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Resumo 
 
NASCIMENTO, Monique Bezerra. Aspectos da associação entre Leonurus 
yellow spot alphasatellite e begomovírus bissegmentados e identificação 
de Colletotrichum karstii em pitaia. 2019. 78f. Tese (Doutorado) – Programa 
de Pós-Graduação em Fitossanidade. Universidade Federal de Pelotas. 
Pelotas, RS, Brasil. 
 
As doenças de plantas são responsáveis por grandes perdas econômicas na 
agricultura. Dentre os vírus, o grupo que ressalta-se pela grande importância são 
os begomovírus que podem ser encontrados em associação com alfassatélites 
que dependem do begomovírus auxiliar para causar infecção sistêmica. O efeito 
da associação entre alfassatélites e begomovírus ainda são desconhecidos. No 
caso das doenças causadas por fungos destacam-se as espécies do gênero 
Colletotrichum por causarem doenças em uma ampla variedade de culturas. 
Deste modo, os objetivos desta tese foram: i) verificar a capacidade de interação 
de um alfassatélite, o Leonurus yellow spot alphasatellite (LeYSA), com três 
begomovírus (Euphorbia yellow mosaic virus, EuYMV; Tomato yellow spot virus, 
ToYSV; e Tomato severe rugose virus, ToSRV), investigando os efeitos da 
presença do alfassatélite na infectividade, sintomas, acúmulo de DNA viral em 
três hospedeiros (Leonurus sibiricus, Nicotiana benthamiana e tomateiro) ), além 
de verificar se os alfassatélites interferem na transmissão de ToYSV e ToSRV 
pelo inseto vetor (Bemisia tabacci); ii) identificar o agente causal de antracnose 
em folhas de pitaia. Para verificar a capacidade de interação do alfassatélite em 
três begomovírus foram inoculados via biobalística nas plantas hospedeiras, a 
porcentagem de infectividade foi realizada através da detecção da presença e 
ausência dos vírus e do alfassatélite por PCR convencional e a quantificação do 
título viral e do alfassatélite foi realizado por qPCR. A interação de ToYSV e 
ToSRV com o LeYSA levou a uma maior severidade dos sintomas na presença 
do alfassatélite. A associação de LeYSA com ToYSV foi menos eficiente em 
tomateiro comparado a L. sibiricus e N. benthamiana, com base na menor 
porcentagem de plantas nas quais a presença do alfassatélite foi detectada. A 
associação de LeYSA com EuYMV foi menos eficiente em tomateiro do que em 
N. benthamiana, enquanto a interação com o ToSRV foi semelhantes em ambos 
os hospedeiros (EuYMV e ToSRV não infectaram L. sibiricus). Os resultados 
deste estudo fornecem novas informações que aumentam a compreensão das 
interações entre vírus, DNAs satélites e hospedeiros que contribuem para a 
adaptação e predominância de begomovírus no campo. Em agosto de 2017, 
observou-se plantas de pitaia no município de Pelotas (RS) com sintomas típicos 
de antracnose, as folhas foram submetidos a caracterização morfológica, 
molecular e ao teste de patogenicidade para identificação do agente causal em 
estudo. Confirmou-se que a antracnose em pitaia é causada por um fungo do 
gênero Colletotrichum a partir das características morfológicas observadas na 
massa conidial, conídios hialinos, asseptatos, retos, cilíndricos e obtusos no 
ápice. A análise das sequências de nucleotídeos das regiões ITS, ACT, TUB2, 
CAL, GAPDH, CHS-1 e HIS3 do fungo isolado de pitaia indicou 99-100% de 
identidade com sequências correspondente ao Colleotrichum karstii. Este é o 
primeiro relato de C. karstti infectando pitaia no Brasil.  
 
Palavras-chave: Begomovírus. Alfassatélite. Antracnose. Hylocereus. 



Abstract 

 
NASCIMENTO, Monique Bezerra. Aspects of the association between 
Leonurus yellow spot alphasatellite and bipartite begomoviruses, and 
identification of Colletotrichum karstii in pitaya. 2019. 78f. Thesis (Doctorate) 
– Graduate Program in Plant Protection. Universidade Federal de Pelotas. 
Pelotas, RS, Brasil. 
 
Plant diseases are responsible for large economic losses in agriculture. Among 
viruses, one group that stands out for its great importance are the 
begomoviruses. They can be found in association with alphassatellites, which 
depend on the helper begomovirus to cause systemic infection. The impact of the 
association between alphasatellites and begomoviruses remains largely 
unknown. In the case of fungal diseases, species of the genus Colletotrichum 
stand out because they cause disease in a wide variety of cultures. The main 
objectives of the thesis were: i) to verify the interaction of Leonurus yellow spot 
alphasatellite (LeYSA) with three begomoviruses (Euphorbia yellow mosaic virus, 
EuYMV; Tomato yellow spot virus, ToYSV; and Tomato severe rugose virus, 
ToSRV), investigating the effects of the presence of the alphasatellite in 
infectivity, symptoms, accumulation of viral DNA in three hosts (Leonurus 
sibiricus, Nicotiana benthamiana and tomato), in addition, it is possible to verify if 
alphasatellites interfere with the transmission of ToYSV and ToSRV by the vector 
insect (Bemisia tabacci). ii) to identify the causal agent of anthracnose on pitaya 
leaves. To verify the interaction ability of the alpha-satellite in three 
begomoviruses were inoculated via biobalistic in the host plants, the percentage 
of infectivity was performed by detection of the presence and absence of viruses 
and alphasatellite by conventional PCR and quantification of the viral titer and 
alphasatellite was performed by qPCR. The interaction of ToYSV and ToSRV 
with LeYSA was demonstrated, and showed a greater severity of symptoms in 
the presence of the alphasatellite. The association of LeYSA with ToYSV was 
less efficient in tomato plants compared to L. sibiricus and N. benthamiana, as 
measured by a lower percentage of plants in which the presence of the 
alphasatellite was detected. The association of LeYSA with EuYMV was less 
efficient in tomato than in N. benthamiana, while the interaction with ToSRV was 
similar in both hosts (EuYMV and ToSRV did not infect L. sibiricus).The results 
of this study provide new information that increases the understanding of the 
interactions between viruses, satellite DNAs, vector and host that contribute to 
the adaptation and predominance of begomoviruses in the field. In August of 
2017, pitaya plants in the municipality of Pelotas (RS) were observed with typical 
symptoms of anthracnose. The leaves were submitted to morphological, 
molecular characterization and pathogenicity test to identify the causal agent 
under study. It has been confirmed that the anthracnose in pitaya was being 
caused by a fungus of the genus Colletotrichum from the morphological 
characteristics observed in the conidial mass, hyaline conidia, asseptates, 
straight, cylindrical and obtuse apex. Analysis of the nucleotide sequences of the 
ITS, ACT, TUB2, CAL, GAPDH, CHS-1 and HIS3 regions of the isolate pitaia 
fungus showed 99-100% identity with the sequences corresponding to 
Colleotrichum karstii. This is the first report of C. karstti infecting pitaya in Brazil.  
 
Keywords: Begomoviruses. Alphasatellite. Anthracnose. Hylocereus. 
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1 Introdução geral 

 

As doenças de plantas são responsáveis por grandes perdas econômicas 

na indústria agrícola mundial, representando mais de 40% das perdas totais de 

produção na maioria dos países em desenvolvimento (SHARMA, 2013). No 

Brasil, a agricultura representa um dos pontos fortes do setor econômico e as 

doenças de plantas são um dos maiores desafios enfrentados (MARTIN NETO 

et al., 2016).  

  Dentre as doenças de origem biótica que incidem nas colheitas e causam 

grandes perdas na produção, podemos destacar dois grandes grupos de 

agentes envolvidos, os fungos e os vírus. Os danos causados por estes 

patógenos variam de intensidade (brandos a severos) dependendo da 

adaptabilidade ao hospedeiro, bem como do ambiente propício para o 

desenvolvimento do patógeno. O monitoramento dos plantios e a detecção 

precoce dos agentes fitopatogênicos são medidas essenciais para reduzir a 

disseminação de doenças e facilitar as práticas de manejo de maneira mais 

eficaz (MARTINELLI et al., 2015). 

Dentre as diferentes famílias e gêneros de vírus de plantas, os membros 

do gênero Begomovirus incluem um grande número de patógenos de relevância 

econômica em culturas de grande importância como o algodão, o feijão, a 

mandioca e o tomate (ROJAS et al., 2018). 

Os begomovírus pertencem à família Geminiviridae, que é constituída por 

vírus com genoma composto por um ou dois componentes de DNA de fita 

simples circular encapsidados em partículas icosaédricas geminadas. A família 

é formada pelos gêneros Becurtovirus, Begomovirus, Capulavirus, Curtovirus, 

Eragrovirus, Grablovirus, Mastrevirus, Topocuvirus e Turncurtovirus, definidos 

com base no tipo de inseto vetor, gama de hospedeiros, organização genômica 

e relacionamento filogenético (BROWN et al., 2012; VARSANI et al., 2014; 

VARSANI et al., 2017; ZERBINI et al., 2017). 

Os begomovírus podem ser divididos em dois grupos, os do "Velho 

Mundo" (VM; Europa, África e Ásia) e os do "Novo Mundo" (NM; as Américas) 

(RYBICKI, 1994; PADIDAM et al., 1999; PAXIMADIS et al., 1999). A maioria dos 

begomovírus do NM possuem dois componentes genômicos conhecidos como 

DNA-A e DNA-B, e são transmitidos por moscas-brancas (Bemisia tabaci) a 
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plantas dicotiledôneas (BROWN et al., 2015). O DNA-A contém genes 

envolvidos na replicação e encapsidação da progênie viral. O DNA-B contem 

genes necessários para movimentos intra e intercelular na planta (LAZAROWTIZ 

et al., 1992). Ambos os componentes genômicos são necessários para a 

infecção sistêmica do hospedeiro.  

No VM, a maioria dos begomovírus estão associado a DNAs satélites, 

incluindo os alfassatélites (família Alphasatellitidae; BRIDDON et al., 2018). 

Alfassatélites são moléculas de DNA circular de fita simples que replicam 

independente do vírus auxiliar (um begomovírus ou um membro da família 

Nanoviridae), contudo dependem deste para infecção sistêmica e transmissão 

pelo inseto vetor (ZHOU, 2013; BRIDDON et al., 2018). Recentemente, 

alfassatélites foram relatados em associação com begomovírus do NM, 

infectando plantas não-cultivadas (Cleome affinis, Euphorbia heterophylla, 

Leonurus sibiricus e Sida sp.) no Brasil e em Cuba (PAPROTKA et al., 2010; 

JESKE et al., 2014; FERRO et al., 2017; MAR et al., 2017) e em cultivos de 

melancia na Venezuela (ROMAY et al., 2010).  

O efeito da presença de alfassatélites na infecção por begomovírus ainda 

não está esclarecido. Estudos realizados com alfassatélites e begomovírus no 

VM relataram que os alfassatélites não alteram os sintomas causados pelos 

begomovírus (SAUNDERS; STANLEY, 1999; SAUNDERS et al., 2000; 

SAUNDERS et al., 2002). Entretanto, os alfassatélites do NM parecem contribuir 

positivamente para a infecção, aumentando a severidade dos sintomas 

causados pelo begomovírus auxiliar, ou até mesmo sendo um determinante para 

a indução de sintomas (PAPROTKA et al., 2010; MAR et al., 2017). Nesse 

sentido, demonstrou-se que a proteína alpha-Rep codificada pelos alfassatélites 

pode atuar como supressora do silenciamento gênico transcricional (ABBAS et 

al., 2016), o que provavelmente favorece a patogenicidade.  

Os fungos são microorganismos eucarióticos, e constituem um grupo 

extremamente vasto com grande diversidade (AGRIOS, 2005; DOEHLEMANN 

et al., 2017). Estima-se que dois terços das doenças de plantas sejam causadas 

por fungos. Todas as plantas cultivadas de importância econômica são atacadas 

por um ou mais fungos, e frequentemente muitos fungos diferentes podem 

causar doenças em uma mesma espécie de planta (PELCZAR et al., 2019). 
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Um gênero de fungos que se destaca por incluir várias espécies de grande 

importância é o gênero Colletotrichum, como gênero fúngico assexual, foi 

incluído na classificação morfológica de Ascomycota como gênero sexual 

Glomerella (filo Ascomycota, classe Sordariomycetes, ordem Glomerellales, 

Família Glomerellaceae) (CANNON et al., 2012; MYCOBANK, 2018). 

Causadores de doenças em uma ampla variedade de plantas lenhosas e 

herbáceas, estão principalmente distribuídos em regiões tropicais e subtropicais, 

embora existam algumas espécies que afetam culturas de clima temperado 

(CROUS et al., 2004; UDAYANGA et al., 2013). O gênero Colletotrichum passou 

por várias reclassificações, atualmente mais de 200 espécies são reconhecidas 

por causar doenças em plantas em todo o mundo (MARIN-FELIX et al., 2017; 

UDAYANGA et al., 2013). As espécies patogênicas de Colletotrichum estão 

entre os principais causadores de antracnose, e também incluem diversos 

agentes causais de podridões de fruta pré- e pós-colheita e damping-off em 

plântulas (SUTTON et al., 1992; DEAN et al., 2012). 

A identificação das espécies de Colletotrichum é tradicionalmente 

baseada em características morfológicas, como  tamanho,  formato dos conídios, 

conformações da célula conidiogênica, coloração da colônia (matiz e 

intensidade) e o formato dos apressórios (SUTTON et al., 1992; MENEZES 

2002). A caracterização das espécies de Colletotrichum baseada unicamente em 

critérios morfológicos podem levar a conclusões incorretas, devido à grande 

variabilidade destas características para algumas espécies deste gênero, 

principalmente quando os isolados em estudo são cultivados em meios artificiais. 

Para contornar esses problemas, a  combinação de técnicas complementares 

como bioquímicas e moleculares têm sido cada vez mais utilizadas para 

assegurar a acurácia na identificação e classificação de novas espécies de 

Colletotrichum (CANNON et al., 2012). 

Os métodos moleculares baseados em sequencias de DNA possibilitam 

uma análise mais precisa permitindo confirmar a identidade do agente causal em 

estudo com rapidez e confiabilidade. Em vários estudos a comparação de 

sequências que codifica o DNA ribossomal (rDNA), bem como as sequências da 

região dos espaçadores internos transcritos ribossomal nuclear (conhecido 

como: Internal Transcribed Spacer, ITS) foi considerado como principal 

"barcode" utilizado para o reino dos fungos (SCHOCH et al., 2012). A 
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comparação da sequências da região ITS entre os gêneros Colletotrichum 

levaram ao desenvolvimento de oligonucleotídeos iniciadores (primers) táxons-

específicos para a diferenciação entre espécies deste gênero por PCR (reação 

em cadeia da polimerase) (MILLS et al., 1992). Atualmente, esses primers vem 

sendo utilizado para a confirmação da identidade dos isolados patogênicos a 

diversas espécies hospedeiras (ALFANADOR-KAFURI et al., 2003; LUBBE et 

al., 2004; MORIKAWI; SATO; TSUKIBOSHI, 2003; PILEGGI et al., 2009) 

Embora as sequências de ITS auxiliem na identificação de espécies de 

Colletotrichum, não fornecem resoluções suficientes para diferenciar espécies, 

principalmente espécies intimamente relacionadas (CAI et al., 2009; CROUCH 

et al., 2009; YANG et al., 2009; PHOULIVONG et al., 2010), já que esse 

fragmento é evolutivamente conservado para distinguir os táxons (DU et al., 

2005, CROUCH et al., 2009a, GAZIS et al., 2011), sendo necessário aliar o uso 

do marcador ITS juntamente a outros marcadores moleculares, tais como, o 

gene que codificam o gliceraldeído-3-fosfato desidrogenase (GAPDH) e a β-

tubulina (TUB-2), com isso, conseguindo distinguir espécies em Colletotrichum 

(DAMM et al., 2012; WEIR et al., 2012).  

Pitaia (Hylocereus sp.)  é o nome dado aos frutos de diversas espécies de 

cactos nativos das florestas tropicais da América Central e do Sul e Ásia, (NERD; 

MIZRAHI, 1999), é uma espécie exótica no Brasil. O cultivo da pitaia no Brasil é 

recente, seu cultivo se expandiu e atualmente existem áreas comerciais em 

Minas Gerais, Paraná, Santa Catarina, Mato Grosso do Sul, Rio Grande do 

Norte, Ceará e Pernambuco (SILVA, 2014).  

A região Sudeste do Brasil é a principal produtora do país, onde a cultura 

da pitaia se aclimatou muito bem, com produção de frutos nos meses de 

dezembro a maio, e produtividade média anual de 14 toneladas de frutos por 

hectare (BASTOS et al. 2006).  

Como toda cultura que entra em processo de aumento de produção, a 

pitaia vem sendo acometida por diferentes patógenos, os quais acarretam uma 

diminuição no rendimento com perdas de até 44% (VALENCÍA-BOTÍN et al., 

2003). Doenças causadas por fungos são predominantes, sendo a principal 

doença o olho de peixe causada por Botryosphaeria dothidea, caracterizada por 

sintomas iniciais de pontos cloróticos no caule (MASYAHIT et al., 2009).  
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No Brasil, ainda são poucos estudos a respeito das doenças que ocorrem 

em pitaia, em 2008 foi pela primeira vez relatado no Brasil no Estado de São 

Paulo em Botucatu plantas de pitaia sendo acometidas por antracnose causadas 

por Colletotrichum gloeosporioides (TAKAHASHI et al., 2008). A antracnose, 

causada por Colletotrichum gloesporioides e Colletotrichum truncatum, afeta não 

só os frutos, mas também o caule e a característica marcante da doença é a 

presença de lesões marrom-avermelhadas coalescidas com halos cloróticos 

(KIM et al., 2000; GUO et al., 2014). 

 Assim, os objetivos desta tese foram: i) verificar a capacidade de interação 

do alfassatélite Leonurus yellow spot alphasatellite (LeYSA) com três 

begomovírus (Euphorbia yellow mosaic virus, EuYMV; Tomato yellow spot virus, 

ToYSV; e Tomato severe rugose virus, ToSRV), investigando os efeitos da 

presença do alfassatélites na infectividade, sintomas, acúmulo de DNA viral em 

três hospedeiros (Leonurus sibiricus, Nicotiana benthamiana e tomateiro), além 

de verificar se os alfassatélites interferem na transmissão de ToYSV e ToSRV 

pelo inseto vetor (Bemisia tabacci); ii) identificar o agente causal da mancha de 

antracnose em folhas e frutos de pitaia. 

 

 

 

  



16 
 

Artigo 1 

 

 

 

 

 

 

 

 

 

 

 

 

ASPECTS OF THE ASSOCIATION BETWEEN Leonurus yellow spot 

alphasatellite AND BIPARTITE BEGOMOVIRUSES: EFFECTS ON 

INFECTION AND TRANSMISSION BY Bemisia tabaci Middle East-Asia 

Minor 1 

 

 

 

 

 

 

 

 

 

 

Nascimento MB, Nogueira AM, Barbosa TMC, Quadros AFF, Barros, DR, Zerbini 

FM. Aspects of the association between Leonurus yellow spot alphasatellite and 

bipartite begomoviruses: Effects on infection and transmission by Bemisia tabaci 

Middle East-Asia Minor 1 Archives of Virology, in preparation.  



17 
 

2 Artigo 1 - Aspects of the association between Leonurus yellow spot 

alphasatellite and bipartite begomoviruses: Effects on infection and 

transmission by Bemisia tabaci Middle East-Asia Minor 1 

 

Monique B. Nascimento1,3, Angélica M. Nogueira2,3, Tarsiane M. C. Barbosa2,3, 

Ayane F. F. Quadros2,3, Danielle R. Barros1, F. Murilo Zerbini2,3* 

 

1Dep. de Fitossanidade, Universidade Federal de Pelotas, Pelotas, RS 96010-

000, Brazil; 2Dep. de Fitopatologia, 3Instituto Nacional de Ciência e Tecnologia 

em Interações Planta-Praga, Universidade Federal de Viçosa, Viçosa, MG 

36570-900, Brazil. 

 

*Corresponding author:  

Phone: (+55-31) 3612-2423; E-mail: zerbini@ufv.br 

  



18 
 

Abstract 
 
 
 
The genus Begomovirus (family Geminiviridae) includes plant viruses with 

circular, single-stranded DNA (ssDNA) genomes which are transmitted by the 

withefly Bemisia tabaci. Begomoviruses in the New World can be found in 

association with alphassatellites, which are circular, ssDNA molecules, capable 

of autonomous replication but dependent on the helper begomovirus for 

encapsidation, systemic infection and insect transmission. The impact of the 

interaction between alphassatellites and begomoviruses is unknown. The 

objective of this work was to verify the effect of Leonurus yellow spot 

alphasatellite (LeYSA) in the infection induced by Tomato yellow spot 

alphasatellite (ToYSV), Tomato severe rugose virus (ToSRV) and Euphorbia 

yellow mosaic virus (EuYMV) in three hosts, Leonurus sibiricus, Nicotiana 

benthamiana and tomato. The plants were inoculated with each virus in the 

presence or absence of the alphasatellite. Percentage of infectivity and symptom 

development for each begomovirus alone or in the presence of LeYSA were 

evaluated, and viral DNA accumulation was quantified for each virus alone or in 

the presence of LeYSA. The association of LeYSA with ToYSV was less efficient 

in tomato that in L. sibiricus and N. benthamiana, as measured by a lower 

percentage of plants in which the presence of the alphasatellite was detected. 

The association between ToSRV and LeYSA was similar in both tomato and N. 

benthamiana. The association between EuYMV and LeYSA in tomato was the 

least efficient, and in N. benthamiana the presence of the alphasatellite was not 

detected in any of the plants infected with EuYMV. Together, these results 

indicate distinct levels of interaction between the alphasatellite and different 
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begomoviruses. Quantification of ToYSV and ToSRV DNA-A accumulation 

indicated that LeYSA does not intefere in the DNA accumulation of these 

begomoviruses. However, symptoms were more severe in the presence of 

LeYSA for both viruses and in all hosts. The accumulation of LeYSA varied in 

relation to the host and the associated begomovirus. Transmission assays with 

the whitefly indicated that LeYSA negatively affects the transmission of ToSRV. 

Together with previous experimental studies, these results further emphasize the 

potential risk of alphasatellites in cultivated and non-cultivated plants.  

 
Keywords: alphasatellite, begomovirus, cultivated and non-cultivated hosts, 
whitefly.  
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Introduction 

The family Geminiviridae is comprised of non-enveloped plant viruses with 

one or two circular, single-stranded (ss) DNA genomic components encapsidated 

by a single structural protein into twinned, quasi-icosahedral particles. The family 

includes nine genera (Becurtovirus, Begomovirus, Capulavirus, Curtovirus, 

Eragrovirus, Grablovirus, Mastrevirus, Topocuvirus and Turncurtovirus) defined 

according to the type of insect vector, host range, genomic organization and 

phylogenetic relationships (Brown et al., 2012; Varsani et al., 2014; Varsani et 

al., 2017; Zerbini et al., 2017). The genus Begomovirus includes the most 

economically important viruses within the family, causing serious damage to 

crops in all tropical and subtropical regions of the world. Begomoviruses are 

transmitted by whiteflies of the Bemisia tabaci cryptic species complex 

(Hemiptera:Aleyrodidae) and infect dicot plant species (Rojas et al., 2018).  

Begomoviruses can be divided into two major groups: Old Word (OW; 

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

phylogenetic relationships and genomic features (Harrison & Robinson, 1999; 

Rojas et al., 2005). Most NW begomoviruses possess a bipartite genome 

comprised of similarly sized (approx. 2.6 kb) genomic components referred to as 

DNA-A and DNA-B. The DNA-A contains genes involved in replication, 

encapsidation of the viral progeny and suppression of host defenses, while the 

DNA-B contains genes required for intra- and intercellular movement in the plant, 

host range determination and suppression of host defenses (Rojas et al., 2005; 

Mahajan et al., 2011; Hanley-Bowdoin et al., 2013). The majority of the 

begomoviruses that occur in the OW are monopartite, with a genomic 
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organisation similar to the DNA-A of the bipartite viruses (Padidam et al., 1996; 

Mansoor et al., 2003). 

Monopartite OW begomoviruses are frequently found in association with 

additional circular, ssDNA satellite molecules. Three types of DNA sattellites have 

been described: alphasatellites (previously known as DNA-1), betasatellites 

(previsouly known as DNA-), and deltasatellites (Zhou, 2013; Lozano et al., 

2016). In the NW, only alphasatellites and deltasatellites have been detected so 

far, always in association with bipartite begomoviruses (Paprotka et al., 2010; 

Romay et al., 2010; Fiallo-Olivé et al., 2016). These DNA satellites require a 

helper begomovirus to complete one or more steps of their infection cycle (Zhou, 

2013; Lozano et al., 2016).  

Betasatellite genomes contain a region that is conserved among all 

betasatellites, named satellite conserved region (SCR), an adenine-rich region 

and a single open reading frame (ORF) in the complementary-sense strand 

encoding for the betaC1 protein. The presence of betasatellites is usually a 

determinant of symptoms due to an increase in the accumulation of their helper 

begomoviruses, probably due to the RNA silencing suppressor activity of the 

betaC1 protein (Briddon et al., 2003; Cui et al., 2005; Saeed et al., 2005; Briddon 

et al., 2008). Betasatellites have never been reported in association with NW 

begomoviruses. 

Alphasatellite genomes are approximately 1.3 kb long (half the size of 

begomovirus components), and contain a stem-loop structure with a conserved 

nonanucleotide sequence (5’-TAGTATTAC-3’) comprising the origin of 

replication, an A-rich region, and a single ORF in the virion-sense strand, 

encoding a replication-associated protein named alpha-Rep. The alpha-Rep 
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protein has significant sequence identity with the master-Rep protein encoded by 

the DNA-R component of nanoviruses (family Nanoviridae). Thus, alphasatellites 

are capable of independent replication in host plants but require a helper 

begomovirus for movement within the plant as well as for transmission by the 

whitefly vector (Saunders et al., 2000; Saunders et al., 2002; Briddon et al., 

2018).  

Although alphasatellites were discovered more than a decade ago, little is 

known about the effects of their presence on the infectivity, accumulation of viral 

DNA and symptoms induced by the helper begomovirus. They are generally 

described as having no obvious effects on the induction of symptoms by 

begomoviruses or by begomovirus/betasatellite complexes (Zhou, 2013). An 

early report that the alpha-Rep protein may act as a suppressor of post-

transcriptional gene silencing (Nawaz-Ul-Rehman et al., 2010) has not been 

confirmed by other groups, and a more recent report indicated that alphaRep may 

act as a suppressor of transcriptional gene silencing (Abbas et al., 2016). In 

contrast with reports of alpha-Rep as a suppressor of host defenses, an unusual 

alphasatellite (DNA-2-type) from Oman caused attenuation of the symptoms 

induced by a begomovirus/betasatellite complex by reducing accumulation of the 

betasatellite (Idris et al., 2011).   

Recently, two distintc alphasatellites have been found in association with 

NW bipartite begomoviruses infecting cultivated and non-cultivaded plants in 

Brazil, Cuba and Venezuela (Paprotka et al., 2010; Romay et al., 2010; Jeske et 

al., 2014). These NW alphasatellites are more closely related to DNA-2-type 

alphasatellites than to the initially characterized, DNA-1-type alphasatellites, and 
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were classified as a third phylogenetically distinct group (DNA-3-type) (Rosario 

et al., 2016).  

Interestingly, the DNA-3-type alphasatellites found in Brazil were reported 

to increase the severity of symptoms induced by the helper begomovirus 

(Paprotka et al., 2010; Mar et al., 2017a). Symptoms induced by Euphorbia yellow 

mosaic virus (EuYMV) were more severe when it was inoculated in combination 

with Euphorbia yellow mosaic alphasatellite (EuYMA) in N. benthamiana and 

Euphorbia heterophylla, and the presence of the alphasatellite was required for 

symptom development in Arabidopsis thaliana (Mar et al., 2017a). Moreover, 

these alphasatellites seem to display a wide range of hosts and flexibility in their 

association with begomoviruses: Leonurus yellow spot alphasatellite (LeYSA) 

was detected in association with Tomato yellow spot virus (ToYSV) infecting 

plants of Leonurus sibiricus (fam. Lamiaceae); EuYMA was detected in 

Euphorbia heterophylla (Euphorbiaceae) plants in association with Euphorbia 

yellow mosaic virus (EuYMV) and also in Sida spp. (Malvaceae) associated with 

Sida micrantha mosaic virus; Cleome leaf crumple alphasatellite (ClLCrA) was 

detected in association with Cleome leaf crumple virus (ClLCrV) in plants of 

Cleome affinis (Cleomaceae) (Paprotka et al., 2010; Ferro et al., 2017; Mar et al., 

2017a). 

In this context, and considering the enormous diversity of begomoviruses 

infecting cultivated and non-cultivated plants in Brazil, it is important to better 

understand the dynamics of the interaction between begomoviruses and DNA-3-

type alphasatellites, including any effects on vector transmission. Mar et al. 

(2017a) reported a decrease in the transmission efficiency of EuYMV by Bemisia 

tabaci MEAM1 when EuYMA was present. It is important to determine whether 
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this negative effect is restricted to this particular combination of begomovirus and 

alphasatellite, or is a general effect of the presence of DNA-3-type alphasatellites 

in plants infected by NW, bipartite begomoviruses.  

The objective of this study was to verify the interaction capacity of the 

alphasatellite LeYSA with three begomoviruses: EuYMV, ToYSV and Tomato 

severe rugose virus (ToSRV; the most common begomovirus found in tomatoes 

in southern, southeastern and central Brazil). We investigated the effects of the 

presence of the alphasatellite on infectivity, symptom modulation, viral DNA 

accumulation and transmission by the whitefly vector in three hosts (L. sibiricus, 

Nicotiana benthamiana and tomato). An increase in the severity of symptoms 

induced by ToYSV and ToSRV in the presence of LeYSA was observed in all 

three hosts. Transmission assays with the whitefly indicated that LeYSA 

negatively affects the transmission of ToSRV.  

 

Material and Methods 

 

Construction of an infectious clone of Leonurus yellow spot alphasatellite 

(LeYSA) 

An infectious clone of Leonurus yellow spot alphasatellite (LeYSA) was 

constructed using the full-length clone obtained by Ferro et al. (2017) from 

sample CF1095 of Leonurus sibiricus. This clone (BR:Dou1095.1:11; GenBank 

access number KX348228) was cleaved with EcoRI and PstI, releasing a 400 nt 

fragment of the alphasatellite genome containing the common region. This 

fragment was cloned into the pBluescript KS+ plasmid vector (Stratagene). Then, 

the complete copy of the alphasatellite genome, linearized with EcoRI, was 
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inserted into the "0.3mer" clone generating constructs corresponding to 1.3 

copies of the genome and containing two origins of replication in the same 

orientation. To confirm that the LeYSA-[BR:Dou1095.1:11] "1.3mer" clone was 

infectious, a biolistic inoculation test (Aragão et al., 1996) was performed in which 

the clone was inoculated in plants of L. sibiricus together with an infectious clone 

of the virus with which it was originally detected (ToYSV; Ferro et al., 2017). 

Infection by the two agents was assayed by polymerase chain reaction (PCR)-

based amplification of genomic fragments of ToYSV and LeYSA using virus- and 

alphasatellite-specific primers (see below), and also by rolling-circle amplification 

(RCA; Inoue-Nagata et al., 2004).  

 

Infectivity/host range assay 

To study the effects of the alphasatellite on infectivity and symptoms 

induced by begomoviruses, an infectivity and host range assay was conducted 

using biolistic inoculation. Ten micrograms of each genomic component (DNA-A 

and DNA-B) of the isolates ToYSV-[BR:Bic2:99] (Andrade et al., 2006), ToSRV-

[BR:Pir1:05] (Lima, 2007) and EuYMV-[BR:Cha510:10] (Mar et al., 2017b), alone 

or in combination with LeYSA-[BR:Dou1095.1:11], were inoculated onto 30 L. 

sibiricus plants, also popularly known as “erva-de-macaé” or “marijuana” (15 

plants in each of two experiments), 40 tomato plants cv. Santa Clara (10 plants 

in the first experiment and 15 plants each in the second and third experiments) 

and 25 Nicotiana benthamiana plants (10 in the first experiment and 15 in the 

second experiment). For the negative control, healthy plants of each species 

were inoculated with tungsten particles without DNA. Following the inoculations, 

the plants were kept in a greenhouse for visual evaluation of symptoms. The 
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youngest leaves of each plant were collected at 14 and 28 days post-inoculation 

(dpi). Total DNA was extracted (Doyle & Doyle, 1986) from these leaves and used 

as a template for  conventional and quantitative (real-time) PCR detection of the 

viruses and the alphasatellite, using specific primers for each agent (Table 1).   

 

Detection and quantification of begomovirus and alphasatellite genomic 

components  

The presence of each begomovirus and of the alphasatellite were 

confirmed in biolistically-inoculated plants using conventional PCR. 

Amplifications were performed in a total volume of 10 μL, with 1 μL of template 

DNA, 0.4 μM of each primer (Table 1), 5X Green GoTaq Reaction Buffer 

(Promega), 0.2 mM of each dNTP and 0.5 U of GoTaq DNA polymerase 

(Promega). The amplification program used to detect ToYSV genomic fragments 

consisted of an initial denaturation of 95°C for 2 min followed by 34 cycles of 95°C 

for 1min, 66°C for 1 min and 72°C for 1 min, with a final extension at 72°C for 5 

min. The program for ToSRV and LeYSA consisted of an initial denaturation of 

95°C for 2 min followed by 34 cycles of 95°C for 1min, 66°C for 1min and 72°C 

for 30s, with a final extension at 72°C for 5 min. The amplification program for 

EuYMV consisted of an initial denaturation of 95°C for 2 min followed by 34 cycles 

of 95°C for 1min, 55°C for 1min and 72°C for 1 min 30 s, with a final extension at 

72°C for 5 min. PCR products were separated by 1% agarose gel electrophoresis 

and stained with ethidium bromide. 

Accumulation of begomovirus and alphassatellite DNA was determined by 

quantitative, real-time PCR (qPCR). DNA samples were quantified using the 

NanoDrop 2000c spectrophotometer (Thermo Scientific). Standard curves were 
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obtained by serial dilutions (102 to 107) of previously quantified plasmid minipreps 

containing a copy of the corresponding genomic component.  

The primers (1 µM of each primer) used for qPCR of begomovirus and 

alphasatellite are listed in Table 1. Reactions were prepared in a final volume of 

10 µL using SYBR Green PCR Master Mix (Bio-Rad) in a StepOne Plus Real-

Time PCR System (Applied Biosystems). The cycling conditions for the three 

begomoviruses consisted of an initial denaturing step of 95°C for 3 min followed 

by 40 cycles of 95°C for 15 s and 60ºC for 1 min. For the alphasatellite, cycling 

conditions consisted of an initial denaturing step of 95°C for 3 min followed by 40 

cycles of 95°C for 15 s and 64ºC for 1 min, with a final dissociation step to verify 

the specificity of amplification.  

Each sample was analyzed in triplicate by the amplification of 10 ng of total 

DNA. Viral accumulation was determined by interpolation of the Ct values of each 

tested sample within the standard curve. The data were submitted to analysis of 

variance and the differentiation of the means was performed using Student's t 

test imlemented with the R package. 

 

Whithefly transmission assay 

Whitefly transmission assays were performed to evaluate the transmission 

efficiency of ToYSV and ToSRV by Bemisia tabaci Middle East-Asia Minor 1 

(BtMEAM1) from source plants with or without the alphasatellite. A population of 

BtMEAM1 was obtained from colonies kept in cabbage plants (Brassica oleracea 

var. capitata; a non-host for both  ToYSV and ToSRV) and was maintained inside 

whitefly-proof screened cages in a growth chamber, with a temperature of 25°C 

and photoperiod of 14 h of light and 10 h of darkness. Fifteen plants (at 15 days 
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post-germination) were used per treatment. Inoculum source plants were 

obtained from the biolistic inoculation with ToYSV and ToSRV with or without the 

alphasatellite. To confirm the infection, total DNA of all plants was extracted as 

described above and the presence of the two agents was confirmed by 

conventional PCR with specific primers for ToYSV DNA-A, ToSRV DNA-A and 

LeYSA (Table 1). 

Inoculum source plants were used for acquisition by BtMEAM1. Three or 

four plants were placed in separate screened cages with about 1000 aviruliferous 

whiteflies for an acquisition access period (AAP) of 48 h. After the AAP, whiteflies 

were transferred to plastic cups containing healthy plants (30 adult insects/plant) 

using a mouth aspirator for an inoculation access period (IAP) of 48 h. After the 

IAP, whiteflies were eliminated mechanically and by the application of 

acetamiprid (80 mg A.I./L). The plants were kept in a greenhouse and the 

appearance of symptoms was evaluated up to 28 dpi. As negative controls, 

aviruliferous whiteflies were transferred to healthy plants for AAP and IAP of 48 

h.  

To confirm the presence of the virus and alphasatellite in each plant, total 

DNA was extracted at 14 and 28 dpi and used as a template for conventional 

PCR as described above. A qualitative evaluation of the plants was performed 

(PCR-positive or PCR-negative) to calculate the transmission rate. 

 

Results and Discussion 

 

The influence of LeYSA on the infectivity, symptoms and DNA 

accumulation of ToYSV, ToSRV and EuYMV was evaluated in three hosts: (i) L. 
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sibiricus, the host from which LeYSA was originally isolated in association with 

ToYSV; (ii) tomato, a known host of both ToYSV and ToSRV; (iii) N. 

benthamiana, a commonly used laboratory host of begomoviruses, and known to 

be infected by the three viruses used.   

No symptoms were observed in plants of L. sibiricus inoculated with 

ToSVR and EuYMV, up to 28 dpi. PCR analysis at 14 and 28 dpi confirmed that 

none of the inoculated plants were infected with these viruses (Table 2). When L. 

sibiricus plants were inoculated with ToYSV alone, symptoms were observed in 

19 out of 28 plants (68%) at 28 dpi. When ToYSV was inoculated together with 

LeYSA, symptoms were observed in 21 out of 30 plants (70%), with the presence 

of LeYSA being detected by PCR in 17 out of the 21 virus-infected plants (81%) 

(Figure 1; Table 2). Statistical analysis indicated that ToYSV infectivity in L. 

sibiricus was the same in the presence or absence of the alphasatellite LeYSA at 

both 14 and 28 dpi (Figure 1).  

In contrast to studies reporting that the presence of DNA-2-type OW 

alphasatellites attenuate symptoms (Wu & Zhou, 2005;Idris et al., 2011), the 

presence of the NW, DNA-3-type LeYSA increased the severity of symptoms in 

L. sibiricus plants, with the development of severe mosaic, leaf distortion and 

blistering (Figure 2). The first symptoms started to appear at 6 dpi, with a mosaic 

that was of equivalent severity in plants inoculated with ToYSV alone or in 

combination with LeYSA. However, at 14 dpi it was already possible to observe 

the difference between plants that only had the presence of ToYSV and plants 

inoculated with ToYSV and LeYSA. The latter displayed mosaic and leaf 

deformation symptoms, while the former displayed yellow spots. The mosaic 

symptoms in plants infected with the virus and the alphasatellite evolved to 
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severe mosaic, leaf distortion and blistering by 28 dpi, while the plants infected 

with the virus alone showed the same yellow spot symptoms at this time point 

(Figure 2). Increased symptom severity in the presence of a NW DNA-3-type 

alphasatellite was also observed by Mar et al. (2017a). 

When N. benthamiana plants were inoculated with ToYSV or ToSRV 

alone, symptoms were observed in 95% and 81% of the plants, respectively, at 

28 dpi (Figure 1; Table 2). When the plants were inoculated with the two 

begomoviruses plus LeYSA, symptoms were observed in 100% and 70% of the 

plants at 28 dpi for ToYSV and ToSRV, respectively (Figure 1; Table 2). Statistical 

analysis confirmed that, as observed for ToYSV in L. sibiricus, the infectivity of 

the two viruses in N. benthamiana was the same in the presence or absence of 

LeYSA (Figure 1). 

The first symptoms observed in N. benthamiana infected with ToYSV 

alone appeared at 5 dpi, and included mosaic and mild foliar distortion. At 14 dpi 

all plants displayed mosaic and severe leaf distortion. Also, from a total of 25 N. 

benthamina plants inoculated with ToYSV plus the alphasatellite, LeYSA was 

detected in 68% of the plants. Symptoms of severe mosaic, leaf deformation, 

severe curling and dwarfism were observed in all plants infected with ToYSV plus 

LeYSA at 28 dpi. Thus, the severity of symptoms increased in the presence of 

the alphasatellite (Figure 3). 

Upon inoculation with ToSRV alone, N. benthamiana plants displayed mild 

chlorosis. The first symptoms were observed at 9 dpi, and 81% of the inoculated 

plants became infected plants by 28 dpi (Figure 1; Table 2). When ToSRV was 

inoculated together with LeYSA, 70% of the inoculated plants were infected at 28 

dpi, and 86% had the presence of LeYSA (Table 2). The symptoms observed in 
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plants with the alphasatellite were mosaic, chlorosis, and a severe reduction in 

leaf development. However, these symptoms were only slightly more severe than 

those observed in the absence of LeYSA (Figure 3).  

Regarding infection with EuYMV, N. benthamiana plants infected with the 

virus alone showed a light vein chlorosis, the same symptoms observed by Mar 

et al. (2017a). The symptoms appeared at 9 dpi, in both the plants inoculated with 

EuYMV alone and in those inoculated with the virus plus LeYSA. Also in both 

cases 54% of the plants were infected with EuYMV at 28 dpi. In plants inoculated 

wth the virus plus LeYSA, the alphasatellite was detected in 10 out of the 13 

(77%) plants which were positive for the virus (Figure 1; Table 2). 

All tomato plants infected with ToYSV and ToSRV were symptomatic. The 

symptoms in plants inoculated with ToSRV and ToYSV, both in the presence or 

absence of LeYSA, began to appear at 7 dpi and consisted of a yellow mosaic 

on ToSRV-infected plants and severe mosaic and leaf curling on ToYSV-infected 

plants. The severity of symptoms induced by ToYSV increased in the presence 

of LeYSA. Plants infected with ToYSV and LeYSA showed more severe mosaic 

and leaf curling (Figure 4). Plants infected with ToYSV alone were 64% of the 

inoculated ones at 28 dpi, while plants infected with ToYSV together with LeYSA 

were 63% of the inoculated plants, with the presence of LeYSA confirmed in 60% 

of the virus-infected plants (Figure 1; Table 2). Symptoms in plants infected with 

ToSRV and LeYSA were of the same nature compared to plants infected with 

ToSRV alone, with no difference in severity between the two treatments (Figure 

4). However, there was a statistical difference in the infectivity of ToSRV alone 

and in the presence of LeYSA at both 14 and 28 dpi (Figure 1).  A total of 59% of 

the plants were infected at 28 dpi when ToSRV was inoculated alone, while 39% 
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were infected when ToSRV was inoculated together with LeYSA, with the 

presence of LeYSA confirmed in 50% of the virus-infected plants (Figure 1; Table 

2). 

As previously reported (Mar et al., 2017a), the infection of tomato by 

EuYMV was mostly asymptomatic, with only a few plants showing faint chlorotic 

punctuations (Figure 4). There was a statistical difference in the infectivity of 

EuYMV in the presence of LeYSA between 14 dpi and 28 dpi. About 28% of the 

plants were infected with EuYMV plus LeYSA at 14 dpi, while 69% of the plants 

were infected at 28 dpi. The presence of LeYSA was confirmed in 100% and 96% 

of the virus-infected plants at 14 and 28 dpi, respectively (Figure 1; Table 2). 

EuYMV alone infected 55% of the plants at 28 dpi. 

Of the three hosts analyzed in this study, the one that had the highest 

infectivity rate for all three viruses, alone or in the presence of LeYSA, was N. 

benthamiana. This result suggests that, while the alphasatellite may be 

promiscuous in terms of its helper virus, the interaction with host factors may be 

more important as far as the success of the systemic infection is concerned. 

Thus, N. benthamiana would be a more suitable host for all viruses, regardless 

of the presence of the alphasatellite. 

To evaluate whether the presence of LeYSA affects the accumulation of 

ToYSV, ToSRV and EuYMV, the DNA-A accumulation of each virus in the 

presence or absence of the alphasatellite was quantified at 14 and 28 dpi. 

Accumulation of the alphasatellite was also quantified (Figures 5, 6 and 7). 

The accumulation of ToYSV DNA-A in L. sibiricus, tomato and N. 

benthamiana, as well as the accumulation of ToSRV and EuYMV DNA-A in 

tomato and N. benthamiana, did not present statistically significant differences in 
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the presence or absence of LeYSA (Figures 5, 6 and 7), indicating that this 

alphasatellite does not interfere with DNA accumulation of helper begomoviruses.  

A higher level of LeYSA DNA accumulation compared to ToYSV DNA 

accumulation was observed in the upper leaves of L. sibiricus and N. 

benthamiana at both 14 and 28 dpi (Figures 5 and 7). In tomato, LeYSA DNA 

accumulated at a lower level than ToYSV DNA at 14 dpi, and the two agents 

reached similar levels of DNA accumulation at 28 dpi (Figure 6). ToYSV 

acccumulated at similar levels in all three hosts (Figures 5, 6 and 7). Together, 

these results indicate that, besides (or rather than) virus encoded factors, host-

encoded factors are (also) involved in the accumulation of alphasatellite DNA, 

and suggests a higher adaptability of the alphasatellite to L. sibiricus and N. 

benthamiana compared to tomato. This is not entirely surprising, since 

alphasatellites encode their own Rep, and therefore are capable of replicating 

independently from the helper virus. 

Nevertheless, the level of LeYSA DNA accumulation was also dependent 

on the helper begomovirus. Thus, the accumulation of LeYSA was significantly 

higher when associated with ToYSV in L. sibiricus and N. benthamiana compared 

to all other combinations of helper begomovirus and host, and was much lower 

when in association with EuYMV than with ToYSV or ToSRV in both N. 

benthamiana and tomato (Figures 5, 6 and 7).   

Our results indicate that the outcome of the interaction between NW 

bipartite begomoviruses and DNA-3-type alphasatellites is similar, regardless of 

the helper begomovirus and the host. The presence of the alphasatellite did not 

cause an increase in the accumulation of ToYSV, ToSRV and EuYMV in either 

one of the three hosts, but increased symptom severity independently of host and 
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helper virus. However, one parameter of the interaction which varied depending 

on the host and on the helper virus was the accumulation of the alphasatellite 

itself. Based on this parameter, LeYSA is better adapted to L. sibiricus and N. 

benthamiana than to tomato, and the interaction between LeYSA and ToYSV was 

the most effective, followed by the interaction with ToSRV, and then with EuYMV 

(the least effective).  

The transmission of ToYSV and ToSRV to tomato by BtMEAM1 was 

compared in the presence or absence of LeYSA. None of the 30 plants inoculated 

with ToYSV (15 plants inoculated with the virus alone, and 15 plants inoculated 

with the virus and the alphasatellite) displayed any symptoms. PCR analysis 

confirmed that none of the plants were infected (Table 3). The isolate used for 

the assay, BR:Bic2:99, has been maintained in plants by successive sap-

inoculations for almost 20 years. Therefore, it is possible that it is no longer 

whitefly-transmitted.  

 A high efficiency of transmission (13 out of 15 plants, 86%) was observed 

for ToSRV alone (Table 3). This was higher than the efficiency of transmission 

using biolistics (22 out of 39 plants, 56%; Table 2), and confirms the results 

reported by other groups in terms of the high efficiency of BtMEAM1 as a vector 

for this begomovirus (Macedo et al., 2015; De Marchi et al., 2017). However, 

ToSRV was transmitted to only 6 out of 15 plants (40%) when inoculated together 

with LeYSA (Table 3). These plants displayed the same mild mosaic symptoms 

observed in the plants of the host range assay (Figure 4). These results suggest 

that the alphasatellite LeYSA negatively interferes in the transmission of the 

ToSRV by BtMEAM1. Similar results were reported by Mar et al. (2017a) when 

comparing the transmission efficiency of EuYMV by BtMEAM1 in the absence 
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and presence of Euphorbia yellow mosaic alphasatellite. Thus, the available 

evidence points towards a negative effect of DNA-3-type alphasatellites on 

whitefly transmission of NW begomoviruses. However, both the experiment 

reported here and the results reported by Mar et al. (2017a) were based on a 

small number of inoculated plants. Thus, additional transmission assays need to 

be performed. 

It will be interesting to extend these studies to other DNA-3-type 

alphasatellites, such as Cleome leaf crumple alphasatellite (ClLCrA) and 

Euphorbia yellow mosaic alphasatellite (EuYMA). In the case of EuYMA, 

equivalent results (increase in the severity of symptoms without an increase in 

helper virus DNA accumulation; decrease in whitefly transmission efficiency) 

were obtained for its interaction with EuYMV, but this has not been extended to 

other begomoviruses. Such additional studies are necessary to fully understand 

the significance and the consequences of the interaction between NW bipartite 

begomoviruses and DNA-3-type alphasatellites.     
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Table 1 Primers used for conventional and quantitative, real-time PCR 

Primer name Sequence(5’-3’) (C/Q)* Detection 

LeYSA (rep-sat)(For) GCAAGGGAGCAACAAGAGGA C LeYSA Alpha-Rep 

LeYSA (rep-sat)(Rev) AAGAAGGCAAGATGGTAGCCC C LeYSA Alpha-Rep 

ToYSV-A(For) CACTTCGTTCGAGAAAACCTTTGAG  C ToYSV DNA-A 

ToYSV-A(Rev) CATGAGGGGACCATCAAGG  C ToYSV DNA-A 

ToSRV-A (For) CAGTAGTTGCCCTCAAATTGAAG  C ToSRV DNA-A 

ToSRV-A(Rev) CACGTGTAGCAATCTCCTTAAAGAG  C ToSRV DNA-A 

1978(For) GCATCTGCAGGCCCACATYGTCTTYCCNGT C EuYMV 

496(Rev) GGCTTYCTRTACATRGG C EuYMV 

qToYSV-A(For) CCCTCATGCTTGATTTTCTCC Q ToYSV-DNA-A 

qToYSV-A(Rev) ACAATAAAACTTAGGGACCACG Q ToYSV-DNA-A 

qToSRV-A(For)
& AAAGTAAAGTGATTGTCTGTGG Q ToSRV-DNA-A 

qToSRV-A (Rev)
& GCCGTTCAACAAATTGGG Q ToSRV-DNA-A 

qLeYSA(For) TGGGTGTATGGCTCTCAA Q LeYSA Alpha-Rep 

qLeySA(Rev) CTTGATGTTCTCTCCCTTTCC Q LeYSA Alpha-Rep 

qEuYMV-A(For)
# AAGGCCTCTTCATGGGTGAA Q EuYMV-DNA-A 

qEuYMV-A(Rev)
# TTCGGTACATCTGGGCCTCTA Q EuYMV-DNA-A 

* C, conventional PCR; Q, quantitative, real-time PCR 
& From Silva et al. (2014) 
# From Mar et al. (2017) 
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Table 2 Infectivity and symptoms induced by three bipartite begomoviruses (Tomato yellow spot virus, ToYSV; Tomato severe rugose virus, ToSRV; Euphorbia yellow mosaic 

virus, EuYMV), alone or in association with Leonurus yellow spot alphasatellite (LeYSA), in Leonurus sibiricus, tomato (Solanum lycopersicum) and Nicotiana 

benthamiana. 

 
  Leonurus sibiricus 

  ToYSV ToSRV EuYMV 

 14 dpi 28 dpi 14 dpi 28 dpi 14 dpi 28 dpi 

Alphasatellite - + - + - + - + - + - + 

Symptoms# M, Mc M, Ld, Ba M, Mc M, Ld, Ba Ns Ns Ns Ns Ns Ns Ns Ns 

Virus detection& 18/28 20/30 19/28 21/30 0/24 0/25 0/24 0/25 0/23 0/29 0/23 0/29 

Alphasatellite detection - 15/20 - 17/21 - - - - - - - - 

  Solanum lycopersicum¥ 

  ToYSV ToSRV EuYMV 

 14 dpi* 28 dpi 14 dpi 28 dpi 14 dpi 28 dpi 

Alphasatellite - + - + - + - + - + - + 

Symptoms# M M,Ld M, Mc M, Ld, Cr Mc M, Mc Mc M,Mc Ns Ns, Cp Ns, Cp Ns, Cp 

Virus detection& 25/40 22/39 25/40 25/39 23/39 13/36 23/39 14/36 15/40 11/40 22/40 27/39 

Alphasatellite detection   08/22   15/25   06/13   07/14  11/11  26/27 

  Nicotiana benthamiana 

  ToYSV ToSRV EuYMV 

 14 dpi 28 dpi 14 dpi 28 dpi 14 dpi 28 dpi 

Alphasatellite - + - + - + - + - + - + 

Symptoms# Sc, Ld, Cr 
Mc, Ld, Cr, 

N 
M, Ld, Sc 

Ld, Sc, Cr, 
N 

Mc M, Mc Mc M, Mc Vc Vc Vc, Mc Vc 

Virus detection& 22/24 25/25 21/22 25/25 18/22 14/21 17/21 14/20 12/24 10/23 13/24 13/23 

Alphasatellite detection   17/25   17/25   12/14   12/14   10/10   10/13 

* Days post-biolistic inoculation; 
# Ns: no symptoms; Ba: blister-like appearance; Cr: curling; Ld: leaf deformation; M: mosaic; Mc: mild chlorosis; N: Nanism; Sc: severe chrolosis; Cp: chlorotic 

punctuations; Vc: vein chlorosis. 
& Number of PCR-positive plants/number of inoculated plants. The data is the sum of two independent experiments. ¥ Tomato was performed with three 

independent experiments 
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Table 3 Transmission of Tomato yellow spot virus (ToYSV) and Tomato severe rugose virus 

(ToSRV) to tomato (Solanum lycopersicum) plants, alone or in the presence of Leonurus yellow 

spot alphasatellite (LeYSA), by Bemisia tabaci Middle East-Asia Minor1. 

 Number of infected plants/Number of inoculated plants (%) 

Treatments ToSRV* 
ToSRV and 

LeYSA# 
ToYSV& 

ToYSV and 
LeYSA£ 

Negative 
control¥ 

 13/15 (86) 6/15 (40) 0/15 (0) 0/15 (0) 0/3 (0) 

* PCR detection of ToSRV DNA-A in plants inoculated with ToSRV alone; 
# PCR detection of ToSRV DNA-A and LeYSA in plants inoculated with both ToSRV and LeYSA; 
& PCR detection of ToYSV DNA-A in plants inoculated with ToYSV alone; 
£ PCR detection of ToYSV DNA-A and LeYSA in plants inoculated with both ToYSV and LeYSA; 
¥ Transmission with aviruliferous whiteflies. 
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Figure 1 Percentage of detection of the begomoviruses Tomato yellow spot virus (ToYSV), Tomato severe rugose virus (ToSRV) and Euphorbia yellow mosaic 
virus (EuYMV) in the absence (-) or presence (+) of the alphasatellite Leonurus yellow spot alphasatellite (LeYSA), and percentage of detection of LeYSA, in 
systemic (non-inoculated) leaves of tomato, Nicotiana benthamiana and Leonurus sibiricus plants at 14 and 28 days post-inoculation (dpi). ToSRV and EuYMV 
were not detected when inoculated on L. sibiricus plants. Statistically significant diferences (Student’s t test) are indicated with horizontal brackets (*, p≤0.01; 
**, p≤0.05). 
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Figure 2 Symptoms in L. sibiricus plants inoculated with Tomato yellow spot virus (ToYSV), alone 
(B, E) or in combination with Leonurus yellow spot alphasatellite (LeYSA) (C, F) at 14 and 28 dpi. 
A, D: plants inoculated with tungsten particles without DNA.  
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. 

Figure 3 Symptoms in Nicotiana benthamiana plants inoculated with Tomato yellow spot virus 
(ToYSV), Tomato severe rugose virus (ToSRV) and Euphorbia yellow mosaic virus (EuYMV), 
alone (B, E, H, respectively) or in combination with Leonurus yellow spot alphasatellite (LeYSA) 
(C, F, I, respectively) at 14 dpi. A, D, G: plants inoculated with tungsten particles without DNA.  
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Figure 4 Symptoms in tomato plants inoculated with Tomato yellow spot virus (ToYSV), Tomato 
severe rugose virus (ToSRV) and Euphorbia yellow mosaic virus (EuYMV), alone (B, E, H, 
respectively) or in combination with Leonurus yellow spot alphasatellite (LeYSA) (C, F, I, 
respectively) at 14 dpi. A, D, G: plants inoculated with tungsten particles without DNA. 
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Figure 5 Absolute quantification by quantitative, real-time PCR of Tomato yellow spot virus 
(ToYSV) DNA-A in the absence or presence of Leonurus yellow spot alphasatellite (LeYSA), and 
accumulation of LeYSA in Leonurus sibiricus plants. Viral accumulation is presented as the log 
of the number of DNA molecules. Data refers to all plants of two independent replications, 
evaluated at 14 and 28 days pos-inoculation (dpi). Means were compared using Student's t test 
(P< 0.05).   
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Figure 6 Absolute quantification by quantitative, real-time PCR of (A) Tomato yellow spot virus 
(ToYSV), (B) Tomato severe rugose virus (ToSRV) and (C) Euphorbia yellow mosaic virus 
(EuYMV) DNA-A in the absence or presence of Leonurus yellow spot alphasatellite (LeYSA), and 
accumulation of LeYSA in tomato plants. Viral accumulation is presented as the log of the number 
of DNA molecules. Data refers to all plants of three independent replications, evaluated at 14 and 
28 days pos-inoculation (dpi). Means were compared using Student's t test (p≤0.05).   
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Figure 7 Absolute quantification by quantitative, real-time PCR of (A) Tomato yellow spot virus 
(ToYSV), (B) Tomato severe rugose virus (ToSRV) and (C) Euphorbia yellow mosaic virus 
(EuYMV) DNA-A in the absence or presence of Leonurus yellow spot alphasatellite (LeYSA), and 
accumulation of LeYSA in Nicotiana benthamiana plants. Viral accumulation is presented as the 
log of the number of DNA molecules. Data refers to all plants of two independent replications, 
evaluated at 14 and 28 days pos-inoculation (dpi). Means were compared using Student's t test 
(p≤0.05).  
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 13 

Pitaya [(Hylocereus undatus (Haw.) Britt. & Rose] is a species of Cactaceae that 14 

has been planted as fruit crop in Brazil. In August 2017, infected plants of pitaya 15 

with symptoms of anthracnose were obtained from the plantations in the 16 

municipality of Pelotas, Rio Grande do Sul state, Brazil. Symptoms comprised 17 

round or irregularly shaped lesions that initially appeared as reddish-orange spots 18 

and commonly coalesced into larger, dark-brown lesions in their stems. The 19 

centers of the lesions were gray-white with purple-brown borders, surrounded by 20 

a chlorotic halo where black dots would appear later. The incidence of the disease 21 

was up to 35%, and the severity ranged from 30 to 40%. Lesions were isolated 22 

from stem samples and cultured on solid medium potato dextrose agar (PDA) 23 

that had been surface-disinfected (70% ethanol for 30 s and 1% NaClO for 1 min, 24 

followed by rinsing twice in sterile water and drying on sterilized filter paper). 25 

Colonies on PDA exhibited white aerial mycelia with an Orange conidial mass. 26 

The color of the colony on the reverse side was light orange. Conidia (n = 100) 27 

were 12.3–17.1 (length) × 3.9–6.5 (width) μm, mean ± SD = 13.2 ± 1.4 × 4.2 ± 28 

0.4 μm, L/W ratio = 3.1, hyaline, aseptate, straight, cylindrical, and obtuse at the 29 

apex. Morphological features suggested that these isolates possessed the same 30 

characteristics as previously described for Colletotrichum spp. (Damm et al. 31 

2012). Further diagnostic information was obtained by sequencing partial internal 32 

transcribed spacers (ITS), actin (ACT), beta-tubulin (TUB2), calmodulin (CAL), 33 
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH), chitin synthase 1 (CHS-34 

1), and histone 3 (HIS3) genes of a representative isolate, using the method and 35 

primers described by Damm et al. (2012). Sequences of the studied DNA regions 36 

were submitted to GenBank (ITS: MG693784; ACT: MG916907; TUB2: 37 

MH817038; CAL: MH817039; GAPDH: MH817040; CHS-1: MH817041; HIS3: 38 

MH817042). BLAST searches showed 99%–100% identity with sequences of 39 

Colletotrichum karstii Yang et al. 2011 (ITS: JQ005776; GAPDH: JQ948677; 40 

CHS-1: JQ005797; HIS3: JQ005818; ACT: JQ005839; TUB2: JQ005860). The 41 

phylogram constructed using combined datasets showed that isolates clustered 42 

into six distinct clades with high posterior probabilities; the isolate from this study 43 

clustered with C. karstii with 94% posterior probabilities. Moreover, pathogenicity 44 

tests were performed by adding sterile water on PDA cultures of C. karstii, and 45 

the resulting conidial suspension, adjusted to a concentration of 1.0 × 105 46 

conidia/ml, was sprayed on the stem surface of pitaya plants (six replicates). The 47 

same number of uninoculated plants were used as controls. The experiment was 48 

performed twice. After inoculation, the plants were placed in glass culture dishes 49 

and maintained at 25°C in an incubator with constant relative humidity of 80% 50 

and a 12-h photoperiod. One week after inoculation, all inoculated plants showed 51 

stem spot symptoms, which were similar to the symptoms previously observed in 52 

the field. The uninoculated plants remained symptomless. The fungus re-isolated 53 

from inoculated stems exhibited the same morphological and molecular traits as 54 

the initial isolate. C. karstii has a wide host range; it was previously reported on 55 

Bombax aquaticum, Carica papaya, Eugenia uniflora, Malus domestica, 56 

Mangifera indica, and Vaccinium spp. in Brazil (Farr and Rossman 2018). To the 57 

best of our knowledge, this is the first report on anthracnose caused by C. karstii 58 

in pitaya plants in Brazil or anywhere in the world. This finding is of great 59 

importance for Brazilian pitaya production because this pathogen can severely 60 

damage pitaya plants and become a major problem for the cultivation of this crop.  61 

 62 
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Figure 8 Phylogenetic tree derived from a Bayesian analysis of a partitioned, concatenated alignment of CHS-1, ACT, TUB2, GAPDH, HIS and 
ITS sequences, the colletotrichum described in this work (highlighted in bold), Monilochaetes infuscans was used as outgroup. Numbers as the 
nodes indicate Bayesian posterior probabilities. 



55 
 

4 Considerações finais  

 

As interações entre begomovírus e DNAs satélites podem levar ao 

surgimento de associações prejudiciais às plantas, assim, é de grande 

importância o monitoramento de complexos begomovírus-satélites presentes em 

campos de cultivo e na vegetação nativa. Neste estudo, a associação de 

begomovírus com o alfassatélite LeYSA, forneceu novas informações que 

aumentaram a compreensão das interações entre vírus, DNA satélites, vetor e 

hospedeiro, que contribuíram para a adaptação e predominância de 

begomovírus em campo. Esta associação, também pode ocorrer em plantas 

cultivadas, como em tomateiro, representando uma ameaça aos sistemas de 

cultivo, já que no campo ainda não estão bem esclarecidas como essas 

interações ocorrem e quais são os prejuízos que poderiam trazer as culturas. 

Assim, há necessidade de estudos futuros para uma melhor compreensão da 

dinâmica das interações begomovírus-alfassatélites, bem como o entendimento 

do papel dos alfassatélites na patogenicidades de doenças.  

Além disso, neste estudo, houve a diagnose da doença da antracnose em 

pitaia (Colletotrichum karstii), sendo esta, relatada a primeira vez no Brasil. Com 

a crescente produção de pitaia na região sul e com o aumento do trânsito de 

material propagativo advindo de vários locais, que favorece o risco de surgimento 

de novas doenças nessa cultura, é de grande importância a realização de uma 

diagnose correta, que se torne uma ferramenta fundamental para auxiliar os 

agricultores na escolha do manejo mais adequado para as doenças. Assim, é de 

extrema importância que os produtores tenham conhecimento de novos agentes 

causais de doenças na área de produção, para que sejam desenvolvidas novas 

formas de manejo e proteção da cultura. 
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Apêndice A – Results of the host range assay. Number of PCR-positive plants from 10 tomato plants in Experiment 

1 and 15 tomato plants, N. benthamiana and L. sibiricus in the other experiments, inoculated at 14 and 28 days 

post-inoculation with Tomato yellow spot virus (ToYSV),Tomato severe rugose virus (ToSRV) and Euphorbia 

yellow mosaic virus (EuYMV) and its associated alphasatellite Leonurus yellow spot alphasatellite (LeYSA) in two 

independent experiments, except tomato with three independent experiments. 

             
 

    

  ToYSV ToYSV+LeYSA 

 14dpi 28dpi 14dpi  28dpi 

 

Exp 
1 

Exp 
2 

Exp 
3 

Total 
Exp 

1 
Exp 

2 
Exp 

3 
Total 

Exp 
1 

Exp 
2 

Exp 
3 

Total 
 Exp 

1 
Exp 

2 
Exp 

3 
Total 

Solanum lycopersicum 7 8 10 25 
(40) 7 8 10 25 

(40) 10 2 10 22 
(39) 

 10 5 10 25 
(39) 

Nicotiana benthamiana 
8 14 - 

22 
(24) 7 14 - 

21 
(22) 10 15 - 

25 
(25) 

 10 15 - 
25 
(25) 

Leonurus sibiricus 7 11 - 
18 
(28) 8 11 - 

19 
(28) 8 12 - 

20 
(30) 

 8 13 - 
21 
(30) 

  ToSRV ToSRV+LeYSA 

 14dpi 28dpi 14dpi  28dpi 
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Total 
Exp 
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Exp 
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Total 
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Exp 
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Total 
 Exp 

1 
Exp 

2 
Exp 

3 
Total 

Solanum lycopersicum 6 10 7 23 
(39) 6 10 7 23 

(39) 7 3 3 13 
(36) 

 7 3 4 14 
(36) 

Nicotiana benthamiana 7 11 - 18 
(22) 6 11 - 17 

(21) 5 9 - 14 
(21) 

 5 9 - 14 
(20) 

Leonurus sibiricus 0 0 - 
0  

(24) 0 0 - 
0  

(24) 0 0 - 
0  

(25) 
 0 0 - 

0  
(25) 
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(39) 

Nicotiana benthamiana 
3 9 - 
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(24) 4 9 - 

13 
(24) 2 8 - 

10 
(23) 

 
5 8 - 
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(23) 

Leonurus sibiricus 0 0 - 
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(23) 0 0 - 
0  

(23) 0 0 - 
0  

(29) 
 0 0 - 

0 
 (29) 
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Apêndice B – Symptoms in Leonurus sibiricus of Tomato yellow spot virus 

(ToYSV) in the presence or absence of Leonurus yellow spot alphasatellite 

(LeYSA) at 14 days post-inoculation. Images are coded as follows: Uppercase L: 

Leonurus sibiricus; First number: 1 to 14, ToYSV in the absence of LeYSA; 15 to 

19, ToYSV in the presence of LeYSA; Second number: 1, first replication.   

 

Apêndice C – Symptoms in tomato of Tomato yellow spot virus (ToYSV), in the 

presence or absence of Leonurus yellow spot alphasatellite (LeYSA) at 28 days 

post-inoculation. Images are coded as follows: Uppercase T: Tomato; First 

number: 1, ToYSV; Second number: 1 to 10, ToYSV in the absence of LeYSA; 

11 to 20, ToYSV in the presence of LeYSA.  

 

Apêndice D – Symptoms in tomato of Tomato severe rugose virus (ToSRV) in 

the presence or absence of Leonurus yellow spot alphasatellite (LeYSA) at 28 

days post-inoculation. Images are coded as follows: Uppercase T: Tomato; First 

number: 2, ToSRV; Second number: 1 to 10, ToSRV in the absence of LeYSA; 

11 to 19, ToSRV in the presence of LeYSA. 

 

Apêndice E – Symptoms in tomato of Euphorbia yellow mosaic virus (EuYMV) 

in the presence or absence of Leonurus yellow spot alphasatellite (LeYSA) at 28 

days post-inoculation. Images are coded as follows: Uppercase T: Tomato; First 

number: 3, EuYMV; Second number: 1 to 10, EuYMV in the absence of LeYSA; 

11 to 19, EuYMV in the presence of LeYSA. 

 

Apêndice F – Symptoms in Nicotiana benthamiana of Tomato yellow spot virus 

(ToYSV), in the presence or absence of Leonurus yellow spot alphasatellite 

(LeYSA) at 28 days post-inoculation. Images are coded as follows: Uppercase N: 

Nicotiana benthamiana; First number: 1, ToYSV; Second number: 1 to 8, ToYSV 

in the absence of LeYSA; 9 to 18, ToYSV in the presence of LeYSA. 

 

Apêndice G – Symptoms in Nicotiana benthamiana of Tomato severe rugose 

virus (ToSRV) in the presence or absence of Leonurus yellow spot alphasatellite 

(LeYSA) at 28 days post-inoculation. Images are coded as follows: Uppercase N: 

Nicotiana benthamiana; First number: 2, ToSRV; Second number: 1 to 7, ToSRV 

in the absence of LeYSA; 8 to 15, ToSRV in the presence of LeYSA. 

 

Apêndice H –  Symptoms in Nicotiana benthamiana of Euphorbia yellow mosaic 

virus (EuYMV) in the presence or absence of Leonurus yellow spot alphasatellite 

(LeYSA) at 28 days post-inoculation. Images are coded as follows: Uppercase N: 

Nicotiana benthamiana; First number: 3, EuYMV; Second number: 1 to 10, 

EuYMV in the absence of LeYSA; 11 to 20, EuYMV in the presence of LeYSA. 
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Apêndice B 

Leonurus sibiricus 
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Apêndice B (cont.) 
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  L.27.1 L.28.1 L.29.1 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

L.18.1 L.19.1 L.20.1 

   



69 
 

Apêndice C 

 

 

 

Tomato  
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Apêndice C (cont.) 
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Apêndice D 
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Apêndice D (cont.) 
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Apêndice E 
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Apêndice E (cont.) 
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Apêndice F 
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Nicotiana benthamiana  

mock-inoculated N.1.1 N.1.2 
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    Apêndice G 

Nicotiana benthamiana  

mock-inoculated N.2.1 N.2.2 
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Apêndice H 

 

 

Nicotiana benthamiana  

mock-inoculated N.3.1 N.3.2 
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Apêndice I - Plantas de pitaia com sintomas típicos de antracnose, sintomas 

iniciais no caule, lesões arredondadas ou de formas irregulares com mancha 

laranja-avermelhadas (A); as lesões no caule coalesceram em grandes lesões 

marrom-escuras, no centro das lesões eram cinza-esbranquiçados com bordas 

marrom-púrpura circundadas por um halo clorótico onde pontos pretos aparecem 

mais tardiamente (B); crescimento micelial em meio de cultura BDA (Batata-

Dextrose-Ágar), micélios aéreos brancos com massa conidial alaranjada (C); 

Estruturas reprodutivas de C. karstii: acérvulos (pontos negros) formados na 

superfície do tecido de caule de pitaia (D); e conídios (esporos) (E). 

 

 

 

 

A B C 

D E 


