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RESUMO

A mosca-branca, Bemisia tabaci (Hemiptera: Aleyrodidae) é uma das pragas agricolas
e vetora de virus mais importantes mundialmente. No entanto, Bemisia tabaci é
considerada um complexo de espécies cripticas composto por ao menos 44 espécies
consideradas indistinguiveis morfologicamente. Dentre as espécies desse complexo,
no Brasil as espécies Middle East-Asia Minor 1 (MEAM1, também conhecida como
bi6tipo B) e Mediterranean (MED, também conhecida como biétipo Q) sdo as mais
importantes. A espécie MEAML foi relatada no Brasil no inicio da década de 90 e
desde entdo tem causado danos severos a diversas culturas, além de ser responsavel
pela emergéncia de begomovirus em tomateiro nunca observado previamente. A
espécie MED foi relatada no Brasil em 2014 no extremo sul do pais no estado do Rio
Grande do Sul. Desde entdo, MED tem mudado o cenario da agricultura nos estados
do Parana e Sdo Paulo associado aos danos severos causado pelo seu ataque e
transmissédo de virus. Atualmente, MED pode ser encontrada no Rio Grande do Sul,
Parana (PR), Santa Catarina, Sdo Paulo (SP) e Minas Gerais, associada a plantas
horticolas e ornamentais. Diante desse cenario, objetivou-se compreender melhor os
impactos causados pela espécie MED como praga e vetora de virus. O trabalho
desenvolvido foi dividido em quatro capitulos.

No primeiro capitulo, levantamento populacionais demonstram que MED € a espécie
predominante de mosca-branca em pimentéo cultivado em estufa e a campo aberto
no PR e SP. Além disso, o begomovirus tomato severe rugose (TOSRV) e o crinivirus
tomato chlorosis virus (ToCV) foram encontrados associados a MED em plantas de
pimentdo e tomate, respectivamente. No segundo capitulo, foi identificado o ToCV
infectando plantas de pepino pela primeira vez no Brasil, no municipio de Oleo (SP).
Plantas infectadas apresentavam sintomas de mosqueado nas folhas jovens e se
encontravam associadas a alta infestacdo de MED. No capitulo 3, apresentamos a
primeira evidéncia de MED em campos de soja em SP e no PR. O carlavirus cowpea
mild mottle virus (CPMMV) também foi encontrado associado a presenca de MED e
MEAM1. Além disso, estudos biol6gicos demonstraram que MED e MEAML1 séo
excelentes vetores do CPMMV, bem como plantas de soja infectadas pelo CPMMV
sao favoraveis para a reproducdo de MED e MEAML. No capitulo 4, realizado em

Israel, foi demonstrado que os poleroviruses pepper vein yellows virus - 2 (PeVYV-2)



e o pepper whitefly-borne vein yellows virus (PeWBVYV) competem em plantas e
também em seus respectivos vetores (pulgdes e mosca-branca). No entanto, essa
competicdo pode ser uma estratégia evolucionaria dos dois polerovirus para permitir

a coexisténcia na mesma localizacao geografica, evitando a exclusdo competitiva.

Palavras-chave: mosca-branca; ToSRV; ToCV; CPMMV; Polerovirus.



ABSTRACT

The whitefly, Bemisia tabaci (Hemiptera: Aleyrodidae) is one of the most important
agricultural pest and viral vector worldwide. However, Bemisia tabaci is considered a
cryptic species complex composed of at least 44 species considered morphologically
indistinguishable. Among these cryptic species, Middle East-Asia Minor 1 (MEAM1,
also referred as B biotype) and Mediterranean (MED, also referred as Q biotype) are
the main important in Brazil. The MEAM1 species was reported in Brazil in the early
90s and since then it has caused severe damage to several crops, beyond to be
responsible the emergence of begomoviruses in tomatoes never previously observed.
The MED species was reported in Brazil in 2014 in southernmost region of the country
in Rio Grande do Sul State. Since then, MED has changed the scenario of Parana and
Sao Paulo States agriculture associated with the severe damage caused by its attack
and transmission of virus. Currently, MED can be found in Rio Grande do Sul, Parana
(PR), Santa Catarina, Sao Paulo (SP) and Minas Gerais, associated to vegetable
and/or ornamental plants. Due to this scenario, the goal was to better understand the
impacts caused by the MED species as a pest and viral vector. The work developed
was divided into four chapters.

In the first chapter, population surveys showed that MED is the predominant whitefly
species in bell pepper cultivated in greenhouses and under field conditions in PR and
SP. Besides, the begomovirus tomato severe rugose (ToSRV) and the crinivirus
tomato chlorosis virus (ToCV) were found associated with MED in bell pepper and
tomato plants, respectively. In the second chapter, was identified the ToCV infecting
cucumber plants for the first time in Brazil, in the county of Oleo (SP). Infected plants
showed mottling symptoms on young leaves and were associated with a high MED
infestation. In the chapter 3, we present the first evidence of MED in soybean fields in
SP and PR. The carlavirus cowpea mild mottle virus (CPMMV) was also found
associated with the presence of MED and MEAML1. In addition, biological studies
showed that MED and MEAML1 are good vectors of CPMMV, as well as CPMMV-
infected plants are suitable for reproduction of MED and MEAML. In the chaper 4
performed in Israel, was showed that the poleroviruses pepper vein yellows virus - 2
(PeVYV-2) and the pepper whitefly-borne vein yellows virus (PeWBVYV) compete in

plants and their respective vectors (aphids and whitefly). However, this competition



may be an evolutionary strategy for the two poleroviruses to allow coexistence in the

same geographic location, avoiding competitive exclusion.

Keywords: Whitefly; ToSRV; ToCV; CPMMV; Polerovirus.
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GENERAL INTRODUCTION

The whitefly, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is one the
most important agricultural pest worldwide that causes serious economic damage to a
wide variety of hosts, including field and greenhouse crops and ornamental plants. This
pest causes damage by feeding on phloem, excreting honeydew and by transmitting
plant viruses that belong to genera Begomovirus, Crinivirus, Carlavirus, Torradovirus,
Ipomovirus and Polerovirus (NAVAS-CASTILLO; FIALLO-OLIVE; SANCHEZ-
CAMPOS, 2011; FIALLO-OLIVE et al., 2020).

The diversity of B. tabaci species has been frequently studied and classifying
as a cryptic species complex composed of at least 44 morphologically indistinguishably
species (KANAKALA; GHANIM, 2019). Several biological characteristics can differ the
species of this complex, such as their ability to transmit specific begomoviruses, plant
host preference, tolerance to high temperature, different composition/infection
frequencies of bacterial endosymbionts and resistance to insecticides (POLSTON et
al., 2014; WATANABE et al., 2019; HOROWITZ et al., 2020). However, molecular
biology analyzes of mitochondrial cytochrome oxidase | (mtCOI) gene are the main
tools that have been used to differ and identify the different species of B. tabaci (DE
BARRO et al., 2003, 2011).

Among these cryptic species, Middle East-Asia Minor 1 (MEAM1, also referred
as B biotype) and Mediterranean (MED, also referred as Q biotype) are the most
invasive and worldwide distributed B. tabaci species within this complex
(GILBERTSON et al., 2015; KANAKALA; GHANIM, 2015, 2019). In Brazil, MEAM1
species was reported in the beginning of 1990s and after few years became
widespread throughout the county (LOURENCAOQO; NAGAI, 1994; CHINTKUNTLA,
2015). Since then, tomato crop has been severely affected by the tomato severe
rugose virus (ToSRV) and the tomato mottle leaf curl virus (ToMoLCV) begomovirus
that emerged locally after the introduction of MEAML in Brazil INOUE-NAGATA et al.,
2016; MACEDO et al., 2018; QUADROS et al., 2019; REGO-MACHADO et al., 2019).
The crinivirus tomato chlorosis virus (ToCV) was also reported in Brazil associated to
MEAM1 (BARBOSA et al., 2008). Twenty nine years after MEAML1 introduction, this
whitefly species is still predominant in Brazil and the most import vector of viruses
(MORAES et al., 2018).
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Two decades after introduction of MEAML1 in Brazil, MED was reported for the
first time in the southernmost region of the country (BARBOSA et al.,, 2015).
Nowadays, MED has been found in the states of Rio Grande do Sul (RS), Santa
Catarina (SC), Parana (PR), S&o Paulo (SP) and Minas Gerais (MG) associated to
ornamental plants (SC, PR, SP and MG) and vegetable crops under greenhouse and
field conditions (RS, SC, PR and SP) (MORAES et al., 2017, 2018).

It is also known that MED has several advantages over MEAM1. Bemisia tabaci
MED is known to predominate over MEAM1 under greenhouse conditions with or
without insecticides application (KONTSEDALOQV et al., 2012). This can occur because
MED is more resistant to high temperatures than MED (MAHADAV et al., 2009; XIAO
et al., 2016). MED is also known to develop resistance to insecticides much faster than
MEAM1 (HOROWITZ et al., 2005, 2014, 2020; KONTSEDALOV et al., 2012; SUN et
al., 2013; YAO et al., 2017). In addition, studies of performance without insecticides
from laboratory shows that MED has better performance on bell pepper and common
bean than MEAM1, being able to displace MEAM1 in natural conditions (SUN et al.,
2013; WATANABE et al., 2019).

In Brazil, the tomato severe rugose virus (ToSRV) is the main begomovirus that
cause an important disease that affects tomato crops (INOUE-NAGATA et al., 2016).
Symptoms caused by ToSRV and other begomoviruses on plants develop a yellow to
light green mosaic and enhancing for a typical golden mosaic on younger leaves.
ToSRYV is transmitted by the whitefly B. tabaci MEAM1, MED and NW?2 in a circulative
persistent mode (DE MARCHI et al., 2017; BELLO et al., 2019). Under high
begomovirus incidence, the losses caused by the begomovirus can reach 100%. Due
to high incidence of begomovirus in processing tomatoes in Midwest region in 2003, a
legislative control measure of tomato-free period of two months (December and
January) was implemented in Goias State (INOUE-NAGATA et al., 2016). However, a
high incidence of ToSRV (60 to 100%) continues to occur in tomato crops (MACEDO
et al., 2017a, 2019). Other management approach to control begomoviruses diseases
in tomatoes depends on the use of resistant tomato hybrids. These resistant hybrids
possess at least one of the resistance genes (e.g.,Ty-1, Ty2, Ty-3, Ty-4, Ty-5, Ty-6)
that provides high level of resistance to tomato yellow leaf curl virus and a moderated
level of resistance to bipartite begomoviruses (INOUE-NAGATA; LIMA;
GILBERTSON, 2016). Thus, Brazilian tomato hybrids are moderately resistant and/or

tolerant to infection with TOSRV.
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Another current control is based mainly on frequent insecticides sprays (2 to 3
per week) to control the vector populations present in the field. However, insecticide
sprays have failed in several tomato production areas in Brazil, once it is unable to
reduce the primary spread, i.e., infection caused by the migration of viruliferous
whiteflies coming from external sources of inoculum (GOUVEA et al., 2017; MACEDO
et al., 2019; FILHO et al., 2020). Generally, epidemiology of plant virus considers the
reservoir as the main source of primary inoculum, responsible for introducing the
pathogen into a previously pathogen-free area (HULL, 2014). Then, the secondary
spread drives the epidemic, i.e., infection caused by viruliferous whiteflies from internal
sources of inoculum. However, there are evidences that the incidence of TOSRV in
weeds is low in Brazilian conditions and secondary spread is prevented by frequent
and effective spraying of insecticides to control the whitefly MEAM1 (MACEDO et al.,
2017a; FILHO et al., 2020).

Thus, the amplifier-host hypothesis can help to explain the occurrence of
ToSRYV epidemics in tomato fields in Brazilian conditions. Amplifier host occur in high
density near to the target crop, support the growth of both virus and vector and acts as
an intermediated host in off-season periods and provides a short-term source of
infection (FILHO et al., 2020). Reports of the incidence of 2.9% and 3.3% of common
bean and soybean plants, respectively, infected with ToSRV and asymptomatic in
central Brazil (MACEDO et al.,, 2017b, 2017c). Further, one soybean field near of
tomato crops recently transplanted showed an incidence > 10% of asymptomatic
soybean plants infected with TOSRV in Sumaré/SP with an incidence of 57% to 70%
of symptomatic tomato infected with begomovirus (FILHO et al., 2020).

In this way, challenges to the effectiveness of management measures include
continuing studies that quantify the effect of vector control (B. tabaci species, virus-
vector-plant interactions, chemical, etc.) and studies that quantify the effect of amplifier
hosts such as common bean and soybeans in the TOSRV epidemics on tomato.

Beyond ToSRV, the crinivirus (ToCV) cause an important disease that affects
several Solanaceas species in Brazil (INOUE-NAGATA et al.,, 2016). Symptoms
caused by virus infection on plants mainly develop on older/lower leaves with
interveinal yellowing and thickening of leaves. ToCV was first reported in Brazil
infecting tomato plants in 2008 (BARBOSA et al., 2008). Currently, Solanaceas such
as tomatoes, peppers and potatoes are the main ones infected by the virus, but also

infect eggplants, scarlet eggplants and several weeds (FONSECA, 2016; MITUTI et
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al., 2019; SOUZA et al., 2020). ToCV is transmitted by the whiteflies MEAM1, MED,
NW2 and Trialeurodes vaporariorum in a semi-persistent manner (DE MARCHI et al.,
2017; WATANABE et al., 2018; BELLO et al., 2019).

In this kind of virus-vector relationship, insecticides are unable to kill insects
before the virus is transmitted because the insect acquires and transmits the virus in a
rather shorter period of time. Therefore, the effect of incidence on crops is not affected
and the presence of few insects is enough to cause an epidemic in the field. In
agreement with this knowledge, older tomato plants and weeds infected with ToCV
play an important role in its epidemiology, representing an efficient inoculum source
for younger tomato plants (FIALLO-OLIVE; NAVAS-CASTILLO, 2019). Thus, effective
control measures for ToCV and whitefly hosts contribute to virus elimination, especially
when combined with other methods.

In Brazil, the cowpea mild mottle virus (CPMMV) cause an important disease
that inflict soybean and beans, causing symptoms of dwarfism/stunting, necrosis,
chlorosis in both hosts and even plant death or asymptomatic (ZANARDO et al., 2014,
ZANARDO; CARVALHO, 2017a). CPMMV belongs to Carlavirus genus, in which
carlaviruses are transmitted exclusively by aphids. However, CPMMYV is an exception
of this genus transmitted by the whitefly B. tabaci MEAM1, MED and NW2 in a
nonpersistent manner (MARUBAYASHI; YUKI; WUTKE, 2010; DE MARCHI et al.,
2017; BELLO et al., 2019). Moreover, CPMMV is also transmitted by soybeans and
beans seeds (ZANARDO; CARVALHO, 2017a; SILVA et al., 2020). However, CPMMV
transmission by seeds may be dependent of several unclear factors (i.e., viral strain
and host cultivar).

CPMMV was reported in Brazil infecting beans in 1983 and soybean in 2005
(ZANARDO; CARVALHO, 2017a). Since then, an intense increase in soybean and
bean cultivations areas associated with the abusive use of non-selective insecticides
has led to increasing occurrence of whitefly B. tabaci on soybean and bean fields
(ARNEMANN et al., 2019). In addition, areas of soybean and bean are cultivated close
to each other, which both plant species are the main host plants that act as virus and
whitefly reservoir in the field. Thus, CPMMV has emerged as a problem in soybean
and is re-emerging in beans (ZANARDO; CARVALHO, 2017a).

In this CPMMV-vector relationship, a single insect acquires and transmits the
virus in a few minutes, however, the transmission rates increase proportionally with an

increase of insect's number and longer feeding periods (WHITFIELD; FALK;
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ROTENBERG, 2015). Thus, vector control with insecticides cannot avoid virus
transmission. Under these circumstances, CPMMV seems to present several
challenges for its management. As vector control using insecticides cannot avoid virus
transmission and also can be transmitted by seed prevenient of infected plants, the
use of resistant/tolerant cultivars of soybeans and beans represents the best strategy
(ZANARDO; CARVALHO, 2017a; SILVA et al., 2020).

Pepper vein yellows viruses (PeVYVs) are poleroviruses complex infecting
pepper and causing interveinal yellowing of leaves, upward leaf curling and
discoloration of mature fruits (LOTOS et al., 2017). Poleroviruses are members of the
Polerovirus genus, exclusively transmitted by aphids in a circulative non-persistent
manner (HOGENHOUT et al., 2008). Pepper vein yellows virus-2 (PeVYV-2) reported
from Israel was one of the first described polerovirus species known to infect pepper
and is transmitted exclusively by aphids (DOMBROVSKY et al., 2010). However, a
disease outbreak in the pepper plantations in Israel with severe symptoms of
interveinal yellowing and fruit discoloration as that caused by Poleroviruses was
recently associated with a new recombinant polerovirus with PeVYV-2 being one
parent of this new virus. This new recombinant virus was shown to be transmitted by
the whitefly MEAML species and not aphids, and thus named as Pepper whitefly-borne
vein yellows virus (PeWBVYV) (GHOSH et al., 2019a). PeWBVYV was the first
polerovirus reported to be transmitted by whiteflies and not by aphids. Recently,
another recombinant polerovirus infecting melons in Brazil has been reported to be
transmitted by whitefly MEAM1 species and not aphids (COSTA et al., 2020).

This unusual poleroviruses transmission by whiteflies bring us new challenges
in a management approach, since aphid and whitefly can occur simultaneously in the
same cultivated area. However, the main control method is still based on insecticides
use to the susceptibility of aphids and the whitefly MEAM1 species.

Since the first report of MED in Brazil, there has been a notable shift in the B.
tabaci MED dynamics and its dispersion to other regions of our country. Previous works
show that MED has several advantages under MEAM1. Among these, MED is known
to increase some aspects that promotes benefits in the life cycle of MED and then
MEAM1 (FANG et al., 2013), thus being able to suppress host plant defenses and
promote subsequent whitefly infestations (SHI et al., 2014, 2018). In addition, the

emergence of new viruses has been associated with MED, in which this species is



18

known as an efficient vector of the ToSRV and ToCV to tomatoes, and CPMMYV to
beans, considered important viruses to several crops in Brazil (BELLO et al., 2019).

Thus, the goal of this work was evaluated the importance of B. tabaci MED in
our country, which raises concerns as pest and vector of Brazilian plant viruses.
Moreover, a study of relationships between whiteflies and Pepper yellows viruses was
performed in Israel. Against, this work was divided into four chapters: 1) “Outbreaks of
Bemisia tabaci Mediterranean species in vegetable crops in Sdo Paulo and Parana
States, Brazil”, 2) “First report of Tomato Chlorosis Virus infecting cucumber in Brazil”,
3) “Detection of Bemisia tabaci Mediterranean cryptic species in Sao Paulo and Parana
Sates (Brazil) and interactions of cowpea mild mottle virus with whiteflies”, 4)
“Competitive interactions between whitefly and aphid transmitted poleroviruses within
the plant host and the insect vectors”.
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CHAPTER 1
OUTBREAKS OF Bemisia tabaci MEDITERRANEAN SPECIES IN VEGETABLE
CROPS IN SAO PAULO AND PARANA STATES, BRAZIL
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species in vegetable crops in Sdo Paulo and Parana States, Brazil. Bulletin of
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Avalilable at: https://doi.org/10.1017/S0007485319000841

Abstract

The whitefly, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae), is one of the most
important agricultural pests and virus vectors worldwide. Bemisia tabaci is considered
a complex of cryptic species with at least 44 species. Among them, the species Middle
East-Asia Minor 1 (MEAML1, formerly B biotype) and Mediterranean (MED, formerly Q
biotype) are the most important, and they have attained global status. In Brazil, MEAM1
was first reported in the 1990s and is currently the predominant species in the country,
meanwhile, MED was recently reported in the South and Southeast regions and was
found to be mainly associated with ornamental plants. Currently, an increasing problem
in the management of whitefly infestations in greenhouses associated with bell pepper
was observed in Sdo Paulo State, Brazil. The whiteflies were collected and identified

based on a microsatellite locus (primer pair BEM23F and BEM23R) and the
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mitochondrial cytochrome oxidase | gene followed by restriction fragment length
polymorphism analysis and sequencing. We observed that MED was the predominant
species collected on bell pepper, but it was also found on tomato, cucumber, eggplant,
and weeds grown in greenhouses. In open field, we found MED on tomatoes, bell
peppers, and eggplants. In addition, MED was identified in Goias State in association
with ornamental plants. The begomovirus Tomato severe rugose virus and the
crinivirus Tomato chlorosis virus was detected on bell pepper and tomato, respectively.
Only MED specimens were found associated with the virus-infected plants. Moreover,
we also investigated the endosymbionts present in the MED whiteflies. The collected
populations of B. tabaci MED harbored a diversity of secondary endosymbionts, with
Hamiltonella (H) found predominantly in 89 specimens of the 129 tested. These results
represent a new concern for Brazilian agriculture, especially for the management of
the newly introduced whitefly MED species, which must be implemented to limit the

spreading and establishment of this pest in different crops in this country.

Keywords: Bell pepper; cucumber, tomato; whitefly; Q biotype, endosymbionts

1.1 INTRODUCTION

The whitefly, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae), is an
important global agricultural pest that is capable of damaging a wide range of hosts,
including several greenhouse and field crops, ornamental plants and weeds, worldwide
(Mufiiz, 2000; Dinsdale et al., 2010). In addition, whiteflies are also considered to be a
super vector, transmitting approximately 300 plant viruses, including viruses of the
genera Begomovirus, Carlavirus, Crinivirus, Ipomovirus, and Torradovirus, highlighting
the group of Begomovirus, which represents approximately 90% of the viruses
transmitted by whitefly (Kanakala and Ghanim, 2015).

Bemisia tabaci is considered to be a complex of cryptic species, which includes
at least 44 identified species (De Barro et al., 2011; Kanakala and Ghanim, 2019).
Individual species of this complex are morphologically indistinguishable. However, they
differ according to their molecular biology (Boykin and De Barro, 2014) and in several
biological characteristics, such as their ability to transmit specific begomoviruses

(Polston et al.,, 2014), ability to harbor different sets of bacterial endosymbionts
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(Czosnek and Ghanim, 2016), adaptability to different host plants (Sun et al., 2013),
insecticide tolerance (Horowitz and Ishaaya, 2014) and invasive capability (Liu et al.,
2007).

Among these cryptic species, Middle East-Asia Minor 1 (MEAM1, formerly B
biotype) and Mediterranean (MED, formerly Q biotype) are regarded as the most
invasive and widespread (Kanakala and Ghanim, 2015). These cryptic species have
attained the global status and are responsible for severe crop damage (Horowitz et al.,
2003; Luo et al., 2010).

In Brazil, MEAML1 was first reported in the early 1990s (Lourencéo and Nagai,
1994), and over the past 20 years, this species has become widespread throughout
the country (Moraes et al., 2018). With MEAML1 introduction in Brazil, the emergence
of begomoviruses also occurred in solanaceous crops (Ribeiro et al., 1998). More than
20 years later, MED was detected in 2014 in Rio Grande do Sul State (Barbosa et al.,
2015), and a new invasion associated with ornamental plants was reported in Séo
Paulo and Parand States in 2015 (Moraes et al., 2017). Recently, in 2017, MED was
also reported in Santa Catarina and Minas Gerais States in association with
ornamental plants (Moraes et al., 2018), indicating the importance of ornamental plants
for MED invasion in Brazil.

In this study, we report that MED now is also being found on vegetable crops,
especially on bell peppers and cucumbers cultivated in greenhouses. However, the
insect was also found infesting tomatoes, bell peppers, and eggplants cultivated in
open fields. In addition, difficulties have been observed in insect management by
spraying insecticides in bell pepper areas, and virus-infected plants were detected in

these areas.

1.2 MATERIAL AND METHODS

Sampling of whiteflies

Bemisia tabaci samples were collected from several regions of Sdo Paulo and
Parana States in 2017, 2018, and 2019. The samplings were performed in commercial
greenhouses with Capsicum annuum Linnaeus (Solanaceae), Solanum lycopersicum

Linnaeus (Solanaceae), Cucumis sativus (Cucurbitaceae), Solanum melongena



22

Linnaeus (Solanaceae) and weeds; and in open field containing tomatoes, bell
peppers, and eggplants. The insects (adults) were collected with a hand-held aspirator,
and the specimens were immediately transferred to a tube containing 100% ethanol
and stored at —4°C until further analyses. For each population, analyses of ten adults
were carried out for microsatellite and mitochondrial cytochrome oxidase | (mtCOl)
regions. Table 1 summarizes the populations collected and analyzed in this study.
Additionally, one B. tabaci sample was collected from ornamental plants in
Formosa/Goias.

MEAM1 and MED identification

The molecular analyses were carried out following the total DNA extraction from
individual specimens following a modified Chelex method. Whitefly adults were
macerated and homogenized in 50 yl of Chelex 5% solution in a 2.0 ml Eppendorf®
tube. The tube was agitated for a few seconds and then incubated at 56°C for 15 min
and at 99°C for 3 min. After centrifugation at 14,000 rpm for 5 min, the supernatant
was then collected and used as a template for PCR amplification.

All individual DNA samples per population were first analyzed for an initial PCR
using the BEM23 primer pair: Bem23F (5-CGGAGCTTGCGCCTTAGTC-3') and
Bem23R (5'-CGGCTTTATCATAGCTCTCGT-3') (De Barro et al., 2003). This primer
pair differentiates the MED and MEAM1 based on the microsatellite locus of
approximately 200 and 400 bp for each species, respectively (Kontsedalov et al., 2012;
Skaljac et al., 2013). Furthermore, the whitefly species samples were confirmed by
PCR and sequencing using the primer pair 2195Bt (5"-
TGRTTTTTTGGTCATCCRGAAGT-3') and C012/Bt-sh2 (5'-
TTTACTGCACTTTCTGCC-3'), which amplifies a fragment from the mtCOIl gene
(Mugerwa et al.,, 2018). Subsequently, the mtCOIl amplicons were submitted to a
restriction fragment length polymorphism analysis (Bosco et al., 2006), and 6.5 pl of
each PCR (800 bp) was digested with one unit of Tagl at 65°C for 2 h in a final volume
of 16.5 ul. The restricted DNA was observed through electrophoresis in a 1.8%
agarose gel stained with ethidium bromide.

The mtCOI amplicons of B. tabaci were purified (QIAquick Gel Extraction Kit,
Qiagen, Hilden, Germany) and sequenced in both directions using the primers 2195Bt
and C012/Bt-sh2. The curated dataset of mtCOI (Boykin and De Barro, 2014) was
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used to confirm the species. Nucleotide sequences of mtCOIl were deposited in
GenBank, and accession numbers are available in table 1.
Endosymbionts detection

The same DNA extracted from the individual MED whitefly specimens for
identification was used for the screening of the six secondary endosymbionts
Hamiltonella, Rickettsia, Wolbachia, Arsenophonus, Cardinium, and Fristchea using
genus specific primers targeting the 16S and 23S rDNA genes (Marubayashi et al.,
2014). Endosymbiont presence was confirmed by sequencing representative
individuals. The nucleotide sequences were deposited in GenBank, and accession

numbers are available in Supplementary table S1.

Virus identification

At least one plant sample for each locality was analyzed to confirm begomovirus
and crinivirus presence. Begomoviruses were detected by DNA extraction (Dellaporta
et al., 1983) and PCR using the degenerate primer pair PAL1v1978/PAR1c496 (Rojas
et al., 1993). For crinivirus Tomato chlorosis virus (ToCV) detection, total RNA was
extracted with a Total RNA Purification Kit® (Norgen, Canada), followed by RT-PCR
with the primers HS-11/HS-12 and nested PCR specific for ToCV using the primer pair
ToCV-5/ToCV-6 (Dovas et al., 2002). Representative PCR products amplified from
samples were purified (QIAquick Gel Extraction Kit, Qiagen) and sequenced using the
degenerate primers PAL1v1978/PAR1c496 for begomoviruses or the specific primers
ToCV-5/ToCV-6 for ToCV. Respective sequences were analyzed and compared with
other sequences in GenBank using BLAST tools
(http://blast.ncbi.nim.nih.gov/Blast.cgi).

Additionally, the same DNA extracted from individual whiteflies for identification
was used to identify begomoviruses, and these identifications were confirmed by
sequencing. All nucleotide sequences were deposited in GenBank, and accession

numbers are available in table 1.

1.3 RESULTS

Samples collected under greenhouse conditions
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A total of 360 individual whiteflies collected from bell peppers (C. annuum) were
analyzed at 14 localities, and 100% were identified as MED. From cucumber crops (C.
sativus), 110 individual whiteflies were tested, and only MED was detected. Among the
tomato crops (S. lycopersicum), 110 individual whiteflies were analyzed, 107 were
identified as MED, and three were identified as MEAML1.

MED was also detected infesting weeds associated with bell peppers in
greenhouses (table 1, fig. 1) and was identified in Goias state for the first time in
association with ornamental plants collected from a flower shop.
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TABLE 1. Information of whitefly Bemisia tabaci Middle East-Asia Minor 1 (MEAM1) and Mediterranean (MED) species collected in

Sé&o Paulo and Parané State, Brazil, between 2017 and 2019, and viruses identification. In bold samples collected in the field.

. . . % species . o
ID Location Coordinates Date Host plant/environment MEAML MED Begomovirus Crinivirus
: 23°06'57" S - - 1 3
1 Bandeirantes/PR 50°19' 55" W 2018 Cucumis sativus (GH) 100 nt nt
23°01'22"S . :
2 Cambara/PR 50° 09' 04" W 2018 Cucumis sativus (GH) 100 nt nt
Séo Pedro do 22° 47 10" S . .
3 TUrvo/SP 49°51' 17" W 2018 Cucumis sativus (GH) 100 nt nt
Sao Pedro do 22°48'14" S . :
4 TUrvo/SP 49° 51' 55" W 2018 Cucumis sativus (GH) 100 nt nt
R 100
5 Oleo/SP i%;o 5256 551 V? 2018 Cucumis sativus (GH) (GenBank nt nt
MK900721)
, 22°55'49" S 100
6 Oleo/SP 49° 26' 7" W 2018 Cucumis sativus (GH) (GenBank nt nt
MK900722)
22°0'39" S 100
7 Pirajui/SP 49° 28' 48" W 2018 Cucumis sativus (GH) (GenBank nt nt
MK900723)
. 23°06'57" S . .
8 Bandeirantes/PR 50°19' 55" W 2019 Cucumis sativus (GH) 100 nt nt
. 23°06'56" S . .
9 Bandeirantes/PR 50°19' 53" W 2019 Cucumis sativus (GH) 100 nt nt
Séo Pedro do 22° 47 10" S . .
10 Turvo/SP 49°51' 17" W 2019 Cucumis sativus (GH) 100 nt nt
Séo Pedro do 22° 47" 11" S . .
11 Turvo/SP 49° 51' 15" W 2019 Cucumis sativus (GH) 100 nt nt
12 Oleo/SP 22°55°51°'S 5514 Cucumis sativus (GH) 100 nt nt

49° 26' 5" W
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13

14

15

16

17

18

19

20

21

22

23

24~

25

Séao Miguel
Arcanjo/SP

Bandeirantes/PR

Cambara/PR

Santa Cruz do Rio

Pardo/SP

Sao Pedro do
Turvo/SP

Oleo/SP

Oleo/SP

Oleo/SP

Oleo/SP

Séao Miguel
Arcanjo/SP

Séao Miguel
Arcanjo/SP

Sumaré/SP

Monte Mor/SP

23°46'31" S
48° 02' 07" W
23°06'57" S
50° 19' 55" W
23°02'55" S
50° 07" 57" W
22°52'11"S
49° 35' 03" W
22°48'13" S
49° 51' 54" W
22°55'51" S
49° 26' 05" W
22°55'51" S
49° 26' 05" W
22°55'49" S
49° 26' 07" W
22°55'5" S
49° 26' 09" W

23°50'30" S
47° 52' 45" W
23°50'29" S
47° 52' 42" W

22°53' 30" S
47°15' 50" W
22°54'31" S
47°21' 31" W

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

Solanum lycopersicum (GH)

Solanum lycopersicum (GH)
Solanum lycopersicum (GH)
Solanum lycopersicum (GH)
Solanum lycopersicum (GH)

Solanum lycopersicum (GH)

Solanum lycopersicum (GH)
Solanum lycopersicum (GH)
Solanum lycopersicum (GH)
Solanum lycopersicum (GH)

Solanum lycopersicum (GH)

Solanum lycopersicum
(OF)?

Solanum lycopersicum (OF)

10

20
(GenBank

MK900724) MK900725)

50

70

100

90

80
(GenBank

100

100

100

100

100
(GenBank

MK900726)

100

100
(GenBank

MK900727)

100

50
(GenBank

MK900728)

30

Negative (0/1)

Negative (0/1)

Negative (0/2)

Negative (0/1)

Negative (0/4)

Negative (0/2)
Negative (0/2)
Negative (0/1)
Negative (0/1)
Negative (0/1)

Negative (0/1)

Negative
(0/1)

Negative
(0/1)

Negative
(0/1)
Negative
(0/1)

Negative
(0/2)

Negative
(0/2)

ToCV5 (4/4)

(GenBank

MK930366)

Negative
(0/2)
Negative
(0/2)

Negative
(0/2)

Negative
(0/1)

Negative
(0/1)

Negative
(0/1)

Negative
(0/1)

Negative
(0/1)
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27

28

29

30

31

32

33

34

35

36

37

38

39

Sumaré/SP

Sumaré/SP

Séao Miguel
Arcanjo/SP
Séao Miguel
Arcanjo/SP

Braganca Paulista/SP

Elias Fausto/SP

Elias Fausto/SP

Vitoriana/SP

Séo Miguel
Arcanjo/SP

ItApolis/SP
ItApolis/SP
Bauru/SP

Séao Miguel
Arcanjo/SP

Séo Miguel
Arcanjo/SP

22°53'45" S
47° 15' 41" W
22°53'49" S
47°15'43" W
23°50'23" S
47° 53' 55" W
23°50'21" S
47° 53' 54" W
23°0'54" S
46° 35' 31" W
23°04'50" S
47° 22' 35" W

23°06' 16" S
47° 25'57" W
22°46'42" S
48° 24'19" W
23°53'40" S
48°01'13" W
21°35'07" S
48° 47' 08" W
21°33'30" S
48° 45' 34" W
22°14'40" S
49° 06' 20 "W

23°50'33" S
47° 52' 47" W
23°50'33"S
47° 52' 43" W

2018

2018

2018

2018

2017

2017

2017

2017

2018

2018

2018

2018

2018

2018

Solanum lycopersicum (OF)
Solanum lycopersicum (OF)
Capsicum annuum (GH)
Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (OF)

Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (GH)

40

80

60
20
100
100

100

100
(GenBank
MK900730)

100
100
100
100
100

100

100
(GenBank
MK900731)

100

27

Negative
(0/1)
Negative
(0/1)

Negative (0/1)
Negative (0/1)
Negative (0/1)

Negative
(0/2)

Negative (0/1)
Negative (0/1)
Negative (0/1)
Negative (0/1)
Negative (0/1)

Negative (0/1)
Negative (0/1)

Negative (0/1)

Negative
(0/1)
Negative
(0/1)
Negative
(0/1)
Negative
(0/1)
Negative
(0/1)

Negative
(0/1)

Negative
(0/1)
Negative
(0/1)
Negative
(0/2)
Negative
(0/1)
Negative
(0/1)
Negative
(0/2)

Negative
(0/1)

Negative
(0/1)
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40

41

42

43

44

45

46

47

48

49

50

51

52

53

Bandeirantes/PR

Cambara/PR

Cambara/PR

Santa Cruz do Rio

Pardo/SP

Sao Pedro do
Turvo/SP

Sao Pedro do
Turvo/SP

Sao Pedro do
Turvo/SP

Bernardino do
Campo/SP
Bernardino do
Campo/SP

Oleo/SP
Oleo/SP

Oleo/SP

Oleo/SP

Oleo/SP

23°06'57" S
50° 19' 55" W

23°02'55" S
50° 07" 56" W
23°02'55" S
50° 07" 57" W
22°52'11"S
49° 35' 03" W
22°47'10" S
49°51' 17" W
22°48'13" S
49° 51' 54" W
22°48'13"S
49° 51' 54" W
22°56'32" S
49° 26' 12" W
22°56'32" S
49° 26' 14" W
22°55'03" S
49° 24' 16" W
22°55'05" S
49° 24" 19" W
22°55'51" S
49° 26' 05" W
22°55'51" S
49° 26' 05" W
22°55'05" S
49° 26' 09" W

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

Capsicum annuum (GH)

Capsicum annuum (GH)
Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (GH)

100
(GenBank
MK900732)

100
100

100

100
(GenBank
MK900733)

100

100

100
100
100
100

100

100

100

Negative (0/1)

Negative (0/1)
Negative (0/1)

Negative (0/1)
Negative (0/1)

Negative (0/1)

ToSRV4 (1/3)
(GenBank
MK930367)

Negative (0/1)
Negative (0/1)
Negative (0/1)
Negative (0/1)

Negative (0/1)

ToSRV (1/3)
(GenBank
MK930368)

Negative (0/1)

Negative
(0/1)

Negative
(0/1)
Negative
(0/1)
Negative
(0/1)

Negative
(0/1)

Negative
(0/1)

Negative
(0/2)

Negative
(0/1)
Negative
(0/1)
Negative
(0/1)
Negative
(0/1)
Negative
(0/1)

Negative
(0/1)

Negative
(0/1)



54

55

56

57

58

59

60

61

62

63

64

65

66

67

Oleo/SP

Pirajui/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP

Pirajui/SP
Pirajui/SP

Itdpolis/SP

Elias Fausto/SP

Pirajui/SP

22°55'06" S
49° 26' 10" W

21°55'02" S
49° 23" 14" W
21°55'02" S
49° 23" 14" W
22°0'39" S
49° 28' 48" W
22°0'39" S
49° 28' 48" W
22°0'40" S
49° 29' 16" W
22°0'30" S
49° 29' 12" W
22°0'34"S
49° 17' 46" W
22°0'19" S
49° 17' 20" W
22°0'19" S
49° 17' 20" W
22°0'19"S
49° 17' 20" W

21°36'10" S
48° 45' 16" W
23°04'50" S
47° 22" 35" W
22°0'39" S
49° 28' 48" W

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

2018

2017

2018

Capsicum annuum (GH)

Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (GH)

Solanum melongena (OF)
Solanum melongena (OF)

Solanum melongena (OF)

40

100

100
100
100
100
100
100
100
100

100

100
(GenBank

MK900734)

60

100
(GenBank

MK900735)

100

29

ToSRYV (1/2)
(GenBank
MK930369)

Negative (0/1)
Negative (0/1)
Negative (0/1)
Negative (0/1)
Negative (0/1)
Negative (0/1)
Negative (0/1)
Negative (0/1)

Negative (0/1)

Negative (0/1)
Negative
(0/1)

Negative
(0/1)

Negative
(0/1)

Negative
(0/1)

Negative
(0/1)
Negative
(0/1)
Negative
(0/1)
Negative
(0/1)
Negative
(0/1)
Negative
(0/1)
Negative
(0/1)
Negative
(0/1)
Negative
(0/1)

Negative
(0/1)

Negative
(0/1)

Negative
(0/1)

Negative
(0/1)
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68

69

70

71

72

73

74

Pirajui/SP
Pirajui/SP
Pirajui/SP
Oleo/SP
Oleo/SP
Oleo/SP

Mogi Mirim/SP

22°0'19"S
49° 17' 20" W

22°0'34"S
49° 17" 46" W
21°55'02" S
49° 23' 14" W
22°55'05" S
49° 24' 19" W
22°55'05" S
49° 24' 19" W
22°55'03" S
49° 24' 16" W
22°25'04" S
46° 53'42" W

2018

2018

2018

2018

2018

2018

2017

Amaranthus sp. (GH)
Bidens pilosa (GH)
Conyza sp. (GH)
Artemisia absinthium (GH)
Emilia fosbergii (GH)
Chamaesyce sp. (GH)

Weed (GH)

100

100

100

100

100

100

100

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

nt

1 GH (Greenhouse) and 20OF (Open Field); ° not tested; “Tomato severe rugose virus (ToSRV); *Tomato chlorosis virus (ToCV);

*samples highlighted in bold belong to OF samples for a better visualization.
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Figure 1. Sampling locations for Bemisia tabaci Mediterranean (MED) species in Sao
Paulo and Parané States, Brazil. These points represent places where MED was found

in (a) bell pepper, (b) tomato, and (c) cucumber crops.

Samples collected under open field conditions

From 40 individuals collected on tomatoes, 16 were identified as MED, and 24
as MEAM1. On eggplants (S. melongena), 40 specimens were analyzed and 31 were
identified as MED and nine as MEAM1. On bell peppers, ten specimens were analyzed
and 100% were identified as MED.

Virus identification

The crinivirus ToCV was detected on tomatoes (sampling site 12), and the
begomovirus Tomato severe rugose virus (ToSRV) was found infecting bell pepper
(sampling sites 41, 47, and 49) (table 1). In addition, TOSRV was also detected by PCR
in MED specimens. Both ToCV and ToSRV were found in areas where only MED was
detected.

Endosymbionts detection
The endosymbiont analysis revealed that MED harbors Hamiltonella, Rickettsia,

Wolbachia, and Arsenophonus, with a predominance of Hamiltonella in most of the

individuals sampled (Supplementary table S1,; fig. 2).
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Hamittonella Rickettsia Wolbachia Arsenophonus

Figure 2. Individual infections by secondary endosymbionts found harbored Bemisia
tabaci Mediterranean (MED) populations from S&o Paulo and Parana States, Brazil.
Numbers inside the columns represent the individual positive for the respective
endosymbiont by total individuals analyzed. H: Hamiltonella, R: Rickettsia, W:

Wolbachia, and A: Arsenophonus.

1.4 DISCUSSION

Our results showed that outbreaks of whiteflies in vegetable crops in two eastern
states in Brazil (S8o0 Paulo and Parana) associated with the MED species. High
populations of MED infesting bell peppers, cucumbers, and eggplants not only under
greenhouses, but also under open field conditions lead to the appearance of sooty
mold growth (fig. 3). Difficult to manage the insects was also a common complaint on
the visited areas. Moreover, ToCV-infected tomatoes and ToSRV-infected bell pepper
plants were detected in greenhouses, where only MED was identified, indicating that

MED may be contributing to virus transmission on these vegetables.
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Figure 3. Outbreaks of Bemisia tabaci Mediterranean (MED) populations on bell
pepper and cucumber crops. (a) Adults and nymphs of MED infesting bell pepper
plants and causing the sooty mold (b). Adults of MED on cucumber leaves (c).

Bemisia tabaci MED was first reported in Brazil in Rio Grande do Sul State
(Barbosa et al., 2015). After 1 year, a new MED introduction was reported in S&o Paulo
and Parana States (Moraes et al., 2017) and more recently in Minas Gerais and Santa
Catarina States associated to ornamental plants (Moraes et al., 2018). In this study,
we also detected MED on ornamental plants collected in the Midwest region (Goias
state) of Brazil, where the extensive agriculture is practiced, including vegetable and
field crops.

The MED species is often found infesting greenhouses in two eastern states in
Brazil. Studies have shown that MED is more adapted to greenhouse conditions than
MEAM1. Kontsedalov et al. (2012) reported that MED predominated over MEAM1
under nethouse and greenhouse conditions, not only when insecticides spraying were
used but also in the absence of insecticides application. It likely occurs because MED
is more resistant to high temperatures than MEAML1. A study from Israel has shown
that the mortality of MEAML1 is much higher at 37 and 40°C than that of MED (Mahadav
et al., 2009). Another study from China also showed that MEAM1 has a higher mortality
than MED under high-temperature conditions (Xiao et al., 2016). In general, the
temperature between greenhouses and open field production is different, being higher
and lower, respectively. Thus, as MED is more tolerant to high temperature,
greenhouses can be a great environment to increase the population of this species.
However, in this study, we have also found MED under open field conditions in mix
infestation with MEAM1 on tomatoes and eggplants.

MED is also known to develop resistance much faster than other whitefly
species, such as pyriproxyfen (Horowitz et al., 2003, 2005), acetamiprid (Horowitz and
Kontsedalov, 2004; Horowitz and Ishaaya, 2014), imidacloprid (Karunker et al., 2008),
thiamethoxam (Horowitz and Kontsedalov, 2004), and cyantraniliprole (Yao et al.,
2017). In Israel, the dynamics of the whitefly populations on cotton were studied for
several years in terms of management with insecticide and the predominant species.
It was observed that in areas where MEAM1 was the predominant species, MED
displaced MEAM1 with high insecticide use. However, after spraying cessation,

MEAML1 returned as the predominant species, indicating that the insecticide directly
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influenced the prevalence of the species (Horowitz and Ishaaya, 2014). Similarly, it
was verified in China that on eggplant and tomatoes on which MEAM1 was the
predominant species, MED became the main species with high insecticide use (Sun et
al., 2013). This lower susceptibility to several insecticides is often regarded as a main
cause of the faster establishment and dominance of MED in several regions worldwide
(Yao et al., 2017).

The introduction of an exotic pest into a country is always of great concern for
its agriculture, mainly if it is a vector of viruses. The great concern started in the 1990s,
when the exotic MEAM1 was first detected in Brazil. Ever since, several losses caused
by this pest have been reported in practically all regions of Brazil (Lima, 2000), and
outbreaks of begomoviruses infecting Solanaceae have occurred (Faria et al., 2000).
Some years later, the crinivirus ToCV was first reported in Brazil associated with
MEAM1 (Barbosa et al.,, 2008) and nowadays the begomovirus ToSRV and the
crinivirus ToCV are the most important viruses transmitted by B. tabaci cryptic species
infecting tomatoes in Brazil (Inoue-Nagata et al., 2016). We also verified in this work
that ToCV-infected tomato plants and ToSRV-infected bell pepper plants were
associated with the presence of MED specimens. The interactions between ToCV and
MED in tomato plants are well known because MED fecundity and developmental time
are increased by the presence of this virus, indicating that the virus is beneficial to
MED (Orfanidou et al., 2016; Shi et al., 2018). The ability of B. tabaci MED to efficiently
transmit TOSRYV, a native Brazilian begomovirus and the main species infecting tomato
in southwest Brazil, was recently demonstrated (Bello et al., 2019a). It is expected that
changes in the epidemiology of whitefly-transmitted viruses may occur and this has
been recently observed for cucumber plants found naturally infected with ToCV in
association with MED specimens (Bello et al., 2019b). Cucumber plants have never
been reported before as the host of ToCV, but what we could observe is that MED
specimens are well adapted to cucumbers cultivated under greenhouse conditions in
Brazil and ToCV in this crop can become an important problem to this host.

Bemisia tabaci MED has also been shown to be an excellent vector of the most
important begomovirus in Europe and Asia: Tomato yellow leaf curl virus (TYLCV)
(Ning et al., 2015; Czosnek et al., 2017), which has not yet been reported in Brazil but
was detected in the neighboring country of Venezuela (Zambrano et al., 2007). In
China, TYLCV became an emergent virus after MED introduction (Pan et al., 2012;
Ning et al., 2015). The transmission of TYLCV by MED is more efficient than that by
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MEAM1 (Ning et al., 2015), and the fecundity of MED increases in the presence of this
virus, while the developmental time decreases (Chen et al., 2013; Fang et al., 2013).
In this way, all results together point to the need for TYLCV monitoring in Brazil.

In Brazil, the variability in the secondary endosymbionts found in MED is quite
large and may be explained by the recent and different introductions of this species
into the country (Moraes et al., 2018). MED populations typically harbor Hamiltonella,
Rickettsia, Wolbachia, Cardinium, and Arsenophonus (Gueguen et al., 2010; Czosnek
and Ghanim, 2016). Our work has also shown that MED collected in this study harbors
Hamiltonella, Rickettsia, Wolbachia, and Arsenophonus (fig. 2) and that Hamiltonella
is the predominant secondary endosymbiont. The influence of endosymbionts on virus
transmission is well described for B. tabaci MED, in which the absence or low
frequency of Hamiltonella implies low transmission efficiency of TYLCV (Gottlieb et al.,
2010). Additionally, individuals that harbor this bacterium show high benefits in
reproduction factors that increase the populations of B. tabaci MEAM1 species (Kliot
et al., 2019). In addition, populations of MED harboring high frequency of Hamiltonella
proved to be better vectors of ToCV and ToSRYV (Bello et al., 2019a).

In conclusion, our results suggest that in S&o Paulo and Parana States, Brazil,
MED is now found on vegetable crops both in greenhouses and under open field
conditions, and ToCV-infected and ToSRV-infected plants were associated to this
species. These results reinforce that MED is a real concern for Brazilian agriculture,
because it has a great performance and can displace MEAM1 in some important crops
(Watanabe et al., 2019), is a good vector of important viruses found in Brazil, and is
less susceptible to insecticides than MEAM1 (Horowitz and Kontsedalov, 2004;
Kontsedalov et al., 2012; Yao et al., 2017). Then, the management of B. tabaci should
be performed according to which whitefly species is present in the area, in order to
ensure a better control as well as to limit the spreading of MED species. Thus, the
monitoring and identification of the B. tabaci cryptic species are essential for helping
to choose the greatest management strategy, including not only the chemical control,
but also other integrated pests, as biological control.
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Supplementary table 1. Endosymbionts composition of whitefly Bemisia tabaci Mediterranean (MED) species collected in S&o Paulo
and Parana State, Brazil, between 2017 and 2019. Middle East-Asia Minor 1 (MEAM1) species was not tested for endosymbionts.

. % species Endosymbionts

ID Locat Host plant

peation ostpian MEAM1? MED H R W cC F A

9/10
1 Bandeirantes/PR Cucumis sativus (GH) 100 (GenBank 0/10 0/10 0/10 0/10 0/10
MK967465)
2 Cambara/PR Cucumis sativus (GH) 100 8/10 0/10 0/10 0/10 0/10 0/10
3 Séo Pedro do Turvo/SP Cucumis sativus (GH) 100 7/10 2/10 10/10 0/10 0/10 0/10
4 Séo Pedro do Turvo/SP Cucumis sativus (GH) 100 -* - - - - -
5 Oleo/SP Cucumis sativus (GH) 100 - - ; ] _ ]
6 Oleo/SP Cucumis sativus (GH) 100 - - - ; ; ]
7 Pirajui/SP Cucumis sativus (GH) 100 - - - - - -
8 Bandeirantes/PR Cucumis sativus (GH) 100 - - - - - -
9 Bandeirantes/PR Cucumis sativus (GH) 100 - - . - - -
10 Séo Pedro do Turvo/SP Cucumis sativus (GH) 100 - - - - - -
11 Séo Pedro do Turvo/SP Cucumis sativus (GH) 100 - - - - - -
12 Oleo/SP Cucumis sativus (GH) 100
13 S#o Miguel Arcanjo/sp  Solanum ('é’;ﬁ’)pers'cum 100  8/10 0/10 1010 010 0/0  0/10
14 Bandeirantes/PR Solanum(lélatlz_'c;persmum 10 90 - - - - - -
15 Cambara/PR Solanum ('é’;ﬁ’)pers'cum 20 80 8/8 88 0/ 058 058 0/8
16 Santa Cruz do Rio Solanum lycopersicum 100 i ] ] ] ] ]
Pardo/SP (GH)

17 Séo Pedro do Turvo/SP Solanum(lg/;_'c;persmum 10 90 - - - - - -
18 Bleo/SP Solanum lycopersicum 100 i ] ] ] ] ]

(GH)



19

20

21

22

23

24

25

26

27

28
29
30
31
32
33
34
35
36
37

42

Oleo/SP

Oleo/SP

Oleo/SP
Sao Miguel Arcanjo/SP

Sao Miguel Arcanjo/SP

Sumaré/SP

Monte Mor/SP
Sumaré/SP

Sumaré/SP

Séao Miguel Arcanjo/SP
Sao Miguel Arcanjo/SP
Braganca Paulista/SP
Elias Fausto/SP
Elias Fausto/SP
Vitoriana/SP
Sao Miguel Arcanjo/SP
ItApolis/SP
Itapolis/SP
Bauru/SP

Solanum lycopersicum
(GH)

Solanum lycopersicum
(GH)

Solanum lycopersicum
(GH)
Solanum lycopersicum
(GH)
Solanum lycopersicum
(GH)

Solanum lycopersicum
(OF)

Solanum lycopersicum
(OF)
Solanum lycopersicum
(OF)

Solanum lycopersicum
(OF)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (OF)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)

50

70

40

80

100

100

100

100

100

50

30

60

20

100
100
100
100
100
100
100
100
100
100

10/10
(GenBank 0/10
MK967466)
5/5
0/5 (GenBank
MK967462)
0/3 3/3
2/10 8/10

0/10

2/5

2/3

10/10

0/10 0/10 0/10

1/5
0/5 0/5 (GenBank
MK967802)

0/3 0/3 1/3

0/10 0/10 1/10
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39
40
41
42

43

44

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

S&o Miguel Arcanjo/SP

Sao Miguel Arcanjo/SP
Bandeirantes/PR
Cambara/PR
Cambara/PR
Santa Cruz do Rio
Pardo/SP

Sao Pedro do Turvo/SP

Sao0 Pedro do Turvo/SP
Sao Pedro do Turvo/SP

Bernardino do Campo/SP
Bernardino do Campo/SP

Oleo/SP
Oleo/SP
Oleo/SP
Oleo/SP
Oleo/SP
Oleo/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP

Capsicum annuum (GH)

Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (GH)

Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)
Capsicum annuum (GH)

100

100
100
100
100

100

100

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

8/10

8/10

8/10
(GenBank
MK967467)

3/10
(GenBank
MK967463)

0/10

0/10

0/10 0/10
0/10 0/10
10/10
(GenBank 0/10
MK967968)

0/10

0/10

0/10
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0/10

0/10

0/10
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64
65

66

67
68
69
70
71
72
73
74

44

Pirajui/SP

Pirajui/SP
Itapolis/SP

Elias Fausto/SP

Pirajui/SP
Pirajui/SP
Pirajui/SP
Pirajui/SP
Oleo/SP
Oleo/SP
Oleo/SP
Mogi Mirim/SP

Capsicum annuum (GH)

Capsicum annuum (GH)
Solanum melongena (OF)

Solanum melongena (OF)

Solanum melongena (OF)
Amaranthus sp. (GH)
Bidens pilosa (GH)
Conyza sp. (GH)
Artemisia absinthium (GH)
Emilia fosbergii (GH)
Chamaesyce sp. (GH)
Wheed (GH)

40

100

100
60

100

100
100
100
100
100
100
100
100

9/10
(GenBank
MK967468)

0/10

0/10 0/10 0/10

10/10 10/10
(GenBank (GenBank 0/10
MK967464) MK967969)

0/10

0/10

0/10

10/10

*Populations of whitefly not tested for endosymbionts; @ Insects of MEAML1 species were not tested for endosymbionts; (H) Hamiltonella,

(R) Rickettsia, (W) Wolbachia, (C) Cardinium, (F) Fristchea and (A) Arsenophonus.



45

CHAPTER 2

FIRST REPORT OF Tomato Chlorosis Virus INFECTING CUCUMBER IN BRAZIL
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DISEASE NOTE

Cucumber plants (Cucumis sativus L.) exhibiting chlorosis and mottling symptoms on
young leaves were found in a commercial greenhouse, in the county of Oleo, State of
Sédo Paulo, Brazil, in February 2019. The crop was highly infested by whiteflies. To
identify the whitefly species in the greenhouse, total DNA was extracted from 10
whiteflies according to the Chelex protocol (Walsh et al. 1991). The DNA samples were
subjected to initial PCR amplification of a mitochondrial cytochrome oxidase subunit 1
fragment using the primer pair 2196Bt and C012/Bt-sh2 (Mugerwa et al. 2018),
followed by amplicon restriction fragment length polymorphism (RFLP) analysis of all
samples and amplicon Sanger sequencing of one sample. The whiteflies were
identified as Bemisia tabaci Mediterranean species (MED, also known as Q biotype)
based on the RFLP analysis and BLATn search of the amplicon sequence (Gen Bank
accession no. MN177614). To identify the agent that might have caused the disease,
total RNA was extracted from five symptomatic leaves and 15 asymptomatic fruits


https://apsjournals.apsnet.org/doi/full/10.1094/vhbello@hotmail.com
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using the PureLink Viral RNA/DNA Kit (Invitrogen). The RNA was pooled and used for
construction of a cDNA library using the Complete ScriptSeq Kit (Epicenter, lllumina)
and transcriptome sequencing with the Illumina HiSeg2500 platform (Roossinck et al.
2015). A total of 33,774,040 raw reads (average length 50 bp) were generated by
highthroughput sequencing (HTS). The raw reads were trimmed and de novo
assembled using CLC Genomics Workbench software version 9.0.3. The 1,441
obtained contigs (average length 350 bp) were subjected to a BLASTn using Geneious
software version 9.1.5. The contigs then were blasted against the NCBI virus genome
database. This analysis revealed the complete nucleotide sequence of two contigs of
8,573 bp (GenBank accession no. MN172419) and 8,223 bp (GenBank accession no.
MN172420) in length, showing 99.8 and 99.6% sequence identity with tomato chlorosis
virus (ToCV) RNAL1 (JQ952600) and RNA2 (JQ952601), respectively. No other viruses
were detected. Subsequently, individual RNA samples were tested for ToCV. Reverse
transcription PCR (RT-PCR) was performed with a newly designed primer pair, p22-
7537 (5- ATAGGTACAATTTACCACCG-3)/p22-8371-R (5-
GAATGTCAACAAAACACCTACT -3’), which was anticipated to result in an amplicon
of 834 bp from RNA1 of ToCV. One leaf sample and three fruits tested positive by the
RT-PCR assay. In order to validate the results, the amplicon from one sample was
Sanger sequenced. The amplicon (GenBank accession no. MN164488) showed 100%
nucleotide sequence identity with the HTSderived sequence and 99.6% with a tomato
ToCV isolate (MF415521) from Brazil. To fulfill Koch’s postulates, adults of B. tabaci
MED were transferred to ToCV-infected cucumber leaves for 72 h for virus acquisition,
followed by inoculation access (50 B. tabaci per plant) to 10 tomato (cv. Santa Clara)
and 10 cucumber (cv. Aodai) plants. Forty-five days postinoculation, ToCV was
detected by RT-PCR in one tomato and three cucumber plants. The tomato plant
infected with the ToCV-cucumber isolate developed typical ToCV symptoms, whereas
the cucumber plants developed chlorosis and mottling in young leaves. ToCV is one
of the most common whitefly-transmitted viruses of solanaceous plants in Brazil
(Macedo et al. 2019), and its impact depends on vector prevalence and abundance
(Farina et al. 2019). These findings may raise a great concern for cucumber growers
in Brazil, because B. tabaci MED can efficiently transmit ToCV (Bello et al. 2019) and
is often found on cucumber crops grown in greenhouses (Moraes et al. 2018).

Additionally, cucumbers may serve as inoculum sources of ToCV for other
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economically important solanaceous crops. To the best of our knowledge, this is the

first report of ToCV infecting cucumber plants.

The author(s) declare no conflict of interest.
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Figure S1. Symptoms of chlorosis and mottling on young leaves of Cucumis sativus.
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CHAPTER 3
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Abstract

Since the detection of Bemisia tabaci Middle East-Asia Minor 1 (MEAM1) species in
Brazil in the early 1990s, this whitefly has been the predominant species and the main
viral vector in the country. In this work, whiteflies were collected from commercial
soybean fields near and far from greenhouses where Mediterranean species had
previously been detected infesting vegetable crops. Results indicated that MEAM1 was
the predominant whitefly species in soybean in most sampling sites, while MED was
found colonizing soybean plants in open field conditions alone and/or with MEAM1 in
several places. Among the tested insects, MED species was mostly detected
harbouring the facultative endosymbiont Hamiltonella. We also detected cowpea mild
mottle virus (CPMMV; carlavirus) infecting soybean plants. Transmission assays
demonstrated that MED species was more efficient transmitting CPMMV from beans

to beans and from soybean to soybean plants than MEAM1, while MEAM1 was more
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efficient in transmitting the virus from soybean to bean than MED. Performance assays
indicated that adult emergence of both species on CPMMV soybean infected plants
was higher when compared with the emergence on healthy plants. Moreover, non-
viruliferous MED and MEAM1 adults preferred to settle more often on healthy plants,
while viruliferous adults settled more often on CPMMV-infected soybean plants. As
MED has already been found in soybean open fields in Sdo Paulo State and Parana
States, Brazil, and it is a good vector of CPMMV, we anticipate problems related to

whitefly management and to increase in the incidence of the virus in soybean.

KEYWORDS
Whitefly; MED; MEAM1; endosymbiont; carlavirus

1.1 INTRODUCTION

Whiteflies are phloem-feeding insects that damage a wide range of agricultural
crops, including soybean, vegetable, ornamental plants and weeds (Dinsdale et al.,
2010). They can cause problems to plants in three ways: adults and nymphs cause
damage by feeding directly on the phloem, weakening the plants. They also cause
indirect damage via secretion of honeydew, which causes a sooty mould growth that
interferes with photosynthesis, reducing crop productivity and fruit and fibre quality
(Kanakala and Ghanim, 2015). However, the major impact caused by this insect in
agriculture is the transmission of viruses (Navas-Castillo et al., 2011). Bemisia tabaci
can transmit over 300 species of plant viruses, which include members of the genera
Begomovirus, Carlavirus, Crinivirus, Ipomovirus, Torradovirus and Polerovirus
(Gilbertson et al., 2015; Ghosh et al., 2019; Costa et al., 2020).

Bemisia tabaci is a cryptic species complex composed of ecological and
genetically distinct species that can be differentiated based on molecular
polymorphism markers, their ability to transmit viruses (Polston et al., 2014),
endosymbiont composition (Gueguen et al., 2010), specific relationships with host
plants (Sun et al., 2013), ability to cause plant disorders (Sseruwagi et al., 2005),
resistance to insecticides (Kontsedalov et al., 2012) and invasion ability (Liu et al.,
2007). Recently, the current definition based on molecular analyses of the

mitochondrial cytochrome oxidase subunit | (mtCOI) gene classified this complex with
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at least 44 species (Kanakala and Ghanim, 2019). Among this cryptic species complex,
Middle East-Asia Minor 1 (MEAM1, formerly known as the B biotype) and
Mediterranean (MED, formerly known as the Q biotype) are considered the most
invasive species worldwide and responsible for severe damage (Mufiiz et al., 2011,
Alemandri et al., 2012, 2015; McKenzie et al., 2012; Barbosa et al., 2014; Kanakala
and Ghanim, 2015, 2019; Yao et al., 2017).

Within the B. tabaci complex, the natives New World (formerly known as the A
biotype) occur indigenously in Brazil (Marubayashi et al., 2013; Barbosa et al., 2014;
Moraes et al.,, 2018). However, soybean yield losses due to whitefly attack only
became frequent and significant after the introduction of the Middle East-Asia Minor 1
(MEAM1, formerly known as the B biotype) in the early 1990s (Lourencé&o & Nagai,
1994) and is the predominant species in Brazil until nowadays (Moraes et al., 2018).
Since then, an intense increase in soybean areas associated with the abusive use of
non-selective insecticides has contributed to the occurrence of whitefly B. tabaci on
soybean fields (Arnemann et al., 2019; Pozebon et al., 2020).

Bemisia tabaci MED was detected in the southernmost regions of Brazil in 2014
and since then, multiple detections of MED species were reported in the South,
Southeast and Midwest regions of the country associated to ornamental plants and
vegetable crops (Moraes et al., 2018; Bello et al., 2020). MED has been responsible
for serious problems worldwide in the last two decades, mainly associated with
resistance to insecticides, which caused its rapid invasion and dominance in new
ecological niches and countries (Horowitz and Ishaaya, 2014; Horowitz et al., 2020). It
is also known that resistance to insecticides has been reported affecting MEAM1
species (Gorman et al., 2010; Dangelo et al., 2018; Horowitz et al., 2020), which is the
most abundant whitefly in open-field agriculture (Kontsedalov et al., 2012; Alemandri
et al., 2015; Kriticos et al., 2020). The MED species might also suppress host plant
defences and promote subsequent whitefly infestations (Chen et al., 2013; Shi et al.,
2018a). Also, it is an efficient vector of viruses that are causing emerging diseases
worldwide (Gilbertson et al., 2015; Kanakala and Ghanim, 2019).

In Brazil, the cowpea mild mottle virus (CPMMV, carlavirus) can be transmitted
efficiently by MED and MEAM1 (Bello et al., 2019). CPMMYV is a single-stranded
positive-sense RNA virus (family Betaflexiviridae, genus Carlavirus) with a genome of
8,200 nucleotides and composed of six open reading frames (ORFs) as typical to other

members of the genus (King et al., 2011; Zanardo et al., 2014). Carlaviruses are mostly
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aphid-transmitted, but several aphid species were tested as possible vector and none
of these were able to transmit the CPMMV (Iwaki et al., 1982; Thouvenel et al., 1982;
Muniyappa & Reddy, 1983; Almeida et al., 2005). It was show that CPMMV is an
exception for being transmitted by whiteflies in a non-persistent way. Bemisia tabaci
can acquire and transmit the virus with only 10 minutes of acquisition and 5 minutes of
inoculation period and without a latent period (Iwaki et al., 1982; Marubayashi et al.,
2010).

CPMMV is considered an emerging virus in Brazil infecting soybean and beans
in the South, Southeast, Midwest and Northeast production areas, causing an array of
symptoms: dwarfism/stunting, necrosis, mosaic and chlorosis in soybeans and beans
and even plant death. In some soybean genotypes, no symptoms are observed
(Almeida et al., 2005; Zanardo et al., 2014; Barreto da Silva et al., 2020). Although
severe symptoms were described in soybean, mild mottle and mosaic were the most
common symptoms observed associated with this virus in some cultivars in the last
years (Zanardo et al., 2014). However, even mild symptoms or no symptoms at all,
yield losses varying from 174 to 638 kg ha! were observed depending on the cultivar
(Barreto da Silva et al., 2020). Thus, virus infection on soybeans can often be
underestimated and the presence of B. tabaci can contribute to the virus spread and
yield losses.

To better understand the dynamic of whiteflies in soybean fields from S&o Paulo
and the Parand States, insects were collected and identified based on the mtCOI
analyses. The occurrence and frequency of endosymbionts were determined in MED
populations. CPMMV surveys were conducted on different farmers. The goal of this
study was also to reveal the importance of soybeans and beans as sources of inoculum
of CPMMYV, using MED and MEAM1 as vectors. Performance and preference assays
of both species of whiteflis on CPMMV-infected and healthy soybean plants were
conducted to better understand the effects of the virus on their reproduction and

behaviour.

1.2 MATERIAL AND METHODS

Whitefly sampling
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Whitefly sampling was carried out over two summer soybean seasons during
January and February 2019 and 2020. Individual whiteflies were collected from 51
soybean fields distributed in 34 localities across S&o Paulo and Parana States, Brazil,
in which whitefly populations were defined by geographic region (Table 1). Adult
whiteflies were collected from the leaves-underside selected at random across the
soybean fields using a hand-held aspirator, transferred immediately to 100% ethanol
and stored at -20 °C until further analyses. Up to fifty adults were collected per field.
Soybean leaves of three sampling sites (samples 1, 13 and 14) with nymphs were also
taken to the laboratory to prove whitefly colonization (Table 1). When fourth instars
were present, these were also collected using an entomological needle and with the
aid of a magnifying glass (Zeiss®), transferred to 100% ethanol and stored in the same

conditions (-20 °C). Up to twenty nymphs were collected per selected sampling field.



Table 1. Information of whitefly species in Sdo Paulo and Parana States, Brazil, collected in January and February 2019/2020.

. . . Collection Whitefly species
ID Collection site Host plant Coordinates Date MED MEAML
o7 gqn 0 Har 44 100%
1* Bandeirantes/PR Glycine max (OF) 237148 3\/50 23 11 January 2019 (GenBank
MN318228)
o 71 gQn o Hat 44 100%
1A Bandeirantes/PR Glycine max (OF) 237748 3\/50 2311 January 2019 (GenBank
MN318229)
o ' n o ] " 0
2 Bandeirantes/PR Glycine max (OF) 2370402 VSV50 2300 January 2019 100%
o 1 n o 1 n 0
3 Bandeirantes/PR Glycine max (OF) 2370402 VSVSO 2305 January 2019 100%
o ' n o ] n 0
4 Bandeirantes/PR Glycine max (OF) 23°6'35 3\/50 21’31 January 2019 100%
o 1 n o 1 n 0
5 Londrina/PR Glycine max (OF) 23725 I SS1TI6 22 Eebruary 2019 100%
o Hear g o 10 10% 90%
6 Londrina/PR Glycine max (OF) 23723 545 VSVSl 10 February 2019 (GenBank
MN318231)
o 1 n o 1 n 0
7 Cambé/PR Glycine max (OF) 23°14'16 VSVSl 15703 February 2019 100%
o 1 n o 1 n 0
8 Cambé/PR Glycine max (OF) 23°13'19 VSVSl 14724 February 2019 100%
o 1 n o Ll " 0
9 Cambé/PR Glycine max (OF) 23°12'13 VS\/51 13735 February 2019 100%
o 1 n o 1 " 0
10 Cambé/PR Glycine max (OF) 23" 12" 21 VSVSl 13745 February 2019 100%
o ! n o ' n 0
11 Cambé/PR Glycine max (OF) 2370959 VSVS]' 12°14 February 2019 100%
o 1 n o 1 n 0
12 Cambé/PR Glycine max (OF) 23°0743"S 517 12'13 February 2019 100%

w
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13*

13A

14*

14A

15

16

17

18

19

20

21

22

23

24

25

26

Oleo/SP

Oleo/SP

Oleo/SP
Oleo/SP
Estiva Gerbi/SP
Estiva Gerbi/SP

Canitar/SP

Santa Cruz do Rio
Pardo/SP

Taciba/SP
Rubiacea/SP
Buritama/SP

Pindamonhangaba/SP
Itai/SP
Piraju/SP
Ipaussu/SP

Assis/SP

Glycine max (OF)

Glycine max (OF)

Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)

Glycine max (OF)

22°56' 33" S 49° 26
14" W

22° 56' 33" S 49° 26
14" W

22° 55' 35" S 49° 26
57" W
22° 55' 35" S 49° 26
57" W
22°12' 20" S 46° 57" 43"
W
22°12' 12" S 46° 57" 37"
W
23° 00" 48" S 49° 46'
25" W
22°56' 09" S 49° 32'
42" W
22° 24" 38" S 51° 19
30" W
21° 25' 40" S 50° 49'
05" W
21°04' 08" S 50° 12'
08" W
22°52' 05" S 45° 28
18" W
23°19' 07" S 49°05' 17"
W
23° 16' 13" S 49° 16' 30"
\W
23° 05'11" S 49° 33' 03"
\W
22° 40" 48" S 49° 46' 25"
W

February 2019

February 2019

February 2019
February 2019
January 2019
January 2019
January 2020
January 2020
January 2020
January 2020
January 2020
February 2020
January 2020
January 2020
January 2020

January 2020

100%
(GenBank
MN318230)
100%
(GenBank
MN318231)
100%
100%
100%
100%
[
10% 90%
0
40% 60%
0
10% 90%
0
70% 30%
100%
0
10% 90%
100%
100%
100%
100%



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Assis/SP
Candido Mota/SP

Palmital/SP

Vargem Grande do
Sul/SP

Porto Ferreira/SP
Pirassununga/SP
Paranapanema/SP
Mogi Mirim/SP
Mogi Mirim/SP
Casa Branca/SP
Luis Anténio/SP
Colina/SP
Miguelépolis/SP
Miguel6polis/SP
Guaira/SP
Barretos/SP

Ituverava/SP

Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)

Glycine max (OF)

22° 40' 01" S 50° 21' 59"
\W

22° 40' 02" S 50° 21' 26"
\W

22° 50" 08" S 50° 11' 30"
\W

21° 50" 04" S 46° 55' 34"
W

21°48' 42" S 47° 25' 19"
W

23° 03'45" S 47° 30" 01"
W

23° 28' 26" S 48° 45' 16"
W

22° 27" 27" S 46° 56' 02"
W

22° 28' 36" S 47° 03" 36"
W

21° 55'48" S 47° 04' 08"
\W

21° 29'59" S 47° 45" 45"
\W

20° 46' 46" S 48° 30' 07"
\W

20° 11' 43" S 48° 00" 54"
\W

20° 06' 46" S 47° 57" 14"
W

20° 27' 41" S 48° 23' 33"
\W

20° 31' 29" S 48° 35' 09"
\W

20° 18' 25" S 47° 48' 36"
W

January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020

January 2020

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

100%

55
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44 Jaboticabal/SP Glycine max (OF) 21° 16’ 46"\/SV48° 16' 42" January 2020 100%
45 Alvares Machado/SP Glycine max (OF) 22° o1’ 06"VS\/51° 24' 37" January 2020 100%
46 Anhumas/SP Glycine max (OF) 22° 27 03"\/5V51° 26' 01" January 2020 100%
47 Taquarituba/SP Glycine max (OF) 22° 24 38" VSV S1°19°30" 5 nuary 2020 100%
48 Taquarituba/SP Glycine max (OF) 23730 54"\/5;’/490 167147 January 2020 100%
49 Taquarituba/SP Glycine max (OF) 2373 27"\/8\/490 16°15" January 2020 100%
50 Taquarituba/SP Glycine max (OF) 23°31'09" vsv 49°16'52" 501 1ary 2020 100%
51 Alvares Florence/SP Glycine max (OF) 20° 17712" S 49° 55" 12" January 2020 100%

W
"Collected samples near of greenhouses where MED was identified previously by Bello et al. 2019; * OF: open field; and samples

highlighted in red bold belong to MED samples for better visualization; Samples identified with “A” correspond to nymph whiteflies
while unidentified samples correspond to adult whiteflies.
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Whitefly identification

Molecular analyses were performed by extracting total nucleic acids from
individual whiteflies, according to a modified Chelex protocol (Walsh et al., 1991). For
each population, 10 adults were analyzed and identified by amplification of
microsatellite and mtCOI regions. In addition, 10 nymphs of some samples of soybean
were collected directly from leaves and identified. Populations of adults and nymphs
were assigned population IDs consisting of letters corresponding to the soybean plants
from which they were collected (Table 1). Whitefly adults and nymphs were macerated
and homogenized in 50 ul of Chelex 5% solution in a 1.5 ml Eppendorf® tube. The tube
was mixed for few seconds and then incubated at 56 °C for 15 min and at 99 °C for 3
min. After centrifugation at 14,000 rpm for 5 min, the supernatant was collected and
used as a template for PCR amplification.

All individual DNA samples from each population were first subjected to an initial
round of PCR amplification using the following Bem23 primer pair: Bem23F (5'-
CGGAGCTTGCGCCTTAGTC-3') and Bem23R (5'-CGGCTTTATCATAGCTCTCGT-
3') (De Barro et al., 2003). The primer pair differentiates MED and MEAM1 species
based in a microsatellite locus of about 200 bp and 400 bp for each species,
respectively (Kontsedalov et al., 2012; Skaljac et al., 2013). Previously identified MED
species (Samples 1, 6, 13, 14, 17, 18, 19, 20, 21 and 22; Table 1) were also confirmed
by PCR using the prime pair: 2195Bt (5-TGRTTTTTTGGTCATCCRGAAGT-3') and
C012/Bt-sh2 (5-TTTACTGCACTTTCTGCC-3") which targets a fragment of the
mitochondrial cytochrome oxidase | (mtCOIl) gene (Mugerwa et al., 2018). Additionally,
mtCOIl PCR products were submitted to a restriction fragment length polymorphism
(RFLP) analysis (Bosco et al.,, 2006), in which 6.5 ul of each PCR (800 bp) and
digested with one unit of Tagl at 65°C for 2h in a final volume of 16 ul. All restricted
DNAs were analyzed by agarose gel electrophoresis (1.8%), stained with ethidium
bromide and visualized by UV transillumination.

In addition, a representative number of PCR products from mtCOI amplicons of
B. tabaci MED of soybean were purified (QIAquick Gel Extraction Kit Qiagen) and
seqguenced using the primer 2195Bt. Nucleotide sequences of mtCOIl were deposited

in GenBank, and their accession numbers are available in Table 1.

Endosymbionts
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Due to the high variability of endosymbionts in MED, and the fac that they are
well studied and stablished in MEAML1 populations in Brazil (Moraes et al., 2017; 2018;
Bello et al., 2019; 2020), only MED specimens were screened for endosymbiont
composition. Same DNA extracted from the individual MED whitefly specimens used
for identification was used for screening the following whitefly endosymbionts: Portiera
aleyrodidarum, Hamiltonella, Rickettsia, Wolbachia, Arsenophonus, Cardinium and
Fristchea, using genus-specific primers targeting the 16S and 23S rDNA genes
(Marubayashi et al., 2014). Here, P. aleyrodidarum was used as positive control for all
other endosymbionts. Subsequently, PCR products from each positive endosymbiont
were selected and sequenced using each forward primer to confirm the tests. The
nucleotide sequences of endosymbionts were deposited in GenBank, and their

accession numbers are available in Supplementary table 1.

Cowpea mild mottle identification

CPMMV detection was carried out in five soybean plants, collected at random
across the soybean fields and associated with the presence of whiteflies for each
sampled location. Total RNA was extracted with the Total RNA Purification Kit®
(Norgen, Canada), followed by One Step RT-PCR using AMV reverse transcriptase
(Promega, Brazil) with the specific primer pair. CPMMV1280-F (5-GGCGTT
CCAAAAGCTGCCGAT-3") / CPMMV1696-R (5'-GGAGCCACCTTTCCAATCAA-3"),
amplifying a region of the coat protein (De Marchi et al., 2017). Additionally,
representative samples of PCR amplicons were purified (QIAquick Gel Extraction Kit
Qiagen) and sequenced using the primer CPMMV1280-F. Nucleotide sequences of
viruses were deposited in GenBank, and their accession numbers are available in

Supplementary table 2.

Biological studies

Transmission assay

To identify the importance of soybean and bean as an inoculum source of
CPMMV, transmission assays were performed using two single-infected isolates of

cowpea mild mottle virus (CPMMV). A CPMMYV isolate (GenBank access number
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MW264332) was collected from beans in Londrina county, Parana, Brazil (April 2016)
showing mild mottle, mosaic and stunting symptoms. The presence of the virus was
confirmed by RT-PCR (as described in virus identification). Another CPMMV isolate
(GenBank access number MT473963) was collected from soybean in Casa Branca
county, Sdo Paulo State, Brazil (February 2017). The soybean plant collected from
field showed mild mottle symptoms and viral infection was confirmed by RT-PCR. After
virus identification, the isolates were transmitted by whitefly (MEAM1) to common bean
cv. Jalo and maintained in a whitefly-proof screened cage for 45 days until start the
first transmission from and to beans and from beans to soybeans. Subsequently,
infected soybeans were used for transmission from and to soybeans and back to
beans. Before starting the assays and contact with whiteflies, all plants used as source
of inoculum were tested for viral infection.

Virus acquisition was performed using 1,000 newly emerged adults (72h) of
MEAM1 (GenBank access number MH186145) and 1,000 newly emerged adullts (72h)
of MED (GenBank access number MH047295) species (maintained on cotton plants
cv. IAC-20) for acquisition access periods (AAPs) of 24 h. Following virus acquisition,
whiteflies (10 adults per plant) were transferred to cages containing healthy soybean
plant cv. M6410 or beans cv. Jalo with true primary leaves, using a hand-held aspirator
on which they remained for a 24 h inoculation access periods (IAP) under controlled
conditions at 30 °C. Treatments were composed of CPMMV isolate from bean
inoculated 1) from bean to bean, 2) from bean to soybean, 3) from soybean to soybean
and 4) from soybean to bean. Its important to highlight that more than thirty plants were
inoculated individually in separate cages; however, only 30 plants were used for each
treatment in which all were alive after IAP (Table 2). The same experiment was
performed using a CPMMYV isolate from soybean (Table 2). Virus-free adult whiteflies
collected from either rearing cage (MEAM1 and MED) were given inoculation access
to 10 non-infected plants for 24 h at 30 °C as negative controls.

After inoculation, the plants were sprayed with a mixture of insecticides
(Cartap® and Oberon®) to kill all the whitefly adults, nymphs, and eggs. Plants were
grown in whitefly proof screened cages in greenhouses. Presence of the virus was

analysed 30 days after inoculation (as described in virus identification).

Performance assay
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To identify the importance of CPMMV-infected and healthy soybean plants for
whitefly reproduction, performance assays were performed using the CPMMYV isolate
from soybean. Newly emerged adults (72h) of MEAM1 and MED raised on cotton were
collected and transferred to clip-cages attached to healthy and CPMMV-infected
soybean M6410 plants (third and fourth trifoliate of soybean) with 35 days after
emergence and without symptoms but confirmed by RT-PCR. For each replicate (10
replicates per treatment and repeated twice), 10 whitefly couples were enclosed in one
clip-cage per leaf and four per plant in the third and fourth trifoliate. Adults were
maintained for 48 h under controlled conditions (26°C, 12L: 12D (Light 6:00-18:00).
Subsequently, adults were removed from the leaves and the eggs were counted using
a magnifying glass (Zeiss®) and maintained for further evaluations: eggs hatched, total
of adults emerged, number of adults emerged per day, development time (from eggs
to first adult emergence) and survival rate [(number of adults emerged/number of eggs
laid)*100]. Daily evaluations were performed during all assays to determine the exact
time between each evaluated phase of the whitefly cycle. Newly emerged adults were
collected twice daily (9 am and 2 pm) using a hand-held aspirator and immediately
counted. Assay was composed of four treatments: 1) MEAM1/healthy soybean plants,
2) MEAM1/CPMMV-infected soybean plants, 3) MED/healthy soybean plants, and 4)
MED/CPMMV-infected soybean plants.

Preference assay

To understanding how CPMMV infection may change whitefly behaviour,
preference assays were performed using the CPMMV isolate from soybean.
Preference assays with free-choice were performed using MEAM1 and MED species
on healthy and CPMMV-infected soybean M6410 plants with 35 days after emergence
and without symptoms but confirmed by RT-PCR. For assays using viruliferous
insects, each species (MEAM1 and MED) was placed separately in cages containing
the infected plants (as described previously on transmission assays). Two plants, one
healthy and one infected, were arranged in whitefly-proof screened-cages (45 x 45 x
55 cm; 2 plants per cage). Ten cages were used in this assay, totalizing 10 plants of
each one (infected and healthy). A total of 100 whitefly couples were collected between
07:00 and 08:00 am and released near the centre-bottom of each cage, and cages
were kept under controlled conditions (26°C, 12L: 12D (Light 6:00-18:00). Number of
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whiteflies that settled on each plant (healthy or CPMMV-infected) was determined in
the following periods: 1, 3, 6, 12, 24, 48, 72 and 96 h. Whiteflies were counted with the
aid of a mirror, positioned near the abaxial surface of leaves which allowed the
visualization and counting of insects. There were 10 replicates for each kind of whitefly
tested: 1) non-viruliferous MEAML1: healthy and CPMMV-infected soybean plants, 2)
non-viruliferous MED: healthy and CPMMV-infected soybean plants, 3) viruliferous
MEAM1: healthy and CPMMV-infected soybean plants, and 4) viruliferous MED:
healthy and CPMMV-infected soybean plants.

Data analysis

Data on virus transmission efficiency by MED and MEAM1 were analyzed by
chi-square test using a generalized linear model (GLM) with log link functions or a
linear model only, using the software package R 3.1.0 (RDevelopment, 2018). For the
number of eggs laid, number of eggs hatched, total of emerged adults, development
time, survival rate and preference assays were transformed by log(x) before analysis
to reduce the heteroscedasticity. Then, non-parametric statistical analyses were
performed using the Kruskal-Wallis rank test (P < 0.05) employing the statistical
software package Minitab 16 (Minitab, 2010).

1.3 RESULTS

Whitefly sampling

A total of 51 sites from Sdo Paulo and Parana States were sampled during
January and February 2019 and 2020. Results indicated that the predominant whitefly
species in soybean at most of the sampling sites was MEAM1. MED was found alone
and/or co-occurring in soybean with MEAM1 in several sites (Figure 1, Table 1). MED
was also found nearby (samples 1, 6, 13 and 14) and distant of greenhouses (samples
17,18, 19, 20, 21 and 22).

In Parana State, MED was found alone at sampling site 1, while MEAM1 and
MED were sampled together at site 6; with predominance of MEAM1 over MED. In
Séo Paulo State, MED was found alone at sites 13, 14 and 21, while MED and MEAM1
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were also detected co-occurring in five sampling sites. MEAM1 predominating MED in
four sites (17, 18, 19 and 22) and MED over MEAM1 at site 20 (Tablel).
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Figure 1. Sampling locations for Bemisia tabaci Mediterranean (MED) and Middle East
Asia Minor 1 (MEAML1) species collected in soybean in Sdo Paulo and Parana States,

Brazil. MED: red points; MEAML1: green points.

Endosymbiont analysis revealed that MED species in the sampled areas were
infected by Hamiltonella with a high frequency (96.5 % - 82 positive individuals out of
85). Rickettsia was also found, but at a low frequency (2.55% - three positive
individuals out of 85) (Supplementary fig. 1). All Rickettsia positive samples were found
in mixed infection with Hamiltonella. Portiera was also identified in 100% of tested

samples, confirming the quality of detection.

Virus identification

A total of 255 soybean plants were collected from 34 different collection sites.
CPMMYV was found infecting soybean plants at seven different collection sites in S&o
Paulo and Parana States. In four of these, only MED specimens were detected

(samples 1, 13, 14 and 21). In two locations, the virus was found in a mixed MED and
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MEAM1 population (samples 17 and 20), and only in one field with an MEAM1
population (sample 15) (Supplementary table 2). Although the number of plants tested
was large, all collected samples in all sampled soybean fields were asymptomatic.

Virus transmission assays

Comparing the virus transmission only by MEAM1 between host combinations,
CPMMV was better transmitted from soybean to bean and from bean to bean than
from soybean or bean to soybean, for both isolates (P = 0.025162). Comparing the
virus transmission only by MED between host combinations, MED was a better vector
when CPMMV was transmitted from bean to bean, from bean to soybean or from
soybean to soybean plants than from soybean to bean plants (P = 0.000016) for both

isolates (Table 2).

Table 2. Efficiency of cowpea mild mottle virus transmission by Bemisia tabaci MEAM1
and MED species.

Virus From/to?@ MEAM1 MED
Beans/Beans 28/30° (93.3%Aa 29/30 (96.7)Aa
CPMMV - soybean  Beans/Soybean 24/30 (80.0)Bb  30/30 (100.0)Aa
isolate Soybean/Soybean 25/30 (83.33)Bb  28/30 (93.33)Aa
Soybean/Beans 27/30 (90)Aa 22/30 (73.33)Bb
Beans/Beans 29/30 (96.7)Aa 30/30 (100)Aa
CPMMV - bean Beans/Soybean 23/30 (76.6)Bb  30/30 (100.0)Aa
isolate Soybean/Soybean 22/30 (73.3)Bb 30/30 (100)Aa
Soybean/Beans 28/30 (93.3)Aa 24/30 (80)Bb
2 Hosts used for acquisition/transmission; ? number of plants infected/tested; °©
percentage of infection; Means followed by different uppercase letters within columns
for each isolate and lowercase letters within rows indicate significant difference (P <
0.05).

Comparing MED vs MEAM1, MED specimens were more efficient in
transmitting the CPMMV- soybean isolate from beans to soybeans (100%) (P <
0.00001) and from soybean to soybean plants (93.7%) than MEAM1 (80% and 83.3%,
respectively) (P = 0.0484) (Table 2). The same was also observed for the CPMMV-
bean isolate when transmitted from beans to soybeans (100%) and from soybeans to
soybean plants (100%) by MED than MEAM1 (76.6% and 73.3%, respectively) (P = 0.
00001) (Table 2). The MEAM1 was more effective in the transmission of CPMMV-
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soybean and CPMMV-bean isolates from soybeans to beans (90% and 93.3%,
respectively) than MED (73.3% and 80%, respectively) (P = 0.0032; P = 0.025) (Table
2). No significant difference in the transmission of CPMMV from bean to bean plants
could be observed between MED and MEAML1 (P = 0.5371) for both isolates (Table 2).
CPMMV-infected beans showed mild mottle, mosaic and stunting, while infected

soybeans were asymptomatic.

Performance assays

Number of eggs laid

Comparing MED vs MEAM1, performance assays showed that MEAM1 laid
significantly more eggs than MED on CPMMV-infected soybean plants (H = 0.15, P =
0.049) (Table 3). The number of eggs laid by MEAM1 and MED on healthy soybean
plants did not differ (H = 0.21, P = 0.65) (Table 3).

Comparing CPMMV-infected vs healthy soybean plants, more eggs were laid
by MEAM1 on CPMMV-infected plant than on healthy soybean plants (H = 4.81, P =
0.028). The number of eggs laid by MED did not differ significantly between CPMMV-
infected plants and healthy soybean plants (H = 0.28, P = 0.597) (Table 3).

Table 3. Performance evaluation of MEAM1 and MED on healthy and CPMMV-
infected soybean plants

Whitefly Eggs laid Eggs hatched Adults emerged
: CPMMV- CPMMV- CPMMV-
species Healthy infected Healthy infected Healthy infected
B. tabaci
MEAM1L 40bA 87aA 38bA 85.5aA 32bA 72aA
B. tabaci MED  43aA 46aB 24aA 43aB 21bA 37aB

Medians followed by different uppercase letters within columns and lowercase lines

indicate significant difference (P < 0.05) for each parameter evaluated.

Number of eggs hatched

There was no significant difference of the number of eggs hatched on healthy
soybean between MEAM1 and MED (H = 0.07, P = 0.901), while on CPMMV-infected
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soybean, the eggs hatched was higher for MEAM1 compared to MED (H = 10.1, P =
0.01). (Table 3).

Comparing the CPMMV-infected vs healthy soybean plants, the number of eggs
hatched for MEAM1 was higher on CPMMV-infected than on healthy soybeans (H =
4.17, P = 0.041). For MED, there was no significant difference on eggs hatched
between CPMMV-infected and healthy soybean (H = 1.56, P = 0.212) (Table 3).

Number of emerged adults

The number of emerged adults of MEAM1 was significantly higher than that of MED
on CPMMV-infected soybean plants (H = 9.61, P = 0.02). However, there was no
difference in the median number of emerged adults on healthy soybean plants between
MEAM1 and MED (H = 0.01, P =0.91).

Comparing CPMMV-infected vs healthy soybean plants, the number of emerged
adults was higher on CPMMV-infected soybean plants for both MEAM1 (H=13.4,P =
0.04) and MED (H = 3.29, P = 0.07) (Table 3).

The daily evaluations showed that CPMMV-infected plants shortened the period
of emergence of adults for both MEAM1 (9 days) and MED (9 days) compared to
healthy plants (12 and 19 days, respectively) (Figure 2). In addition, it was observed
that adults of MEAM1 had an earlier peak on CPMMV-infected soybean plants (the
first to the fourth day) than those of MED. On healthy plants, MEAM1 had a peak on
the fifth day and kept emerging for seven days, while MED had a peak on day 12 and

kept emerging for seven days (Figure 2).
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Figure 2. Number of emerged adults of Bemisia tabaci Mediterranean (MED) and
Middle East-Asia Minor 1 (MEAM1) on healthy and CPMMV-infected soybean plants
over 19 days. Medians followed by different lowercase letters within same day indicate
significant difference (P < 0.05).

Development time and survival rate

No significant differences were observed for the development time from the egg laying
to first adult emerged comparing CPMMV-infected plants and healthy plants (H = 0.18,
P = 0.5734) and neither comparing MEAM1 and MED whiteflies (H =0.17, P = 0.5942)
(Figure 3A).

Survival rate between healthy plants and CPMMV-infected soybean plants did
not differ for MEAM1 (H= 0.52, P = 0.695) (Figure 3B). However, survival rate of MED
on CPMMV-infected plants was significantly higher than on healthy soybean plants (H
= 38.53, P < 0.0001). While the survival rate of MED on CPMMV-infected soybean
plants was lowest (H = 40.16, P < 0.0001) (Figure 3B).
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Figure 3. A) Mean development time and B) survival rate of Bemisia tabaci Middle
East-Asia Minor 1 (MEAM1) and Mediterranean (MED) on healthy and CPMMV-
infected soybean plants. In each panel, means followed by asterisks indicates a
significant difference for each whitefly species on CPMMV-infected vs healthy soybean
plants (P < 0.05) and n.s. indicates no significance (P = 0.05). While means followed
by different uppercase letters are significantly different for all combinations between
whiteflies (MEAM1 and MED) and hosts (CPMMV-infected and healthy soybean
plants) (P < 0.05).

Preference assays

Non-viruliferous adults of both MEAM1 and MED species preferred to settle on healthy
soybean plants over CPMMV-infected plants in all periods evaluated (from 1h to 96h)
(P < 0.05) (Table 4) while viruliferous adults of MEAM1 and MED preferred to settle on
CPMMV-infected soybeans plants in all periods evaluated (from 1h to 96h) (P < 0.05)
(Table 5).
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Table 4. Medians number of non-viruliferous Bemisia tabaci Middle East-Asia Minor 1
(MEAM1) and Mediterranean (MED) that settled on healthy and CPMMV-infected
soybean plants in free-choice assays (preference assays) in various periods.

Non- Periods
viruliferous
whiteflies 1H 3H 6H  12H 24H 48H T72H 96H
MEAML- "~ 954 80a  64a 8152 74a 71a 645a 63a
healthy plant
MEAM1 -
CPMMV- 2050 17b  305b 48b  44b  37b  34b 29D
infected plant
MED -healthy 47, 1105 5550 g4n  66A 575A 60A  66A
plant A
MED - 41.8
CPMMV- 6858 76B  715B 66B 68.6A 56A 5= 42B

infected plant
Notes. Medians followed by the same columns (period) indicate same treatment
(MEAM1 — healthy plants + MEAM1 — CPMMV-infected soybean plant or MED —
healthy plant + MED — CPMMV-infected soybean plant); means followed by different
uppercase or lowercase letters within columns of each whitefly species indicate
significant difference (P < 0.05).

Table 5. Medians number of viruliferous Bemisia tabaci Middle East-Asia Minor 1
(MEAM1) and Mediterranean (MED) that settled on healthy and CPMMV-infected
soybean plants in free-choice assays (preference assays) in various periods.

Viruliferous Periods

whiteflies 1H 3H 6H 12H 24H 48H 72 H 96H
hMEAMl' 50b 715b 650 55b 505b 50b  51b  50b
ealthy plant

MEAML1 -

CPMMV- 78a 91.5a 91.5a 81.5a 75.5a 62.5a 61.5a 62a

infected plant
MED - healthy 63.58
plant
MED -
CPMMV- 78A 89.5A 91A 89A 925A T74A T74A 71A
infected plant
Notes. Medians followed by the same columns (period) indicate same treatment
(MEAM1 - healthy plants + MEAM1 — CPMMV-infected soybean plant or MED —
healthy plant + MED — CPMMV-infected soybean plant); means followed by different
uppercase or lowercase letters within columns of each whitefly species indicate
significant difference (P < 0.05).

70B 73.5B 75B 60B 61B 65B 59B
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1.4 DISCUSSION

Previous studies in Brazil revealed that MED is found colonizing ornamental and
vegetable crops in greenhouse conditions and that the dispersal of the insect was
associated to ornamental plants (Moraes et al., 2017, 2018; Bello et al., 2020). Here
our data show that MEAML is prevalent in soybean fields, but MED has also started to
spread and colonize soybean under field conditions (Figure 4). In the 2018/19 whitefly
survey, evidence reported recently by our group showed that MED might be
disseminating to the field from greenhouse outbreaks (Bello et al., 2020). So the
outbreaks near the greenhouses may have contributed to the dispersion of MED
species and their occurrence in soybean fields, because the whitefly is able to disperse
up to 7 km with the help of the wind (Byrne, 1999). However, in the 2019/2020 survey,
we found MED in areas distant from greenhouses, suggesting that MED may be
adapting to open field conditions and reaching different soybean producing areas of

Sao Paulo and Parana States.

Figure 4. Adults and nymphs of Bemisia tabaci Mediterranean (MED) from a

commercial soybean field in Oléo county, Sdo Paulo State (Date: February 2019).
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Although present in Brazil for at least seven years, MED had never been found
on soybean plants in the country. However, here we have the first evidence of the
adaptation of MED to open field conditions in Sdo Paulo and Parana States, which
representa a new ecological niche and regions and raises many questions on the future
of scenario of whitefly in Brazil.

Brazil is the largest soybean producer in the world, producing in the last soybean
season (2019/20) 124.8 million tons of the grain from 36.949 million hectares cultivated
in the “rainy season” from August to March (Conab, 2020; IBGE, 2020). This
correspond to our summer season, where environmental conditions (temperature and
humidity) are prone for insect multiplication. Whitefly outbreaks on soybeans were
already frequent in Brazil (Pozebon et al., 2020), as the presence of the whitefly
transmitted virus CPMMV (Almeida et al., 2005; Zanardo and Carvalho, 2017).

Soybean is Brazil’s highest-value agricultural product, its export generating at
least US$ 35 billion per year (Cattelan and Dall’Agnol, 2018). However, the MED
species occurrence on soybean fields, may negatively affect crop production. Several
studies revealed that MED is more resistant to insecticides than MEAM1 which help to
predominate over MEAML1 under high insecticide use (Horowitz et al., 2020; Horowitz
et al., 2014; Sun et al., 2013). A study from Israel showed that MEAM1 can
predominate over MED on cotton (Horowitz and Ishaaya, 2014). When chemical
control was used, MED dominated over MEAM1 and MEAM1 predominated over MED
again after chemical spray was ceased. In China, it was also observed that MED
displaced MEAML1 after insecticides were spray under field conditions (Sun et al.,
2013). In laboratory studies without insecticide spray, MED can compete equally with
MEAM1 on cotton and soybean plants and both species can colonize and co-habit
plants together (Watanabe et al., 2019).

In Brazil, whitefly management strategies, not only for soybean, but also for
common beans and cotton have often been based on the use of insecticides as the
main control method (Pignati et al., 2017). This control strategy might be an important
factor favoring MED over MEAM1 on soybeans fields, since MED has the natural
insecticide resistance advantage (Horowitz et al., 2020). Tropical weather also
contributes to the existence of whitefly populations throughout the year. Moreover, the
cultivation system in Brazil with areas of soybean, common bean, cotton and vegetable
crops cultivated close to each other heavily influences the occurrence of whiteflies

under field conditions. Thus, a continuous monitoring of whitefly populations in Brazil
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is necessary to better understanding the dynamics of these insects in open field
conditions.

In this study, we found asymptomatic CPMMV-infected soybean plants
associated with both MEAM1 and MED whiteflies (Supplementary table 2). Although
CPMMYV infection can induce mild symptoms or asymptomatic in some cultivars, the
damage caused by CPMMV is probably underestimated (Barreto et al., 2020).
Soybeans and beans are known as the main hosts of CPMMV and also whiteflies in
Brazil (Zanardo and Carvalho, 2017). Our transmission assays revealed that both
MEAM1 and MED whiteflies can efficiently transmit CPMMV from beans to soybeans
and vice versa. Previous studies also showed that MED and MEAML1 are efficient
vectors of CPMMV for beans and soybeans (Marubayashi et al., 2010; Bello et al.,
2019). Thus, we hypothesize that CPMMV occurrence in the soybean fields can be
considered as a result of transferring virus by MEAM1 and MED whiteflies. Since
CPMMV has been present in soybeans fields since early 2000’s (Almeida et al., 2005),
both MEAM1 and MED may be transmitting the virus to soybeans in Sdo Paulo and
Parana States.

In this study, it was observed that CPMMV-infected soybean plants increased
the performance of both MED and MEAM1 compared to healthy soybean plants.
However, MEAML1 species seemed to have better performance than MED on infected
plants. It has already known that infected plants by virus can influence the performance
of herbivorous insects with effects that can be positive, negative, or neutral. A study
from China involving MED whiteflies, tomato yellow leaf curl virus (TYLCV) and Datura
stramonium showed that TYLCV-infected plants improved the overall performance,
increasing their oviposition, longevity, fecundity, body length and survival rate (Chen
et al., 2013). In contrast, another study from the same country showed that TYLCV-
infected tomato plants didn’t affect the performance of MED (Li et al., 2011). Working
with tomato chlorosis virus (ToCV) in Brazil, Watanabe et al. (2018) demonstrated that
ToCV-infected tomato plants are harmful for MEAM1, and heavily affects its adult
emergence and survival rate.

These results help to explain that the number of newly emerged B. tabaci adults
that could feed on CPMMV-infected soybean plants would increase and, consequently,
more adults would be able to transmit the virus to healthy plants in the field. Thus,
CPMMV could contribute to both MEAM1 and MED species to increase their
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reproduction and, consequently, increase the whitefly population and promote their
own dispersion.

Our preference assay showed that non-viruliferous adults of MED and MEAM1
chose to settle on healthy plants, while viruliferous adults of both whitefly species
preferred to settle on soybean plants infected with CPMMV. These results are
contradictory to those of (Shi et al., 2018b), who observed a preference of MED
whiteflies carrying ToCV preferred to settle on healthy plants over infected plants,
contributing to the virus spread. Non-viruliferous MED whiteflies also showed to settle
on TYLCV-infected plants rather than healthy plants (Chen et al., 2013). In contrast,
viruliferous MEAM1 whiteflies didn’t chose to settle on healthy or ToCV-infected plants,
while no-viruliferous whiteflies chose to settle on healthy plants rather than on ToCV-
infected plants (Maluta et al., 2017). These works help to support that to enhance virus
spread, viruliferous vectors should prefer healthy plants while nonviruliferous should
prefer infected plants (Mauck et al., 2019). It is important to highlight that CPMMV is a
non-persistent virus transmitted by whiteflies (Iwaki et al., 1982; Muniyappa & Reddy,
1983). It seems that once the whitefly feeds on a CPMMYV infected plant, it prefers to
be continued on these plants that seems to increase their fitness, contributing for virus
transmission.

The secondary endosymbiont associated with Brazilian MED populations is
very diversified, possibly related to the recent and different introductions of the species
in Brazil (Barbosa et al., 2015; Moraes et al., 2017; Moraes et al.,, 2018). MED
populations are commonly found harbouring several facultative endosymbionts, such
as Hamiltonella, Rickettsia, Wolbachia, Arsenophonus and Cardinium (Gueguen et al.,
2010; Bing et al., 2013; Kanakala and Ghanim, 2019). High Hamiltonella frequency is
very common in Brazilian MEAM1 populations and its often in sigle and mixed
infections with other endosymbionts in MED as well (Moraes et al., 2017; 2018; Bello
et al., 2020). Our results revealed that MED populations found on soybean harboured
Hamiltonella at a high frequency and Rickettsia with lower frequencies. The
endosymbiont was similar to that observed on MED specimens collected on
Solanaceae, Cucurbitaceae and weeds (Bello et al., 2020). Hamiltonella was shown to
be responsible for increasing transmission of the begomovirus TYLCV, as the GroEL
protein produced by bacteria to safeguard the virus in the haemolymph (Gottlieb et al.,
2010; Ghanim, 2014). There is evidence that the Brazilian MED populations harbouring
high frequencies of Hamiltonella are good vector of CPMMV (Bello et al., 2019).
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Presence of Rickettsia in MED also may be a factor to be considered, once B. tabaci
populations that harbour this endosymbiont are known to efficiently transmit TYLCV
(Kliot et al., 2014). Altogether, here we present that MED may have a direct impact on
the virus ecology and dissemination.

In summary, our data show that although MEAML1 is prevalent in soybean fields,
MED has also started to spread and colonize soybean under field conditions in S&o
Paulo and Parana States. A high frequency of Hamiltonella was found in MED
populations and CPMMV-infected soybean plants were also found together with MED
and MEAML1 species. Moreover, CPMMV infected plants can contribute for an increase
in whitefly infestation on soybean and, as a consequence, an increase in virus
incidence, which might raise concerns for soybean production, associated potential
damage and virus transmission by MED.

Despite all this, heavy dependence on insecticides remains the main strategy
for managing whiteflies due to their ease of application and effectiveness in Brazil.
However, using insecticides alone to control MED is inappropriate, because MED is
resistant to several insecticides (Horowitz et al., 2020), and their strong performance
on soybeans can help to displace MEAML1 in the field (Watanabe et al., 2019).
Therefore, it is important to consider the unique ability of MED to develop insecticide
resistance before strategizing the integrated pest management (IPM) approach to
avoid displacement of MEAM1 by MED, otherwise this could lead to an increase in
soybean yield losses and the incidence of CPMM.
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Supplementary figure 1. Secondary endosymbionts found harbouring Bemisia tabaci
Mediterranean (MED) populations from Sao Paulo and Parana States, Brazil. Numbers
inside the columns represent the individual positive for the respective endosymbiont

by total individuals analyzed.
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Supplementary table 1. Endosymbiont composition of whitefly Bemisia tabaci Mediterranean (MED) species collected in Sdo Paulo

and Parana State, Brazil, in January and February 2019/2020.

Whitefly species Endosymbionts

ID Collection site Host plant
MED MEAM1 H R w C F A
1/10
la Bandeirantes/PR Glycine max (OF) 100% 9/10 (GenBank  0/10 0/10  0/10 0/10
318319)
10/10
1b Bandeirantes/PR Glycine max (OF) 100% (GenBank 0/10 0/10 0/10 0/10 0/10
318316)
2 Bandeirantes/PR Glycine max (OF) 100% -* - - - - -
3 Bandeirantes/PR Glycine max (OF) 100% - - - - - -
4 Bandeirantes/PR Glycine max (OF) 100% - - - - - -
5 Londrina/PR Glycine max (OF) 100% - - - - - -
6 Londrina/PR Glycine max (OF) 10% 90% 1/1 0/1 0/1 0/1 0/1 0/1
7 Cambé/PR Glycine max (OF) 100% - - - - - -
8 Cambé/PR Glycine max (OF) 100% - - - - - -
9 Cambé/PR Glycine max (OF) 100% - - - - - -
10 Cambé/PR Glycine max (OF) 100% - - - - - -
11 Cambé/PR Glycine max (OF) 100% - - - - - -
12 Cambé/PR Glycine max (OF) 100% - - - - - -
13a Oleo/SP Glycine max (OF) 100% 10/10 0/10 0/10 0/10 0/10 0/10
13b Oleo/SP Glycine max (OF) 100% 10/10 0/10 0/10 0/10 0/10 0/10
10/10
14a Oleo/SP Glycine max (OF) 100% (GenBank 0/10 0/10 0/10 0/10 0/10
318318)
14b Oleo/SP Glycine max (OF) 100% 10/10 0/10 0/10 0/10 0/10 0/10
15 Estiva Gerbi/SP Glycine max (OF) 100% - - - - - -
16 Estiva Gerbi/SP Glycine max (OF) 100% - - - - - -
17 Canitar/SP Glycine max (OF) 10% 90% 9/9 0/9 0/9 0/9 0/9 0/9
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19
20
21
22
23
24
25
26
27
28
29

30

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Santa Cruz do Rio
Pardo/SP

Taciba/SP
Rubiacea/SP
Buritama/SP

Pindamonhangaba/SP
Itai/SP
Piraju/SP
Ipaussu/SP
Assis/SP
Assis/SP
Candido Mota/SP

Palmital/SP

Vargem Grande do
Sul/SP

Porto Ferreira/SP
Pirassununga/SP
Paranapanema/SP
Mogi Mirim/SP
Mogi Mirim/SP
Casa Branca/SP
Luis Antonio/SP
Colina/SP
Miguel6polis/SP
Migueldpolis/SP
Guaira/SP
Barretos/SP
ltuverava/SP
Jaboticabal/SP
Alavares Machado/SP
Anhumas/SP

Glycine max (OF)

Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)

Glycine max (OF)

Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)

40%

10%
70%
100%
10%

60%

90%
30%

90%
100%
100%
100%
100%
100%
100%
100%

100%

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

3/4

11
"7
9/10
11

0/4

11
o7
0/10
11

0/4

0/1
o7
0/10
0/1

0/4

0/1
o7
0/10
0/1

0/4

0/1
07
0/10
0/1

0/4

0/1
or7
0/10
0/1
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a7
48
49
50
51

Taquarituba/SP
Taquarituba/SP
Taquarituba/SP
Taquarituba/SP

Alvares Florence/SP

Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)
Glycine max (OF)

100%
100%
100%
100%
100%

*Populations of whitefly not tested; H: Hamintonella, R: Rickettsia, W: Wolbachia, C: Cardinium, A: Arsenophonus and F: Fristchea.

Supplementary table 2. Detected virus on soybean plants associated to differentwhitefly species.

ID Collection site Host plant Target virus on PCR Plants tested Detected virus Whitefly species
1 Bandeirantes/PR G'yc(i(r)‘eF)max Carlavirus 5 CPMMV! (5/57) MED

2 Bandeirantes/PR Glyc(i(rjlle:)max Carlavirus 5 nd? MEAM1

3 Bandeirantes/PR Glyc(igle:)max Carlavirus 5 nd MEAM1

4 Bandeirantes/PR Glyczi&e:)max Carlavirus 5 nd MEAM1

5 Londrina/PR Glyczi&e:)max Carlavirus 5 nd MEAM1

6 Londrina/PR Glyczi&e:)max Carlavirus 5 nd MEAM1 + MED
7 Cambé/PR G'yc(igi)max Carlavirus 5 nd MEAM1

8 Cambé/PR G'yc(igi)max Carlavirus 5 nd MEAM1

9 Cambé/PR Glyczi&e:)max Carlavirus 5 nd MEAM1

10 Cambé/PR GchEi&e:)max Carlavirus 5 nd MEAM1

11 Cambé/PR GchEi&e:)max Carlavirus 5 nd MEAM1

12 Cambé/PR G'y“iigi)max Carlavirus 5 nd MEAM1

13 Oleo/SP Glycine max Carlavirus 5 CPMMV (5/5) (GenBank MED

(OF)

MN318235)
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15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Oleo/SP
Estiva Gerbi/SP
Estiva Gerbi/SP
Canitar/SP
Santa Cruz do Rio Pardo/SP
Taciba/SP
Rubiacea/SP
Buritama/SP
Pindamonhangaba/SP
Itai/SP
Piraju/SP
Ipaussu/SP
Assis/SP
Assis/SP
Candido Mota/SP
Palmital/SP
Vargem Grande do Sul/SP
Porto Ferreira/SP

Pirassununga/SP

Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)
Glycine max
(OF)

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

Carlavirus

CPMMV (5/5)
CPMMV (2/5)
nd
CPMMV (4/5)
nd
nd
CPMMV (3/5)
CPMMV (3/5)
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
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MED
MEAM1
MEAM1

MEAM1 + MED
MEAM1 + MED
MEAM1 + MED
MEAM1 + MED
MED
MEAM1 + MED
MEAM1
MEAM1
MEAM1
MEAM1
MEAM1
MEAM1
MEAM1
MEAM1
MEAM1

MEAM1
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33 Paranapanema/SP GchEigle:)max Carlavirus nd MEAM1
34 Mogi Mirim/SP Glyc(igle:)max Carlavirus nd MEAM1
35 Mogi Mirim/SP Glyc(igle:)max Carlavirus nd MEAM1
36 Casa Branca/SP Glyc(i(r)l'e:)max Carlavirus nd MEAM1
37 Luis Antonio/SP G'yc(i(r)‘eF)maX Carlavirus nd MEAM1
38 Colina/SP G'yc(i(r)‘eF)maX Carlavirus nd MEAM1
39 Miguelbpolis/SP Glyczigle:)max Carlavirus nd MEAM1
40 Miguelbpolis/SP Glyczigle:)max Carlavirus nd MEAM1
41 Guaira/SP Glyczi(r;'e:)max Carlavirus nd MEAM1
42 Barretos/SP Glyc(i(r)]i)max Carlavirus nd MEAM1
43 ltuverava/SP G'yc(igi)max Carlavirus nd MEAM1
44 Jaboticabal/SP Glyc(i&e:)max Carlavirus nd MEAM1
45 Alavares Machado/SP Glyczi&e:)max Carlavirus nd MEAM1
46 Anhumas/SP Glyczi&e:)max Carlavirus nd MEAM1
a7 Taquarituba/SP Glyczi&e:)max Carlavirus nd MEAM1
48 Taquarituba/SP Glyc(igle:)max Carlavirus nd MEAM1
49 Taquarituba/SP Glyc(igle:)max Carlavirus nd MEAM1
50 Taquarituba/SP Glyc(i&e:)max Carlavirus nd MEAM1
51 Alvares Florence/SP GchEi&e:)max Carlavirus nd MEAM1

1ICPMMV: cowpea mild mottle virus; 2nd: not detected; "number of plants infected/tested
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Abstract

Pepper cultivation in Israel has recently been constrained by two sympatric
poleroviruses, Pepper vein yellows virus-2 (PeVYV-2) and Pepper whitefly-borne vein
yellows virus (PeWBVYV) which are transmitted specifically by aphids and whiteflies,
respectively. The interaction between PeVYV-2 and PeWBVYV inside the host plant
and the insect vectors were investigated in this study. Our results show that PeVYV-2
and PeWBVYV compete against each other inside the host plant and also inside
aphids. PeWBVYV was the weaker competitor inside the host plant with diminished
transmission rates when inoculated simultaneously or successively after PeVYV-2 and
could only be transmitted efficiently when inoculated first and then challenged by
PeVYV-2. Successive inoculations of plants with viruliferous whiteflies with PeWBVYV,
followed by viruliferous aphids with PeVYV-2 led to co-infection rate of 60%, however
with severely reduced titers of PeWBVYYV in the co-infected plants compared to singly
infected ones. In contrast, PeVYV-2 was the weaker competitor inside the insect vector
with reduced quantities of the acquired virus and reduced transmission rate by aphids

when given prior acquisition on PeWBVYV. However, we also show that transmission
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efficiency of PeVYV-2 and PeWBVYYV from co-infected plants by whiteflies and aphids
remain comparable to that from singly-infected plants. This is probably due to the
reduced titers of PeWBVYV inside co-infected plants causing lesser impact on
transmission of PeVYV-2 by aphids and the stronger competitiveness of PeWBVYV
inside whitefly. Competitive interactions between PeVYV-2 and PeWBVYYV inside the

host plant and insect vector can thus be beneficial for their co-existence.

Keywords: Polerovirus, bell pepper, single infection, co-infection, whitefly, aphid,

competition, co-existence.

1.1 INTRODUCTION

Most plant viruses depend on insect vectors for transmission to new hosts.
However, the transmissibility by insects is highly specific and is maintained by strict
conservation of genetic elements determining insect transmission (Power 2000). The
viral determinants of insect transmission co-evolve with their insect vectors to maintain
specific virus-vector interactions (Lefeuvre et al. 2019), greatly reducing the probability
of emergence of new vectors of viruses (Power 2000; Lefeuvre et al. 2019).
Transmission of closely related viruses by a single insect species increases the
probability of plants to be co-infected with such viruses (Syller 2014). Co-occurrence
of viruses within the same host plant or the insect vector may result in synergistic or
antagonistic interactions, which influence the spread/transmission of the viruses from
the mixed infected plant or insect host (Syller 2012; Moreno and Lopez-Moya 2020).
The nature of interaction between viruses co-infecting the same host plant depends
upon the genetic similarity between the interacting viruses (Roossinck 2005); viruses
with high genetic similarity compete whereas unrelated viruses interact synergistically.
Mixed infections of host plants with closely related species of Barley yellow dwarf virus
(Luteoviridae) are common examples of such virus-virus interactions within the host
plants and their aphid vectors (Power 1996; Hall and Little 2013). Competitions inside
the host plants can negatively influence the replication of the weaker competitor, while
inside the insect vector, the competition may negatively influence its transmission
(Power 1996).

Poleroviruses are members of the Luteoviridae family with a single stranded

positive sense RNA genome (King et al. 2011). Poleroviruses, similar to other
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luteovirids, are phloem-limited and exclusively transmitted by aphids (Fereres and
Raccah 2015). Pepper vein yellows viruses (PeVYVs) are poleroviruses complex
infecting pepper and causing interveinal yellowing of leaves, upward leaf curling and
discoloration of mature fruits (Lotos et al. 2017; Fiallo-Olivé et al. 2018; Kamran et al.
2018; Ghosh et al. 2019; Pantoja et al. 2019). Pepper vein yellows virus-2 (PeVYV-2)
reported from Israel was one of the first described polerovirus species known to infect
pepper and is transmitted exclusively by aphids (Dombrovsky et al. 2010, 2013).
However, a disease outbreak in the pepper plantations in Israel with severe symptoms
of interveinal yellowing and fruit discoloration as that caused by PeVYVs was recently
associated with a new recombinant polerovirus with PeVYV-2 being one parent of this
new virus (Ghosh et al. 2019). This new recombinant virus was shown to be transmitted
by whiteflies, specifically the whitefly Bemisia tabaci (MEAM1), and not aphids, and
thus named as Pepper whitefly-borne vein yellows virus (PeWBVYV). PeWBVYV was
the first polerovirus reported to be transmitted not by aphids, but whiteflies, and
recently, another recombinant polerovirus infecting melons in Brazil has been reported
to be transmitted by whitefly (MEAM1) and not aphids (Costa et al. 2020). Pepper
plants in Israel can be infected with both PeVYV-2 and PeWBVYYV but only as single
infections and no mixed infections were detected (Ghosh et al. 2019), albeit only a few
samples were analyzed. During January 2019 to February 2020, we further screened
80 additional samples (with and without symptoms) randomly, for the presence of
PeVYV-2 and PeWBVYV across Israel and report similar results of mutually exclusive
presence of both viruses as before. Thus, in the current study we investigated the
relationship between PeVYV-2 and PeWBVYV both inside the host plant and their
respective insect vectors aiming to understand the absence of mixed infection with
both viruses. The results presented here show that PeVYV-2 and PeWBVYV compete
against each other inside the host plant and also inside the insect vector. PeVYV-2
dominates over PeWBVYYV inside the host plant, whereas it was the weaker competitor
inside the insect vector. The study also shows the conditions under which plants can
be co-infected with both viruses. The antagonistic relationships inside both the host
plant and insect vector might be an evolutionary strategy by the two poleroviruses to

allow coexistence in the same geographical location avoiding competitive exclusion.

1.2 MATERIAL AND METHODS
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Maintenance of aphid/whitefly populations and the PeVYV-2 and PeWBVYYV isolates

PeVYV-2 and PeWBVYYV infected plants naturally infected by their respective
insect vectors were used as sources of inoculum. The identity of the infecting viruses
and absence of other contaminating virus was ensured by lllumina sequencing of the
maintained infected plants used as virus cultures. Additionally, no other whitefly or
aphid-transmitted viruses are known to infect pepper in Israel and thus it is unlikely that
other viruses transmitted by these two vectors exist in the source plants for inoculum.

Aphid (Myzus persicae) population were maintained on healthy and PeVYV-
2/PeWBVYYV infected bell pepper plants (cv. Cannon), respectively. Similarly, MEAM1
species of Bemisia tabaci, harboring the secondary symbiont Hamiltonella but free of
Rickettsia were maintained on healthy and PeWBVYV/PeVYV-2 infected bell pepper
plants (cv. Canon), respectively. Rickettsia remains undetected in MEAM1 populations
in Israel in recent years but 100% of population of is infected with Hamiltonella (Brumin
et al. 2020).

Competition assays between PeVYV-2 and PeWBVYV within the host plant

Simultaneous inoculation with viruliferous aphids and whiteflies

Viruliferous adults of B. tabaci (5-7 days of age) and nymphs of M. persicae were
collected from the rearing boxes with PeWBVYV and PeVYV-2 infected bell pepper
plants, respectively. Twenty individual seedlings of healthy bell pepper plants (cv.
Cannon) enclosed inside transparent disposable milkshake cups with lids were
inoculated with 20 whitefly adults and aphid nymphs each for seven days under
controlled conditions (26 £5 °C, 14L:10D). After seven days the plants were washed
with water to remove all insects, treated with 0.5% (v/v) insecticide (acetamiprid) and
stored inside insect proof cages under the above mentioned conditions. One more
experiment with 20 additional plants was conducted, thus the total number of plants

used in this experiment was 40.

Successive inoculation with viruliferous aphids followed by viruliferous whiteflies
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Twenty individual seedlings of disease-free pepper plants were enclosed inside
milkshake cups and each were inoculated with twenty viruliferous aphids previously
reared on PeVYV-2 infected plants for seven days. The aphids were hence removed
from the inoculated plants by brush and the leaves were thoroughly washed. Each
seedling was re-inoculated with twenty viruliferous whiteflies previously reared on
PeWBVYV plants for seven days. After seven days of inoculation, the plants were
washed with water, treated with insecticide and stored in insect proof cages. The
experiment was conducted under controlled conditions as described before. The

experiment was replicated once with twenty additional seedlings to a total of 40 plants.

Successive inoculation with viruliferous whiteflies followed by viruliferous aphids

Twenty individual seedlings were inoculated with viruliferous whiteflies
(PeWBVYYV) for seven days followed by re-inoculation with viruliferous aphids (PeVYV-
2) for the next seven days as described before. The experiment was replicated once
to a total of 40 plants. Control inoculations with viruliferous aphids and whiteflies
Twenty plants were inoculated individually with 20 viruliferous aphids and whiteflies
separately for seven days using the milkshake cups as described before as control for
single infections with PeVYV-2 and PeWBVYV, respectively. The control experiments

were replicated once to a total of 40 plants each.

Virus detection and relative quantification of viruses

Total RNA was extracted from the top leaves of inoculated plants (30 days post
inoculation, dpi) and screened for the presence of PeVYV-2 and PeWBVYYV by two
step multiplex RT-PCR detection (Ghosh et al. 2019). RNA samples from confirmed
PeVYV-2 and PeWBVYYV infected plants were mixed and used as positive control.
Plant samples detected with single and double infections with PeVYV-2 and
PeWBVYYV by the above process were used for relative quantification of the viruses.
PeWBVYV and PeVYV-2 were amplified using specific primers (Table 1) and
normalized to the B-tubulin gene of the pepper plants. Relative quantities of the virus
was calculated by deltadelta CT method. The PCR efficiency of the primers used for

gPCR ranged between 97-106%. Significant differences between the mean relative
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guantities of the viruses were analyzed by Wilcoxon rank-sum test and pair-wise

comparisons were made by Tukey’s HSD test using the JMP software.

Table 1. Sequences of primers used for qPCR.

Name Target Sequence (5—3) Size Reference
(bp)

Common-F  PeVYV-2 ACAACTGGAATTCTGCTCTCA 270 (14)

PYLCV-R TGATGTATGCTTGGCTAGTTATA

PV-qF PeWBVYV  GCGGCAACTGTAATAAGCCA 99 This study

PV-gR GGGAGCCCAAGAGAGAGTTT

Pep-tubulin F B tubulin of GAGGGTGAGTGAGCAGTTC 167 (41)

Pep-tubulin ~ PEPPET CTTCATCGTCATCTGCTGTC

R

MP_actin-F B actin of M. TCGTCTTGGATTCTGGTGATG (42)

MP_actin-R  Persicae GCAAGATCGAGACGAAGGATAG

BT actin-F B actin of B. TCTTCCAGCCATCCTTCTTG 130 (43)

BT actin-R  '20ac CGGTGATTT CCTTCTGCATT

Competition assays within the insect vector

Virus infected plant materials (30 dpi) with similar titers of PeVYV-2 and
PeWBVYV (Fig. 1) were used for acquisition purposes for this assay. M. persicae
nymphs reared on PeWBVYYV infected bell pepper plants were given acquisition
access to PeVYV-2 infected plants for 48 hours. Following this acquisition to PeVYV-
2, the aphid nymphs were used for inoculating twenty virus free pepper seedlings (10
insect/plant) for 48 hours wusing small brushes. Aphids were allowed
acquisition/inoculation access period of only 48 hours to study interaction between the
viruses within the same generation of aphids. As a positive control, aphids that were
given access to PeVYV-2 infected pepper plants for 48 hours, were used to inoculate
twenty healthy pepper. Non-viruliferous aphids and aphids reared on PeWBVYV-
infected bell pepper plants were used for inoculating healthy pepper plants as negative

control.
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FIG 1 Means of relative quantities of PeVYV-2 and PeWBVYYV in singly and mixed
infected bell pepper plants. Different lowercase letters indicate significant difference of
means (P < 0.05).

Newly emerged adults (1-7 days) of B. tabaci (MEAM1) reared on PeVYV-2
infected bell pepper plants were given acquisition access to PeWBVYYV infected plants
for 48 hours. After PeWBVYV acquisition, the whitefly adults were used for inoculating
healthy pepper seedlings (10 insects/plant) for 48 hours. As a positive control, whitefly
adults that have acquired only PeWBVYV for 48 hours were used for inoculating twenty
healthy pepper plants. Non viruliferous whiteflies and whiteflies reared on PeVYV-2
were used for inoculating healthy pepper plants as negative control. Inoculated plants
were sprayed with insecticide and stored in insect proof cages.

Acquisition of PeVYV-2 and PeWBVYYV by aphids and whiteflies were confirmed
by two step multiplex RT-PCR detection of viruses from insects after acquisition.

Inoculated plants (30 dpi) were indexed for presence of viruses by multiplex RT-PCR.

Quantification of relative amounts of PeVYV-2 and PeWBVYYV in aphids and whiteflies

after 48 hours of acquisition access period

RNA (300 ng) extracted from a pool of twenty aphids or twenty whiteflies from
the below mentioned experimental setups were used to synthesize first strand cDNA.
The relative quantities of both viruses normalized to the 8 actin gene of the aphid and
whitefly (Table 1), respectively were calculated by qPCR using the deltadelta CT

method. The significance of difference of means of relative quantities of viruses were
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analyzed by Wilcoxon rank-sum test with post-hoc comparisons with Tukey’s HSD test

using the JMP software. The experimental setups are mentioned in Table (2).

Table 2. Experimental treatments used to quantify PeVYV-2/PeWBVYYV in aphids and

whiteflies after acquisition.

Treatments Insect

Infection status of Acquisition

source Gut clearing on

vector plants reared on (48 hr) healthy plants (48 hr)
1 Aphids PeWBVYV PeVYV-2 -
2 Aphids Healthy PeVvYV-2 v
3 Aphids Healthy PeWBVYV v
4 Aphids Healthy PeVYV-2 -
5 Aphids Healthy PeWBVYV -
6 Whitefly PeVYV-2 PeWBVYV -
7 Whitefly Healthy PeWBVYV v
8 Whitefly Healthy PeVYV-2 v
9 Whitefly Healthy PeWBVYV -
10 Whitefly Healthy PeVvYV-2 -

Transmission efficiency of PeVYV-2 and PeWBVYYV from co-infected plants

Virus infected plants obtained from the host plant competition experiments and

maintained for six months without insects were used for this study. Two plants singly

infected with PeVYV-2 and PeWBVYV and two co-infected each were used as source

of acquisition and the relative 195 titers of the viruses were quantified using gPCR

(S1). Young aphids with 48 hours of acquisition access to a leaflet of a bell pepper

plant co-infected with PeVYV-2 and PeWBVYV were given inoculation access to

healthy bell pepper plants (2 replicates of 15 plants each, 20 insects/plant) for five

days. A control experiment was performed using aphids with 48 hours of acquisition

access to PeVYV-2 infected plants followed by inoculation access to healthy bell

pepper plants (2 replicates of 15 plants each, 20 insects/plant).
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Similarly, young adult whiteflies were allowed 96 hours of acquisition access to
another leaflet from the same bell pepper plant co-infected with PeVYV-2 and
PeWBVYV and then given life-long inoculation access to healthy pepper plants (20
insects/plant). A control with whiteflies with 96 hours of acquisition access to
PeWBVYV infected plants and then life-long access to healthy bell pepper plants (2
replicates of 15 plants each, 20 insects/plant) was also set up.

The inoculated plants were indexed for PeVYV-2 and PeWBVYV by two step
multiplex RT-PCR. Relative amounts of PeVYV-2 and PeWBVYYV acquired by aphids
and whiteflies, respectively with 48 hours of acquisition access were compared
between those with access to plants singly infected with each virus and plants co-
infected with both viruses. RNA extracted from pools of 20 insects were converted to
cDNA and used as template to quantify relative amounts of virus acquired by whiteflies
and aphids from co-infected plants and singly infected plants by g-RT-PCR. Inferences

of significant difference were drawn using the Wilcoxon rank sum test.

Screening for recombination events in co-infected plants

Recombination events within the two co-infected bell pepper plants (6 months
old, Fig. S1) were screened by PCR-RFLP. Primers were designed
(5’AAGCTCGAGTGGCGGCAAT3 and 5CTTTGGTGACGGGGAACTT3’) to PCR
amplify a common amplicon (1780 bp) from both PeVYV-2 and PeWBVYV. The
amplified PCR amplicon ranges from ORF2 (P2) to ORF3 (CP) which covers majority
of known recombination breakpoints in the Luteoviridae family (Pagan and Holmes
2010). The PCR product was gel purified and cloned using pJET 1.2 cloning kit
(ThermoFisher Scientific, USA). The colonies were screened for insert by colony PCR
and 150 random colonies were analyzed by RFLP by Tagl restriction endonuclease
enzyme as described in (Ghosh et al. 2020). The colonies were also indexed PeVYV-
2 and PeWBVYYV by multiplex RT-PCR, matched with the RFLP profiles and analyzed
for recombination. Colonies with different RFLP profiles were Sanger sequenced and

analyzed with RDP4 software for possible recombination events.

Comparison of host range of PeVYV-2 and PeWBVYV
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Young aphid nymphs and newly emerged adult whiteflies were given 48 hours
and 5 days of acquisition access to PeVYV-2 and PeWBVYYV infected bell pepper
plants, respectively. Viruliferous aphids and whiteflies were then allowed inoculation
access to individual solanaceous plants (14 plants total) inside transparent disposable
milkshake cups for seven days. Cultivated solanaceous plants such as bell pepper, hot
chilli pepper, eggplant, tomato; and non-cultivated Solanum nigrum, Datura
stramonium and Physalis peruviana were inoculated by viruliferous whiteflies and
aphids in this study. After inoculation, the plants were sprayed with insecticide and kept
in the same controlled conditions described above. The inoculated plants (30 dpi) were
indexed for viruses by RT-PCR. Positive tested hosts for each virus (PeWBVYV and

PeVYV-2) were used as inoculum source for transmission back to bell pepper plants.

1.3 RESULTS

Competition between PeWBVYYV and PeVYV-2 within the host plant

Simultaneous inoculation of healthy pepper seedlings with viruliferous aphids
with PeVYV-2 and whiteflies with PeWBVYV, for seven days significantly reduced
transmission efficiency of PeVYV-2 by 15% (Fisher’s exact test, P= 0.026) compared
to the aphid control which resulted in 100% infection, whereas PeWBVYV transmission
was reduced by 80% (Fisher's exact test, P< 0.0001) compared to that of the whitefly
control experiment with 80% infection. Eighty five percent of the plants (34/40) became
singly infected with PeVYV-2, but none were detected with PeWBVYYV (Table 3).
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Table 3. Transmission efficiency of PeVYV-2 and PeWBVYV when co-inoculated with

viruliferous aphids and whiteflies at different time points.

Inoculation access by Virus detected

viruliferous vectors (infected plants/total inoculated plants)

PeVYV-2 PeWBVYV Mixed infection
Simultaneous: 34/40 (85%) 0/40 (0%) 0/40 (0%)
Aphids and Whitefly
Successive: 40/40 (100%) 1/40 (2.5%) 1/40 (2.5%)
Aphids succeeded by whitefly
Successive: 32/40 (80%) 32/40 (80%) 22/40 (60%)
Whiteflies succeeded by aphids
Aphids control 40/40 (100%) - -
Whitefly control - 32/40 (80%) -

Successive inoculation of healthy pepper seedlings with PeVYV-2-viruliferous
aphids for seven days followed by PeWBVYV-viruliferous whiteflies for next seven
days resulted in 100% (40/40) transmission of PeVYV-2 but only a single plant (2.5%)
was detected with PeWBVYV as a double infection with PeVYV-2 (Table 3).
PeWBVYYV transmission efficiency was thus reduced by 77.5% (Fisher’s exact test, P<
0.0001) compared to the whitefly control.

Successive inoculation using viruliferous whiteflies with PeWBVYV followed by
aphids with PeVYV-2 significantly reduced the transmission of PeVYV-2 by 20%
(Fisher’s exact test, P = 259 0.005) compared to the aphid control, whereas PeWBVYV
transmission was unaffected compared to the whitefly control (Table 3). PeVYV-2 and
PeWBVYV were detected in 60% (24/40) of inoculated plants as co-infections (Table
3) while eight plants each were singly infected with PeVYV-2 (20%) and PeWBVYV
(20%). The higher occurrence (Fisher’'s exact test, P< 0.0001) of co-infections by both
viruses when inoculated first with whiteflies followed by aphids further reflects the weak
competitiveness of PeWBVYV over PeVYV-2.

The relative quantities of PeVYV-2 and PeWBVYV in single and mixed

infections were then compared using qPCR at 30 dpi. No significant difference could
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be observed between means of relative quantities of both viruses when the plants were
singly infected (Fig. 1). However, relative quantities of PeVYV-2 in co-infected plants
was 1.8 times higher than in plants with PeVYV-2 as single infections (Fig. 1). Most
interestingly, PeWBVYYV quantities in co-infected plants was forty fold lower compared
to plants with PeWBVYYV single infections and was at least 84 fold lesser than that of
the PeVYV-2 in mixed infections with PeWBVYV (Fig. 1).

Competition between PeWBVYV and PeVYV-2 within the insect vectors

Transmission of PeVYV-2 was significantly reduced by 45% (Fisher’s exact test,
P< 0.0001) when aphids continuously reared on PeWBVYV-infected plants were used
for transmitting PeVYV-2. In the inoculated plants, PeVYV-2 could only be detected in
55% (22/40) of the plants compared to the control aphids which were given acquisition
access to only PeVYV-2 and then were used for transmission (100% infection) (Table
4).

Table 4. Transmission efficiency of PeVYV-2 and PeWBVYV using aphids and
whiteflies with prior acquisition to PeWBVYV and PeVYV-2, respectively.

Acquisition access by Virus detected

Insect vectors (infected plants/total inoculated plants)

PeVYV-2 PeWBVYV
Aphids control (PeVYV-2 only) 48 hours 40/40 (100%) 0/40 (0%)
Whitefly control (PeWBVYYV only) 48 hours 0/40 (0%) 7/40 (17.5%)
Whiteflies on PeVYV-2 and then access to 0/40 (0%) 5/40 (12.5%)
PeWBVYYV for 48 hours
Aphids on PeWBVYV and then access to 22/40 (55%) 0/40 (0%)

PeVYV-2 for 48 hours

Transmission of PeWBVYV however was not significantly affected (Fisher’s
exact test, P= 0.76) by the prior acquisition of PeVYV-2 compared to the control

whiteflies (Table. 4). Whiteflies that acquired both viruses could transmit the virus to
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only 12.5% (5/40) of the plants, whereas the control whiteflies which acquired
PeWBVYV had a slightly better transmission efficiency of 17.5% (7/40) (Table 4).

To further understand the competition between the viruses, we quantified their
relative amounts after they have been acquired by the aphids and whiteflies used in
the above experiment. Aphids continuously reared on plants infected with PeWBVYV
and given subsequent acquisition access to PeVYV-2, contained similar amounts of
PeWBVYYV as that of aphids given only access to PeWBVYV for 48 hours and then
transferred to healthy plants for 48 hours (Fig. 2A). Thus, PeWBVYV titers inside
aphids were not affected by subsequent acquisition of PeVYV-2. Contrastingly, the
presence of PeWBVYYV inside the aphids significantly influenced the relative quantities
of PeVYV-2, which was greater than 45 fold less compared to single acquisition of
PeVYV-2 (Fig. 2B). Also, aphid controls with 48 hours of acquisition to PeVYV-2 and
then transferred to healthy plants for 48 hours contained greater than 30 fold more

PeVYV-2 (Fig. 2B) compared to aphids containing both viruses.
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FIG 2 Means of relative quantities of PeWBVYV (A) and PeVYV-2 (B) acquired or
contained in viruliferous aphids reared on PeWBVYV-infected plants and then given
48 hour access to PeVYV-2 (PeWBVYV to PeVYV-2), or control aphids reared on
healthy plants after 48 hour acquisition from PeWBVYV/ PeVYV-2-infected plants and
then transferred to virus free pepper plants for 48 hours (PeWBVYV/PeVYV-2 to
healthy), or control aphids which acquired PeWBVYV/PeVYV-2 for 48 hours from
infected plants. Different lowercase letters indicate significant difference of mean (P <
0.05).

Similar to the aphids, PeWBVYV was not negatively affected by the presence
of PeVYV-2 inside whiteflies. Rather, relative quantities of PeWBVYV acquired by
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whiteflies which were previously reared on PeVYV-2 infected plants was slightly higher
compared to the control whiteflies which acquired PeWBVYV alone (Fig. 3A).
Surprisingly, PeVYV-2 titers inside whiteflies were reduced by more than seven fold
following acquisition of PeWBVYYV, compared to the controls in which aphids acquired
PeVYV-2 for 48 hours and transferred to healthy plants for 48 hours (Fig. 3B).
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FIG 3 Means of relative quantities of PeWBVYV (A) and PeVYV-2 (B) acquired or
contained by viruliferous whiteflies reared on PeVYV-2-infected plants and then given
48 hour access to PeWBVYV-infected plants (PeVYV-2 to PeWBVYYV), or control
whiteflies reared on healthy plants after 48 hour acquisition from PeWBVYV/ PeVYV-
2-infected plants and then transferred to healthy pepper plants for 48 hours
(PeEWBVYV/PeVYV-2 to healthy), or control whiteflies which acquired
PeWBVYV/PeVYV-2 for 48 hours from infected plants. Different lowercase letters

indicate significant difference of mean (P < 0.05).

Nevertheless, comparing the relative amounts of the viruses acquired by aphids
and whiteflies after 48 hours of acquisition revealed high specificity of aphids to
PeVYV-2 acquisition, and whiteflies to PeWBVYV acquisition. Aphids acquired 160
fold more PeVYV-2 than PeWBVYV, while whiteflies acquired 40 fold more PeWBVYV
than PeVYV-2 (Fig. 4). This implies that whiteflies acquire relatively higher quantities
of PeWBVYYV than PeVYV-2 and similarly aphids acquire PeVYV-2 in higher amounts
than PeWBVYV.
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FIG 4 Means of relative quantities of PeVYV-2 and PeWBVYV acquired by non-
viruliferous whiteflies or aphids after 48 hours acquisition access to PeVYV-2 or
PeWBVYYV infected plants. Different lowercase letters indicate significant difference of
mean (P < 0.05).

Acquisition and transmission efficiency of PeVYV-2 and PeWBVYYV from co-infected

plants

The co-infected plants (6 months post inoculation) used as source of virus
acquisition by aphids and whiteflies had two-fold higher relative quantities of PeVYV2
compared to single infections whereas, the PeWBVYYV titer were almost half than that
of singly infected plants (Fig. S1). Aphids acquired (48 hours AAP) greater than seven
fold higher PeVYV-2 (P<0.01) when feeding on plant infected singly with PeVYV-2
compared to those feeding on co-infected plant (Fig. 5A). Acquisition of PeWBVYYV by
whiteflies feeding on co-infected plants was reduced by over 140 fold compared to
those feeding on PeWBVYV singly infected plants (Fig. 5B). The efficiency of PeVYV-
2 transmission after acquisition from singly infected pepper plant (48 hours AAP) was
100% (20/20) (S2A). Similarly, the transmission efficiency of PeVYV-2 was 100%
(30/30 plants) using viruliferous aphids which acquired the virus from pepper plants
co-infected with PeVYV-2 and PeWBVYYV (48 hour AAP) (Fig. 6A). Interestingly, out of
the thirty infected plants, one plant was also detected with PeWBVYV (Fig. 6A).
Despite the low acquisition, whiteflies which were given access to co-infected plants
transmitted PeWBVYV with 96% efficiency (29/30) which was comparable to the 90%

(18/20) efficiency of the control whiteflies which were given access to singly infected
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plants (S2B). Also in this experiment, whiteflies unusually transmitted PeVYV-2 to two

plants out of the thirty inoculated plants (Fig. 6B).
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FIG 6 Transmission efficiency of PeVYV-2 by viruliferous aphids (A) and PeWBVYV
by viruliferous whiteflies (B) when allowed acquisition access to co-infected plants with
both viruses. The arrows indicate PeWBVYYV transmitted by aphids (A) and PeVYV-2
(B) transmitted by whiteflies. + indicate positive control which is the plant used for

acquisition. ntc is a no template control.

Recombination events inside co-infected plants
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To test whether co-infections can serve as reservoirs for recombination events,
we screened the co-infected plants (6 months post infection, Fig. S1) used for
acquisition for recombinants by PCR-RFLP. A fragment (1780 bp) between ORF2 and
ORF3 of both PeVYV-2 and PeWBVYV was PCR amplified from the co-infected plants
by common primers and cloned. Screening of random colonies (N=150) by PCR-RFLP
of the insert (1780 bp) identified few sequence variants of PeVYV-2 and PeWBVYV
but no recombination event between the two viruses could be identified (data not
shown). The screened colonies were also typed for the viruses by multiplex RT-PCR
and the virus types of the screened colonies also matched with the respective RFLP
profile. Thus, only PeVYV-2, PeWBVYV and few sequence variants, and no other
recombinant could be detected from co-infected bell pepper plants.

Host plant range of PeVYV-2 and PeWBVYV

To investigate whether the transmission of PeWBVYV by whiteflies increases
its host plant range, we compared the transmission of both PeWBVYV and PeVYV-2
from infected bell pepper plants to other commonly found solanaceous plants in Israel.
The results showed no increase in host plant range of PeWBVYV, however PeVYV-2
was transmitted to more host plants (Table 5). Interestingly, both PeVYV-2 and
PeWBVYV were found to be highly specific to pepper while infected weeds proved to
be dead-end hosts of these viruses (Table 5).
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Table 5. Host plant range of PeVYV-2 and PeWBVYV.
PeVYV-2 (virus
infected/total infected)

PeWBVYYV (virus
infected/total infected)

Inoculations

Bell pepper to bell pepper
Bell pepper to S. nigrum

S. nigrum to bell pepper

Bell pepper to P. floridana

P. floridana to bell pepper
Bell pepper to D. stramonium
D. stramonium to bell pepper
Bell pepper to eggplant

Bell pepper to chilli pepper cv
HP 1222

Chilli pepper to bell pepper

Bell pepper to tomato

14/14 (100%)
3/14 (21.4%)
0/14 (0%)
14/14

0/14 (0%)
14/14 (100%)
0/14 (0%)
0/14 (0%)

14/14 (100%)

14/14 (100%)

0/14 (0%)

12/14 (90%)
11/14 (85.7%)
0/14 (0%)
13/14 (93%)
0/14 (0%)
0/14 (0%)
0/14 (0%)

1/14 (7.5%)

1/14 (7.5%)

0/14 (0%)

1.4 DISCUSSION

Pepper vein yellows virus 2 (PeVYV-2) and the recently described Pepper
whitefly-borne vein yellows virus (PeWBVYYV) are poleroviruses infecting pepper crops
in Israel, causing severe economic losses (Dombrovsky et al. 2010; Ghosh et al. 2019).
PeVYV-2, like all poleroviruses, is exclusively transmitted by aphids; whereas
PeWBVYYV is a new recombinant virus with high similarity to PeVYV-2 on its 5 half,
and is exclusively transmitted by the whitefly B. tabaci (MEAM1) and not by aphids.
This presents a unique case wherein, two similar viruses infecting a common host plant
but transmitted by different insect vectors and co-exist in the same geographical
region. However, infected plants in the field have only been detected with single
infections with either PeVYV-2 or PeWBVY and not as mixed infections. Interactions

between these two closely related viruses inside their host plant, which were
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investigated in this study, revealed a competitive relationship between the two viruses
with PeVYV-2 being the dominant virus.

Simultaneous inoculation of healthy plants by viruliferous aphids with PeVYV-2
and whiteflies with PeWBVYV, completely hindered transmission of PeWBVYV
whereas, transmission of PeVYV-2 was reduced by 15% compared to the control
experiment (inoculations by viruliferous aphids only) (Fig. 7A). Successive inoculation
of plants with viruliferous aphids first followed by viruliferous whiteflies also resulted in
very low transmission (2.5%) of PeWBVYV, but 100% transmission of PeVYV-2 (Fig.
7A). Interestingly, a single plant out of forty (2.5%) was co-infected with both viruses
(Fig. 7A) suggesting that mixed infection with both viruses is possible but with very low
incidence. Much to our surprise, successive inoculation of plants with viruliferous
whiteflies followed by aphids led to sixty percent of the plants being co-infected with
PeWBVYV and PeVYV-2 (Fig. 7A). The severely reduced transmission of PeWBVYV
when inoculated simultaneously or successively after the PeVYV-2 and also the higher
incidence of plants with co-infections when inoculated with PeWBVYYV first, clearly
demonstrates the dominant nature of PeVYV-2 inside the host plant. The weaker
competitiveness of PeWBVYV was further reflected with its severely reduced titers
inside the co-infected plants compared to plants with single infections (Fig. 7A). Such
competitive interactions between two viruses inside the host plant leading to severely
reduced titers of the weaker competitor has been well-documented (Chavez-Calvillo et
al. 2016; Domingo-Calap et al. 2020; Gémez et al. 2009).
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FIG 7. Summary of competitive interactions between PeVYV-2 (blue isometric particle)

and PeWBVYYV (red isometric particle) inside host plants (A) and the insect vectors
(B). Healthy plants (dark green), plants infected with PeVYV-2 (light green), plants
infected with PeWBVYYV (light yellow), plants co-infected with PeVYV-2 and PeWBVYV
(dark yellow) are presented. Virus particles inside insects indicate viruliferous insects.
In A, the number of virus particles represent the titers of the respective virus inside the

host plants (30 dpi) and insect vectors (48 hour acquisition).

Intra-host competitions between closely related viruses of the Lutueoviridae is
well known, wherein mixed infections of grasses with different species of Barley yellow
dwarf virus (BYDV) is a common event (Hall and Little 2013). Competitive interactions
between two species of BYDV-PAV and BYDV-MAYV isolates inside oat plants led to
competitive exclusion of the latter virus between the years 1957-76 (Rochow 1979)
with continued domination of PAV till the late 80’s (Miller et al. 1991). Similar to our
results, PAV and MAV offer cross protection to each other of variable strength
depending upon the time interval between inoculations of the two viruses (Jedlinski
and Brown 1965; Aapola and Rochow 1971; Wen et al. 1991). Additionally, similar to
PeWBVYV in this study, titers of MAV are severely reduced when co-occurring with
PAYV inside the plants (Wen et al. 1991), reducing its chances to be acquired by aphids
(Gray et al. 1991). However, it is important to note that PAV is transmitted both by

Rhopalosiphum padi (R. padi) and Sitobian avenae (S. avenae) while MAV is
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exclusively transmitted by S. avenae. The transmission of PAV by an additional aphid,
R. padi not only gives it an advantage over MAV, but also reduces the probability of
plants to be mixed infected with PAV and MAV which might be more detrimental for
the survivability of MAV. Another such example of competitive interactions is that
between PAV and PAS (an additional isolate of BYDV), both transmitted by the same
aphid (R. padi), ensuring competitive exclusion of PAS (weaker competitor) when
inoculated simultaneously or successively after PAV, but competes better when
inoculated before PAV or under single infections (Hall and Little 2007, 2013). Similarly,
if both PeVYV-2 and PeWBVYV were transmitted only by Myzus persicae (the most
common aphid pest in pepper) then the competition between them would be fiercer
and would have possibly led to the competitive exclusion of PeWBVYV. This is in
accordance with the competition exclusion principle which states that two populations
competing for a common resource cannot coexist without being displaced by the
dominant population (Hardin 1960). Thus, the evolutionary choice of two different
insect vectors by PeVYV-2 and PeWBVYYV could be a strategy to avoid competitive
exclusion and increase their chances to co-exist in a given geographical region.

The insect vector transmitting the viruses also plays an important role in the
dynamics of the competing viruses. In this study we demonstrate reversal in interacting
roles between PeVYV-2 and PeWBVYV inside their insect vector. Presence of
PeWBVYV inside the aphids not only reduced the transmission of PeVYV-2 by 45%
(Fig. 7B) but also reduced the amounts of PeVYV-2 acquired by the aphids by over
forty five fold. Besides the aphid, PeVYV-2 titers also diminished by more than seven
fold inside whiteflies after acquisition of PeWBVYYV (Fig. 7B). In contrast, PeWBVYV
transmission by whiteflies and also virus amounts acquired was unaffected by prior
presence of PeVYV-2 inside the whiteflies (Fig. 7B). Although the transmission
efficiency of PeWBVYV with 48 hours of acquisition and inoculation access was poor
compared to when allowed higher periods of acquisition access periods. Similarly,
PeWBVYV titers inside the aphids were also unaffected with the subsequent
acquisition of PeVYV-2 by aphids. These results clearly indicate that PeWBVYV is the
stronger competitor than PeVYV-2 inside the insect vectors and counterbalances the
weak competitiveness of PeWBVYYV inside the plant (Fig. 7B). The reasons for the
selective advantage of PeWBVYYV inside the insects remains unknown. Such reversal
of interacting roles between the viruses inside the host plants and their insect vectors
is also known with PAV and MAV (Gildow and Rochow 1980; Rochow, W.F.; Muller,
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l.; Gildow 1983). MAV, the weaker competitor inside the host plant is the stronger
contender inside its aphid vector, S. avenae and its presence in the aphid inhibits
transmission of PAV. Saturation of receptor sites by MAV inside the aphid vector has
been proposed as the possible reason for the dominance of MAV over PAV inside the
insect vector (Gildow and Rochow 1980). Similar dominance by competition for binding
to common aphid receptors has also been suggested for non-circulative viruses such
as zucchini yellow mosaic virus (ZYMV), which reduces the transmission of cucumber
mosaic virus acquired sequentially after ZYMV (Fereres 2016). The coat proteins of
PeVYV-2 and PeWBVYYV have high sequence identity (Ghosh et al. 2019) and thus it
is likely that they both bind to a common receptor inside midguts (Gildow 1993) of the
insect vector which is crucial for their internalization and translocation across the
midgut epithelial cells (Brault et al. 2007).

It is possible that PeWBVYV particles have stronger affinity to the midgut
receptors and outcompetes binding of PeVYV-2 and thus resulting in lower titers inside
the insect vectors. Interestingly, we also provide evidence of low cross-transmission of
PeVYV-2 and PeWBVYV by whiteflies and aphids, respectively from co-infected
plants. We suggest that this is probably due to heterologous encapsidation between
the two viruses inside the co-infected plant host during the assembly of virions. Such
swapping of insect vectors as a result of heterologous encapsidation between
luteoviruses and poleroviruses inside co-infected plants are known to occur frequently
(Rochow 1970; Creamer and Falk 1990; Wen and Lister 1991). However, this has to
be experimentally determined.

Despite the dominance of PeVYV-2 over PeWBVYYV inside co-infected plants,
we show that the transmission efficiency of both these viruses remain unaffected from
the co-infected plants by aphids and whiteflies although both vectors acquire reduced
amounts of viruses from the co-infected plants. The reduced titers of PeWBVYYV inside
co-infected plants probably causes lesser hindrance to transmission of PeVYV-2 by
aphids, while the stronger competitiveness of PeWBVYV over PeVYV-2 inside
whiteflies ensures its transmission, despite low titers. If both PeVYV-2 and PeWBVYV
were to be transmitted by aphids, transmission efficiency of PeWBVYV would be
severely reduced as evidenced in other cases (Gray et al. 1991; Hall and Little 2013).
Thus, the transmission of the two viruses by different vectors not only reduces
competition by reducing co-infections, but also rescues them from competitive niches.

We also show that the use of whitefly as a vector by PeWBVYV was not able to cause
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increased host plant range of PeWBVYYV as thought in our previous work (Ghosh et al.
2019) and only infected bell pepper plants served as source of inoculum. We thus
hypothesize that the use of two diverse vectors by PeVYV-2 and PeWBVYV is to avoid
competitive exclusion and still coexist in the same geographical area. Continuous
monitoring of the incidence of PeVYV-2 and PeWBVYV in the future will be crucial to
understand the dynamics of the two viruses and whether they can co-exist without

displacing either population.
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control whiteflies (B) when allowed acquisition access to bell pepper plants singly
infected with either PeVYV-2 or PeWBVYYV, respectively.



112

FINAL CONSIDERATIONS

The data obtained here suggest that in S&o Paulo and Parana States, Brazil,
MED is now found on vegetable crops both in greenhouse and under field conditions,
and ToCV-infected and ToSRV-infected plants were also associated to this this
whitefly species. In addition, ToCV was identified infecting also cucumber plants for
the first time in Brazil and associated with infestations of MED.

Our data also showed that MEAML1 is prevalent on soybean fields, but MED has
started to spread and to colonize soybean under field conditions. Moreover, we found
soybean plants infected with CPMMV associated with the presence of MED and
MEAML1. In this work we show that in general MED is a better vector for CPMMV
compared to MEAM1. Our performance assay also show that CPMMV-infected
soybean plants seem to better hosts for the development and performance of MED
and MEAML1 than healthy soybeans plants. The preference assays further show that
viruliferous adults of both whitefly species preferred to settle more on CPMMV-infected
soybean plants.

In the work performed in Israel, our results show that PeWBVYV was the weaker
competitor inside the host plant and could only be transmitted efficiently when
inoculated first and then challenged by PeVYV-2. Successive inoculations of plants
with viruliferous whiteflies with PeWBVYYV, followed by viruliferous aphids with PeVYV-
2 led to co-infection rate of 60%. In contrast, PeVYV-2 was the weaker competitor
inside the insect vector with reduced quantities of the acquired virus and reduced
transmission rate by aphids when given prior acquisition on PeWBVYV. However, we
also show that transmission efficiency of PeVYV-2 and PeWBVYV from co-infected
plants by whiteflies and aphids remain comparable to that from singly-infected plants.

In summary, the results generated by the works developed here will have great
practical applications in the way to correct manage whitefly in Brazil and avoid whitefly-
transmitted viruses outbreaks. Finally, was possible to understanding a little more the
pathosystem involving the poleroviruses PeVYV-2 and PeWBVYYV, and aphids and

whitefly in bell pepper crop in Israel.
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