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RESUMO

As moscas-brancas causam danos diretos através da succao de seiva do floema e
danos indiretos, relacionados a secre¢ao de “honeydew” e a transmissédo de virus.
Entre as espécies presentes no Brasil, 0 complexo Bemisia tabaci, o qual inclui as
espécies cripticas MEAM1, MED e do grupo NW, bem como a espécie Trialeurodes
vaporariorum sdo as mais importantes. Atualmente, MEAM1 e MED possuem maior
destaque no cenario brasileiro por serem altamente polifagas, possuirem alta
capacidade adaptativa e de dispersédo. Por isso, compreender o desempenho e a
habilidade competitiva dessas duas espécies nas principais plantas cultivadas no
Brasil é de fundamental valor. As moscas-brancas também sdo vetores de diversos
virus, incluindo o crinivirus tomato chlorosis virus (ToCV). As espécies MED, MEAML1,
NW e T. vaporariorum séo vetores desse virus. Por T. vaporariorum ser mais comum
em locais de temperaturas mais amenas e ser menos encontrada, poucos estudos
acabam sendo realizados com essa mosca-branca envolvendo o ToCV, n&o havendo
informacdo de como o virus age sobre o inseto quanto ao desempenho. O potexvirus
cassava common mosaic virus (CsCMV) é o principal virus em mandioca reportado
no Brasil. Até hoje, porém, ndo h& informacéo sobre a incidéncia no Estado de Séo
Paulo, sobre a variabilidade dos diferentes isolados presentes, nem sobre uma
comparacao dos genomas presentes no banco de dados. Sendo assim, esta tese traz,
no Capitulo 1 dados sobre a performance e competitividade entre MEAM1 e MED em
soja, algodao, feijao, tomate e pimentdo, onde MEAM1 é mais adaptada ao tomateiro,
MED é mais adaptada ao pimentéo e ao feijoeiro e, no caso de soja e algodao, ambas
aparentam se adaptar de forma semelhante; no Capitulo 2, dados sobre a
performance de MEAM1 e T. vaporariorum em tomateiros sadios e infectados por
ToCV, bem como a eficiéncia de transmissdo de cada vetor para esse virus, onde o
virus influencia negativamente ambas as espécies, porém mais gravemente MEAML1.
E que MEAM1 é melhor vetor de ToCV; no Capitulo 3, um levantamento sobre a
incidéncia do CsCMV no campo, assim como a variabilidade do genoma completo de
um isolado brasileiro entre os isolados presentes no GenBank e; no Capitulo 4,
descricdo dos trabalhos realizados durante o intercambio na Oklahoma State

University, Stillwater, nos Estados Unidos.



Palavras-chave: Bemisia tabaci. Trialeurodes vaporariorum. Soja. Algodao. Feijao.
Tomate. Pimentdo. RdRp. CP. Genoma completo



ABSTRACT

Whiteflies cause direct damage by sucking phloem sap and indirect damage, related
to the secretion of “honeydew” and virus transmission. Among the species present in
Brazil, the most important are the Bemisia tabaci complex, which includes the cryptic
species MEAM1, MED and NW group as well as the species Trialeurodes
vaporariorum. Currently MEAM1 and MED are more prominent in the Brazilian
scenario because they are polyphagous and have an adaptive and dispersion capacity.
Therefore, understanding the performance and competitive ability of these two species
in the main crops grown in Brazil is of essential. Whiteflies are also vectors of several
viruses, including the crinivirus tomato chlorosis virus (ToCV). The species MED,
MEAM1, NW and T. vaporariorum are vectors of this virus. For being more common in
places with milder temperatures and being less found, few studies have been
performed with this relationship T. vaporariorum and ToCV, having a lack of
information about the performance. The potexvirus cassava common mosaic Virus
(CsCMV) is the main cassava virus reported in Brazil. To date, however, there is no
information on its incidence in Sdo Paulo State, and the variability of the different
isolates present. Therefore, this thesis brings, in Chapter 1, data of the performance
and competitiveness between MEAM1 and MED in soybean, cotton, bean, tomato and
pepper, where MEAML1 is more adapted to tomato, MED is more adapted to pepper
and bean and, both seem to adapt similarly for soybean and cotton; in Chapter 2, data
on the performance of MEAM1 and T. vaporariorum on healthy and ToCV-infected
tomatoes, as well as the transmission efficiency of each vector for this virus, where
MEAML1 is more negatively affected by ToCV than T. vaporariorum, but it is more
efficient as a vector; in Chapter 3, high incidence of CSCMV in the field, as well as the
variability of the complete genome of a Brazilian isolate among the isolates present on
GenBank; and in Chapter 4, the description of the works performed during the PhD
Sandwich at Oklahoma State University, Stillwater, USA.

Keywords: Bemisia tabaci. Trialeurodes vaporariorum. Soybean. Cotton. Common

bean. Tomato. Sweet pepper. RdRp. CP. Complete genome
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INTRODUCAO GERAL

O cultivo sucessivo de diversas culturas e condigdes de clima tropical no Brasil
sdo favoraveis ao desenvolvimento de pragas e doencgas, onde problemas
fitossanitarios foram se tornando cada vez mais frequentes, dos quais as moscas-
brancas sdo de grande relevancia. Dentre as moscas-brancas, o complexo Bemisia
tabaci (Gennadius) (Hemiptera: Aleyrodidae) e a espécie Trialeurodes vaporariorum
(Westwood) sao as que possuem maior destaque. No complexo B. tabaci ha espécies
cripticas que apresentam alta polifagia, baixa suscetibilidade a inseticidas e eficiente
dispersdo no campo (GILBERTSON et al., 2015; KANAKALA; GHANIM; KANAKALA,
S. AND GHANIM, 2019). A espécie T. vaporariorum, conhecida como a mosca-branca
de casa de vegetacdo é comum em climas mais amenos e regifes de altitude
(MANZANO; VAN LENTEREN, 2009).

Ambas podem ocasionar danos diretos, através da succéo de seiva do floema
e indiretos através da secregao de “honeydew”, uma substancia agucarada que pode
servir de substrato para crescimento de fungo do género Capnodium sobre as folhas
e frutos, prejudicando a fotossintese e, consequentemente, o desenvolvimento da
planta (SUEKANE et al., 2013), e pela transmisséo de virus. Entretanto, os principais
prejuizos causados pelas moscas-brancas consistem na transmissdo de virus. O
complexo B. tabaci € capaz de transmitir virus dos géneros Begomovirus, Crinivirus,
Carlavirus, Ipomovirus, Torradovirus e Polerovirus. (COSTA et al., 2020; GHOSH et
al., 2019; GILBERTSON et al., 2015; NAVAS-CASTILLO; FIALLO-OLIVE; SANCHEZ-
CAMPOS, 2011), enquanto T. vaporariorum € vetor de virus dos géneros Crinivirus e
Torradovirus (NAVAS-CASTILLO; FIALLO-OLIVE; SANCHEZ-CAMPOS, 2011). No
Brasil, ja foram relatados virus pertencentes aos géneros Begomovirus, Crinivirus,
Carlavirus e Polerovirus (BARBOSA et al., 2008; COSTA; GASPAR; VEGA, 1983;
COSTA et al, 2020; INOUE-NAGATA et al.,, 2016; INOUE-NAGATA; LIMA;
GILBERTSON, 2016), onde as principais plantas afetadas pertencem as familias das
Solanaceas e Fabaceas.

Insetos do complexo B. tabaci foram, inicialmente, classificados em bi6tipos
considerando-se caracteristicas como adaptagéo a diferentes hospedeiros, producgéo
de toxinas como o prateamento das folhas de aboboreira, e a transmissao de virus
(BROWN; FROHLICH; ROSELL, 1995). Mais recentemente B. tabaci foi considerada

um complexo de espécies cripticas morfologicamente indistinguiveis (DE BARRO et
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al., 2011), porém diferenciados pela analise molecular da porcéo do gene mitocondrial
denominado mitochondrial cytochrome oxidase subunit | (mtCOI). As principais
espécies cripticas presentes no Brasil sdo Middle East-Asia Minor 1 (MEAM1 ou
biétipo B), Mediterranean (MED ou bio6tipo Q) e New World (NW ou bi6tipo A). A origem
geografica de MEAML1 é provavelmente a regido do oriente médio, enquanto MED a
regido do mediterraneo e NW as ameéricas (novo mundo) (DE BARRO et al., 2011).
Atualmente, o complexo conta com ao menos 44 espécies cripticas (KANAKALA;
GHANIM; KANAKALA, S. AND GHANIM, 2019).

No Brasil, B. tabaci foi primeiramente reportada no estado da Bahia na década
de 1920 (BONDAR, 1928). Até os anos de 1970, com a expansao da cultura da soja
e consequentes surtos populacionais de mosca-branca (COSTA, 1975), este inseto
era considerado praga secundaria, causando poucos prejuizos e danos. Acredita-se
gue, até inicio da década de 1990, os espécimes de B. tabaci presentes eram os
nativos das Américas, denominados de biétipo A (BROWN; FROHLICH; ROSELL,
1995) e reclassificados, através da andlise do gene mtCOI, como New World 1 (NW1)
e New World 2 (NW2) utilizando-se o critério de 3,5% de divergéncia na sequéncia do
mtCOIl (MARUBAYASHI et al., 2013). Todavia, alguns trabalhos sugerem um critério
com variacdo de 4% (LEE et al., 2013) e de 2,48 a 4,77% (VYSKOCILOVA et al.,
2018) de divergéncia na sequéncia do mtCOI para diferenciacdo de espécies, de
modo que, no caso de NW1 e NW2 ambas formariam um Unico grupo, denominado
New World (NW).

Em meados da década de 1990, o cenario de mosca-branca no Brasil foi
radicalmente alterado com a introducdo da B. tabaci MEAML1, entdo conhecido por
biotipo B, através do comércio de plantas ornamentais no estado de S&o Paulo
(LOURENCAO; NAGAI, 1994). Desde entdo, essa espécie se dispersou rapidamente
pelo territdrio nacional sendo importante fator na disseminacéo e emergéncia de virus.
Virus transmitidos por mosca-branca haviam sido relatados no Brasil desde 1960 em
plantas daninhas (COSTA, 1955; COSTA; BENNETT, 1950; FLORES;
SILBERSCHMIDT; KRAMER, 1960), em feijoeiro como o bean golden mosaic virus
(BGMV) e o cowpea mild mottle virus (CPMMV) (COSTA, 1975; COSTA; GASPAR,;
VEGA, 1983) e 0 tomato golden mosaic virus em tomateiro (TGMV) (COSTA,;
OLIVEIRA; SILVA, 1975; MATYIS et al., 1975). Porém a introducdo de MEAM1
permitiu a emergéncia de ao menos 18 novas espécies de begomovirus em tomateiro
(ALBUQUERQUE et al., 2012; BARBOSA et al., 2011; CASTILLO-URQUIZA et al.,
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2008; FERNANDES et al., 2006; INOUE-NAGATA et al., 2016; INOUE-NAGATA,
LIMA; GILBERTSON, 2016; MACEDO et al., 2018; QUADROS et al., 2019; RIBEIRO
et al., 2003; ROCHA et al., 2013), do crinivirus tomato chlorosis virus (ToCV) em
tomateiro, pimentdo e batateira (BARBOSA et al.,, 2008; BARBOSA; TEIXEIRA;
REZENDE, 2010; FREITAS et al., 2012), além da transmissdo do CPMMYV para a soja
(ALMEIDA et al., 2003) e BGMV em feijoeiro (INOUE-NAGATA et al., 2016).

Duas décadas mais tarde, a espécie criptica MED, também conhecida por
biétipo Q, foi relatada pela primeira vez no Rio Grande do Sul, préxima a fronteira com
o Uruguai (BARBOSA et al., 2015) e posteriormente, uma segunda introducao de MED
foi reportada no estado de Sao Paulo, provavelmente associada ao comércio de
plantas ornamentais (MORAES et al., 2017). A partir de entdo, MED se disseminou
rapidamente ao longo da regido sul e sudeste do pais, tornando-se preocupante em
varias areas produtoras de hortalicas e plantas ornamentais (DE MORAES et al.,
2018). No estado de Sdo Paulo e no Parand, algumas areas comerciais de hortalicas,
apresentaram altas infestacdes desta espécie, comprometendo a producdo em
estufas (BELLO et al., 2020). Além disso, também houve o primeiro relato de ToCV
infectando pepino associado a MED (BELLO et al., 2019).

Atualmente, MEAM1 ainda € considerada a espécie predominante de mosca-
branca presente no pais (DE MORAES et al., 2018), porém, MED vem se destacando
e se disseminando de forma acelerada, especialmente em hortalicas. Diante disso,
tornou-se importante compreender o comportamento, com estudos de desempenho e
habilidade competitiva de MED e MEAM1 em culturas de importancia agricola no pais,
como o feijoeiro, soja, algodao e hortalicas como pimentdo e tomateiro.

Por outro lado, a espécie T. vaporariorum € encontrada no Brasil em regides
de elevadas altitudes e/ou em regifes de temperaturas mais amenas, como € 0 caso
da regido Sul e parte da regido Sudeste do pais (DE MORAES et al., 2018). Apesar
de sua presenca estar associada frequentemente a casas de vegetacdo, surtos
populacionais de T. vaporariorum ja ocorreram em campos no Brasil (LOURENCAO
et al., 2008).

Pelo fato de ambos, o complexo B. tabaci e T. vaporariorum transmitirem o
ToCV, esse virus vem ganhando um destaque importante desde seu relato. O ToCV
possui particulas alongadas e flexuosas, de 800 — 850 nm de comprimento,
constituidas por duas moléculas de RNA de fita simples, senso positivo (LIU; WISLER,;
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DUFFUS, 2000). Seu primeiro relato ocorreu nos Estados Unidos (WISLER et al.,
1998).

Nas ultimas duas décadas, o ToCV se disseminou pela América do Norte,
América do Sul, Europa, Africa, Oriente Médio e Asia (ACCOTTO et al., 2001;
ARRUABARRENA et al., 2014; FIALLO-OLIVE et al., 2011; HIROTA et al., 2010;
SEGEV et al., 2004; WISLER et al., 1998). Atualmente, o ToCV € encontrado em 23
paises (INOUE-NAGATA et al., 2016; NAVAS-CASTILLO; FIALLO-OLIVE;
SANCHEZ-CAMPOS, 2011). No Brasil, o primeiro relato do ToCV ocorreu em
tomateiro, no Estado de Sdo Paulo (BARBOSA et al., 2008). Além do tomateiro, 0
ToCV também foi relatado infectando pimentdo (NAVAS-CASTILLO et al., 2011),
batateira (FORTES; NAVAS-CASTILLO, 2012; FREITAS et al., 2012), berinjela
(Solanum melongena), jilé (Solanum aethiopicum) (FONSECA et al., 2016) e pepino
(Cucumis sativus) (BELLO et al., 2020). Os sintomas causados pelo virus sao
caracteristicos de uma clorose internerval nas folhas do baixeiro da planta, podendo
ocorrer bronzeamento, enrolamento das folhas voltadas para cima e engrossamento
do limbo foliar (INOUE-NAGATA et al., 2016). Além disso, o ToCV pode causar danos
expressivos na producdo de tomateiro, chegando a 100% (LOZANO; MORIONES;
NAVAS-CASTILLO, 2006; VELASCO et al.,, 2008). Em pimentdo, o ToCV ja foi
associado a perdas na producdo de até 75% de acordo com o genétipo (FORTES;
MORIONES; NAVAS-CASTILLO, 2012). No Brasil, os danos decorrentes do ToCV
sdo reducdo na producdo de até 52% de acordo com o genétipo de tomateiro
(MANSILLA-CORDOVA et al., 2018).

Como ambos T. vaporariorum e B. tabaci sdo vetores do crinivirus ToCV,
alguns estudos sobre eficiéncia de transmisséo ja foram reportados, onde B. tabaci
MEAM1 é um vetor mais eficiente do ToCV que T. vaporariorum (WINTERMANTEL;
WISLER, 2006). Pelo fato de T. vaporariorum ser menos frequentemente encontrada
gue MEAM1, e até confundida com este inseto, esta tese teve como um dos objetivos
estudar a interacéo entre esse inseto e o ToCV.

O terceiro topico abordado nesta tese foi 0 virus cassava common mosaic virus
(CsCMV) em mandioca. A mandioca (Manihot esculenta Crantz), atras do trigo, milho
e arroz, € a quarta fonte de calorias mais importante no mundo, garantindo alimento
para mais de 800 milhdes de pessoas (LEGG et al., 2014, 2015). Na América do Sul,
o Brasil se destaca como maior produtor da mandioca, chegando a 20 milhdes de

toneladas em 2018 (CONAB, 2018). De forma geral, a cultura da mandioca é cultivada
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em areas desfavoraveis a agricultura, sem manutencdo adequada do solo e por
pequenos produtores que ndo possuem grande recurso para investimento.

Referentes a problemas fitossanitarios da mandioca, os virus que se destacam
especialmente na Africa, onde o cassava mosaic virus (CMV) e o cassava brown
streak virus (CBSV) sédo os mais importantes da cultura (LEGG et al., 2014, 2015). No
Brasil, at¢ o0 momento foram relatados o cassava common mosaic virus (CsCMV)
(COSTA, 1940; KITAJIMA et al., 1965; SILVA; KITAJIMA; OLIVEIRA, 1963), cassava
vein mosaic virus (CsVMV) (COSTA, 1940; DE KOCHKO et al., 1998), cassava
frogskin-associated virus (CsFSaV) (CALVERT et al., 2008), cassava symptomless
virus (CsSLV) (KITAJIMA; COSTA, 1979) e cassava American latent virus (CsSALV)
(WALTER et al., 1989).

O CsCMV, pertencente ao género Potexvirus, é constituido de um RNA de fita
simples (ssRNA) com uma particula semi flexuosa com medidas de 15 nm x 495 nm
(KITAJIMA et al., 1965). E o virus mais relevante na cultura da mandioca no Brasil.
Os danos causados pelo CsCMV podem chegar em torno de 30% na produtividade
da parte aérea, da raiz e do amido (VENTURINI et al., 2016). Além de apresentar
perdas consideraveis, o virus esta presente em boa parte das plantas no Estado do
Parand, de acordo com um levantamento que revelou que a incidéncia do virus
chegou a 90% no campo (SILVA et al., 2011). Essa alta incidéncia pode estar
relacionada com o método de propagacéao utilizado para a cultura da mandioca e a
transmissdo mecanica do virus, uma vez que até hoje nenhum vetor foi relatado para
0 CsCMV (LEGG et al., 2015). O modo de propagacdo da mandioca € vegetativo,
realizado através do uso de manivas. Caso as manivas estejam infectadas com o
virus, esse tipo de propagacdo pode favorecer sua disseminacdo, uma vez que leva
ao campo material contaminado.

Embora presente no Brasil ha muitos anos, a variabilidade do CsCMV nunca
foi estudada. De acordo com o Comité Internacional de Taxonomia de Virus (ICTV), a
variabilidade dos potexvirus pode ser avaliada através dos genes RNA-dependente
RNA-polimerase (RdRp) e capa proteica (CP), onde para serem consideradas
espécies diferentes, a porcentagem de identidade deve ser inferior a 72% na
comparacdo entre nucleotideos ou 80% na comparacdo entre aminodcidos
(https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-
viruses/w/alphaflexiviridae/1330/genus-potexvirus). Na Argentina, ZANINI et al., 2018

concluiram gque, com uma porcentagem de identidade dos nucleotideos de parte do



26

gene RdRp entre 77,1 e 80,3%, os isolados podem ser classificados como estirpes
distintas. No Brasil, até hoje ndo ha dados relacionados a variabilidade do CsCMV e
a presenca de diferentes estirpes.

Quanto ao genoma completo, um isolado brasileiro sequenciado h& mais de 20
anos por CALVERT et al., 1996 € o unico do pais. Apds esse longo periodo, nenhum
novo sequenciamento do CsCMV foi realizado no Brasil. Aléem desse genoma
brasileiro, genomas da Argentina, Colémbia e outros da China j& foram depositados
no GenBank, porém n&o foram comparados entre si.

Além desses estudos, durante o doutorado sanduiche na Oklahoma State
University, Stillwater, OK, EUA, foram realizadas analises moleculares,
sequenciamento de nova geracdo (Next Generation Sequencing — NGS), e a
construcdo de uma base de dados para virus em videira na plataforma Mi-Fi, por E-
probe Diagnostic Nucleic-acid Analysis (EDNA) (STOBBE et al., 2013).

Sendo assim, a partir dos assuntos abordados, a tese foi dividida em quatro
capitulos: Capitulo 1, “Performance and competitive displacement of Bemisia tabaci
MEAM1 and MED cryptic species on diferente host plants”, redigido em inglés e
publicado nas normas da revista CROP PROTECTION; Capitulo 2, “Performance of
Bemisia tabaci MEAM1 and Trialeurodes vaporariorum on Tomato chlorosis virus
(ToCV) infected plants”, redigido em inglés e publicado em 2018 nas normas da revista
JOURNAL OF APPLIED ENTOMOLOGY, o Capitulo 3, “titulo”, redigido em inglés,
conforme as normas da revista PLANT PATHOLOGY; e o Capitulo 4 “Atividades

desenvolvidas no periodo de intercambio na Oklahoma State University (Stillwater)”.
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ABSTRACT

Bemisia tabaci comprises a complex of cryptic species, of which MEAM1 (known as B
biotype) and MED (known as Q biotype) are the most invasive and widely distributed
ones. In Brazil, MEAM1 was first reported in the 1990s, while MED was first reported
in 2014. The goal of this study was to understand the behaviour of the newly introduced
MED cryptic species in Brazil and to predict the susceptibility of soybean, cotton,
common bean, tomato and sweet pepper to it in the absence of insecticides. We
investigated the performance as well as the competitive displacement of these cryptic
species in the selected hosts. The best performance of MED was observed on common
bean, followed by sweet pepper, propitiating the emergence of a large number of adults
and a higher survival rate (60 and 50% for MED, respectively, while for MEAM1, 20%
was reached). In addition, MED displaced MEAML1 in sweet pepper and common bean
after four generations (after 120 days, all insects were 100% MED). By contrast,
MEAM1 displaced MED only in tomato after four generations. The competitive
displacement and the performance results were the same, indicating the most suitable
host for each species. Both MED and MEAML1 are well adapted to cotton and soybean
plants, and no advantage was observed for one particular species in the absence of
insecticides. Common bean and sweet pepper are excellent hosts for B. tabaci MED
cryptic species, requiring increased attention by the producer. The year-round common
bean cultivation in Brazil could contribute to the adaptation of MED to open field
production in Brazil and, consequently, to the migration to other crops such as soybean
and cotton, to which MED is also well adapted. Further management studies with these
cryptic species in Brazil, including insecticide experiments and biological control

assays, are necessary.

Keywords: Common bean, Cotton, Soybean, Sweet pepper, Tomato, Whitefly
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1.1 INTRODUCTION

The whitefly Bemisia tabaci (Gennadius) (Hemptera: Aleyrodidae) is one of the
most damaging and invasive pests and is widespread around the world, causing losses
to several crops (De Barro et al., 2011; Lapidot et al., 2014). It causes direct damage
by feeding on the plant phloem and indirect damage by sooty mould growth; in addition,
it is a vector of numerous viruses (Navas-Castillo et al., 2011). Previously, B. tabaci
was stated as biotypes according to a range of biological characters, such as the
capacity to induce silverleafing in squash and yellow vein in honeysuckle and
nightshade, the host range, the capacity of begomovirus transmission, and the
capacity to produce female offspring following interbiotype mating trials (Bedford et al.,
1994; De Barro et al.,, 2011). Currently, B. tabaci classification has changed to a
complex of cryptic species morphologically indistinguishable. However, the species
can be differentiated via molecular analysis of the mitochondrial cytochrome oxidase |
(mtCOl). This region is suitable for the identification of, to date, 44 cryptic species of
B. tabaci (De Barro et al., 2011; Kanakala and Ghanim, 2019). Also, crossing
experiments and observations on mating showed that the cryptic species reproduces
isolated (Sun et al., 2011). The Middle East-Asia Minor 1 (MEAM1, known as B
biotype) and the Mediterranean (MED, known as Q biotype) species are considered
the most invasive cryptic species of the complex.

In the early 1990s, the MEAML1 (reported as B biotype) has first been reported
in Brazil (Lourencdo and Nagai, 1994) and is now widespread throughout the country
(de Moraes et al., 2018; Marubayashi et al., 2013). Since then, it has been possible to
verify MEAM1 whitefly infestations and virus outbreaks (Inoue-Nagata et al., 2016a).

Two decades later, MED species was first reported in Brazil in the state of Rio
Grande do Sul, associated with sweet pepper plants (Barbosa et al., 2015), with
subsequent findings in the states of Santa Catarina, Parana, Sao Paulo, Minas Gerais
(Moraes et al., 2018; Moraes et al.,, 2017), Goids and Mato Grosso (data not
published), associated with ornamental plants. More recently, MED was detected in
greenhouse-grown vegetables crops (data not published). On a global level, MED and
MEAML1 can co-exist in the same host/area, and significant switches in the species, in
terms of predominance, are frequently being observed (Bertin et al., 2018). A previous
study from China revealed that, in a condition without insecticide spraying, MED
predominates over MEAM1 on sweet pepper (Capsicum annuum L.), while MEAM1

predominates over MED on cabbage (Brassica oleracea L.), cotton (Gossypium
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hirsutum L.) and tomato (Solanum lycopersicum L.) (Sun et al., 2013). However, as
MED is less susceptible to insecticides than MEAM1 (Horowitz et al., 2005; Horowitz
and Ishaaya, 2014), it can have an advantage when the management is based on
chemical control.

Brazil has a large territorial extension and a complex agricultural system,
making it difficult to understand the behaviour of MEAM1 and MED in conditions where
both species are present in the environment. The main concern about the
characteristics of MED is that in Brazil pesticides are frequently used for whitefly control
in numerous crops such as soybean (Glycine max L. Merr.), common bean (Phaseolus
vulgaris L.), cotton, tomato and sweet pepper (Pignati et al., 2017).

However, although the behaviour of MED and MEAML1 needs to be investigated
under conditions with insecticide spraying, it is also essential to understand the
behaviour of these species on different host plants without insecticide spraying; such
data would help to develop effective management strategies under conditions of low
amounts of insecticides or where alternative control measures are used, such as
biological control (Liu et al., 2016; Xu et al., 2018).

In this context, we investigated not only the performance, but also the
competitive displacement of MEAM1 and MED in the most important Brazilian crops
such as soybean, common bean, cotton, tomato and sweet pepper without
insecticides, with the overall aim to understand the behaviour of the newly introduced
MED cryptic species and to determine which crops are most susceptible to this pest.

1.2 MATERIALS & METHODS
1.2.1 Whitefly colonies, identification and host plants

The population of B. tabaci MEAM1 was collected from cabbage (Brassica
oleracea L.) in Campinas, Sdo Paulo, and maintained on cotton. The population of
MED was collected from Begonia spp. in Mogi das Cruzes, S&o Paulo, and was taken
to the Virology Laboratory of Faculdade de Ciéncias Agronémicas, UNESP, Botucatu,
to start a colony on cotton plants. For whitefly identification, total DNA extraction was
carried out following the Chelex protocol (Walsh et al., 1991). Subsequently, the DNA
was used as a template for PCR analysis, using the primers Bem23-F and Bem23-R,
amplifying a microsatellite locus of 200 and 400 bp for MEAM1 and MED (Konjevic,
2018; Skaljac et al., 2010), respectively, and primers C1-J-2195 and TL2-N-3014 of
the mtCOI gene (Simon et al.,, 1994). The samples were purified (QIAquick Gel
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Extraction Kit Qiagen), sequenced (Macrogen, South Korea) and confirmed as MEAM1
(GenBank access: MF624473) and MED (GenBank access: KX673609). The
populations were maintained in insect-proof rearing cages in greenhouses, and colony
purity was monitored every 6 months via molecular analysis. Whiteflies from each
species used in these experiments were newly emerged (48 h after emergence).

As host plants, we used cotton, soybean cv. Campo Mourdo, common bean cv.
Pérola, tomato cv. Santa Clara and sweet pepper hybrid Magali-R. All plants used in

the experiments had five to seven true leaves.

1.2.2 Whitefly performance on different host plants

All assays were conducted using two plants in insect-proof rearing cages (45 x
45 x 55 cm). Initially, 10 whitefly couples were transferred into a clip cage (5 x5 x 5
cm), which was then attached to a leaf, resulting in a total of 10 leaves (10 replicates)
(Chen et al., 2013; Jiao et al., 2012; Omondi et al., 2005; Watanabe et al., 2018; Xu et
al., 2010; Zang et al., 2006). After 48 h, the clip cages and whitefly adults were
removed, and only the eggs laid remained. The eggs were counted using a magnifying
glass (Zeiss®) and maintained for further evaluation of the following parameters:
hatchability [(eggs hatched/eggs laid)*100], number of adults emerged, survival rate
[(number of adults emerged/number of eggs laid)*100] and development time (from
eggs until adult emergence). Daily evaluations were performed during the entire assay
to determine the exact time between each phase of the whitefly life cycle. Every day,
newly emerged adults were collected with a manual insect aspirator and immediately

counted. The temperature was maintained at 28 + 2 °C.

1.2.3 Competitive displacement between MEAM1 and MED

The competitive displacement assays were conducted using two plants in each
insect-proof rearing cage (45 x 45 x 55 cm), totalling four cages for each host (four
replicates). The experiments were performed for sweet pepper, tomato, cotton,
soybean and common bean, individually, under non-choice conditions. Per cage, 10
couples of each whitefly species (MEAM1 and MED) were transferred and let to
reproduce (Sun et al., 2013). For each generation, whiteflies were sampled using a
manual insect aspirator to further analysis. The time for each generation was
determined based on the performance experiment (development time of whiteflies on

each host). Additionally, two control cages were used on cotton plants, one for MEAM1
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and another for MED (20 whitefly couples were introduced in each cage and let to
reproduce). Subsequently, every 25 days (for cotton) and every 30 days (for soybean,
common bean, tomato and sweet pepper), 100 insects of each cage were randomly
sampled and analysed via PCR (as described above in section 2.1). During the
experiments, in every sampling, the weaker plants in the cages were replaced by new
plants to maintain optimal conditions.

The experiments were conducted either until one cryptic species displaced the
other one or until they reached the field crop cycle time. The temperature was

maintained at 28 + 2 °C.

1.2.4 Data analysis

To analyse the performance experiments, non-parametric statistical analyses
were performed using the Kruskal-Wallis rank test (p < 0.05), employing the statistical
software package Minitab 16 (Minitab, 2010). We determined differences between the
B. tabaci cryptic species MEAM1 and MED in each host plant as well as the differences
among the host plants (cotton, common bean, sweet pepper, soybean and tomato) for

each B. tabaci cryptic species.

1.3 RESULTS
1.3.1 Performance of MEAM1 and MED on different host plants
1.3.1.1 Number of eggs laid

For most of the host plants except sweet pepper, MEAM1 and MED were similar
in terms of number of eggs laid. In sweet pepper, MED species laid considerably more
eggs compared to MEAML1 species (H = 14.29, P = 0.0002). For the other host plants,
there was no significant difference: cotton (H = 0.01, P = 0.9097), common bean (H =
0.04, P = 0.85), soybean (H = 0.05, P = 0.8205) and tomato (H = 1.96, P = 0.1613)
(Table 1). Based on our results, common bean was the most suitable host plant for
both MEAM1 (H = 39.95, P < 0.0001) (Table 2) and MED (H = 24.74, P < 0.0001)
(Table 3), while sweet pepper was the least suitable host for MEAM1 (Table 2) and

cotton was the least suitable host for MED (Table 3).

1.3.1.2 Hatchability
The hatchability of MED was significantly higher compared to that of MEAM1 on
cotton (H = 6.22, P = 0.0089). The other host plants showed no differences in this
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parameter between both species: common bean (H = 0.82, P = 0.3642), sweet pepper
(H=0.24, P = 0.6219), soybean (H = 0.21, P = 0.6501) and tomato (H = 3.02, P =
0.0757) (Table 1). In addition, the highest hatchability for MEAM1 was found for tomato
(H=11.95, P =0.0165) (Table 2). For MED, there was no difference in hatchability (H
=7.07, P =0.1284) (Table 3).

1.3.1.3 Number of adults emerged

The number of adults emerged differed significantly between MEAM1 and MED
on common bean (H = 14, P = 0.0002), sweet pepper (H = 14.29, P = 0.0002) and
tomato (H =11.57, P = 0.0007). For cotton (H = 0.82, P = 0.3642) and soybean (H =
0.46, P = 0.4955), there was no difference (Table 1). Additionally, higher numbers of
adults were verified on tomato for MEAM1 (H = 35.97, P < 0.0001) (Table 2) and on
common bean for MED (H = 17.83, P = 0.0013) (Table 3).

1.3.1.4 Survival rate

The survival rate (%) was higher for MEAM1 species compared to MED only on
tomato (H = 13.72, P = 0.0002), while MED had higher survival rates on common bean
(H = 14.29, P = 0.0002), cotton (H = 6.8, P = 0.0088) and sweet pepper (H = 8.69, P
<0.0032) than MEAML1 (Table 1). Additionally, MEAM1 had the highest survival rate on
tomato MEAM1 (H =41.51, P <0.0001) (Table 2), while MED survived better on cotton
(H =27.15, P <0.0001) (Table 3).
1.3.1.5 Development time

The development time was similar for both species on most of the plant hosts
assessed: cotton (H = 0.01, P = 0.9376), common bean (H = 0.14, P = 0.6147) and
tomato (H = 0, P > 0.9999). However, MEAM1 had a shorter development time than
MED on soybean (H = 14.29, P < 0.0001) and sweet pepper (H = 13.72, P < 0.0001)
(Table 1). In addition, MEAM1 developed more rapidly on soybean, cotton and sweet
pepper and more slowly on tomato and common bean (H = 39.34, P < 0.0001) (Table
2), while MED developed more rapidly on cotton and more slowly on common bean (H
= 33.97, P <0.0001) (Table 3).
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Table 1 — Performance evaluation of MEAM1 vs MED on each host plants.

Host Whitefly Eggs Hatchability =~ Adults Survival Development

plant species laid (%) emerged rate (%) time (days)
Cotton MEAM1 58a 83.1b 43.5a 73.7b 24a
MED 48.5a 100a 45.5a 96.65a 24.5a
Common MEAM1 177a 94.67a 30.5b 18.3b 29a
bean MED 179a 89a 102a 60.45a 29a
Sweet MEAM1 27.5b 89.76a 4.5b 18.8b 25a
pepper MED 125.5a 91.85a 44.5a 40.45a 28b
MEAM1 83.5a 91.73a 47a 60.35a 23.5a
Soybean
MED 79a 86.95a 52.5a 63.25a 27b
MEAM1 104.5a 99.13a 97a 90.1a 28a
Tomato
MED 89a 96.63a 52b 60.65b 28a

Medians followed by different letters within columns indicate significant difference (p <
0.05) between MEAM1 and MED on each different host plant for each parameter
evaluated.

Table 2 — Performance evaluation of host plants for MEAM1.

Common Sweet

Parameters Cotton b Soybean Tomato
ean pepper
Eggs laid 58cd 177a 27.5d 83.5bc 104.5ab
Hatchability (%)  83.1c 94.67ab 89.76bc 91.73bc 99.13a
MEAM1 _Adults emerged  43.5b 30.5b 4.5c 47b 97a
Survival rate (%) 73.7ab 18.3c 18.8c 60.35b 90.1a

Development 20b 25a 23.5a 28b
time (days)

Medians followed by different letters within rows indicate significant difference (p <
0.05) among the different host plants.

Table 3 — Performance evaluation of host plants for MED.

Common Sweet

Parameters Cotton bean pepper Soybean Tomato

Eggs laid 48.5d 179a 125.5ab 79cd 89bc
Hatchability (%) 100a 89a 91.85a 86.95a 96.63a

MED Adults emerged  45.5b 102a 44.5b 52.5b 52b
Survival rate (%) 96.65a 60.45bc 40.45c 63.25b 60.65bc

Development /o 29¢ 28bc 27b 28bc
time (days)

Medians followed by different letters within rows indicate significant difference (p <
0.05) among the different host plants.
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1.3.1.6 Emergence of adults per day

The emergence of adults throughout the entire emergence period is shown in
Fig. 1. The sum of the adults per day indicates the total of adults emerged. More adults
emerged in the first days for MEAM1 on tomato and for MED on common bean. Adult
emergence on sweet pepper was constantly higher for MED compared to MEAML. In
soybean, a unique different pattern of adult emergence was observed, suggesting that
this plant host favours MEAM1 emergence only in the first week after the first
emergence. In cotton, MED and MEAM1 species had a similar pattern with a

decreasing emergence over time.
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Fig. 1. Number of adults emerged for MEAM1 and MED per day on each host plant.
1.3.2 Competitive displacement between MEAM1 and MED

A complete displacement of one species by another was observed only for
sweet pepper, common bean and tomato (Fig. 2). The MED species displaced MEAM1
in sweet pepper and in common bean, while MEAML1 displaced MED in tomato plants.
Our results suggest that soybean and cotton did not favour any of the species, as no

displacement was observed after 150 days of evaluation.
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Fig. 2. Competitive displacement between MEAM1 and MED on each host plant.

1.4 DISCUSSION

The data obtained in both performance and competitive displacement assays
revealed that the MED species is highly adapted to common bean and sweet pepper,
while MEAML1 is more adapted to tomato plants, suggesting that growers need to be
alert to the occurrence of MED in these crops. Brazil is among the largest growers and
consumers of common bean in the world, with a production of 3.3 million tons under
open field conditions in the season 2017/18 (Coélho, 2017). Bean production in the
country relies on three main growing seasons: the “rainy season,” when beans are
sown from August through November (49.4% of the total production), the “dry season”,
which usually lasts from mid-February to mid-March (45.3% of the total production),
and the “irrigated crop” or “winter crop,” where the beans are sown between April and
July (5.3% of the total production). The latter is mainly cultivated in the central-western
and south-eastern regions of the country (de FARIA et al., 2016). The large areas
cultivated with common bean throughout the year could contribute to the adaptation of
MED in open fields in Brazil, since our study demonstrates that common bean is the
most suitable host for MED development among the tested host plants. This can have
direct impacts on the ecology and dissemination of MED to other crops, since common

beans, soybeans and cotton are grown in nearby areas in the central-western region
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of Brazil. The migration of MED populations from common bean to soybean and cotton
might be an issue of concern to growers.

Common bean is also heavily affected by whitefly-transmitted viruses (Inoue-
Nagata et al.,, 2016a, 2016b), namely the Bean golden mosaic virus (BGMV,
Begomovirus) and the Cowpea mild mottle virus (CPMMV, Carlavirus), which are
widely distributed in Brazil (Inoue-Nagata et al., 2016a, 2016b). The Bemisia tabaci
MED cryptic species is an efficient vector of BGMV and CPMMV (Bello et al., 2019)
and can contribute to an increased occurrence of these viruses in the field. Soybean
can also be infected with BGMV and CPMMV (Inoue-Nagata et al., 2016a). To date,
there are no data about the damage caused by BGMV in soybean, but studies with
CPMMV are in progress and indicate that the virus causes considerable losses,
depending on soybean genotypes. Additionally, common bean could serve as a source
of inoculum of BGMV and CPMMV to soybean, compromising its yield. Soybean is the
most important crop in Brazil, moving approximately US$ 36.96 billion (R$ 142.64
billion) in 2017/18; any factor that affects its productivity has therefore a high impact
on the Brazilian economy. Our results demonstrate that MEAM1 and MED do not
outcompete each other on cotton and soybean. In addition, common bean might be a
key crop to the build-up of MED populations and, consequently, its migration from
common bean to other crops, therefore contributing to MEAM1 displacement in the
field. Also, virus transmission might be an important parameter to investigate in future
studies.

In Brazil, sweet pepper is grown throughout the year in the open field and under
greenhouse conditions, with a production average of 350,000 tons on 13,000 ha
(Eduardo et al., 2012). In our experiments, sweet pepper plants were clearly a better
host for MED than for MEAM1, as previously reported for China (Sun et al., 2013).
Furthermore, in Brazil, there are different species of begomoviruses that infect sweet
pepper, such as Tomato severe rugose virus (ToSRV), Tomato golden vein virus
(TGVV) and Tomato yellow vein streak virus (ToYVSV), and the crinivirus Tomato
chlorosis virus (ToCV) reported in this culture. However, since no significant yield
losses have yet been associated with viruses in this crop, so far, B. tabaci MEAML1 did
not occur frequently in sweet pepper (Inoue-Nagata et al., 2016a), probably
contributing to the low incidence of these viruses. The recent introduction of MED
raises concerns about a possible outbreak of begomoviruses and the crinivirus in this

crop.
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Regarding the tomato crop, our results showed that MEAML1 displaced MED, as
observed in China (Sun et al., 2013). The MEAM1 cryptic species has been
responsible for the emergence of numerous different begomoviruses since its
introduction into Brazil due to its polyphagous characteristic of colonising both tomato
and weeds and, consequently, transmitting viruses from native weeds to the tomato
crop (Inoue-Nagata et al., 2016b, 2016a). Currently, MEAML1 is the main vector of
ToCV and ToSRV viruses in Brazil. Some studies have indicated that the virus TOSRV
and the vector MEAM1 work together to spread the virus. The virus adapts to the
vector, and the ToSRV-viruliferous MEAML1 prefers the volatiles of a healthy tomato
plant (Fereres et al., 2016; Maluta et al., 2017). However, another study has shown
that ToCV- and ToSRV-infected plants can have a deleterious effect on nymph
viability, but no effect in the reproductive parameters in emerged adults for MEAM1,
with no contribution to virus spread (Maluta et al., 2018).

A study from China has revealed that non-viruliferous MED prefer ToCV-
infected plants, while viruliferous MED prefer healthy plants, offering insights into the
ToCV epidemiology (Shi et al., 2018). When reared on ToCV-infected tomato plants,
MED has a higher survival rate and a shorter development time than MEAM1,
indicating that the spread of ToCV in China could be related to MED species (Shi et
al., 2018). However, another study from China has shown that ToCV-infected plants
could be harmful to MED, decreasing the fecundity and longevity of the adults and
increasing the development time when compared to healthy plants (Li et al., 2018).
These contradictory results indicate that the effect of ToCV-infected plants on MED
may be affected by MED populations, the virus isolate and the tomato cultivars used.
Thus, it would be also important to perform studies in Brazil to elucidate the behaviour
of MED on ToCV-infected tomato plants. For the MEAM1 cryptic species, it has already
been observed that ToCV-infected plants greatly influence its performance,
dramatically decreasing the number of adults generated and their survival rate in Brazil
(Watanabe et al., 2018). This previous study was important to the understanding of the
relationship between virus and the MEAML1 vector in Brazil and the next goal may be
the investigation of the new invasive MED species, since it is an efficient vector of our
main viruses (Bello et al., 2019).

In addition, the MED cryptic species is an excellent vector of the most important
begomovirus in the world, the Tomato yellow leaf curl virus (TYLCV) (Lefeuvre et al.,

2010). This virus has not been detected in Brazil yet, but it has already been reported
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in Venezuela (Zambrano et al., 2007). Studies have shown that MED has a better
performance than MEAML1, feeds more on TYLCV-infected plants and was responsible
for the rapid spread of this virus in China (Chen et al., 2013; Liu et al., 2013; Pan et
al., 2012). If TYLCV was introduced in Brazil, MED would potentially be a key vector
for its dissemination in tomato and sweet

pepper plants.

For cotton plants, we conclude that both MED and MEAML1 cryptic species are
well adapted to this crop. However, it is important to highlight that in Brazil, cotton is
grown close to common bean areas. Our results show that MED is highly adapted to
common bean. As a consequence, the MED population could be increased on
common bean crops and can migrate to nearby crops, such as cotton. This is a valid
concern and requires adequate management, since MED is less susceptible to
insecticides than MEAML1. A study on cotton in Israel has demonstrated that in areas
where MEAM1 was predominant, MED displaced MEAML after insecticide application.
When the application of insecticides ceased, MEAM1 was capable of displacing MED
and to predominate again (Horowitz and Ishaaya, 2014), indicating that insecticide
application in the field might select MED populations over MEAML1.

This has also been observed in a field study in China, which investigated the
competition between MEAM1 and MED cryptic species on tomato and eggplants.
Initially, with no insecticide spraying, MEAM1 predominated over MED, as expected.
However, a few months after the spraying, MED displaced MEAM1 and predominated
in the area (Sun et al.,, 2013), indicating that insecticide application can directly
influence the predominant species in the field.

In summary, common bean was the most suitable host plant for MED, indicating
that it may be a key crop in the spread of MED under field conditions in Brazil.
Consequently, this crop could be responsible for the establishment of MED in other
important crops such as soybean and cotton. To avoid the spread of MED populations
throughout the country, constant monitoring and identification of whitefly populations
in the fields and greenhouses are necessary, combined with adequate management

strategies tailored to each B. tabaci cryptic species present in a given area.
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ABSTRACT

Whiteflies are important agricultural pests of several crops and cause great economic
losses, mainly by the transmission of plant viruses. Among the different species of
whiteflies, Trialeurodes vaporariorum and Bemisia tabaci MEAM1 (B biotype) transmit
the crinivirus Tomato chlorosis virus (ToCV). Previous studies report that virus-infected
plants can influence the attractiveness and the behaviour of different species of
whiteflies. In this study, we evaluated the number of eggs, egg hatching rate and
emergence of adults of both T. vaporariorum and B. tabaci MEAM1 on ToCV-infected
and healthy tomatoes. In addition, ToCV transmission assays were conducted with
both whitefly species. ToCV infection did not influence the number of eggs or egg
hatching rate of T. vaporariorum; whereas the emergence of adults was reduced by
37.3% on ToCV-infected tomatoes. By contrast, ToCV-infected tomatoes strongly
affected the B. tabaci MEAM1 egg hatching rate and emergence of adults with
reductions of 41.8% and 92.4%, respectively. Regarding virus transmission, T.
vaporariorum transmitted ToCV with lower efficiency (35.7%) than B. tabaci MEAM1
(78.6%). Our data suggest that the performance of T. vaporariorum is less affected
than that of B. tabaci MEAM1 when feeding on ToCV-infected tomato plants.

KEYWORDS: adults, crinivirus, development, eggs, transmission, whitefly
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2.1 INTRODUCTION

Whiteflies are important, widely distributed pests of several agricultural crops
(Anderson et al., 2004; Lapidot, Legg, Wintermantel, & Polston, 2014) that cause direct
and indirect damage by feeding on the plant phloem and producing “honeydew” (Colvin
et al.,, 2006; Prijovic, Marcic, Drobnjakovic, Medjo, & Peric, 2013) as well as
transmitting plant viruses (Navas-Castillo, Fiallo-Olivé, & Sanchez-Campos, 2011),
respectively.

In the last two decades, the whitefly Bemisia tabaci (Gennadius) (Hemiptera:
Aleyrodidae) has emerged as one of the most prominent pests worldwide, colonizing
over 600 host plants (Polston, De Barro, & Boykin, 2014) and transmitting more than
300 species of virus (Gilbertson, Batuman, Webster, & Adkins, 2015). Molecular
phylogenetic analyses based on the mitochondrial cytochrome oxidase | (mtCOI) gene
and crossing experiments between biotypes of B. tabaci indicate that they are a cryptic
species complex composed of at least 43 morphologically indistinguishable species
(Boykin & De Barro, 2014; De Barro, Liu, Boykin, & Dinsdale, 2011; Firdaus et al.,
2013; Kanakala & Ghanim, 2015; Marubayashi et al., 2013; Sun, Xu, Luan, & Liu,
2011).

Bemisia tabaci MEAM1 (known as B biotype) was first reported in the state of
Sao Paulo, Brazil, at the beginning of 1990s (Lourencao & Nagai, 1994) and is the
prevalent B. tabaci species in Brazil. Trialeurodes vaporariorum (Westwood)
(Hemiptera: Aleyrodidae) is an important pest of vegetable and ornamental crops
(Lépez et al., 2012) and prefers greenhouse conditions in which the life cycle is faster
than that in the open field (Simmonds, Manlove, Blaney, & Khambay, 2002). Despite
the preference for greenhouses, outbreaks of T. vaporariorum have been reported
under field conditions in Brazil (Lourencéo, Alves, Fugi, & Matos, 2008). Bemisia tabaci
MEAM1 and T. vaporariorum species transmit different genera of viruses. While B.
tabaci transmits Begomovirus, Carlavirus, Crinivirus, Ipomovirus and Torradovirus
(Gilbertson et al., 2015; Navas-Castillo et al., 2011), T. vaporariorum has been shown
to transmit only the genera Crinivirus and Torradovirus (Navas-Castillo, Lopez-Moya,
& Aranda, 2014; Navas-Castillo et al., 2011; van der Vlugt et al., 2015).

Tomato chlorosis virus (ToCV) (genus Crinivirus, family Closteroviridae) is an
economically important virus worldwide (Orfanidou, Dimitriou, Papayiannis, Maliogka,
& Katis, 2014) transmitted semi-persistently and was identified for the first time in
tomato in 1996 (Wisler, Li, Liu, Lowry, & Duffus, 1998). Over the past two decades,
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Tomato chlorosis virus (ToCV) has spread to North America, South America, Europe,
Africa, the Middle East and Asia (Accotto et al., 2001; Arruabarrena et al., 2014; Fiallo-
Olivé, Hamed, Moriones, & Navas-Castillo, 2011; Hirota et al., 2010; Segev,
Wintermantel, Polston, & Lapidot, 2004; Wisler et al., 1998). This virus can cause great
damage, reducing tomato yields by 100% (Lozano, Moriones, & Navas-Castillo, 2006;
Velasco, Simén, Janssen, & Cenis, 2008). In Brazil, ToCV was first reported in 2006
in S&o Paulo State infecting tomato (Barbosa et al., 2008). Years later, ToCV was also
reported infecting tomato in five additional states of Brazil: Minas Gerais (MG), Rio de
Janeiro (RJ), Espirito Santo (ES), Goias (GO) and Bahia (BA) (Barbosa, Costa, Gioria,
& Rezende, 2011). The damage caused by ToCV in tomatoes in Brazil can reach 52%
depending on the genotypes (Coérdova, 2015; Inoue-Nagata et al., 2016). In addition
to tomato, ToCV also infects sweet pepper (Navas-Castillo et al., 2011), potato
(Freitas, Nardin, Shimoyama, Souza-Dias, & Rezende, 2012), eggplant and scarlet
eggplant (Fonseca et al., 2016).

Previous studies report that B. tabaci is a better vector of ToCV than T.
vaporariorum, with higher transmission efficiency and longer persistence in the whitefly
(Wintermantel & Wisler, 2006). Other studies have shown that ToCV has a role in
whitefly behaviour. Healthy plants are more attractive to B. tabaci MEAM1 than ToCV-
infected plants because of their volatiles (Fereres et al., 2016). In addition, B. tabaci
MEAM1 and Mediterranean (MED) fecundity, development time and survival were
affected when feeding on ToCV-infected plants (Shi et al., 2018).

Thus, the goal of this study was to understand the influence of ToCV-infected
tomato on the number of eggs, egg hatching rate and emergence of adults of T.
vaporariorum and B. tabaci MEAML1. In addition, transmission assays were performed
to evaluate and compare the transmission efficiencies of ToCV by both whiteflies

species on tomato plants.

2.2 MATERIALS AND METHODS
2.2.1 Whitefly colonies and identification

The population of T. vaporariorum was collected from arrud plants (Ruta
graveolens) in Atibaia, S&o Paulo, and taken to the Virology Laboratory of Faculdade
de Ciéncias Agrondmicas, UNESP, Botucatu, to start a colony on the same host plant,
R. graveolens. The population of B. tabaci MEAM1 was collected on cabbage

(Brassica oleracea L.) in Campinas, Sao Paulo, and maintained on cabbage. For
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identification of whiteflies, total DNA extraction by the Chelex protocol (Walsh,
Metzger, & Higuchi, 1991) was performed, and the

DNA was used as template for PCR analyses using primers C1-J-2195 and TL2-N-
3014 of the mtCOI gene (Simon et al., 1994) for B. tabaci and primers TvapF and
WFrev (Scott, Workman, Drayton, & Burnip, 2007) for T. vaporariorum. The
populations were maintained in insect-proof rearing cages in the greenhouse, and the
purity was monitored every 6 months by molecular analyses. Whiteflies from each
species used in these experiments were newly emerged (48 hr postemergence).

2.2.2 Obtaining the ToCV isolate

The ToCV isolate was collected on tomato plants from Lins, Sdo Paulo, for
further molecular analyses. Total RNA was extracted using Trizol® (Invitrogen, Brazil)
from all tomato plants, individually. Afterwards, extracted RNA was submitted to a RT-
PCR using primers HS-11/HS-12 (Dovas, Katis, & Avgelis, 2002), which amplified a
conserved region of a heat shock protein (HSP-70). The RT-PCR was used to make a
Nested-PCR using ToC-5/ToC-6 specific primers of ToCV (Dovas et al., 2002), which
amplified a fragment with approximately 463 bp. The virus isolate was maintained in
insect-proof cages. To maintain the ToCV isolate, transmissions from ToCV-infected
plants to healthy plants were performed every 2 months with whiteflies as described in

section 2.4.

2.2.3 Whitefly performance on ToCV-infected and healthy tomatoes

All assays were conducted using two plants in insect-proof rearing cages (45 x
45 x 55 cm). At first, ten whitefly couples were transferred to a clip cage (5 x 5 x 5 cm)
and attached on a leaf, totalling ten leaves (ten replications). After 48 hr, the clip cages
and whitefly adults were removed, and only the laid eggs remained. The eggs were
counted using a magnifying glass (Zeiss®) and maintained for further evaluation of egg
hatch rate, emergence of adults, development time and survival rate. Daily evaluations
were performed during the entire assay to determine the exact time between each
phase of the whitefly life cycle. Newly emerged adults were collected with a manual
insect aspirator and immediately counted. All tomatoes used in this assay were cv.
Santa Clara. Two tomato plants with 5-7 true leaves stage were used for each
treatment. The temperature was maintained at 28 + 2°C.
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2.2.4 Tomato chlorosis virus transmission assays

Tomato chlorosis virus transmission assays were performed on tomato with T.
vaporariorum and B. tabaci MEAM1. Whiteflies were transferred to a cage with ToCV-
infected plants for the acquisition access period (AAP) of 24 hr. Then, whiteflies were
transferred to healthy plants (10 adults/plant) confined in a leaf-clip cage for the
inoculation access period (IAP) of 24 hr. Following the inoculation, whiteflies were
aspirated using a manual insect aspirator, and the plants were sprayed with
insecticides (pyriproxyfen and acetamiprid) to kill all eggs, nymphs and adults of
remaining whiteflies. After 30 days, the plants were monitored to determine the
presence of virus and the purity based on the molecular analyses described above. All
experiments were performed using tomato cv. Santa Clara with 14 plants (14
replications) for each species. The temperature was controlled at 28 + 2°C.

For the negative control, virus-free adult whiteflies were collected from each
population (T. vaporariorum and B. tabaci MEAML1) and transferred to a healthy tomato

plant for mock-inoculation.

2.2.5 Data analysis

The numbers of eggs, eggs hatched and adults emerged were transformed by
log(x) before analysis to reduce heteroscedasticity and then were submitted to analysis
of variance (ANOVA) using Statview software (Concepts and StatView 1987) to
determine whether significant differences (p < 0.05) occurred between treatments.
Then, means were tested using Tukey’s test (a = 5%).

Data of ToCV transmission by T. vaporariorum and B. tabaci MEAM1 were
analyzed by chi-square test (p < 0.01) using a general log-linear model (GLM). The
analysis was performed using the software package R 3.1.0 (R Development Core
Team, 2008).

2.3 RESULTS
2.3.1 Whitefly performance on ToCV-infected and healthy tomatoes
The mean number of eggs laid on healthy and ToCV-infected tomato plants was

significantly higher for B. tabaci MEAML than that for T. vaporariorum (Table 1).
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Table 1 — Mean of number of eggs of whiteflies species on healthy and ToCV-infected

tomatoes
Whiteflies species Tomato plants Average
Healthy ToCV-infected
T. vaporariorum 36.2 37.6 36.9b
B. tabaci MEAM1 106.8 69.9 88.35a

Means followed by the same letter indicate no significant (p < 0.05) differences
between treatments according to an ANOVA followed by a Tukey test. Data was
transformed by log(x) before analysis.

Tomato chlorosis virus did not influence the egg hatch rate for T. vaporariorum.
By contrast, ToCV-infected tomatoes strongly affected the egg hatch rate of B. tabaci
MEAML1. In addition, the B. tabaci MEAML1 egg hatch rate was significantly higher than
that of T. vaporariorum on healthy tomatoes, but the rate did not differ on ToCV-

infected tomatoes (Table 2).

Table 2 — Mean of egg-hatching rate of whiteflies species on healthy and ToCV-

infected tomatoes

Whiteflies species Tomato plants
Healthy ToCV-infected
T. vaporariorum 31.6 aB 31.8 aA
B. tabaci MEAM1 103.9 aA 60.4 bA

Means followed by the same uppercase letter within columns and lowercase letter
within lines indicate no significant (p < 0.05) differences between treatments according
to an ANOVA followed by a Tukey test. Data was transformed by log(x) before analysis.

There was no significant difference between the number of T. vaporariorum
adults that emerged on ToCV-infected tomatoes and healthy tomatoes, although the
mean number on healthy tomatoes was higher than that on ToCV-infected tomatoes
(Table 3). By contrast, the emergence of B. tabaci MEAML1 adults was significantly
higher on healthy tomato plants than that on ToCV-infected tomato plants. However,
on ToCV-infected tomato plants, the number of T. vaporariorum was significantly
higher than of B. tabaci MEAML1 (Table 3).
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of adults emerged of whiteflies species on healthy and

Whiteflies species

Tomato plants

T. vaporariorum
B. tabaci MEAM1

Healthy ToCV-infected
29.5 aB 18.5 aA
94.8 aA 7.2 bB

Means followed by the same uppercase within columns and lowercase within lines

indicate no significant (p <

0.05) differences between treatments according to an

ANOVA followed by a Tukey test. Data was transformed by log(x) before analysis.

In the daily evaluations of the whitefly life cycle (Figure 1), T. vaporariorum

adults started to emerge earlier than those of B. tabaci MEAM1. The peak of

emergence for T. vaporariorum was on the third day on both healthy and ToCV-

infected tomato plants. Bemisia tabaci MEAM1 peak emergence on healthy plants was

on the third day after the first adult emergence, and the adults continued emerging for

12 days. The emergence of MEAM1 adults on ToCV-infected tomato plants was

constantly low compared to B. tabaci MEAM1 on healthy plants.
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=T . vaporariorum ToCV
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Figure 1. Number of adults emerged of Trialeurodes vaporariorum and Bemisia tabaci

MEAM1 on ToCV-infected and healthy tomato over fourteen days.
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Regarding development time, the life cycle of T. vaporariorum on healthy and
ToCV-infected tomatoes was not different. By contrast, the B. tabaci MEAML life cycle
was significantly longer on healthy tomato plants than that on ToCV-infected plants
(Figure 2a). In addition, development time of T. vaporariorum was significantly faster
than B. tabaci MEAML1 on both ToCV-infected and healthy tomatoes (Figure 2a). The
difference in the survival rate [(hnumber of adults emerged/number of eggs laid)*100]
was significant in each species when comparing healthy with ToCV-infected tomato
plants. In addition, the difference was significant between species on both healthy and
ToCV-infected plants (Figure 2b).

(b)120

WHealthy B Healthy
8ToCV-infected BToCV-infected

100 y [

Survival rate (%)

T. vaporariorum MEAM1 T. vaporariorum MEAM1

Figure 2. (a) Development time. (b) Survival rate of Trialeurodes vaporariorum and
Bemisia tabaci MEAM1 on healthy and ToCV-infected tomato. In each panel, means
followed by different uppercase letters are significantly different for T. vaporariorum vs.
MEAML1 on healthy tomato plants (p < 0.05); means followed by different lowercase
letters are significantly different for T. vaporariorum vs. MEAM1 on ToCV-infected
tomato plants (p < 0.05); asterisk indicates a significant difference for T. vaporariorum
or MEAM1 on healthy vs. ToCV-infected tomatoes plants; and n.s. indicates no
significance for T. vaporariorum or MEAML1 on healthy vs. ToCV-infected tomatoes
plants (p < 0.05).

2.3.2 ToCV transmission assays

The efficiency of ToCV transmission by B. tabaci MEAM1 was 78.6% (11
infected plants of 14), whereas the efficiency of T. vaporariorum was 35.7% (5 infected
plants of 14) (Figure 3).
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Figure 3. Efficiency of transmission of ToCV by Trialeurodes vaporariorum and

0 -t

Bemisia tabaci MEAML1. The results show the percentage of infected plants (infected
plants/total number of plants tested) 30 days after the inoculation. Means followed by
different letters indicate significant difference between treatments (p < 0.01).

2.4 DISCUSSION

In this study, we found that ToCV-infected plants affected the performance of B.
tabaci MEAM1 much more than that of T. vaporariorum. The number of B. tabaci
MEAM1 adults emerged and the survival rate was heavily affected, decreasing 92.4%
and 78.8%, respectively. In contrast, only T. vaporariorum survival rate was affected
on ToCV-infected plants, decreasing 32.5%. In addition, T. vaporariorum development
time was faster than B. tabaci MEAML1 in both healthy and infected plants, although
ToCV positively influenced B. tabaci MEAM1 development time.

This dramatic decrease in the performance of B. tabaci MEAM1 compared with
that of T. vaporariorum may have serious implications in the epidemiology of ToCV. In
the field, the number of newly emerged B. tabaci MEAM1 adults that could feed on
ToCV-infected tomato plants would be reduced and, as a consequence, fewer adults
would transmit ToCV to healthy plants. Therefore, T. vaporariorum would be expected
to generate more adults than B. tabaci MEAM1, which could acquire virus from ToCV-
infected tomato plants and transmit it. In addition, the faster development time of T.
vaporariorum compared to B. tabaci MEAML1 on both ToCV-infected and healthy plants

may also contribute to virus transmission. This favours faster dissemination of T.
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vaporariorum in fields and might help this species to establish before B. tabaci MEAML1.
The data obtained in this study suggest that tomato crops where T. vaporariorum
populations are present, could favour epidemics of ToCV due to the better
performance of T. vaporariorum on infected plants compared to B. tabaci MEAML1.

However, there are other factors that could influence a ToCV epidemics. A
previous study has found that B. tabaci MEAML1 transmits ToCV more efficiently than
T. vaporariorum (Wintermantel & Wisler, 2006). Herein, we also found B. tabaci
MEAML1 as a better vector of ToCV compared to T. vaporariorum but the efficiency of
transmission from our data for T. vaporariorum was 35.7% while Wintermantel &
Wisler, 2006 reported only 4% of transmission efficiency, using 10 insects in their
assays. Another important parameter for epidemiology that must be considered is the
virus retention time in the vector. Tomato chlorosis virus persists in B. tabaci MEAM1
for 2 to 3 days (Shi et al., 2018; Wintermantel & Wisler, 2006) while only 1 day in T.
vaporariorum (Wintermantel & Wisler, 2006). Thus, considering transmission efficiency
and virus retention time, B. tabaci MEAML1 is more likely to lead a ToCV epidemics.
Tomato chlorosis virus is an important Crinivirus infecting tomato in greenhouses and
in the field. Previous studies report that ToCV can cause losses as high as 52% on
tomato in Brazil (Cérdova, 2015; Inoue-Nagata et al., 2016). A recente survey has
found that T. vaporariorum is primarily distributed in the south and southeast region,
whereas B. tabaci MEAM1 is widely distributed across the country (L. A. De Moraes,
C. Muller, R. C. F. O. Bueno, A. C. Santos, V. H. Bello, B. R. De Marchi, L. F. M.
Watanabe, J. M. Marubayashi, B. R. Santos, V. A. Yuki, H. M. Takada, D. R. De Barros,
C. G. Neves, F. N. Da Silva, M. J. Goncalves, M. Ghanim, L. M. Boykin, M. A. Pavan.,
& R. Krause-Sakate, unpublished). Because T. vaporariorum has improved
performance under mild temperature (19—-22°C) (Manzano & van Lenteren, 2009),
southern regions of Brazil should be more likely to experience ToCV by this vector. In
contrast, the B. tabaci MEAM1 has an improved performance under high temperatures
(25-30°C) (Nava-Camberos, Riley, & Harris, 2001). It indicates that under specific
conditions of greenhouses, mild temperatures with high ToCV incidence, the virus
could help T. vaporariorum to has an advantage over the B. tabaci MEAML1.

Both whiteflies are present in Brazil for at least 25 years (Lourencédo & Nagai,
1994; Russell, 1963), more than a decade before the first report of the crinivirus ToCV
in 2006 (Barbosa et al., 2008). More recently, in 2014, B. tabaci MED species was also

identified in Brazil and brought new concerns about plant virus epidemics. Studies
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evaluating the performance of vectors feeding on virus-infected plants are valuable to
predict and to understand epidemics of plant viruses as well as pest outbreaks. A
recent study in China revealed that feeding on ToCV-infected plants influences the
performance of both invasive species B. tabaci MED and B. tabaci MEAM1. Bemisia
tabaci MED showed better performance on ToCV-infected plants than on healthy
plants, with increases in fecundity and survival rate and a decrease in development
time. In contrast, ToCV-infected tomato plants exhibited negative effects on the B.
tabaci MEAM1 species compared to healthy plants, including a decreasing survival
rate. In addition, B. tabaci MED species was reported to be able to retain ToCV for at
least 4-6 days (Orfanidou, Pappi, Efthimiou, Katis, & Maliogka, 2016; Shi et al., 2018),
longer than that reported for MEAML1. These results indicate that ToCV may help B.
tabaci MED species to increase in abundance and to also become widespread in China
(Shi et al., 2018). However, another study from China showed that ToCV-infected
plants decreased the fecundity and female adult longevity of B. tabaci MED and
increased the development time, indicating that ToCV causes negative effects in the
vector performance (Li, Ding, Chi, & Chu, 2018). Our results revealed a greater
decrease in the performance of B. tabaci MEAM1 on ToCV-infected tomato plants
compared to the results from China with the same whitefly species. The study from
China showed a survival rate around 30% for B. tabaci MEAM1 while our data indicates
only 10%. The differences in performance from B. tabaci MEAM1 populations found in
Brazil and China might also occur for B. tabaci MED species. Therefore, to evaluate
the effects of ToCV in the performance of B. tabaci MED species from Brazil, further
studies would be necessary using local populations.

Furthermore, the whitefly preference on ToCV-infected or healthy plants is an
interesting parameter to investigate. Shi et al., 2018 showed that nonviruliferous B.
tabaci MEAM1 were more attracted by ToCV-infected plants than by healthy plants
while viruliferous B. tabaci MEAM1 were attracted by both plants equally. Curiously,
Fereres et al., 2016 showed that nonviruliferous B. tabaci MEAM1 were more attracted
by healthy plants and viruliferous showed no preference. To date, there are no studies
about the attractiveness of T. vaporariorum on ToCV-infected and healthy tomato
plants.

The transmission assays conducted in this study had lower numbers of
replicates compared to other studies (Shi et al., 2018; Wintermantel & Wisler, 2006),

as our goal was only to prove the ability of the evaluated populations to transmit ToCV.
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By contrast, the performance assays had a similar number of replicates (10 replicates)
compared to previous studies of whitefly performance (12 replicates) (Chen et al.,
2013), as this was the main goal of the present study.

In summary, the data obtained in this study suggest that T. vaporariorum can
have an advantage over B. tabaci MEAM1 on ToCV-infected tomato plants,
establishing earlier and disseminating faster in the presence of ToCV-infected tomato
plants. Moreover, the data obtained herein will contribute to better understanding the
effects of plant viruses in the whitefly vector population. More studies on the roles of
ToCV in T. vaporariorum and B. tabaci MEAM1 are required to determine whether T.
vaporariorum, in fact, has an advantage over B. tabaci MEAM1 under high ToCV

infection conditions.
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ABSTRACT

Cassava (Manihot esculenta Crantz) is one of the most important crops in source of
calories, providing food for 800 million people around the world. In South America,
Brazil is the main producer. In Brazil, several viruses have been reported, being
cassava common mosaic virus (CsCMV) the most important. Surveys performed in
Parana state, Brazil, and in Argentina showed an incidence of CsCMV of 96% and
85.2%, respectively, for cassava plants collected. The damage caused by this virus
can reach losses of 30%. To better understand the actual situation of this virus in S&o
Paulo State, a survey was perfomed collecting cassava leaves from 11 different areas
in S&o Paulo State. In one are no CsCMV was detected but on the other 10, five had
100% of infection, followed by 89, 82, 75, 69 and 67% of infection in the other five
areas. Additionally, we obtained a complete genome from Brazil (BR2019), that was
distantly related to the previous Brazilian isolate reported (colocar numero de acesso),
being closer to CsCMV reported in China (MT038420). Our data indicate that CsSCMV
is still an important virus infecting cassava in Brazil and efforts need to be done to
reduce the damage caused by the virus.

3.1 INTRODUCTION

Cassava (Manihot esculenta Crantz) is one of the most important crops in
source of calories, providing food for 800 million people around the world (LEGG et al.,
2015). In 2018, the area harvested of cassava in the world was 24.6 million hectares,
with a production of 277.8 million of tons and yield of 11,297.3 kg/ha (FAOSTAT, 2018).
Africa is the continent with the highest production, reaching 177.9 million tons, being
Nigeria the most important country, with 59.4 million tons (FAOSTAT, 2018).

In South America, Brazil is the main cassava grower, producing around 20
million tons in 2018 (CONAB, 2018). Although its growing is mostly concentrated on
small farmers with low-income, the efficiency of production is extremely high, being
possible to keep using this system. The three main Brazilian growers regions include
the North, South and Northeast, which reached 6.68 million, 4.79 million and 4.56
million tons, respectively in 2019. The Southeast produces 2 million tons, but the yield
is one of the highest in Brazil, with 18,018 kg/ha.

Regarding phytosanitary issues, cassava plants are heavily affected by viruses,
in which, currently, at least 15 have been reported around the world (LEGG et al.,

2015). The cassava mosaic disease (CMD), caused by the Cassava mosaic virus
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species, genus Begomovirus and the cassava brown streak disease (CBSD), caused
by Cassava brown streak virus and Ugandan cassava brown streak virus species,
genus Ipomovirus, all transmitted by the whitefly Bemisia tabaci, are the most important
virus in Africa, causing huge losses and making the cassava inconsumable (LEGG et
al., 2014, 2015). In Brazil, the viruses already reported are the cassava common
mosaic virus (CsCMV) (COSTA, 1940; KITAJIMA et al., 1965; SILVA; KITAJIMA,
OLIVEIRA, 1963), cassava vein mosaic virus (CsVMV) (COSTA, 1940; DE KOCHKO
et al., 1998), cassava frogskin-associated virus (CsFSaV) (CALVERT et al., 2008),
cassava symptomless virus (CsSLV) (KITAJIMA; COSTA, 1979) and cassava
American latent virus (CsALV) (WALTER et al., 1989).

Cassava common mosaic virus is classified into the Potexvirus genus based on
the morphology, genome, and serology. Symptoms of mosaic and chlorosis in cassava
leaves have been reported by the infection of this virus (CALVERT; CUERVO IBANEZ;
LOZANO, 2012). CsCMV has 6376 nucleotides and is composed by a ssRNA
potentially encoded RNA dependent RNA polymerase (RdRp), triple gene block 1-3
(TGB1-3) and coat protein (CP) (CALVERT et al., 1996). Surveys previously performed
in Parana state, Brazil, and in Argentina showed an incidence of CsCMV of 96% and
85.2%, respectively, for cassava plants collected (SILVA et al., 2011; ZANINI et al.,
2018). In addition, the damage in the aerial part yield, root yield and starch yield have
been reported in causing losses of 30% in two varieties. Nevertheless, tolerant
varieties have also been reported (VENTURINI et al., 2016).

The transmission of CsSCMV has never been associated with vectors. Thus, to
date, as other potexvirus, CsCMV is correlated with mechanical transmission (LEGG
et al., 2015). Another important parameter that must be considered is the vegetative
propagation used for cassava. This type of propagation increases the accumulation of
the virus, affecting the roots yield and quality (CARVAJAL-YEPES et al.,, 2014).
Moreover, the infected cassava seed is an inoculum source for disseminating the virus
in other fields.

Currently, the detection of the CsCMV is usually performed by using ELISA test
or RT-PCR with generic primers Potex 5 and Potex 1RC, described by Van der Viugt
& Berendsen, 2002. By using this pair of primers is possible to investigate the variability
among different isolates. For example, in Argentina, CsCMV variability has been
investigated by Zanini et al., 2018, in which the isolates shared 77.1% to 80.3%
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nucleotide identity, indicating that different strains are present infecting cassava there.
In Brazil, there is no information about the variability among isolates.

Another relevant information is about the variability among isolates from
different countries. Yu et al., 2020 have compared the CsCMV genome from China
with a CsCMV from Brazil and other potexvirus, such as hydrangea ringspot virus,
nandina mosaic virus, tulip virus X and plantago asiatica mosaic virus. The Chinese
CsCMV shared 88% of nucleotide similarity with the Brazilian CsCMV. This Brazilian
sequence was obtained by Calvert et al., 1996. After more than 20 years, a new isolate
from Brazil has not been reported yet and there is no information about the stability or
variability of the virus in Brazil as well as among all other isolates in the GenBank.

Despite CsCMV is important in Brazil, there is lack of knowledge about its
incidence in S&o Paulo state fields, about the variability from different isolates in Brazil
and about the variability among all isolates from GenBank. Thus, the goals of this study
were to verify the presence of the virus in Sdo Paulo cassava field and to analyse the

variability among the isolates in a global context.

3.2 MATERIAL AND METHODS
3.2.1 Field collection and virus detection

Samples of leaves from cassava plants were collected between December 2019
and February 2020 in different regions from S&o Paulo state. For each area, at least
22 plants were randomly collected, kept in plastic bags, transported to the Department
of Plant Protection from UNESP Botucatu, and stored at -80°C for further analysis.
Then, RNA extraction was performed by using the adapted Bertheau protocol
(BERTHEAU et al., 2020). Pieces of cassava leaves were individually macerated
within mortar and pistil in PBS-tween buffer and transferred to a 1.5 mL microtube. The
samples were centrifuged at 13,000 rpm for 10 min at 4°C. A total of 200 uL of the
supernatant were transferred to a new 1.5 mL microtube, mixed with 20 pL of SDS and
submitted to a water bath at 55°C for 15 min. Then, 100 pL of potassium acetate were
added, and the tubes were vortexed and left in ice for 5 min, followed by a
centrifugation at 13,000 rpm for 5 min at 4°C. The supernatant was transferred to a
new 1.5 mL microtube, and 700 pL of sodium iodide and 5 pL of silicon were added.
The mix was vortexed and kept at room temperature for 10 min and followed by a
centrifugation at 5,000 rpm for 1 min. The supernatant was discarded and washed
twice by adding 500 pL of wash solution and centrifuging at 5,000 rpm for 1 min. Then,
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the pellet was dried in vacuum, resuspended with 400 pL of DEPC water and left in
water bath at 55°C for 5 min. Then, the samples were centrifuged at 13,000 rpm for 5
min and the supernatant was transferred to a new microtube and stored at -80°C for
further single step RT-PCR analysis. The RT-PCR was performed using the primers
CsCMV 3509F (CAA TCA CCG GAC TTT GGG GA) and CsCMV 3804R (AGG CTG
TGA AGT CAT TGG CA), designed in this study. Randomly, one positive sample was

Sanger sequenced for virus confirmation.

3.2.2 Bayesian phylogenetic analysis of the complete genome, RdRp and cp genes of
CsCMV

A positive sample was selected randomly to be sent to high-throughput
sequencing (HTS) and sequence analysis for obtaining the complete genome of the
CsCMV. The total RNA was extracted following PureLink® viral RNA/DNA mini kit
(Invitrogen, by Thermo Fisher Scientific and used for construction of a cDNA library
utilizing the Complete ScriptSeq Kit (Epicenter, Illumina) and transcriptome
sequencing with lllumina HiSeq2500 platform (Roossinck et al. 2015) at the Center of
Functional Genomics (ESALQ/USP, Piracicaba, Brazil). Adapter sequence removal
and quality trimming were performed with CLC Genomics Workbench software version
9.0.3. The raw data was trimmed with quality scores limit set to 0.01, ambiguous limit
set to 2. The assembly parameters consisted of mismatch cost (2), insertion cost (3),
deletion cost (3), length fraction (0.5), similarity fraction (0.9) and minimum contig
length of either 500 bp. Then, using the Geneious software version 11.1.5 (KEARSE
et al., 2012), the CsCMV complete genome was obtained by mapping the contigs
sequences to the reference genome sequence (MT038420) retrieved from Genbank.

Three different Bayesian phylogenetic trees were built using the complete
sequences, the RdRp and the CP genes. In order to build the dataset, all complete
genome sequences of CsCMV from GenBank were used: China (MT038420,
MN243731 and MN428639), Argentina (KT002439), Colombia (KT002435), Brazil
(NC_001658) and the isolate from this study (MT279196). It also was added the potato
virus x (NC_011620) as an outgroup. The sequences were aligned using Muscle
v.3.8.425 within the Geneious v.11.1.5 software, and phylogenetic analysis was
performed using Mr. Bayes 3.2.2 (RONQUIST; HUELSENBECK, 2003). The program
MrModeltest v.2.2 (NYLANDER, 2004) was used to select the nucleotide substitution

model using the Akaike information criterion (AIC). A total of 10 million generations,
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excluding 25% from the resulting trees as burnin, with two independent runs were
performed simultaneously. Phylogenetic trees were visualized by FigTree v1.4.4

software.

3.3. RESULTS
3.3.1 Assessments of the incidence of CsSCMV in cassava plants in Sdo Paulo state
Eleven collection sites were evaluated for the presence of CsCMV, including six
from Mogi Mirim (samples ID 1, 2, 3, 5, 6 and 7), two from Taquarituba (samples ID 10
and 11), one from Presidente Prudente (Sample ID 4), one from Santa Maria da Serra
and one from Pirassununga counties (Figure 1). The CsCMV was detected in all
locations, except in one area from Taquarituba (Table 1). The percentage of infection
ranged from 67% (24/36) in area 10 to 100% in area 1 (31/31), area 2 (55/55), area 3
(58/58), area 7 (69/69), and area 8 (86/86). (Table 1). The positive samples were

usually found with symptoms of mosaic as illustrated in Figure 2.

Ribeirao Preto
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e e ; I GoogleMy,Maps
Figure 1. Map of the regions where cassava plants were collected for investigating the
incidence of the CsCMV.
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Table 1: Survey of cassava plants in Sado Paulo State for CsSCMV detection.

Cassava plants collected in Sdo Paulo State

PCR positive /

Percentage of

#ID Date County Coordinates . '
Samples analysed infection (%)

1 05/12/2019 Mogi Mirim 22°26'54"S 47°02'25"W 31/31 100%
2 05/12/2019 Mogi Mirim 22°27'34"S 47°00'29"W 55/55 100%
3 05/12/2019 Mogi Mirim 22°28'51"S 46°59'07"W 58/58 100%
4 09/01/2020  presidente Prudente  22°05'24"S 51°21'57"W 18/22 82%
5  30/01/2020 Mogi Mirim 22°26'31"S 47°03'31"W 47163 75%
6  30/01/2020 Mogi Mirim 22°26'15"S 46°58'53"W 64/72 89%
7 30/01/2020 Mogi Mirim 22°27'27"S 46°56'02"W 69/69 100%
8  30/01/2020 Pirassununga 22°04'12"S 47°31'23"W 86/86 100%
9  31/01/2020  ganta Maria da Serra  22°34'40"S 48°08'53"W 42/61 69%
10 07/02/2020 Taquarituba 23°30'37"S 49°16'48"W 24/36 67%
11 07/02/2020 Taquarituba 23°32'01"S 49°15'17"W 0/24 0%

Total - 494/577 85.6%
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Figure 2. Symptoms of mosaic from cassava plants naturally infected by the CsSCMV
in the field in S&o Paulo State.

3.3.2 Obtaining the complete genome

A total of 40,261,228 reads (average length, 98.2 bp) were generated after
trimming, of which 18,222,279 were mapped to the cassava common mosaic virus
(NC001658) genome, covering the entire sequence with a mean coverage depth of
267456.0x and 98,5% nucleotide identity. No other virus sequences were identified in
HTS sequence data. The final sequence obtained (MT279196) was 6,373 nt long, with
a 5 UTR of 77 nt and 3’ UTR of 114 nt [excluding the poly(A) tail], and ORFs (Open
Reading Frame) RdRp, TGB1, TGB2, TGB3 and CP similar to the observed for CsSCMV
complete genomes previously deposited in GenBank.
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3.3.3 Bayesian phylogenetic analysis of the complete genome, RdRp and CP genes
of CsCMV

The three phylogenetic trees grouped the isolates in three major clades (Figures
3A, 3B and 3C). The first group was composed by isolates from Argentina (KT002439),
China (MT038420) and from this study denominated as BR2019 (MT279196), the
second one was composed by isolates from China (MN243731 and MN428639), and
the third composed by isolates from Brazil (NC_001658) and Colombia (KT002435)
(Figures 3A, 3B and 3C). The previous sequenced Brazilian isolate (NC_001658) did
not grouped with the BR2019 isolate. Additionally, although the three groups formed,
they have not had a phylogenetic relationship perfectly congruent, in which it changed
according to the genomic region analysed (Figures 3A, 3B and 3C).

We also performed the comparison pair to pair using SDT analysis of the
complete genome, and sequences showed identities from 88.7% to 93.4% among
them. A maximum identity of BR2019 (MT279196) isolate was obtained with an isolate
from China (MT038420), while the minimum identity of BR2019 (MT279196) isolate

was with the previous sequenced Brazilian isolate (NC_001658) (Figure 4).
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Figure 3A. Phylogenetic tree based on the complete genome of different CsCMV isolates available in GenBank using Bayesian

analysis (Mr. Bayes V.3.2.2, 10 million generations). Potato virus X (PVX) was added as outgroup.
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Figure 3B. Phylogenetic tree based on RdRp gene of different CsSCMV isolates available in GenBank using Bayesian analysis (Mr.

Bayes V.3.2.2, 10 million generations). Potato virus X (PVX) was added as outgroup.
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Figure 3C. Phylogenetic tree based on CP gene of different CsSCMV isolates available in GenBank using Bayesian analysis (Mr.

Bayes V.3.2.2, 10 million generations). Potato virus X (PVX) was added as outgroup.
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3.4 DISCUSSION

Herein, we found CsCMV infecting cassava in Brazil in 10 different areas from
11 areas sampled in S&o Paulo State, with the infection rate varying from 67% to 100%,
showing that the virus is widely widespread in the S&o Paulo fields. In one area the
virus was not found, which caught our attention, because it may have a significant
importance that can explain the absence of the virus. In all areas where positive
samples were found, cassava plants presented severe symptoms of mosaic. In
addition, a new Brazilian isolate obtained in this study was closely related to isolates
from China and from Argentina and, curiously, was not related to the previous
sequenced Brazilian isolate.

The cassava common mosaic disease (CCMD), caused by the CsCMV, was
considered a secondary disease, with minor importance, but which has recently been
classified as a re-emergent virus in South America (Yu et al., 2020). According to
surveys performed years ago, in northwest region from Parana State (Brazil), the
incidence of the virus has reached 96%, being 101 positive samples from a total of 106
(Silva et al., 2011). In Argentina, Zanini et al., 2018 found CsCMV as predominant in
the northeast region, where the incidence was 85.2%, from a total of 726 samples
collected. In our study, we found a virus infecting rate varying from 67% to 100%

depending on the area.
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Cassava plants are propagated vegetatively, through stakes. This method of
propagation helps pathogens to be spread, because once the plant source is infected,
the stakes will keep being infected. This may explain why the incidence of the virus is
so high in the field. However, it is possible to obtain virus-free stakes, preventing to
spread viruses in the field. A study from Uganda revealed that techniques including hot
water therapy and meristem tip culture techniques can be used for removing viruses
of infected stakes, making them virus-free stakes (Nakabonge et al., 2020). Moreover,
some companies in Brazil have also been working with virus-free stakes of cassava,
which will certainly help the producers to improve their yield, once CsCMV can cause
losses about 30%, affecting mainly the roots, aerial part, and starch yields (Venturini
et al., 2016). Another hypothesis is that a resistant variety might have been used at
area 11, once CsCMV was not found. However, as we did not get the information about
which variety was been used, further investigations are necessary in that area for
obtaining more information about the use of virus-free stakes or a possible resistance
for CsSCMV.

In this study, we also obtained the complete genome of an isolate of CSCMV by
NGS, denominated BR2019 (MT279196). Three different phylogenetic trees were
built, including the complete genome, RdRp, and CP genes (Figures 3A, 3B and 3C).
Curiously, in all trees, the isolate from this study BR2019 (MT279196) was closely
related with an isolate from China (MT038420) and did not show relation with the
Brazilian isolate (NC_001658) sequenced by Calvert et al., 1996, that was closely
related to the isolate from Colombia (KT002435) (Figures 3A, 3B and 3C).

Cassava plants are originally from Brazil being cultivated for many years. During
the 1990s, the first Brazilian complete genome was obtained (Calvert et al., 1996), but
since then, no further sequencing has been performed for CsCMV in the country. Due
to the vegetative propagation method, the previous Brazilian isolate theoretically would
keep being disseminated in Brazil, and it seems logical that the BR2019 isolate would
be closer to the previous one. Nevertheless, the BR2019 isolate was grouped with an
isolate from China, hypothesizing that this new isolate was introduced into Brazil. In
addition, the results suggest that possibly the isolate BR2019 belongs to a
phylogenetically distinct lineage in relation to the Brazilian isolate initially reported.
However, although this close relationship with the Chinese isolate, the lack of database
regarding the complete genome of CsSCMV may induce this result. It may be possible

that if there were more sequences available in GenBank, other groups would be built,
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which could change the clades in the phylogenetic trees. Moreover, although we did
not find an isolate similar to the old Brazilian isolate, it is likely that it has been infecting
cassava in Brazil yet. Then, more surveys and new sequences would help in
understanding the CsCMYV situation and how many isolates are present in the country.
Different isolates may also have influence in the losses caused by the virus to cassava
plants, which makes it essential to investigate the isolates and their damage to the

crop.
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CAPITULO 4 - Atividades Realizadas Durante o Intercambio na Oklahoma State
University (OSU), Estados Unidos

Durante meu curso de doutorado realizado na UNESP, campus de Botucatu,
entre 2017 e 2020, fui contemplado com uma Bolsa de Doutorado-Sanduiche no
Exterior (PDSE)” da CAPES, e realizei treinamento durante 6 meses no laboratério
denominado de “National Institute for Microbial Forensics & Food and Agricultural
Biosecurity (NIMFFAB)”, incluido no “Departament of Entomology and Plant
Pathology” da Oklahoma State University (OSU), Stillwater, Oklahoma, EUA., OSU,
sob orientag&o do Prof. Dr. Francisco M. Ochoa Corona, docente nesta instituicao.

Durante esse periodo, trabalhei com desenhos de primers e com diagnose de
virus em videira, utilizando softwares gratuitos e acessiveis a todos, como o Primer3,
Primer Blast, mfold, entre outros. Também obtive conhecimento da técnica de gPCR
e HRM, extracbes de DNA/RNA, PCR, RT-PCR, sequenciamento Sanger e “Next
Generation Sequencing (NGS)” de diferentes amostras de videira infectadas por virus,
obtendo uma grande quantidade de dados de bioinformatica, que seria utilizado
posteriormente, em um software, denominado de “E-probe Diagnostic Nucleic-acid
Analysis (EDNA)” desenvolvido pelos proprios pesquisadores da OSU, incluindo o Dr.
Francisco e o Dr. Andres Espindola. O EDNA tem como objetivo a diagnose rapida,
em uma Unica analise e de maneira rapida e precisa, de diversos patdégenos, incluindo
virus, bactérias, fungos, entre outros, que infectam determinada cultura. O intuito é
utiliza-la como ferramenta na diagnose de pragas quarentendrias, onde pode-se
diagnosticar doencas que estdo infectando determinada amostra e que ndo estao
presentes no pais ou estado que se esta analisando. Dessa forma, a introducéo de
uma nova doenca seria evitada, auxiliando a producéo agricola.

Foi obtido um banco de dados de RNA/DNA para os virus grapevine leafroll-
associated virus 3 (GLRaV-3) e grapevine leafroll-associated virus 4 (GLRaV-4), virus
de RNA, e o grapevine red blotch virus (GRBV), virus de DNA, que vem sendo utilizado
pelos pesquisadores da OSU para desenvolvimento de protocolos de diagnose.
Considero que este periodo de intercambio proporcionou um grande aprendizado e

amadurecimento profissional.
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CONSIDERACOES FINAIS

As espécies invasivas MEAM1 e MED do complexo B. tabaci sdo adaptadas
de acordo com os hospedeiros, onde MEAM1 é mais adaptada ao tomateiro e
MED é mais adaptada ao pimenté&o e feijoeiro;

Para as culturas da soja e do algodoeiro, MEAM1 e MED sé&o adaptadas de
forma semelhante, uma vez que n&do houve predominancia de nenhuma das
espécies;

O ToCV influencia na performance das espécies B. tabaci MEAM1 e T.
vaporariorum, porém mais drasticamente a performance de MEAM1,;

MEAML1 é um vetor mais eficiente de ToCV do que T. vaporariorum;
Trialeurodes vaporariorum pode ser um vetor importante de ToCV em
ambientes com alta incidéncia desse virus, especialmente em climas mais
amenos;

O CsCMV esta bem distribuido na cultura da mandioca no Estado de Séo
Paulo, visto que a presenca do virus foi encontrada em 10 das 11 areas
estudadas.

O isolado BR2019 de CsCMV obtido neste estudo apresentou maior

relacionamento filogenético com um proveniente da China.
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