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RESUMO

BASSO, Marcos Fernando, D.Sc. Universidade Federal de Vigcosa, fevereiro de 2015.
Caracterizacdo de um novo virus de ssDNA infectando fruteiras de clima temperado, e
aspectos da interacdo molecular begomovirus-hospedei@rientador: Francisco Murilo

Zerbini. Co-orientadora: Poliane Alfenas-Zerbini.

Fruteiras de clima temperado sédo de grande importancia econdmica mundial e sdo suscetiveis
a diversos patdégenos transmissiveis por insetos ou nematoides. Seu carater perene e a
propagacao vegetativa resultam no aparecimento de diversas doencas complexas, algumas das
quais ainda etiologicamente desconhecidas. Em pomares e vinhedos brasileiros
frequentemente sdo observados sintomas de possivel origem viral, mas os agentes ndo foram
identificados. Com o objetivo de prospectar agentes virais associados a estas culturas, 74
amostras de fruteiras foram coletadas em diferentes regides produtoras e avaliadas por PCR e
RCA. Um novo virus altamente divergente, monossegmentado, com genoma de ssDNA
circular de aproximadamente 3.400 nucleotideos, apresentando caracteristicas moleculares
semelhantes as de virus classificadas nas familias Circo-, Nano- e Geminiviridae foi detectado
em plantas de macieira, pereira e videira. A associacdo com 0s hospedeiros foi confirmada e
sua infectividade comprovada por meio de inoculacdo com um clone correspondente ao
genoma completo. A analise de sequéncias e suas caracteristicas moleculares indicam que este
novo virus podera pertencer a um novo género ou familia viral. Os begomovirus (familia
Geminiviridag sao patégenos de grande importancia econbmica em diversas culturas,
principalmente em regides tropicais e subtropicais. Eles regulam, direta ou indiretamente,
diversos mecanismos de defesa do hospedeiro, a exemplo da via dos pedylsos R
(smRNAs), de forma a facilitar a infec¢éo viral. O segundo objetivo deste trabalho foi avaliar

o perfil de smMRNAs em plantas de Nicotiana benthamiana infectadas pelo begomovirus

Tomato yellow spot virus (ToYSV). Utilizando sequenciamento de nova geracéo, bibliotecas



de snRNAs de plantas de N. benthamiana, sadias e infectadas com o ToYSV, foram
sequenciadas a fim de investigar sua complexidade e compreender 0os mecanismos
regulatorios envolvidos na patogénese. Os resultados indicam que os begomovirus sdo alvo
das vias de silenciamento de RNA (VSR) nas etapas iniciais da infeccdo e que suas proteinas
supressoras de silenciamento atuam in trans para interferir com as VSRs. O sucesso da
infecgéo viral e a indugéo de sintomas estariam assim, ao menos em parte, correlacionados
com a regulacao negativa das VSRs, com a mudanca do perfil de SmRNAs e galacéoe

da expressédo de diversos genes do hospedeiro que transcrevem mMRNAs e MiRNAs.
proteina de movimentd/P) dos begomovirus bissegmentados é responsavel pelo movimento
célula-a-célula, inducdo de sintomas e na determinacdo da gama de hosp@denwsro

objetivo deste trabalho foi identificar proteinas de hospedeiros do ToYSV candidatas a
interagirem com aMP. Complexos proteicos provenientes de plantas expressando
constitutiva- ou transientemente NTAKR foram purificados, seguido de identificagdo por
espectrometria de massas. Entretanto, ndo foi possivel encontrar proteinas qussenteragi
com MP do ToYSV. Ensaios de pull-down com a protelifd fusionada a uma etiqueta de

seis histidinas (6Hi$AP) identificaram 64 proteinas da planta candidatas a interagirem com a
MP. Destas, 25 foram selecionadas para avaliacdo da interacao pelo sistema duplo-hibrido em

levedura, contudo, os resultados foram negativos para todas as 25 proteinas.

Vi



ABSTRACT

BASSO, Marcos Fernando, D.Sc. Universidade Federal de Vigosa, February, 2015.
Characterization of a new ssDNA virus infecting temperate fruit trees, and molecular
aspects of the begomovirus-host interactiorAdviser: Francisco Murilo ZerbinCommittee
member Poliane Alfenas-Zerbini.

Temperate fruit trees are of great economical importance worldwide and are susceptible to
several insect or nematode-transmitted pathogens. Their perennial nature and vegetative mode
of propagation result in the appearance of several complex diseases, some of which are
aetiologically undetermined. In Brazilian orchards and vineyards, virus-like symptoms are
often observed, but the causal agents have not been identified. With the objective of
prospecting viral agents associated with these plants, 74 fruit tree samples were collected at
different regions and evaluated by PCR &1@A. A novel, highly divergent virus with a
monopartite circular ssDNA genome of approximately 3400 nucleotides, with molecular
characteristics similato viruses in the Circo-, Nano- and Geminiviridae families was
identified in apple, pear tree and grapevine plants. Its association with the hosts was
confirmed andits infectivity was proven by inoculation with a full-length genomic clone.
Sequence analysis and molecular characteristics indicate that this novel virus will be
classified in a new viral genus or family. Begomoviruses (Geminiviridae family) cause
diseases of major economic importance in many crops, especially in tropical and subtropical
regions. They regulate, directly or indirectly, several host defense mechanisms such as small
RNA (smRNA) pathways so as to facilitate viral infection. The second objective of this work
was to evaluate the profile of sSmRNAs in Nicotiana benthamiana plants infected by the
begomovirus Tomato yellow spot virus (ToYSV). Using Next Generation Sequencing
approaches, we sequenced smRNA libraries from healthy or ToYSV-infected N. bendamia
plants to understand their complexity and to explore the regulatory mechanisms involved in

pathogenesis. The results indicate that begomoviruses are targets of RNA silencing pathways

Vii



(RSP) early in the infection and that their silencing suppressor proteins act in trans to
interfere with RSP. The success of viral infection and the appearance of ToYSV-induced
symptoms may be correlated, at least in part, with RSP downregulation, smRNA profile
change and regulation of expression of several host genes (MRNA- and miRNA-transcribing).
The movement proteinMP) of bipartite begomoviruses is responsible for teitell
movement, symptom induction and determination of host range. The third objective of this
work was to identify host proteins that interact with the ToOWB®¥. Protein complexes were
purified from plants expressing NTARIP either constitutively or transiently, followed by
mass spectrometry-based identification. However, no candidate host proteins were identified.
Pull-down assays using tidP with a six histidine tag (6Hi8P) identified 64 candidate
proteins, 25 of which were selected for evaluation of the interaction using the yeast two-

hybrid system. However, results were negative for all 25 proteins.
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INTRODUCAO GERAL

Descoberta de novos virus de ssDNA

Os virus com genoma composto de DNA de fita simples (ssDNA) sao classificados
atualmente em cinco familias: Anelloviridae, Circoviridae, Parvoviridae, Geminiviedae
Nanoviridae. As duas ultimas incluem virus que infectam plantas (King et al., 2012). Os virus
de ssDNA incluem os menores patdégenos (em termos de comprimento do genoma) que
infectam eucariotos. De modo geral, os virus de ssDNA apresentam elevada variabilidade
genética, com altas taxas de substituicdo de nucleotideos e de recombinacdo (Duyffy et al.
2008; Martin et al., 2011), caracteristicas que podem facilitar sua emergéncia e disseminacao.

Um grande numero de espécies de virus com genoma de ssDNA é reconhecido
oficialmente pelo Comité Internacional de Taxonomia de Virus (ICTV). Por exemplo, a
familia Geminiviridae é a mais numerosa, em termos de numero de espécies, dentre todos 0s
virus (Brown et al., 2015). Mesmo assim, estudos recentes de metagendmica indicam que
uma enorme diversidade de virus de ssDNA existe nos mais diferentes ambientes (Ng et al.
2011; Rosario et al., 2012; Terry et al., 2012; Zawar-Reza et al., 2014). Alguns desses
possiveis virus possuem caracteristicas que devem classifica-los em uma das cinco familias
existentes. Entretanto, a maioria das sequéncias encontradas n&do possui similaridade com
nenhum virus conhecido, e provavelmente serdo classificadas em novos géneros e familias
(Rosario et al., 2012; Terry et al., 2012).

Um fator que provavelmente tem contribuido para a detec¢édo de novos virus de ssDNA,
tanto em estudos de metagendémica como em trabalhos utilizando clonagem e sequenciamento
convencional, é a utilizacdo da DNA polimerase do fago phi29 em uma etapa de amplificacao
de DNA extraido de amostras ambientais, de animais ou de plantas (Rosario et al., 2012).
Denominada amplificacéo por circulo rolante (rolling-circle amplification, RCA), essa técnica
utiliza oligonucleotideos de sequéncia aleatéria durante a amplificacao, eliminando qualquer
viés em relagdo a virus previamente conhecidos. Em plantas, o uso de RCA vem levando a
deteccdo de um grande numero de novas espécies de geminivirus em plantas cultivadas e néo-
cultivadas (Castillo-Urquiza et al., 2008; Rey et al., 2012; Silva et al., 2012; Tavares et al.,
2012; Bernardo et al., 2013; Candresse et al., 2014), além de novos virus de ssDNA em citrus
(Loconsole et al., 2012), videiras (Krenz et al., 2082Rwahnih et al., 2013; Poojari et al.

2013) e outros hospedeiros.
O Capitulo 1 deste trabalho descreve a deteccéo e caracterizacdo de um novo virus com

genoma de ssDNA em macieira, pereira e videira. Esse novo virus apresenta baixa identidade



de sequéncias com outros virus de ssDNA e provavelmente sera classificado em uma nova

familia e género.

Caracteristicas dos virus pertencentes a familia Geminiviridae

A familia Geminiviridae € caracterizada pela morfologia de particulas icosaédricas
geminadas e genoma composto por uma ou duas moléculas de ssDNA circular (Brawn et al.
2012). A familia € organizada em sete géneros (Becurtovirus, Begomovirus, Curtovirus,
Eragrovirus, Mastrevirus, Topocuvirasfurncurtovirus) com base no nimero e organizacao
dos componentes gendmicos, relacionamento filogenético, tipo de inseto vetor (cigarrinha ou
mosca-branca) e gama de hospedeiros (mono- ou dicotiledoneas) (Brown et al., 2012; Varsani
et al.,, 2014). Os begomovirus séo transmitidos pela mosca branca Bemisia tabaci e
constituem um grupo de virus de plantas de grande relevancia econémica para a agricultura,
devido a severidade das doencas por eles causadas em diversas culturas, principalmente em
regides tropicais e subtropicais (Polston & Anderson, 1997; Morales & Anderson, 2001;
Monci et al., 2002; Briddon, 2003; Were et al., 2004). Os begomovirus podem ser divididos
em dois grupos: Velho Mundo (Europa, Africa e Asia) e Novo Mundo (Américas) (Rybicki,
1994; Padidam et al., 1999; Paximadis et al., 1999). A maioria dos begomovirus do Novo
Mundo possuem dois componentes gendmicos, denominados DNA-A e DNA-B. Os dois
componentes ndo possuem identidade significativa de sequéncia, exceto em uma regido com
cerca de 200 nucleotideos, denominada regido comum, na qual a identidade nucleotidica entre
o0 DNA-A e DNA-B ¢é de aproximadamente 90%. Nesta regido esta localizada uma sequéncia
capaz de formar uma estrutura em forma de grampo, contendo um nonanucleotideo
(TAATATTAC), conservado em praticamente todos 0s geminivirus, que constitui a origem
de replicacao por circulo rolante (Figura 1).

O DNA-A dos begomovirus do Novo Mundo contém cinco genes: Rep, responsavel por

codificar a Unica proteina essencial a replicacdo, iniciadora do mecanismo de replicacao por
circulo rolante (Fontes et al., 1992; Orozco et al., 19%7ap, que codifica um fator
transcricional dos gendgSP e NSP e que também atua como supressora do silenciamento
génico mediado por RNA de interferéncia (RNAfoinnet et al., 1999; Wang et al., 2005)
Ren, que codifica um fator acessorio (ndo essencial) a replicacao viral (Sunter et al., 1990;
Pedersen e Hanley-Bowdoin, 1994); AC4, responsavel por codificar uma proteina que
também esta envolvida na supressédo de silenciamento génico mediado por RNAI (Vanitharani
et al., 2004); €P, que codifica a proteina capsidial, essencial também para a transmissao do
virus pelo inseto vetor (Briddon et al., 1990; Hofer et al., 1997). O DNA-B contém dois

genes: NSP, que codifica a proteina responsavel pelo transporte do DNA através do envelope
2



nuclear (ndcleo-citoplasma) (Noueiry et al., 1994; Sanderfoot & Lazarowitz, 1984,
que codificaa proteina envolvida no movimento célula-a-célula do virus através dos

plasmodesmas (Noueiry et al., 1994) (Figura 1).
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Figura 1. Organizacdo genémica dos begomov(Ajsmono-e (B) bissegmentados. TYLCV: Tomato

yellow leaf curl virus. BGMV: Bean golden mosaic virus.

O processo infeccioso dos geminivirus inicia-se no momento em que ocorre a deposicao
das particulas virais no espaco intracelular (por inoculacdo mecéanica ou via inseto vetor). O
genoma viral (ssDNA) é desencapsidado provavelmente de forma espontanea (Lazarowitz,
1992; Palmer & Rybicki, 1998) e direcionado ao nucleo da célula hospedeira, onde é
convertido em um intermediario de fita dupla (dsDNA) que servird de molde para sintese de
MRNAS viraise de novos ssDNAs (Stenger et al., 1991, Stanley, 1995). A proteina Rep inicia
o processo de replicacdo ao clivar o nonanucleotideo conservado na regido comum
(TAATATT JAC), funcionando como uma endonuclease sitio-especifica com requerimento
de estrutura e sequéncia (Laufs et al., 1995; Orozco & Hanley-Bowdoin, 1998).

Apos a replicagdo viral na primeira célula infectada, € necessario que o virus se mova
para o estabelecimento da infeccéo sistémica. O movimento no interior do hospedeiro pode
ser dividido em dois processos: movimento célula-a-célula via plasmodesmas e movimento a
longa distancia ou sistémico, no qual o virus atinge o sistema vascular e é transportado via
floema para outras partes da planta hospedeira. Para efetivar o movimento célula-a-célula, os
geminivirus codificam a proteinaMP. Esta se associa a membrana do reticulo

endoplasmatico, acumulando-se nos desmotubulos e alterando o limite de exclusdo dos

3



plasmodesmas de forma a facilitar o transporte do genoma viral (Noueiry et al., 1994; Ward et
al., 1997; Lazarowitz & Beachy, 1999). Como 0s geminivirus se multiplicam no nucleo da
célula hospedeira, € necessaria uma etapa adicional de transporte nucleo-citoplasma, que é
realizada pela proteina NSP nos virus bissegmentados (Sanderfoot et al., 1996) e pela proteina
capsidial CP) nos monossegmentados (Rojas et al., 2001).

O Tomato yellow spot virus (ToYSV) tem sido utilizado como modelo para o estudo de
interacdes begomovirus-hospedeiro nos Laboratorios de Virologia Vegetal Molecular e de
Biologia Molecular de Plantas da UFV. Apesar de ter sido isolado de tomateiro, suas
caracteristicas moleculares e filogenéticas sdo mais semelhantes as de begomovirus isolados
da planta ndo-cultivada Sida sp., sugerindo que ele pode ter evoluido a partir de virus que
infectam essa planta (Fernandes et al., 1998; Jovel et al., 2004; Andrade et al., 2006). O
ToYSV causa sintomas severos em tomateiro e em hospedeiros experimentais como
Nicotiana benthamianaN. glutinosa (Ambrozevicius et al., 2002; Andrade et al., 2006). A
severidade dos sintomas pode estar associada, ao menos parcialmente, com o tropismo de
tecido deste virus, uma vez que em N. benthamiana o ToYSV é capaz de infectarsalém do
tecidos do floema, as células do mesdifitves-Junior et al., 2009).

Os Capitulos 2 e 3 deste trabalho descrevem estudos realizados com o ToYSV com o

objetivo de melhor compreender aspectos da interacdo molecular begomovirus-hospedeiro.

Caracteristicas desmRNAs e seu papel na regulacao da expresséo génica em eucariotos

A descoberta dos pequenos RNAs (smRNAs) e o entendimento detalhado de seus
mecanismos regulatérios revolucionaram o campo da genética nos ultimos anos. Em plantas
existem duas principais classesstdrRNAs regulatérios: small interfering RNAs (siRNAs) e
microRNAs (miRNAs) (Chen, 2009). Ambos sédo gerados a partir de precursores de RNA de
fita dupla (dsRNA) apresentando maior ou menor grau de pareamento entre as fitas. O
processamento € realizado por proteinas denominadas Dicer. O dsRNA é degradado por essas
enzimas em intervalos de 21 a 24 nucleotideos (nt) (Hamilton e Baulcombe, 1999) e em
seguida o smRNA é incorporado em um complexo proteico denominado RISC (RNA-induced
silencing complex). Proteinas argorempresentam funcdo chave no RISC, pois se ligam
diretamente ao SmMRNA e promovem a regulacdo do mRNA alvo (Mallory et al., 2008). Na
planta modelo Arabidopsis thaliana existem quatro dicers e dez am®naudCL1 e a
AGO1 estdo preferencialmente envolvidas na geracdo de miRNAs (Xie et al., 2004;
Baumberger & Baulcombe, 2005). J4 os siRNAs podem ser gerados por qualquer uma das
demais Dicers (DCL2, DCL3, DCL4) e se incorporam no RISC que podem conter diferentes

argonauta(Bouche et al., 2006; Deleris et al., 2006; Fusaro et al., 2006; Mi et al., 2008).
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Os genes codificadores de miRNAs podem estar localizados dentro de éxons, introns ou
regides intergénicas. Em geral, apresentam entre 100 e 400 nucleotideos e séo transcritos pela
RNA polimerase Il, gerando um precursor com estrutura secundaria em forma de grampo
(Bartel, 2004). Essa estrutura de fita dupla imperfeita é reconhecida pela DCL1, que a degrada
e libera o chamado miRNA maduro, geralmente de 21 nt (Kurihara & Watanabe, 2008). Em
seguida, uma das fitas do miRNA, chamada de fita guia, entra no RISC, enquanto a outra fita,
representada como miRNA* (ou sequéncia estrela), provavelmente é descartada (Baumberger
& Baulcombe, 2005; Qi et al., 2005). O complexo RISC é entdo direcionado para qualquer
RNA apresentando similaridade de sequéncia com o miRNA incorporado. Dependendo da
argonauta presente, os RNAs alvos s&o reprimidos por degradacdo direta ou inibicdo da
traducéo (Huntzinger & lzaurralde, 2011).

Ao contrario dos miRNAs, os siRNAs sdo gerados por precursores de RNAs
apresentando uma dupla fita de RNA perfeita, ou seja, com todas ou quase todas as bases
pareadas. Além disso, a origem do precursor em si também é distinta. Por exemplo, o0 dsRNA
pode ser gerado apos a transcricdo de genes em mRNA (virus com genoma de RNA e DNA)
ou durante a replicacao viral (virus com genoma de RNA). Moléculas de dsRNA oriundas do
genoma viral sdo reconhecidas e degradadas por Dicers (Bouche et al., 2006; Deleris et al.
2006; Fusaro et al., 2006; Mi et al., 2008). Os siRNAs podem ser gerados também por
transposons ou estruturas em repeticao invertida no genoma, estando envolvidos no processo
de protecédo do genoma e inclusive na formacéo da heterocromatina (Zhang & Zhu, 2011).

Até recentemente, a maioria dos estudos realizados soBMAs foram concentrados
em A thaliana, Oryza sativ@Populus trichocarpa. Usando técnicas de sequenciamento em
baixa escala, concluiu-se que a maioria dos miRNAs eram conservados, com alguns
homologos encontrados inclusive em musgos (Reinhart et al., 2002; Arazi et al., 2005).
Muitos desses miRNAs conservados apresentam padrdes especificos de expressdo e em sua
grande maioria atuam em fatores reguladores de expressao génica envolvidos principalmente
na regulacéo do desenvolvimento (Rubio-Somoza & Weigel, 2011). Por exaereppoessao
de proteinas envolvidas na formacdo de polaridade de folha e na transi¢cdo da fase vegetativa
para a reprodutiva sao reguladas diretamente por miRNAs ou tasiRNAs conservados (Juarez
et al., 2004; Peragine et al., 2004). Consistente com esses dados, mutantes para os genes da
via de miRNAs apresentam interferéncias significativas no desenvolvimento (Jacobsen et al.
1999; Lu & Fedoroff, 2000; Morel et al., 2002; Boutet et al., 2003).

No entanto, o advento dos métodos de sequenciamento massivo de DNA permitiu a
identificacdo de um maior numero dBMRNAs. Os resultados iniciais evidenciaram

claramente a existéncia de uma ampla ganaRNAs ndo conservados, mesmo em plantas
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muito proximas (Rajagopalan et al., 2006; Fahlgren et al., 2007; Ma et al., 2010), indicando
gue novos mMiIRNAs podem surgir continuamente ao longo do processo evolutivo. Apenas
cerca de 1/9 dos miRNAs nado conservados identificados apresentam fatores de transcricéo
como alvos, sugerindo que esses RNAs podem estar envolvidos na regulacdo de mecanismos
que sdo especificos para cada grupo taxondmico (Willmann & Poethig, 2007). De fato,
MIiRNAs n&o conservados foram observados em vias de diferentes tipos de estresses, tanto
bi6ticos quanto abioticos (Shukla et al., 2008).

smRNAs na interacdo molecular planta-virus

OssmRNAs estéao diretamente envolvidos na complexa rede de interacao entre plantas e
patdégenos (Katiyar-Agarwal & Jin, 2010). 6RNAs de origem viral, também chamados de
vsiRNAs (viral small interfering RNAs), sdo um importante exemplo desse tipo de interacao
(Llave, 2010). Genomas visgpodem ser degradados por Dicers gerando vsiRNAs de 18 a 28
nt. A origem exata do dsRNA viral que serve como substrato para degradacdo ainda € um
pouco controversa. Existem evidéncias de que tanto intermediarios replicativos ou estruturas
secundarias no RNA viral podem ser os alvos da maquinaria de silenciamento. No entanto,
sabe-se que em A thaliana o dsRNA viral é degradado preferencialmente pela DCL4, o que
explicaria o maior acimulo de vsiRNAs de 21 nt na maioria das plantas analisadas até o
momento (Donaire et al., 2009). No entanto, as enzimas DCL2 e DCL3 também possuem
acesso ao genoma viral, gerando vsiRNAs de 22 e 23 nt, respectivamente. Os VSiRNAs
produzidos sao usados como guia do RISC para degrgridAs do genoma invasor (Llave,

2010). No entanto, vsiRNAs também podem controlar a expressao de genes enddgenos,
adicionando assim, mais uma camada nessa intrincada rede regulatéria (Shimura et al., 2011;
Smith et al., 2011). Virus de plantas, em contrapartida, desenvolveram proteinas que séo
capazes de suprimir as respostas de defesa do hospedeiro mediada por RNAI, permitindo que
a infeccdo viral ocorra (Burgyan, 2006). Muitas degroteinas supressoras estudadas até o
momento atuam por meio de ligacdo aos siRNAs, evitando que eles sejam complexados ao
RISC e direcionem a degradacdo do genoma viral (Lakatos et al., 2006). No entanto, ja foram
encontradas proteinas virais supressoras de RNAi atuando em praticamente todas as etapas
conhecidas da via.

Sabe-se também que os virus podem alterar drasticamente o perfil de expressao de
MiRNAs de seus hospedeiros (Kasschau et al., 2003; Bazzini et al., 2007; Bazzini et al.
2009; Lang et al., 2011). Proteinas virais supressoradNéé uie atuam em etapas comuns
as vias de miRNA e siRNA, em alguns casos, podem causar a desregulacdo das vias

endogenas de smRNAs. Em acordo com essa hipétese, plantas transgénicas expressando
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determinadas proteinas supressoras virais apresentam fenotipos semelhantes aos de plantas
infectadas pelos virus que codificam as respectivas proteinas. Recentemente, observou-se que
a desregulacdo do alvo do mesmo miRNA (MIR167) é a principal causa dos sintomas
induzidos por pelo menos trés proteinas supressoras virais distintas em A thaliana (Jay et al.,
2011). Além disso, observaeque virus podem alterar a taxa de transcricdo de determinados
genes MIR e também induzir a producdo de miRNAs (Bazzini et al., 2009). A identificagéo e
caracterizacdo de genes MIR expressos especificamente durante a infec¢ao virahdele g
importancia, uma vez que estes podem tanto estar atuando em beneficio ou contra a infeccéo

viral.

InteragBes begomovirus-hospedeiro envolvendo a proteiivP

Para o estabelecimento da infeccdo sistémica é necesséria a interacdo molecular entre
fatores virais e do hospedeiro que possibilitem o movimento viral célula-a-célula e a longa
distancia (Sanderfoot & Lazarowitz, 1996).

A proteinaMP é essencial para o0 movimento célula-a-célula dos begomovirus com
genoma bissegmentado (Noueiry et al., 1994YIFAdo Bean dwarf mosaic virus (BDMV) é
responsavel pelo transporte do DNA viral através dos plasmodesmas (Noueiry et alg 1994),
localiza-se ao redor do ndcleo, em fracdes da membrana plasmatica e na parede celular (Von
Arnim & Stanley, 1992 ; Pascal et al., 1993anto ssDNA quanto dsDNA podem ser
transportados célula-a-célula, mas provavelmente dsDNA é a principal forma de movimento
do BDMV (Rojas et al., 1998). Sanderfoot & Lazarowitz (1995) demonstraranMBue
NSP atuam de maneira cooperativa para o movimento do Squash leaf cu(bglrG¥).

Como o BDMV e o SqLCV apresentam tropismo de tecido diferente (o SqQLCV é restrito ao
floema e o BDMV infecta células do mesofilo), é de se esperar que estes begomovirus
apresentem diferencas nos mecanismos de movimento célula-a-célula. Assim, foi proposto
que apos o transporte do DNA viral do BDMV do nucleo para o citoplasma, mediado por
NSP, o DNA é transferido de NSP pai® formando um complex™P-dsDNA, o qual se
movimenta de uma célula para outra via plasmodesmas (Levy & Tzfira, 2@lPara o
SqLCV, Sanderfoot & Lazarowitz (1995) sugerem que um complexo NSP-ssDNA move-se
célula-a-célula via plasmodesmas por intermédio da ligacdo com MP.

As MPs do BDMV e do Abutilon mosaic virus (AbMV) podem ser fosforiladas na
regido C-terminal por cinases associadas a parede celular, e esta modificagdo pos-traducional
pode ser necessaria para o aumento do limite de exclusdo dos plasmodesmas (Levy & TZzfira,
2010). Kleinow et al. (2008) demonstraram que mutagdes nos trés diferentes sitios de

fosforilacdo daMP do AbMV afetam o desenvolvimento de sintomas e o acumulo de DNA
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viral. Além de modificagcbes poés-traducionais, a interacad/Becom fatores virais e do
hospedeiro também é necessaria. A interacdo BtiRre NSP foi demonstrada por meio da
re-localizacdo de NSP pdP em protoplastos de N. tabacum e também pela interacédo fisica
demonstrada no sistema duplo-hibrido de levedura (Sanderfoot & Lazarowitz, 1995; Mariano
et al., 2004).

Interacdes entre a proteiMP e as proteinas sinaptotagmina de A thaliana (SYTA)
(Lewis & Lazarowitz, 2010) e HSC70 (heat shock cognate 70 Kk&nz et al., 2010) ja
foram relatadas. Utilizando o sistema de recrutamento SOS de levedura, Lewis & Lazarowitz
(2010) demonstraram queMP do begomovirus Cabbage leaf curlus (CaLCuV) interage
com SYTA deA thaliana. SYTA regula o transporte célula-a-célulasado CaLCuV e é
necessaria para o movimento sistémico e infeccdo de A thaliana. Por meio de ensaio de
duplo-hibrido verificou-se a interacdo entre HSC70 de A. thaliandi do AbMV. Esta
interacdo foi confirmada in vivo utilizando-se o ensaio de complementacdo de fluorescéncia
bimolecular (BiFC) (Krenz et al., 2010Ds resultados sugerem que a interagcdo HSGIP e
€ importante para o transporte viral e inducao de sintomas pelo AbMV.

A identificacdo e o estudo de proteinas do hospedeiro que interagem direta ou
indiretamente com &P poderdo contribuir para meltasro entendimento do processo de
infeccdo viral e da interacdo begomovirus-hospedeiro e fornecer novas estratégias de controle
destas viroses, especialmente com relacdo a resisténcia do hospedeiro, seja ela natural ou

derivada do patogeno.
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A NOVEL, HIGHLY DIVERGENT ssDNA VIRUS INFECTING APPLE, PEAR AND

GRAPEVINE IN BRAZIL

Basso, M.F., Silva, J.C.F., Fajardo, T.V.M., Fontes, E.P.B. & P. Zerbini, F.M (2015) A novel,
highly divergent ssDNA virus infecting apple, pear and grapevine in Brazil. Submitted to
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ABSTRACT

Fruit trees of temperate and tropical climates are of great economical importance worldwide and
several viruses have been reported affecting their productivity and longevity. Fruit trees of
different Brazilian regions displaying virus-like symptoms were evaluated for infection by circular
DNA viruses. Seventy-four fruit trees were sampled and a novel, highly divergent, monopartite
circular ssDNA virus was cloned from apple, pear and grapevine trees. Forty-five complete viral
genomes were sequenced, with a size of approx. 3.4 kb and organeé&derORFs. A large
intergenic region contains a short palindromic sequence capable of famngin-like structure

with the loop sequence TAGTATTAC, identical to the conserved nonanucleotide of circoviruses,

nanoviruses and alphasatellites. Deduced amino acid sequences showed identities in the range of
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35% with nanoviruses and alphasatellites (putative Replication-associated protein, Rep), and
begomo-, curto- and mastreviruses (putative coat pro@#), and movement proteiryiP).
Recombination events were not detected and phylogenetic analysis showed a relationship with
circo-, nano- and geminiviruses. PCR and indirect ELISA proved the association of this novel
ssDNA virus with field plants. Infectivity tests using the cloned viral genome confirmed its ability

to infect apple and pear tree seedlings, but not Nicotiana benthamiana. The name "Temperate fruit
decay-associated virus" (TFDaV) is proposed for this novel virus.

Keywords: ssDNA viruses; emerging viruses; novel viruses.

1. INTRODUCTION

Fruit trees of temperate and tropical climates are of great economical importance worldwide.
They are susceptible to several arthropod- and graft-transmitted agents that cause several diseases
some of which are aetiologically unknown (Al Rwahnih et al., 2009; Hadidi et al., 2011).
Vegetative propagation contributes to the spread of these pathogens, favoring the emergence of
complex diseases (Martelli, 2012). The frequent exchange of propagative material between
nurseries worldwide has contributexitheir dissemination into new areas. The perennial life cycle
of fruit trees also contributes to further accelerate the mixing and introduction of many viruses and
subviral agents into a single plant (Hadidi et al., 2011; Rowhani et al., 2005).

Single-stranded (ss) DNA viruses represent a group of economically important plant
pathogens. They are predisposed to recombination events and can present high nucleotide (nt)
substitution rates, which contribute to their emergence (Lefeuvre et al., 2009; Martin et al., 2011).
A method that has been used successfully for the detection of ssDNA viruses is rolling-circle
amplification (RCA) (Inoue-Nagata et al., 2004). Due to its sequence-unbiased nature, this method

has allowed the identification of several new ssDNA viral agents in different plant species.
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In Brazilian apple and pear orchards and vineyards, symptoms of possible viral origin are
frequenly observed (Basso et al., 2014). With the objective of prospecting ssDNA viruses
associated with these three hosts, samples displaying virus-like symptoms were collected at
different regions of the country and were evaluated by PCR and RCA. We report here the cloning
and molecular characterization of a novel, highly divergent, monopartite circular SSDNA virus of
approx. 3.4 kb in length, with characteristics similarmembers of the Circo-, Nano- and
Geminiviridae families. The name "Temperate fruit decay-associated virus" (TFDa\dpzspd

for this new virus.

2. MATERIAL AND METHODS

2.1. Plant sampling

Apple, pear and grapevine samples (adult plants over two years old) displaying virus-like
symptoms such as chlorotic dwarf, delay and weakening of budding and dry branches (apple and
pear; Suppl. Figure S1) and shrinkage, reddening or red blistering of leaves (grapevine; Suppl.
Figure S1) were collecteth different Brazilian regions (Table 1). Initially, 51 samples were
evaluated. Later, an additional 10 apple and 13 pear samples were collected in the same orch

where positive samples were found (Vigosa, MG) to estimate the incidence of TFDaV.

2.2. DNA extraction, viral genome amplification, cloning and sequencing

Total nucleic acids were isolated from leafy or woody tissue accotdihgdhi et al. (1994). A
preliminary evaluation to detect begomovessvas performed using PCR with degenerate
primers for theDNA-A (PAL1v1978 and PAR1C496) and DNA-B (PBL1v2040 and PCRcl)
(Rojas et al., 1993; all primers used in this work are described in Suppl. Table S1). Circular DNAs

were amplified by RCA as previously described (Inoue-Nagata et al., 2004). RCA products were
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screened with different restriction enzymes and the generated fragments were excised from
agarose gsel purified, cloned into a pBluescript vector (pKS, Stratagene) and sequenced at

Macrogen (Seoul, South Korea).

2.3. Sequence analyses

Viral genomes were assembled using DNA Baser Sequence Assembler v3.x software
(www.DnaBaser.com). The resulting contigs were screened for sequence homologies using
BLAST algorithms (Altschul et al., 199@ppen reading frames (ORFs) were predicted using ORF
Finder (www.ncbi.nlm.nih.gov/projects/gorf/). Conserved domains of predicted ORFs were
detected using NCBI's Conserved Domain Database (NCBI) (Marchler-Bauer et al., 2011),
TMHMM (Moller et al., 2001) and SMART softwares (Letunic et al., 201&)poktin o-
dependent nuclear localization signals and DNA and RNA binding residues in the coat protein
(CP) deduced amino acid (aa) sequence were scanned, respectively, using cNLS(Ktzsnuer

et al., 2009) and BindN softwares (Wang and Brown, 2006). Multiple sequences alignments were
performed using MEGA 6 (Tamura et al., 201Birwise identity score distribution analyses of

the replication-associated protein (Rep) &¥d amino acids sequences were performed using

Sequence Demarcation Tool (SDT) v. 1.2 (Muhire et al., 2014).

2.4. Phylogenetic and recombination analysis

Phylogenetic relationships of TFDaV isolates with viruses from major gemini-, nano-, circovirus
and alphasatellite lineages (Supp. TaB® were analyzed based on Rep &M@ amino acid
sequences. For each sequence set, we used MUSCLE v. 3.8.31 (Edgar, 2004) to generate a
multiple sequence alignment. Unrooted phylogenetic trees were constructed using Bayesian
inference with MrBayes v. 3.2 (Ronquist et al., 2012) (MCMC nruns= 2, nchains= 2, ngen=

10.000.000 generations, burn-in= 2.500 samples, samplefreq= 1000, diagnfreq= 5000, printfreq=
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1000) and a mixed amino acid substitution model (prset aamodel= mixed and BLOSUM as best-fit
model). Trees were visualized using the FigTree v. 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/)
and edited using Inkscape v. 0.91.

Recombination events were searched within the TFDaV genome or in theCRegmd
movement proteinMP) genes, using three distinct data sets: (i) complete genome sequences
representing the major lineages of gemini-, nano- and circoviruses; (ii) all Rep sequences
deposited in GenBank corresponding to nanoviruses and alphasatellites; andGH)azd MP
sequences deposited in GenBank corresponding to mastre-, curto- and begomoviruses (Suppl.
Table S2). The analysis was performed with L&thv. 2.2 (McVean et al., 2002) and RDP4

softwares (Martin et al., 2010).

2.5. PCR- and indirect ELISA-mediated detection of TFDaV
New fresh samples from the original apple, pear and grapevine plants were cdtiecibdate
PCR- and indirect ELISA-mediated detection of TFDaV. In addition, 10 apple and 13 pear
symptomless samples were collected in the same orchard where infected plants were found
(Vicosa, MG) and were evaluated by PCR. PCR with TFDaV-specRiprimers (Suppl. Table
S1) was performed using the parameters described by Basso et al. (2010a). PCR amplicons of the
expected size were purified, cloned into the pGENEasy vector (Promega) and sequenced
commercially (Macrogen). One of the TFDaV-infected pear trees (pear #2) was also dvajuate
RCA followed by Spel restriction analysis. The amplified and Spel-linearized viral genome was
cloned and sequenced.

The TFDaVCP gene was cloned into the pDEST17 vector (Invitrogen) and overeggress
in the E. coli pPRARE2 strain. Protein identity was verified by MALDI-TOF/TOF MS analysis and
the E. coli-expressed protein was used to raise a polyclonal antiserum in New Zealand rabbits

according to Basso et al. (2010b). The sensitivity and specificity of the antiserum was evaluated
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according to Almeida and Lima (2001). Woody tissue or petiole samples from apple, pear and

grapevine plants were evaluated by indirect ELISA (Clark et al., 1986).

2.6. Infectivity assay

Plants ofNicotiana benthamiana, apple cvs. Gala and Fuji and pear cv. Max Red Bartlett (10 to 12
days after emergence) were biolistically-inoculated with the Spel-linearized and recircularized
TFDaV genome (GenBank access # KJ955447), as described by Aragéo et al. (1996). Negative
controls were mock-inoculated with the empty pKS vector. Inoculation was targeted to the
cotyledons and to the first true leaf of apple and pear seedlings. After the developrttent of
second or third true leaves, theinoculated plants were transplangsd and maintained i@
greenhouse.

TFDaV systemic infection was evaluated by PCR using specific primers and by RCA
followed by Spel digestion, as described above. Samples consisted of young leaves @tllected
time 0 (immediately before inoculation) and at 45 and 90 days post-inoculation (dpi). PCR and
RCA/Spel-digested products of the expectedssizere purified and cloned, respectively, into the
pPpGEM-T and pKS vectors, and sequenced. Total DNA from apple #4 (cv. Gala) was diluted 1:25

(v/v) and used as a template for a new round of RCA/Spel digestion.

2.7. RNA silencing suppression assay and subcellular localization &P and MP in N.
benthamiana

Silencing suppression assays were performed as described previously (Johansen and Carrington,
2001) by infiltration of A. tumefaciens cultures carrying the constructs pK7WG2:GFP (expressing
the reporter protein GFP), the pK7WGZ-Pro-PVY (expressing the known suppredd@-Praq,

as a positive control) and pK7WG2 with inserts corresponding to the complete coding regions of

the CP, MP, and putative viral RNase Z protein. Negative controls were agroinfiltrated with the
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pK7WG2:GFP construct only. The GFP fluorescence was monitored under UV and leaves were
photographed from 3 to 8 days post-infiltration using a Nikon D1X digital camera.

To verify the subcellular localization &P andMP, the corresponding ORFs were cloned
into pK7WGF2 and transformed into A tumefaciens C58C1. A tumefaciens cultures<QD)
carrying the appropriate DNA constructs were infiltrated into N. benthamiana leaves. The
mCherry-tagged nuclear shuttle protein (NSP) from Cabbage leaf curl virus (Fontes et al., 2004)
and the RFP-taggddP of Tomato yellow spot virus (Calegario et al., 2007) were used as positive
controls for nuclear and plasmodesmal localization, respectively. Foliar segments of @7 cm
hours post-infiltration) were analyzed in a LSM 510 META confocal microscope (Carl Zeiss)
equipped with an argon-krypton laser as excitation sourcead@a objective, and images were
processed with LSM Image Browser 4 (Carl Zeiss). For fluorescence detection, the excitation
wavelength and the emission wavelength were 488 nm and 505-530 nm, respectively, for GFP and

543 nm and 596-639 nm, respectively, for mCherry and RFP.

3. RESULTS

3.1. Fruit trees showing virus-like symptoms in the field were infected by a novel ssDNA

virus

All 51 samples of different fruit trees showing virus-like symptoms were PCR-negative for the
presence of a begomovirus (data not shown). These samples were then evaluated by RCA
followed by screening with different restriction enzymes. One apple tree (cv. Eva), one pear tree
(cv. Pera d’agua, referred to as pear #1) and one grapevine (cv. Cannonao) yielded 3.0 and 3.4 kb
fragments following digestion of the RCA product with Sfd@gure 1A). Both fragments were
excised from the gel, purified, cloned and sequenced. The 3.0 kb fragment corresponded to plant

DNA (data not shown). The sequence of the 3.4 kb fragments from all three samples displayed
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identity with ssDNA viruses, and conserved domains of Répand MP from ssDNA viruses
were identified in the deduced amino acid sequences of the ORFs (SuppiS3jableese results
were confirmed with nely collected samples from the same three plants.

PCR and indirect ELISA assays further confaithe presence of TFDaV in the original
apple, pear and grapevine p&(figure 1B; Suppl. Table $40ut of the 23 additional samples
collected (10 apple, 13 pear), one young pear tree (referred to as peastPCR- and RCA-

positive (Figure 1B; Table 1).

3.2. Molecular features of the 99NA virus detected in apple, pear and grapevine
Forty-five complete viral genomes were sequenced from theRQU#-positive plants: 17 from
apple, 18 from pear #1, eight from pear #2, and two from grapevine (GenBank access: KJ955447
to KJ955452 and KR134311 to KR134350). Sequence analysis revealed a genome size of 3.424-
3.442 nt, containing the conserved nonanucleotide TAGTATTAC (which is also present in the
genomes of nanoviruses, circoviruses and alphasatellites) positioned within an intergenic region
containing a short palindromic sequence capable of forming a stem-loop structure (Figure 2A
Three iteron-like, tandem repeat sequences (putative binding sites of the Rep protein) are present
in the intergenic region upstream of the stem-loop structure (Figure 2A). Sequence comparisons
among TFDaV isolates indicated that the isolates from pear #1 had either a 35-nucleotide deletion
in the intergenic region or an 18-nucleotide insertion upstream of the stem-loop structure (data not
shown). Nevertheless, sequence identity amongst the 45 clones was greater than 99% (Suppl.
Figure S2) and all subsequent analyses were performed with four clones: one from apple
(KJ955447), one from pear #1 (KJ955450), one from pear #2 (KJ955451) and one from grapevine
(KJ955449).

Predicted ORFs in the viral-sense strand potentially encod®IfheCP, and a putative

RNase Z protein (Figure 2B; Suppl. Table S3). Two ORFs predicted in the complementary-sense
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strand potentially encode Rep amtlRNA-binding protein (Figure 2B; Suppl. Table S3). Amino

acid sequence comparisons indicated maximum identities up to 35% with homologous proteins

from nanoviruses and alphasatellites (Rep) and from mastreviidBeand MP) (Suppl. Table

S3). A transmembrane domain was predicted in the aa sequencesM® thvéhich perfectly

overlaps with the ones present in the MPs of nano- and mastreviruses (Sgya.S8). An

importin a-dependent nuclear localization signal and DNA-binding properties were predicted in

the deduced aa sequence of@(Suppl. FigureS4). Analysis of the deduced aa sequence of the

putative Rep protein revealed the presence of conserved motifs such as Motif | (virus-specific

dsDNA binding), Motif Il (metal-binding site), Motif 11l (catalytic site for DNA cleavage), Walker

A and B boxes (NTP binding) and DNA helicase (Suppl. Figure S5). These motifs are similar to

the ones present in the Rep proteins from circo-, nano- and geminiviruses. In addition, the

sequences LEEGE and KEETRVSGPYTYG could functionally represent the LXCxXE and

KEEALQIIREKIP motifs found in the geminivirus Tomato golden mosaic virus (TGMV), Rep

and which are involved in binding to the plant retinoblastoma protein (pRb) (Suppl. Figure S5
Three putative transcription regulatory sequences were predicted in the TFDaV genome, one

located upstream of the Rep and stem-loop structure, one positioned upstreai@RatittMP,

and another upstream of the RNase Z protein (Figure 2B, blue and green markers). Three

polyadenylation signals were also predicted downstream ofCH)eRNase Z and Rep ORFs

(Figure 2B, red arrows).

3.3. Recombination and phylogenetic analyses
No recombination events were detected in the TFDaV sequence, independently of the data set
used for the analysis (data not shown).

The phylogenetic trees based on the deduced aa sequences of the REpralichted that

TFDaV isolates are located in a monophyletic clade, basal to all other ssDNA viruses and subviral
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agents (Figure 3A and B). A tree based only on the conserved motifs I, Il and Il and the Walker A
and B domains of the Rep protein displayed the same topology (data not shown).

The absence of DNA sequences with significant identities (RepC&npairwise identity
score distribution of no more than 35%; Suppl. Figure S6) emphasize the highly divergent nature

of TFDaV.

3.4. Infectivity assay
N. benthamiana plants were PCR- and RCA-negative for the presence of TFDaV at either 20 or 45
days post-inoculation. Out of 23 inoculated apple and pear seedlings, 12 (eight apple ,cv. Gala
three apple cv. Fuji and one pear) were PCR-positive for TFDaV at 45 dpi (Suppl. EiQure
with one additional apple cv. Gala being PCR-positive only at 90 dpi (Suppl. BgurBlants
biolistically inoculated with the empty vector were all PCR-negative (Suppl. Figure S7). These
plants were also evaluated by RCA at 45, 90 and 180 dpi but there was no amplification of the
expected fragment size, with the exception of one apple cv. Gala (plaat #80 dpi (data not
shown). This 3.4 kb amplified fragment was cloned and sequenced, confitsikgntity as
TFDaV.

Foliar symptoms were not observed in the inoculated plants. However, growth reduction
was evident at both 90 and 180 dpi (Figure 4). Attempts to visualize viral particles by transmission

electron microscopy from leaf tissue or petioles at 180 dpi were unsuccessful.

3.5. Local RNA silencing suppression and cellulazo-localization in N. benthamiana

The putative RNase ZZP and MP showed no local RNA silencing suppression activity in N.
benthamiana leaves (Suppl. Figure S8). Telocalized to the nuclei with a particularly strong
signalin the nucleolus (Suppl. Figure S9), confirming the functionality of its nuclear localization

signal and similarities with others geminivir@Ps. The MP localized to the plasma membrane,
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possibly in the plasmodesmata (Suppl. Figure S9), confirming the functionality of the

transmembrane domain.

4. DISCUSSION

Apple, pear and grapevines are clonally propaghtedifferent forms of grafting. Unless
guarantine measures are firmly established, the exchange of propagation materials between
countries will virtually guarantee the spread of plant viruses and other graft-transmissible agents
such as viroids and phytoplasmésdeed, plants displaying virus-like symptoms are frequently
observed in Brazilian vineyards and orchards (Basso et al.,, 2014). However, due to mixed
infections, variations in climatic and agronomic conditions, and intrinsic characteristics of these
plants, it is difficult or even impossible to establish an association between field symptoms and a
specific viral or subviral agent.

Until recently, viral detection strategies in plants focused on RNA viruses, for at least two
reasons: §i RNA viruses comprise the vast majority of plant viruses and include the most
economically important onegj Y available methodologies had a strong sequence bias (e.g., use of
degenerate primers in PCR-based assays) and therefore restricted the identification of divergent
species. The development of sequence-unbiased methods such as RCA, and more recently the
widespread availability of deep sequencing strategies, has unlocked the vault of DNA viruses with
small genomes (mostly ssDNA viruses), indicating their presence in a massive scale in a variety of
ecosystems (Labonte and Suttle, 2013; Rosario et al., 2012).

New ssDNA viruses have been disc@mem various aquatic environments as well as in
insects, plants and diatoms (Bernardo et al., 2013; Dayaram et al., 2014; Labonte and Suttle, 2013;
Rosario et al., 2009; Tomaru et al., 2013) uncovering the richness and diversity of this group of
viruses. Recent reports of divergent geminivasis citrus and grapevine (Al Rwahnih et al.,

2013; Krenz et al., 2012; Loconsole et al., 2012; Poojari et al., 2013) indicated that perennial
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woody plants can also support infectilmDNA viruses. Nevertheless, apple and pear had not yet
been repoddas hosts o§DNA viruses.

TFDaV displays low sequence identities and is only distgpttylogenetically relatedo
other circulars©DNA viruses, suggesting thdt could be classified in a new genus or family.
Circo-, nano- and geminivires present several traits in common, strongly suggesting a common
origin (Gibbs and Weiller, 1999; Niagro et al., 1998). Metagenomic studies haveerka@atie
diversity of ssDNA virusesn different biones many of which encode Rep proteins similar to
those of gemini-, nano- and (most commonly) circoviruses (Labonte and Suttle, 2013; Rosario et
al.,, 2012). However, the origin(s) and evolutionary relationships amongst these three families of
SsSDNA viruses remain unknown. Interestingly, TFDaV shares common features with all three
families (circoviruses: a monopartite genome, conserved domains in the Rep protein; circo- and
nanoviruses: the conserved nonanucleotide at the origin of replication; geminiviruses: conserved
domains in theMP andCP). Along with the absence of recombination events, which discards the
possibility of TFDaV being an inter-family recombinant, these conserved features suggest that it
could beamember of an ancestor group of circulgDN# viruses

The Rep sequence and structural similarities suggest that TFDaV replicates through a
rolling-circle mechanism in a similar manner to circo-, nano- and geminiviruses. Interestingly, the
presence oRb-binding motifs suggests that, like the Rep proteins of geminiviruses, the TFDaV
Rep could be involved in cell cycle regulation (Gutierrez, 2000).

The presence of an importiadependent NLS in th€P and its nuclear localization suggest
thatit can function also as a nuclear shuttle protein, facilitating the transport of viral DNA into and
out of the nucleus (Rojas et al., 2001; Fontes et al., )2004e putativeMP contains a
transmembrane domain commonly found in viral MPs and is localizédte plasma membrane,
sugesting thait may act in viral celto-cell movement. None of the viral proteins tested showed

local RNA silencing suppressor activity in N. benthamiana. However, since TFDaV infects
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woody, perennial plants, it is possible that its supressor protein(s) are unable to suppress RNA
silencing in herbaceous plants.

Infectivity assays confired that TFDaV iscapble of sistemically infecting apple and pear,
causing growth reduction. The absence of foliar symptoms could be due to the relatively short (for
a perennial, woody host) period of observation of 180 dpi. Latent periods of two or three years are
not uncommon in such hosts (Loconsole et al., 2012; Al Rwahnih et al., 2013; Basso et al., 2014

Indirect ELISA, RCA and PCR-based assays were effective in detecting TFDa®dn fi
plants. Nevertheless, viral incidence seems to be small (although our survey was limited).
Additional studies are required to properly assess the incidence and the losses caused by TFDaV,

as well as the possibility that it may have additional hosts.
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TABLE 1. Fruit tree samples displaying virus-like symptoms collected at different Brazilian

regions and evaluated for the presence of ssSDNA viruses.

Samples Collectio  Sampled Location
n date plants/RCA-

positive

plants
Nectarine cv. Centenaria Oct2012 2/0 UFV?3, Vicosa MG
Peach cv. Chiripa Oct2012 2/0 UFV, Vicosg MG
Acerola (cv. n.d2) Nov-2012 1/0 UFV, Vicosg MG
Apple cv. Eva Nov-2012 3/1 UFV, Vicosa MG
Lemon cv. Taiti Nov-2012 1/0 UFV, Vicosg MG
Orange cv. Navelate Nov-2012 1/0 UFRV, Vicosa MG
Pear cv. Pera d"agua Nov-2012 3/1 UFV, Vicosa MG
Jabuticaba (cv. n.d.) Dec2012 1/0 UFV, Vicosg MG
Mango cv. Tommy Atkins Dec2012 1/0 UFRV, Vicosa MG
Passion fruit (cv. n.d.) Dec2012 1/0 UFV, Vicosg MG
Apple cv. Fuiji Jan2013 2/0 Linha AparecidaVideira, SC
Grapevine Muscadiné/( rotundifolia) Janz2013 1/0 UFRV, Vicosg MG
Grapevine rootstock VR4343 Jan2013 2/0 UFRV, Vicosa MG
Papaya (cv. n.d.) Janz2013 1/0 UFRV, Vicosg MG
Apple (cv. n.d.) Feb-2013 3/0 UFRV, Vicosg MG
Guava (cv. n.d.) Feb-2013 1/0 UFRV, Vicosg MG
Grapevine cv. Alicante Bouschet (accessicn :Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRS
Grapevine cv. Alicante Bouschet (acc? 2) Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRS
Grapevine cv. Ancellotfa Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRS
Grapevine cv. Cabernet Franc (acé. 1) Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRS
Grapevine cv. Cabernet Franc (acé. 2) Mar-2013 1/0 Embrapa Uva e Vinhdento GongalveRS
Grapevine cv. Cabernet Franc (acé .3) Mar-2013 1/0 Embrapa Uva e Vinhdento GongalveRS
Grapevine cv. Cabernet Sauvighon Mar-2013 1/0 Embrapa Uva e Vinhdento GongalveRS
Grapevine cv. Cannonao Mar-2013 1/1 Embrapa Uva e Vinhd@ento GongalveRRS
Grapevine cv. Chardonnay (acc® 1) Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRRS
Grapevine cv. Chardonnay (acc? 2) Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRS
Grapevine cv. Carmenére Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRS
Grapevine cv. Don Marirfo Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRS
Grapevine cv. Garganega (acc 1) Mar-2013 1/0 Embrapa Uva e Vinhd@ento GoncgalveRS
Grapevine cv. Garganega (acc 2) Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRS
Grapevine cv. Itia’ Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRS
Grapevine cv. Malvasia di Candia Aromafica Mar-2013 1/0 Embrapa Uva e Vinhdento GoncgalveRS
Grapevine cv. Merlét Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRS
Grapevine cv. Michele Paliéri Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRS
Grapevine cv. Primitivo Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRRS
Grapevine cv. Prosecco (acc? 1) Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRRS
Grapevine cv. Prosecco (acc? 2) Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRRS
Grapevine cv. Regifa Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRRS
Grapevine cv. Sangiovese Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRRS
Grapevine cv. Victoria Mar-2013 1/0 Embrapa Uva e Vinhd@ento GongalveRRS
Avocado cv. Margarida Mar-2013 1/0 Grupo TsugeSéao GotardoMG
Pear cv. Pera d’agua Apr-2013 13/1 UFV, Vicosg MG
Apple cv. Eva Apr-2013 710 UFV, Vigosa MG
Apple (cv. n.d.) Apr-2013 3/0 UFV, Vigosa MG

ev. n.d.: cultivar not determined
’Germplasm collection maintained in quarantine greenhouse
SUFV: Universidade Federal de Vigosa; MG: state of Minas Gerais; RS: state of RideGla Sul; SC: state of Santa Catarina.
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Neg C PosC  Apple Pear#1 Pear#2  Grape

Figure 1. A. Agarose gel electrophoresis of Spel-digested RCA products amplified from apple,
pear and grapevine samples. Arrows indicate the cloned viral genome (3.4 kb) and asterisks
indicate the fragment of mitochondrial DNA from the host plants. M, size marker (1 kb plus DNA
ladder, in kilobasesB. Agarose gel electrophoresis of PCR products (736 bp) of viral detection in
apple, pear and grapevine samples. M, size marker (1 kb plus DNA ladder, in kilobases). Neg C,
negative control (PCR from healthy apple plant). Pos C, positive control (PCR from recombinant

plasmid containing the viral genome).
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A

apple  AATAAGGTTGGGTGC CATATT GAAACACAAGTT GECATT GARACACALGTT GEGAGT CAAACG GAGGAGGTHGARGE TEAG AT ACC L TCCACTTOT GTTTCG TTTCAATATATA
pear#! TATGAAACACAAGTTGGGAGT GAAACACAAGTTGGGAGT GARACACAAGTT GEGAGT GAMCGCAGHTEGTHGAR GETTAGTATIFACC CTCCACCTCT GTTTCGTTTCARTATATA
pear#2 AATARGGTTGGGTGC CATATT GALACA CAAGTT GECATT CARACACAAGTT GEGAGT CAAACGGAGETG GTRGAG GL TIAGTATTFACCCTC CACCTCT GTTTCG TTTCAATATATA

arape  AATALGGTTGGGTGC CATATTGAAACACALGTT GrEATTAALCACALGTT GEGAGT FAALCH FAGFLGGTHEAG GCT IR TAT T ACCCTCCACCTCT GTITCGTTTCAATATATA
T * EEETEHT TEEE X TETEEL TEE T FEXHRTETERET THTHTEN TEEEEE

3424-3442 nt

Figure 2. Genomic features of Temperate fruit decay-associated virus (TFBa\Wucleotide
sequence alignment of the region comprising the putative origin of replication. The sequence
forming the stem-loop structure containing the conserved nonanucleotide (in bold italics) is
higlighted in grey. Iteron-like sequences which may functisrRep binding sites to promote
rolling-circle replication are highlighted in bluB. Genomic organization of TFDaV indicating

the five predicted ORFs (black and grey arrows), the stem-loop strubieiiteron-like sequences

(blue rectangle), promoter regions (green arrowheads) and polyadenylation signals (red
arrowheads). V1, movement proteMK, nt 220-456); V2, coat proteirfCP, nt 589-1303); V3,
putative RNase Z (nt 2228-2663); C1, replication-associated protein (Rep, nt 3374-2429); C2,

putative RNA-binding protein (nt 3310-2920).
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A TFDaV isolates
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Figure 3. Phylogenetic reconstruction trees describing the evolutionary relationships between
TFDaV isolates (apple, pear #1, pear #2 and grapevine), circo-, nhano-, geminiviruses and
alphasatellites replication associated protéh) é&nd coat proteinB) amino acid sequences.
Phylogenetic trees were constructed using Bayesian inference with MrBayes v.3.2 and BLOSUM
as best-fit model. Branches with a filled dot have >99% posterior probability support, empty dot
have >90% posterior probability support, whereas those with a rectangle empty have >75%
posterior probability support for those nodBsanch length is proportional to number of amino
acid substitutions per site. GenBank accession number is available irSPable
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TFDaV EV
apple #2 apple #1

apple #1

apple #2

TFDaV EV

pear #10 apple #12

TFDaV EV TFDaV EV
apple #2 apple #12 apple #1 pear #10 apple #14 apple #2

apple #1 apple #3

Figure 4. Results of infectivity assay with TFDaV in apple and pear plants. Growth reduction
observed in apple and pear plants following biolistic inoculation with cloned TFDaV, at 90 and
180 days post- inoculation (dpi). TFDaV, apple and pear plants inoculated with cloned TFDaV.
EV, apple plants inoculated with the empty vector (negative control). Results of PCR-based viral

detection in the inoculated plants are presented in Suppl. Figure S7.
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Supplementary Table S1Primers used for TFDaV detection and cloning.

Name Sequence (5°- 3") Tm Amplicon  Amplified
(°C)  size (bp) region

APG (F) GAGGAGACGCCCTCTGAAGC 54 601 partial CP*

APG (R) CATAACCCAGAGCAATGCG

APG_RNaseZ (F) GATCGGATCCATATGCTAAGCGACTCG 54 427 RNase Z

APG_RNaseZ (R) GATCCTCGAGTCAGGTAAAGATTATG

APG_CP (F) GATCGGATCCATATGGCGATTCGGTATCC 53 736 completeCP
APG_CP (R) GATCCTCGAGTTACAAACACTTGAAG

APG_MP (F) GATCGTCGACATGGATCACCTAG 54 492 MP
APG_MP (R) GATCGAGCTCTCATACTTTCGCCTTGC

CP, coat proteinMP, movement protein



Supplementary Table S2.Viral sequences used in phylogenetic, pairwise identity score

distribution and recombination analyses.

Family Genus Species Acronym  Access number
Circoviridae Circovirus Starling circovirus StCV NC_008033
Columbid circovirus CoCV NC_002361
Finch circovirus Ficv NC_008522
Raven circovirus RaCV NC_008375
Bat circovirus BtCV NC_021206
Porcine circovirus 1 PCV-1 NC_013774
Porcine circovirus 2 PCV-2 NC_005148
Beak and feather disease virus BFDV NC_001944
Swan circovirus SwCV ABU48445, ABU48446
Canine circovirus CaCV NC_ 020904
Gyrovirus Human gyrovirus HGyV NC_015630
Chicken anemia virus CAV NC_001427
Gyrovirus GyV3 GyVv3 NC_017091
Cyclovirusl Dragonfly cyclovirus DfCyV HQ638060
Nanoviridae Nanovirus Faba bean necrotic yellows virus FBNYV NC_003567, NC_003566, NC_003565, NC_003564

NC_003563, NC_003562, NC_003561, NC_003560
NC_003559, NC_003558

Milk vetch dwarf virus MDV NC_003646, NC_003647, NC_003645, NC_003644
NC_003643, NC_003642, NC_003641, NC_003640
NC_003639, NC_003638, NC_003648

Subterranean clover stunt virus SCSV NC_003819, NC_003818, NC_003817, NC_003816
NC_003815, NC_003814, NC_003813, NC_003812
Babuvirus Banana bunchy top virus BBTV NC_003479, NC_003476, NC_003477, NC_003475
NC_003474, NC_003473
Abaca bunchy top virus ABTV NC_010319, NC_010318, NC_010317, NC_010316
NC_010315, NC_010314
Geminiviridae Mastrevirus Maize streak Reunion virus MSV NC_017917
Wheat dwarf virus WDV NC_003326
Chickpea chlorotic dwarf virus CpCDV NC_011058
Chloris striate mosaic virus CSMV NC_001466
Tobacco yellow dwarf virus TYDV NC_003822
Bean yellow dwarf virus BeYDV NC_003493
Begomovirus  Tomato leaf curl Iran virus TLCV NC_005842
Bean golden yellow mosaic virus BGYMV  NC_004042
Abutilon mosaic virus AbMV NC_001928
Malvastrum yellow mosaic virus MYMV NC_008559
Tomato yellow leaf curl virus TYLCV NC_004005
Curtovirus Beet curly top virus BCTV NC_001412
Becurtovirus  Spinach curly top Arizona virus SCTAV HQ443515
Beet curly top Iran virus BCTIV EU273818
Turncurtovirus Turnip curly top virus TCTV GU456685
Eragrovirus  Eragrostis curwula streak virus ECSV FJ665631
Topocuvirus ~ Tomato pseudo-curly top virus TPCTV NC_003825

unassigned Grapevine cabernet franc-associated viruGCFaV JX559642
Grapevine red blotch-associated virus ~ GRBaV KC896623
Citrus chlorotic dwarf associated virus ~ CCDV NC_018151
Euphorbia caput-medusae latent virus  EcmLV HF921459
French bean severe leaf curl virus FbSLSV ~ JX094280

Alphasatellite Gossypium darwinii symptomless GDaSA EU384623
alphasatellite
Cotton leaf curl Burewala alphasatellite CLCuBuA FN658730
Tobacco leaf curl PUSA alphasatellite  TbLCuPuA HQ180392
Tobacco curly shoot alphasatellite TbCSA FN678903
Tomato yellow leaf curl China alphasateliTYLCCNA AM749494
Malvastrum yellow mosaic alphasatellite MaYMA  NC_008561

TFDaV apple TFDaV KJ955447
TFDaV pear #1 TFDaV KJ955450
TFDaV grapevine TFDaVv KJ955449
TFDaV pear #2 TFDaV KJ955451

! GenusCyclovirus was recently proposed in the family Circoviridae
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Supplementary Table S3Results of BLASTp/x analysis of the proteins encoded by TFDaV.

Coveragé Identity*

ORF Homologous protein (GenBank accession number and genus) (%) (%)
V1 or MP-Like movement protein - Wheat dwarf India virus (YP_OCBZ58, Mastrevirus) 91/91 36/36
movement protein - Dragonfly-associated mastrevird® 007004036, Mastrevirus) 82/82 39/39
movement protein - Chickpea chlorotic dwarf viruB§20817, Mastrevirus) 84/84 44/44
movement protein - Sweetpotato symptomless mastrevifA€N56753, Mastrevirus) 66/66 44/44
putative movement protein - Sugar beet mastrediGd 1 (ABV82710, Mastrevirus) 44/44 60/60
V2 protein - Chickpea redleaf virus (YP_0040468@astrevirus) 61/61 40/40
V1 protein - Bean yellow dwarf virus (NP_612219, df@virus) 43/43 62/62
movement protein - Wheat dwarf virus (AEZ00921, Maséttes) 75175 38/38
movement protein - Maize streak Reunion virus (AFJ25Mastrevirus) 85/85 32/32
movement protein - Sporobolus striate mosaic viruéR2 006666529, Mastrevirus) 75175 35/35
V2 or CP-Like coat protein - Chickpea chlorosis Australia viru§pP%3000, Mastrevirus) 81/74 25/30
coat protein - Tobacco yellow dwarf virus-A (AFD&E) Mastrevirus) 67/74 28/30
coat protein - Digitaria ciliaris striate mosaic &r(¥P_006666534, Mastrevirus) 81/81 26/26
coat protein - Beet mild curly top virus (ABW740X0yrtovirus) 94/94 26/26
coat protein - Tomato chino La Paz virus (ABC7438&€gomovirus) 93/85 26/45
coat protein - Tomato severe leaf curl virus (AEP68&agomovirus) 93/85 26/45
coat protein - Paspalum dilatatum striate mosaicsfyAFN80656, Mastrevirus) 70/70 27127
V3 or RNaseZ-Like ribonuclease Z protein - Tannerella sp. (ZP_09338067 53/53 30/30
Clor Rep-Like Rep protein - Faba bean necrotic stunt virus (ACXA0%anovirus) 97/97 33/33
Rep protein - Malvastrum yellow mosaic alphasate(@AJ85969, Begomovirus- 99/99 35/35
associated alphasatellite)
Rep protein - Milk vetch dwarf virus (NP_619769,ré&irus) 95/95 34/34
Rep protein - Subterranean clover stunt virus (NB662, Nanovirus) 97/97 34/33

Rep protein - Gossypium darwinii symptomless alphaléatéhACC78692, Begomovirus  98/98 33/33
associated alphasatellite)

Rep protein - Cotton leaf curl Burewala alphasdée(CBJ19312, Begomovirus- 98/98 33/33

associated alphasatellite)

Rep protein - Banana bunchy top virus (ACA34591hBérus) 93/93 32/32
Cc2 valine-tRNA ligase (ZP_06752514.1, Parascardoviaic#rns) 85/85 67/67

hypothetical protein PTSG (EGD82448.1, Salpingcgzi 38/38 38/38

kinase subdomain-containing protein (EGD75615.1, Bgtgca sp.) 38/38 38/38

zinc finger protein 385C-like (XP_001508885.2, @Gnorhynchus anatinus) 59/59 32/32

Nucleotide sequence/deduced amino acid sequence.
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Supplementary Table S4.Results of indirect ELISA using the polyclonal antiserum against the

TFDaV coat protein.

Samples Asos Result

Extraction buffer 0.302 Negative
E. coli-expresse@P (0,52 ng) 1.141 Positive
E. coli-expresse@P (0,128 ng) 1.389 Positive
E. coli -expresse@P (0,235 ng) 1.456 Positive
Healthy grapevine cv. Paulsen 1103 (wood tisstL 0.287 Negative
Apple cv. Eva (wood tissue) 0,725 Positive
Pear cv. Pera d'agua (plant #1, wood tissue) 0,625 Positive
Pear cv. Pera d'agua (plant #2, wood tissue) 0,352 Negative
Grapevine cv. Cannonao (wood tissue) 0,335 Negative
Grapevine cv. Cannonao (petiole tissue) 0,412 Negative
Healthy Nicotiana benthamiana (leaf tissue) 0.315 Negative
ToYSVinfected N. benthamiana (leaf tissue) 0,298 Negative
Healthy Sida sp. virus-free (leaf tissue) 0,275 Negative
SiYMV-infected Sida sp. (leaf tissue) 0,284 Negative
Healthy Euphorbia heterophylla (leaf tissue) 0,301 Negative
EuYMV-infected E. heterophylla (leaf tissue) 0,321 Negative

'ToYSV, Tomato yellow spot virus; SiYMV, Sida yellow mosaic virus; EuYMV, BEobia yellow mosaic virusThe three
viruses are classified in the genus Begomovirus.
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Supplementary Figure S1.Virus-like symptoms in leaves of apple tree, pear treard
grapevine, later shown to be infected with TFD#&V.B. Asymptomatic and symptomatic
apple leaves, respectivelg, D. Asymptomatic and symptomatic pear leaves, respectiiely;
Asymptomatic grapevine leaF, G. Symptomatic grapevine leaves at the beginning and at

the end of the growing season, respectively.
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Supplementary Figure S2Pairwise sequence identities between the 45 clones of TFDaV.
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Supplementary Figure S3.Structural analysis of the movement prote. Predicted
secondary structur®. Predicted transmembrane domain. Red: transmembrane region; blue:
inner (cytoplasmic) domain; pink: outter (exterior) doma@. Amino acid sequence
alignment of movement proteins from TFDaV and from selected nanoviruses and

mastreviruses (see Suppl. Table S2 for GenBank access numbers).
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importin o-dependent NLS
Sequence: MAIRYPLKRRRPLKRRRRI FRRRKKSYSTARRKYEAPQYTRLY SNPLVINSGGSMVMQSVEPMAIGOTSRLSNRTAVTGIMVRVASAVMANLVIATLQELVIHNWFILDKAPTGNDIPGPSIIFDGVSPWNY
Prediction: =——d+++—t++t+—t++tt——t+++tttti—ttttr———f—t—tt————— T B B T T
Confidence: 55696448999628999922999699999%2998924425793453378524654565338544@3678927786366686867726978367564947999797998928526258567489778924232

Sequence: SVEHDRKKRF SVILKKWHTKLT TGGTWTANS SCOQVLPRSVTGKSFMWRPKKPVIT YWKNNATANYSDVESNALLWVMIBSSI POOTAANCTCNIYYDNTVYFKCL
Prediction: —————f—f4-t——td-—tt—tfo—ttt—ttt—to——ft—tt ottt m bt m—mm o m oo e e T .
Confidence: 27425725838466523582773264827652555586572853348447246653427553223367369995958825634355344944726432845556

Supplementary Figure S4.TFDaV coat protein amino acid sequence. predicted importin a-dependent nuclear localization signals (NLS) is in

the red box. The confidence level of the analysis is based on a scale from O to 9.
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circovirus helicase (pfam 00910)

Supplementary Figure S5 Amino acid sequence alignment of the replication-associated proteins (Rep) from TFDaWmandrfises from the
Nanoviridae and Circoviridae families (see Suppl. Table S2 for GenBank access numbers), Matiid 111, which are typically found in rolling-
circle replication initiator proteins, are indicated by red boxes as well as Walker A and B/aliees (ANTP-bindingl helicase domain conserved

in circoviruses and two putative Rb-binding motifs.
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Supplementary Figure S6.Pairwise amino acid sequence identities betwdgrRep protein andB) CP of TFDaV with those from other ssDNA

viruses(see Suppl. Table S2 for GenBank access numbers).
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Supplementary Figure S7.Results of infectivity assay. Agarose gel electrophoresis of PCR products for the detedtid»ay in biolistically
inoculated apple and pear plants. Samples for DNA isolation were composed of young leaves abldatemediately before inoculating), 45 and

90 days post-inoculation (dpi). The negative control was comprised of leaves from plants biolistically inoculated wifitthveaor. Amplicons

marked with (+) were cloned and sequenced to confirm viral identity. Plants marked with (*) died after inoculation.
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Supplementary Figure S8.Local RNA silencing suppression assay in N. benthamiana. Leaves were infiltrated with mixtures of A tasefacie
cultures carrying binary vectors for transient overexpression of BEREro from Lettuce mosaic virus (positive control), TFDaV putative RNase Z
protein, coat proteinGP) and movement proteitMP). GFP fluorescence was monitored under long-wavelength UV and leaves were photographed

at 3, 5, 7 and 8 days post agroinfiltration (dpa).
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Supplementary Figure S9Subcellular localization of TFDaV coat protel@R) and movement proteitMP) in N. benthamiana leave&:D. Leaves
co-agroinfiltrated with GFP-tagged TFDaVP and Cabbage leaf curl virus mCherry-tagged nuclear shuttle protein (NSP, positive control for nuclear
localization).E-H. Leaves co-infiltrated with GFP-tagged TFDBW and Tomato yellow spot virus mCherry-tagdéid (positive control for plasma

membrane localization). Images were taken with a LSM 510 META confocal microscope (@) Ztached to an Axiocam camera.
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CAPITULO 2

PROFILE OF SMALL RNASFROM Nicotiana benthamiana INFECTED WITH THE

BEGOMOVIRUS Tomato yellow spot virus

Basso, M.F., Silva, J.C.F., Brustolini, O.J.B., Fontes, E.P.B., Corréa, R.L., Llave, C &
Zerbini, F.M. Profile of small RNAs from Nicotiana benthamiana infected with the
begomovirus Tomato yellow spot virus. Em preparacao.
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Profile of small RNAs from Nicotiana benthamiana infected with the begomovirus

Tomato yellow spot virus

Marcos Fernando BassoJasé Cleydson Ferreira da Silfa Otavio José Bernardes
Brustolin?, Elizabeth Pacheco Batista FortésRégis Lopes CorréaCésar Llave and

Francisco Murilo Zerbiri®

!Dep. de Fitopatologig’National Research Institute for Plant-Pest Interactions (INCT-IPP)
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de Investigaciones Bioldgicas, Consejo Superior de Investigaciones Cientificas, Ramiro de
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ABSTRACT

Begomoviruses replicate thddNA genomes inside the host cell nucleus and are targets for
gene silencing. To counteract, they encode silencing suppressor proteins that afigogsile
pathways, causing enhanced susceptibility and changing small (sm)RNA profiles of the host
Changes in the expression of MIR genes, processing and accumulation of miRNAs and their
consequences in the differential regulation of host miRNA targets have also been suggested.
Using NGS approaches we sequehtibraries of smRNAs from Nicotiana benthamiana
healthy or infected with the begomovirus Tomato yellow spot virus (ToYSV), to understand
their complexity and to explore the regulatory mechanisms invalvgehthogenesis. The
results indicate that begomoviruses are targets of RNA silencing pathways (RSP) early in the
infectious cycle and that their silencing suppressor proteins act in trans to interfere with RSP.
The success of viral infection and the appearance of ToYSV-induced symptoms may be

correlated, at least in part, with RSP downregulation, siRNAs profile change, MIR genes
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down- or upregulation, and transcriptional/posttranscriptiaegulation of several host
genes. Most ToYSV-regulated MIR genes have genes encoding transcription factors and
defense or stress response proteins as targets. The implications of MIR genes and their targets'

deregulation are discussed.

INTRODUCTION

RNA silencing pathways (RSPs) in plants control genomic stability and several
biological processes through the regulation of gene expression at the transcriptional and
posttranscriptional levels, as well as being important defense mechanisms against viruses and
other invasive nucleic acids (Hamilton & Baulcombe, 1999; Tuschl et al., 1999; Hammond et
al., 2000). RSPs are based on the production of different classes of small RNAs (SmMRNAS).
Depending on their biogenesis and mode of action, SmRNAs are grouped into at least eight
groups: small interfering RNAs (siRNAs), microRNAs (miRNAs), heterochromatic siRNAs
(hc-siRNAs), repeat-associated SIRNAs (ra-siRNAs), trans-acting siRNAs (ta-siRNASs),
natural antisense siRNAs (nat-siRNAs), transfer RNA-derived fragments (tRFs) and virus-
derived siRNAs (vsiRNAS) (reviewed by Voinnet, 2009).

The two most abundant classes are siRNAs and miRNAs. They are derived from single-
or double-stranded RNA precursors that are processed by RNaselll enzymes named Dicer-
like (DCL1-4) in plants (Chapman & Carrington, 2007). Then, one strand is degraded and the
other is loaded into Argonaute (AGO 1-10)-containing complexes known as RNA-induced
silencing complexes (RISC), which scan and catalyze the endonucleotic cleavage of
endogenous RNA molecules, viral RNAs or any coding RNA that presents sequencg identit
with the si/miRNA (a process know as posttranscriptional gene silencing, PTGS). The
siRNAs can act also in the induction of DNA methylation, termed transcriptional gene

silencing (TGS) (reviewed by Chapman & Carrington, 2007, and Voinnet, 2009).
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vsiRNAs can be 18 to 28 nt in length, and are generated by the action of the RNA
silencing machinery upon either viral dsSRNA intermediates of genome replication, or dsSRNA
seondary structures along single-stranded viral genomes or transcripts. Once incorporated
into RISC, vsiRNAS guide the sequence-specific degradation of cognate viral genomes and
also of endogenous sequence-homologous RNAs (Mlotshwa et al., 2008; Wang et al., 2010
Li et al., 2014).

Geminiviruses are a group of single-stranded DNA viruses that cause important
economic losses worldwide (Rojas et al., 2005). Seven genera are currently recognized
(Varsani et al.,, 2014). All include viruses with monopartite genomes transmitted by
leafhoppers, except the genus Begomovirus, whose members are whitefly-transmitted and
have either monopartite (a single genomic DNA of approximately 2.9 kb) or bipartite
genomes (two DNA components, each approximately 2.6 kb, referred to as DNA-A and
DNA-B) (Brown et al., 2012). The begomoviruses are the most numerous and geographically
widespread amongst the geminiviruses (Morales & Anderson, 2001; Monci et al., 2002;
Briddon, 2003; Were et al., 2004). Their geres are replicateth the nuclei of host cells by
arolling-circle mechanism using a dsDNA replicative form, which associates with histones to
form aviral minichromosome and is also the template for bidirectional transcription (Hanley-
Bowdoin et al., 2013).

Geminiviruses can be inducers and targets of different RSPs. Overlapping geminiviral
transcripts are processed to generate vSiRNAs that act in PTGS or are loaded into AGO4-
containing RISC to direct TGS of the geminiviral minichromosome (Bisaro, 2006). To
counteract these host defenses, begomoviruses encode the Rep, TrAP and AC4 proteins to
suppress PTGS and TGS (Vanitharani et al., 2004; Rodriguez-Negrete et al., 2013; Hanley-
Bowdoin et al., 2013).

TrAP (transcriptional activator protein, also known as AC2 or ALArnsiclear protein

which trans-activates transcription of the vi€aP and NSP genes (Hanley-Bowdoin et al.,
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2013). In begomovirus-infected Arabidopsis thaliana, TrAP increases the expression of
Werner exonuclease-like 1 (Well), which may function as an endogenous negative regulator
of RSPs (Trinks et al., 2005). It was also demonstrated that TrAP interacts with adenosine 5'-
phosphotransferase (ADK), a nucleoside kinase that catalyzes the synthesis of 5-AMP from
adenosine and ATP. ADK plays an important role in sustaining the methyl cycle required for
S-adenosyl methionine biosynthesis and, consequently, for de novo methylation of viral
genomes. Thusit is suggested that TrAP downregulates ADK activity to counteract the
plant's TGSmechanism which acts to reduce transcription from the viral minichromosome
(Moffatt et al., 2002; Wang et al., 2003 and 2005; Baliji et al., 2010). TrAP also interacts with
SNF1 kinase (Sucrose nonfermenting d global regulator of metabolism, gene expression
and growth, which is activated by 5'-AMP in response to a wide variety of cellular stresses.
The metabolic alterations mediated by SNF1 are a component of innate antiviral defenses
(Hao et al., 2003). FinallyTrAP interacts with the promoter and induces the overexpression
of Arabidopsis thaliana regulator of gene silencing-calmodulin-like profeingéCaM), an
endogenous suppressor of RNA silencing, leading to increased host susceptibility. It was
shown that TrAP also interacts wiga-rgsCaM protein into nucleus, altering its subcellular
localization and suggesting that this interaction pressamtophagic degradation of TrAP
(Chung et al., 2014). The global protein profile of N. benthamiana in response to the
expression of the TrAP gene reveals a cellular imbalance of proteins involved in metabolic
and photosynthetic processes, modulation of defense-related and oxidative stress proteins, and
transcriptional process(Carmo et al., 2013).

Rep (also termed AC1, AL1 or C1) is essential for viral rolling circle replication and,
additionally interferes with the host DNA cytosine methylation machinery and suppresses
TGS by reduction of the expression of the plant DNA methyltransferases, Methyltransferase 1

(MET1) and Chromomethylase 3 (CMT3) (RodegiNegrete et al., 2013).

56



AC4 (also termedC4) is a cytoplasmatic protein associated with viral movement,
induction of symptoms and suppression of PTGS, acting downstream of siRNA biogenesis
through the sequestration single stranded siRNAs, preventing their incorporation into the
RISC (Vanitharani et al., 2004; Hanley-Bowdoin et al., 2013).

Despite the large amount of information available regarding begomovirus-host
molecular interactions, there is still limited knowledge on the effects of viral infection on
RSPs, such as changes in the smRNAs profile in the host and consequent effects in gene
expression. Next-generation sequencing (NGS) has become a routine experimental
technology that has been used with great success in recent years to evaluate SmMRNA profiles
in plants (Lee et al., 2009; Silva et al., 2011; Thieme et al., 2012; Ye et al., 2012; Zhang et al.,
2012; Loss-Morais et al., 2013). siRNA profiles can indicate which regions of the viral
genome are hot and cold spots for Dicer processing. More interestingly, the number of reads
that match with annotated MIR genes (specially those whose targets are known) allows the
discovery of quantitative changes in gene expression levels between virus-infected and
healthy plants, providing valuable clues on molecular virus-host interactions (Silva et al.,
2011; Romanel et al., 2012; Visser et al., 2014).

The begomovirus Tomato yellow spot virus (ToYSV) infects both cultivated and non-
cultivated plants inducing severe symptoms (Andrade et al.,; ZD&Iégario et al., 2007).
Nicotiana benthamiana has been considered one of best models for the study of molecular
plant-pathogen interactionss it is susceptible to several fungi, oomycetes, bacteria and
viruses (including ToYSV), can be easily transformed or used for the transient expression of
proteins in VIGS-based approaches, and possesses homologous genes to other agronomically
important solanaceous plants (Goodin et al., 2008; Carmo et al., 2013). Using NGS
approaches, & determined the smRNA profile from healthy and ToYSV-infected N.
benthamiana plants to understand and explore the regulatory mechanisms inwolved i

begomovirus pathogenesis.
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MATERIAL AND METHODS

Quantification of ToYSV load in N. benthamiana.Wild-type N. benthamiana plants were
biolistically inoculated with a ToYSV infectious clonBNA-A and DNA-B; Andrade et al.,
2006). Mock-inoculated plants were inoculated with tungsten particles alone. At 5, 7, 10 and
15 days post inoculation (dpi), systemically infected leaves from ToYSV- and mock-
inoculated plants were collected and total DNA was isolated as described by Doyle & Doyle
(1987). Each treatment (ToYSV and mock) was composed of five individual plants, and these
five plants were sampledt the different time points as described above. Total DNA was
quantified by spectrophotometry (Nanodrop ND-1,0D@ermo Fisher Scientific) and the final
concentration was adjusted to 50 ng/ul.

Viral load in infected plants was measured by quantitative PCR (QPCR) from total DNA
on a CFX96 RealTime PCR detection system (Bio-Rad), using Fast SYBR Green Master
Mix (Applied Biosystems) following the manufacturer's instructions and 2 uM of forward and
reverse primers (qToY3; Suppl. Table S1) in a final volume ofullOThe amplification
conditions were 20eg at 95°C for initial denaturation followed by 40 cycles of denaturation
at 95°C for 3 eg and annealing/extension at 60°C for &@ sAll reactions were performed
using 5 independent biological samples for each treatment and each sample was analyzed in
triplicate wells. The standard curve was obtained by serial dilution of plasmid DNA
containing the full-length ToYSV genome {1t 10 copies per reaction) and regression
analysis of Ct values of each one of three replicates of a given dilution in relation to tiie log
plasmid DNA amount in each dilution (Suppl. Figure S1). Viral load was determined by
interpolation of Ct values of each sample evaluated (Rutledge & Cote, 2003).

Relative quantification was performed using the same reaction components and
parameters described above for absolute quantification. The values were normalized against

N. benthamiana histone H2b (Xavier, 2012), whose expression was previously shown to be
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unaltered in ToYSV- and mock-inoculated plants (data not shown). Each gPCR run included
also a no-template control (without DNA).

The specificity of primers used in gPCR assags eonfirmedby the amplification of a
single fragmentin conventional PCR using cDNA from mock- or ToYSV-infected N.
benthamiana (Suppl. Figure S2) and by the appearance of a single peak in the melting curve

(data not shown).

NbWEL2 gene expression in mock- and ToYSV-infected N. benthamian&Vild-type N.
benthamiana plants were biolistically inoculated with ToYSV as described above.
Systemically infected leaves from mock- or ToYSV-inoculated plants were collected at 5, 7,
10 and 15 dpi and total RNA was isolated with the Plant RNA Purification Reagent
(Invitrogen) following the manufacturer's instructions. The RNA was quantified by
spectrophotometry and its integrity was verified by agarose gel electrophoresis. It was then
treated with RNase-free DNase | (Promega), and 2 pug of DNase-treated RNA weas ased
template for cDNA synthesiising 100 pM of oligo-dT1g) primer and SuperScript 11l Reverse
Transcriptase (Invitrogen), according to the manufacturer's instructions. The cDNAs were
quantified by spectrophotometry, their final concentration was adjusted to 10CGumd)Zuful

were analyzed by gPCR using 2 uM of each specific primer pair (NbWEL2a, NbWEL2b and
H2b; Suppl. Tabl&Sl). The gPCR assays were performed and analyzed as described above
for relative quantification. The specificity of primers useaseonfirmedby the amplification

of a single fragmenin conventional PCR using cDNA from mock- or ToYSV-infected N.
benthamiana (Suppl. Figure S3) and by the appearance of a single peak in the melting curve

(data not shown).

Isolation of sSmRNAs, libraries construction and sequencingWild-type N. benthamiana

plants were biolistically inoculated with ToYSV as described above. Systemically infected
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leaves from mock- or ToYSV-inoculated plants were harvested at 5 and 10 dpi and smRNAs
(10-50 bp) were isolated using the mirVana miRNA Isolation Kit (Ambion), following the
manufacturer's instructions. The amount and qualitysdRNAs were measured using
respectively, a Nanodrop ND-1000 spectrophotometer (Thermo Fisher ScieBtippl.

Table S2) and an Agilent 2100 Bioanalyzer (Agilent Technologies). Systemic infection in
ToYSV-inoculated plants and the healthy status of mock-inoculated plants were confirmed at
5 dpi by conventional PCR using degenerate primers for the DNA-A (PAL1v1978 and
PAR1C496) and DNA-B (PBL1v2040 and PCRcl) of begomoes|Rojas et al., 1993)

(data not shown). Two independent biological experiments (R1 and R2) were conducted
resulting in eight smRNAseq libraries (library 1: Mock-5dpi-R1; library 2: Mock-10dpi-R1;
library 3: ToYSV-5dpi-R1; library 4: ToYSV-10dpi-R1; library 5: Mock-5dpi-R2; librdry
Mock-10dpi-R2; library 7: ToYSV-5dpi-R2; library: §0YSV-10dpi-R2). Each library was
comprised of one set of 12 plants, with the same plants sampled at 5 and 10 dpi.

Libraries 1-4 were sequenced at Fasteris Life Science Co. (Geneva, Switzerland), and
libraries 5-8 were sequenced at Macrogen (Seoul, South Korea), in both cases using the
lllumina HiSeq 2000 platform. The libraries were constructed using the TruSeq small RNA
SBS kit v. 3 (lllumina) according to the manufacturer's instructismRNAs of 15-30 nt
were size-selected on denaturing PAGE. The 3' IDT miRNA cloning linker (Integrated DNA
Technologies) and 5' lllumina adapters were linked to smRNAs with T4 RNA ligase.
Adapter-linked smRNAs were again purified and submitted to reverse transcription. The
cDNA was purified on 6% Novex TBE PAGE (Life Technologies) to remove empty adapters
and submitted to PCR with specific primers (adapters) that contain one library-specific index
sequence (barcode). PCR products were again purified and quantified by gP&Reskasl
in an Agilent 2100 Bioanalyzer and the index sequence was verified by Sanger sgguenc
High-throughput sequencing was performed as single-end and multiplexed for 50 cycles plus

7 cycles to read the indexes. The libraries were demultiplexed with CASAVA v. 1.8.4
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(llumina) allowing one mismatch in the index selection and generating output .fastg format

files.

Data mining and bioinformatics analysis.Sequence quality was evaluated by measurement

of the percentage of bases having a base quality greater than or equal to 20 (Q20) and 30
(Q30) using the FASTX Toolkit version 0.0.6 (hannonlab.cshl.edu/fastx_toolkit/). Then, 3'
adapters, primer sequences and reads with undetermined bases were trimmed with Prinseq
software (Schmieder & Edwards, 2011). Reads of <18 and >28 nt were filtered with FASTX
Toolkit. The quality of sequences was again confirmed with FastQC software (Andrews,
2010) (Suppl. Figure S4). All aligmewere performed using Bowtie 1.1.1 (Langmead et al.,
2009), allowing no mismatches. The alignment files were converted to .bam format using
SAMtools (Li et al.,, 2009) and the files .sam format were visualized with Tablet software
(Milne et al., 2013).

The filtered reads from each library wemetched against each ToYSV genomic
component (ToYSV-A: NC_007726 and ToYSV-B: NC_007727). The amount of matching
reads and their distribution by genome position were calculated using locally developed Perl
scripts, normalized in reads per 1 million (RPM) and the total number of filtered reads for
each library was used for normalization. The read distribution maps were generat® with
2.7.1 software (R Foundation for Statistical Computing). The same reads matching ToYSV
genomes were also aligned (allowing no mismatches) to N. benthamiana transcriptome
(transcriptome assembly v. 3; Nakasugi et al., 2013), in eukaryotic tRNAs (genomic tRNA

database) and rRNAs (SILVA database; Quast et al., 2013).

Differential expression of knownMI R genes.The filtered libraries (reads of 18 to 28 nt; no
matches to rRNA, tRNA or ToYSV genome) were matched with known Viridiplantae mature

miRNA and hairpin MIR genes depositeddmmiRBase database release 21 (Kozonéara
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Griffiths-Jones, 2014), using Bowtie 1.1.1 software (Langmead et al., 2009) allowing two
mismatches. The amount of matched reads wvalculated using locally developed Perl
scripts. The expression level oVdR gene was represeatby the number of occurrences of

its respective read/sequence in each library. To generate a conservative list, vaethigere

data set by considering only miRNAs with read counts >10 in all samples/libraries (miRNAs

with fewer reads did not exhibit dramatic expression changes). The differential expression of
MIR genes was calculated using two approaches. Initially, the IDEG6 software (Romualdi et
al., 2003; available at telethon.bio.unipd.it/bioinfo/IDEG6_form/) was used, with the libraries
normalized in terms of reads per 1 million (RPRPM = number of mapped miRNA reads /
number of clean sample reads ¥)1The total number of filtered reads for each library was
used for normalization (Table 1). Statistical analysis (Fisher exact test and Audic and Claverie
test) were performed with p-value cutoff <0.05 and Bonferroni correction. The second
approach used the DEGseq Biocondud®package version 1.20.0 (Wang et al., 2010
available at www.bioconductor.org/packages/release/bioc/html/DEGseq.html), implementing
Fisher's exact test and determining differential expression using binomial or Poisson
distribution. The libraries were normalized by the "median" method and statistical analysis
wasperformed with a p-value and two g-values (adjusted p-values with BH and ST methods
(Benjamini & Hochberg, 1995; Storey Tibshirani, 2003)We considered MIR genes to be
differentially expressed and biologibalsignificant only when the p-value and the two g-
values were <0.05, and the fold change was >0.8 or <-0.8 between two contrasting treatments
(ToYSV or mock and 5 or 10 dpi) for each gene. Only differentially expressed MIR gene
supported by both statistical tests and approaches (IDEG6 and DEGseq) were considered as
strong candidates to being over- or downregulated during ToYSV infection. The normalized
MIR gene expression data will be submitted to NCBI Gene Expression Omnibus (GEO;

www.ncbi.nim.nih.gov/geo/).
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Three additional packages were also tested: edgeR Bioconductor R package v. 3.8.5
(Robinson et al.,, 2010; available at www.bioconductor.org/packages/release/bioc/htmli/
edgeR.html), baySeq Bioconduc®mpackage v. 2.0.50 (Hardcastle & Kelly, 2010; available
at www.bioconductor.org/packages/release/bioc/html/baySeq.html) andgEx&:onductor
R package V. 1.18.0 (Anders & Huber, 2010; available at
bioconductor.org/packages/release/bioc/ html/DESeq.html). However, DEGseq was the one
that provided the better adjustment to our smRNAseq data. The normalization method used in
IDEG6 (RPM) is also widely used. Using the two statistical aproaches (Fisher exact test or
Audic and Claverie test) implemented in IDEG6, no significant differences were observed

between DEGseq and IDEG6 (Suppl. Tables S2 and S3).

Identification of putative novel MI R genes and differential expressionNovel MIR genes

were identified in the N. benthamiana draft genome assembly v. 1.0.1 (available at
06/03/2015 in ftp.solgenomics.net/genomes/Nicotiana_benthamiana/assemblies/annotation)
from mock and ToYSV libraries (reads of 18 to 28 nt; unmatched to rRNA, tRNA, known
mature and hairpin MIR genes from miRBase) using the miRCat pipeline and the UEA sRNA
toolkit (Stocks et al., 2012). miRCat annotates putative novel MIR genes through non-
comparative prediction methods based on expressed miRNA sequences and stable hairpin
structures. It evaluates several features, including the number of read stacks in the locus, the
number of reads mapping anti-sense to the locus, the size of bulges in the candidate miRNA
duplex, the number/fraction of paired nucleotides in the duplex and in the hairpin, and the
energetic stability of the hairpin. miRCat was run with the following parameters: (i) minimum
sSmRNA abundance of five readsi) (minimum size of 18 nt and maximum 28 nt,)(iii
maximum number of 10 genome hiti) (at least 68% of the nucleotides centered around the
mMiRNA must be involved in base-pairing, (v) the hairpin must be at least 75 nt in lamgth, (

no more than three consecutive mismatches between miRNA and MIR gene, (vii) at least 50%
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of bases in the hairpin should be paired, (viii) at least 10 reads matched without mismatches to
each of the two possible mature miRNAs derived from the hairpin precurgothé most
abundant reads from each arm of the precursor must pair in the mature miRNA duplex with O-
4 nt overhangs at their 3' ends, (x) at least 50% of reads mapping to each arm of the hairpin
precursor must have the same 5' emd, {-value cutoff <0.05. The remaining criteria were
run with default parameters. The resulting secondary structure was filtered by miRCat based
on: (i) the predicted secondary structure must contain a highly negative minimal freg energ
(MFE) and high minimal free energy index (MFEI) values (>0.6);presence of miRNA*
(star sequence); andi ] the miRNA and miRNA* are both >20 and <25 nt. The MFEI was
calculated manually as MFE¥ [(MFE/length of the precursor RNA sequence)x100]
/(G+C)%]. Only reads with an MFEI value >0.6 were considered to be miRNAs candidates.
The folding structures of the precursors of the novel miRNA withirMhe gene identified
were predicted using the UEA sRNA toolkit RNA/Folding Annotation (Stocks et al., 2012)
which uses the Vienna Package to obtain the secondary structure of a precursor sequence and
highlights miRNAMIR gene sequences on the hairpin structure.

These putative novéIR genes were filtered and assumed as promising when they
were present in the respective libraries corresponding to two replications ofreaiohent.
Their differential expression waseasured as described above. These sets were considered as
high confidence miRNA/MIR gene sequences and will be deposited in the miRBase database

(Kozomara& Griffiths-Jones, 2014).

Prediction of vsiRNAs, known and novel miRNA targetsKnown and putative novel MIR
genes, which were identified as differentially expressgdsiral infection (p-value and g-
values <0.05 and fold change >0.8 or <-0.8) were used to predict potential miRNA targets.
The vsiRNAs targets were indentified by vsiRNAs diectligned in the N. benthamiana

transcriptome
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(ftp://ftp.solgenomics.net/genomes/Nicotiana_benthamiana/annotation/Niben101/) assembly
v. 1.0.1 using Bowtie 1.1.1 software (Langmead et al., 2009) allowing one misrmaich,

only targets with more than 100 reads matched per mRNA were represented. Known and
novel mature miRNAs targets were identified using Plant Small RNA Target Analysis Server
(Dai & Zhao, 2011 plantgrn.noble.org/psRNATarget/) with the same N. benthamiana
transcriptome version described above and the following parameters (i) maximum expectation
less than 2.0;ii() 20 bp of length for complementarity scoringi)(target accessibility equal

to 25; {v) flanking length around target site for target accessibility analysis of 17 bp upstrea
and 13 bp downstream; and (v) range of central mismatch leading to translational inhibition of
9-11 nt. Next, identified targets were subjected to gene ontology analysis. We extracted the
targets GO annotations and these were subjected to AgBase toolkit (McCarthy et alA2006).
database (Niben ToYSV smallRNAseq Database) was developed to facilitate information

access to the up- and down-regulated MIR genes and their targets and will soon be available.

Characterization of siRNA candidates.The remaining SmRNAs of 18 to 28 nts from each
library (unmappedo ToYSV, rRNA, tRNA and known and novel miRNAs) were classified

as siRNA candidates. The smRNAs algnt against specific databases was performed using
Bowtie 1.1.1 software (Langmead et al., 2009) allowing one mismatch, and the anasunt w
calculated using locally developed Perl scripts. To search for siRNAs candidates to
retroelements, A thaliana, Oryza sativa japonica, Solanum lycopersicum, Sorghum bicolor
and Zea mays retrotransposons, retrieved from the MASIVEdb database, were used as
reference (Bousios et al., 2012). Non-coding REAncRNA, snoRNA and snRNAwere
retrieved from the Plant Non-coding RNA Database (Yi et al, 2015;
structuralbiology.cau.edu.cn/PNRD/download.php). Miniature inverted-repeat transposable
elements (MITEs) were retrieved from the Plant MITE Database (Chen et al., 2013;

pmite.hzau.edu.cn/). Repetitive DNA elengefiom Solanaceae, Brassicacea, Fabaceae and
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Poaceae were retrieved from the TIGR Plant Repeat Databases (GuyBogll, 2004,
plantrepeats.plantbiology.msu.edu/downloads.html). To discriminate smRNAs from mRNA
degradation products, the remaining SmMRNAs were aligned against the N. benthamiana

transcriptome assembly v. 1.0.1.

RESULTS

ToYSV load and level of NbDWEL2 gene expressionToYSV-inoculated N. benthamiana

plants showed the first symptoms at 3 to 4 dpi with all plants symptomatic at 5 dpi (Figure
1A). The typical symptoms were severe yellow mosaic, leaf rolling and reduction in growth
and in the leaf areaeaching the greatest severity at 12 to 15 dpi (Figure 1B). ToYSV load
was evaluated in systemically infected leaves at 5, 7, 10 and 15 dpi. Viral load edcreas
progressively until reaching a peak at 10 dpi, followed by a small deateaSealpi (Figure

2). The NbWEL2 gene expression level was also evaluated at 5, 7, 10 and 15 dpi, with higher
accumulation at 5 and 10 dpi (Figure 3), correlating with the viral load and suggesting
downregulation of the RSP. Based on these observations, N. benthamiana plants at 5 and 10

dpi were selected for evaluation of their smRNA profile.

Characterization of smRNAseq libraries. To characterize the smRNA profile produced
during ToYSV infection, total SmMRNAs obtained from ToYSV- and mock-inoculated plants
(5 and 10 dpi) were isolated and sequenced usingHit8eq 2000lllumina platform. To
analyze these libraries we followed the workflow presented in Figure 4. A large amount of
filtered reads were obtained from the eight libraries and all showed high quality per base
(Table 1 and Suppl. Figure S4). Of the total redundants reads, approximately 10% were
unique reads (Table 1). Total reads of 21, 22 and 24 nt were the most prevalent in all libraries

(Figure 3A) and unique reads of 23 and 24 nt were the most prevalent in all libraries (Figure
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5B), with 24 nt reads (total and uniquieeing 2 to 5 times more abundant than the others
(Figure 5A, B).A relatively high amount of smRNAs in both the ToYSV and mock libraries
were derived from tRNAS, in contrast with insignificant amounts of rRNAs (Table 1).

To characterize the viral-derived smRNAs produced during ToYSV infection, reads
ranging from 18 to 28 nt were mapped against the ToYSV DNA-A and BNAmponents.
Only sequences showing no mismatches were regarded as bona fide ToYSV vsiRNAS in the
ToYSV libraries. A considerable amount of vsiRNAs were identified (Figure 5C-F) covering
almost the entire sequence of the genome. However,dis&ribution along the genome was
not uniform, with hotspots in coding regions (mainly @G® and NSP genes) and with the
DNA-B having almost twice as mamyached reads compared to tBNA-A (Table 1;
Figure 5G, H). These vsiRNAs hotspots might be generated by the large expression levels of
these viral genes. Alternativelthese regions may have structural characteristics that make
them more accessible todR ribonucleases. Temporallg higher accumulation of total or
unique 18 to 28 ntsiRNAs was observed for each 5 dpi replication compared to 10 dpi
(Table 1; Figure 5C-H Equivalent amounts of sense and antisense vsiRNAs were found in
the ToYSV libraries, suggesting that vsiRNAs are derived from the cleavage of dsRNA
(Figure 5E, 5k

To further characterize the libraries, the frequencies of redundant and unique 18-28 nt
vsiRNAs were analyzed and in all cases 21 and 22 nt vsiRNAs were the most abundant
(Figure 5C, D. These results suggest that N. benthamiana homaaju2CL1 and DCL2
may be the predominant DCLs involved in their biogenesis, and that all DCLs contribute to
the generation of vsiRNAs, but with distinct substrate affinities. Additionally, we compared
the overall profile of SmMRNAs between the ToYSV and mock libraries and observed that 21
and 22 nt reads were predominant only in the pool of vsiRNAs. In both libraries, the 24 nt
class was the most abundant among the endogenous smRNAs, followed by the 21, 22 and 23

nt class (Figure 5A, B However, the infected plants displayed decreased levels of the 24 nt
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class as compared to mock-inoculated plants (Figure 5B), indicating that ToYSV infection
may decrease the production of endogenous smRNAs. The high accumulation of the
endogenous 24 nt smRNAs consistent with smRNA profiles observed in other plants,
indicating that the N. benthamiana RNA silencing machinery responsible for the biogenesis
of endogenous orsiRNAs does not tend to produce 22 nt sequences, and that the high levels
of 21 and 22 nt vsiRNAs observed is the result of antiviral RNA silencing mechanisms or a
specific ToYSV-host interaction.

In Arabidopsis thaliana, the 5'-termimucleotide determines the preference of sSiRNAs
for loading in AGO-containing RISC. For example, AGO1 has a 5'-terminal nucleotide
preference for uracil, AGO2 and AGO4 for adenine, and AGO5 for cytosine (Mi et al., 2008;
Takeda et al., 2008). The distribution of 5'-terminal nucleotides was determined for the
sequenced vsiRNAs. For all four predominant types of ToYSV vsiRNAs characterized (21
24 nt), we observed a uniform distribution wetkendency to uracil being the most commonly
occurring nucleotide and citosine the least common (Figure 5I), suggesting that ToYSV

vsSiRNAs can be potentially loadéol multiple AGO-containing complexes.

Novel MI R genes in N. benthamianaA search for novel miRNA candidates was carried out
using the miRCat pipeline mapped to the N. benthamiana genome using filtered reads from
the miRBase database release 21 (Kozoagriffiths-Jones, 2014). For the identification

of novel MIR genes, we selected only miRNA precursors that exhibited miRNA and miRNA*
and that meet all criteria for annotation of plant MIR genes. Finally, 1,777 novel MIR genes
(Nb5dpi-Mock-R1: 875, Nb5dpi-Mock-R2: 627, Nb10dpi-Mock-R1: 551, Nb10dpi-Mock-
R2: 988, Nb5dpi-ToYSV-R1: 618, Nb5dpi-ToYSV-R2: 787, Nb10dpi-ToYSV-R1: 688 and
Nb10dpi-ToYSV-R2: 982) were predicted based on the N. benthamiana draft genome, with
approx. 4% being differentially expressed due to ToYSV infection. The length of putative

novel MIR gene precursors ranged from 75 to 200 nt. Their hairpin, mMiIRNA/MiRNA*
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sequences, genome locus and results of all evaluated parameters are available in Suppl. File

S1. The majority of the novel miRNAs are 24 nt in length and the miRNAs* are 22 to 23 nt.

Differential expression of known and novel MIR genesTo identify known miRNAs, 18 to

28 nt smRNAs from both ToYSV and mock libraries were used to search against the
miRBase database release 21 (Kozorgafariffiths-Jones, 2014). Using the IDEG6 software

we observed 1.008 (Fisher exact test) and 954 (Audic and Claverie test) differentially
expressed known MIR genes between both contrasts (Suppl. Files S2 and S3), suported by
p-value <0.05. W did not observe significative diference between the two statistical tests
(Suppl. Files S2 an83). This approach has been used vEtiRNAseq data for differential
expression studies (Thiebaut et al., 2014; Ma et al.,)26idwever, we observed a tendency

of recent works to use approaches based on adjusted p-values with BH and ST methods, and
cutoffs from <0.05 to <0.01. Therefore, other statistical packages were evaluated and only
MIR genes scored in multiple approaches were considered promising. Using the DEGseq
package, MIR genes were only considered to be differentially expressed when their fold
change was >0.8 or <-0.8. Independtienff the data normalization method used (none, loess

or median) we verified no significantly alterations in our dataset, and therefore opted for the
"median” methodThe results obtained using the DEGseq package were similar to the ones
obtained using IDEG6, although MIR genes were detectedstatistically reduced amount
(Suppl. Files S4 to S6).

To evaluate the expression level of novel MIR genes we used the same approaches and
criteria described above for expression analysis of known MIR genes, but using only the
DEGseq Bioconductdr package. The identification of miRNA targets was performed using
the psRNATarget package (Dai & Zhao, 2011), allowing us to identify a greater number of

mMiRNAs targets. We also observed that the majority of novel and known MIR genes might
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have more than one mRNA target, and in some ¢ases predicted that they can act also by
inhibiting translation of the target mRNA (Suppl. Files S4 to S5).

Then, we examined the overall expression profile among all treatments. Using the
pvclust R package (Shimodaira, 2002), the hierarchical clustering via multiscale bootstrap
resampling method was employed to obtain the clusters from the normalized treatment data
sets (Suppl. Figure S5). The dispersion of differentially expressed MIR genes in eacst contra
is shown in the form oMA-plots, and the statistically significant ones are indicated in red.
The box-plots of read counts for each MIR gene, the scatterplots comparing the number of
reads for each MIR gene using an ordinary log2 transformation, and the histograms of the
number of reads for MIR genes from 5dpi_ToYSX¥ 5dpi_Mock, 10dpi_ToYSVvs
10dpi_Mock, 10dpi_Mockss 5dpi_Mock and 10dpi_ToYSWs 5dpi_ToYSV contrasts are
presented in Suppl. Figure S6.

In the 5dpi_ToYSVvs 5dpi_Mock contrast we detected 124 differentially expressed
MIR genes (p-value and the two g-values <0.05 and fold change >0.8 or <-0.8), of which 31
were down-regulated (Suppl. File S4). From these, 16 are known MIR genes belonging to 6
different families (MIR166, 390, 398, 482, 3627 and 5181) and 108 are novel MIR genes. The
MIR166 and MIR390 families, which regulatdD-ZIPIIl transcription factors and TAS
transcripts, respectivelly, were the most abundant in this contrast. The miRNA targets with
greater differential expression in this contrast were chaperone protein DnaJ, MYB
transcription factors and other transcription factors, ethylene receptor, aminotransferase and
DNA-binding protein. MYB and DnaJ proteins are two example of host factors already
confirmed as differentially expressed by influence of viral infection (Xavier, 2012; Zorzatto et
al., 2015). These potential targets were assigned based on Gene Ontology annotations
(Ashburner et al., 2000). Based on molecular function the targets fell largely into 24
categories, with the three most over-represented being nucleotide binding and catalytic
activity (Figure 7).
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In the 10dpi_ToYSWs 10dpi_Mock contrast we observed 375 differentially expressed
MIR genes, of which 54% were downregulated. From these, 117 are novel MIR genes and
258 are known MIR genes belonging to 52 MIR families, with the MIR156, 166, 171, 319,
393, 396, 397, 398 and 403 families being the most abundant (Suppl. File S5). In A thaliana
these nine MIR families regulate, respectively:SPL transcription factorsjij HD-ZIPIII
transcription factors;ii() SCL transcription factorsj) TCP and MYB transcription factors;
(v) TIR1, AFB1, 2 and 3 auxin signaling or receptors) bHLH transcription factors and
GREF factors; (W) drought stress; (W) responses to biotic and abiotic stresse3;RIXGS of
AGO2 and AGO3. The targets of these differehti@xpressed MIR genes included MYB,
GRAS, B3, BZIP and others transcription factors, kinases, proteins involved in defense
responses and stress- and ubiquitin-related proteins. Based on molecular function the targets
fell largely into 23 categories, witBNA binding, catalytic activity and transferase activity
being the most representative (Figuje 7

Overall, 65 differentially expressed MIR genes are exclusive of the 5dpi_ToYSV
library (with 18 downregulated MIR genes), 326 are exclusive of 10dpi_ToYSV (22
downregulated) and 59 are common betweesetwo libraries (Suppl. File S6). A heatmap
of gene expression of these 59 MIR genes is shown in Figure 6. Some of the differentially
expressed MIR genes at 5dpi_ToYSV are similarly regulated at 10dpi_ToYSV, while others
are down- or up-regulated from 5 to 10 dpi (4 MIR genes downregulated at 5 dpi are
upregulated at 10 dpi, and 7 MIR genes upregulated at 5 dpi are downregulatediptRAdr dp
example, a MIR gene targeting a MYB transcription factor is downregulated at 5 dpi but
upregulated at 10 dpi, in association with a large number of MIR genes (one MIR gene at 5

dpi and 22 MIR genes at 10 dpi) that present this same target.

vsiRNAs targets.We observed that several vsiRNAs are matched simultaneously also in the

N. benthamiana transcriptome. Some of these displaigh amount of reads that matched
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host MRNAs. For example, at 5 dpi, 7,165 20-22 nt reads per million (or normalized
vsiRNAs) matched the NbS00001875g0029.1 mRNA, a protein with unknown function
(Suppl. File S8). This suggests that the vSiRNAs can also act in the PTGS of host mRNAs. At
5 dpi we observed that 616 host mRNAs can be indirectly regulated by vsiRNAs, while at 10
dpi this number was reduced to 114 (Suppl. File S9). The targets of vsiRNAs include several
proteins witha kinase-like domain, aminotransferases, transcription factors, dnaJ or grotein
with a J-like domain, ribosomal proteins and DNA-binding proteins (Suppl. Files S8 and S9).
This suggests that the defense response mounted by the st intense at 5 dpi or early

in the infectious process, and is then attenuated at 10 dpi due to viral suppression of RNA
silencing. These potential targets were assigned based on Gene Ontology annotations. With
respect to cellular component, the targets fell largely into 11 (5 dpi) and 7 (10 dpi) categories,
with the four most over-represented being membrane, celullar component, cell, cytoplasm and
intracelular (5 dpi), and membrane, endoplasmatic reticulum, cytoplasm, cellular component
and cell (10 dpi) (Figure)8Based on molecular function the targets fell largely into 18 (5
dpi) and 13 (10 dpi) categories, with the five most over-represented being protein binding,
transferase activity, binding, catalytic activity and hydrolase activity (5 dpi), and ti@sesfer
activity, protein binding, binding, hydrolase activity and nucleic acid binding (10 dpi) (Figure
8). These results indicate that vsiRNAs can act in the downregulation of several host genes
with greater coverage early in the viral infection, and suggest that several vsiRNAs may be
directly or indirectly involved in host susceptibility induction through post-transcricional
regulation of target genes. Biochemical validation of target degradation will provide stronger

evidence for this hypothesis.

siRNAs candidates.The remaining smRNAs of 18 to 28 nt (unmatched to ToYSV,
mMiRNA, rRNA and tRNA) were characterized as siRNA candidates. Interestingly, the

siRNAs profile between at eight libraries was similar. In all libraries, the fractwdhsmore
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aligned reads were the transcriptome and non-coding RNAs (IncRNA, snoRNA and snRNA),
with less reads alignei repetitive DNA elements and MITEs (Suppl. File S10 and Figure
9). The amount of siRNA candidates between treatments (mock vs ToYSV-infectedveind 5
10 dpi) did not present significant statistical difference (data not shown).

A high amount of reads were considered as unannotated SmRNAs, possibly because the
N. benthamiana genome has not yet been completely sequenced. In fact, the poor annotation
of the N. benthamiana draft genome and transcriptome, even for the latest version, has
hampered the identification of a higher amount of MIR genes possibly regulated by viral
infection and their annotated putative targets. Many N. benthamiana proteins remain with

unknown or uncharacterized functions.

DISCUSSION

The begomoviruses are one of the largest and most economically important groups of
plant viruses and cause several diseases in major crops worldwide, with significant economic
losses in several dicotyledonous plants (Morales & Anderson, 2001; Monci et al., 2002;
Briddon, 2003; Were et al., 2004).

Begomovirus-host interactions involve several complex mechanisms orchestrated in
perfect connection, which depend on the interaction between viral and host partners
(Sakamoto et al.,, 2012; Brustolini et al., 2015; Zorzatto et al., 2015). RNAi-induced
transcriptional or post-transcripcional silencing is an important antiviral mechanism in plants
(Hamilton & Baulcombe, 1999; Tuschl et al., 1999; Hammond et al., 2000; Chapman &
Carrington, 2007 Voinnet, 2009), processing viral transcripts into viral small interfering
RNAs (vsiRNAs) and using these vsiRNAs drive antiviral silencing. To counteract,
begomoviruses encode multifuncional proteins (AC4, TrAP and Rep) that act in suppression

of these RNAI-induced silencing pathways (RSPs; Bisaro et al., 2006; Rodriguez-Negrete et
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al., 2013). Additionally, vsiRNAs also can act on the regulation of the expression of
endogenous genes (Shimura et al., 2011; Smith et al.).ZI}i4 interference in RSPs s

an important rolein symptom development, attenuation of host defense responses and,
ultimately, in the success of the viral infection.

The analysis of the N. benthamiana smRNA profile in response to ToYSV infection
confirms that begomovires are targeted by PTGS and TGS and can also interfere and
regulate directly or indirectly several host factors. We observed several MIR geitiesfa
differentially regulated between infected and uninfected plants, indicating that ToYSV
infection can disrupt global gene regulatory networks. One of the main explanations for the
deregulation of MIR genes and alterations on sSmRNA profile on infected plants might be
related to the action of viral silencing suppressor proteins (Vanitharani et al., 2004; Amin et
al., 2011; Rodriguez-Negrete et al., 20131 et al., 2014). In begomovirus-infected A
thaliana, TrAP increases the expression of the Well gene, which may function as an
endogenous negative regulator of RNA silencing (Trinks et al., 2@98)l-1 is located
within a cluster of seven genes coding for highly homologous proteins differing in size due to
short deletions and short or long insertions or duplications. Another gene from this cluster
(At3g12440) is also induced by TrAP, albeit rather weakly (2.7 fold), whereas At3g12470 and
At3g12420 are not induced (Trinks et al., 2005). In N. benthamiana, nine putative Nb\Wel
genes are annotated. We selected and monitor NbWel2 gene expression during ToYSV
infection and confirrad its up-regulation with a tendency to correlate its greatest expression
level with the highest viral accumulation. TrAP also intes&adth and downregulate8DK,
interfering with the TGS pathway (Moffatt et al., 2002; Wang et al., 2003 and 2005; Baliji et
al., 2010). In addition, TrAP interacts with the promoter and induces the overexpresiion of
rgsCaM, whichacs also as an endogenous suppressor of RNA silencing (Chung et al., 2014).
Similarly, AC4 acts in the suppression of RNA silencing but downstream of siRNA

biogenesispreventing their incorporation into the RI§&anitharani et al., 2004; Hanley-
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Bowdoin et al.,, 2013). Rep and TrAP also interfere with the'sh@MA methylation
machinery and TGS, suggesting epigenetic deregulation. These punctual interferences in host
RSPs allow the virus to be successful in establishing a systemic infection.

RSPs are organized to control various endogenous process based on TGS and PTGS of
host genes. Viral interference with these processes results in severe consequences for the
plant. Symptom severity might be positively correlated with a larger amount of viral DNA
accumulation, possibly asconsequence of deregulation of RSPs and MIR genes. Such RSP
disruption, as well as interference in other factors, leads reorganization of the host's
defense response. It is known that viruses can affect MIR gene-based pathways in two ways:
() by alterating the rate of transcription @i py changing the accumulation of the miRNA,
interfering directly in the regulation afs targets (Bazzini et al, 2007; Bazzini et al, 2009;

Silva et al., 2011Romanel et al., 2012).

Some MIR gene families are known to participate in distinct and overlapping regulatory
networks such as disease resistance, development and stress response (Mallory & Vaucheret,
2006). t has been observed that regulation of a single target for a specific miRNA (MIR167)
is the main cause of the symptoms induced by at least three different viral suppressors in A
thaliana (Jay et al., 2011). Another example is MIR159, which is regulated upon viral
infection by several viruses, with the degree of up-regulation corresponding with symptom
severity in most cases (Naqvi et al., 2010; Amin et al., 2011). We verified that MIR159 was
not differentially expressed at 5 dpi, but was down-regulated at 10 dpi. Its putative daegets
MYB transcription factors, which possibly act in antiviral defense reponses (Zorzatto et al.,
2015). Other differentially expressed MIR gene families were also detected in infected plants:
() MIR319, which targets members of the TCP family of transcription factors (Nag et al.,
2009); (i) MIR403, which acts in miRNA pathways (Mallory & Vaucheret, 2006i)) (
MIR390, whose targets are primary TAS transcripts encoding ta-siRNAs (Marin et al., 2010);

(iv) MIR166, which spatially restricts the expression of class Il homeodomain leucine zipper
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(HD-ZIPIII) transcription factors; (WMIR396, which targets seven growth-regulating factor
(GRF) genes and the basic helix-loopheranscription factor 74 (bHLH74) gene in A
thaliana (Bao et al., 2014)i{ MIR403, which has been implicated in targeting of AGO2 and
AGO3 mRNAs in A thaliana (Harvey et al.,, 2011); and (vi) MIR156, which acts by
repressing the expression of functionally distinct SPL transcription factors (Wu et al., 2009)
We observed that most of these MIR genes were up-regulated at 5 dpi and down-regulated at
10 dpi in infected plants. The miRNA and vsiRNA targets identified are correlated, at least
partially, with transcriptomics of the interaction between host and geminiviruses (Carmo et
al., 2013; Miozzi et al., 2014; Brustolini et al., 2015

In summary, we detected differentially expressed genes belonging to 70 different MIR
families. The up- or down-regulation of MIR genes and their putative miRNAs targets
suggests that many host factors can be regulated by ToYSV to increase the susceptibility of N.
benthamiana. Furthermore, several additional putative miRNA targets were regulated during
ToYSV infection which may be involveoh hitherto unknown antiviral defense responses.
Several MIR genes had their expression increased or decreased at 5 dpi and 10 dpi in ToOYSV-
infected plants. Several transcription factors, proteins involved in defense responses, binding
or signaling, among other target proteins of differentially expressed MIR genes, had their
regulator miRNAs identified. The vsiRNAs can act in the regulation of many host mRNASs to
increase susceptibility to viral infection, and possibly acting as markers for activation of host
defense mechanisms. Validation of MIR gene expression by gPCR and of its targets throug
gPCR or degradome analysis will help us to understand better the molecular interaction

mechanisms of begomoviruses with their hosts.
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Table 1. Summary of results obtained after computational data mining of SmRNA libraries from the interaction Nicottaaaiba infected with

Tomato yellow spot virus (ToYSV), at 5 and 10 days post-inoculation (dpi).

Parameters 5dpi- 5dpi- 10dpi- 10dpi- 5dpi- 5dpi- 10dpi- 10dpi-
Mock-R1 [ToYSV-R1 | Mock-R1 |[ToYSV-R1 | Mock-R2 [ToYSV-R2 | Mock-R2 [ToYSV-R2
Total number reads in each smRNAseq libraries 43.043.745|20.072.686 | 27.102.684 | 28.428.364 (33.747.974|40.163.941 | 44.803.828 | 52.624.670
Clusters that fulfill the default lllumina quality criteria (Q20 %) 89,72 90,52 90,46 89,95 98,67 98,77 98,82 98,49
Bases (passed filter) with a quality score greater or equal to 30 (Q| 94,99 94,91 94,39 94,52 96,76 97,00 97,20 96,34
%
Namber of filtered and trimmed reads of 18-28 nt 31.291.645| 14.940.632|19.749.226 | 19.364.051 |11.807.414 | 25.776.223 | 28.884.076 | 26.266.555
Number of unique RPMreads of 18-28 nt 152147 172469 153120 193467 265240 168852 310374 232794
Total number of ToYSV genome-matched RPM reads of 18-28 nt 12 19,588 10 44 90 353319 192 48192
Number of unique ToYSV genome-matched RPM reads of 18-28 [ und? 1.005 und. 31 und. 1.426 und. 1.057
Number of ToYSV-A/B genome-matched RPM reads 6/2 16.820/ 712 2518 143/921 303.250/ 14349 31035/
2.766 50.068 17.175
Number of ToYSV genome-matched unique RPM reads und. 1.005 und. 31 und. 1.424 und. 1.057
Percentage of ToYSV-unmatched, tRMAsiched reads of 18-28 nt 1.71 1.49 1.61 2.86 1.59 1.44 1.50 1.94
Percentage of ToYSV-unmatched, rRM#siched reads of 18-28 nt 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01
Number of tRNA-matched RPM reads of 18-28 nt 17.100 14.900 16.100 28.600 15.900 14.400 15.000 19.400
Number of rRNA-matched RPM reads of 18-28 nt <100 <100 <100 <100 <200 <100 <100 <100

'RPM: reads per 1 million (normalization).
2und.: undetermined
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Nb-15dpi

Figure 1. A. Mock- or ToYSV-inoculated Nicotiana benthamiana plants at 0, 5, 7, 10 and 15
days post inoculation (dpiB. Symptoms in ToYSV-inoculated N. benthamiana plants at 15

dpi.
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Figure 2. Quantification of ToYSV load by real-time PCR. Absolute andB. Relative
ToYSV load in Nicotiana benthamiana at 5, 7, 10 and 15 days post inoculation (dpi).
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Figure 3. Relative quantification of the Werner syndrome-like exonuclease 2 (NbWEL?2)
gene of ToYSV-infected Nicotiana benthamiana at 5, 7, 10 and 15 days post inoculation
(dpi), usingA. NbWEL2a and. NbWEL2b primers.
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Figure 4. Workflow of the biological assays and smRNA sequence analysis.
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Figure 5. Size distribution of SmRNA reads normalizasireads per 1 million (RPM). The
total number of filtered reads for each library (Table 1) were used for normalizatidotal
18-28 nucleotides (nt) reads in each libr&@yUnique 18-28 nt reads in each libra@y.Total
18-28 nt reads matched the ToYSV genomeD. Unique 18-28 nt reads matchéal the
ToYSV genomekE. Total forward 18-28 nt reads matchedthe ToYSV genomek. Total
reverse 18-28 nt reads matchliedhe ToYSV genomes, H. Genome view offoYSV DNA-

A and DNA-B-derived21-24 nt vsiRNAs recovered from infected N. benthamiana at 5 and
10 days post inoculation (dpi), normalized as RPM. On top, schematic representation of
ToYSV DNA-A and DNA-B components. R1 and R2, biological replications 1 and 2,
respectively.l. Percentage of vsiRNAs identified based on the 5'-taimucleotide. A,
adenine; U, uracil; C, cytosine and G, guanine.
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Figure 5 (cont.)
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Figure 5 (cont.)
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Figure 5 (cont.)
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Figure 5 (cont.)
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Figure 5 (cont.)
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Figure 7. Gene ontology of the miRNAs target genes at 5dpi_To¥X&8\bdpi_Mock, 10dpi_ToYSWs 10dpi_Mock and 10dpi_ToYSWs
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GO terms.
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Figure 7 (cont.)
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Figure 8. Gene ontology of the vsiRNAs target genes at 5dpi (left column) and 10 dpi (right
column). Categorization of miRNA-target genes was performed according to the cellular
component, molecular function and biological process categories. Bars indicate the
percentage of total annotated targets genes mapping to GO terms. From these N. benthamiana
genes identified as vsiRNAs target, 161 (5dpi) and 29 (10 dpi) genes do not have Gene

Ontology annotation.
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Figure 9. Distribution of siRNA candidates normalized in reads per 1 million (RPM) aligned
in tandem. Total number of 18-28 nt reads in each library (Table 1) was used for

normalization.
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Suppl. TableS1 Sequence and amplicon characteristicH2i§, qToY3, NoWEL2Werner syndrome-like exonuclease 2 of Nicotiana benthamiana)

primer pairs used for quantitative PCR.

Primer Gene Forward primer sequence (5'- 3") Reverse primer sequence (5'-3') |Size |Locus accession Reference
pair (bp) [number

H2b H2b histone GAGAAGCTGGCTCAGGAATC CACAAGCCTCACAGCAGTCT |93 EF189156 Xavier, 2012
qToY3 ToYSV DNA-A |CCACGATTTTAAAGCTGCATTCT |CAATCCTGGTGAGGGAGTCAGT|70 NC_007726 Antunes, 2011
NbWEL2a |NbWEL2 CAACCAGTTGCTCTTCTCCA GGGCATGGAATCTTTGTGTA 78 NbS00007831g0002 | This work
NbWEL2b |NbWEL2 AATTGTTCGATGAAATGGCA TTCAATGGTTGATAATGGCAA |82 NbS00007831g0002 | This work
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Suppl. Table S2 Quantification ofsSmMRNAs isolated from mock- and ToYSV-inoculated N.
benthamiana plants at 5 and 10 days post inoculation. R1 and R2, experimental replications 1
and 2, respectively.

Library Concentration A260/280| Total amount
(ng/pl) (1)
5dpi-MockR1 71,6 1,98 6,87
5dpi-ToYSVR1 68,2 1,95 6,55
10dpi-MockR1 66,9 1,91 6,42
10dpi-ToYSVR1 67,6 2,00 6,49
5dpi-MockR2 71,6 1,92 6,87
5dpi-ToYSVR2 68,2 1,98 6,55
10dpi-MockR2 66,9 2,01 6,42
10dpi-ToYSVR2 67,6 1,96 6,49
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Suppl. Figure S1.Standard curve for absolute quantification of ToYSV load.
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Suppl. Figure S2.Specificity tests for the qToY3 and H2b primers.
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Suppl. Figure S3.Specificity tests for the NbWel2a and NbWel2b primers.
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Suppl. Figure S4.Qualities of 18-28 nt sequences from each library, verified with FastQC
software.
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Suppl. Figure S5. Hierarchical clustering comparison between 5dpi_To¥X8Bdpi_Mock,
10dpi_ToYSV vs 10dpi_Mock, 10dpi_ToYSWs 5dpi_ToYSV contrast filtered against
10dpi_Mock vs 5dpi_Mock and 10dpi_Mockis 5dpi_Mock constrasts. The red numbers
indicate approximately unbiased p-values and green numbers are bootstrap probability values.
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Suppl. Figure S6. A. MA-plots of differentially expressed genes. Red points indicate
adjusted p-values <0.0B. Box-plots of read counts for each ge@e Scatterplot comparing
the number of reads for each gene using an ordinary log2 transfornitibistograms of

the number of reads for genes from 5dpi_ToYS¥ 5dpi_Mock, 10dpi_ToYSVvs
10dpi_Mock, 10dpi_Mocks 5dpi_Mock and 10dpi_ToYSVs 5dpi_ToYSV contrasts.
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Suppl. File S1.Novel MIR genes identified from the eight N. benthamiana libraries.

Suppl. File S2.Differentially expressed MIR genes detected with the IDEG6 software and
Fisher's exact test.

Suppl. File S3.Differentially expressed MIR genes detected with the IDEG6 software and
Audic Claverie's test.

Suppl. File S4. Differentially expressed known MIR genes from the 5dpi_ToY®&V/

5dpi_Mock contrast and their putative targets.

Suppl. File S5. Differentially expressed known MIR genes from the 10dpi_ToY\V

10dpi_Mock contrast and their putative targets.

Suppl. File S6.Differentially expressed known and novel MIR genes from 10dpi_ToV¥sSV
5dpi_ToYSV contrast filtered against the 10dpi_Moek 5dpi_Mock contrast, and their

putative targets.

Suppl. File S7.Gene ontology of the miRNAs target genes at 5dpi_ToYS¥dpi_Mock
10dpi_ToYSVvs 10dpi_Mock and 10dpi_ToYSVs 5dpi_ToYSV contrast filtered against

the 10dpi_Mockvs 5dpi_Mock contrast. Categorization of miRNA-target genes was
performed according to the cellular component, molecular function and biological process

categories. Bars indicate the percentage of total annotated targets genes mapping to GO terms.

Suppl. File S8.ldentification of vsiRNAs targets. The vsiRNAs generated at 5dpi (18-28 nt
reads, unmatchad rRNA and tRNA) matched simultaneoustyToYSV DNA-A or DNA-B
components and to the Nicotiana benthamiana transcriptome. These potential targets were
assigned based on Gene Ontology annotations (cellular component, molecular function and

biological process).

Suppl. File S9.ldentification of vSiRNAs targets. The vsiRNAs generated at 10dpi (18-28 nt
reads, unmatchad rRNA and tRNA) matched simultaneoustyToYSV DNA-A or DNA-B

components and to the Nicotiana benthamiana transcriptome.

Suppl. File S10.Distribution of SIRNA candidates normalized in reads per 1 million (RPM)
aligned in tandem. Total number of 18-28 nr reads in each library (Table 1) wh$ouse

normalization.
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CAPITULO 3

BUSCA POR PROTEINAS DO HOSPEDEIRO CANDIDATAS A INTERAGIREM

COM A PROTEINA DE MOVIMENTO DO BEGOMOVIRUS Tomato yellow spot virus

Basso MF, Pereira HMB, Silva FN, Ramos HJO, Fontes EPB, Alfenas-Zerbini P & Zerbini
FM. Busca por proteinas do hospedeiro candidatas a interagirem com a proteina de
movimento do begomovirus Tomato yellow spot virus.
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INTRODUCAO

A familia Geminiviridae é caracterizada pela morfologia de particulas icosaédricas
geminadas e genoma composto por DNA de fita simples circular (Hanley-Bowdoin et al.,
1999). A familia € organizada em sete géneros (Becurtovirus, Begomovirus, Curtovirus,
Eragrovirus, Mastrevirus, Topocuvirus Turncurtovirus) com base no numero de
componentes gendmicos (mono- ou bissegmentados), organiza¢do gendauitaamento
filogenético,tipo de inseto vetor (cigarrinha ou mosca-branca) e gama de hospedeiros (mono-
ou dicotiledéneas) (Brown et al., 2QM2arsani et al., 2014).

Os virus pertencentes ao género Begomovirus sdo de grande importancia econdémica,
principalmente em regides tropicais e subtropicais (Briddon, 2003; Monci et al., 2002;
Morales & Anderson, 2001; Were et al., 2004). Infectam plantas dicotiledoneas e sao
transmitidos naturalmente pela "mosca-branca” Bemisia tabaci (Homoptera: Aleyrodidae)
(Brown et al.,, 2012). Com base em estudos filogenéticos e caracteristicas gendsnicas, 0
begomovirus sdo divididos em dois grupos: "Velho Mundo" (Europa, Asia e Africa),
caracterizados por serem na maioria dos casos monossegmentados e estarem associados a
DNAs satélites (alfa- e betassatélites) (Mansoor et al., 2008w Mundo" (as Américas),
em sua maioria bissegmentados. Os dois componentes genémicos dos begomovirus
bissegmentados sdo denominados DNA-A (que contém genes envolvidos na replicacéo,
supresséo de respostas de defesa da planta e encapsidacdo do genoma viral) e DNA-B (que
contém genes envolvidos no movimento viral intra- e intercelular) (Rojas et al., 2005). Com
excecao da regido intergénica (aprox. 200 nucleotideos) denominada regido comum (RC), os
dois componentes nao apresentam identidade nucleotidica.

Apos a replicagdo viral na primeira célula infectada, € necesséario que o virus se mova
para o estabelecimento da infeccdo sistémica. O movimento no interior do hospedeiro pode
ser dividido em dois processos: movimento célula-a-célula via plasmodesmas e movimento a

longa distancia ou sistémico, no qual o virus atinge o sistema vascular e € transportado via
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floema para outras partes da planta hospedeira. Para efetivar o movimento célula-a-célula, os
begomovirus bissegmentados codificam uma proteina de movimento (movement protein;
MP). Esta se associa a membrana do reticulo endoplasmético, acumulando-se nos
desmotubulos e plasmodesmas e alterando o seu limite de exclusdo de forma a facilitar o
transporte do genoma viral (Ward et al., 1997; Noueiry et al.,; 19%&rowitz & Beachy,

1999). Como os begomovirus se multiplicam no nucleo da célula hospedeira, € necessaria
uma etapa adicional de transporte nucleo-citoplasma, que é realizada pela proteina de
transporte nuclear (nuclear shuttle protein; NSP) (Sanderfoot et al.,, 1996). Estas duas
proteinas de movimento, atuando de maneira cooperativa, permitem que o virus alcance o
sistema vascular. A interacdo et e NSP foi demonstrada por meio da re-localizacao de
NSP porMP em protoplastos de N. tabacum e pela interagéo fisica no sistema duplo-hibrido
de levedura (Sanderfoot & Lazarowitz, 1995; Mariano et al., 2004).

A MP dos begomovirus é classificada na superfamilia 30K, na qual o transporte do
genoma viral, na forma de nucleoproteina, é guiado pelos desmotubulos que se movimentam
através dos plasmodesmas por meio da ligacdo especificdilenére genoma viral (Rojas et
al., 1998; Melcher, 2000). Em um primeiro modelo proposto, denominado couple-skating,
NSP transporta o ssSDNA ou dsDNA do nucleo para o citoplasma, e em seguida este complexo
tem o movimento célula-a-célula mediado pbiP (Sanderfoot & Lazarowitz, 1995;
Frischmuth et al., 2007; Kleinow et al., 2008). No segundo modelo, denominado relay-race
NSP transfere o dsDNA do nucleo para o citoplasma e em seguida o dsDNA assddRr-se a
e movimenta-se célula-a-célula através dos plasmodesmas (Noueiry et al., 1994; Rojas et al.,
1998).

Para o estabelecimento da infec¢ao sistémica € necessaria também a interagdo molecular
entre fatores virais e do hospedeiro que possibilitem o movimento viral célula-a-célula e a
longa distancia (Sanderfoot & Lazarowitz, 1998l entanto, ha poucos trabalhos que

demonstram interacao direta B com fatores do hospedeiro (Krenz et al., 2010; Lewis &
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Lazarowitz, 2010; Balmant, 2011). A identificacdo e o estudo de proteinas do hospedeiro que
interagem direta ou indiretamente com esta proteina poderdo contribuir paraamelhor
entendimento do processo de infecgéo viral e da interacdo begomovirus-hospedeiro e fornecer
novas estratégias de controle destas viroses, especialmente com relacdo a resisténcia do
hospedeiro, seja ela natural ou derivada do patdgeno.

O método TAP (tandem affinity purification) constitui uma ferramenta para a
identificacdo in vivo de interacdes diretas ou indiretas entre proteinas (Rohila et al., 2004,
2006, 2009; Rubio et al., 200bufresne et al., 2008). A etiqueta NTAP, fusionada na
extremidade N-terminal da proteina alvo, € composta de um dominio peptidico de ligacdo a
calmodulina (que se liga a esferas de calmodulina-agarose na presenca deatmis)dem
sitio de clivagem proteolitica (AcTEV, originado do potyvirus Tobacco etch)\érkis
dominios da proteina A de Staphylococcus aureus (que se ligam a esferas de IgG-agarose)
precedidos por um intron que liga a proteina alvo, ambos em tandem e sob o controle do
promotor 35S do Cauliflower mosaic virus. O método permite a purificacdo de proteinas
complexadas a uma proteina alvo etiquetada, reduzindo assim a presenca de proteinas
“contaminantes" (ndo ligadas a etiqueta ou a proteina alvo) e facilitando a posterior
identificacdo por espectrometria de massa (MS). Em plantas, o método TAP tem sido
utilizado principalmente em Arabidopsis thaliana (Rubio et al., 2005; Van Leene et al., 2007,
Dufresne et al., 2008; Thivierge et al., 2008), N. benthamiana (Rohila et al., 2004) e Oryza
sativa (Rohila et al., 20060utro método que tem sido amplamente utilizado para estudos de
interacdo proteina-proteina e purificacdo de complexoéigoetpor afinidade € o pull-down
baseado na proteina alvo fusionada a uma etiqueta dasteisds (6His) ou de glutationa
S-transferase (GST) (McGarry et al., 2003).

Estas duas metodologias tem possibilitado a identificacdo e caracterizacdo de diversas
interacbes proteina-proteina e desta forma podem, teoricamente, ser empregadas para a

identificacdo de proteinas do hospedeiro que interagem cbtR de begomovirus. Este
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trabalho teve como obijetigadentificar e caracterizar proteinas candidatas a iriteragcom
a MP do begomovirus Tomato yellow spot virus (ToYSV), utilizando o sistema TAP e a

técnica de pull-down com etiqueta 6His.

MATERIAL E METODOS

Transformacdo genética de Arabidopsis thaliana.As construcdes pNTARMP (MP-
ToYSV integra) e pNTAPI-GFP foram utilizadas anteriormente por Silva (2011). A
construcdo pNTAPI-GFP foi utilizada como controle para interacdes proteina-proteina nao
especificas.

Células de A. tumefaciens estirpe C58C1 foram transformadas com os vetores binarios
PNTAPI-MP ou pNTAPI-GFP pelo método de choque térmico (Sambrook & Russel, 2001).
Colonias isoladas de transformantes foram incubadas por 12-15 hor88 an2% ml de
meio LB contendo os antibiéticos gentamicina, espectinomicina e rifampicina nas
concentracdes finais de 50, 100 e 50 pg/ml, respectivamente. Posteriormente, 100 pul deste
pré-inéculo foram transferidos para 250 ml de meio LB contendo 0os mesmos antit@oticos
estas foram cultivadas até atingirem a fase estacio@#Diad aproximadamente igual a 2,0).

As suspensdes bacterianas foram centrifugadd000 g durante 10 minutos a 4°C, o
sobrenadante foi descartado e o pellet ressuspendido em uma solucdo de sacarose 5%
acrescido de Silwett L-77 (Momentiv@,05% de forma a ajust@Dgg para 0,8.

Plantas de A. thaliana ecétipo Columbia (Col-0) cultivadas em substrato comercial
(Plantmax) foram mantidas em camara de crescimento sob condi¢cbes controladas de
temperatura (ZZ) e fotoperiodo (16 horas de luz e 8 horas de escuro). As plantas foram
transformadas por meio de submersdo das inflorescéncias na suspensédo de A tumefaciens
carreando 0s respectivos vetores binarios descritos acima (Clough & Bent, 1998; Martinez-
Trujillo et al., 2004). As sementes provenientes das plantas transformadas foram coletadas e

semeadas em substrato. Aos 15 dias ap0s a germinacédo, foram pulverizadas semanalmente
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durante quatro semanas com o herbicida glufosinato de amoénio (Finale, Bayer Crop Science
na concentracdo de 0,00578%. Linhagens T2 pré-selecionadas com herbicida foram avaliadas
por meio de PCR com oligonucletideos especificos para os lgénhes GFP. A confirmacéo

da expressao das proteifd® ou GFP foi realizada por Western blot utilizando anti-soro
policlonal antiMP-ToYSV (Silva, 2011) e anti-GFP (Invitrogen), conforme descrito por
Basso (2010). As plantas confirmadas como transgénicas e superexpressando as proteinas de

interesse foram propagadas em casa-de-vegetacao.

Transformacédo genética de tomateiro (Solanum lycopersicumfementes de tomateiro cv.
Moneymaker foram esterilizadas por imersdo em etanol 70% durante um minuto, seguido de
incubacédo sob agitagcdo em solucéo de hipoclorito de sédio (1,25% de cloro ativo) acrescido
de Tween-20 a 0,1%, durante 20 minutos. As sementes foram enxaguadas quatro vezes em
agua Milli-Q autoclavada e ap6s secagem em papel de filtro estéril foram germinadas em
frascos magenta contendo meio de cultura MS meia forca (Murashige & Skoog, 1962)
acrescido denio-inositol a 50 mg/l, sacarose a 10 g/l, vitaminas MS a 1 ml/l e agar a 6 g/l. Os
frascos contendo as sementes foram mantidos por dez dias em sala de cultura com controle de
temperatura (25°C +2°C), irradiacéo (24 uméigne fotoperiodo (16 horas de luz e 8 horas
de escuro).

Aos 15 a 20 dias ap0s a germinacao, os hipocétilos foram seccionados em fragmentos
de aproximadamente 1 cm e pré-cultivados durante 24 horas em placas de Petri contendo o
meio de pré-cultivo composto por sais MS forca total (Murashige & Skoog, 1962) acrescido
de vitaminas de Nitsch & Nitsch (1969) a 1 ml/l, zeatra mgl, sacarose a 30 gfhio-
inositol a 100 mi, acetoseringona a 100 uM/I e &gar a 6 g/l. Apds o pré-cultivo foi realizado
0 co-cultivo destes explantes com as culturas de A tumefaciens carreando asO&mstruc
PNTAPI-MP ou pNTAPI-GFP. As culturas foram cultivadas a 28°C em meio LB acrescido
dos antibiéticos apropriados, conforme descrito acima. Em seguida foram submetidas a

centrifugacdo a 4.000 g durante 10 minutos a 4°C. As células foram ressuspendidas em meio
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MS ligquido 0,2% acrescido daio-inositol a 400 mg/l, tiamina-HCI a 400 mg/l e sacarase

20 g/l, ajustando-se a Q3 para 0,4. Os explantes foram imersos durante 5 minutos nas
suspensdes de A tumefaciens e em seguida secos em papel de filtro estéril e transferidos
novamente para o0 mesmo meio de pré-cultivo contendo dois discos de papel filtro estéreis
dispostos sobre o meio. Os explantes foram mantidos por mais dois dias em sala de cultura
nas mesmas condi¢cfes de temperatura, luz e fotoperiodo descritas anteriormente.

Apés o co-cultivo, os explantes foram transferidos para meio de regeneracdo seletivo
contendo sais MSnio-inositola 100 mgl, vitaminas de Nitsch & Nitsch a 1 ml/l, sacarase
20 dl, zeatinaa 2 mgl, agar a 6 #), timentina a 100 me glufosinato de aménio a 600 mg/

Os explantes foram mantidos nesse meio durante 20 dias em sala de cultura nas mesmas
condicOes descritas acima.

Decorrida a etapa de regeneracdo, os explantes foram transferidos para o meio de
elongamento(sais MS, mio-inositol a 100 mg/l, vitaminas de Nitsch & Nitsch a 1 ml/l
sacaros@ 20 g/l,zeatina a Ing/l, &gar a 6 &, timentina a 100 nife glufosinato de amdni
600 mg/l) e mantidos durante 30 dias em sala de cultura. Brota¢des diferenciadas e elongadas
foram seccionadas, transferidas para meio de enraizamento composto MS,saiso-
inositol a 100 mdl, vitaminas MS a 1 ml/l, sacaroa€0 dl, glicina a 2 mg/l, agar a 6 g/,
acido indol-3-acética 200 pdl e timentina a 100 mg/l, e mantidas em sala de cultura nas
mesmas condi¢cOes descritas acima.

Os explantes enraizados e carparte aérea desenvolvida foram pré-aclimataos
copos descartaveis contendo agua Milli-Q autoclavada e cobertos por sacos plasticos de forma
a manter a umidade. Os sacos plasticos foram gradativamente abertos a cada dois dias para
trocas gasosas e diminuicdo da umidade relativa do ar interior. As plantas foram mantidas em
sala de cultura por oito a dez dias e, em seguida, estas foram transferidas para vasos
individuais contendo substrato organico autoclavado e mantidas em casa-de-vegetacao sob

telado sombrite 50% até a completa aclimatacéo. A confirmacdo da insercdo do tDNA, bem
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como a expressao dos transgenes NTMPiou NTAPi-GFP foram realizadas por meio de
PCR com oligonucleotideos especificos pansiR ou GFP, ELISA indireto (Almeida &

Lima, 2001) e Western blot utilizando anti-soros policlonais, conforme descrito acima.

Ensaios de expressdo transiente em folhas de Nicotiana benthamiai@élulas de A
tumefaciens estirpe C58C1 carreando os vetores binarios pNMRARw pNTAPI-GFP

foram cultivadas até Qfgy igual a 1,2, conforme descrito acima. A suspensao bacteriana foi
centrifugada a 4.000 g durante 10 minutos e o pellet foi ressuspendidanéieSmeio de
agro-infiltracdo (MES 100 mM pH 5.5, MgCLO mM e acetoseringona 200 mM). Em
seguida foi novamente centrifugado a 4.000 g por 10 minutos e o pellet ressuspendido em
meio de agro-infiltracdo, ajustandea ODyyo para 1,0.

A agroinfiltracdo em folhas totalmente expandidas de N. benthamiana sadias e
infectadas, 10 dias apés a inoculagdo mecéanica do ToYSV (isolado ToYSV-[Bi2]; Calegario
et al., 2007) foi realizada com seringa descart@dvmabstras destas folhas foram coletadas 48
horas apds a agroinfiltracdo (Silva, 2011) e a confirmacdo da expressdo transiente das
proteinas recombinantes foi realizada por meio de Western blot utilizando-se anti-soros
policlonais antiMP e anti-GFP. Para cada tratamento foram coletadas sub-amostras de 60 g
de folhas agroinfiltradas com as construcoes pNTAPiI-ou pNTAPI-GFP (sadias ou
infectadas), que foram cortadas em tiras e mantidas em PBS 1x contendo 1% de formaldeido
a 2°C. Em seguida, foram infiltradas a vacuo durante 30 minutos (Rohila et al., 2004). Esta
reacao foi bloqueada em solucéo resfriada de glicina 300 mM durante 30 minutos e, em
seguida, estas foram enxaguadas com PBS 1x e o material vegetal armazen¥dgaras80

posterior extracao de proteinas pelo método TAP.

Purificagdo dos complexos praticos por afinidade em tandem (TAP)A purificacdo por
afinidade em tandemios complexos préicos NTAPiMP ou NTAPi-GFP obtidos a partir da

expressao transiente ou constitutiva foi realizada inicialmente conforme descrito por Rohila et
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al. (2004) (Figura 1)Cada amostra foi composta de 60 g de tecido foliar proveniente das
plantas transgénicas (expressao constitutiva) ou selvagens (expressdo tyapachage ou
infectadas com o ToYSV. Estas foram maceradas em almofariz contendo nitrogéniodiquido
em seguida homogeneizadas em 180 ml de tampao de extracadQrae- mM pH 8,0,

NaCl 150 mM, IGEPAL 0,1%, EDTA 2,5 mM, benzamidina 2 mpAnercaptoetanol 10

mM, PMSF 1 mM, coquetel inibidor de proteases (Sigma) 1%, leupeptina 10 uM e 3-4-di-
cloro-isocomarina 10 pM]. Em seguida a suspensao foi filtrada em trés camadas de gaze e
centrifugada duas vezes a 30.000 g por 20 minutos a 4°C, coletando-se o sobrenadante. O
sobrenadante final foi incubado sob agitacdo lenta em uma solucdo de 150 pl contendo
esferas de IgG SepharoBast Flow (GE Healthcare) por 2 horas °€.4Em seguida, foi
centrifugado a 200 g por 3 minutos e as esfim@am enxaguadas com 30 ml de tampéo de
lavagem (TrisHICl 20 mM pH 8.0, NaCl 150 mM, IGEPAL 0,1% e EDTA 2,5 mM). Apés

esta etapa de lavagem as esferas foram transferidas para uma coluna de cromatografia por
afinidade (Poly-Prep, BioRad) e enxaguadas trés vezes com 10 ml de tampéo de clivagem
(Tris-HCI 10 mM pH 8,0, NaCl 150 mM, IGEPAL 0,1%, EDTA 0,5 mM e DTT 1 mM). Os
complexos praticos foram eluidos com a adicdo de 135 pl de tampao de clivagem contendo 1
MM de inibidor de protease E-64 (Sigma) e 150 U de protease ACTEV (Invitrogen),
incubando-se a reacéo por 1 hora a 16°C.

Aos complexos préicos recuperados foram adicionados trés volumes de tampéo de
ligagdo a calmodulina (Tris-HCI 10 mM pH 8,0, NaCl 150 mM, IGEPAL 0,1%, acetato de
magnésio 1 mM, imidazole 1mM, Ca@ mM e beta-mercaptoetanol 10 mM). Em seguida
foram adicionados 100 pl de solucdo contendo esferas Calmodulin SephBrdssE
Healthcare), incubando-se com agitacao lenta por 1 hora a 4°C. Esta suspenséo foi transferida
para uma coluna de cromatografia de afinidade (Poly-Prep) e as esferas foram enxaguadas
com 30 ml de tamp&o de ligacdo a calmodulina. Os complexaSicooligados as esferas

foram eluidos com adicao de 90 ul de tampao de eluicéo (Tris-HCI 10 mM pH 8.0, NaCl 150
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mM, IGEPAL 0,1%, acetato de magnésio 1 mM, beta-mercaptoetanol 10 mM, imidazole 1

mM e EGTA 2 mM).
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Figura 1. Fluxograma dapurificacdo dos heterocomplexos @iobs através do método de

purificacéo por afinidade em tandem (TAP).

A purificacdo dos complexos péitos NTAPIMP ou NTAPI-GFP também foi
realizada com modificacbes no método TAP originalmente descrito por Rohila et al. (2004).
A primeira modificacdo foi feita no tampao de eluicdo, com a auséncia de IGEPAL.
Posteriomente retirou-se o IGEPAL de todas as etapas seguintes.
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Na tentaviva de obter-se um heterocomplexogiwotmais estavel, o procedimento de
purificacdo foi finalizado antecipadamente em duas etapas independentes: na etapa posterior &
ligacdo da etiqgueta TAP as esferas de agarose contendo a calmodulina (paradatépee na e
posterior a ligacdo da etiqueta TAP as esferas de agarose ligadas em IgG anti-proteina-A
(parada 2). Apos ligacdo (esferas + calmodulina ou IgG anti-proteina-A + etiqueta TAP +
proteinas do hospedeiro) procedeu-se a centrifugagcdo a 1.000 g por 20 segundos. O
sobrenadante foi cuidadosamente descartado e as esferas de agarose contendo o
heterocomplexo foram enxagadas trés vezes com tampéo de ligagdo a calmodulina (parada 1)
ou tampéao de lavagem (parada 2). O heterocomplexéiqgudbi ressuspendido em tampéo
de eluicdo sem IGEPAL e eluido por aquecimento a 90°C durante 3 minutos. Apds
centrifugacdo a 13.200 g o sobrenadante foi coletado, preparado e analisado por MS.

Etapas adicionais de purificacdo dos complexoséjpag ou das fracdes peptidicas
provenientes tanto da purificacdo pelo método TAP original quanto do método modificado
foram acrescentadas na tentativa de aumentar a pureza e melhorar a qualidade das analises por
MS. Para isso foram utilizadas colunas de cromatografia de fase estacionaria Striata C18-
100 mg/3 ml (fase reversa) e Strata SCX 500 mg/3 ml (troca catidnica) (Phenomenex) ou
ponteiras de micropipeta ZipTip com resina C18 (Millipore), conforme as instrugbes do

fabricante.

Purificagdo dos complexos praicos por pull-down. A proteinaMP do ToYSV fusionada a

uma cauda de seis histidin@@His) superexpressa em Escherichia @purificada (Silva,

2011) foi utilizada. Inicialmente, colunas de cromatografia de afinidade (Poly-Prep) contendo
resina Ni-NTA Agarose (Qiagenforam equilibradas com &agua MilQ- autoclavadae
posteriormente com tampao N (NaHLTO0 mM pH 9,0). Nestas foram adicionadas 70 pg

de MP-6His diluida em 1 ml de tampdo N, e as colunas foram enxaguada com 10 ml do
mesmo tampao. As proteinas totais provenientes de plantas de N. benthamiana, A thaliana

Col-0 e tomateiro, sadias ou infectadas com o ToYSV, foram maceradas em nitrogénio
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liguido e tampao de extracdo [THESI 20 mM pH 8,0, NaCl 150 mM, EDTA 2,5 mM,
benzamidina 2 mMpB-mercaptoetanol 10 mM, PMSF 1 mM, coquetel inibidor de protease
(Sigma) 1%, leupeptina 10 uM e 3-4-di-cloro-isocomarina 10 uM], na proporcéo 1:10 (peso
de folha: volume de tampdao). Apds centrifugacdo, foram transferidos 10 ml deste extrato
protéico foram transferidos para a coluna de cromatografia contendo a proteina MP-ToYSV
em fase estacionaria e em seguida esta foi enxaguada com 15 volumes de tampé&o N acrescido
de 0,1% de SDS. Os complexos protéicos foram eluidos com 3 ml de tampéo N acrescido de

SDS 0,1%e imidazole 250 mM.

Precipitacdo dos complexos protéicos e digestdo tripticdDds complexos protéicos
purificados pelos dois métodos descritos acima foram precipitados com a adicdo de acido
tricloroacético (TCA, Sigma) na proporcéo de 1 pl de TCA para 4 pl de amostra, mantidos
20°C durante 6-8 horas e em seguida centrifugados a 20.000 g por 15 minutos a 4°C. O pellet
foi ressuspendido em acetona (inicialmente 100% e em seguida 80%) e centrifugado a 20.000
g por 10 minutos a 4°C. O pellet foi desidratado em estufa a 37°C, ressuspemdo® ul

de bicarbonato de aménio 25 mM pH 8,8 e homogeneizado por sonicacdo. A digestéo triptica
dos complexos protéicos foi realizada conforme descrito por Shevchenko et al. €2006)

Kinter & Sherman (2000).

Identificacdo das proteinas por espectrometria de massa#s analises deMS foram
realizadas conforme descrito por Rohila et al. (2004 e 2006) utilizando espectrometros de
massas MALDI-TOF/TOF e LC/ION-TRAP. Para as analises em espectrdmetro de massa
LC/ION-TRAP, os peptideos tripticos foram solubilizados em 30 ul de agua grau MS (Sigma)
contendo 0,1 % de acido formico e injetados no espectrdmetro LC-MS utilizando um
nanoAquity UPLC System (Waters), contendo uma trap column (Waters) e uma coluna de
capilaridade ProteCol 1g5-A 300 um x 100-mm (SGE Analytical Science) operando com

razao de fluxo de 3,0l/min. Os tampdes de fase movel utilizados para o gradiente foram
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agua acrescida de 0,1% de acido férmico e acetonitrila acrescida de 0,1% de aciao férmic
Os compostos eluidos foram injetados em um espectdbmetro de massas ION-TRAP (Bruker
Daltonics).

A aquisicédo de dados de ambos os instrumentos LC-MS foi gerenciada utilizando-se o
Hystar Package (Bruker) e os espectros foram processados utilizando Data Alsakage P
(Bruker) com as configuragcdes padrdes para protedmica. O espectrometro de massas operou
em modo Auto-MSn, coletando espectro MS2 para os ions mais intensos e excluindo ions de
carga simples. O tempo de varredura foi ajustado para 0,5 segundos para a digitatizacéo d
escaneamente cada espectro faegistrado cinco vezes para permitir a coleta do nimero
maximo de espectros MS2 durante a andlise. Um arquivo com formato mascot generic format
(.mgf) com uma lista de picos (peak list) foi gerada com o Data Analysis Package (Bruker). A
identificacdo das proteinas foi realizada pela busca nos bancos de dados publicos de proteinas
do NCBIle SOL Genomics. Os dados do MS/MS ion search foram utilizados para a busca de
proteinas pelo software MASCOT versdo 2.2.07 (Matrix Science), em um sistema de busca
local, considerando os seguintes paramétros: tolerancia de 0,1 Da para os ions, uma clivagem
perdida, estados de carga 2, 3 e 4 e protease tripsina. As modificacdes variaveis nos peptideos
e aminoacidos foram carbamidometilacédo da cisteina, oxidacdo da metionina e deaminacao da
asparagina e glutamina. A identificacdo dos peptideos e proteinas foi estatisticamente avaliada
com os algoritmos PeptideProphe ProteinProphet utilizando-se o Scaffold package
(Proteome Software, InNgmara 90% de probabilidade.

Para o método MALDI-TOF/TOF, a ionizacéo dos peptideos para a fase gasosa foi feita
em MALDI (Ultraflex 3, Bruker Daltonics) e o método de deteccdo das massas foi obtido por
detector do tipo TOF/TOF. Um volume de 2 pl de cada amostra de peptideos foi
homogeneizado em 2 ul de mataziano-4-hidroxicinamico3mg/ml de &cidoa-ciano-4-
hidroxicinamico em 50% acetonitrila e 0,1% acido trifluoracético) ou acido 2,5-di-hidroxi-

benzdéico (10 mgnl de acido 2,5-di-hidroxibenzéico em acetonitrila e 0,1% de &acido
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trifluoracético) (Sigma), sendo em seguida espotadas em triplicata em placa de ago inoxidavel
de 96 spots. Apds secagem da preparagdo peptideo-matriz, estes foram analisados em MALDI
para a obtencédo das listas de massas dos peptideos e seus fragmentos. Uma lista de picos foi
gerada, e os mais intensos foram fragmentados pelo método LIFT para gerar o espectro MS2.
Cada espectro foi detectado em modo linear positivo e calibrado externamente utgzando-
uma mistura padrdo de peptideos. A identificacdo dos peptideos foi realizada utdeaado-

softwares MASCO Scaffold, conforme descrito acima.

Clonagem do geneMP do ToYSV sem o dominio transmembrana® mapeamento do
dominio transmembrana presente na MP-ToYSV foi baseado no dominio transmembrana
previamente caracterizado MP do Abutilon mosaic virus (AbMV) (Zhang et al., 2002) e

por meio de alinhamento das sequéncias de aminoacidos. QMgede ToYSV (isolado
ToYSV-[Bi2]; Calegario et al., 2007) foi amplificado por PCR convencional em duas etapas.
Para amplificacdo da regido anterior ao dominio transmembrana (B&filzlaram-se os
oligonucleotideo®MPEcoRI(Forward) (5-CGC GA ATT CGT TGA AAT GGATTC TCA

G-3) e MPNotl(Reverse) (5-ACG CG&CA ATC TTA TCT AAA CAG TTC-3'). Para
amplificar a regido posterior ao dominio transmembrana (421 bp) utilizEaos-
oligonucleotideosViPNotl(Forward) 6-ACG CGG CCC GGT ATT GGG TCT TT-3") e
MPXhol(Reverse) (5'-CGC GCT CGA GCC CTC TCT TAA CTC AAT G-3'). Os produtos

da amplificagdo foram purificados, submetidos a restricdo com as enzimas apropriadas
clonados no vetor de entrada pENTR11 (Invitrogen). A integridade e a fase dedesiara
construcdo foram confirmadas por sequenciamento (Macrogen, Inc.). Os sitios de clonagem
attL1 e att2 presentes neste vetor foram utilizados para subclonar dviersem dominio
transmembrana (MPAtmd) no vetor binario pNTAPi (attR1 e attR2) por meio de
recombinacdo homodloga mediada por LR clonase (Invitrogen), gerando a construcdo

PNTAPi-MPAtmd.



Clonagem e andlise in vitro da interacdo entrdMP-ToYSV e proteinas do hospedeiro

Entre as 64 proteinas de plantas isoladas por pull-down e identificadas por MS (Tabela 1),
foram selecionadas 25 com base em sua fungéo biologica, localizacao celular e identificaca
em mais de um tipo de hospedeiro (Tabela 2). Para a clonagem destes genes procedeu-se
inicialmente ao isolamento de RNA total das plantas (A thaliana Col-0, N. benthamiana
tomateiro sadias ou infectadas com o ToYSV) com o Concert Plant RNA Reagent
(Invitrogen), conforme as instru¢des do fabricante. Ensaios de RT-PCR foram conduzidos
com oligonucleotideos especificos desenhados com base nas sequéncias disponiveis nos
bancos de dados do TAIR (The Arabidopsis Information Resource) e SGN (SOL Genomics
Network). O método de clonagem foi baseado na inser¢cdo de sitios de restricdo nos
oligonucleotideos de forma a auxiliar a subclonagem dos genes no vetor de entrada
(PENTR11) e a posterior transferéncia por recombinacdo homodloga (Gateway LR Clonase Il
Enzyme mix, Invitrogen) para vetores de duplo hibrido (pDEST22 e pDEST32; Invitrogen).

A identidade, integridade e orientacdo dos genes clonados foram confirmadas por
sequenciamento (Macrogen, Inc.).

Para os testes de interacdo proteina-proteina no sistema duplo-hibrido de levedura
utilizou-se Saccharomyces cerevisiae estirpe AH109 (Clontech), que possui 0s genes
reporteres ADE2, HIS3, LacZ e MEL1 controlados por sequéncias promotoras da transcricéo
GAL4 ou MEL1. Os 25 genes de plantas selecionados foram clonados tanto no vetor
contendo o dominio de ativagcdo (pDEST22) quanto no vetor com o dominio de ligacao
(pPDEST32). Da mesma forma, a MP-ToYSV integra ou sem dominio transmembrana foram
clonadas em ambos os vetores. A co-transformacdo sequencial das células competentes de
levedura foi realizada pelo método de acetato de litio e polietilenoglicol acrescido de 2,5 pg
de DNA de esperma de salméo, seguido de choque-térmico. Os transformantes simples e
duplos foram selecionados apos incubacdo a 28°C em meio SD (Synthetic Dropout) com

deficiéncia em leucina e/ou triptofano. Dentre os duplos transformantes, trés col6nias foram
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selecionadas, cultivadas em meio SD liquido sem leucina e triptofano até atiggiigDal a

1,0 e plagueadas em diluicbes seriad@Bgfo igual a 1,0, 0,1 e 0,01) neste mesmo meio
solido com deficiéncia em leucina, triptofano e histidina e suplementado com 5 mM de 3-
amino-1,2,4-triazole (3AT; Sigma). As placas foram incubadas a 28°C durante 3 a 4 dias, e 0
crescimento celular foi avaliado por meio de comparagdo com 0s controles positivo e
negativo. Como controle negativo foi utilizadd® (com ou sem dominio transmembrana)
clonada nos vetores de duplo-hibrido em combinagdo com o0s respectivos vetores vazios.
Como controle positivo foi utilizado o gene responsavel por codificar uma proteina receptora
do tipo kinase, NSP-interacting kinase (NIK), previamente caracterizada por Santos et al.
(2010) e gentilmente cedido pela Profa. Elizabeth P.B. Fontes (UFV).

Os genes candidatos a interagirem coMPae selecionados por duplo-hibrido foram
avaliados por ensaios de quantificagdo da atividade de f-galactosidase, determinada conforme
descrito por Amberg et al. (2005). Apos a permeabilizag8oélulas de levedura, utilizou-se
orto-nitropfnil- B-galactosideo (4 mg/ml) (Sigma) como substrato para medir a atividade da
erzima. Os controles utilizados nestes ensaios foram 0s mesmos descritos antefiormente
acrescido de controles compostos dos genes de plantas acima selecionados, clonados nos

vetores de duplo-hibrido em combinagdo com os respectivos vetores vazios.

RESULTADOS

Transformacdo genética de Arabidopsis thaliana e tomateiroPor meio de PCR
convencional e Western blot confirmou-se que quatro plantas de A thaliana expressavam
constitutivamente NTAPMP (Figura 2A, B) e sete plantas expressavam NTAPI-GFP (dados

nao mostrados). Estas plantas transgénicas foram propagadas em camara-de-crescimento e a

geracdo T2 de cada tratamento foi também avaliada por Western blot.
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A transformacdo genética de plantas de tomateiro também foi confirmada por PCR e
Western blot (Figura 2C, D). As plantas transgénicas aclimatadas foram mantidas dm casa-

vegetacao e propagadas vegetativamente por estaquia.

D C+ 1 2 3 ) 4 5 5 7

Figura 2. Transformacgéo genética de A thaliana e tomateiro para expresséo constitutiva da
etiqueta NTAPi-MP.A. PCR com oligonucleotideos especificos p&fa (882 pb). M,
marcador de tamanho (1 kb plus DNA ladder, em pb); a, reacdo sem DNA (controle
negativo); C+, amplificacdo a partir de DNA do clone contendo o @édine(controle
positivo); C-, planta ndo transformada; 1-4, plantas transformBd#¢estern blot utilizando
anti-soro policlonal antMP-ToYSV para confirmacao da transformacao de A thaliana. 1-4,
plantas transformada€. PCR com oligonucleotideos especificos plsia (882 pb). M,
marcador de tamanho (1 kb plus DNA ladder, em pb); C+, amplificacdo a partir de DNA do
clone contendo o genP (controle positivo); C-, planta ndo transformada; 1-16, plantas
transformadas.D. Western blot utilizando anti-soro policlonal alP-ToYSV para
confirmacédo da transformacédo de tomateiro. C+, proteiha@xpressa em E. coli (controle
positivo); 1-7, plantas transformadas.

122



Expressao transiente em folhas de Nicotiana benthamian®s ensaios de expressao
transiente das construcbes pNTARP- e pNTAPI-GFP foram conduzidos em folhas
completamente expandidas de N. benthamiana sadias ou infectadas com o ToYSV. As plantas
foram agroinfiltradas10 dias apods a inoculacdo (dpi) com o virus. Apdés 48 horas da
agroinfiltracdo (12 dpi), tempo previamente determinado como de maior expressao transiente
dessas construgdes (Silva, 2011), as folhas agroinfiltradas foram coletadas e a expresséao das
proteinas MP e GFP foi confirmada por Western blot (Figura 3A). As folhas agroinfiltradas
foram estocadas a -80°C. Apds a coleta das folhas, as plantas inoculadas com o ToYSV foram
mantidas em casdevegetacdo e a infeccao viral foi confirmada com base na observacéo

visual de sintomas nas folhas sistémicas (n&o-inoculadas).

A MP GFP B

C+ Sadia ToYSV Sadia ToYSV C+ 1 2 3

r’

70 kDa

40 kDa i

Figura 3. Expressao transiente em N. benthamiana de NTAPe NTAPI-GFP A. Western

blot a partir do extrato de proteinas totais provenientes de folhas de N. benthamiana sadias ou
infectadas com ToYSV, agroinfiltradas com as construcdes pNIViRP& pNTAPI-GFP B.
Purificagdo dos complexos protéicos por pull-down. Western blot utilizando anti-soro
policlonal antiMP-ToYSV para confirmacgéo da presencauifa no extrato final de proteinas

totais. C+, MP-ToYSV expressa em E. coli (controle positivo); 1, 2, 3. Proteinas totais eluidas
provenientes da interacdo MP-ToYSV com proteinas totais de N. benthafidmaijanae

tomateiro, respectivamente.
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Tentativas de purificacdo dos complexos préicos por TAP. A partir de plantas
transgénicas (A thaliana e tomateiro) expressando constitutivamente e N. benthamiana
expressando transientemente a etigueta NTM#Pie utilizando-se o método de purificacédo

TAP original (Rohila et al., 2004) ou com modificacdes e adaptacdes ao longo do protocolo
TAP, ndo foram identificadas proteinas dos hospedeiros complexadas nestas etiquetas. Em
alguns casos, nas duas paradas ao longo do protocolo TAP a partir de amostras expressando
transientemente as etiquetas, foram detectadas apenas as pMRmasGFP, contudo em

baixas concentracfes. Aparentemente a expressao constitutiva das etiquetas, em ambos o0s
hospedeiros, foi baixa em comparacdo com a expressdo transiente, de modo a fornecer
guantidade suficiente de heterocomplexos ao ponto de serem purificados pelo método TAP e
identificados por MS.

A presenca de contaminantes, tanto a partir de material vegetal expressando
constitutivamente quanto transientemente a proteina etiquetada, reduziu significativamente a
sensibilidade de deteccdo pelos dois métodos de MS utilizados (MALDI-TOF/TOF e
LC/ION-TRAP). Na tentativa de eliminar estes contaminantes das fracdes peptidicas foram
utilizadas colunas cromatograficas de fase reversa e de troca catibnica, contudo, além de
eliminar as impurezas, ocorreu também a reducdo da concentracdo dos peptideos e as

proteinas etiquetadas nédo foram detectadas por MS.

Purificacdo dos complexos protéic® por pull-down. Utilizando-se a proteina 6HMP-

ToYSV como isca e proteinas totais dos hospedeiros A thahNamenthamiana e tomateiro

como presas, foi possivel isolar e identificar por MS 64 proteinas candidatas a interagirem

com a MP-ToYSV (Tabela 1). Entre estas 64 proteinas, 25 foram selecionadas para avaliacéo
in vitro com base em sua funcao biologica, localizacao celular, maior niumeros de peptideos

identificados por MS e identificacdo em mais de uma espécie hospedeira.
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As proteinas rubisco e queratina também foram detectadas entre as proteinas purificadas
e identificadas por espectrometria de massa. A presenca dessas proteinas pode ser explicada
devido a sua alta concentracdo na planta e consequente ligacdo inespecifica as esferas de

agarose (rubisco), e a contaminacao durante o0 manuseio das amostras (queratina).

12¢



Tabela 1. Proteinas de plantas hospedeiras (Arabidopsis thaliana, Nicotiana benthamiana e tomateiro) do Tomaspoteliays (ToYSV)
candidatas a interagirem conM#® viral, obtidas por meio de pull-down com a protdiffa fusionada a uma etiqueta de seis histidicnas (BHHs-
ToYSV) e identificadas por espectrometria de massa (ION-TRAP MS). Andlise das sequéncias peptidicas ("gergeintifig") com base nos
bancos de dados do NCBI e SOL Genomics.

No. de
Massa . .
. Planta Cobertur | peptideos |ldentida | Espectro do | Banco de P . . . . o
Proteina hospedeira molecula a identificad de cromatograma | dados Sequeéncia da proteina candidata e peptideos identificados pordfem
candidata r (kDa) s negrito e maidsculas)

Cobalamin synthesis|N. benthamiana 51 15% 6 100% Excelente SOL maslsidiattfmglakrgtpgfyglrtaviptiwktskcqrfsistssssrisvashgrfsrgftvsatstsapgsedsdiltkipgtir

protein P (CobW- Genomics |ATITGFLGSGK ttlinhiltadhgkriavieneygevdidgslvaaktagaeeimminngclcctvrddAELVSR k

like) kgkfdhiviettglanpapiigtfyaedqvindddDGVVTLVDSK hvgfhldetkplGVVNEAVEQIAYADR iiin
ktdlvgdsevssligrikninkmahlkrtqfdkDLDYVLGIGGFDLER iessvgaegskedhtghdhdhdhdhhhhhc
dhdhehdhkhehhdhhhshdhthdpgvssvsivcegtldlekanmwlgtlidigrsakglisvegmderfvfqgvhdifqgsp
drpwksdepmklVFIGK nldakeleegfkaclt*
matlstleiattflsftaprssaafnyrfssaavsvisrprattvsvrttpsffyspvwesydasatqtedsdvttkippdnripatiitgfigs

PTA(.:N . kttlinhiltrdhgkriavienefgevdidgslvasksigaedivminngclcctvrgdligeivntkkgkfdhiviettglanpapiigtf

pIaSt'd. . A thaliana o o yaeeeifndvkldgvvtivdakharlhldevkpegvvneaveqiayadriivnktdlvgeaelgd/TtNSMAQMTR tkyg

transcriptionally 50 2% 1 75% Bom NCBI hvdidyvigiggfdieriessvneddkgdhhdhdhdhhhdhnhdhdhhhhdghisshdhthdpgyssvsiveegsidiekani

active 17 wigtlimersediyrmkglisvhtmeerfvfqgvhdifggspdriwgreeervnkivfigkninre giiidacli*

AGT IA thaliana 44 38% 8 100% Excelente NCBI mdymygpgHHLFVPGPVNIPEPVIR amnrnnedyrspaipaltktlledvkkifkttsgtpflfpttgtgawesaltntlsg

(alanine:glyoxylate drivsfliggfsliwidggkrinfnvdvvesdwggganigvlaskisqdertal CIVHNETATGVTNDISAVR tlidh

aminotransferase) lykhpalllvdgvssicaldMDEWGVDVALTGSQKALSLPTGLGIVCASPK  aleatktskslkvifdwndyl
kfyklgtywpytpsiqllygIrAALDLIFEEGLENIIAR harlgkatrlaveawglknctgkeewisntvtavmvpphidgs
ivirawqrYNLSLGLGLNK vagkviiGHLGNVNELQLLGCLAGVEMILKDVGYPVVMGSG

AAASTYLQHHIPLIPSRI *

mtLPD1 N. benthamiana 54 21% 2 100% Excelente NCBI mamaslarrkayfltrnisnsptdalrfsfsisrgfassgsdendvviigggpggyvaaik&tigigktGALGGTCLNVG

(mitochondrial ICIPSKallhsshmyheakhsfanhgikvssvevdipamlagkdnavknltrgieglfkknkvtygk§ISPNEVSVETI

lipoamide A thaliana DGGNTIVK gkhiivatgsdviSLPGITIDEK kivsstgalslsevpkklivigagyiglemgsvwgrlgsevtvvefagdiy

dehydrogenase 1) [Tomateiro 2 psmdgeirkgfgrslekgkmkfmlktkvvsvdsssddvkVEPAEGGEQSILEADVVLVSAGR tpftsgldleki

3 gvetdkagrilvndrflsnvpgvyaigdvipgpmlahkaeedgvacvefiagkhghvdydikvythpevasvgkteeqlkkegv

sy'VGKFPFMANSR akAIDNAEGLVK iladketdkilgvhimapnageliheavlainydasseM&HAHPT
MSEALK eaamatydkpihi*

Aminotransferase- |A thaliana 51 15% 4 100% Excelente NCBI mnsgdvfilsrskghdmlapftagwgsadldplviaksegsyvyddtgkkgdbictalggnedrt VSAAVEQLNTLP

like protein FYHSFWNRttkpsldlak/LLEMFTANK makafftsggsdandtqvklvwyynnalgrpekkkfiarkksyhgstlise
Isglpplhgnfdipapfvihtdcphywrfhipgeteeefstriaknledliikegpefiaepvmgaggvipppatyfekvgavvkkyc

Gamma- ilfiadevicafgrigtmfgcdkynikpdivtlaRLSSAYMPIGAILMSQEVADVINSHSSK Igvfshgftysghpv

aminobutyrate scavaiealkiykernipeyvakvaprfqdg&kKASGSPIIGETR gtglilgtefvdnkspnepfppewgvgaffgaecgkhg

transaminase-like mivrvagdgilmsppliispeeidelisiygkalkateekvkelkaghkk*

protein

Serine-glyoxylate  |A thaliana 44 4% 5 100% Bom SOL mdyvngpgrnhlfvpgpvnipeqgviramnrnnedyrspavpaltktlledvkksgtpfifpttgtgawesaltntispgdrtvsflig

aminotransferase Genomics |gfsllwidqgkrinfdvdvvesdwgqganleviaskiaedkshtikavcivhnetatglatvrkildhyghpalflvdgvssicaldfr

Aminotransferase, [Tomateiro 1 98% mdewgvdvaltgsgkLSLPTGLGIVCASPK aleasktaksvrvffdwsdylkfykligtywpytpsigllyglraaldlifee

class V/Cysteine gldnviarharlgkatrlaveawglknctgkeewfsdtvtavvvpphiesseivkrawkryrgbiglagkvfrighlgninelglige

desulfurase” lagvemvikdigypvkfgsgvaaasaflgnstplipsri*
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Tabela 1 (cont.)

L-threonine 3- N. benthamiana 38 19% 100% Excelente SOL mgkggsdenmaawligvntlkigpfnlpalgphdvrvrmkavgicgsdvhylktmrcadfvvieighecagiieevggevktlv
dehydrogenase Genomics |pgdrvalepgiscwrcnlckedNLCPEMK ffatppvhgslangvvhpadicfkipddisleegamceplsvgvhably
“Alcohol GPETNILVLGAGPIGLVTLLAAR afgaptVIVDVDDYR Isvakklgaddivkvsinigdvatdienigkamg
dehydrogenase, zinc; ggidasfdcagfnktmstalgatrpggkvclvgmghhemtvpltp&dDVIGIFRYKNTWPLCLEFLR  sgkidv
containing, kplithrfgfsgeeveeafetsarggdaikvmfnl*

conserved site”

Sorbitol related N. benthamiana 38 14% 100% Excelente NCBI mgkggsdenmaawligvntlkigpfnipalgphdvrvrmkavgicgsdvhylktmrcadfvvkejghecagiieevggevktiv

enzyme pgdrvalepgiscwrenlckegrynlcpemkffatppvhgslangvvhpadictkipddisieegplsvgvhaciNVGPE
TNILVLGAGPIGLVTLLAAR afgaptVIVDVDDYR Isvakkigaddivkvsinigdvatdienigkamgggidi
sfdcagfnktmstalgatrpggkvclvgmghhemtvpltpaaarevdWwiiNTWPLCLEFLR sgkidvkplithrfgfs
geeveeafetsarggdaikvmfnl*

CBL (cystathionine |A thaliana 50 8% 100% Excelente NCBI mtsslslhssfvpsfadlsdrglisknsptsvsiskvptwekkgisnrnsfkinc\ewegqgthstvnnttdsintmnikeeasvstlivr

beta-lyase) dnkfdpfdamstplyqtatfkgpsaiengpydytrsgnptrdalesllakldR&ZFTSGMAALSAVTHLIK ngeeiv
lagddvyggsdrlisqvvprsgvvvkrvnttkldevaaaigpqgtkivwlesptnpsdigkisemahaggalvivdnsimspvisrple
Igadivmhsatkfiaghsdvmagvlavkgeklakevyflgnsegsglapfdcwicirgiktieledgenarkiamylsshprvkkv
lyyaglpdhpghhlhfsqakgagsvfsfitgsvalskhlivettkyfsiavsfgsgkspcfmshasipaevreargltedISAGIE
DVDDLISDLDIAFK tfpl*

Nodulin-related A thaliana 20 13% 100% Excelente NCBI mdfftdgvkkkfsdkkpessdpepnhnknkpghteptthkpghgeptthifuithrpatnaelmaskAEAAQAAA
Rhesdkldkak AGATADILDAASR ygkldeksgvgqgylekaeqylhkyetshshsstggtgshgnvgghgggaga)
kedeksggghgfgdyakmaqgfmk*

Chain A, crystal Tomateiro 44 3% 89% Excelente NCBI mggshhhhhhgmasmtgggqnirY DDDDKDR wgseleismeqvsasignftvdlfnkinetnrdkniffspwsissal

structure of a m-loop tylaakgstaremaevlhfeqaenihsgfkelltafnkprnnysirsanriyvektyallptighgigkaepgkvnfktapeqgsrkeint

deletion variant b wvekqteskiknlissddvkattrlilvnaiyfkaewevkfqaektsigpfrisknkskmmymrdtfpvlimekmnfkmielpyv

Ment in the cleaved krelsmfillpddikdgttgleglereltyerlsewadskmmtetivdihlpkfsledritirnmgmttafttnadfrgmtdkkdlaiskv

conformation ihgsfvavdekgteavaataviis*

ASR4 (Fragment)  [Tomateiro 33 11% 100% Excelente SOL maeekkhhfgglfnhhknkeedtpiekttyeettyedE8R YGDNTYGEK tsygddtygkktttygddnkysekSYG

ABA/WDS induced Genomics |[DDTYDEKTNTYGDENK ygektsysegddnkygektsyggdtygekptsyggdntygektsygggdenkyaehts

protein lasygggddnkygektsygneeggygggvgayssetttnyeenddsgtktsedykébldglgglgavaagafalhekhkaek
pehahkhkieeeiaavaavgaggfathehhgkkeakeeeeeaegkkkhhff*

Thiazole biosynthetic|N. benthamiana 38 10% 100% Excelente SOL mastlassvisktnfidthkssfygvpissgtrikivkstpgnmsvsmsadgdigsfsfnpikesivaremtrrymtdmityadtdv

enzyme Thiamine Genomics vivgagsaglscayelsknpnvgvailegsvspgggawlggglfsamvvrkpahlfingleigdnyvvikhaalftstimskllarp

biosynthesis Thi4 nvklfnavatedlivkngrvggvvtnwslvsgnhdtgscmdpnvmeakivvsscghagatgvkrirsigminsvpgmkaldm

protein naaedaivrlEVVPGMIVTGMEVAEIDGAPRMGPTFGAMMISGQK  aahlalralglpnaldgtaetsvip
elmlaaadeaeiada*
Maaiastlslsstkpgrifdssthgsaisaapisiglkprsfsvrattagydinaiftisivsremtrrymtdmityaetdvvvvgagsa

THI1; protein IA thaliana 37 14% 100% Excelente NCBI Isaayeisknpnvqvaiieqsvspgggawlggglfsamivrkpahlfldeigvaydeggishaalftstimskllarpnvkifnava

homodimerization aedlivkgnrvggvvtnwalvagnhhtgscmdpnvmeakivvsscghdgpfgatgvkrikgigypgmALDMNTAE
DAIVR ItrEVVPGMIVTGMEVAEIDGAPRMGPTFGAMMISGQK  agglalkalglpnaidgtivgnisp
elvlaaadsaetvda*

Putative 1-acybn  [Tomateiro 36 3% 88% Baixa NCBI mvdflpgflkgglsfllylintivicsaiflvaffk FVIPIPWFTR qcdrlligissiwitinsltskffnriewdvrgvsdldpngwylvi

glycerol-3-phosphate| snhgswvdilvigtvnrripflkfflkkeliwvpflglawwaldfpfmqryskkflekphlrgndlkrtrracekfktipvsvmnfvegtr

acyltransferase fselkhsaqgsefksllikpkaggvafvigamgdclhkvvnvtivypdgadsfwgfisgvidvevipvtsemtgdffnnstfrddfct
winrlwkekdrkilairdglrdskstvnqg*

Lipid-associated A thaliana 20 10% 75% Bom NCBI mmprrdvlfisliiviatvsavaladdeadcvytffirtgstfkagtdsiisarvydkyggiyNLEAWGGLMGPGYNYY

family protein
(PLAT-plant-stress
domain-containing

protein)

ERgnldifsgkapclpspvcsinltsdgsgdhhgwyvnyvevttagvhakcsygsfdtaesgtspyelsavrnncpvsiresvgn
gseirktlswiv*




Tabela 1 (cont.)

Dihydrolipoyl IA thaliana 53 2% 98% Excelente SOL maigslarrkastilssrylkysfsisrgfasgsdendvvvigggpggyvaaikaaotighkttgtiggtcinvgcipskallhsshmyh

dehydrogenase Genomics |eaghsfashgvkfssvevdlpammagkdkavagltrgieglfkknkvnyvkgygkflspativeggntivkgkniiiatgsdv®

Pyridine nucleotide- LPGLTIDEK rivsstgalalteipkklvvigagyiglemgsvwgrlgsevtvvefasdivptmdgevrksiiekgkmkfmikt

disulphide kvvsvdtvgdsvkitlepaaggeqgttleadvvivsagrvpftsglgldkigvetddagarfasnvpgvyaigdvipgpmlahkaee

oxidoreductase, class dgvacvefiagkeghvdydlvpgvcythpevasvgkteeqvkalgvdyrvgkfpflansrakaigivkviaekgtdkilgvhims
| snageliheavlalnygassediartchahptmsealkeaamatydkpihm*

hypothetical protein[Tomateiro 214 1% 87% Excelente NCBI matevgsdialigdedmIrkmwaqgtedfgkkkeirmrmyklreqrikefyttgemiqtettskrsstsitdqgfmtmktkeirdse

LOC100167534 sptedygrgsnanknyyvsskidesdgnrgiveiegasslkpneeytgnsiatstieekssqttisvseevddE VNLNSK f

[Acyrthosiphon ivnegnnedsqltydtsynnsdssnidskvtesisttnvdnikrddnnikiygkveetytsngeqfepvsenisnadsnfientyisn

pisum] snksehfeiatdnkiinelgkldsylstqgsttdsstksnsivsnddkiddéwidtskehiegqyitthghsyqpprisvdispshdafi
kslrstpersspspsrerisperrfksaspekyraspeksgspsksinystrrrisstgtkgstkgekydssddsdcsgathgtydk
kgcdakktlifkeekkitstskyggkssstspvrrekspgyssegsvgkevrkssprivisssersafkpeqvcisveqvdtektttq
tssndinksprdkspsksvrkenktkgdefieneksnvvkgsniindvitdémpvkeikpvtkdtkkyptvkssenisytsdiksvt}
skktistvpssipsptkkvvpstlektpskknlihkdskdtlinktvkked&mdikitrsdsktlihknskeritpkmvvkkpshellvd
kkttissrqkvtspetktktletikilekkdsknklkpsispgssqgkklviiketkivdskkttgniyskripsinvtkprthtspksdinety
trnelppdnfesdtdlddstnkpkyiknissnsstsssssdeddedrddidkigieaeeeygkkmtnkdallnvivglppssress|
eysarfggpycsvsddaslpryadvvsepedandyslhsnrydvvtdideesnwklidnvnkqgeeigktteipgspgavrktk
gifesiakgkteetdindviksetmnikneevhdiskinntpssvltrkisgasdglffenkksndisekvthltptkitrsssikdrrasf
etkidkktplkdktnvprtkspeskssspdrttktpikisktetfdvkveemsgsksvkdrtatfekneptgklykenkttfrhqvpnt)
Intskisetriktatvtdtktadrviskrvrspekpsatdsiiktnestskkwgmskkitetpkrnstakspdrgitetpkrnstakspdrgit
pkrnstakspdrgiteapkrnsmtkspersaliktkedtsenrstrdtisssstakaigvttknsstpkttltttttgsisignaddeveie
eifdlhiletmlekavgydrrrriragirvvkrgletnsgkatntttrvtknfqdvipaktgkgsvektenvkkfevkkersvspgktyan
pignsrspspgktirsvvetrtplptgkavrtienersnssgktvisvekvgplgsigkvrspspgkitstekvrspspkkisvvakaq
dsrfnknekssrnstitststtvtkttkvkseqvsssstnlygeqgnvtdliteggtidngrplfglralrktnangsvinglitfircallsltiv
sspetdssssvhyeaesrdtqasdgknrsfglralgsentytvgessstvyaggedqlitdhkgkplfglkalgsigkneeepiyd
dmpeppvspglkdivikhekhakessklesqprgkpkakfrdsfildtkdeglystféidpneitsirsiikkseddgnnetivksks
gstvfgsksvmrsdgsgnvsvtqdflkg*

Intronic ORF Tomateiro 37 7% 89% Baixa NCBI lyiwpiwyeiinlyfaicwklliiikykfklitiyisllynnilyklailvkili - yynnnqqitnnmikiikryksylvgisetirknsdldkRI
KFNQWLAGLIDGDGYLGVSK agytsceitvaledekalrgignkfggsikirsgikairyrlhnkegmiklinaingnir
tkripglhkvcsilnlpiiepinltinnswfigffdadgtinyyfknnypgqlvsnkkyidlkpfmdifggniyydksnngcykwsigskt
dilffinsyvkfnssrttkfnkimlcskyydlinikawlifnknfnske*

RNA-binding Tomateiro 12 11% 98% Bom SOL maaeveyscfvgglawattdrtlsdafstygevvdskiindretgrsrgfgfvtfkdeksmkdaiggeldgrnitvneaqg@SG

glycine-rich protein- Genomics [GGGGGYGGGRregggggygggggyggdry*

1b

RNA recognition

motif, glycine rich

protein

DDT domain- ITomateiro 93 1% 98% Bom SOL mifvrmfnhiearlssnsrrkvsiwrelnniyreiesigkhvpnhhrflsippstsntrkitmigyphnlliniglkmplfkiK PFAL

containing protein Genomics |AEKPK dlkpnelvfgvrftkeifrdygeylrrinlyrhrvwtckltgkhnltyeealvsekkaaeevgkfpesgdvirdvgfsmisik

WSTF/Acf1/Cbp146 dlgdavagklggclsegselygrkndhvysckiervvkdgektryevawldkyermpedtaidelddisraflksfirestyrsipw

Iherlakkhgiptdppddlkdgfsmgdgvvvvnrkrkksedsetkengfqdpyeidiedistrypiddlivgytefdkglaerpp
pcrefnvpmecvgdhimvwdfctsfgriihispfsledferavcgkgsniviitechsalldiikeysiavgkkrpklikitlitwteylsd
fleligiveltnhvatikrghyglldikaklailrelvcrvietdyfkekldediekgyalaatrresgisrkkredhlkigsngkeatkgrgns
sdtgsdnhlrengdmpssngkgtspskhslenseseltissiknskkrkstikmnasskiasdklikdegketlenrsmdqraa
kmrkneikehlenrskegrkeylereiekrvirtnplgkdrdynrylffrrdgrifvessdslewggeeldaligsinvkgereralkke

lenlyhkislelgkrskeagkaetddadvrrstrvrappgdnpalaflkyvnkwked*
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Tabela 1 (cont.)

Acriflavin resistance |A thaliana 112 2% 64% Média NCBI mnlisapfirrpvatillslaltisglfayrlipvaalptvdfptisvtaglpgaspesasvatplikefstipaiatisatnyqgftsitiefelsrn
protein dgaaadvqaaitrtirripveltippsfrkinpadapvillavssdttplptldaféspsistitgvgqvivygsqgkfavrigfdpnviaargi
gvdevqaaisnantstpvgvvegrggnltigtntgimnadafrdiivavrngrpvidgedsvennriaswkdgrralviavgrgpdi
ntvevvdrvramiprfeeqlggagtiavvndrsvsireavhdvdgftllitigivvvviylfigdtlipsiavpisiiatigamyligysidnisl
Igltlavglvvddaivmlenivrhveqgekpfeaalkgageigftilsitvsivavfipaiygvvgrifnefaivvtiaivasavisvtitpml
aat PAGAAGHGAGAEGHGAR rnlifergfarlgagyergvdicirhggavmivflgsvaltaamfaaipkgffppedic
Igiatearqdisfeavaalgheaerviarnpavahvvnragsngftgtinggaffvelvergarpplamieedpglsafitpvanirl
ggragsksqyqgyvvagldraelerwtvritdamaqdratldratftgvtndignaalqatikagalgitsdqirqtlytgfgtrgistiygt
ladsyqvitefdprigwtadrideirlraasgklvplsavatvartpgplsinglglipsidvppgvalgqavsriaeikgslglpgtisttfa
gtaqvfgdalanqglllaaavltiylvigilyesfihpitiltglpaaavgalgalglfgmseiaiigvimligivkknaimmidvalvigreq
gwtpraaireaclirfrpimmttaaavmgtlpiaighgasaelrgplgvavvgglivsglitifisiamdriasgttrillalrrgrirgprtg
rlpae*
Acetyl-CoA N. benthamiana 49 4% 56% Baixa NCBI mirkilianrgeialrvirackelgiktvavhstadadamhvrladesvcigpppvrdsylisgceitgadavhpgygflsenakfad
carboxylase biotin leahkitfigptaahirimgdkieakktakklgipvvpgsdgaiteeaealriaheigy@siaggggrgmdVRSEQEFAI
carboxylase subunit IALETTR seaaaafgddavyiekylekprhieigvigdgagnaihlgerdcslgrrhgkiweeatspdkigdivanacaglgy
rgagtieflyengkfyfiemntrigvehpvteaitgidlvhegihiasgcrisvvgeditisigcrinaedpinftpspgtithfhtpgglgi
rvdsgaysgycippyydsmigklivhgrtrlecmmrlrraldefvvdgikttlplfrdlinnigdgnynihwlekylssgstssds*
ATP-dependent RNA[Tomateiro 116 1% 95% Excelente SOL msvrlinhphssallrfhfentsirsslqrsysfsrsvmayrpnyrggrrggggrsgggrggomaggeqrwwdpvwraerlrqq
helicase A-like Genomics faaemevmnenewwgkmeqfkrggeqemvirrnfsrddggklsdmayglelyfhaynkgkalvaskvplmsntzghtgkei
protein rmsteieervgnlisssqdavsagtssstsgtsakliskavettkpkisieddiatketrkeptkirgsekvkemisfreklpafkvkset
meavannqvlvvsgetgcgkttglpgfileeeissirgvdcniicl§BAISVAAR issergdslgdtvgyqgirleakrsaqtrlifc
Helicase-associated ttgvlirrlvadpditgvshlivdeihergmnedflliilrdliprrpdirliimsatiaelfskyfrdaptihipgltypvaelfledviektrylik
region seadnfqgnsrrrmrqqgdskrdpltdifedvdigshykgysmttrgsleawsgbliehsieyicrcegegailvflsgwdeisklldk
ikannflgdarkflviplhgsmptvngreifdrppantrkiviatniaessitiddvigegkaketsydalnklacllpswiskasahqri
gragrvgpgvcyrlypklihdamagyqlpeilrtplgelclhikslgfgaiesflakalgpisyhnaiellktigalddteeltplgrhictlp
Idpnigkmlimgsifgcinpaltiaaalahrdpfvipinrkeeadaakrsfagdscsdhiatkakdakrygkertfcwenflspvtlg
mmedmrngfidllsdigfvdksrgakayneysndlemvcailcaglypnvvqckrrgkrtafytkesdipasvnasvhifplpyl
ysekvktssiyirdstnisdyslimfggnltpsksgdgiemlggylhfsaséikkirveldkilkrkieephfdvsvegkgvvaavv
ellhsqdiry*
Plant neutral Tomateiro 16 9% 95% Bom SOL MKNGALSLAVTLRIR dpwsyhnggswptliwgftlacikmgrpelagkavdlaekrisadhwpeyydtrhgdiagic
invertase Genomics [gtwtiagyltskmllgnpdmaskifwnedyellencvcalrpngrrkcsrsaarsqvgl*
FIP1 protein Tomateiro 23 5% 95% Excelente SOL mkdliggnmvsvpmssavcsfergpkrlisisscqdhipsatskilskikglsigpkgklsigakilgvgglekifkgkfsvrddek
Genomics [llkvsqcylsttagpiaglifistdkiafcskrsikSSPTGKSLRirykvsipiskinkakecgnmekpsgkyiglvteddyefwfm
gffnngktlrylgqaistftnfnglrr*
Hypothetical protein [Tomateiro 12 11% 60% Baixa NCBI mspaaclpfpsswdrlvfplcrpcsrslaadsqlrrsprprivsMtRTVSCASSVRtsvhpvivliassrrssgerhpritvrpr
dspvgarpcaplarrapvrrrs*
LIM domain protein [Tomateiro 22 5% 95% Excelente SOL mafagttgkcmacdktvylvdkitadnriyhkacfrchhckgtlklgnynsfegvlycrphfidqthsidksfegtpkivkpgklidse
Zinc finger, LIM- Genomics [kpqvakVTSMFGGTR ekcfgckntvyptekvsvngtpyhkncfkcshggevislsnyiahegrlyckhhhiglikegkie
type gdhetipaittevtaes*
masfggttgkckacektvylvdgltadnkvyhkacfrchhckgtlklsnynsfegvlycdofifkmtgsldksfegapktvrersadc
gsnsk/SSLFGGTQDK cvackktvyplekvavdgtsyhrpcfkcshggevispsnyvahehrlycrhhhtglfkergnésg
dhekn*
Zinc finger-like ITomateiro 27 3% 95% Excelente SOL mektkdketgdfmnvesfsqlpfmrptkekaairlfgkellgttirhedgsieihdstgjdhnnrkfecqgyccrnfptsgalgghgne
protein, C2H2-type Genomics |hkrerghakragyakyqynayfnsalyntsstssttsgglyvnnnghshyysqoentdiSLSALWR vphvhhssissssnsy

spnnvsnfvrpivynnvngdlkkintksssisltrigyelkegvhqdhvsldihl




Tabela 1 (cont.)

RXT3-like protein  [Tomateiro 92 1% 95% Bom SOL msgtpnkrphedggnggssnhsyssapkyshddsgafpkvmssgtpeyhasfdwgéggrtessrdadrrspvipmyrvssi
C1259.07 Genomics  |pvvshpdhsvasenrlepkevnkdvkvenrdakseirelyqgtksdkddrfenraddgkdipeykgdvktdORFSGV
Histone deacetylatior| ISWKdpkeqtrgkrypdlpvpvgnmdpwhasrthgaaeigkevsnsenrdfakvreavaenkmidjigtierkrkegkhre
protein Rxt3 wgerdkerndcrnnlglgnstsdnkellkeereserwekerndiskdkdrpkdwekdhakreenevdgsekevidvpgktnep
lenstvegkkgkdhdnwkntdrdgserrkerdtdlegerpekrvrchdkepeegdldtegggeyeregfrkrmsrprgspman
rdprfrshthenegsgvkhdvsavnyrvgecmpeliklwkeyesskadeasdsspsgptbivsatnrqvrggglwgtdiytnd
sdlvavimhtgycrttaspliptitelratirvippgncyistirnnvrsrawgaavgcsysewkkgggtidlepclthsstleptlapvay
ertmttraaasnalrqgrfvrevtigfnicnepwlkysisvvadkglkkalftssrikkgéatlyskryelcfsgekmvkattsimhemc
dkpgshnlhmangekngvngentmvdmfrisrckkplpgkimgsvgiplpleheerleweniqwsqtgvwiagkeypltra
hflspn*
NADH IA thaliana 54 2% 95% Bom SOL MAPIKGLLSLQR talagrsserwgqygrlfstgaastastpgptpppppperthfgglkdedriftntymitkgamkrgdw
dehydrogenase Genomics  |yrtkdlvikgsdwivnemkksglrgrggagfpsglkwsfmpkttdgrpsylvvnagegtekdreimrhdphkllegcliagvgmr
(ubiquinone) araayiyirgeyvnerlsigkargeayeagligknacgsgydfdvyihfgagayicgeetallesleghkpidpanaglygcpttvt
flavoprotein 1 nvetvavsptilrrgpewfasfgrknnagtklfcisghvnkpctveeemsislkellerhcggvrgadpggssvplipknicedv
ImdfdalkavgsglgtaavivmdkstdvvdaiarlsyfykhescgqctpcregtgwlwmimermkJgeainigevtkgieght
icalgdaaawpvqglirhfrpelerrirehaerelgqaaaa*
Afadin- and alpha- [Tomateiro 45 2% 95% Bom SOL mpptdndydlirrastppsgmgisecnfadinnlehcakylngtlvtfgfpasldifakdptcncvyallggrgrdiefrestneqrqrl
actinin-binding Genomics [sdisrleakverlesglgvkdreiatitreeakata@fDKLQK erdefgrmvigngqvrtqgiyemkkkekeyiklgeringv
protein mmekkkesrsgmeimnligkegrgrgtwngkktdndfykkivdayeakngelaaenadlral@megfinapngssrgssst
erldtdhligsplggrtdvfdiplhmardgieeslrkmasikermgglqdagkgaevtsealkeaglvearsiigeqasimskhltks
ekprrisghmnserdllissptegl*
0s07g0175100 [Tomateiro 57 2% 95% Excelente SOL meissflfpngedypspnffsffqdfdfpttdtiapivaeplpkkgrvddfdigiereqqgslksvedilnkflgfdkeedktnlkgftng
protein (Fragment) Genomics  [ngsvfdfsnggptgliminekvkpmastnnkrsrqgsaefistseeesqpqqqrrinkérseqcnspdfpeeefkkafrvsrat
Homeodomain-like dmiceelesvvtkkdtmirqaipvrgrvavcivATGEPLR evskrfglgistchklvievctaikgvimpkfvqwpnedykm
containing protein neiksefgmlsgmpnvggsiytthvpiiapkvsvaayfnkrhterngktsysgtuaipkgvitdvcigwpgsmsddkvieksaly
granrgglkdtwvvgnsgypimdwvlapytrgnltwtghafnekvgevgkvakeafmrmkarweelvkiqdipvvigaccvl
hnicemrgeqInpglrfdifddemvpenivrsmnavgardgiahgllhgnhagtnfl*
V-type proton Tomateiro 28 3% 95% Excelente SOL mndadvsiIQQMVR firgeaeekaneisvsaeeefnieklglveaekkkirgeyerkekqvdvrkkieysmglnasrikvl
ATPase V1/Al Genomics (ddlvntmkeaaakellnvshhehgiidsilhhhhggykklihdlivgslirikepcvliradkhlvehviegvkeeyaekasvhgpei
complex, subunit E deihlppapshhnmhgpscsggvvlasrdgkivcentldarlevvfrkklpeirkclfggvaa*
Cysteine synthase A [Tomateiro 38 5% 95% Baixa SOL maslvrrrfysseasfvqrirdipkylpgtkiktqvsgligktplvylnkvsegcgayiaekgmqgptssikdrpafamindaekkglity
Genomics (gkttlieptsgnmgismafmaamkgykmiltmpsytsitMRAFGADLVITDPTK gmggtikkaydllestpnay
mlqgfsnpantgvhfettgpeiwedtqgnvdifvmgigsggtvsgvgqylkskvkiygiepaesnvinggkpgpheitgngvgfl
pdildmdvmeevimvsseesvnmarelalkegimvgissgantvaalrlanrpenkgkkftigp/lssviyedirkeagnmagp
svd*
Glyceraldehyde-3- |N. benthamiana 44 4% 94% Excelente SOL masaalsvanssvhvsknkgsfseftglrtssavpfgvgwktnvdllsivayqtagisgnnnnsrvveaklkvaingfgrigrnfirc
phosphate Genomics |whgrkdspldviaindsggvkqgashllkydstlgifdadvkpvgtdgisvikkvsdrnpinlpwkdlgvdlviegtgvfvdregag
dehydrogenase khigagakkvlitapgkgdiptyvvgvnadlyspdesiisnascttnclapfvkvidigkgtmttthsytgdgriidashrdirrakA
IALNIVPTSTGAAK avalvipslkgkingialrvptpnvsvvdivvqvskktfaeevnaafresadnelagilsphaedfrc
sdvsstvdasltmvmgddmvkviawydnewgysgrvvdlanivangwi*
Pistil extensin like  |N. benthamiana 27 5% 94% Excelente SOL mdfvptkslgfilafllitsftviggndagivaselaphslvssppveapkphkghlkhhsgppasppshsspppvipttppahsg
protein (Fragment) Genomics  [spsppvkppahspvkppahppvkppsplpvrkfvgvrgvvyckackyrgvdtliggsyvklacnntkyhltslgttdkngfffig

Pollen Ole e 1
allergen and

extension

pkwilttagyhkckvflakspkaecsvptnfhnggsgamlipappspmtlsepeMyGPFAFEPSK kipcktl*
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Tabela 1 (cont.)

Serine/threonine-
protein kinase TEL1

PIK-related kinase,
FAT

N. benthamiana

441

-1%

94%

Excelente

SOL
Genomics

mspiqdfeghsrhlyeadlpigtrigmamevrdsleithtgeyInflkcyfrafsgviyhitigginpehkirnivveilnriphsevirpf

gellkvamhvittdneengliciriifdlirnfrpslenevgpfldfvckiygnfratvsg§gamavppppmptssvssigeadvkp
levsdgmstsngyfgagqinpstrsfkivtesplvvmflfglygrivgtniphiiplsaisvagpekvpphlkthfielkgagvktvsflty
lIksfadyikpheesicksivnlivtcsdsvsirkellvalkhvigtdfkrgifglilleervivgtgracfetirplayslliaeivhhvrgdisisc
Isriiylfssnmhdasisisihttcariminivepifekgvdggsmdearillgrildaftrgikrtipglleegedvkgrstirsklelpvga

Inigvpvehskevndckhliktivmgmektiiwsithahlprsgvsastqgtplsgastsssvpgpfkgmredevwkasgvlksg
hclalfkekeeeremihlfsqgilaimeprdimdmfsicmpelfecmisntqlvhifssligapKefiplvnflvsskidvikhpdspa
aklvihifrflfgavakapsdcerilgphvhvimetcmknatevekpigylglirtmfralagelfdlismigiclsmlilallegpnged
mrelllelcltiparlsslipylprimkplvmclkgsddlivsigirtiefwidsinpdflepsmamsevilalwshlrpapypwggkslqll
gklggrnrrilkeplaleckenpehglrviltfepstpflvpldrcislavaavmgrsaivdefyalkfirvclssqlnlpgsatddgftsrm
Istllvssvdpswrrsetsdikadlgvktktgllaersvfkillmtiiaasaeptkddyvinverhfaiifhiessaahgtlsaapvgasv
sssivsaksrystssnlkeldplifidalvdviadenrlhakaalnalnvfaetlifBISRVLMSR ggpatpmmvsspsmspvy
spppsvrvpvfegliprilhccfgctwgsgmagviglgalvgkvtveticafqrivrglikipvyatkeqeetsqvitqvirvvnnvd
eansearrgsfqgvveyfalelfnpnvsinvrrivgsclallasrtgsevselleplyqpigplusktveqgvgtvtalnfclalrpplikl
tqelisflgealgiaeadetvwvikimnpkvansinkirtaciellctamawadfktqngsesskiksltsriseivavakeglrqviq
ggrmpkellgsslrpilvnlahtkninmpligglarllellanwfnvtlggkllehirkepeklagcgkswkageepkiaaaiielfhlips
aagkflddIvtitielesalppgafyseinspyripvtkfinryptaavdyflaricqpkyfrriiimgdaggplreelakspekiiasafpef
laksdasaggeslsrpststgdeglgtpgveasipsastnvapqdayfaglsirkpividignnreifdtlvimwksparisrignege
Inlvgvkeskwlivkcfinylrhdkteinvifdilsififrtridftflkefyiievaegygpnmkrtliihfinifgsrglghdhlivvwvmamlilp
mlahafgngqtwdvvdsaiiktivdklidppeevsadydeplriellglatliikidéyhhrkelikfgwnhlkredsaskqwafvnve
hfleaygapekiilgvfvallrtcgpenkmivkgaldilmpalprriplgdsrmpiwirytkkéeghsipnlihifglivrhsdlifyscraq
fvpgmvnslisriglpynttaenrrlaielaglvvnwergrgsemkivpandgtggnadglabsvdpkhpdgssfsedpskrvkvi
pglgsicvmspggassipnietpgsgggpdeefkpnaameemiinflirvwifpemvalviegisiitaykqgaldllsqalevwpn
anvkfnyleklinnlppsgskdpstalaggldvmnkviekgphlfirnninhisqiégkvidagksmccllkmvyvafppegsntt
gdvkmlygkveeligkhlaavatpgtsgednsgsmvsivlyviktlaevhknfieprfguardmgssigshvrggqrsdpdsav
ssrggadvgvvianlksvigliservmaipdckrpvtgilnslisekgtdsshdiskgwieedmtkpgvsiasstflspkdvvsflgrls
qvdkgnftpsaaeewdkkyiellyglcadsnkyahslirhevfgkverqyllgirakdpemrmkighjgrmliftriqyiigigdwea
Isdvfwlkqgldillailvedksitlapnsakvpplvvagtigdsigpgpmvigegseeapltvdsfiakhagflinemskigvadivip
elahtdanvayhlwvivfpivwvtlhkeeqvalakpmitliskdyhkkgaahrpnvvqdtigghpgprmpselikyigktynawh
ialalleshvmlfindtkcseslaelyrlineedmrcglwkkrsitaetraglsivghgywqragslinvkatggtynntvpkaemcl
weeqgwlccasqlsqwdvivdfgkmvenyeilldslwkgpdwaylkdhvipkaqvedsigdyfsihekstngvaeaentvgkg

dlaleqwwglpemsihakislliqgfqglvevgesariivdiangnklsgnsavgWegjkdiletwrlripnewdsssvwydllg
wrnemynavidafkdfgstnsglhhlgyrdkawnvnklahiarkqglyevcvsviekmyghstraafvkireqakaylemkgel
tsglnlinstnleyfsvkhkaeifrlkgdfllkindceganlaysnaislfknipkipmwgnycdmayketheeiwleysvscflggikfgi
pnsrghlarvlyllsfdtpnepvgrsfdkylegipnwvwiswipgllisigrteagi#ivimkvatvfpgalyywirtyllerrdvasksey
grmamaqgrmaqnvsganaaapmgladgnarmtggsggssagenhtpggagqsgggvgsgeioegs gnmpsgros
Ihqgssgndgggaalrrsalslvasaasafdaakdimealrskhsnlageleilltejgseflihvvnallhreykyptattaevpgs
Ikkelsgvcracfsadavnkhvdfvreykqdferdldpdsaatfpatlselterlkhwknvioggripavikledesrvirdfhvvdvei
pgqyftdhevapdhtvkldrvaadipivrrhgssfrritligsdgsqgrhfivatstpsderilglfrvmnrmfdkhkesrrrhicihtpiii
pvwsqvrmveddimystflevyenhcarndreadipitffkeqinqaisggispdavvareitksfvtesifsqymyktivsgnh
mwafkkgfaiglalssfmsfmigiggrspnkilfakntgkifqtdfhpaydangmiefnpfiitrnigaffshfgveglvwvsamcaaa
gavvspkagsqllwyhlamffrdellswswrrplgmplatvvgagninpvdfkgkvigmvigritgiapgyiseeeengmdppgsy
grgvaelveaaltprnicmmdptwhpwf*

Ferrochelatase

N. benthamiana

55

3%

94%

Bom

SOL
Genomics

metgtisrllkptkvpsssfssftsnssiccsrtrimppfhsshggremnsdeseitilekssvveglsihrpvhkrdvvgktfcsvgls
tfpgsivesssqtteekigvlliniggpdtihdvgpflfnifadpdiirlprifriiglaglisvirapksiEGYAAIGGGSPLR kitd
eqasvlkialetkevpanvyvamrywhpfteeavhqikrdgitklvviplypqysisttgalgnifkgdsylsripvavieswyqrgg
lyiksmanliegelhnftkpeevmiffsahgvpisyvenagdpyrdgmeeciflimkelkareidagisrvgpvawikpytdevl
elggkgvksllavpvsfvsehietleeidmeykelalesgienwgrvpalnctssfitdiaddpstmamststgteeevdnnpme

fmkmlfgsvlafvflflpkmvsafnknil*
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Tabela 1 (cont.)

Urease accessory |A thaliana 30 7% 94% Bom SOL massdhhmndhhhhhhhdhdhnhedtkatswvgadgkvyhshdglaphshegsrspgplndrnfseraftigiggpvoatg

protein UREG N. benthamiana Genomics |ktalmlalckilrekyslaavtndiftkedgeflikhgalpeeriravetggcphaairedisilelgisnlykadillcesggdnlaanfsr
ELADYIIYIIDVSAGDKIPR kggpgitgadllvinktdlapavgadisvmerdalgmrdggpfvfagvkhgvgvetivi

putative urease NCBI ilgswevatgnkkr*

accessory protein G

Universal stress A thaliana 26 5% 94% Excelente SOL mtspkkpppesdrpltaimhgpasprfhlgtpnsganrkvaiavdisdesayavkwhpgdavillhvrptsvlygadwgaidv

protein (UspA) Genomics [svdtaneesqrkleddfdnftttksndlagplveanipfkihivkdhdmkerlcle@irSAVIMGSR gfgasrrspkggmlgs

NCBI sdycvhhcvepvvwvrypddkdattgndsvtdvihpvpeeepiyhdasdktadsekas

Lipoxygenase IA thaliana 20 5% 94% Excelente SOL mgvaaqvngmwfnimiviffvsissisaedcvytayirtgsiikagtdsnisltlydagigknieawggimgpgynyfeBNLD

homology domain- Genomics [[FSGKgpcvngpickmnltsdgtgphhgwycnyvevtvtgakkgcngglftvngwigmidtairnncknkyesgelkplyd

containing protein 1 sesfsivdvi*

24 4% 94% Excelente mgvstqglnyfwinlfilffcfsissiygsevdcvytvyvrtsskikagtdsiithangygirinnleawggimgpgynyf&NLDI
FSGRgpclngpickmnltsdgtgsghgwycnyvevtvtgvhrecrgghfeveqwiatdbkfiknicrktksgeylsvsaedip
asvenlsfsgedlpasvenlpvsgenlvvfdaavm*

Unknown Protein IA thaliana 33 3% 94% Excelente SOL milyraeadvcdafisfledswtfesshikqkgkgvndeldkcedylvnlaihvismykdsilymrglgenlkrpeiinne ETV

Genomics [EVKR rleeeymdaeakivtvfsvvdgikrgfyggdgtisrkgdekmkelldtigkleddfesingetigktdaksketlegspss

sptgptnddsasfvdalprigtprpdhtsnpetvvitprrwmrenvrrsislainigggtkspkhrkgksmdpaaelsriklelelenc
rihpseeindwcd*

ATP binding/serine- [Tomateiro 53 4% 94% Excelente SOL msllikvgelnsscqaltsidhamlvaylisslflflsiinsfsillgsfsplkmkcafddhnktrkstsggssasvftdsdlikgseyssqi

threonine kinase Genomics stdistvsfsclsnkkachlkvitveelksatknfsrsimigeggfggvykgviketmiglsgrglgghkewvtevnvigvvehgnlv
kligycaeddergigrlivyeflpnrsvadhlisrymsplpwetrinAARGLAYLHEGMEFQIIFR  dfkssnilldek
wnaklIsdfglarlgpsdglshvstavvgtvgyaapeyigtgritsksdvwsygvflgedfildrnkpknegkllewvrphisdikkfe
qildpridgkysiksagklaaianrcivkhprnrpkmsevlemvngvvkateakipaggpsipnvdddmfmvrcltasrrivehtsre
nkllvwklwkpklvssn*

PRLI-interacting /A thaliana 23 8% 75% Excelente NCBI Igfcneemalvggvgdvpangnsgeveslarfavdehnkkenallefarvvkakeqvvagifgdggkklyeakvwvkpwl

factor M (cysteine nfkelgeftpasdapaitssdigckqgehesgwrevpgddpevkhvaeqa&itRirtFPYELLEVVHAK aevtgeaa

proteinase inhibitor kynmllkikrgekeekfkvevhknhegalhvnhaeghhd*

6)

Receptor-like protein[Tomateiro 84 3% 93% Excelente SOL mlinmallhimiliyslfsvssigfteksianattitkpgcdskcgsltvpfpfgigiycsidpsfditcnvsfnppkaflsgkdievvdild

kinase At3g21340 Genomics (dhilvknnvgsrcydgagalinddsinfsigstsfsfsdinsimvvgcddlalilgydiggcisicskkediidgycsgigccqtsiptgl
ksfvsltrsinnhtnvssfnpcgyaflgepdkfifkssdisnstfrnkvieevpwiigndsctvakksadyacgensvevdsktglge
lyresckpgyqgnpyispgcidvnecenenpcdgicnnfpggysctcphggigddidagknskspilglsigicfgflalvisatw
iylgikrrrlirlretffgknggimitgklrsneggmkyaakiftaaelekstnnyaedrilgrggygitavipdkrvvaikksrtmdvsqi
elfineviilsevnhrnvvkligcclesevplivyeyiskgtlyyhihdggdgtrwisarriaseaagalaylhsaastpvihrdvkstni
denytakisdfgasrlvsidqtqvttivqgtigyldpeyfhtsqglteksdvysfaelltgrmplditasekernlaaffvrsikenrlfqvie
trviregsfeqcqgvaelakrdliTSEERPTMKEVAMELEGLR  kftkhpwsktggcqdeesiglitegtldlyainmntr
fmsngefsgqggsldsrmmigihspr*

Potassium channel [Tomateiro 33 8% 93% - SOL mktedlliyachsptrkriarkifefikkasknvicniiltfkstytmiddpkcialsktwiglhdrsiwspyvmsmdwsvittltttgygd

Cyclic nucleotide- Genomics [lhavateemmvymlfdigltgcyssfagknnlpvrleegmidhismmhrtdtvglgqdeitetikaylfhgvshdvlfglvsemk

binding laeyfppkediilgneastdlyilvngavdlishrngmdqvvegrgclwrswycllesidigack-HISLTKVLTEDGALI
EDIAVIR dgdhlvistsen*

Plant-specific ITomateiro 48 3% 93% Bom SOL mpfpmkigpvdfstveesS@DSFKPVPKSRfkrifergfsglirssapeklivtgedlignkkdaseelepssvclakmvqtfie

domain TIGR01615 Genomics |gedkhrcnrsrescfnengtesseeendsvncfgesngnessdaceilksvvscpsviedirfkaeihvkrkdnfirkmvvdgll

family protein

ameydasicesrwektpstpagayeyidvvtegerliididfrsefeiarstrsykcllgvipréfstdigkivhliteaaklsikkkgmp
cppwrkveyvkakwlistytrmtpvimpiasnstsepgtackttkeaikeetsevirgemritefsgadnnpksagtsplfacddel

nlavkigdifegkssplaenntkrastsslfacdieknamaaglgepleikpkdssncdtgimtiht*

132



Tabela 1 (cont.)

Cellulose synthase-
like C6
glycosyltransferase
family 2

Tomateiro

61

4%

93%

Baixa

SOL
Genomics

mdIniyfdhgitsqgiglfwgqvraplivpflkimvilclamsimlIfvdkvymgiviifkilrkkpekkykwepikddlelanssypmvli
gipmynerevyqglsigaacniswpanriliqviddstdpiikvmveqgeckrwaskgvnitdrekgykagalkegmkhnyvid
ICDFVAIFDADFQPEFDFLLR tvpflvhnpeiglvgarwkfvnsdeclitrmgemsldyhfkvegevgssnhaffgfnc
gvwrisalneaggwkdrttvedmdlavraglkgwkfvyigdlkvknelpstfkayryagecgpanifkkmvgeiasnkkvsiwk
rfyliysfffvrkiiahmuvtfifycviipttvlipevqvpiwgavyipstitlinavgtprsyllifwilfenvmsihrtratfiglfevgrvnewv
teklgdgikaktstkgsrrsririgewynkvhfvevivglylmlcgwydysfgknrfyfidgvaflvagfgyigvivpns*

Peptide chain releasg
factor 2

N. benthamiana

47

2%

92%

Excelente

SOL
Genomics

makmaadpfsvrieatcsscplnlrssktatfrigahnnghtddknrfykelgtfalkrides#mlaptalefeearrlkgeeiireyd|
wddvaksnedlvglaesakavdalkdirykaeeaklitelagmdsinydflkgaytacvsvnleid&llirepydmegacvties¢
segiyskiwaekltrmyikwaekqgghkarivekqdsesggikyvmielefksaygylsgergihsseukfdlskdgaaaidvipl
flesspdligidendleittsyeeergrtspsliihhiptglgvgstgersrfanklkafiKkLIVMR  eqgvsnlasirssdmssswr
qvirryvfhpnklvgdmktgvglsdltavingniepfigahinsrrh*

Ferredoxin-NADP
reductase

Tomateiro

42

6%

91%

Baixa

SOL
Genomics

MAHSAISQVSVAVPLQTDSSFR rstfkatsltfsdkscismpsidlkatrsrsqyivemsvghaskakvsvspégten
pplniykpkepytativsverivgpkapgetchividhdgnlpywegqgsygvvppgekpgsphnvrlysiastrygdsfdgktasl

rravyydpetgkedpskngvcsnflcnakpgdkvkitgpsgkimlipennpnatiigtgvapfrgylrrmfmesvpmkfngla
wlflgvantdsllyddeftkylndypgnfrydralsregknnkggkmyvqdkieeysHiifegahiyfcglkgmmpgiqgdtlkrva
leergesweqklsglkknkgwhvevy*

Unknown Protein

Tomateiro

127

2%

91%

Baixa

SOL
Genomics

MQDKDAMNSAFFEGVVCEDR ekisprisgwnreessremnsphldipgvkglanpivpiagtreanleeiatksp:
dirptsssirrdsttgvcspkdedpisgkwkgmdgriagsensgdltvpyaghkesstgagntqvttlinrpnrgnintndpasstnr
nphehlgrhertgetsscgrgeerhssatdphdleaktmakdnnnhgkenfneqqdknlqpaeastiagtsnfsfamtstsshit
ginagnspgkynnqdkggreekanehsheqakekqvqdhkqghgpeeekrrieginldgkqtagtkgsytqggrksddgsi
kareeyhnnfpkisnnysrydpklhndntrkqaggadqgantrnpnnhlgggqinmegrisepapytvigsfaarlryngagketp
Inepvhttrqgfpavlidendyyvklaeickytlvgkftntmprmelvrksfilgtgimggjthfnsrhvyidldneldygtvwtklkm
nieggamrigawtpdftpeeetpvvpiwisipglpwhyynkvflttilesigkdsptsqgrtrgsttrvkatgmrsvgskeemrrlkkk
leveknsmerssgkineqrkdgkedttktpngpnkkgkgsneknedqtgprthotkiigngeeqgggedrgeeqwaigrrke
pkigeqviskavwrpvtppmagnnsshgheqgntgisilptgniftnlevgekagaqdgikeaasqgingpnnknindgpvknn
nnhkpphqggaagsnkskrtgidlsipipkapnflnvdagltdevvggtdgecqeiatgaitgggniphamheglivtdprtdirasa
mnsqqqgreqtqghvgnsgnrkqtakekieeqvekmkdkdgrkksvsmgtestpkskakepsiakrrgnkggdkdfeqvgev
reelcnkfvmvddngglnilplgvgymtppsseppdkmagkervntepimdeyavinsgdeisledsddndetseapirafs
hndgtleneigqvtnsqclsprglhydrfglirkqdantvtagrpntrifssrssq*

Beta-D-glucosidase,
family 3, N-terminal

Tomateiro

69

4%

89%

Baixa

SOL
Genomics

mgrfsipmkgfvifclwaviaeaeylkykdpkgpmvtrikdimkrmsleekiggmtqgierkvalptigyfigsvisgggsvpapk
lasaedwinmvneigkgalstrigipmiygidavhghnnvynatifphniglgvtigfdgaatalevratgipyafapciaverdpr
wgrcyesysedhnivrtmteiipglggdipansrkgvpfvegklkvaacakhfvgdg@tENNTVINSNGLFGIH

MPAYYNSIIK gvstvmvsysswngekmhanrdivtgflkdrikfrgfvisdwqgidritspph&rsvgagvsagidmimv
penykefidaltlivkdniipmsriddavkrilrvkftmglfenpladisivnglgsgettareavrksivilkngkstsqpliplpkkapki
Ilvagthadnlgyqcggwtiewqgvagnditvgttilsaikktvdpytqvvyqqapéesnkfdyaivvwgevpyaemmgdssn
itepgpstinnvcgavkcvvvvvsgrpvvlepyvekidglvaawlpgtegggvadvifgthklartwfksvdglpmnvgdrnyn

plfpfgfglttgavkin®
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Tabela 1 (cont.)

Catalase isozyme 2 [Tomateiro 57 1% 85% Bom SOL mdpykyrpssafnspfcttnsgapvfnnnssltvgargpvlledyhlveklanfdreridmmgasakgffevthdiahltcadflrap
Genomics |gvatpvivrfstvihergspetirdprgfavkfytregnfdlvgnnfpvffirdgmkfpdimaikpnpkshigenwrvldffshhpeslh
mftflfddigipgdyrhmdgsgvhtftlinragkstyvkfhwkptcgvkslleeeaiganhshatqdlydsiaagnypewklfigim
dpehedkfdfdpldvtktwpedilplgpvgrivinknidnffneneglafcpspgrvyysddkmiqtrifsysdtgryrigpnylglpa
napkcahhnnhydgsmnfmhrdeeidyfpsrydqvrhaevypipstvcsgkrekcidkepgeryrsftpdrgerfirrwveal
SdpiTYEIR siwitywsgadkslggklasrinvrpsi*
. . mdpykhrpssgsnstfwttnsgapvwnnnsaltvgergpilledyhlieklagfdrenpemgasakgffevthdishltcadfirag
Cate_lla_\_se isozyme B |Tomateiro 57 2% 89% Excelente NCBI gvatpviviFSTVVHER gspetlrdprgfavkfytregnfdivgnnmpvffirdgmkfpdmvhafkpspktnmgeivelifs
(Sall_cmc acid hhpeslhmfsflfddvgipinyrhmegfgvntytlinkdgkphlvkfhwkptcgvidtieavtvggtchshatkdltdsiaagnype
binding catalase) wklyigtidpdhedrfdfdpldvtktwpediiplgpvgrmvinknidnffaenexftpaiivpgihysddkligtrifsyadtgrhrigpn
lylmlpvnapkcayhnnhhdgsmnfmhrdeevnyfpsrfdaarhaekvpipprvitgcrekemidiggageryrsfdparqdrfl
grwvdalsdprithelrgiwisywsqcdaslggklasrinlkpnm*

Catalase related Tomateiro 57 7% 100% Excelente SoL mivtqyrpssaydtpflttnaggpvynnvssltvgprgpvlledyylieklatfdredipvhargasakgffevthdishltcadéP

subgroup Genomics |[GAQTPVICRFSTVVHER gspesirdirgfavkfytregnfdlvgnnvpvffinrd@EPDTIRalkpnpkshigenwri
Idffsflpesihtfaffyddvclptdyrhmegfgvhayglinkegkahyvkfhwkptcgvkemseéeegmtnhshatkdlydsiaag
nypewklfigtmdpedvdkfdfdpldvtktwpedliplipvgrivinrnidnffaeglafnpghivpgiyysedkligtrifayadtgrh
rigpnymglpvnapkcghhnnhrdgamnmthrdeevdylpsrfdpcrpaeqypipscVINGIYIPK ennfkgageryrs
wepdrqgdryinkwveslsdprvtheirsiwisylsqadkscggkvasrltvkptm*

Major latex-like N. benthamiana 17 5% 81% Bom SOL mgvkgK.IASVEVK cgghlvhdifhtkthhisnicpskignfeihegdsvkvgsvvswkynddgké#isieaidhetktit

protein Genomics wkliggdllelynsftiitscdhewttwtflyekktedipeplviigfvihvtkigghllk*

(putative PR-10)

Kinase interacting  |N. benthamiana 107 1% 80% Bom SOL mlgraatnayswwaashirtkgqskwlegslgdmeekvedviklieedgdsfakraemyykkiyesisyrayralaerydkisrel

family protein Genomics (gsanntiatlfpeqiglamdeeddygtprmpknfpgvpttganipnvppkapwgllktgtigfigkktankardanketpksgltk

(helicase-like dealeeidklgrdilslgtvkefvkssyqgsgiaktmeiehqgivekhgkicsledefgeddeartimaeaalkscqetlaglgekgeq

protein) neakeefkkieearkklksfrgkylgdpadetepdekddesagvtdvssqctsleeigekikraskbgfdassmssitvtglaekid
elvnkvvsleaavstqtvlierlrteacglhthirtleddkaatltgdthnMVMLEEKLK  gigdinkdvetgnsslkthfaeahns
lgglstklitsvkpdeevdetdssqdeeedladirignepekkenhvsaseakkeqdiikeagipvsvvsdkevgedtksikkhvi
pleptvaekgeervssksessvhhegkplededkddditwggmiltgledkekiiltayktelkrkliemekkerdtefevtigirel
kstiskkdeeieslrlklslvggnasesseskeekhqgdinpsddrslkpeegikieqdakiilidgcssispveekirmgidalldenl
nfwirfssafhqigkfkttagdlggeittikeketkegssktdmkseirpiykhirestfawlegslisikdelkrrssicsigeeitkalkd¢

eedeirfsshqaakfggevinmkgennkvreeleagvehvttigvdvektirkidhgfdvagtregasrsriplrafifgtkvkksk

rsffhhnrkyqvikggvpl*

Galactosylgalactosyl [N. benthamiana 36 7% 80% Baixa SOL mapfggfddaknsdfsfeikppvvnvkeemkdvviprpdnvvvnsvkipglgeeevhgidikllivvtptynralgayylirise

xylosylprotein 3- Genomics  lklvkspllwvwwemnvasaetadilrktigvmyrhlvesknmtdikdrgvhgrnvaletighgivyfadddniyslelfesirsinr

beta- fogtwpvamlagsksRILEGPVCNGSQVIGWHTNEKSK  glrrfhvdmsgfafnstilwdpkkwhrptsdpirgldn

glucuronosyltransfer kegfqgettfieqivedesqmeavppgcsrvinwhlhleahgavypggwligkrettaii

asel

Solute carrier family |N. benthamiana 57 6% 82% Baixa SOL meeqllssegnkfpistscsasvvistcvwvmcgslaygfavgysspvgsgimadigldgesiigigtigalvsgtiadmagrkitm

2 facilitated glucose Genomics |wimdicfilgwlisiifaksvwwidigrflmgigaglllyvapiyiaeiapksiGGCTAVFAFMLYFGFSLMFLIGNI

transporter member § LTWR tlavvgvipslvglpgiffipesprwlakigldkeveaslqylrgknvdisletaeikesftkisgsryldmfdrryahslivgl
gimillgsggtdaissfassifekagcsasfatttmgfiglpfaamagiflidsagrrpvimviatggflvgvgfickdydgmsgltatfvi

gilvfaiffsmgvggaattivseifpmnikgsagslaivenwitswivtyafnfifevespvffmftffsgimilfvakivpetkgrtleei

gasltlin*

Katanin p60 ATPaseq{N. benthamiana 50 4% 82% Baixa SOL MADEPALTRWTFPFGR rkvpardatdngdsvgngnsstmngngsvrntaelsifeqyngangvgsagvasiiqeek

containing subunit A Genomics [fesaemrtlaesltrdilrgnpdvkwesikgletakrllkeavvmpikypkyfkglltpwkgippgtgktmlakavatecnttffnisas

svvskwrgdseklikvifelarhhapstifldeidaiisqrgearsehessrriktelligimddelviviaatnipweldaamirrlekril
plpeaearcgmfedlipsipeeaplpydllvektegfsgsdirlickeaamqgplrrimaeldkreelvpedeipridgevalkntr

psahlhaprydkfnsdygshalg*
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Tabela 1 (cont.)

Mutator-like
transposase

Tomateiro

58

2%

81%

Bom

SOL
Genomics

mcppikihndvgvkvyldgmrvnldfftkyplcitikdcghynefhrvivndiinsdwtinnidlysnnsirligmdidgvvndnsev
dndiicdhsnlfvaengiynnketlkevmrhvglvekfsfrvarcnaskervyarrqgitdvvaghyidpskvytpkdvaddmlkl
hgvsltyigawrakekavklvrgdpaesyarlpghilplayaivdsendaswtwffeqfreayguoimsdrnesiwkgttnvype
sehyaciwhlsvnviknfnrntedlkmiffslakaytkqqfetimgkidgidtriffdigyskwsrsysnckrtwtmtsniaesinnvn
ilarripvisllefmrvtigrwihkhneeadkttsnltkkydvyldKTLSCNMR vipstvdihavaegakkyivnintrmcscgrfq
hyeipcghaiaviryrkfheadfcsafyslknfkdvvttknraatdthtyppm*

LINE-type
retrotransposon Lib
DNA

N. benthamiana

58

2%

82%

Baixa

SOL
Genomics

meiekiasqgssglaeksigtpghlagsrqdsdigdispvhdsniqgigagidéanegetgiaqgeqrkedvgagqgshrpvgn
gsvsninkekeitqgfgrptrvgdsreavhlaknshpamhsyelairsdngqdlidneldytkgrmtiaggvmrigawtptfkpe
eetplvpiwislpelpwhcynkefittlispigrvlyldsasinktrgsqarvkvguditpphiwmgyigeditdgrwakieydsipdy
cyyykHQGHKEMNCMVK grdednkkrkemekkprkdtagivnaelginkekdngrsdmanskkgvvinkldlamii
finnnykgeynttgegmethtqqrgeqsqgtdaegiqvhrdhrnkgkrgevgdsrtenatrkpggidsmipspaslyidtvgvae
lggevgcggmdtrfhhdrndkgknkiveqgscsnvdkeppdkiglpngqginfsykisktgkapidhgrdnld*

Cytosolic 6-
phosphogluconate
dehydrogenase

N. benthamiana

53

2%

55%

Bom

NCBI

mavtriglaglavmggnlalniaekgfpisvynrttskvdetvgrakvegnlpvygfhdpasitykprvvimivkagapvdqtiatla
ahleqgdciidggnewyenterrekameergllylgmgvsggeegarngpsimpggsfeayhyiaddivpdsgpcvtyigkg
gsgnfvkmvhngieygdmagliseaydvlksvgkltnselggvfsewnkgellstigitsikddggsghlvdkvidktgmkgtgk

wtvgqaaelsvaaptieasldsrflsglkderveaakvfqgdfssnip@kiIEDVR qalyaskicsyaggmniikaksmekg
wslInlgaelariwkggciiraifldrikkaydrnsdlanlivdpefageimdrgaawrrvvetagvstpgmsaslayfdsyrrdripan
gaqgrdyfgahtyervdmpgsfhtewfkiaraakm*

Histidinol
dehydrogenase

IA thaliana

45

2%

54%

Excelente

NCBI

mpirlsrasadfdtqfrgflaakrevsadveaaaraivddvarrgdaalleatakfdBAATLR vtaseieaavkacdtatvdalti
ardrieafhlkqlpgdqrftdvagvelgwrwsaiesaglyvpggtaaypssvimnagksrlvmvvpapdgkinplviaaahlg
gvseiyrvggagavaalahgtatiapvakivgpgnayvaaakrivfgkvgidmiagpseviviaddsgaadllagaehdasaqs
litdsrrladdvaravesglktlpraaiagaswadfgaiievdhldeavpladaiaaehleimtadpdafagkiflgahtpeaigdyv
ggsnhvliptarsarfssglgvldfmkrtsllkcgpeqglralgpaamtlgkaegldahsrsigirl

Glicina
Dehidrogenase P
(AHRD V1)

Tomateiro
infectado com
ToYSV

113

7%

100%

Excelente

SOL
Genomics

merarklanrailkrlvsgskgsrsneipspsslyrpsryvsslspytfaarnsvksfritgyealkpsdtfprrhnsatpeeqtkmar
cgfgsldalidatvpgsirsesmkipkfdggltesgmiehmgklasknkviksyigmgyyppvilrnllenpawytqytpyqaeis
ggrleslinygtmitditglpmsnaslidegtaaaeamamcnnilkgkkktfliannclggeitradgfdlkvvtvdikdidyksgdv
cgvivgypgtegeildygefiknahahgvkvvmasdllaltmlkppgelgadivwgs&VPMGYGGPHAAFLATS
IQEYKR mmpgtIGLSVDSTGKPALR mamagtreghirrdkatsnictagallanmaamyavyhgpeglktiggrvh
lagtfsaglkk GTVEVQDLPFFDTVK vkcsdalAIADVATKNDINVR ivdnntitvsfdetttledvddifkvfal
gkpvpftagsiagevenlipsgltretpflthgifnsyhtehellrylhklgs&idhsmiplgsctmkinattemmpvtwpsfanihpfe
ptegaagyqemfddigalictitgfdsfsigpnagaageyagimvirayhmsrgdhhrnvciiprgasaamcgmkivavgtd:
kgninieelrkaaeahkdnlsalmvtypsthgvyeegideickiihdngggvymdganmnagaglgadvchinlhktfciphg
gggpgmagpigvkkhlapylpshpvvstggipspdgskplgaisaapwgssyitpiammgskgltdaskiailsanymakriekt
lypvifrgvngtcahefiidirgfkntagiepedvakrlidygfhgptmswpvpgtimiepeskaeldrfcdalisireeiagiekgnvd
nnnvikgaphppsmimadawtkpysreyaaypapwIrsakfwpttgrvdnvygdrnhs#maeekaata*

Transketolase

N. benthamiana
infectada com
ToYSV

Tomateiro
infectado com
ToYSV

80,1

14 a

17%

100%

Excelente

NCBI

SOL
Genomics

massslplsqailsrsiprhgsssstnsqgfspssisiptfsglksttsttpdpvrspeirasaavetiektdnalveksvRtiAID
IAVEK ansghpglpmgcapighilydeimrynpknpywfnrdrfvisaghgcmiqgyallhlagydavksédwgsktpghp
lenfetpgvevttgplgqgianavglalsekhlaarfnkpgaeivdhytycilgdgcqmeaasiaghwglgkliafyddnhisidgd:
eiaftedvgarfealgwhviwvkngntgydeiraaikeakavtdkptMilkd TIGFGSPNKANSYSVHGSALGA

K eveatrgnlgwpyepfhvpedvkshwdVPEGAALEAGWNTK faeyekkypeeaadlksiitgelpagwekP
TYTPESPADATRNLSQQNLNALAKVLPGFLGGSADLASSNMTLMK  mfgdfgkntpeernirfgv
rehgmgaicngialhspglipycatffvftdymraairisalsesrviyvmthdsiglgeldgpiehlasframpnvimirpadgnete
gaykvailkskr PSILALSR gklpglagtsiegtakggyvtsdnssgnnpdviligtgseleiavkaadelrkegkawswe|f
degsaeykesvlpaavtarvsieagstfgwekivgskgkaigidrfgasapagkiykeygitaeapiatiak

Anidrase carboénica

Tomateiro
infectado com
ToYSV

34,4

18%

100%

Excelente

NCBI

SOL
Genomics

mstasinncltispagaslkkptrpvafarlgnssssssipslirnepvfaaptpiggmnakesydgaiaalekllsekaelgpvaaa
dqitaelksadggkFDPVEHMK agfihfktekydtnpalygelakggspkfmvfacsd8EPSHVLNFQPGEAF
MVRNIANMVPAYDKVR ysgvgaaieyavihlkvenivvighsacggikgimslpedgsestafiedwvkiclpalkak

IADHGGKEFAHQCTACEK eavnvslgnlitypfvreglvkktlalkggyydfvkggfelwglefglspplsv*
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Tabela 1 (cont.)

Serina hidroximetil- [N. benthamiana 57,3 2% 98% Excelente NCBI mamamalrkisssvnkssrplfsasslyykssipdeavydkenprvtwpkglnspleeidielekarqgwkglelipsenftsisv
transferase infectada com mgavgsvmtnkysegypgaryyggneyidmaetlcgkraleaftldpakwgvnvgplsgspsaliggpirdrimaldiphggh
ToYSV SOL Ishgyqtdtkkisavsiffetmpyrldestgyidydgleksatlfipt/ AGASAYAR lydyarirkvcdkgkavlladmahisgl
[Tomateiro Genomics |vaagvipspfdyadwvtttthkslrgprgamiffrkglkevnkqgkevfydyedkingavmmphnhtitglavalkgattpeyray
Infectado com geqgvisnsskfakalsekgydlvsggtenhlvivnlknkgidgsrvekvielvhiaawbgdvsamvpggirmgtpaltsrgfveec
[ToYSV fvkvaeyfdaavslalkvkaeskgtklkdfvealgtssyvgseisklkhdveefakofigtatmkynk*
Catalase 4 OS N. benthamiana 56,7 3% 98% Excelente NCBI mdpykhrpssafnspfwttnsgapiwnnnssltvgargpilledyhlveklanfdegvighargasakgffevthdishltcadflray
infectada com gvatpvivrfstvihergspetirdprgfavkfytregnfdivgnnipvffvrdgmkfpdimdkpnpknhigenwrildffshfpesih
ToYSV SOL mftflfddigvpgdyrhmdgfgvntytlinkagkavyvkfhwkttsgikclleeeaigganhshatqdlhdsiaagnypewklfvqt
[Tomateiro Genomics |dpehedkfdfdpldvtktwpediiplgpvgrivinknidnffaeneqlafcpapgryysddkmiqtrifsyadsgrivGPNYL
infectado com IQLPANAPK cahhnnhhegfmnfihrdeevnyfpsrydpvrhaerfpippaicsgrrekcgiekennfkgpaeydsqdrf
ToYSV arrwvdalsdprvtheirsvwisywsqgadrsiggkiashlstrpni*
S-adenosil metioninalN. benthamiana 43,2 4% 84% Excelente NCBI maaldtflftsesvneghpdkicdqvsdavidaclaedpdskvacetctktnmvmvfgeittekixvretcrnigfvsadvgldad
sintase 1 infectada com hckvivnieqgspdiaggvhghftkrpeeigagdgghmfgyatdetpelmplshviatit&yrkngtcawlrpdgktqvtveyrn
ToYSV SOL lesgarvpvrvhtvlistghdetvtndeiaadlkehvikpvipeqyldektifhimp3g GGPHGDAGLTGR kiiidtyggw
Tomateiro Genomics (gahgggafsgkdptkvdrsgayvarqaaksivasglarrcivqvsyaigvpeplsvigitpgkeilkivkenfdfrpgmiiinid]
infectado com kkggngrylktaayghfgrddpdftwevvkplkwekpsa*
[ToYSV
Thiamine thiazole  |N. benthamiana 37,8 4% 84% Excelente NCBI msisaagvatglganvelksnvgsssssvagvrlftsrkaglrrcaapatsaslysdarkferikgsivaremtrrymtdmithadi
synthase 3 infectada com dvvvvgagsaglscayelsknpnvkvaiveqsvspgggawlggglfsamivrkpahrfldgeevpenyvvikhaalftstimskl
ToYSV SOL larpnvkifnavaaedliirgdrvsgvvtnwalvagnhntgscmdpnvmeakvvvsscghdgpigéisigmiesvpgmkeld
Genomics |mnaaedaivkhtrevvpgmivtgmevaeidgslBPTFGAMMISGQK aahlalralglpnevdgnykpnvhpelvias
ddmtasa*
[Tomateiro
infectado com
[ToYSV
Probable helicase [Tomateiro 91,4 2% 84% Excelente SOL mavdknkleeealslrfykiviswdylrlikesdrkkgkgdddnalvikkaknsykdvaatfépllifeevkagiiqgkkddeeetlw
infectado com Genomics |mkavtvgcseidgfhfpmiscsdaesiqgndllisnkefgdgkriptayafalvedrmirikilsgevkglntgeieacsrlismrpl
ToYSV tenakllhvikicslistiareyvalrsvssipfkdlilsaadsnrstedgawkisrpé&ihnksqldainaglsrktfvliqgppgtgktc
tilgilsailhatpsrvhsnrvkissvkrgpelsmsdkykhwgkaspwlggtnelagpidgddgffptsgndlkpevvnssrkyR
IVLVCAPSNSALDEIVLR ilntgirdendrayspkivriglkahhsvgavsmdylveqrisgmdsgigdraimdcdkds
irasildeavivfstlsfsaspvftkinrgfdvviideaaqavepstlliplsngckagtipvglpatvispiagkfgyctsliferigragypv
gmiktqyrmhpeirnfpsrefyeealedgpdvevqtkrswheyrcfgpfcffdihndgkesgpsgsualevefvlamyhkivsg
lypelksssrlaiispyryqvklirgkfretfgvesdkvvdintvdgfggrekdvaifscwmaisgigfvadyrrmnvgitrarssvivvgs
astirkdarwgnlvesaekrnalhkvskpyaeffseenlkllkvevahdkheappedmdidviapegedwgyageeggyde
[*
Ranbinding protein [Tomateiro 54 1% 81% Bom SOL mdssiltisishtnsdthdligtyfleqwrlkskaavrksesvmgvsenqylmeidseeceeeNdditsggfsivgsdkisvrypn
9 infectado com Genomics [ahlhghdvgvvganrpapckrivyyfeifvenagtkggiaigfttpgfklrrgpgwesnsyagdgllyrgggkgeafgpaystgdtv
ToYSV ggginyasqelfftkngtvvgtvikdvkgplfptvavhsghevvtvnfgkrpfilidyeaqera@NSTIEK Isipgnasygivra

ylghygyedtlktfdvesrstlppisfvgengfaedvsvysingrkvirglirsgdgafgklrelypgilgdgtsaicflincgnfielvrvgk
leeavlygrtefekfyklgdyddivkdcaallayeqpgkssvgyllgdsqrdivadavnampistkdsreclhsridriirglsacflak
rtfngdggegfhlhrilnsgrkg*
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Tabela 2.Avaliacédo da interacdo entrevlP com ou sem dominio transmembralW®PAtmd) com proteinas de plantas hospedeiras do ToYSV por

meio do sistema duplo-hibrido de levedura, e confirmacgéo da interacdo pela quantificacdo da atividade glgaiaziosidase.

Gene de 1referéncia ObDEST22 |pDEST22 pDEST3 pDEST32 | Atividade f-gal | Atividade |Resultad
TAIR ~ - Sol +MP  MPAtmd 2 +MPAtmM p-gal ofinal
Proteinas/genes de plantas hospedeiras Genomics +MP d
cl. DEST22 DEST22
cl.1 l. 2 1 cl.2 cl.1el.2¢gl1icl2 +MpP/ MPAtmd P vazio

Probable helicase Solyc01g104640.2.1 - - |+ + - - - - Negativo - Negativo
Ran-bind protein 9 Solyc03g033380.2.1 - - - - - - - - - - Negativo
CBL (cystathionine beta-lyase) AT3G57050 - - - + - - - - Positivo Positivo  [Negativo
RXT3-like protein C1259.07 Histone deacetylation protein Rxt3 Solyc05g056340.2.1 - - - - - - - - - - Negativo
AGT (serine-glyoxylate aminotransferase) AT2G13360 - - - - - - - - - - Negativo
Lipid-associated family protein (PLAT-plant-stress domain-containing p)bteiy  AT2G22170 - - - - - - - - - - Negativo
Gamma-aminobutyrate transaminase-like protein AT3G22200 - - - - - - - - - - Negativo
Pistil extensin like protein (Fragment) Pollen Ole e 1 allergen and exteng  AT2G34700 - - - - - - - - - - Negativo
Cobalamin synthesis protein P (CobW:-like) AT1G15730 - + |- - - - - - Positivo Positivo  [Negativo
Universal stress protein (UspA) AT1G11360 - - - - - - - - - - Negativo
Plant-specific domain TIGR01615 family protein Solyc09g065760.2.1 - - - - - - - - - - Negativo
Lipoxygenase homology domain-containing protein 1 AT4G39730 - - - - - - - - - - Negativo
Transketolase AT3G60750 - - - - - - - - - - Negativo
THI1; protein homodimerization AT5G54770 - - |+ - - - - - Negativo - Negativo
Afadin- and alpha-actinin-binding protéin Solyc07g019530.2.7 - - - + - - - - Positivo Positivo  [Negativo
Urease accessory protein UREG AT2G34470 - - - - - - - - - - Negativo
0s07g0175100 protein (Fragment) Homeodomain-like containing proteifSolyc07g040960.1.1 - - - - - - - - - - Negativo
Peptide chain release factor 2 AT3G57190 - - - - - - - - - - Negativo
Major latex-like protein (putative PRO) AT1G70890 - - - - - - - - - - Negativo
RNA-binding glycine-rich proteirib Solyc10g051390.1.1 + |+ |- - - - - - Positivo Positivo  [Negativo
Nodulin-related AT2G03440 - - - - - - - - - - Negativo
Anidrase carbdnica Solyc05g005490.2.1 - - - - - - - - - - Negativo
Glicina Dehidrogenase P (AHRD V1) Solyc08g065220.2.1 - - - - - - - - - - Negativo
ASR4 (Fragment) ABA/WDS induced protein Solyc04g071620.2.1 - - - - - - - - - - Negativo
Kinase interacting family protein (helicase-like protein) AT5G10500 - - - - - - - - - - Negativo
Controle negativo pDEST32 vazio + pDESTRIP- - - - |- - - - - - - - Negativo
Controle negativo pDEST22 vazio + pDESTEP- - - - |- - - - - - - - Negativo
Controle negativo pDEST32 vazio + pDESTRIPA - - - |- - - - - - - - Negativo
Controle negativo pDEST22 vazio + pDESTSIPA - - - |- - - - - - - - Negativo
Controle positivo pDEST22+pDEST32 NIK:NSP - + + |+ + + |+ |+ + + + Positivo

ITAIR: The Arabidopsis Information Resource.

* Proteinas selecionadas para teste de interacé@o proteina-proteina in vivo através de BiFC.



Andlise in vitro da interacdo entre MP-ToYSV e proteinas de plantas hospedeiras
Ensaios de duplo-hibrido empregando MP-ToYSV integra e MP sem dominio
transmembrana (MRtmd) foram conduzidos para aala interacdo com as 25 proteinas de
plantas hospedeiras do ToYSV selecionadas por pull-down (Tabela 2). Os resultados
indicaram que pelo menos seis proteinas eram fortes candidatas a interagirem com a MP-
ToYSV (Figura 4). Leveduras transformadas caosril® clones restantes ndo apresentaram

crescimento em meio seletivo, indicando auséncia de interacao.

Probable helicase cl. 2
Probable helicase cl. 1

Cobalamin synthesis protein P (CobW-like)
CBL (cystathionine beta-lyase)

Afadin- and alpha-actinin-binding protein

THI1; protein Homodimerization |

Y Y Y

--:’\ RNA-binding glycine-rich protein-1bcl. 2 ]

RNA-binding glycine-rich protein-1b cl. 1 K ),/

Figura 4. Avaliacdo in vitro da interacdo da MP-ToYSV com proteinas de plantas
hospedeiras identificadas em ensaio de pull-down. Proteinas candidatas a interagirem com a
MP-ToYSV pelo sistema duplo-hibrido de levedura. Como controle positivo (C+) utilizaram-

se as proteinas NIK e NSP.

A quantificacdo da atividade da enzifiw@alactosidase foi realizada para confirmaar
interacdo da MP-ToYSV com as seis proteinas selecionadas. As prtpedible helicase"
e THI1 apresentaram resultado negativo no teste, descartando-se a possibilidade de
interagirem com a MP. As outras quatro proteinas apresentaram resultado positivo (embora

fraco em comparacdo ao controle positieojontinuaram a ser consideradas candidatas a
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interagirem com a MP. Para certificar-se de que as interacdes eram especificasagstas qu
proteinas candidatas remanescentes foram também avaliadas em combinacdo com os
respectivos vetores pDEST22 ou pDEST32 vazios. Verificou-se que estas combinagbes com
vetores vazios eram capazes de ativar o gene marcador responsavel por codificar f-enzima
galactosidase, fornecendo resultados falso-positivos de interacdo proteina-proteina pelo
sistema duplo-hibrido e nos testes de quantificacdo da atividade da pBrgalaatosidase. A
quantificacdo numérica via medicdo em espectrofotdbmetro foi impossibilitada devido a sua
baixa atividade e, consequentemente, baixa densidade Optica.

Das 25 proteinas testadas pelo sistema duplo-hibrido, quatro serdo também avaliadas
para interacdo proteina-proteina in vivo pelo método de complementagédo de fluorescéncia
bimolecular (BiFC) (Tabela 2). Os quatro genes correspondentes estdo sendo subclonados em
vetores SPYCE e SPYNE (C- e N-terminal YFP) para os testes de BiFC utilizando a MP-
ToYSV clonada nestes mesmos vetores. Posteriormente as culturas serdo co-agroinfiltradas
em folhas de N. benthamiana e a interacéo ser& avaliada conforme descrito por Mendes et al.
(2013). Ensaios de co-imunoprecipitacdo também serdo realizados, conforme descrito por

Carvalho et al. (2008a).

DISCUSSAO

A MP dos geminivirus € responsavel pelo movimento célula-a-célula, pode atuar no
movimento sistémico e em pelo menos alguns casos (ToYSV e Bean dwarf mosaic virus
BDMV) também pode influenciar na sintomatologia e agressividade viral (Hou et al;, 2000
Rojas et al., 2005, Zhou et al., 2011; Antunes, 2011). O sucesso da infec¢cdo sistémica do
hospedeiro € dependente de interacdes entre proteinas virais e inumeros fatores do hospedeiro
(Florentino et al., 2006; Carvalho et al., 2008b; revisado por Lozano-Duran et al., 2011). A
identificacdo destes fatores que interagem coMPaé o primeiro passo para entena

mecanismo de transporte intercelular do genoma viral coordenad@lpelaem uma ultima
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analise, auxiliar na busca de fontes de resisténcia do hospedeiro contra o virus. No contexo do
movimento viral, jA sdo conhecidos alguns fatores do hospedeiro que interagenMfbom a
dos begomovirus (Krenz et al., 2010; Lewis & Lazarowitz, 2010; Balmant, 2011; Zhou et al.,
2011). Balmant (2011), por meio de uma biblioteca de cDNA de A thaliana infectada com o
Cabbage leaf curl virus (CaLCuV) e utilizandoMP deste mesmo virus como isca,
identificou a interagdo com a proteina ribossomal S5A (RPS5A), confirmou sua interacdo in
vitro e demonstrou que a infeccdo pelo CaLCuV regula negativamente a sua expressao,
sugerindo que esta interacdo seja favoravel para o ciclo infeccioso viral. Krenz et al. (2010),
também utilizando uma biblioteca de cDNA de A thaliana, identificaram e confirmearam
interacdo in vitrce in vivo da proteindMP do AbMV com a proteina cpHSC70. A interacéo
facilita o movimento viral e esté ligada a indugédo de sintomas. Lewis & Lazarowitz (2010)
demonstraram que BIP do CaLCuV também interage in vit®in vivo com a proteina
sinaptotagmina A (SYTA) de A thaliana, e que essa interacdo favorece o movimento viral.
Zhou et al. (2011), utilizando a proteid®® do BDMV como isca, identificaram interacao
com a histona H3 em tomateiro e N. benthamiana.

A expressao constitutiva ou transiente da etiqueta NTAPiem plantas hospedeiras
do ToYSV seguida da purificacdo dos heterocomplexos protéicos pela metodologia TAP
original ou com modificagcbes nao permitiu a identificacdo de proteinas que interagem com a
MP do ToYSV, nem mesmo aquelas proteinas de plantas que ja tiveram sua interacao
confirmada com #MP de begomovirus. Em plantas, o método TAP tem sido utilizado com
sucesso em A thaliana (Rubio et al., 2005; Van Leene et al., 2007; Dufresne et al., 2008;
Thivierge et al., 2008), N. benthamiana (Rohila et al., 2004) e O. sativa (Rohila et al., 2006).
Também tem sido utilizado com eficiéncia no estudo da interacdo entre proteinas de potyvirus
com proteinas de A thaliana (Dufresne et al., 2008; Thivierge et al., 2008). O métoéo TAP
considerado mais eficiente quando as proteinas sdo abundantes e citoplasmaticas (Jensen et

al., 2008) e tem tido maior destaque em estudos com células de mamiferos e leveduras (Xu et
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al., 2010). O tamanho da etiqueta TAP (aprox. 20 kDa) em comparacao as etiquetas FLAG ou
6His (aprox. 1 kDa), tem sido apontado como um possivel problema devido a possibilidade de
alteracdes estruturais ou funcionais que causem instabilidade na proteina etiquetada
(Gloeckner et al., 2007; Abu-Farha et al., 2008). Outro ponto que tem sido abordado como um
possivel fator de insucesso é o fato do processo de purificacéo ser longo e envolver indmeras
etapas, de forma que apenas complexos protéicos muito estaveis e abundantes permaneceriam
complexados (Rohila et al., 2009).

Burckstummer et al. (2006) e Van Leene et al. (2007 e 2008), baseando-se no método
TAP original, desenvolveram uma nova etiqueta denominada protein G/streptavidin binding
peptide (GS)-TAP, que uma vez fusionada a proteina de interesse, é expressa em maior
quantidade em células vegetais e propicia a recuperacdo de uma alta quantidade do
heterocomplexos em comparacdo a etiqueta TAP. Gloeckner et al. (2007), na tentativa de
reduzir o tamanho da etiqueta TAP original, desenvolveram a etiqueta streptavidin binding
peptide-tag Il and FLAG tag (SF)-TAP reduzindo a etiqueta para 4.6 kDa e demonstraram
maior estabilidade da proteina alvo etiquetada.

A tentativa de identificacdo dos complexos g@iais utilizando duas abordagens de
espectrometria de massa, MALDI-TOF/TOF e ION TRAP, reforca a hip6tese de que a
ineficiéncia observada neste trabalho tenha sido realmente no método de purificacdo TAP. A
espectrometria de massa utilizando MALDI-TOF/TOF tem como principal vantagem a maior
tolerancia a contaminantes presentes nas amostras peptidicas e, em contrapartida, menor
sensibilidade em termos de concentracdo peptidica. Por outro lado, a espectrometria de massa
utilizando ION-TRAPLC apresenta maior sensibilidade em termos de concentracéo peptidica
e, em contrapartida, baixa tolerdncia a contaminantes (Abu-Farha et al., 2008; Collins &
Choudhary, 2008).

Foi demonstrado que uma protease de A thaliana tem afinidade pelas esferas de IgG-

agarose utilizadas na primeira etapa de purificacdo TAP, e consequentemente interfere na
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formacao de heterocomplexos e/ou na ligagédo de proteinas alvo sensiveis a proteases (Rohila
et al., 2004). Desta forma, o uso do inibidor de proteases do tipo cisteina E-64 nesta etapa foi
fundamental. Neste mesmo sentido, a etapa inicial de cross-linking também foi fundamental
para a manutencdo e recuperacao dos heterocomplexos, bem como evitar a formagédo de
complexos ndo especificos. Mesmo assim, a composi¢do dos complexos proteicos quando se
utiliza estes sistemas pode néo refletir diretamente a composicdo dos complexos em células
em condi¢cdes naturais.

Ao contrario do método TAP, o método pull-down utilizando a proteina MRis-
ToYSV em fase estacionaria permitiu detectar diversas proteinas de hospedeiros candidatas a
interagirem com aMP do ToYSV, sugerindo ser uma metodologia relativamente eficiente
para a identificacdo de interacdes proteina-proteina. A principal desvantagem deste método &
a possibilidade de ligacbes inespecificas proteina-proteina ou presenca de proteinas
contaminantes (interacdes falso-positivas). Ajustes ao protocolo e uso em paralelo de outras
proteinas virais como controle (ex. 6HI&ToYSV ou 6His-GFP) podem auxiliar na sele¢éo
das proteinas candidatas a interagir com a proteina alvo para posterior analise pelos sistemas
duplo-hibrido ou BiFC. Bruckner (2012), utilizando este mesmo tipo de ensaio, na tentativa
de encontrar proteinas parceiras da TCTP (translationally controlled tumour protein) de
tomateiro a partir de proteinas totais de N. benthamiana, identificou algumas proteinas
candidatas, incluindo proteinas relacionadas com a sintese de ABA, sorbitol, urease G, e
cobalina, catalases e uma proteina semelhante a extensinas especificas de pistilo, ambas
também detectadas por este sistema em nossas buscas, sugerindo assim que estas podem
apresentar ligagdo com a resMaNTA e/ou interagdo inespecifica com a proteina utilizada
como isca, uma vez que a interacéo destas foi negativa pelo sistema duplo-hibrido, tanto com
TCTP quanto com &P do ToYSV.

E razoavel supor que os mecanismos da interacdo entre fatores virais e do hospedeiro

nao envolvam somente interacdes diretas, mas também (e talvez predominantemente)

142



interacdes indiretas envolvendo mais de uma proteina viral ou do hospedeiro, que juntamente
com outras proteinas possibilitam a formagéo de heterocomplexos estaveis. Contudo, esta ndo
pode ser uma justificativa que permita explicar o insucesso na busca de proteinas parceiras,
uma vez que ambos os meétodos utilizados (TAP e pull-down), em teoria permitem a
recuperacdo destes heterocomplexos. Porém, na prética a grande limitacdo tem sido a
recuperacdo dos heterocomplexos em quantidade suficiente para serem detectados e
identificados por MS (Silva, 2011; Cascardo, 2011; Bruckner, 2012). Para contornar este
problema seguimos diretamente para a digestéo triptica em solugdo, ou seja, sem aslbmeter
proteinas recuperadas a eletroforese. Entretanto, os heterocomplexos recuperadados dessa
forma ndo apresentaram a pureza necessaria para analise em MS.

A identificacdo ou comprovacdo de interacdes proteina-proteina pelo sistema duplo-
hibrido tem sido amplamente utilizada por constituir um método simples, rapido e de baixo
custo (Navaratnam, 2009). Diversas interac6es proteina-proteina envolvendo gengnivirus
seus hospedeiros ja foram identificadas por este sistema, a exemplo de NSP com uma
acetilase nuclear de A thaliana (AtNSI) (McGarry et al., 2003), uma GTPase citosolica (NSP-
interacting GTPase, NIG) (Carvalho et al., 2008a), uma proteina receptora do tipo PERK
(proline-rich extensin-like receptor kinase) localizada na membrana plasmética (Florentino e
al., 2006) e membros da familia LRR-RLK, também localizados na membrana plasmatica e
designados NSP-interacting kinase (NIK 2 e 3 (Mariano et al., 2004; Fontes et al., 2004).

As principais limitagbes deste sistema s&o o grande numero de falso-positivos e o fato de

proteinas com dominio transmembrana peden&o atingir o nucleo, e com isSso nao ocorrer

a ativacdo transcricional dos genes reporteres, obtendo-se um resultado falso-negativo.

Resultados falsos negativos também podem ocorrer devido a diferencas nas modificacbes

pos-traducionais de proteinas de eucariotos superiores quando estas sdo analisadas em
leveduras (Jensen et al.,, 2008). Aliado aos testes de duplo hibrido, outros métodos de

identificacdo de interacdes poderiam ter sido utilizados neste caso, como por exemplo, a co-
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imunoprecipitacao (Zhou et al., 2011), far-Western blotting (Wu et al., 2007; Dombrovsky et
al., 2007; Machida & Mayer, 2009; Fernandez-Calvino et al., 2010) ou ensaios de BiFC
(Sanchez-Duran et al., 2011).

A proteinaMP dos begomovirus apresenta um dominio central associado a ligagdo com
a membrana plasmatica (Aberle et al., 2002; Zhang et al., 2002; Frischmuth et al., 2004).
Mesmo se MP for fusionada a um sinal nuclear (presente nos vetores pDEST22 ou 32), esta
vai se localizar, ao menos parcialmente, na membrana plasmatica (Frischmuth et al., 2004).
Estas caracteristicas dificultam ou podem mesmo impossibilitar a utilizacdo do sistema duplo-
hibrido da forma tradicional. A clonagem d4P sem o dominio transmembrana foi
importante para contornar este problema, contudo, a retirada deste dominio pode ter afetado
ou até abolido a capacidade B de interagir com proteinas do hospedeiro, nhovamente
fornecendo resultados falso-negativos. Contudo, Krenz et al. (2010) utilizaram apenas a
regido N-terminal (posi¢do 1-116 de amonoacidos)ldale AbMV para detectar a interacao
pelo sistema duplo-hibrido desta proteina com a proteina HSC70 de A thaliana. De fato, é
esperado que os dominios que possibilitam a interacdo eviReedatores do hospedeiro ndo
tenham sobreposi¢cdo com o dominio transmembrana.

Outros sistemas de busca ou identificacdo de interacfes entre proteinas poderdo
fornecer informacdes adicionais sobre fatores do hospedeir®e dos begomovirus. A
exemplo, a construcdo de bibliotecas de cDNA a partir de mMRNA de plantas hospedeiras
(sadias e infectadas) do virus e 0 uso destes genes/proteinas como presa e a proteina viral de
interesse como isca no sistema duplo-hibrido poderia viabdigentificacdo de proteinas
candidatas a interagirem com a proteina viral (McGarry et al., 2003; Castillo et al., 2004;
Lozano-Duran et al., 2011; Balmant, 2011). Outros métodos défidagéo de complexos
proteicos incluem ProCoDeS (Proteomic Complex Detection using Sedimentation) (Hartman
et al., 2007; Segura et al., 2010) e far-Western blotting (Wu et al., 2007; Dombrovsky et al.,

2007; Fernandez-Calvino et al., 2010).
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Alguns softwares tém sido recentemente disponibilizados para a busca de interactomas
ou predicdo in silico de interacbes proteina-proteina de plantas, a exemplo do STRING
(string-db.org; Franceschini et al., 2013), DIP (dip.doe-mbi.ucla.edu/dip/Search.cgi?SM=2
Salwinski et al., 2004), IntAct (www.ebi.ac.uk/intacthiermjakob et al., 2004), MINT
(mint.bio.uniromaz2.it/mint/Welcome.¢loChatr-aryamontri et al., 2007), BIND Database
(www.bindingdb.org/ Bader et al., 2003), IMEx (www.imexconsortium.qr@rchard et al.,

2007) e BIioGRID (thebiogrid.org; Stark et al., 2006). Outra abordagem que tem uma
tendéncia promissora sdo algoritimos para predicao de interacdo direta proteina-proteina que
levam em consideracdo caracteristicas como as estruturas terciarias das proteinas estudadas,
denominada analise em docking (Ritchie, 2008). Contudo, h& pouca ou nenhuma informacao
disponivel sobre proteinas virais ou seu interactoma. Neste sentido, a confiabilidade da meta-
andlise € considerada limitada e pode ser controversa, principalmente devido a falhas na
curagem ou atualizagéo dos dados (Zhang et al., 2010).

A avaliagdo da interacao in vivo por BIFC-YFP e/ou co-imunoprecipitacdo das quatro
proteinas selecionadas (Tabela 2) podera trazer mais informacdes, assim como o uso de outras
metodologias de busca e indentificacdo de interacob#Pdzom proteinas de hospedeiros do

ToYSV.
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CONCLUSOES FINAIS

Capitulo 1:

1. Plantas lenhosas perenes também podem suportar a infeccéo por virus de DNA.
2. O TFDaV compartilha caracteristicas de circo-, nano- e geminivirus.

3. O TFDaV provavelmente sera classificado em uma nova familia e género.

4. O TFDaV pode ser um ancestral comum dos virus de DNA fita simples circular.
5. RCA, PCR e ELISA indireto foram efetivos na deteccdo do TFDaV.

Capitulo 2:

1. No total, foram diferencialmente expressos genes pertencentes a 70 familias diferentes.

2. Diversos genes MIR foram regulados pela infeccéo viral, possivelmente para awamentar
suscetibilidade do hospedeiro.

3. Diversos genes MIR foram regulados durante a infeccdo pelo ToYSV, possivelmente
atuando na regulacédo de respostas de defesa do hospedeiro.

4. Diversos genes MIR tiveram sua expressdo aumentada ou diminuida de 5 dpi para 10 dpi
em plantas infectadas pelo ToYSV.

5. Diversos fatores de transcricdo e outras proteinas diferencialmente expressas durante a
infeccao viral tiveram seus genes MIR reguladores identificados.

6. vsiRNAs podem atuar na regulacdo de mRNAs do hospedeiro de forma a torné-lo mais
suscetivel a infeccao viral.

7. Validacdo da expressdo dos genes MIR por qPCR e da degradacdo de seus alvos por
degradoma podera fornecer evidéncias adicionais da regulacdo das respostas de defesa do

hospedeiro pelos begomovirus.

Capitulo 3:

1. O método TAP original ou com modificagdes ndo permitiu obter complexo protéicos em
guantidade e pureza.

. Pull-down foi um método promissor, porém necessita de ajustes.

. MALDI-TOF/TOF ou ION-TRAP foram relativamente eficientes.

. Recomenda-se 0 uso de outras etiquetas: GS-TAP ou SF-TAP.

. Uso de outros sistemas de busca ou identificacdo de interacdes: bibliotecas de cDNA.

. Uso de outros métodos de avaliacdo da interacdo: ColP e BiFC.

~N O 0o WD

. Associacdo com ferramentas de bioinformatica: banco de dados e predicdo baseada na

analise em docking.
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