS3 3.783 X 10-07 

 
BR:Lac704:10 

      

 
KC706534 

      

 
KC706533 

      

 
FJ686694 

      
10 BR:Sad799:10 856 1526 FN436006 BR:Rea662:10 GBMC 2.141 X 10-06 

11 BR:Gua1120:11 796 1002 BR:Cha926:11 BR:Mar755:10 RGBMCS3 1.725 X 10-05 

 
BR:Saa832:10 

      
12 HM585434 254 521 Unknown FN436006 RMC3 1.862 X 10-04 

 
BR:Smm876:10 

      
13 BR:Smm876:10 1815 2133 BR:Mar755:10 BR:Pan115:09 RGBMC 9.802 X 10-05 

14 HM585434 (?) 1430 (?) 2531 Unknown BR:Dou698:10 BMS3 1.484 X 10-05 

 
BR:Smm547:10 
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15 FN436006  (?)2586 229 BR:Cha926:11 EU908734 RGC3 4.145 X 10-04 

  BR:Tac1116:11             
1Numbering starts at the first nucleotide after the cleavage site at the origin of replication and increase clockwise. (?), Breakpoints could not be accurately located. 
2Recombination events and their putative parental viruses were identified using the Rdp (R), Geneconv (G), Boostcan (B), Maxichi (M), Chimaera (C), Siscan (S) and 3Seq 

(3), modules in RDP4. 
3The reported p-value is from the method in bold and is the lowest p-value calculated for the featured event. 
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Table 4. Results of subdivision tests performed for 

populations of Sida micrantha mosaic virus (SiMMV) and 

Tomato yellow spot virus (ToYSV). 

Population 
Fst1 

DNA-A   DNA-B 
SiMMV 

  
Mato Grosso do Sul/Bolívia  0.41 0.19 
Mato Grosso do Sul/Goiás 0.52 0.32 
Mato Grosso do Sul/Paraná 0.36 0.17 
Mato Grosso do Sul/Rio de Janeiro 0.54 0.21 
Mato Grosso do Sul/Rio Grande do Sul 0.33 0.04 
Goiás/Rio de Janeiro 0.24 0.27 
Goiás/Bolívia 0.31 0.43 
Goiás/Paraná  0.55 0.58 
Goiás/Rio Grande do Sul  0.51 0.45 
Rio de Janeiro/Bolívia  0.28 0.37 
Rio de Janeiro/Paraná  0.59 0.50 
Rio de Janeiro/Rio Grande do Sul 0.53 0.36 
Bolívia/Paraná    0.45 0.36 
Bolívia/Rio Grande do Sul 0.41 0.23 
Paraná/Rio Grande do Sul 0.03 0.20 
Total 0.43 0.32 
ToYSV 

  Argentina/Paraná   0.36 
 

Argentina/Minas Gerais 0.68 
 

Argentina/Mato Grosso do Sul 0.62 
 

Paraná/Minas Gerais  0.61 
 

Paraná/Mato Grosso do Sul 0.26 0.04 
Minas Gerais/Mato Grosso do Sul 0.89 

 
Total 0.59 0.04 

1Values from 0 to 0.05 indicate little genetic diferentiation; from 0.05 
to 0.15, moderate differentiation; from 0.15 to 0.25, great 
differentiation; >0.25, high differentiation. Values highlighted in 
bold correspond to subpopulations that have low to moderate genetic 
differentiation between them and therefore are considered to 
comprise a single population. 
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Table 5. Relative contribution of mutation and recombination to the genetic 

variability of Sida micrantha mosaic virus (SiMMV) and Tomato yellow spot virus 

(ToYSV) populations. 

Gene 

SiMMV  ToYSV 

ƞµ ƞr ƞtotal  ƞµ ƞr ƞtotal 

CP 211 (84%) 41 (16%) 252  121 (95%) 6 (5%) 127 

Rep 483 (85%) 82 (15%) 565  390 (99%) 3 (1%) 393 

MP 675 (98%) 17 (2%) 692  270 (95%) 13 (5%) 283 

NSP 759 (93%) 60 (7%) 819  309 (97%) 11 (3%) 320 



 

 
 

94 

Supplementary Table S1. Begomovirus sequences reported in this study. 

 

Sample code Sampling date Location Geographical coordinates Host 
Enzyme1 

Isolate name GenBank 
access number DNA-A DNA-B 

Sida micrantha mosaic virus (SiMMV) 

CF48 03/19/09 Santo Ângelo, RS S28 22' 54.70'' W54 18' 17.24'' Sida sp. EcoRI   BR:Saa48:09 
 

CF65 03/20/09 São Miguel das Missões, RS S28 29' 35.59'' W54 33' 37.15'' Sida sp. SpeI 
 

BR:Smm65:09 
 

CF69 03/20/09 Santo Antônio das Missões, RS S28 29' 42.70'' W55 25' 18.00'' Sida sp. 
 

SpeI BR:Sam69:09 
 

CF115 03/20/09 Panambi, RS S28 18' 24.45'' W53 29' 21.38'' Sida sp. EcoRI SpeI BR:Pan115:09 
 

CF547 03/24/10 São Miguel das Missões, RS S28 29' 35.59'' W54 33' 37.15'' Sida sp. 
 

SpeI BR:Smm547:10 
 

CF556 03/25/10 Cruz Alta, RS S28 36' 10.89'' W53 39' 25.34'' Sida sp. 
 

SalI BR:Cra556:10 
 

CF662 03/25/10 Realeza, PR S25 40' 45.00" W53 33' 09.00" Sida sp. EcoRI SpeI BR:Rea662:10 
 

CF679 06/08/10 Marechal Cândido Rondon, PR S24 30' 59.50" W54 04' 37.20" Sida sp. 
 

ApaI BR:Mcr679:10 
 

CF698 06/09/10 Dourados, MS S22 17' 58.00" W54 49' 14.10" Sida sp. 
 

HindIII BR:Dou698:10 
 

CF704 06/09/10 Laguna Carapã, MS S22 25' 35.60" W55 21' 30.00" Sida sp. 
 

SalI BR:Lac704:10 
 

CF732 06/10/10 Umuarama, PR S23 50' 12.30" W53 17' 23.60" Sida sp. EcoRI 
 

BR:Umu732:10 
 

CF755 06/10/10 Marialva, PR S23 30' 05.00" W51 47' 08.00" Sida sp. 
 

SalI BR:Mar755:10 
 

CF799 08/11/10 São Domingos, PR S24 00' 51.00'' W51 30' 37.00'' Sida sp. 
 

ApaI BR:Sad799:10 
 

CF822 24/08/10 Chapada, RS S28 01' 08.80'' W53 05' 52.31'' Sida sp. SpeI SpeI BR:Cha822:10 
 

CF832 25/08/10 Santo Ângelo, RS S28 22' 54.70'' W54 18' 17.23'' Sida sp. 
 

SpeI BR:Saa832:10 
 

CF876 10/06/10 São Miguel das Missões, RS S28 23' 59.00'' W54 39' 52.00'' Sida sp. SacI SpeI BR:Smm876:10 
 

CF895 10/07/10 Tapatuba, RS S29 03' 57.00'' W54 43' 53.00'' Sida sp. 
 

SalI BR:Tap895:10 
 

CF926 03/15/11 Chapada, RS S28 01' 08.80'' W53 05' 52.31'' Sida sp. SpeI SpeI BR:Cha926:11 
 

CF949 03/16/11 São Miguel Das Missões, RS S28 29' 35.59'' W54 33' 37.15'' Sida sp. 
 

SalI BR:Smm949:11 
 

CF1116 06/08/11 Tacuru, RS S23 38' 17.60" W54 58' 17.70" Sida sp. 
 

ApaI BR:Tac1116:11 
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CF1120 06/09/11 Guaíra, PR S24 04' 57.00" W54 10' 04.00" Sida sp. 
 

ApaI BR:Gua1120:11 
 

CF1121 06/09/11 Umuarama, PR S23 50' 12.30" W53 17' 23.60" Sida sp. SpeI 
 

BR:Umu1121:11 
 

CF1128 06/09/11 Janiópolis, PR S24 08' 02.00" W52 47' 22.00" Sida sp. 
 

BamHI BR:Jan1128:11 
 

CF1142 06/09/11 Marialva, PR S23 30' 09.40" W51 47' 42.90" Sida sp. EcoRI 
 

BR:Mar1142:11 
 

Tomato yellow spot virus (ToYSV) 

CF661 06/07/10 Realeza, PR S25 40' 45.00" W53 33' 09.00" Leonurus sibiricus SpeI KpnI BR:Rea661:10 
 

CF673 06/08/10 Toledo, PR S24 46' 45.00" W53 40' 41.00" L. sibiricus ApaI ApaI BR:Tol673:10 
 

CF677 06/08/10 Marechal Cândido Rondon, PR S24 30' 59.50" W54 04' 37.20" L. sibiricus ApaI 
 

BR:Mcr677:10 
 

CF697 06/09/10 Dourados, MS S22 17' 58.00" W54 49' 14.10" L. sibiricus ApaI HindIII BR:Dou697:10 
 

CF703 06/09/10 Laguna Carapã, MS S22 25' 35.60" W55 21' 30.00" L. sibiricus ApaI 
 

BR:Lac703:10 
 

CF735 06/10/10 Janiópolis, PR S24 08' 02.00" W52 47' 22.00" L. sibiricus 
 

ApaI BR:Jan735:10 
 

CF739 06/10/10 Engenheiro Beltrão, PR S23 42' 12.60" W52 08' 54.60" L. sibiricus SacI HindIII BR:Egb739:10 
 

CF775 08/10/10 Cascavel, PR S24 52' 06.00'' W53 20' 28.00'' L. sibiricus ApaI ApaI BR:Cas775:10 
 

CF776 08/10/10 Cafelândia, PR S24 39' 21.30"  W53 13' 07.40" L. sibiricus ApaI ApaI BR:Caf776:10 
 

CF779 08/10/10 Ubiratã, PR S24 33' 07.00"  W53 00' 34.00" L. sibiricus 
 

HindIII BR:Ubi779:10 
 

CF784 08/10/10 Campo Mourão, PR S23 57' 14.90" W52 20' 59.30" L. sibiricus SacI KpnI BR:Cam784:10 
 

CF793 08/11/10 Londrina, PR S23 26' 20.30" W51 08' 17.90" L. sibiricus 
 

ApaI BR:Lon793:10 
 

CF796 08/11/10 São Domingos, PR S24 00' 51.00'' W51 30' 37.00'' L. sibiricus 
 

KpnI BR:Sad796:10 
 

CF802 08/11/10 Ivaiporã, PR S24 18' 37.00'' W51 43' 24.00'' L. sibiricus 
 

ApaI BR:Iva802:10 
 

CF1024 26/04/11 Francisco Beltrão, PR S26 00' 09.00'' W52 56' 36.00'' L. sibiricus 
 

ApaI BR:Frb1024:11 
 

CF1058 06/06/11 Pato Branco, PR S26 11' 47.44'' W52 49' 23.87'' L. sibiricus ApaI ApaI BR:Pab1058:11 
 

CF1067 06/06/11 Ampere, PR S25 57' 06.90" W53 24' 25.00" L. sibiricus ApaI ApaI BR:Amp1067:11 
 

CF1075 06/07/11 Toledo, PR S24 46' 46.00" W53 40' 41.00" L. sibiricus 
 

ApaI BR:Tol1075:11 
 

CF1077 06/07/11 Nova Mercedes, PR S24 30' 54.70" W54 07' 0.22" L. sibiricus 
 

ApaI BR:Nom1077:11 
 

CF1083 06/07/11 Guaíra, PR S24 14' 04.00'' W54 11' 57.00'' L. sibiricus SpeI ApaI BR:Gua1083:11 
 

CF1095 06/08/11 Dourados, MS S22 17' 58.00" W54 49' 14.10" L. sibiricus ApaI ApaI BR:Dou1095:11 
 

CF1111 06/08/11 Aral Moreira, MS S22 46' 19.70" W55 24' 43.90" L. sibiricus ApaI HindIII BR:Arm1111:11 
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CF1130 06/09/11 Araruna, PR S24 03' 50.00" W52 33' 52.00" L. sibiricus ApaI 
 

BR:Ara1130:11 
 

CF1135 06/09/11 Sertanópolis, PR S23 50' 25.00'' W52 18' 19.00'' L. sibiricus ApaI ApaI BR:Ser1135:11 
 

1Enzyme used for releasing genome-length DNA components after rolling-circle amplification and subsequent cloning into the plasmid vector pKS+. 
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Supplementary Table S2. Begomovirus sequences retrieved from GenBank. 

Species Acronym Host 
Access number 

Location 
DNA- A DNA-B 

Tomato yellow spot virus  ToYSV Bean and soybean FJ538207 
 

Argentina 

Tomato yellow spot virus  ToYSV Chia (Salvia hispanica) KJ742419 KJ742420 Argentina 

Tomato yellow spot virus  ToYSV Tomato DQ336350 DQ336351 Minas Gerais 

Tomato yellow spot virus  ToYSV Tomato KC706628 
 

Minas Gerais 

Tomato yellow spot virus  ToYSV Leonurus sibiricus KC683374 
 

Paraguay 

Tomato yellow spot virus  ToYSV L. sibiricus JX513952 JX513953 Paraná 

Tomato yellow spot virus  ToYSV L. sibiricus JX863082 
 

Paraná 

Tomato yellow spot virus  ToYSV L. sibiricus JX863081 
 

Paraná 

Tomato yellow spot virus  ToYSV L. sibiricus JQ429791 
 

Paraná 

Sida micrantha mosaic virus  SiMMV  Sida rhombifolia HM585439 HM585440 Bolivia 

Sida micrantha mosaic virus  SiMMV  S. rhombifolia HM585437 HM585438 Bolivia 

Sida micrantha mosaic virus  SiMMV  S. micrantha HM585433 HM585434 Bolivia 

Sida micrantha mosaic virus  SiMMV  S. rhombifolia HM585431 HM585432 Bolivia 

Sida micrantha mosaic virus  SiMMV  S. santaremnensis JX415195 
 

Goiás 

Sida micrantha mosaic virus  SiMMV  S. santaremnensis JX415194 
 

Goiás 

Sida micrantha mosaic virus  SiMMV  S. santaremnensis JX415187 
 

Goiás 

Sida micrantha mosaic virus  SiMMV Tomato KC706537 KC706534 Rio de Janeiro 

Sida micrantha mosaic virus  SiMMV Tomato KC706536 KC706533 Rio de Janeiro 

Sida micrantha mosaic virus  SiMMV Tomato KC706535 KC706532 Rio de Janeiro 

Sida micrantha mosaic virus  SiMMV  S. micrantha FN436005 FN436006 Mato Grosso do Sul 

Sida micrantha mosaic virus  SiMMV  S. rhombifolia FN436003 FN436004 Mato Grosso do Sul 

Sida micrantha mosaic virus  SiMMV Soybean FJ686693 FJ686694 Goiás 

Sida micrantha mosaic virus  SiMMV Okra  EU908733 EU908734 Goiás 

Sida micrantha mosaic virus  SiMMV Bean HM357459   Goiás 
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Figure legends 

 

Figure 1. Pairwise nucleotide sequence identity matrices of the DNA-A (A) and 

DNA-B (B) of Sida micrantha mosaic virus (SiMMV) and Tomato yellow spot virus 

(ToYSV) isolates obtained from Sida spp. (red) and Leonurus sibiricus (green) plants 

in this study, with additional begomovirus sequences retrieved from Genbank.  

 

Figure 2. Midpoint-rooted Bayesian phylogenetic trees based on the complete DNA-

A (A) and DNA-B (B) nucleotide sequences of Sida micrantha mosaic virus 

(SiMMV) isolates. Nodes with posterior probability values between 0.50 and 0.89 

are indicated by empty circles, and nodes with values equal or greater than 0.90 are 

indicated by filled circles. Colors indicate sampling locations. 

 

Figure 3. Midpoint-rooted maximum likelihood trees based on the nucleotide 

sequences of the CP (A) and Rep (B) genes of Sida micrantha mosaic virus 

(SiMMV) isolates. Nodes with bootstrap values equal or higher than 80% are 

indicated by filled circles, and those with values lower than 80 and higher 50% by 

empty circles. The unique recombination events detected within the CP (events 3, 4 

and 6 in Table 3, indicated in red, blue and pink, respectively) and Rep genes (events 

1, 5, 6 and 7 in Table 3, indicated in yellow, orange, pink and purple, respectively) 

are shown as diagrams close to the branches where the substitutions due to each 

recombination event were mapped. Isolates showed in differents colors indicate 

sampling locations. 
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Figure 4. Midpoint-rooted maximum likelihood trees based on the nucleotide 

sequences of the MP (A) and NSP (B) genes of Sida micrantha mosaic virus 

(SiMMV) isolates. Nodes with bootstrap values equal or higher than 80% are 

indicated by filled circles, and those with values lower than 80 and higher 50% by 

empty circles. The unique recombination events detected within the NSP (events 3, 5, 

8, 10 and 11 in Table 3, indicated in blue, orange, grey, brown and pink, 

respectively) and MP genes (events 7, 10 and 13 in Table 3, indicated in green, 

brown, and light pink, respectively) are shown as diagrams close to the branches 

where the substitutions due to each recombination event were mapped. Isolates 

showed in differents colors indicate sampling locations. 

 

Figure 5. Midpoint-rooted Bayesian phylogenetic trees based on the complete DNA-

A (A) and DNA-B (B) nucleotide sequences of Tomato yellow spot virus (ToYSV) 

isolates. Nodes with posterior probability values between 0.50 and 0.89 are indicated 

by empty circles, and nodes with values equal or greater than 0.90 are indicated by 

filled circles. Colors indicate sampling locations. 

 

Figure 6. Midpoint-rooted maximum likelihood trees based on the nucleotide 

sequences of the CP (A) and Rep (B) genes of Tomato yellow spot virus (ToYSV) 

isolates. Nodes with bootstrap values equal or higher than 80% are indicated by filled 

circles, and those with values lower than 80 and higher 50% by empty circles. The 

unique recombination events detected within the CP (events 4 and 5 in Table 3, 

indicated in yellow and orange, respectively) and Rep genes (event 2 in Table 3, 

indicated in green) are shown as diagrams close to the branches where the 
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substitutions due to each recombination event were mapped. Isolates showed in 

differents colors indicate sampling locations. 

 

Figure 7. Midpoint-rooted maximum likelihood trees based on the nucleotide 

sequences of the MP (A) and NSP (B) genes of Tomato yellow spot virus (ToYSV) 

isolates. Nodes with bootstrap values equal or higher than 80% are indicated by filled 

circles, and those with values lower than 80 and higher 50% by empty circles. The 

unique recombination events detected within the NSP (event 2 in Table 3, indicated 

in red) and MP genes (events 1 and 3 in Table 3, indicated in blue and pink, 

respectively) are shown as diagrams close to the branches where the substitutions 

due to each recombination event were mapped. Isolates showed in different colors 

indicate sampling locations. 
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CAPÍTULO 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 DIVERSITY OF DELTASATELLITES ASSOCIATED WITH 

SWEEPOVIRUSES INFECTING Ipomoea indica IN SOUTHERN SPAIN 
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deltasatellites associated with sweepoviruses infecting Ipomoea indica in 
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Abstract 

 

Begomoviruses (whitefly-transmitted geminiviruses) possess one or two 

circular single-stranded DNA genomic components encapsidated in twinned quasi-

icosahedral (geminate) virions. Most begomoviruses in the New World (NW) are 

bipartite, while the majority in the Old World (OW) are monopartite. They are 

responsible for many economically important crop diseases worldwide. 

Begomoviruses that infect Ipomoea spp. (family Convolvulaceae), commonly known 

as sweepoviruses, have the typical genomic organization of OW monopartite viruses 

but are phylogenetically distinct from all other species in the genus. Monopartite 

begomoviruses have been frequently found in association with two classes of 

satellite molecules, betasatellites and alphasatellites. The first DNA satellite 

discovered, referred to as ToLCV-sat, has a region with similarity to the satellite 

common region (SCR) of betasatellites, an adenine-rich (A-rich) region, a predicted 

stem-loop structure containing the nonanucleotide TAATATTAC, and a secondary 

stem-loop. Recently, non-coding ToLCV-sat-like satellites associated with 

sweepoviruses have been described from Spain and Venezuela. These and other 

small non-coding circular DNA satellites associated with begomoviruses have been 

proposed to be included in a new class of DNA satellites, deltasatellites. Available 

sequences of deltasatellites of sweet potato (I. batatas) and blue morning glory (I. 

indica) plants from Spain were obtained through PCR amplification using a single 

pair of primers. In this work, the genetic variability of deltasatellites associated with 

sweepoviruses infecting I. indica was studied by resampling the southern Spain 

populations where they were first detected, and expanding the sampling to other 

geographical areas. Rolling circle amplification (RCA), a technique that allows 
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amplification of circular ssDNA molecules without previous knowledge of 

nucleotide sequence, was used to clone deltasatellites and associated sweepoviruses, 

Sweet potato leaf curl virus (SPLCV) and Sweet potato mosaic virus (SPMV). 

Deltasatellites showed low sequence variability, no evidence for recombination, and 

no obvious geographical structuration. Also, a sweepovirus-deltasatellite chimera 

with a size similar to deltasatellites was detected. 

 

 

  



 

 
 

112 

Introduction 

 

Begomoviruses (genus Begomovirus, family Geminiviridae) possess one or 

two genomic components of circular, single-stranded DNA (ssDNA) encapsidated in 

twinned quasi-icosahedral (geminate) virions (Brown et al., 2012) that are 

transmitted in nature by whiteflies (Hemiptera: Aleyrodidae) of the Bemisia tabaci 

complex to dicotyledonous plants (Brown et al., 2015; Navas-Castillo et al., 2011). 

Begomoviruses are responsible for many economically important crop diseases 

worldwide (Briddon, 2003; Legg and Fauquet, 2004; Monci et al., 2002; Morales and 

Anderson, 2001; Polston and Anderson, 1997; Sserubombwe et al., 2008; Trenado et 

al., 2011; Were et al., 2004). The sweepoviruses constitute a group of begomoviruses 

which infect sweet potato (Ipomoea batatas) and other species of the family 

Convolvulaceae (Lozano et al., 2009, 2016). Sweepoviruses group in a cluster which 

is basal to the main phylogenetic groups in the genus, the Old World (OW) and the 

New World (NW) begomoviruses (Lozano et al., 2009). In recent years, a number of 

sweepoviruses have been identified in various parts of the world (Albuquerque et al., 

2011; Banks et al., 1999; Briddon et al., 2006; Esterhuizen et al., 2012; Fuentes and 

Salazar, 2003; Lotrakul et al., 1998; Lotrakul et al., 2003; Lozano et al., 2009; Luan 

et al., 2006; Luan et al., 2007; Miano et al., 2006; Paprotka et al., 2010a; Prasanth 

and Hegde, 2008; Wasswa et al., 2011). The sweepoviruses have the typical genomic 

organization of monopartite begomoviruses from the OW. The virion-sense strand 

contains two open reading frames (ORFs) which encode the coat protein (CP), with 

functions in particle formation and transmission by B. tabaci (Rojas et al., 2005), and 

the V2 protein, which is involved in viral movement and suppression of gene 

silencing (Glick et al., 2008; Padidam et al., 1996; Rybicki, 1994). The 
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complementary-sense strand encodes proteins involved in viral replication (Rep, 

REn) and a protein that encodes a transcriptional factor of the CP gene and which 

also acts as a suppressor of gene silencing (TrAP) (Rojas et al., 2005). The intergenic 

region (IR) contains a predicted stem-loop structure with the nonanucleotide 

TAATATTAC, conserved among the members of the family Geminiviridae, and 

repeated short sequence motifs (known as iterons) around the TATA box of the Rep 

promoter that are Rep binding sites and, together with the stem-loop structure, form 

the origin of virion-sense DNA replication (Rojas et al., 2005; Zhou, 2013). 

Many begomoviruses from the OW are associated with satellite DNA 

molecules. DNA satellites are subviral molecules which lack genes encoding 

proteins with functions related to replication, depend on the co-infection with a 

helper virus for their multiplication, and their genetic material does not have 

significant sequence similarity to the helper virus genome (Briddon et al., 2012). 

They either encode non-structural proteins or are non-coding, and are encapsidated 

by CP of the helper virus. Replication of the satellite interferes with replication of the 

helper virus and may affect disease symptoms, ranging from attenuation to 

exacerbation depending on the satellite, the helper virus and the host plant (Hull, 

2002; Fiallo-Olivé et al., 2012). 

Monopartite begomoviruses have been frequently found in association with 

two classes of DNA satellites referred to as alphasatellites and betasatellites (Briddon 

and Stanley, 2006; Zhou, 2013). Alphasatellites (initially known as DNA-1) 

(Briddon et al., 2004) are approximately half the size of begomovirus DNAs and 

encode a rolling-circle replication (RCR) initiator protein (alpha-Rep) (Briddon et al., 

2004; Xie et al., 2010; Zhou, 2013). They are not strictly satellites since they are 

capable of autonomous replication in plant cells, but require a helper begomoviruses 
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for movement in plants as well as for insect transmission (Mansoor et al., 1999; 

Saunders and Stanley, 1999). Commonly, alphasatellites occur associated with 

begomovirus/betasatellites complexes in the OW (Leke et al., 2015; Xie et al., 2010), 

but recently they have been found in association with NW bipartite begomoviruses in 

Brazil, Cuba and Venezuela (Jeske et al., 2014; Paprotka et al., 2010b; Romay et al., 

2010). Betasatellites (previously known as DNA-β) have so far only been identified 

in the OW and are generally associated with monopartite begomoviruses (Briddon et 

al., 2001; Saunders et al., 2000). Betasatellite genomes are typically half the length 

of their helper begomoviruses and they have a highly conserved genome 

organization consisting of: i) a region known as the satellite conserved region (SCR) 

that is highly conserved among all betasatellites, ii ) a single gene, betaC1, which is 

conserved both in sequence and position and is encoded in the complementary-sense 

strand DNA, and iii ) an A-rich region (Briddon et al., 2003; Zhou et al., 2003). Most 

betasatellites increase the severity of symptoms caused by the helper virus 

(Sivalingam and Varma, 2012; Zhou, 2013), likely due to the transcriptional and post 

transcriptional gene silencing suppression activity of the betaC1 protein (Yang et al., 

2011). 

The first DNA satellite discovered, referred to as ToLCV-sat, was isolated 

from tomato plants infected with the monopartite begomovirus Tomato leaf curl 

virus (ToLCV) originating from Australia (Dry et al., 1997). The satellite is a non-

coding molecule about a quarter the size of begomovirus genomic components (682 

nucleotides) with no significant sequence similarity with the helper begomovirus. 

ToLCV-sat contains a sequence with similarity to the satellite conserved region 

(SCR) of betasatellites, an A-rich sequence and two predicted stem-loop structures, 

the conserved stem-loop conserved in the begomoviruses that contains the 
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nonanucleotide TAATATTAC, and a secondary stem-loop containing a sequence 

identical to the predicted iteron sequence of ToLCV within the loop. ToLCV-sat 

depends on the helper virus for replication and, based upon sequence and structural 

similarities with betasatellites, it has been suggested that it originated as a defective 

betasatellite (Saunders et al., 2000). 

Recently, a novel class of DNA satellites associated with begomoviruses has 

been identified infecting malvaceous plants in Cuba (Fiallo-Olivé et al., 2012). These 

satellites contain the same genome features of ToLCV-sat: a genome of about a 

quarter  the size of begomovirus components, lack of coding capacity, a stem-loop 

containing the conserved nonanucleotide TAATATTAC, a putative secondary stem-

loop structure situated close to begomovirus iteron-like sequences, an A-rich region, 

and a short region with high sequence identity with the betasatellite SCR (Fiallo-

Olivé et al., 2012). Using a vector-enabled metagenomics (VEM) approach, similar 

satellites have also been identified in whiteflies collected in Florida (Ng et al., 2011). 

A novel class of DNA satellites in association with several distinct 

sweepoviruses has been detected in sweet potato and Ipomoea indica plants in Spain 

and Merremia dissecta plants in Venezuela (Lozano et al., 2016). These DNA 

satellites are structurally similar to ToLCV-sat, with a region with similarity to the 

betasatellite SCR, an A-rich region, a predicted stem-loop structure containing the 

nonanucleotide TAATATTAC, and a secondary predicted stem-loop. The name 

deltasatellites has been proposed for this class of small non-coding DNA satellites 

that include ToLCV-sat, the satellites associated with begomoviruses from 

malvaceous hosts in Cuba, and those found associated with sweepoviruses (Lozano 

et al., 2016).  
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The sweepovirus-associated DNA satellites characterized from sweet potato 

and I. indica in Spain seem to cluster according to geographic origin (either mainland 

Spain or the Canary Islands) and plant host (either sweet potato or I. indica), 

although the number of currently available sequences is small. These satellites were 

amplified by PCR using a pair of abutting primers designed to anneal at the satellite-

like sequence contained in a virus-satellite chimera found in a sweet potato sample 

(Lozano et al., 2016). The advent of rolling circle amplification (RCA) using phage 

phi29 DNA polymerase, that allows amplification of the complete genome of ssDNA 

viruses without previous knowledge of nucleotide sequence, has facilitated the 

characterization of new ssDNA viruses and subviral molecules (Haible et al., 2006; 

Inoue-Nagata et al., 2004). In this work, RCA was used to reveal the actual genetic 

diversity of deltasatellites associated with sweepoviruses infecting I. indica plants by 

resampling the southern Spain populations, where they were detected by the first 

time, and expanding the analysis to other geographical areas. The sweepoviruses 

present in the samples that contained satellites were also cloned and sequenced to 

define the range of sweepoviruses which can act as helper viruses. Variability of 

satellites was lower than that found in helper sweepovirus genomes, with no 

evidence of recombination. A sweepovirus-satellite chimera with a similar size to 

deltasatellites was also characterized in this study. 

  

Materials and Methods 

 

Sample collection and cloning  

Leaf samples from I. indica plants (Figure 1) were collected in southern Spain 

(Cádiz, Málaga, Granada and Murcia provinces) in 2015 (Figure 2). Total DNA was 
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extracted from leaf tissue using a CTAB-based purification method (Haible et al., 

2006). Circular ssDNA (sweepovirus genomes and associated deltasatellites) was 

amplified by RCA using the TempliPhi DNA Amplification Kit (GE Healthcare). 

Amplified products were initially digested with the four-base cutter restriction 

enzyme HpaII, to screen for putative sweepovirus-infected samples. RCA products 

of the selected samples were digested with a set of six-base cutter restriction 

enzymes to identify those that cleave the viral and satellite components at a single 

site. RCA products digested with NcoI, putatively corresponding to sweepovirus 

genomes, were cloned into the pGEM-T-Easy vector (Promega), while those 

corresponding putatively to DNA satellites were digested with PstI and cloned into 

pBluescript II SK(+) (Stratagene). Cloned inserts were sequenced commercially 

(Macrogen Inc.) and sequences were assembled with SeqMan, part of the Lasergene 

sequence analysis package (DNAStar, Inc.). 

 

Sequence comparisons, phylogenetic analysis and genetic variability 

Sequences were initially analyzed with the BLASTn algorithm (Altschul et 

al., 1990) for similarity searches of the GenBank database. Sweepovirus and satellite 

sequences were aligned with MUSCLE (Edgar, 2004) and pairwise comparisons 

between all the sequences obtained and the sequences with the greatest similarity (as 

determined by the BLASTn search) were performed with the program Sequence 

Demarcation Tool (SDT) v. 1.2 (Muhire et al., 2014). Multiple sequence alignments 

were prepared using the MUSCLE alignment option in MEGA6 before phylogenetic 

inference by the Neighbor-Joining method (Tamura et al., 2013). The average 

pairwise number of nucleotide differences per site (nucleotide diversity, π) was 

estimated using DnaSP v. 5.10 (Rozas et al., 2003). 
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Recombination analysis 

Recombination analysis was performed using the Rdp, Geneconv, Bootscan, 

Maximum Chi Square, Chimaera, SisterScan and 3Seq methods implemented in 

Recombination Detection Program (RDP) v. 4 (Martin et al., 2015). Alignments 

were scanned with default settings for the different methods. Statistical significance 

was inferred by p-values lower than a Bonferroni-corrected cut-off of 0.05. Only 

recombination events detected by at least four of the analysis methods available in 

the program were considered reliable. 

 

Results 

 

Presence of sweepoviruses and associated deltasatellites infecting I. indica in 

southern Spain 

Fifty-nine out of 65 I. indica samples collected from four provinces in 

southern Spain were putatively infected by begomoviruses based on the detection of 

a ~2,800-bp band after digestion of the RCA products with NcoI. Out of these 59 

samples, 47 were possibly infected by deltasatellites, due the presence of a ~700-bp 

band obtained after digestion of the RCA products with PstI (data not shown). From 

these samples, 31 full-length sweepovirus genomes and 92 satellite DNA molecules 

were obtained (Table 1).  

Pairwise comparisons indicated that the sweepovirus sequences were 

subdivided into two groups. One of the groups contained 26 sequences that share 

>88.3% nucleotide identity amongst them, and pairwise comparisons with the most 

closely related sweepoviruses showed that the sequences were 94.5% to 98.9% 

identical with the previously reported isolates of Sweet potato leaf curl virus 
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(SPLCV). The other group consisted of five sequences (LM7572, LM7842, LM7844, 

LM7286 and LM7805) that shared >94.2% nucleotide identity amongst them and 

91.2% to 95.0% identity with Sweet potato mosaic virus (SPMV) (Figure 3). 

Sequencing of the PstI clones showed that they were deltasatellites, with one 

exception which resulted to be a sweepovirus-deltasatellite chimera (see below). The 

overall nucleotide identity between the 92 deltasatellite clones ranged from 89.1 to 

100%. These sequences shared 93.3% to 99.1% identity with the deltasatellites 

previously detected in southern Spain from I. indica and I. batatas (Lozano et al., 

2016) (Figure 4). The names of the isolates retrieved from Genbank are shown in 

Supplementary Tables 1 and 2. All satellites possess the genomic structure 

previously described by Lozano et al. (2016): a region with similarity to the SCR of 

betasatellites, an A-rich sequence, the conserved stem-loop structure containing the 

nonanucleotide TAATATTAC, and a secondary stem-loop. 

 

Genetic variability and recombination of sweepoviruses and their associated 

deltasatellites  

The sweepovirus population obtained in this work showed a genetic 

variability (Table 2) similar to that observed for other begomovirus populations 

(Duffy and Holmes, 2008, 2009; Ge et al., 2007; Lima et al., 2013; Ramos-Sobrinho 

et al., 2014; Rocha et al., 2013). The nucleotide sequences of the CP, V2, Rep, TrAP, 

REn and C4 genes and that of the IR were analyzed separately to ascertain whether 

the distribution of variability was evenly distributed throughout the genome. In 

general, the non-coding IR was more variable compared to coding regions, and the 

Rep and REn (SPMV) and Rep and V2 (SPLCV) genes were more variable than the 

other genes (Table 2).  
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To investigate possible recombination events, the full-length genomes of the 

sweepoviruses detected in this study plus all the sweepoviruses described in Spain 

and other closer related were analyzed using the RDP4 program (Martin et al., 2015). 

Twenty-one unique recombination events were detected (Table 3), and most of them 

involved breakpoints located within the Rep gene and the IR (Table 3).  

Deltasatellite sequences showed lower variability than the sweepovirus 

sequences (Table 2). The isolates obtained from Granada and Málaga showed greater 

genetic variability (0.02846 and 0.03903, respectively) than isolates from Cádiz and 

Murcia (0.015 and 0.017, respectively) (Table 2). There was no evidence for 

recombination in the deltasatellite sequences after analyzing a set of 108 isolates [92 

obtained in this study plus 16 from I. indica and I. batatas reported by Lozano et al. 

(2016)] (data not shown). 

 

Phylogenetic relationships of the deltasatellites and their helper sweepoviruses 

Deltasatellite sequences obtained in this study were aligned with deltasatellite 

sequences available in GenBank, and a phylogenetic tree was produced (Figure 5). 

Deltasatellites characterized in this work appeared to form several clusters with low 

phylogenetic signal, without obvious relation to geographical origin (Figure 5). The 

tree shows two clades (with 100% bootstrap support): one major clade containing 

Canary Islands, Cádiz, Granada, Málaga and Murcia isolates, subdivided into smaller 

groups with low phylogenetic support; and another clade occupying a basal position 

in relation to the rest of deltasatellites associated with sweepoviruses found in Spain, 

containing three isolates (LM7773, LM7604 and LM7605). Within the larger clade, 

isolates from Canary Islands plus two isolates from Málaga (LM7543 and LM7544) 

formed one well-defined clade, while the other isolates from Cádiz, Granada, Málaga 
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and Murcia formed several smaller clades not supported by bootstrap analysis 

(Figure 5).  

The sweepovirus phylogenetic tree showed three well-supported clades 

(Figure 6). A major well-supported clade contains the SPLCV isolates obtained in 

this study from Málaga, Granada and Cádiz, some of the SPLCV isolates from 

Canary Islands and Málaga obtained by Lozano et al. (2009), and the SPMV isolates 

obtained in this study. Most sequences from this study grouped with SPLCV, except 

five isolates (LM7572, LM7842, LM7844, LM7286 and LM7805) which formed a 

well-supported clade with SPMV isolates (Figure 6). This close relationship is 

consistent with the pairwise sequence identity analysis (Figure 4). This major clade 

was subdivided into four well-supported smaller groups: two clades containing 

isolates from Málaga, a third clade containing isolates from Málaga, Granada and 

Canary Islands, and a fourth clade containing the SPMV sequences from Málaga and 

Cádiz. The other major clade contained SPLCV and Sweet potato leaf curl Canary 

virus (SPLCCaV) isolates from the Canary Islands, with the exception of one 

SPLCV isolate from Málaga (Lozano et al., 2009). The last major well-supported 

clade contained representative sequences from other sweepovirus species (Figure 6).   

 

Detection of a sweepovirus-deltasatellite chimera 

 One of the clones obtained with an insert with the typical size of 

deltasatellites was shown to correspond to a sweepovirus-deltasatellite chimera 

(Figure 7). This clone was obtained from sample ii26, collected in the province of 

Málaga. The insert of this clone (LM7556) is 699 bp in length, and BLASTn analysis 

showed significant identity with available sequences of sweepoviruses for only about 

50% of the length (coordinates 444-98). This region has the IR containing a stem-
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loop with the conserved nonanucleotide TAATATTAC. This fragment showed 

89.0% identity to the corresponding region of the genome of the sweepovirus 

SPLCV that was isolated from the same sample (isolate LM7861). BLASTn analysis 

of the remaining 344 bp (coordinates 99-443) showed 97% identity to a region of the 

deltasatellite that was isolated from the same sample (isolate LM7629). This DNA 

fragment contained the A-rich region and half of the conserved stem-loop structure 

of the deltasatellite (Figure 7). 

 

Discussion 

 

Lozano et al. (2016) found satellites associated with sweepoviruses in Spain 

and Venezuela, similar in structure to ToLCV-sat, i.e., they contain a region with 

similarity to the SCR of betasatellites, an A-rich region, a predicted stem-loop 

structure containing the nonanucleotide TAATATTAC, and a secondary stem-loop. 

The name deltasatellite was proposed for the members of this new class of small 

non-coding satellites, which includes in addition to ToLCV-sat and sweepovirus-

associated satellites, those associated to NW bipartite begomoviruses (Fiallo-Olivé et 

al., 2012). Lozano et al. (2016) obtained, by PCR amplification, 16 satellite 

sequences showing low genetic variability, the overall nucleotide identity amongst 

them ranging from 94.6 to 99.9%. The low genetic diversity of deltasatellite 

sequences could have been the result of the use of specific primers for cloning, 

together with the small number of clones obtained.  

In this work we have studied the diversity of deltasatellites and associated 

sweepoviruses infecting I. indica plants by resampling the southern Spain 

populations where they were detected by the first time and expanding the analysis to 
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other geographical areas. We used the RCA technique (which allows amplification 

without previous knowledge of nucleotide sequence) which can reveal the actual 

variability present in natural populations. However, the observed genetic variability 

was not higher in the deltasatellite sequences obtained in this study. Furthermore, 

there was no evidence for recombination in the deltasatellite sequences.  

This study also provided insights into the nature of the helper sweepoviruses. 

Most of the sweepovirus isolates belonged to the species SPLCV. In addition, two 

isolates from Cádiz and three from Málaga were shown to belong to the species 

SPMV. SPMV was previously reported only from Brazil (Paprotka et al., 2010a) and 

South Africa (Esterhuizen et al., 2012), and this is the first report of this virus in 

Spain.  SPMV isolates reported here were shown to be recombinants involving 

genome fragments from SPLCV. 

SPLCV and SPMV populations reported in this work showed a genetic 

variability equivalent to that reported for other begomovirus populations (Duffy and 

Holmes, 2008, 2009;Ge et al., 2007; Lima et al., 2013; Ramos-Sobrinho et al., 2014; 

Rocha et al., 2013). Numerous studies have shown that populations of geminiviruses 

are highly recombinant (García-Andrés et al., 2007; Lefeuvre et al., 2009; Lefeuvre 

et al., 2007b; Lima et al., 2013; Martin et al., 2011; Ramos-Sobrinho et al., 2014; 

Rocha et al., 2013; van der Walt et al., 2009) and that recombination could explain 

the higher variability of begomoviruses infecting wild hosts in relation to those 

infecting crops (Lima et al., 2013). We found 21 unique recombination events in the 

sweepovirus genomes, and most of the recombination breakpoints occur in the IR 

and in the middle of the Rep gene. Similarly, two recombination breakpoints (events 

13 and 15) involving the interface between genes CP and REn were identified. 

Lefeuvre et al. (2007a) described the presence of recombination cold-spots within the 
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V2 gene and the third quarter of the CP gene of begomoviruses. Here, however, we 

detected the occurrence of recombination breakpoints in the first half of the CP gene 

and within the V2 gene. Albuquerque et al. (2012) also detected recombination 

breakpoints in the first half of the CP gene. These results are consistent with those 

obtained from geminivirus recombination analyses, which show that the Rep gene, 

the IR and the interface between genes CP and REn are recombination hot spots 

(Albuquerque et al., 2012; García-Andrés et al., 2007; Lefeuvre et al., 2007a; 

Lefeuvre et al., 2009; Lefeuvre et al., 2007b). Some sweepovirus recombination 

events have been previously described (Albuquerque et al., 2012; Lozano et al., 

2009; Zhang and Ling, 2011) and most were observed in our study.  

In this study we found a sweepovirus-deltasatellite chimera in an I. indica 

plant with the typical size of a deltasatellite. This molecule was the result of a 

recombination event between an isolate of SPLCV closely related to isolate LM7861 

and a deltasatellite closely related to LM7629, both present in the same I. indica 

sample. Lozano et al. (2016) also found a similar, but longer, recombinant chimeric 

molecule. This chimera was 2598 bp in length and about 70% of its length had 

identity with an isolate of the sweepovirus SPLCCaV that was obtained from the 

same sample (the region contained the V2 and CP genes, a truncated REn gene and 

the complete IR including the iterons) and the remaining was found to correspond to 

most of the sequence of a sweepovirus-associated deltasatellite.  

Due to the vegetative propagation of many species of the genus Ipomoea, 

including I. indica and sweet potato, virus accumulation and perpetuation is a 

common phenomenon which allows frequent mixed infections and facilitates the 

occurrence of recombination (Valverde et al., 2007). This can be a rapid process to 

create new genomes with adaptive advantages, which could accelerate their 
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evolution and favor the expansion of the host range and, therefore, the emergence of 

novel diseases (Berrie et al., 2001; Lefeuvre and Moriones, 2015; Monci et al., 

2002). The same process that occurs to originate viral recombinants may have 

generated the virus-satellite chimera found in this study. 

Phylogenetic grouping by geographic origin and by the plant host from which 

they were isolated was observed for the deltasatellites associated with NW bipartite 

begomoviruses in Cuba (Fiallo-Olivé et al., 2012). Lozano et al. (2016), studying the 

phylogenetic relationships of the deltasatellites associated to sweepoviruses in Spain, 

observed that, although they are closely related, they could be grouped in two 

clusters  related to geographic origin (either mainland Spain or the Canary Islands). 

Within the satellites from mainland Spain, the isolates from I. indica grouped 

together. The present study did not reveal a clear grouping of deltasatellites 

according to geographical origin or host plant (Figure 5). However, two of the new 

isolates from Málaga grouped with isolates previously described from Canary Islands 

within a well-defined cluster. Absence of phylogenetic differentiation are in 

agreement with the low nucleotide diversity data.   
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Table 1. Sweepovirus and associated deltasatellite sequences reported in this study. 

Province 
Sample 

code Sampling date Geographical coordinates Sweepovirus Satellite Sweepovirus clones Satellite clones Symptoms 

Cádiz Ii -56 09/15/15 36° 04'N 5° 30'W + + LM7842 
 

- 

 
Ii -57 09/15/15 36° 04'N 5° 30'W + + 

 
LM7785 LM7786 - 

 
Ii -58 09/15/15 36° 04'N 5° 30'W + + LM7844 LM7787 LM7788 - 

Málaga Ii -01 02/03/15 36° 45.444'N 4° 02.654'W + - 
  

- 

 
Ii -02 02/03/15 36° 45.452'N 4° 02.670'W + - 

  
- 

 
Ii -03 02/03/15 36° 45.453'N 4° 02.687'W + + LM7275 LM7315 LM7316 - 

 
Ii -04 02/03/15 36° 44.794'N 4° 03.014'W + - 

  
- 

 
Ii -05 02/03/15 36° 44.800'N 4° 03.013'W + - 

  
- 

 
Ii -06 02/03/15 36° 44.053'N 4° 06.920'W + + LM7317 LM7277 LM7278 - 

 
Ii -07 02/03/15 36° 44.041'N 4° 06.927'W + + LM7283 LM7281 LM7366 YV, LC 

 
Ii -08 02/03/15 36° 44.084'N 4° 06.930'W + + LM7286 LM7284 LM7285 - 

 
Ii -09 02/03/15 36° 46.002'N 4° 06.455'W + + LM7327 LM7328 LM7287 LM7288 YV 

 
Ii -10 02/03/15 36° 45.994'N 4° 06.460'W + + LM7294 LM7291 LM7293 YV, LC 

 
Ii -11 02/03/15 36° 45.990'N 4° 06.463'W + + LM7295 LM7367 LM7368 LM7369 - 

 
Ii -12 02/03/15 36° 47.620'N 4° 07.252'W + + LM7297 LM7296 LM7318 YV, LC 

 
Ii -13 02/03/15 36° 47.640'N 4° 07.254'W + + LM7300 LM7298 LM7299 - 

 
Ii -14 02/03/15 36° 47.954'N 4° 07.369'W + + LM7303 LM7301 LM7302 - 

 
Ii -15 02/03/15 36° 47.952'N 4° 07.362'W - - 

  
- 

 
Ii -16 02/03/15 36° 49.881'N 4° 07.555'W - - 

  
- 

 
Ii -17 02/03/15 36° 49.896'N 4° 07.538'W - - 

  
- 

 
Ii -18 05/22/15 36° 44.748'N 4° 02.216'W + + 

 
LM7539 LM7540 - 

 
Ii -19 05/22/15 36° 44.629'N 4° 02.164'W + + 

 
LM7541 LM7542 YV 
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Ii -20 05/22/15 36° 44.631'N 4° 01.113'W + + 

 
LM7543 LM7544 - 

 
Ii -21 05/22/15 36° 43.967'N 3° 56.509'W + + LM7568 LM7545 LM7546 LC 

 
Ii -22 05/22/15 36° 43.963'N 3° 56.510'W + + LM7569 LM7547 LM7548 LM7549 LC 

 
Ii -23 05/22/15 36° 44.162'N 3° 55.942'W + + LM7570 LM7550 LM7551 LM7552 - 

 
Ii -24 05/22/15 36° 44.189'N 3° 55.878'W - - 

  
- 

 
Ii -25 05/22/15 36° 44.191'N 3° 55.870'W + + LM7606 LM7553 LM7554 - 

 
Ii -26 05/22/15 36° 44.668'N 3° 52.526'W + + LM7861 LM7629 LM7556 - 

 
Ii -27 05/22/15 36° 44.660'N 3° 52.539'W + + LM7572 LM7557 LM7558 LM7559 - 

 
Ii -28 05/22/15 36° 44.710'N 3° 52.531'W + + LM7607 LM7560 LM7561 - 

 
Ii -29 05/22/15 36° 44.883'N 3° 52.261'W - - 

  
- 

 
Ii -30 05/22/15 36° 44.877'N 3° 52.248'W + + LM7573 LM7580 LM7581 - 

 
Ii -31 05/22/15 36° 44.880'N 3° 52.259'W + + LM7608 LM7845 LM7583 - 

 
Ii -32 05/22/15 36° 45.466'N 3° 51.732'W + + 

 
LM7584 - 

 
Ii -33 05/22/15 36° 45.468'N 3° 51.750'W + + 

 
LM7586 LM7630 - 

 
Ii -34 05/22/15 36° 45.291'N 3° 51.200'W + + LM7609 LM7587 LM7634 - 

 
Ii -35 05/22/15 36° 45.294'N 3° 51.115'W + + LM7865 LM7588 LM7589 LM7590 - 

 
Ii -36 05/22/15 36° 44.448'N 3° 45.639'W + + 

 
LM7591 LM7592 - 

 
Ii -37 05/22/15 36° 44.279'N 3° 45.639'W + - 

  
- 

 
Ii -38 05/22/15 36° 44.374'N 3° 41.753'W + + LM7610 LM7594 LM7595 - 

 
Ii -39 05/22/15 36° 44.367'N 3° 41.736'W + + 

 
LM7596 LM7597 - 

 
Ii -40 05/22/15 36° 44.775'N 3° 36.233'W + + LM7627 LM7598 LM7599 - 

 
Ii -41 05/22/15 36° 44.807'N 3° 36.210'W + + 

 
LM7600 LM7601 LM7602 - 

 
Ii -42 05/22/15 36° 42.543'N 3° 29.545'W + + LM7628 LM7603 LM7682 - 

 
Ii -43 05/22/15 36° 42.486'N 3° 29.541'W + + LM7681 LM7604 LM7605 - 

 
Ii -44 05/22/15 36° 49.914'N 3° 31.106'W + - 

  
- 

 
Ii -45 08/04/15 36° 45.728'N 3° 53.302'W + + 

 
LM7773 - 
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Ii -46 08/04/15 36° 45.692'N 3° 53.302'W - - 

  
- 

 
Ii -47 08/04/15 36° 45.839'N 3° 53.291'W + + LM7805 LM7774 LM7790 - 

 
Ii -48 08/04/15 36° 45.858'N 3° 53.307'W + + 

 
LM7776 LM7777 - 

 
Ii -64 10/13/15 36° 44.686'N 4° 5.275'W + + LM7868 LM7853 - 

 
Ii -65 10/13/15 36° 44.686'N 4° 5.275'W + + 

 
LM7854 LM7856 - 

Granada Ii -49 08/04/15 36° 44.182'N 3° 40.806'W + + 
 

LM7778 - 

 
Ii -50 08/04/15 36° 44.612'N 3° 33.341'W + + 

 
LM 7759 LM7791 - 

 
Ii -51 08/04/15 36° 43.562'N 3° 32.320'W + + LM7806 LM7760 - 

 
Ii -52 08/04/15 36° 44'N 3° 32'W + + 

 
LM7761 - 

 
Ii -53 08/04/15 36° 44'N 3° 32'W + + 

 
LM7780 LM7781 LM7782 - 

 
Ii -54 09/08/15 36° 27'N 5° 04'W + - 

  
- 

 
Ii -55 09/08/15 36° 27'N 5° 04'W + - 

  
- 

Murcia Ii -59 10/07/15 37°55'58.2"N 1°07'54.4"W + - 
  

- 

 
Ii -60 10/07/15 38°03'13.0"N 1°13'03.2"W + - 

  
- 

 
Ii -61 10/07/15 38°03'13.0"N 1°13'03.2"W + + 

 
LM7851 LM7852 LC 

 
Ii -62 10/07/15 38°03'13.0"N 1°13'03.2"W + - 

  
YV 

 
Ii -63 10/07/15 38°03'13.0"N 1°13'03.2"W + - 

  
- 

+, presence of sweepoviruses or satellites; -, absence of sweepoviruses, satellites or symptoms; YV, yellow veins; LC, leaf curling 
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Table 2. Genetic variability of the sweepoviruses and associated deltasatellite 

genomes characterized in this study.  

Population/genomic region 
No. of 

sequences Nucleotide diversity, π 

Deltasatellite (Total) 92 0.03715 (± 0.00113) 
Cádiz 4 0.01777 (± 0.00810) 
Granada 8 0.02846 (± 0.00470) 
Málaga 78 0.03903 (± 0.00115) 
Murcia 2 0.01560 (± 0.00780) 
Sweepovirus (Total) 31 0.07065 (± 0.00436) 
Sweet potato mosaic virus (SPMV) 3 0.05688 (± 0.01996) 
CP  0.02614 (± 0.00850) 
Rep  0.07062 (± 0.02732) 
V1  0.03899 (± 0.01293) 
REn  0.07763 (± 0.02324) 
TrAP  0.04889 (± 0.01692) 
C4  0.04822 (± 0.01416) 
IR  0.06136 (± 0.02532) 
Sweet potato leaf curl virus (SPLCV)  28 0.06832 (± 0.00484) 
CP  0.03525 (± 0.00202) 
Rep  0.09444 (± 0.00847) 
V1  0.07641 (± 0.00306) 
REn  0.01929 (± 0.00447) 
TrAP  0.02256 (± 0.00284) 
C4  0.02319 (± 0.00271) 
IR  0.12566 (± 0.00942) 
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Table 3. Recombination events detected in the sweepovirus genomes analyzed in 

this study.  

Event Recombinant Recombination breakpoints1 Parents2 Method P-value3 

  Begin End Minor Major   
1 LM7681_ii43 2758 2186 SPLCV_EU839578 SPLCCV_EF456742 RGBMCS3 3.598 X 10-43 

 
LM7568_ii21 

      

 
LM7470_ii23 

      

 
LM7569_ii22 

      

 
SPLCV_EU839576 

      
2 LM7573_ii30 2692 2178 LM7861_ii26 SPLCCV_EF456742 RGBMCS3 7.343 X 10-83 

3 LM7606_ii25 2230 2729 LM7865_ii35 LM7608_ii31 RGBMCS3 7.527 X 10-37 

 
LM7294_ii10 

      

 
LM7295_ii11 

      

 
LM7327_ii9 

      
4 LM7805_ii47 2763 2168 LM7609_ii34 SPMV_FJ969831 GBMS3 2.535 X 10-49 

5 LM7286_ii8 49 2138 LM7607_ii28 SPMV_FJ969831 RGBMS3 9.735 X 10-48 

6 SPLCV_EU839576 374 2186* LM7303_ii14 SPLCV_EU839579 RGBMCS3 5.916 X 10-39 

 
LM7568_ii21 

      

 
LM7470_ii23 

      

 
LM7610_ii38 

      

 
LM7681_ii43 

      

 
LM7569_ii22 

      

 
SPLCV_EU839578 

      
7 LM7865_ii35 508 1626 LM7608_ii31 SPLCV_EU839579 RGBMS3 4.715 X 10-47 

8 LM7607_ii28 2233 2697 LM7865_ii35 LM7609_ii34 RGBMCS3 1.018 X 10-32 

 
SPLCV_EU839577 

      
9 LM7842_ii56 96 1927 LM7608_ii31 SPMV_FJ969831 RGBMCS3 2.723 X 10-22 

 
LM7844_ii58 

      
10 LM7607_ii28 87 477* SPLCV_EF456746 7868_ii64 RGBMCS3 8.219 X 10-21 

 
LM7286_ii8 

      

 
LM7573_ii30 

      

 
LM7609_ii34 

      

 
LM7805_ii47 

      

 
LM7861_ii26 

      

 
SPLCV_FJ151200 

      
11 LM7610_ii38 419* 1624 LM7627_ii40 SPLCV_EU839579 GBM3 6.929 X 10-28 

12 SPLCV_EU839578 2220* 2698 SPLCCNV_DQ512731 SPLCCV_EF456745 RGBMCS3 2.126 X 10-25 

 
LM7610_ii38 

      

 
LM7865_ii35 

      
13 LM7572_ii27 482* 1154 SPLCV_FJ151200 SPMV_FJ969831 RGMCS3 2.111 X 10-16 

 
LM7275_ii3 

      
14 LM7627_ii40 163 321 SPLCV_EU839579 LM7297_ii12 RGBMC3 1.509 X 10-19 

15 LM7470_ii23 1080 1166* SPLCV_EU839579 LM7861_ii26 RGMC3 8.116 X 10-11 

 
LM7842_ii56 

      
16 LM7294_ii10 38* 243 SPMV_FJ969831 LM7606_ii25 RGBMCS3 7.785 X 10-11 
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LM7295_ii11 

      

 
LM7327_ii9 

      
17 LM7295_ii11 322* 492 SPLCV_EU839579 LM7608_ii31 RGBMCS3 1.762 X 10-11 

18 LM7327_ii9 1868 1988 SPMV_FJ969831 LM7568_ii21 RGB3 1.368 X 10-06 

19 LM7569_ii22 373* 504* LM7865_ii35 LM7608_ii31 RGBS3 9.727 X 10-05 

 
LM7568_ii21 

      
20 LM7572_ii27 1322 1785 LM7861_ii26 SPMV_FJ969831 RBMC3 4.518 X 10-05 

21 LM7572_ii27 222 480* LM7806_ii51 SPMV_FJ969831 RGBS3 1.164 X 10-06 
1Numbering starts at the first nucleotide after the cleavage site at the origin of replication and increases clockwise. (*), 
Breakpoints could not be accurately located. 
2Recombination events and their putative parental viruses were identified using the Rdp (R), Geneconv (G), Boostcan (B), 

Maxichi (M), Chimaera (C), Siscan (S) and 3Seq (3), modules in RDP4. 
3The reported p-value is from the method in bold and is the lowest p-value calculated for the featured event. 
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Supplementary Table S1. Sweepovirus sequences retrieved from GenBank and used for pairwise sequence comparisons and phylogenetic analysis. 

Sweepovirus Acronym Host Location Genbank access number Reference 

Sweet potato leaf curl Canary virus SPLCCV Ipomoea batatas Canary Islands EF456742 Lozano et al. (2009) 

Sweet potato leaf curl Canary virus SPLCCV Ipomoea batatas Canary Islands EF456745 Lozano et al. (2009) 

Sweet potato leaf curl Canary virus SPLCCV Ipomoea batatas Canary Islands EU856365 Lozano et al. (2009) 

Sweet potato leaf curl Canary virus SPLCCV Ipomoea batatas Canary Islands FJ529203 Lozano et al. (2009) 

Sweet potato leaf curl virus SPLCV Ipomoea batatas Canary Islands EF456746 Lozano et al. (2009) 

Sweet potato leaf curl virus SPLCV Ipomoea batatas Canary Islands EF456741 Lozano et al. (2009) 

Sweet potato leaf curl virus SPLCV Ipomoea batatas Canary Islands EF456743 Lozano et al. (2009) 

Sweet potato leaf curl virus SPLCV Ipomoea batatas Canary Islands EF456744 Lozano et al. (2009) 

Sweet potato leaf curl virus SPLCV Ipomoea batatas Canary Islands EU856364 Lozano et al. (2009) 

Sweet potato leaf curl virus SPLCV Ipomoea batatas Canary Islands EU856366 Lozano et al. (2009) 

Sweet potato leaf curl virus SPLCV Ipomoea batatas Málaga EU839579 Lozano et al. (2009) 

Sweet potato leaf curl virus SPLCV Ipomoea indica Málaga FJ151200 Lozano et al. (2009) 

Sweet potato leaf curl virus SPLCV Ipomoea indica Málaga EU839576 Lozano et al. (2009) 

Sweet potato leaf curl virus SPLCV Ipomoea indica Málaga EU839577 Lozano et al. (2009) 

Sweet potato leaf curl virus SPLCV Ipomoea indica Málaga EU839578 Lozano et al. (2009) 

Sweet potato leaf curl China virus SPLCCNV Ipomoea batatas China DQ512731 Luan et al. (2007) 

Sweet potato leaf curl Henan virus SPLCHnV Ipomoea batatas China-Henan KC907406 Liu et al. (2014) 

Sweet potato leaf curl Sichuan virus 1 SPLCSiV-1 Ipomoea batatas China-Sichuan KC488316 Liu et al. (2013) 

Sweet potato leaf curl Sichuan virus 2 SPLCSiV-2 Ipomoea batatas China-Sichuan KF156759 Unpublished 

Sweet potato leaf curl Georgia virus SPLCGV Ipomoea batatas Unite States-Georgia AF326775 Lotrakul et al. (2003) 

Sweet potato leaf curl South Carolina virus SPLCSCV Ipomoea batatas United States-South Carolina HQ333144 Zhang et al. (2011) 

Sweet potato leaf curl Uganda virus SPLCUV Ipomoea batatas Uganda FR751068 Wasswa et al. (2011) 

Sweet potato mosaic virus SPMV Ipomoea batatas Brazil-Brasilia FJ969831 Paprotka et al. (2010) 

Sweet potato leaf curl Sao Paulo virus SPLCSPV Ipomoea batatas Brazil-São Paulo HQ393477 Albuquerque et al. (2012) 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Paprotka%20T%5BAuthor%5D&cauthor=true&cauthor_uid=20152869
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Supplementary Table S2. Satellite DNA sequences retrieved from GenBank and used for pairwise sequence comparisons and phylogenetic 
analysis. 

Satellite DNA Host Location 
Genbank access 

number Reference 

SBG32 Ipomoea batatas Canary Islands FJ914391.1 Lozano et al. (2016) 
SBG51 Ipomoea batatas Canary Islands FJ914390.1 Lozano et al. (2016) 
SBG57 Ipomoea batatas Canary Islands FJ914397.1 Lozano et al. (2016) 
SBG58 Ipomoea batatas Canary Islands FJ914398.1 Lozano et al. (2016) 
SBG59 Ipomoea batatas Canary Islands FJ914403.1 Lozano et al. (2016) 
SBG52 Ipomoea batatas Málaga FJ914392.1 Lozano et al. (2016) 
SBG54 Ipomoea batatas Málaga FJ914394.1 Lozano et al. (2016) 
SBG53 Ipomoea batatas Málaga FJ914393.1 Lozano et al. (2016) 
SBG55 Ipomoea batatas Málaga FJ914395.1 Lozano et al. (2016) 
SBG56 Ipomoea batatas Málaga FJ914396.1 Lozano et al. (2016) 
SBGB3-5 Ipomoea batatas Málaga FJ914404.1 Lozano et al. (2016) 
SBGB3-6 Ipomoea batatas Málaga FJ914405.1 Lozano et al. (2016) 
SI3C-5 Ipomoea indica Málaga FJ914400.1 Lozano et al. (2016) 
SI3C-3 Ipomoea indica Málaga FJ914399.1 Lozano et al. (2016) 
SI3D-11 Ipomoea indica Málaga FJ914401.1 Lozano et al. (2016) 
SI3D-12 Ipomoea indica Málaga FJ914402.1 Lozano et al. (2016) 
1764E13 Merremia dissecta Venezuela KF716173.1 Lozano et al. (2016) 
IN-Cb1 Croton bonplandianus India AJ968684.1 Unpublished 
PH-Mc1 Malvastrum coromandelianum Philippines KF433066.1 Unpublished 
ToLCV- sat Tomato Australia U74627.1 Dry et al. (1997) 
177H1 Malvastrum coromandelianum Cuba JN986808.1 Fiallo-Olivé et al. (2012) 
404N1 Sidastrum micranthum Cuba JN819495.1 Fiallo-Olivé et al. (2012) 
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Figure legends 

 

Figure 1. Plants of blue morning glory (Ipomoea indica). 

 

Figure 2. Sampling sites in southern Spain (Cádiz, Granada, Málaga and Murcia). 

Samples containing sweepoviruses (yellow markers), sweepoviruses plus 

deltasatellites (purple markers) and not containing virus (pink markers) are indicated 

in the image. 

 

Figure 3. Pairwise sequence identity matrices of the sweepoviruses obtained in this 

work and the additional closely related sweepoviruses, obtained with the program 

Sequence Demarcation Tool (SDT) v. 1.2. 

 

Figure 4. Pairwise sequence identity matrices of the deltasatellites described in this 

study plus the most closely related deltasatellites, obtained with the program 

Sequence Demarcation Tool (SDT) v. 1.2. 

 

Figure 5. Phylogenetic tree showing the relationship among the deltasatellite 

molecules described in this work and other deltasatellites. Full names of the 

sequences retrieved from GenBank are found in Supplementary Table 2. The tree 

was constructed using the Neighbor-Joining method with MEGA 6. Only bootstrap 

values higher than 60% are shown. Samples were obtained from Cádiz (red circles), 

Canary Islands (green circles), Granada (purple circles), Málaga (yellow circles) and 

Murcia (blue circles). Some plants showed symptoms of yellow vein (YV, blue 

squares) and leaf curling (LC, pink squares).  
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Figure 6. Phylogenetic tree showing the relationships among the sweepoviruses 

obtained in this work and other sweepoviruses. Full names of the sequences retrieved 

from GenBank are found in Supplementary Table 1. The tree was constructed using 

the Neighbor-Joining method with MEGA 6. Only bootstrap values higher than 60% 

are shown. Samples were obtained from Cádiz (red circles), Canary Islands (green 

circles), Granada (purple circles) and Málaga (yellow circles).  

 

Figure 7. Schematic representation of the chimeric sweepovirus-DNA satellite 

molecule identified in blue morning glory sample ii26. The stem-loop containing the 

nanonucleotide TAATATTAC, the regions corresponding to the satellite sequence 

(blue color) and to the sweepovirus sequence (purple color), and the recombination 

sites are indicated.  
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Figure 2.  
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Figure 3. 
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Figure 4.  
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Figure 5. 
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Figure 6. 
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Figure 7. 

 

 

 

 


