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RESUMO GERAL

BOAVENTURA, H. A. Eficacia de Cordyceps javanica sozinho ou em combinagdo com
inseticidas quimicos no controle de Bemisia tabaci MEAML e persisténcia em folhas de
soja. 2019. 94 f. Dissertacdo (Mestrado em Agronomia: Fitossanidade) - Escola de
Agronomia, Universidade Federal de Goias, Goiania, 2019,

A mosca-branca, Bemisia tabaci causa danos diretos pela suc¢do de seiva e injecdo de
toxinas, e indiretos pela fumagina e transmisséo de mais de 300 espécies de virus as plantas.
Cordyceps javanica foi encontrado causando epizootias naturais e € uma alternativa para o
manejo de populacdes resistentes de mosca-branca. Os objetivos deste trabalho foram: (1)
determinar a suscetibilidade de todos os estagios ninfais de B. tabaci a trés isolados de C.
javanica observando o efeito das diferentes condicGes climéaticas na viruléncia em casa
telada; (2) avaliar a eficiéncia e persisténcia de C. javanica e a associa¢do do fungo com
inseticidas quimicos no controle de mosca-branca. N&o foram observadas diferencas na
suscetibilidade entre os isolados de C. javanica para as ninfas de 1° 2° e 3° instar; as
mortalidades variaram de 63,7-87,8% a 5 x 107 conidios mL™. O 4° instar foi menos
suscetivel aos isolados (< 15,5% de mortalidade). No entanto, os adultos que emergiram de
ninfas tratadas no 4° instar foram altamente suscetiveis (mortalidade e micose de adultos
variaram de 75,6 a 93,2%). Em nosso estudo, a temperatura foi mais prejudicial para a
viruléncia de Cordyceps em ninfas de Bemisia do que a umidade relativa. O isolado BRM
27666 foi selecionado para testes de eficiéncia em condi¢des de campo devido a habilidade
de crescer extensivamente sobre a superficie da folha e produzir uma quantidade elevada de
conidios sob condi¢cdes Umidas. Em todos os experimentos, utilizou-se um pulverizador
pressurizado de CO, com barras dropleg (pulverizam as folhas debaixo para cima). A
porcentagem de ninfas esporuladas variou entre 47 —59,1% e 25,4 — 41,3% para o fungo nao
formulado (3 aplicagBes de 1 x 102 conidios ha') e formulado (1 aplicagdo de 2 x 10!
conidios ha*), respectivamente, ap6s 28 dias. A mortalidade de ninfas aumentou apds acéo
conjunta com parasitoides (67,9 - 81,6%) em tratamentos com fungo. A persisténcia dos
conidios de C. javanica foi significativamente reduzida em 48 h. Apds combinacéo do fungo
com os inseticidas quimicos a porcentagem de micose variou entre 20,2 a 35% ap0s 26 dias,
exceto o fungo + piriproxifeno (< 9,4%). De forma geral, apds a¢do conjunta dos inimigos
naturais a mortalidade de ninfas nos tratamentos com fungo variou entre 90,3 a 98,1%. O
alto potencial de C. javanica no controle de mosca-branca foi demonstrado em nossos
experimentos de campo e casa telada. Com base nisto, C. javanica BRM 27666 foi
selecionado como isolado promissor no controle de mosca-branca. Um bioproduto a base de
conidios de C. javanica foi desenvolvido e esta em fase de registro no Brasil para o controle
de mosca-branca em diversas culturas.

Palavras-chave: viruléncia, epizootia, fatores ambientais, formulacéo, bioproduto

1Orientadora: Eliane Dias Quintela
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GENERAL ABSTRACT

BOAVENTURA, H. A. Efficacy of Cordyceps javanica alone or in combination with
chemical insecticides in the control of Bemisia tabaci MEAM1 and persistence in
soybean leaves. 2019. 94 f. Dissertation (Masters in Agronomy: Plant Health) - Escola de
Agronomia, Universidade Federal de Goias, Goiania, 20192,

The whitefly Bemisia tabaci causes direct damage by sap suction and toxin injection,
and indirect damage by fumagine and transmission of more than 300 species of viruses to
plants. Cordyceps javanica has been found to cause natural epizootic diseases and is an
alternative for the management of resistant whitefly populations. The objectives of this study
were: (1) to determine the susceptibility of all B. tabaci nymphal stages to three C. javanica
isolates by observing the effect of different climatic conditions on screened virulence; (2)
evaluate the efficiency and persistence of C. javanica and the association of the fungus with
chemical insecticides in the control of whitefly. No differences in susceptibility were
observed between C. javanica isolates for 1%, 2" and 3" instar nymphs; mortalities ranged
from 63.7-87.8% to 5 x 107 conidia mL™. The 4™ instar was less susceptible to isolates
(<15.5% mortality). However, adults who emerged from 4" instar nymphs were highly
susceptible (adult mortality and ringworm ranged from 75.6 to 93.2%). In our study,
temperature was more detrimental to Cordyceps virulence in Bemisia nymphs than relative
humidity. The BRM 27666 isolate was selected for field efficiency tests because of its ability
to grow extensively on the leaf surface and produce a high amount of conidia under wet
conditions. In all experiments, a pressurized CO> spray with dropleg bars was used (they
spray the leaves upwards). The percentage of sporulated nymphs ranged from 47 - 59.1% to
25.4 - 41.3% for unformulated (3 applications of 1 x 102 conidia ha™) and formulated (1
application of 2 x 10! conidia ha™l), respectively, after 28 days. Nymph mortality increased
after joint action with parasitoids (67.9 - 81.6%) in fungal treatments. The persistence of C.
javanica conidia was significantly reduced at 48 h. After combining the fungus with the
chemical insecticides, the percentage of mycosis ranged from 20.2 to 35% after 26 days,
except the fungus + pyriproxyfen (<9.4%). In general, after the joint action of natural
enemies, the mortality of nymphs in fungal treatments ranged from 90.3 to 98.1%. The high
potential of C. javanica in whitefly control has been demonstrated in our field and
screenhouse experiments. Based on this, C. javanica BRM 27666 was selected as a
promising isolate in whitefly control. A C. javanica conidia-based mycoinsecticide has been
developed and is under registration in Brazil for the control of whitefly in several crops.

Key words: virulence, epizootics, environmental factors, formulation, mycoinsecticide

2Qrientadora: Eliane Dias Quintela
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1 INTRODUCAO GERAL

A mosca branca Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) é uma
das pragas mais invasivas e prejudiciais de uma grande variedade de culturas horticolas,
ornamentais e de campo em todo 0 mundo, causando grandes perdas econdmicas (De Barro
et al.,, 2011). Os danos causados a planta hospedeira podem ocorrer diretamente pela
alimentacdo da seiva do floema e injecdo de toxinas, e indiretamente, pela excrecdo de
“honeydew” que favorece o crescimento do fungo Capnodium sp. que escurece a folha e
causa o sintoma conhecido como “fumagina” e, principalmente, pela transmissao de virus as
plantas (Oliveira et al., 2001; Barbosa et al., 2002; Stansly e Natwick, 2010; Navas-Castillo
et al., 2011). B. tabaci é vetor de mais de 300 espécies de virus (Hanssen et al., 2010;
Gilbertson et al., 2015), incluindo Begomovirus (familia Geminiviridae), Crinivirus (familia
Closteroviridae), e Carlavirus (familia Betaflexiviridae) no Brasil. Begomoviroses tem
impedido significativamente o cultivo de feijao e tomate, particularmente em climas quentes
e secos (De Faria et al., 2016; Souza et al., 2018).

B. tabaci € um complexo de espécies cripticas englobando grupos
morfologicamente indistinguiveis, mas ecologicamente e geneticamente distintos (Xu et al.,
2010; De Barro et al., 2011; Kanakala e Ghanim, 2015), composto por pelo menos 43
espécies bioldgicas cripticas (De Barro et al., 2011; Tay et al., 2017). Estas espécies diferem-
se em caracteristicas como variedade de plantas hospedeiras, capacidade de causar disturbios
de plantas, atragdo por inimigos naturais, expressdo de resisténcia e a capacidade de
transmissdo do virus da planta (Bedford et al., 1994; Brown et al., 1995; Perring, 2001;
Horowitz et al., 2005). A B. tabaci Middle East-Asia Minor | - MEAM1 e a Mediterraneo
s8o as especies mais invasivas e destrutivas do mundo (De Barro et al., 2011; Pan et al.,
2012; Polston et al., 2014).

No Brasil, foram identificadas as espécies MEAML1 (biétipo B), Novo Mundo,
Novo Mundo 2 (bidtipo A) e mais recentemente a Mediterraneo (bi6tipo Q) (Barbosa et al.,

2015). No entanto, B. tabaci MEAM1 é uma praga economicamente significativano Brasil,
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e infesta culturas incluindo soja, algodéo, feijao, meldo, tomate e mais recentemente milho
(Inoue-Nagata et al., 2016; Quintela et al., 2016). Apos a introducdo desta espécie, no inicio
da década de 1990, severos surtos populacionais ocorreram em diversos cultivos (Lourengédo
e Nagai, 1994). A propagacao e o aumento da populacéo de B. tabaci MEAML1 no Brasil
tém sido favorecidos pelo sistema agricola (com trés safras anuais), 0 grande nimero de
plantas hospedeiras e o clima tropical (Quintela et al., 2016).

O manejo de altas infestacBes da mosca-branca é muito dificil, e o controle
resume-se principalmente a aplicacéo de inseticidas quimicos (Palumbo et al., 2001; Liang
etal., 2012; Zheng et al., 2017). Porém, 0 excesso de aplica¢bes tem resultado na selecéo de
individuos resistentes a diversos grupos quimicos, incluindo os organofosforados,
carbamatos, piretroides, ciclodienos, reguladores de crescimento e neonicotinoides (Elbert e
Nauem, 2000; Ahmad et al., 2002; Silva et al., 2009; Yuan et al., 2012; Basit et al., 2013;
Horowitz e Ishaaya, 2014; Cardoso, 2014). Além disso, 0 nimero decrescente de novos
inseticidas registrados, seus efeitos colaterais prejudiciais a organismos ndo-alvo, as
restricdes legais quanto ao seu USO Seguro e seus riscos ambientais encorajaram a adocao de
técnicas de controle adicionais, incluindo o controle bioldgico (Mascarin et al., 2013).

Os fungos entomopatogénicos sdo importantes componentes no controle
bioldgico de insetos-praga, e estdo entre os mais importantes inimigos naturais das moscas
brancas (Lacey et al., 1996; Faria and Wraight, 2007). Diferentemente da maioria dos
patdgenos que precisam ser ingeridos, os fungos entomopatogénicos penetram diretamente
no hospedeiro através da cuticula, o que é vantagem para 0 manejo da mosca-branca e outros
insetos sugadores (Faria e Wraight, 2001; Mascarin et al. 2013, 2015). Os principais fungos
entomopatogénicos de B. tabaci incluem Cordyceps spp., Lecanicillium spp., Beauveria
bassiana (Balsamo) Vuillemin and Aschersonia spp. (Ascomycota: Hypocreales) (Faria e
Wraight, 2001; Wraight et al., 2007; Lacey et al., 2008; Mascarin et al., 2013). No entanto,
apesar da alta suscetibilidade das ninfas de mosca-branca, B. bassiana nunca foi isolado de
Bemisia spp. em condigdes naturais (Wraight et al. 1998).

Cordyceps javanica tem sido considerado um candidato promissor para o
controle biolégico de moscas-brancas devido sua importancia como regulador natural de
populacdes de B. tabaci, alta viruléncia, facilidade de producdo em meios solidos ou liquidos
e capacidade de causar epizootias naturais (Jackson et al., 1997; Lozano-Contreras et al.,
2007; Cabanillas e Jones, 2009; Zhu e Kim, 2011; Mascarin et al., 2013, 2018). Epizootias

de C. javanica foram observadas sobre ninfas e adultos de mosca-branca no feijoeiro, soja,
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tomate e goiabeira no Distrito Federal e Goias na safra 2012/2013 (Quintela et al., 2016).
Dez destes isolados coletados foram testados sobre ninfas de B. tabaci em condicdes de
laboratdrio e casa telada na Embrapa Arroz e Feijao. Com base nos critérios de viruléncia,
producdo de conidios e tolerancia a radiacdo UV-B, trés isolados de C. javanica, BRM
27666, BRM 27714 e BRM 27715, foram selecionados para estudos posteriores (Mascarin
et al., 2018; Quintela, E. D. dados ndo publicados).

No primeiro capitulo, determinamos a suscetibilidade de todos os estagios
ninfais de B. tabaci aos trés isolados de C. javanica, selecionados anteriormente, observando
o efeito das diferentes condic¢Ges climaticas na viruléncia de C. javanica em casa telada. O
potencial dos entomopatdgenos no controle da mosca-branca tem sido focado em todos 0s
estagios da vida (Cabanillas e Jones, 2009a), pois o estagio de desenvolvimento dos insetos
¢ um dos fatores mais importantes, pois influenciam a patogenicidade e viruléncia dos
isolados (Qiu et al., 2013). Moscas-brancas de todos os instares sdo infectadas por C.
fumosorosea (Tian et al., 2015). No entanto, as ninfas mais jovens sdo consideradas mais
suscetiveis que ninfas mais velhas, ovos e adultos (Wraight et al., 2000; Cabanillas e Jones
2009; Zhang et al., 2018). Baixa mortalidade foi observada em os ovos tratados com C.
fumosorosea (Lacey et al., 1999; Gindin et al., 2000; Mascarin et al., 2013).

Temperatura e umidade relativa tém sido reconhecidos como importantes fatores
que afetam a capacidade de fungos entomopatogénicos em infectar seus hospedeiros (Pu e
Li, 1996; Arthurs e Thomas, 2001; Bouamama et al., 2010; Tian et al., 2014). Uma vez na
cuticula do inseto, os conidios geralmente invadem o corpo do hospedeiro dentro de 24 h.
Durante o processo inicial de infec¢do os fungos sdo suscetiveis a muitos fatores ambientais,
mas dentro do corpo do hospedeiro, continuam sendo afetados pela temperatura e,
indiretamente, pela umidade (Jaronski, 2010). Embora exista uma exigéncia de alta umidade
para a germinacdo de conidios, os insetos podem ser infectados com umidade relativamente
baixa (Lazzarini et al., 2006; Samish et al., 2014). Por exemplo, Wraight et al. (2000)
observaram que C. fumosorosea infectou ninfas de mosca-branca de terceiro instar em folhas
de hibisco a 25-30% de umidade. A temperatura 6tima para infeccdo, crescimento do micélio
e esporulacdo dos entomopatdgenos geralmente variam entre 23-28°C, mas a maioria deles
tem uma ampla gama de tolerancia a temperatura (Goettel et al., 2000; Lacey et al., 2001;
Jaronski et al., 2010). Cordyceps sp., por exemplo, é capaz de crescer em temperaturas
relativamente altas, o que sugere que ele é naturalmente tolerante (Cabanillas e Jones,
2009b).
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No segundo capitulo, avaliamos a eficiéncia e persisténcia de C. javanica
formulado e ndo formulado e a associacdo com diferentes inseticidas quimicos no controle
de mosca-branca em condicGes de campo. Além disso, a persisténcia dos conidios em folhas
de soja também foi avaliada. Embora haja muitos estudos sobre o controle de B. tabaci com
fungos entomopatogénicos em laboratério e casa telada (Wraight et al., 1998; Cabanillas e
Jones, 2009a; Zhu e Kim, 2011; Mascarin et al., 2013, 2018; Tian et al., 2015; Zhang et al.,
2017), poucos estudos sdo desenvolvidos a nivel de campo (Akey and Hennerberry, 1996;
Ruiz-Vega and Aquino-Bolafios, 1999; Wraight et al., 1996, 2000; Ruiz and Medina, 2001,
Azevedo et al., 2005). Além disso, ndo h& estudos recentes que avaliam o potencial de
Cordyceps no controle de ninfas de mosca-branca em condigdes de campo. Os
entomopatogenos, ao serem aplicados no campo, estdo sujeitos a uma série de fatores
bioticos e abidticos que podem ter influéncia na sua sobrevivéncia, propagacédo e infeccao
no hospedeiro. Fatores como umidade, temperatura, precipitacdo e radiacdo solar sdo
limitantes para a eficiéncia dos entomopatgenos no campo (McCoy et al. 2002; Franco,
2005; Fernandes et al., 2015). No entanto, a radiacdo solar, particularmente os componentes
UV-A e UV-B, é um dos principais fatores de mortalidade dos conidios na superficie foliar
e é largamente responsavel pela baixa persisténcia do fungo (Zimmermann, 2007; Jaronski,
2010). A persisténcia dos conidios é importante porque, no minimo, um patdgeno precisa
persistir no ambiente por tempo suficiente para infectar o hospedeiro alvo (Shapiro-Ilan et
al., 2012).

A formulacdo na qual os conidios sdo aplicados é de fundamental importancia
para 0 sucesso do biocontrole, pois mantém a viabilidade, viruléncia e efetividade dos
patégenos em condicdes de campo (Camargo et al., 2016). Produtos formulados, contendo
materiais como 6leos, umectantes, protetores UV e nutrientes para estimular a germinacéo e
0 crescimento, tém grande potencial para fornecer resultados melhores e mais consistentes
(Burges, 1998; Wraight et al., 2001). Além disso, a associacao de fungos entomopatogénicos
com inseticidas quimicos pode aumentar a mortalidade de pragas, pois atuam como
“estressores” e aumentam a eficiéncia dos entomopatéogenos, diminuindo o impacto
ambiental de inseticidas sintéticos e reduzindo a pressdo de selecdo para populagdes
resistentes (Quintela et. al. 2013, Santos et. al. 2017). Efeito sinérgico foi observado na
mortalidade de ninfas de mosca-branca tratadas com C. fumosorosea combinado com o0s

inseticidas spirotetramat, imidacloprid e thiamethoxam (Zou et al., 2014).
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Um inseto pode adquirir conidios diretamente através da pulverizagdo ou
indiretamente pelo contato com uma superficie contaminada por fungos (Jaronski, 2010).
No entanto, ninfas de mosca-branca sdo sésseis em superficies abaxiais das folhas, o que
dificulta a aplicacdo dos conidios com pulverizadores convencionais (Faria e Wraight, 2001;
Mascarin et al., 2016). Para superar esse obstaculo, Wraight et al. (2000) utilizou um
pulverizador eletrostatico que forneceu conidios a ninfas em culturas de cucurbiticeas nos
EUA através de aplicagbes em intervalos de 4 a 5 dias. Em nosso estudo, uma barra de
pulverizacdo do tipo “Dropleg” que pulveriza as folhas debaixo para cima foi utilizada para
maximizar a eficiéncia devido a aplicacdo direta sobre o alvo.

Diante disso, o objetivo geral do trabalho foi avaliar a eficiéncia de Cordyceps
javanica no controle de mosca-branca em condi¢bes de casa telada e campo. No0ssos
objetivos especificos foram: (1) Determinar a suscetibilidade dos estadios ninfais de B.
tabaci a trés isolados de C. javanica, previamente selecionados, em casa telada; (2)
Determinar o efeito das variagGes climaticas (temperatura e umidade) na viruléncia dos
isolados em casa telada; (3) Avaliar a eficiéncia de C. javanica ndo formulado e nas
formulacGes WP e WG no controle de B. tabaci em condicGes de campo; (4) Avaliar a
persisténcia dos conidios de C. javanica formulado e ndo formulado em folhas de soja; (5)
Avaliar a eficiéncia da associacdo de C. javanica ndo formulado a inseticidas quimicos no

controle de B. tabaci em condigdes de campo.
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CAPITULO 1

SUSCETIBILIDADE DE TODOS OS ESTAGIOS NINFAIS DE Bemisia tabaci
MEAM1 (HEMIPTERA: ALEYRODIDAE) A TRES ISOLADOS BRASILEIROS

DE Cordyceps javanica (Hypocreales: Cordycipitaceae) EM CASA TELADA
SOB TEMPERATURA E UMIDADE VARIAVEIS!

Heloiza Alves Boaventura?, Eliane Dias Quintela®, Enio do Nascimento Santos®, José

Francisco Arruda e Silva®, Richard Humber*
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2 Susceptibility of all nymphal stages of Bemisia tabaci Biotype B
(Hemiptera: Aleyrodidae) to three Brazilian isolates of Cordyceps sp.
(Hypocreales: Cordycipitaceae) in a screenhouse under variable

temperature and moisture conditions
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Abstract

The susceptibility of 1 to 4™ instars of Bemisia tabaci (Hemiptera: Aleyrodidae) to three
isolates of Cordyceps sp. (Hypocreales: Cordycipitaceae) was evaluated in screenhouse
experiments under variable temperatures and moisture conditions. No differences in
susceptibility to the Cordyceps sp. isolates were observed among 1%, 2" and 3" instar
nymphs with respect to median lethal time (LTso) values. Confirmed mortalities ranged from
63.7-87.8% when the isolates were tested at 5 x 107 conidia mL™. The 4" instar was the

least susceptible to the fungal isolates (<36.6% mortality). However, 60.0 to 99.5% of the
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adults that emerged from 4" instar nymphs previously treated with the fungus succumbed to
the infection. Temperature was more detrimental to Cordyceps. sp. virulence towards B.
tabaci nymphs than relative humidity (RH). At similar RH, median LTso for 1% instar (9.4
days) was higher than for 3 instar (5.3 days) when the fungus was tested at 5 x 107 conidia
mL?; minimal temperatures of >12.6 °C compared to >17.0 °C were registered for
experiments with 1%t and 3" instars, respectively. However, temperatures >35 °C for 4 to 6
hours daily did not affect the efficacy of the fungus against nymphs. Cordyceps sp. showed
high virulence to all life stages of B. tabaci at relatively low RH, and an ability to grow
extensively over the leaf surface and to produce high amounts of conidia on infected hosts.
These attributes certainly boost its potential as an important pest control component of B.
tabaci Biotype B, especially for management of populations resistant to synthetic

insecticides.

Keywords: Entomopathogenic fungus, Silverleaf whitefly, Relative humidity, Phaseolus

vulgaris, Biological control

2.1 Introduction
The whitefly Bemisia tabaci Biotype B (Gennadius, 1989) (Hemiptera: Aleyrodidae) is one

of the most devastating tropical and sub-tropical agricultural pests, and it affects many
agricultural crops, including vegetables and ornamentals (Stansly & Naranjo 2010). Damage
to the host plant may be caused directly by feeding on phloem sap, and indirectly by the
large amounts of sticky honeydew that promote the growth of saprophytic fungi that, in turn,
causes cosmetic injury and impairs photosynthesis (Stansly & Natwick 2010). In addition,

B. tabaci is a vector of more than 300 species of virus (Navas-Castillo et al 2011, Gilbertson
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et al 2015). In some crops the resulting viral diseases are growth-limiting factors that may
cause total crop loss (Lapidot et al 2014).

In Brazil, the propagation in the population of the B. tabaci biotype B has been favored by
the agricultural system (up to three growing seasons per year), by the presence of a large
diversity of differing host plants and the tropical climate (Quintela et al 2016). The control
of this insect is primarily achieved with synthetic insecticides that have already resulted in
the selection of resistant populations in many regions of the world (Horowitz & Ishaaya
2014, Basit 2019).

Entomopathogenic fungi provide alternatives for the sustainable management of whiteflies,
mainly because they are less harmful to the environment and can be included in strategies
for the management of insecticide-resistant populations (Lacey et al 1996, 2008,
Cuthbertson et al 2012). Among several groups of biocontrol agents for whiteflies and other
sap-sucking insects, entomopathogenic fungi possess the unique ability to infect their host
directly through the integument and have proven to be fundamental in Integrated Pest
Management (IPM) strategies because they can cause frequent epizootics (Faria & Wraight
2001, Lacey et al 1996, 2008, Quintela et al 2016).

The complex of Cordyceps species formerly classified in Isaria, (Kepler et al 2017),
including C. fumorosea and Cordyceps. sp. (Hypocreales: Cordycipitaceae), are the most
prevalent fungi attacking whiteflies in the field worldwide (Faria & Wraight 2001, Lacey et
al 2008). Massive epizootics were observed as the predominant factor controlling
populations of Bemisia sp. (Lacey et al 1996, Quintela et al 2016). Several isolates of
Cordyceps spp. have been tested against B. tabaci, and most of the studies for fungal
screening were conducted in laboratory conditions (Vidal et al 1997, Wraight et al 1998,
James et al 2003, Scorsetti et al 2008, Cabanillas & Jones 2009, Huang et al 2010, Mascarin

etal 2013, 2014, 2018, Tian et al 2016). These studies have invariably been conducted under
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constant temperature and high humidity conditions in containers with minimal or no
ventilation (Wraight et al 2000). In these favorable conditions, similar or small differences
in rankings for median lethal concentrations or median lethal times were observed, thereby
making it difficult to select the best isolates for field use (Wraight et al 1998).

For this study, three isolates of Cordyceps sp., BRM 27666, BRM 27714 and BRM 27715,
collected from nymphs and adults during epizootic conditions (Quintela et al 2016), were
selected based on the criteria of virulence to 2" instar nymphs, conidial production and
tolerance to UV-B radiation in laboratory (Mascarin et al 2018) and screenhouse conditions
(Santos et al 2017, Quintela et al unpublished data).

A comprehensive review by Jaronski (2010) showed that several abiotic factors, including
temperature and humidity, affect the efficacy of entomopathogenic fungi in foliar
applications. Thus, the research with the three selected Cordyceps isolates reported here was
conducted in screenhouse conditions under variable temperature and moisture conditions
with the principal objectives: (1) to identify the most promising isolate for further
development; (2) to determine the susceptibility of all nymphal stages of B. tabaci to these
fungal isolates; (3) to determine the effect of fluctuating temperatures and relative humidities

in a screenhouse during rainy and dry seasons on the virulence of these isolates to nymphs.

2.2 Materials and methods

Our screenhouse studies were conducted at the Brazilian Agricultural Research Corporation
(Embrapa Rice and Beans) located at Santo Antdnio de Goias, Goias state (Central Brazil)
(16°30°24,57’S, 49°17°06,53”W) and were the result of a collaboration between Embrapa
and Lallemand (Patos de Minas, Minas Gerais, Brazil), under a Collaborative Research and

Development Agreement.
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2.2.1 Insect colony

The whitefly B. tabaci used in all experiments was identified as Biotype B by molecular
gene sequence markers from mtDNA cytochrome oxidase | (mtCOl) (Quintela et al 2016).
The whiteflies used were originated from a colony reared on bean plants (Phaseolus vulgaris
L., cv. Pérola) maintained under screenhouse conditions at Embrapa Rice and Beans
Research Station in Santo Antonio de Goids, GO, Brazil (16°28'00"S, 49°17'00"W; 823 m

a.s.l).

2.2.2 Fungal strains and preparations
The Cordyceps sp. isolates BRM 27666 (=CG 1282), BRM 27714 (=CG 1283) and BRM

27715 (=CG 1284) were obtained from infected B. tabaci nymphs and adults collected from
soybean in Porangatu-GO, and from common bean plants in Planaltina-GO and Santo
Antbnio de Goias-GO (Central Brazil), respectively. All isolates were preserved in liquid
nitrogen and deposited at the Invertebrate Fungal Collection at Embrapa Genetic Resources
and Biotechnology, Brasilia-DF, Brazil. Although these isolates were previously identified
as Cordyceps javanica by Mascarin et al (2018) based on sequencing of the B-tubulin gene,
identification of species within this genus is currently based on multigenic phylogeny
(Mongkolsamrit et al 2018), and therefore they are treated as Cordyceps sp. in this study.
Conidia were grown on potato-dextrose-agar (PDA) for 7-10 days and immediately
suspended in 10 mL of sterile aqueous solution of 0.01% (v/v) Tween 80 into 50-mL plastic
centrifuge tubes. The suspension was vigorously agitated on a vortex mixer for 1 min and
filtered through two layers of 30-pum pore-sized nylon cheesecloth. The filtered suspension
(10 ml) was vortexed again for 1 min before application, and conidial concentrations were
enumerated by haemocytometer (Brightline Improved Neubauer, New Optik®, Brazil) at

400x magnification. Conidial germination for all isolates exceeded 98% on PDA after 18 h
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at 26 °C. Only conidia with germ tubes greater than conidial diameter were considered

germinated.

2.2.3 Virulence of Cordyceps sp. isolates to 1%, 2@ and 3'instar nymphs

Five experiments were conducted to compare the virulence of the isolates BRM 27666, BRM
27714 and BRM 27715 to 1%, 2" and 3" instar nymphs of Bemisia tabaci. Information about
tested concentrations, estimated mean number of conidia per mm? and per nymph,
experimental periods, assessment days, mean temperatures and relative humidities are
described in Table 1. The experiments were conducted during the fall/winter (dry) and
spring/summer (rainy) seasons to determine the effect of different climatic conditions
(temperatures and air humidities) on the virulence of these isolates to nymphs.

For all experiments, experimental units were represented by two 10-day-old bean plants
(Phaseolus vulgaris, cv. Pérola) grown in plastic pots filled with Oxisol soil (2 L) and kept
in a screenhouse (9 x 8 m) covered with a fine screen fabric (50 mesh). Adult-infested plants
were shaken and placed near of pest-free bean plants (10 days old with two primary leaves)
for six to eight hours to allow oviposition. This procedure provided more than 100 eggs per
leaf. The adult whiteflies were removed, and newly infested plants moved to another
screenhouse until nymphs reached the 1% instar (0.24-0.32 mm in length and 0.12-0.24 mm
in width), 2" instar (0.30-0.44 mm in length and 0.18-0.36 mm in width), 3" instar (0.40—
0.60 mm in length and 0.24-0.40 mm in width) and 4" instar (0.60-0.94 mm in length and
0.34-0.74 mm in width), respectively (Quintela 2004). In all experiments, treatments were
applied to the abaxial side of primary leaves containing nymphs with a microsprayer (0.3
mm needle, Paasche® airbrush type H-set) connected to a vacuum pump and calibrated to
250 pl per leaf in an even coverage. Controls consisted of nymphs sprayed with a surfactant

solution (0.01% Tween 80, Vetec Quimica Fina Ltda., Rio de Janeiro, RJ, Brazil).
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For each date, a different leaf of each pot was collected for nymphal mortality assessment
under a dissecting stereomicroscope (Leica) at 40x magnification. For the fungal infection
confirmation, a small red dot was marked with permanent marker pen on the leaf next to the
dead nymphs. Nymphs that became desiccated or developed yellowish symptoms with
mycelial or conidial growth on the insect cadaver were considered dead by Cordyceps sp..
The leaves were incubated inside Petri dishes (90 mm) with a wet cotton added to the leaf
petiole for four days in a growth chamber of the BOD (Biochemical Oxygen Demand) at 26
°C, 80-90% RH with 12-hr photoperiod. The dead marked nymphs presenting sporulation
(i.e., mycosed insects) were also considered infected by the fungus.

In the experiment carried out with 1% instar, established at the fall season, we observed low
nymphal mortality five days after spraying. Temperatures in the screenhouse at the
beginning of this experiment were lower than 15 °C (12.6 °C at day 1). To determine if the
low nymphal mortality was due to the lower temperatures, leaves were collected from treated
and untreated plants and held at 26 °C, 80-90% RH with 12-hr photoperiod. Nymphal
mortality was then determined at days 9, 10, 11, 12, 16 and 28 after spraying.

All experiments were conducted in a completely randomized design with four replicates,
each consisting of two seedlings per pot (i.e., four primary leaves). The temperature and
relative humidity in the screenhouse were monitored at one hour interval by two dataloggers
(Hobo® U12-012, Onset Computer Corp. Ltd., Massachusetts). One datalogger was placed
in the center of the screenhouse and the other near the screenhouse entrance. Small variations

were observed for the datalogger measurements.

2.2.4 Virulence to 4" instar nymphs and to emerged adults

Bioassays were conducted from June 21 to August 3, 2018, to compare the virulence of
Cordyceps isolates to 4™ instar nymphs and to the adults that emerged from treated nymphs.

The fungus at 5 x 108 conidia mL™ was applied to the abaxial side of primary leaves of bean
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plants containing 4" instar nymphs with a microsprayer. Controls consisted of nymphs
sprayed with a surfactant solution (0.01% Tween 80). The bean plants were held in a
screenhouse for 24 h in a completely randomized design with four repetitions. Each
repetition consisted of two seedlings per pot (i.e., four primary leaves). To determine if the
fungal infections of adults were due the infection of 4" instar or if the adults got
contaminated by the conidia present on the leaves, 24 h after spraying, three leaves from
each repetition (four repetitions/treatment; 12 leaves per treatment) were collected from
treated and untreated bean plants. Then, three procedures were used: 1) The leaf was held
alone in Gerbox-type box (11 x 11 x 3.5 cm) allowing the contact of emerging adults with
the treated leaf. In this procedure the objective was to determine if the emerged adults could
be infected by contact with conidia on the leaf; 2) addition of an untreated leaf inside the
gerbox box containing the treated leaf. In this case, the objective was to verify adult
mortalities when the emerged adults contacted both treated and untreated leaves; 3) transfer
of fungus-treated 4™ instars to untreated leaves before adult emergence. The objective was
to evaluate only the adult mortalities, infected during the nymphal stage. In order to do so,
twenty five nymphs with “red-eye” (known as the pupal stage) from each leaf were removed
and transferred to an untreated leaf. To avoid damaging the nymphs, they were carefully
removed with a very fine entomological pin when the 4™ instar stopped feeding (near adult
emergence). The leaves were held inside a plastic Gerbox-type box (11 x 11 x 3.5 cm) with
a wet cotton ball at 26 °C, 90% RH and 12-hr photoperiod. After seven days, living and dead
nymphs and adults were evaluated under a dissecting stereomicroscope (Leica) at 40x
magnification. Nymphs that became desiccated or developed yellowish symptoms with
mycelial or conidial growth on the insect cadaver were considered dead by Cordyceps sp.
Adults were considered infected by the fungus when myecelial or conidial growth was

observed on the insect cadaver.
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2.2.5 Statistic analyses

The virulence of all three fungal isolates was expressed and compared in terms of percent
mortality, confirmed mortality (% insect cadavers with fungal sporulation), and mean lethal
time (LTso) for the different nymphal lifestages.

For the experiments with 1%, 2"4 and 3" instar nymphs, overall and confirmed mortality
curves were adjusted according to non-linear models and compared using the Wilcoxon-
Mann-Whitney test (P<0.05). This non-parametric statistical method was used for
comparison of two unpaired groups to verify whether or not they belong to the same
population and when the requirements for application of Student's t test were not met. To
estimate the median lethal time (LTso) for the isolates for 1, 2"d and 3 instars non-linear
models (Log-logistic, Logistic or Weibull) were fitted and values compared by the overlap
of their 95% confidence intervals (95% CI) using the Package ‘drc’ (Ritz et al 2015). LTso
values were not estimated for treatments where mortality did not reach 50%.

For the experiment with 4™ instar nymphs a factor analysis was performed through an
analysis of variance by the F test to determine the main effects of the procedures regarding
adult infection, treatments and their interactions on overall and confirmed mortalities of
nymphs and adults that emerged from the treated nymphs. The model was considered
additive because the factorial analysis for the interaction treatment/procedure was not
significant (slopes were parallel) (e.g., mortality = effect of treatment + effect of procedure).
The means were compared by the Tukey test (P<0.05). Statistical software R version 3.1.2

(R Core Team 2016) was used for all analyses (R Core Team 2016).

2.3 Results

For all five experiments, the percentage of cadavers with fungal sporulation (i.e., confirmed

mortality) was very similar to nymphal mortalities. Thus, all figures for nymphal mortality
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are reported as supplementary files. P-values of the comparisons of mortality and confirmed
mortality curves and estimates of parameters of non-linear models and median lethal time
(LTso) for B. tabaci nymphs after treatment with Cordyceps sp. at different concentrations

are also included as supplementary files on Tables 1, 2, 3, 4 and 5.

2.3.1 Virulence of Cordyceps sp. isolates to1% to 3" instar nymphs

2.3.1.1 Rainy season

During the rainy season, the temperatures and relative humidities registered at one hour
intervals at screenhouse were very similar for the experiments conducted with 1%, 2" and
3 instars (Fig. 1, Table 1). No infected 1% instar nymphs were observed on the controls
(Fig. 2 A to C). There was no difference for 1% instar confirmed mortalities among the three
isolates at 5 x 10°, 5 x 10% and 5 x 107 conidia mL™ (Fig. 2 A to C; Table 2 supplementary
file). LTso values were similar for all isolates (Table 3 supplementary file). Estimated LTso
values showed that at 5 x 10° and 5 x 107 conidia mL™* mortality of nymphs took place
between 7.1-8.2 days and between 5.1-5.6 days, respectively (Table 3 supplementary file).
For 2" instar nymphs, confirmed mortalities for BRM 27666, BRM 27715 and BRM 27714
at 5 x 10° conidia mL " were very low (0.3 to 9.0%), and they were statistically similar to the
control, with no recorded mortality (Fig 3 A; Table 2 supplementary file). However, at 5 x
10°and 5 x 107 conidia mL* the three isolates were significantly different from the untreated
control (Fig. 3 B, C; Table 2 supplementary file). Confirmed mortality for BRM 27666 at 5
x 10° conidia mL* was significantly higher than for BRM 27714 (Fig. 3 B). At the other
concentrations, there were no differences among the tested isolates (Fig. 3 A, C; Table 2
supplementary file). Since nymphal mortality by the fungus at 5 x 10%and at 5 x 10° conidia

mL* were below 50%, the median time to death was not estimated. At 5 x 10’ conidia mL"
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! the LTsoranged from 4.1 to 4.7 days, and no differences were observed among the isolates
(Table 3 supplementary file).

Because 2" instar nymphal mortalities by Cordyceps at 5 x 10°and at 5 x 10® conidia mL™*
were inferior to 50%, concentrations > 1 x 107 conidia mL™* were tested against 3" instar
nymphs. The three isolates at all concentrations caused confirmed mortalities of nymphs that
were statistically different from the controls (Fig. 4 A to D; Table 2 supplementary file). No
differences were observed among the three isolates (Fig. 4 A to D; Table 2 supplementary
file). At 7 days after treatment, confirmed mortalities ranged from 59.4-71.6%, 63.7-80.8%,
74.4-85.4% and 69.2-84.3% for concentrations of 1 x 107, 5 x 107, 1 x 108and 5 x 108 conidia
mL, respectively (Fig. 4 A, B, C, D). The median lethal times (LTso) ranged from 3.5 to
4.7 days for all isolates, and no differences were observed among them (Table 3

supplementary file).

2.3.1.2 Dry season

For the experiments conducted during the dry season, the mean temperature was 24.9 °C
(ranged from 12.6 to 41.8 °C), and the mean relative humidity was 56.3% (ranging from
17.4 to 85%) (Fig. 1, Table 1). The experiment with first instar nymphs in the fall season
(lower temperatures and drier conditions) resulted in lower rates of confirmed mortalities
than during the rainy season (Fig. 2 A to C). Although the mean temperature (25.1 °C) for
1%t instar in the dry season was similar to that for the rainy season (25.7 °C), higher variation
in temperature (from 12.6 to 41.8 °C) was observed in the dry season (Table 1). In fact, the
minimum temperatures were below 17 °C most of the time, and within the 72 hours post-
inoculation the minimum temperature was <13 °C (Fig. 1). The mean relative humidity was
also lower (56.5%; range 17.4-85.0%) in the dry season than in the rainy season (77.8%;
range 43.4-94.7%) (Fig. 1, Table 1). Due to the lower mortality at the beginning of the

experiment, the evaluations of overall and confirmed mortalities were conducted until adult
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emergence (28 days after fungal application). In fact, confirmed mortalities began at seven
days with the highest fungal concentration (5 x 107 conidia mL™?) (Fig. 2 F). For all fungal
isolates and concentrations, mortalities were significantly different from the controls. There
were no differences among the isolates regarding percentage of infected nymphs (Fig. 2 D
to F; Table 2 supplementary file).

Estimated LTso values showed that a dose of 5 x 10° conidia mL™* killed 1% instar nymphs
between 15.7-18.4 days while at 5 x 107 conidia mL™? death occurred between 8.9-9.9 days.
There were no significant differences for LTso among the isolates (Table 3 supplementary
file). Because of the lower temperature in the screenhouse during the experiment with 1%
instar nymphs in the dry season, the LTso values were significantly higher (15.7-18.4 days)
than those in the rainy season (7.1-8.2 days) at the concentration 5 x 10° conidia mL™,

Due to the slow rate of mortality for the experiment in the dry season, leaves were collected
from treated and untreated plants at day five after treatment and incubated in the BOD at 26
°C, 80-90% RH with 12-hr photoperiod. In these constant temperature and moisture
conditions, that are suitable for the fungus, mortalities were higher when compared with the
experiment conducted in the screenhouse (Fig. 2 D to F). In the BOD, confirmed mortalities
ranged from 25.4-65.8%, 74.8-87.0% and 94.7-100% at the concentrations 5 x 10°, 5 x 108
and 5 x 107 conidia mL, respectively, ten days after treatments (Fig. 2 G to I). Mortalities
were significantly different for all fungal isolates when compared to the untreated control
(<2.6%) (Fig. 2 G to |, Table 2 supplementary file). At 5 x 10° conidia mL™, no differences
for mortality percentages were observed among the isolates (Fig. 2 G, Table 2 supplementary
file). Higher mortalities were observed for BRM 27666 than for BRM 27715 and BRM
27714 at 5 x 10° conidia mL™ (Fig. 2 H; Table 2 supplementary file). At this concentration,

BRM 27715 was significantly less virulent than BRM 27666 and BRM 27714. At 5 x 10’
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conidia mL™?, the mortality percentage reached 100% for all isolates at 10 days after
treatment (Fig. 2 I).

When the experiment with 3" instar nymphs was repeated in the dry season, a mild winter
season was observed with a mean temperature of 24.6 °C (range 14.6-42.3 °C), similar to
that in experiment conducted during the summer season (26.2 °C; range 19.5-42.3 °C).
However, mean relative humidity for this experiment was lower (56.8%; range 22.6—79.6)
than the 72.0% (range 28.9-90.9%) seen during the experiment run in the rainy season (Fig.
1, Table 1). In the first 72 hours, favorable conditions were observed for the infection of
nymphs by the fungus, since temperatures were in the range of 16.5-38.2 °C, and relative
humidities were 28.2-77.8%.

Mortality percentages were significantly different for the three isolates at all concentrations
when compared with the controls (Fig. 4 E to H, Table 2 supplementary file). No differences
for confirmed mortality were observed among the isolates at the four concentrations tested.
Confirmed mortality for the isolates ranged from 30.9-54.4%, 71.9-83.5%, 83.6-88.6% and
79.5-87.9% seven days after fungal sprays at 1 x 107, 5 x 107, 1 x 108and 5 x 108 conidia
mL, respectively (Fig. 4 E to H).

LTso values were similar for the isolates at all concentrations tested and ranged from 4.7 to
8.3 days (Table 3 supplementary file). Although intervals for the LTso values (3.5 to 4.7
days) were shorter for the experiment conducted during the summer season than for the
experiments conducted during the winter season (4.7 to 8.3 days), no significant differences

were observed among them (Table 3 supplementary file).

2.3.2 Virulence to 4" instar nymphs and to emerged adults

The fourth instar was the least susceptible to the fungal isolates (<36.6% mortality), even

when tested at 5 x 108 conidia mL* (=16.2x10° conidia per mm?) (Table 2). All dead nymphs
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were infected by the fungus (Table 2). Although 4™ instar mortality by the fungus was low,
the adults that emerged from fungus-treated nymphs were highly susceptible to all three
isolates of Cordyceps sp. (Table 4 supplementary file). Overall and confirmed mortalities of
adults ranged from 66.6 to 100.0% and 60.0 to 99.5.0%, respectively, and the values were
significantly different from the control groups (Table 2).When the three procedures were
tested to determine if the fungal infection of adults was due the infection of 4" instar nymphs
(removal of nymphs from the treated leaves before adult emergence) or if adults became
infected by conidia present on the leaves (adults contacted treated and untreated leaves after
emergence), the factorial analysis showed that the interaction of fungal isolates x procedures
was not significant (Table 4 supplementary file). In other words, the tested procedures had
no effect on nymphal and adult mortality by the isolates. However, nymphal and adult
mortalities and confirmed mortalities were significantly affected by the treatments. These
results showed that the infection of the adults by the fungus probably occurred before

moulting (during the nymphal stage).

2.3.3 Symptoms and signs of fungal infection on whitefly nymphs

Signs of initial infection on 1% to 3™ instar nymphs by Cordyceps sp. occurred about three
to four days after inoculation. Cordyceps sp. isolates were able to promote elevated levels of
mortality (Fig. 5 D to H). The initial external growth of Cordyceps sp. on some nymphs
arose primarily from the pleural region (Fig. 5 A, B). Most dead nymphs became dessicated
and developed a yellowish appearance due to mycelial growth on the insect cadaver (Fig. 5
C). A characteristic white circle of dense spoulation was also observed around colonized
cadavers. Colonization of the substrate surrounding colonized nymphs, either on the leaf
substrate or on Petri dish, was generally very extensive (Fig. 5 D). If maintained under

continuous high humidity conditions, the sporulating growth would cover the cadaver,
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forming structures resembling tiny cotton balls (Fig. 5 E, F). The ability to produce a large
quantity of conidia and rapidly to colonize several millimeters of the surrounding substrate
were particularly distinct for isolate BRM 27666. Extensive external hyphal development by
this isolate covered the leaf surface and produced conidia that could infect either nymphs or

adults that emerged from infected nymphs (Fig. 5 G, H).

2.4 Discussion

Several isolates of Cordyceps spp. have been tested against B. tabaci, and most of the studies
for isolate screenings were conducted in laboratory conditions (Vidal et al 1997, Wraight et
al 1998, James et al 2003, Scorsetti et al 2008, Cabanillas & Jones 2009, Huang et al 2010,
Mascarin et al 2013, 2014, 2018, Tian et al 2016). These studies have invariably been
conducted under constant temperature and high humidity conditions in containers with
minimal or no ventilation (Wraight et al 2000). In these favorable conditions, similar or
small differences in rankings for median lethal concentrations or median lethal times were
observed, thus making it difficult to select the best isolates for field use (Wraight et al 1998).
In addition, the selected isolate would not be necessarily the most adapted under variable
climatic conditions. For example, Mascarin et al (2013, 2018) selected the isolate BRM
14526 (= CG 1228), based on multi-stress resistance, mass production and virulence
attributes in the laboratory. However, when three experimental assays were conducted in a
screenhouse, results showed that this isolate was the least virulent in a group of ten isolates
that included those used in our experiment (BRM 27666, BRM 27714 and BRM 27715)
(Santos et al 2017, Quintela et al unpublished data).

The three fungal isolates of Cordyceps sp. used in the current study were all highly infectious
to 1% to 3" instars of B. tabaci and caused high levels of mortality in screenhouse conditions.

The similar virulence of these fungal isolates was expected since they were selected as the
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most virulent from among ten isolates in previous screenhouse studies (Santos et al 2017,
Quintela et al unpublished data). However, postmortem hyphal growth and sporulation of
BRM 27666 were more visible than with the other two isolates. In fact, BRM 27666 hyphae
rapidly covered the dead hosts, extended to several millimeters surrounding infected
nymphs, and produced large quantities of conidia (Fig. 5 G).

No differences in susceptibility to the Cordyceps sp. isolates were observed among 1%, 2"
and 3" instar nymphs in terms of LTso values, and mortalities ranged from 63.7-87.8% when
the fungus was tested at 5 x 107 conidia mL™ (=16.2 x 10? conidia per mm?) during the rainy
season. In addition, the three first instars were more susceptible to the fungus than were 4%
instar nymphs (<15.5% mortality), even when the fungus was tested at 5 x 108 conidia mL-
! Several other studies also showed that 4™ instar nymphs of B. tabaci were less susceptible
to fungal infections than younger instars (Osborne et al 1990, James et al 2003, Cabanillas
& Jones 2009, Zhang et al 2018). Although 4™ instar mortality by the fungus was low, the
adults that emerged from these treated nymphs were highly susceptible to the three isolates
of Cordyceps sp. (overall and confirmed mortalities of adults ranged from 66.6 to 100.0%
and 60.0 to 99.5% for BRM 27666, BRM 27715 and BRM 27714, respectively). The results
also showed that the infection of the adults by the fungus likely occurred before moulting
(during the nymphal stage). Adults start to emerge from treated nymphs 3-4 days after fungal
application, time sufficient for fungal germination and penetration on 4" instar. Accordingly,
scanning electron microscopy studies by Tian et al (2015) revealed that conidia of C.
fumosorosea germinated and produced appressoria within 24 h, and hyphae penetrated the
cuticle and entered into the host within 48 h. Besides, Cabanillas & Jones (2009)
demonstrated that mortality of the nymphs did not occur in the developmental stage to which
the fungus was applied, instead development proceed, and the insects die after one or more

moults. Emergence of infected adults from treated 4" instar its an important factor related
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to Cordyceps sp. epizootics, showing its capacity to disperse on its own in the environment
and infect subsequent hosts (Shapiro-llan et al. 2012).

Fungal efficacy is intrinsically mediated by abiotic factors, most noticeably humidity,
temperature, rainfall and solar radiation (McCoy et al 2002, Jaronski 2010, Fernandes et al
2015). On humidity, an increasing number of studies indicated that sufficient moisture exists
within the microhabitat of many insect hosts or within the microenvironment of the host’s
body surface to support infection independent of ambient moisture conditions (Ferron 1977,
Riba & Marcandier 1984, Ramoska 1984, Marcandier & Khachatourians 1987, Fargues et
al 1997, Boulard 2002). A study by Wraight et al (2000) also showed that a moisture-
saturated environment was not required for C. fumosorosea infection of B. tabaci nymphs
on excised hibiscus leaves, and that it could infect third-instar nymphs incubated at 25%-—
30% RH. Our data also indicated an ability of Cordyceps sp. to infect whitefly nymphs in
relatively low moisture conditions. In our screenhouse studies, RH >70% was observed for
4-5 h daily in the experiments conducted in the dry season and, in the rainy season, RH >80%
was registered for 10-12 h daily (Fig.1). In addition, the mean minimum daily RH for dry
season experiments was 28.3% (range 22.6-35.2%) and 42.2% (range 34.4-54.7%) for rainy
season experiments.

Low temperature seemed to be more detrimental for Cordyceps virulence to Bemisia nymphs
than RH. The mean time to kill the nymphs by Cordyceps at 5 x 107 conidia mL* was higher
for 1% instar (9.4 days) than 3" instar (5.3 days) although both experiments were conducted
at similar RH [means of 56.5% (range 17.4-85.4%) and 56.8% (range 22.6-79.7%),
respectively]. The main difference between the two experiments was related to temperature.
In the beginning of the experiments (48 h), minimal temperatures were >12.6 °C compared
with temperatures >17.0 °C for experiment with 1%t and 3" instar, respectively. In addition,

when leaves were transferred to constant temperature (26 °C), 1% instar mortalities by
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Cordyceps sp. resumed quickly at all concentrations. The results of our study corroborated
previous findings that temperatures below 16 °C slow germination and growth rates for most
of the fungal entomopathogens (Vidal et al 1997, Ihara et al 2008) and thus affect their
virulence. For winter crops, when lower temperatures are expected in the field, this fungus
will still kill whitefly nymphs although in a slower rate.

The Cordyceps spp. are known to be mesophilic since they grow over a range of 8 to 30-32
°C, with thermal optima ranging from 20 to 30 °C, and limits at 35 °C and their thermal
tolerance were related to their history, including the geo-climatic origin (Fargues et al 1992,
Mietkiewski et al 1994, Vidal et al 1997, Fargues & Bon 2004). In the present study, we
observed that temperatures >35 °C for 4 to 6 hours daily [mean maximum daily temperature
for dry season experiments was 37.3% (range 31.5-40.8%)] did not affect the efficacy of the
three isolates of Cordyceps sp. against nymphs. Then, the tolerance of these isolates to high
temperature, low virulence at lower temperatures, and also the ability to infected nymphs in
relatively low moisture conditions are probably due to their geographical origin. These
isolates were collected from Goias state of Brazil, a tropical climate with two distinct
seasons, five months of drought (May to September) and seven months of rain (October to
April), and average annual temperature of 23°C, that can reach up to 39°C in September and
October (INMET, 2020).

In Brazil, “rainy season” soybeans are sown from October through December over an area
of 35 million hectares (IBGE 2020), and can support large whitefly populations. Then, adults
of B. tabaci that emerge from several wild plants that can host the whitefly in the off-season
(May to September) will colonize soybean and other cultivated plants grown at the beginning
of rainy season (Quintela et al 2016). Sucessive plantings of soybeans and other suitable
crops (cotton, common bean, tomatoes etc) provide continuous food resources for multiple

whitefly generations. In addition, with soybean senescence, adults migrate to late-planted
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soybean cultivars and other crops cultivated after the soybean harvest. Along with the
drought period in some years (January-February), huge whitefly 'clouds' are usually seen
during these months. According to the results of our screenhouse experiments, it can be
assumed that Cordyceps sp. will be an important component to reduce populations of 1% to
4" instar of B. tabaci biotype B in the field: at low densities (for the first whitefly infected
crops, November through December) and also at high densities and overlapping generations
(January through March) in field conditions in hot, humid and relatively dry climate areas.
Further, this fungus can cause significant adult mortality (60.0 to 99.5%) when sprayed on
4™ instar, and epizootics could be favored by dissemination of the fungus by the infected
adults.

The ability of Cordyceps sp., particularly BRM27666, to grow extensively over the leaf
surface and to produce a large number of conidia under humid conditions are attributes that
certainly boost its capacity to spread rapidly through whitefly populations. The sporulation
of entomopathogenic fungi on a host is an important characteristic because conidia serve as
a source of pathogen inoculum for horizontal transmission, ecosystem dissemination and
infection cycle development (Lacey et al 2008, Cabanillas & Jones 2009, Hesketh et al 2010,
Jaronski 2010, Borisade & Magan 2014, Shapiro-Ilan et al 2012).

The use of a mycoinsectide is an important pest control component, especially for
management of populations resistant to synthetic insecticides. Besides its high virulence to
all life stages reported in here, Cordyceps sp. causes massive epizootics and is easy to mass-

produce (Lacey et al 1996, Mascarin et al 2013, 2015, Quintela et al 2016).
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639  Table 1 Estimated mean number of conidia per leaf and per nymph, days of nymphal mortality assessment and environmental conditions for the experiments conducted at
640  different dates with Cordyceps sp. for the control of 1% to 4™ nymphs of Bemisia tabaci at screenhouse.

641
Concentratio Mean number Mean Enviromental conditions
Nymphal instar n tested of conidia per number of Experiment dates Assessment Mean temperature Mean UR (%)
(nymphal size, mm?) (conidia mL- mm? P conidia per days °C (min-max) (min-max)
) nymph?
5x 105 16.7 0.68 Experiment 1
1 25.7 77.8
(0.0405) Ja”“a&ﬁ]lrﬁ’) 2016 3,456, 7 (19.9 - 36.5) (43.4 - 94.7)
5x 108 1.67 x 10? 6.78 .
Experiment 2
(screenhouse) 25.1 56.5
5 x 107 167 x 108 678 May 21 to June 13, 28 711,23 (12.6 - 41.8) (17.4 - 85.4)
' ' 2018 (fall)
5x10° 16.7 1.29
2nd Experiment 3
(0.077) 5 x 108 1.67 x 10? 12.9 November 27 to 34567 27.2 72.3
December 4, 2015 T (20.6 to 41.7) (28.8-96.7)
5 x 107 1.67 x 108 1.29 x 102 (spring)
7 2 Experiment 4
3rd 1x10 3.35x10 54.32 January 30 to 34567 26.2 72.0
(0.1623) February 6, 2018 T (19.5-42.3) (28.9 -90.9)
5 x 107 1.67 x 10° 2.72 x 102 !
(summer)
1x108 3.35x10° 5.43 x 102 Experiment 5 246 56.8
May 28 to June 7, 4,7,8,9, 10 ' '
5 x 10¢ 1.67 x 10* 2.72 x 10° 2018 (fall) (14.6 -40.8) (226 -79,6)
Experiment 6
4t 8 . 3 June 21 to August 3, 25.2 80.1
(0.4212) 5x10 1.67x10 7.0x10 2018 ! (20.0 - 37.2) (43.2 - 94.1)
(Screenhouse/BOD)
642
643 2The mean number of conidia per mm? was estimated according to the equation: volume of fungal spray x fungal concentration/area of primary bean leaf . For each fungal concentration, 0.25 mL™ was sprayed on a
644 foliar mean area of the primary bean leaf of 7460 mmz2 (n=20).
645 ® The mean number of conidia per nymph was estimated according to the equation: mean number of conidia.mm? (calculated for each fungal concentration, column 3) x each nymphal size, column 1.
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646  Table 2 Mean confirmed mortalities of 4™ instar nymphs and overall mean mortality and confirmed
647  mortalities of emerged adults of Bemisia tabaci seven days after treatment of 4" instar nymphs with three
648 isolates of Cordyceps sp. at 5 x 108 conidia mL™!

Procedures Control BRM 27666 BRM 27714 BRM 27715
Confirmed mortalities of nymphs® ¢ (%)
1 0+0bB 8.7+11.9aAB 20.7£13.5aA 12.6 + 15.2 abAB
2 0+0bB 11.9+85aA 16.1 +9.7 aA 3.9+6.8bB
3 6.4 £6.6 aC 15.6 £4.3aBC 19.2 £ 9.3 aAB 36.6 + 24.1 aA
Mortality of adults (%)
1 28.7+18.3aB 93.0+4.7aA 99.8 +4.4aA 94.2 £ 23.3aA
2 28.2+119aB 949 +3.9aA 100.0+1.1aA 098.9+16.7 aA
3 21.5+6.3aB 66.6 £ 9.4 aA 78.6 £ 15.0 aA 92.2+£13.9aA
Confirmed mortalities of adults (%)
1 104 £ 154 aB 89.6 £17.7 aA 96.6 + 4.8 abA 78.2 £34.7 aA
2 12.0+£6.9aB 925+ 14.2aA 995+ 1.1aA 88.1+£18.6 aA
3 10.8 £ 14.3aB 60.0 £ 46.4 aA 64.9 + 27.1 bA 77.3£20.8 aA
649 2 Procedure 1) leaf was held alone in gerbox box allowing the contact of adults with the treated leaf after emergence; Procedure 2)
650 addition of an untreated leaf inside the gerbox box containing the treated leaf; Procedure 3) transfer of fungal treated 4™ instars to
651 untreated leaves before adult emergence.
652 ®Means followed by the same letter in the horizontal (treatments) and in vertical (procedures) are not significantly different according to
653 the Tukey’s test at 0.05%.
654 CAll nymphs that died were infected by the fungus.
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655 Fig 1 Temperature (°C) and relative humidity (%) recorded at screenhouse at one hour intervals for

656  experiments with 1%, 2" an 3 instar at rainy season (A, B) and for experiments with 1%t and 3" instar at dry
657  season (C, D).
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Fig 2 Confirmed mortalities at different days post-inoculation for 1% instar nymphs of Bemisia tabaci treated
with three isolates of Cordyceps sp. at doses 5 x 10°, 5 x 10%and 5 x 107 conidia mLin experiments conducted
in the rainy (a, b, ¢) and dry season (screenhouse - d, e, f and BOD - g, h, i). Curves were adjusted according
to non-linear models Gompertz (a), Weibull (b, c, d, e, f), Brain-Cousens modified logistic (g, h) and Log-
logistic. (i).
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Fig 3 Confirmed mortalities at different days post-inoculation for 2" instar of Bemisia tabaci treated with three
isolates of Cordyceps sp. at doses 5 x 10° 5 x 108 and 5 x 107 conidia mL™ in experiments conducted in the
rainy season. Curves were adjusted according to non-linear models Gompertz (a), Log-logistic (b) and Logistic

(c).
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670 Fig 4 Confirmed mortalities at different days post-inoculation of 3" instar of Bemisia tabaci by three isolates
671 of Cordyceps sp. at 5 x 10% 5 x 10® and 5 x 107 conidia mL* in experiments conducted in the rainy (a, b, c,
672 d) and dry season (e, f, g, h). Curves were adjusted according to non-linear Weibull (a, c, d, e, f, g, h) and
673  Log-logistic models (b)

674
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Fig 5 Pathogenicity of Cordyceps sp. against Bemisia tabaci. (a, b) Initial external hyphal growth of Cordyceps
sp from the nymph pleural regions. (c) Dead nymph dessicated with yellowish symptoms. (d, e) Colonization
of the substrate surrounding the nymph on Petri dish or on leaf substrate. (e, f) Nymphs covered with hyphae
and conidia, resembling tiny cotton balls. A characteristic white circle of dense sporulation around nymphal
cadavers. (g) Fungal growth on the leaf surface surrounding the nymph by the isolate BRM 27666. (h) External
hyphal proliferation by BRM 27666 on the leaf surface reaching either nymphs or adults that emerged from
treated nymphs.
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683  Eletronic Supplementary Material
684 Table 1 P values (P< value) of the comparisons of mortality curves for Bemisia tabaci hymphs after treatment with
685 Cordyceps sp. at different concentrations. Wilcoxon-Mann-Whitney rank sum test was used for P values calculation.
686  Curves were considered significant different at P<0.05
NYMPHAL MORTALITY
Rainy season
1%t instar
Treatm 5 x 10° conidia mL? 5 x 106 conidia mL? 5 x 107 conidia mL?
ents 27666 27715 27714 27666 27715 27714 27666 27715 27714
Control 0.2581 0.0531 0.0531 0.0141 0.0018 0.0001 0.0018 0.0001 0.0046
27666 0.3865 0.2581 0.9591 0.2786 0.9591 0.7984
27715 0.6665 ) 0.3823 0.7209
2t instar
27666 27715 27714 27666 27715 27714 27666 27715 27714
Control 0.0625 0.7304 0.2891 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
27666 0.7304 0.5961 0.4385 0.1014 0.1615 0.6048
27715 1 0.1713 0.4363
3" instar
1 x 107 conidia mL? 5 x 107 conidia mL* 1 x 108 conidia mL? 5 x 108 conidia mL*
27666 27715 27714 27666 27715 27714 27666 27715 27714 27666 27715 27714
Control  <0.0001  <0.0001 <0.0001  <0.0001  0.0004  <0.0001  <0.0001 <0.0001  <0.0001 <0.0001  <0.0001  <0.0001
27666 0.4894  0.4894 0.5961  0.2973 0.9314 09314 0.8633  0.3401
27715 1 0.1859 1 0.4363
Dry season
1%t instar
5 x 10° conidia mL? 5 x 106 conidia mL? 5 x 107 conidia mL?
27666 27715 27714 27666 27715 27714 27666 27715 27714
Control 0.0326 0.0005 0.0007 <0.0001 0.0003 <0.0001 <0.0001 <0.0001 <0.0001
27666 0.0965 0.5291 0.4945 0.4291 0.7584 1
27715 0.2315 ) 0.7788 0.7788
1%t instar (BOD)
27666 27715 27714 27666 27715 27714 27666 27715 27714
Control <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0021 0.0021 0.0021
27666 0.6983 0.8347 <0.0001 0.0263 0.093 0.5887
27715 0.5053 0.0155 0.1797
3th jinstar
1 x 107 conidia mL*! 5 x 107 conidia mL? 1 x 108 conidia mL™* 5 x 108 conidia mL?
27666 27715 27714 27666 27715 27714 27666 27715 27714 27666 27715 27714
Control  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001  <0.0001
27666 0.1534  0.1534 0.4184  0.3358 0.9197  0.6498 0.8403 0.801
27715 1 0.8403 0.3897 0.6139
687
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688 Table 2 P values (P< value) of the comparisons of mycosis curves for Bemisia tabaci nymphs after treatment with
689 Cordyceps sp. at different concentrations. Wilcoxon-Mann-Whitney rank sum test was used for P values calculation.

690 Curves were considered significant different at P<0.05

Rainy season

1%t instar
5x10° conidia mL* 5x10° conidia mL™*! 5x107 conidia mL*
Treatments
27666 27715 27714 27666 27715 27714 27666 27715 27714
Control 0.4894 0.6048 0.4363 0.0281 0.0069 0.0006 0.0018 0.0001 0.0046
27666 0.2973 0.1903 0.9591 0.2786 0.9591 0.7984
27715 0.7304 . 0.3282 0.7209
25t instar
27666 27715 27714 27666 27715 27714 27666 27715 27714
Control 0.0625 0.0625 0.0625 <0.0001 <0.0001 <0.0001 0.0001 <0.0001 0.0001
27666 0.3401 0.6048 0.1164 0.0399 0.1615 0.7304
27715 0.7304 . 0.0879 0.4363
3" instar
1x107 conidia mL? 5x107 conidia mL? 1x108 conidia mL* 5x108 conidia mL?
27666 27715 27714 27666 27715 27714 27666 27715 27714 27666 27715 27714
Control <0.0001  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001  <0.0001
27666 0.2973 0.2973 0.1615 0.7304 0.8633 0.1359 0.3865
27715 0.8633 0.4363 1 0.4363
Dry season
1t instar
5x10° conidia mL™* 5x10° conidia mL™* 5x107 conidia mL*!
27666 27715 27714 27666 27715 27714 27666 27715 27714
Control 0.0187 0.0007 0.0029 0.0002 0.001 0.0001 <0.0001 <0.0001 <0.0001
27666 0.0894 0.8581 0.4777 0.5117 0.7994 0.9467
27715 0.0785 . 0.9467 0.841
1t instar (BOD)
27666 27715 27714 27666 27715 27714 27666 27715 27714
Control <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
27666 0.6192 0.3977 <0.0001 0.0195 0.1513 0.0758
27715 0.195 0.0103 0.133
3t instar
1x107 conidia mL? 5x107 conidia mL* 1x108 conidia mL? 5x108 conidia mL*
27666 27715 27714 27666 27715 27714 27666 27715 27714 27666 27714
Control <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
27666 0.169 0.1389 0.4184 0.3897 0.9598 0.6836 0.801
27715 1 0.8403 0.4743 0.5114
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692
693

Table 3 Estimates of parameters of non-linear models and median lethal time (LT50) of whitefly nymphs

treated with Cordyceps sp. isolates at different concentrations (conidia mL-1) in the rainy e dry seasons

No.
Fungal isolate insects Model Model parameters? LTso (d) (CI95%)
tested
B C d e f
Rainy season
15t instar nymphs
5 x 10° conidia mL?
BRM 27666 3219 4.86 b - 8.32 - 7.7 (7.0-8.4)
BRM 27715 2739 Weibull 4.13 - - 8.98 - 8.2(6.5-9.9)
BRM 27714 3413 4.23 - - 7.80 - 7.1(6.9-7.4)
5 x 107 conidia mL?
BRM 27666 3393 -5.28 0.02 0.88 a4.77 - 5.3(3.0-7.5)
BRM 27715 3181 Weibull -2.61 0.01 1.67 6.01 - 5.6(3.0-8.1)
BRM 27714 4399 -5.48 0.01 0.98 4.74 - 5.1(3.0-7.2)
2 jnstar nymphs
5 x 107 conidia mL!
BRM 27666 1434 -7.64 -0.68 0.94 1.63 0.16 4.1(2.5-5.6)
BRM 27715 1313 Weibull -108.4 0.01 0.68 1.62 0.04 4.7(2.5-6.9)
BRM 27714 1568 —64.78 -0.26 0.88 1.76 0.03 46(2.5-6.7)
3rd jnstar nymphs
1 x 108 conidia mL?
BRM 27666 2989 -2.15 - 0.68 4.05 - 45(2.5-6.5)
BRM 27715 3909 Logistic -2.17 - 0.62 3.87 - 4.5(2.5-6.6)
BRM 27714 2860 -1.88 - 0.63 3.97 - 4.7 (2.2-7.1)
5 x 107 conidia mL!
BRM 27666 3085 -6.72 0.07 0.80 3.83 - 4.2(2.5-5.9)
BRM 27715 3043 Weibull -37.04 0.11 0.69 3.93 - 4.0(2.4-5.6)
BRM 27714 3104 -5.00 -0.48 0.63 2.65 - 4.0(1.9-6.0)
1 x 108 conidia mL?
BRM 27666 3300 -3.38 -1.78 0.85 0.80 - 3.9(2.0-5.7)
BRM 27715 3427 Log-logistic -1.58 -3.0 1.19 0.42 - 4.2 (2.5-6.0)
BRM 27714 2836 -17.76 0.16 0.75 1.37 - 4.0(2.4-5.6)
5 x 108 conidia mL!
BRM 27666 4163 -1.44 -0.64 1.10 2.30 - 4.2 (2.5-5.8)
BRM 27715 2851 Weibull -3.33 0.08 0.73 2.70 - 3.5(2.0-5.0)
BRM 27714 3649 -7.15 0.39 0.84 434 - 4.1(2.3-5.9)
Dry season
15t instar nymphs
5 x 106 conidia mL?
BRM 27666 1503 -1.81 0.01 1.60 17.28 - 15.7 (9.9 - 21.6)
BRM 27715 1637 Weibull -2.22 0.008 1.02 14.54 - 16.8 (9.9 -23.9)
BRM 27714 1447 -0.88 0.001 4.23 43.83 - 18.4 (9.3 - 27.6)
5 x 107 conidia mL™!
BRM 27666 1537 -4.46 0.02 1.01 6.87 4.01 9.9 (5.4 - 14.5)
BRM 27715 1916 Log-logistic -3.38 0.01 1.02 3.85 15.1 9.4(5.3-13.5)
BRM 27714 1488 -4.48 0.003 0.97 5.38 6.75 8.9(5.2-12.6)
3rd jnstar nymphs
1 x 107 conidia mL?
BRM 27666 1136 -1.21 - 5.80 17.38 - 8.3(4.4-12.2)
BRM 27715 1251 Weibull -1.35 - 2.48 9.87 - 7.0(3.5-10.4)
BRM 27714 1377 -2.77 - 1.26 6.55 - 7.0(3.6-10.3)
5 x 107 conidia mL!
BRM 27666 1225 -3.59 - 1.07 5.34 - 5.8(3.3-8.2)
BRM 27715 1110 Weibull -3.46 - 1.04 4.55 - 5.0(3.2-6.8)
BRM 27714 1379 -5.60 - 0.99 4.92 - 5.26(2.2-7.4)
1 x 108 conidia mL?
BRM 27666 1001 -3.58 - 1.05 4.80 - 5.2(3.2-7.2)
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BRM 27715 1000 Weibull -4.56 - 0.97 4.58 - 5.0(3.2-6.8)

BRM 27714 1476 -5.29 - 0.97 4.38 - 4.7 (3.2-6.3)
5 x 108 conidia mL™?

BRM 27666 1480 -5.39 - 1.01 5.18 - 5.2(3.2-7.1)

BRM 27715 1457 Log-logistic -4.76 - 1.03 5.21 - 5.2(3.2-7.1)

BRM 27714 1314 -7.02 - 0.98 4.96 - 5.0 (3.2-6.8)
4 2 Model parameters: B = B is the slope factor around the "e" parameter; C = is the lowest asymrate of the curve; d = is the upper asymrate
5 of the curve; e = is the inflection point of the curve; f = symmetry reference parameter related to hormesis.

®Parameter is not part of the model.
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698  Table 4 Summary of factorial analyses for nymphal mycosis, adult mortality and mycosis of Bemisia tabaci
699  after treatment with Cordyceps sp.

Factor Nymphal mycosis Mortality of adults Mycosis adults
F df p F df p F df P
Treatment 5283 3, 44 <0.0001 45.003 3,44 <0.0001 29.880 3, 44 <0.0001
Procedure 0.087 2,44 0.9166 6.449 2, 44 0.0035 4.069 2,44 0.0239
Treatment x 1.965 6, 44 0.09144 1.535 6, 44 0.1893 1.488 6, 44 0.2046
Procedure
700
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Fig 1 Cumulative mortality at different days post-inoculation for 1% instar nymphs of B. tabaci treated with
three isolates of Cordyceps sp.at 5 x 10°% 5 x 106 and 5 x 107 conidia mL™* in experiments conducted in the
rainy (a, b, ¢) and dry season (screenhouse - d, e, f and BOD — g, h, i). Curves were adjusted according to non-
parametric models Gompertz (a), Weibull (b, c, d, e, f), Brain-Cousens modified logistic (g, h) and Log-logistic
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Fig 2 Cumulative mortality at different days post-inoculation for 2" instar of B. tabaci treated with three
isolates of Cordyceps sp. at 5 x 10°% 5 x 108 and 5 x 107 conidia mL™ in experiments conducted in the rainy
season. Curves were adjusted according to non-parametric models Log-logistic (a, ¢) and Logistic (b)
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Fig 3 Cumulative mortality at different days post-inoculation for 3" instar of B. tabaci treated with three
isolates of Cordyceps sp. at 5 x 10%, 5 x 10% and 5 x 107 conidia mL™ in experiments conducted in the rainy
(a, b, ¢, d) and dry season (e, f, g, h). Curves were adjusted according to non-parametric models Logistic (a),
Weibull (b, d, e, f, g, h) and Log-logistic (c)
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Abstract

Field experiments were carried out in the Embrapa Rice and Bean experimental area to
evaluate the efficiency of formulated (WP and WG) and unformulated C. javanica BRM
27666 (pure conidia) and the combination with different insecticides to control whitefly
nymphs; in addition, the conidia persistence of the formulated and unformulated fungus was
evaluated in soybean leaves. In all experiments a CO2 pressurized sprayer with dropleg bars
spraying the leaves upwards reaching the nymphs was used. After three applications of the
unformulated fungus at 7-day intervals at a dose of 1 x 102 conidia ha®, the mycosis
percentage ranged from 47 - 59.1% after 28 and 33 days of application. When performing a
single application at the dose of 2 x 10! conidia ha? of formulated C. javanica it was
observed that sporulated nymphs variation between 25.4 - 41.3% on the same date. However,
mortality of nymphs in fungal treatments increased significantly after joint action of C.
javanica with parasites Eretmocerus sp. and Encarsia formosa. Nymph mortality ranged
from 67.9 - 76.9% to 72.6 - 81.6% in formulated and unformulated fungus treatments,
respectively. Persistence of C. javanica conidia was significantly reduced at 48 h. However,
there was no significant difference between treatments for each experiment. When the
unformulated fungus was combined with different chemical insecticides no significant
difference was observed between fungal + chemical and fungus alone treatments (mycosis

ranged from 20.2 - 35% at 26 days after application) except for fungus + pyriproxyfen (<
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9.4%) on all dates. After fungus action with parasitoids in the field, mortality ranged from
90.3 - 98.1% after 26 days of fungal application. Following the promising results shown in
our screenhouse and field studies with C. javanica BRM 27666, Farroupilha Laboratory -
Lallemand has developed a conidial formulation of this isolate for B. tabaci control in several

cultures; this product is already under registration in Brazil.

3.1 INTRODUCTION

The invasive whitefly, Bemisia tabaci MEAM1 (Gennadius) (Hemiptera:
Aleyrodidae), is worldwide known for large losses each year in several crops including
bean, soybean, tomato, cotton and ornamental plants (Lapidot et al., 2014; Naranjo et al.
2010; Quintela et al., 2016). Damage are due to direct feeding on phloem sap, injection of
toxins and indirectly by sugar excretion that foster the growth of saprophytic fungi that
decrease the plant photosynthetic area and the commercial value of the crop (Stansly and
Natwick, 2010). In addition, adults can transmit more than 300 plant viruses to commercial
crops (Gilbertson et al. 2015; Navas-Castillo et al., 2011).

Since the outbreaks of B. tabaci MEAML1 in the early 1990s the spread and increase in
population of this species have been favored by Brazil's agricultural cropping system (with
three growing seasons), the large number of host plants and the tropical climate (Oliveira et
al., 2001; Quintela et al., 2016). Management of whitefly infestations are primarily achieved
through synthetic insecticides (Liang et al. 2012; Horowitz and Ishaaya, 2014). Repetitive
insecticide sprays have increased selection pressure and accelerated development of
resistance to multiple classes of insecticides in different regions of the world (Cahill et al.,
1996; Horowitz et al., 2004; Naveen et al., 2017; Silva et al., 2009).

Prior to the global outbreak of B. tabaci MEAML in the early 1990s, very little
attention was paid to the potential of entomopathogenic fungi for control of Bemisia (Lacey
et al., 2008). In United States, unacceptable losses occurred highlighting the need for an
organized, coordinated research and action effort to provide solutions to the problem and
prevent the extreme losses in cotton, vegetable, ornamental and nursery production in the
field and greenhouses (Oliveira et al., 2001; Lacey et al., 2008). A massive foreign
exploration for natural enemies of Bemisia (1990-1996) was made by the USDA
Agricultural Research Service to collect and develop fungi and other natural enemies of
whiteflies (Lacey et al., 1993, 1996; Kirk and Lacey, 1996; Poprawski and Lacey, 2000;
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Kirk et al. 2001). Exploration consistently revealed the complex of Cordyceps species
formerly classified in Isaria, (Kepler et al., 2017), including C. fumorosea and C. javanica,
are the most prevalent fungi attacking whiteflies in the field worldwide (Faria and Wraight,
2001; Lacey et al. 2008; Lacey et al. 1993, 1996; Humber 2002).

Cordyceps species complex have received the majority of attention for B. tabaci
control due to its ability to develop epizootics in the field, virulence against B. tabaci life
stages and notable mass production characteristics on solid substrate (Lacey et al., 2008,
2015; Mascarin et al., 2013, 2015). Extensive research has been conducted with Cordyceps
sp. for control of whitefly, B. tabaci, in laboratory and screenhouse conditions in wordwide
(Osborne et al., 1990a,b; Vidal et al., 1997b; Negasi et al., 1998; Wraight et al., 1998; Vidal
et al., 1998; Osborne and Landa, 1994; Cabanillas et al., 2009; Mascarin et al., 2013, 2014,
2018; Boaventura et al., 2020). In field conditions, the great majority of research performed
with Cordyceps sp. for whitefly control was conducted in curcubits, tomatoes and cotton
(Akey and Hennerberry, 1996; Ruiz-Vega and Aquino-Bolafios, 1999; Wraight et al., 1996,
2000; Ruiz and Medina, 2001; Azevedo et al., 2005).

Massive epizootics of Cordyceps javanica were observed as the predominant factor
controlling populations of B. tabaci in common bean, soybean, cotton, corn, guava and
tomato crops, in the 2012/2013 growing season at Federal District and Goias states in Brazil
(Quintela et al., 2016). Ten isolates were collected and studies to detect the best C. javanica
isolates were performed in laboratory (Mascarin et al., 2018) and screenhouse conditions
(Quintela et al., unpublished data). Based on the criteria of virulence, conidial production
and tolerance to UV-B radiation, three isolates of C. javanica—BRM 27666, BRM 27714
and BRM 27715-were selected.

In subsequent studies, Boaventura et al. (2020) assessed susceptibility of 1% to 4%
instars of Bemisia tabaci MEAML1 to three isolates of Cordyceps javanica, previously
selected, in a screenhouse under variable temperature and moisture conditions. The 1, 2"
and 3" instar nymphs were more susceptible to the three isolates of C. javanica than the 4"
instar, but the adults that emerged from 4™ instar treated nymphs were highly susceptible.
There was no difference in virulence between the three isolates. However, the ability of C.
javanica BRM27666 to grow extensively over the leaf surface and to produce a high amount
of conidia under humid conditions are attributes that certainly boost its capacity to spread

rapidly through whitefly populations. Based on combined attributes of high virulence and
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excelent sporulation in screenhouse bioassays this isolate was selected for field-testing
(Boaventura et al., 2020).

In other studies with C. javanica isolates, Santos et al. (2018) assessed the bioefficacy
of C. javanica and the insect growth regulators named spiromesifen and buprofezin alone
and in combination against B. tabaci nymphs under screenhouse conditions. The insecticides
did not influence the germination and mycelial growth of the C. javanica. In general, the
insecticide—fungus combinations increased nymphal mortalities in comparison with their
single counterparts. Furthermore, Zou et al. (2014) observed synergistic effect was observed
in the mortality of B. tabaci nymphs treated with C. fumosorosea combined with the
insecticides spirotetramat, imidacloprid and thiamethoxam.

The research on C. javanica reported here was conducted under soybean field
conditions with three principal objectives: (1) evaluate the efficiency of different
applications of one to three sprays of unformulated C. javanica in B. tabaci control and the
persistence of conidia in soybean leaves; (2) compare the efficiency of WP (wettable
powder) and WG (dispersible granule) formulations on nymphs and to evaluate the conidia
persistence in soybean leaves; (3) assess the efficacy of the fungus alone or in combination

with chemical insecticides for B. tabaci control.

3.2 MATERIALS AND METHODS

The field studies reported here were conducted at the Brazilian Agricultural Research
Corporation (Embrapa Rice and Beans) located at Santo Antdnio de Goiés, Goias state
(Central Brazil) (16°30°24,57” S, 49°17°06,53” W) and were the result of a collaboration
between Embrapa and Lallemand (Patos de Minas, Minas Gerais, Brazil) under a
Collaborative Research and Development Agreement. The experiments were conducted
from January to April, 2018 with mean temperature of 22.3 °C (ranged from 17.2 to 31.1
°C) (Fig. 1A), and mean relative humidity of 83.1% (ranging from 40 to 100%) (Fig. 1B).

3.2.1 Whitefly species

The whitefly Bemisia tabaci was identified as Middle East Asia Minor 1 (MEAM 1)
(formerly biotype B) by molecular gene sequence markers from mtDNA cytochrome
oxidase | (mtCOl) (Quintela et al., 2016).
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3.2.2 Fungal origin and production

The C. javanica isolate BRM 27666 was obtained from infected nymphs B. tabaci
collected from soybean in Porangatu, Goias in 2013 and selected for field testing on the basis
of combined attributes of high virulence and excelent sporulation in screenhouse bioassays
(Boaventura et al., 2020).

The isolate was preserved in liquid nitrogen and deposited at the Invertebrate Fungal
Collection at Embrapa Genetic Resources and Biotechnology, Brasilia-DF, Brazil. For
fungal identification, polymerase chain reaction (PCR) amplifications of the partial B-tubulin
gene were performed with 1x AmpliTag Gold 360 Master Mix (Applied Biosystems, Foster
City, CA, USA), ~100 ng template DNA, and 0.2 uM each of primers bt2a and bt2b (Glass
and Donaldson, 1995; Mascarin et al., 2018).

Cordyceps javanica BRM27666 was used in the experiments as unformulated and
formulated conidia. Unformulated conidia were produced in autoclaved parboiled rice using
the solid fermentation technique mentioned by Mascarin et al. (2013) at Embrapa Rice and
Beans (Santo Antonio, Go, Brazil). The conidial suspension was obtained after washing the
colonized rice grains with the surfactant solution 0.01% Silwet® L-77. The formulated
conidia were provided by Lallemand (Patos de Minas, Mg, Brazil). The isolate was
formulated as wettable powder (WP) and water dispersible granule (WG). To determine
conidial concentrations of the formulations a 0.1 g sample of each was placed in 10 mL of
sterile aqueous solution of 0.01% (v/v) Tween 80 into 50-mL plastic centrifuge tubes and
vigorously agitated on vortex for 15 min. Conidial concentrations were determined by
haemocytometer (Brightline Improved Neubauer, New Optik®, Brazil) at 400x
magnification. Conidial viability was determined after 18 h at 26 °C and exceeded 95%
germination. All conidia with visible germ tubes of any length were scored as viable.

The conidial suspensions were prepared with the carrier surfactant solution 0.01%
Silwet® L-77 (Momentive Performance Materials Ltd., Waterford, NY). According
Mascarin et al. (2014) Silwet L-77 was compatible to C. fumosorosea (=C. javanica)
resulting mostly in additive and synergistic insecticidal activity against B. tabaci MEAM1

nymphs.
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3.2.3 Insecticides

The synthetic chemical insecticides used in the experiments were flupyradifurone
(Sivanto Prime® 200 SL [Soluble Concentrate], 20% [Al], technical grade 4-[(6-chloro-3-
pyridylmethyl)(2,2-difluoroethyl)amino]furan-2(5H)-one), cyantraniliprole (Benevia® OD
[suspension concentrated in oil], 10% [Al], technical grade 3-bromo-1-(3-chloro-2-
pyridinyl)-N-[4-cyano-2-methyl-6-[(methylamino)carbonyl]phenyl]-1 H-pyrazole-5-
carboxamide), spiromesifen (Oberon® SC [Suspension concentrate], 24% [Al], technical
grade 3-mesityl-2-oxo-1-oxaspiro[4.4]non-3-en-4-yl  3,3-dimethylbutanoate) and
piryproxifen (Tiger® 100 EC [Emulsifiable Concentrate], 10% [Al], technical grade 4-
fenoxyphenyl (RS)-2-(2-pyridyloxy) propyl ether. These products are currently registered
for the control of B. tabaci in soybean in Brazil (Agrofit, 2020).

3.2.4 Field experiments

In experiment 1, different applications number of unformulated C. javanica at 1 x 10*2
conidia ha was sprayed once (February 28, 2018), twice (February 28 and March 7, 2018)
and three times (February 28 and March 7 and 14, 2018) at 7 days intervals. In experiment
2, WP and WG formulations of C. javanica at 2 x 10! conidia ha™* were sprayed at February
28, 2018. The chemical insecticide flupyradifurone was used in the bioassays as a reference
for comparison. In experiment 3, unformulated C. javanica was tested alone at 1 x 10*2
conidia ha or in combination with four chemical insecticides: flupyradifurone 100 g
[Al]/ha, cyantraniliprole 50 g [Al]/ha, spiromesifen 120 g [Al]/ha and pyriproxyfen 25 g
[Al]/ha. The chemical insecticides were also tested alone. All treatments were sprayed at
March 12, 2018.

For all experiments, the cultivar seeded was soybean NS7550 I-PRO at 16 seeds m™
with 0.50 m row spacing in January 23, 2018. Agronomic practices used were those
recommended for soybean production in Brazilian savannah (‘Cerrado’) (Tuelher et al.,
2016). The experimental design was a randomized block with four replicates and
experimental plot with five lines of 5.0 m long and spaced 0.5 m (12.5 m? area).

All field applications were made using costal sprayer pressurized with CO> connected
to a compressed-air cylinder with an operating pressure of 3 kgf/cm? and Dropleg"" bar
(Lechler) (spray from bottom to top) fitted with four sets (base + two nozzles) (model:
TwinSprayCap, system Multijet, for flood nozzles). The control group was treated with

surfactant solution 0.01% Silwet® L-77. Applications were made during the afternoon (after
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4 p.m.), with lower incidence of solar radiation and mild temperatures. The treatments were
sprayed at a rate of 200 L/ha.

To assess mortality of nymphs 20 leaflets of each parcel was collected before spraying
and after 7, 14, 21 and 28 days for evaluation of live, dead and parasitized nymphs under a
dissecting stereomicroscope (Leica) at 40x magnification. For the third experiment, 15
leaflets were collected up to 21 days. Nymphs were considered dead by the fungus became
desiccated or developed yellowish symptoms with mycelial or conidial growth (Mascarin et
al., 2013; Boaventura et al., 2020). For the fungal infection confirmation, ten leaflets were
incubated inside Petri dishes with a wet cotton added to the leaf petiole for five days in a
growth chamber of the BOD at 26°C, 80-90% RH with 12-hr photoperiod to evaluation of
mycosis in nymphs.

The harvest of the experiments was performed at 81 DAE (harvest: May 23, 2018) at
the physiological maturation point of the crop. The yield and the mass of one hundred grains
were determined from plants of the useful area of each plot. After threshing the grains were
weighed and the data corrected to 13% wet basis. The meteorological data were obtained at
Embrapa Rice and Beans Climatological Station. The temperature in the field ranged from
17.2t0 32.1 °C (mean 22.7 °C) (Fig. 1 A) and RH from 40 to 100% (mean 58.7%) (Fig. 1B).

Conidia persistence on leaves was also performed for experiments. After spraying of
treatments (Experiments 1 and 2), ten leaflets of each plot in soybean field, in the middle
part of the plant totally exposed to the sun, were collected at 0, 16, 20, 24, 40 and 48 hours.
In laboratory, the leaflets (10 per repetition) were cut through a 3.2 cm diameter cylinder
and deposited in a 125 mL Erlenmeyer flask containing 50 mL of 0.01% Tween 80. The
suspension was shaken for five minutes in a chilled incubator with Shaker orbital at 400 rpm.

Three dilutions were performed and 100 pL of each sample was added on a 9.0 cm
diameter Petri dish of oat medium with antibiotic (500 mg/L) and dodine fungicide (500
ppm/L). The suspension was spread with Drigalski loop over the entire plate area. The plates
were incubated for five days in a growth chamber of the BOD (Biochemical Oxygen
Demand) at 26°C, 80-90% RH with 12-hr photoperiod. Then, it was evaluated the number

of colony forming units (UFC) was evaluated.

3.2.5 Data analysis
For experiments 1, 2 and 3 the independent variables were tested for residual normality

and homogeneity of the variance by using the Kolmogorov—Smirnov and Levene’s test,
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respectively. When the data were found to deviate from these assumptions, non-parametric
procedures (Kruskal-Wallis) were carried out.

For conidia persistence in experiments 1 and 2 curves were adjusted according to non-
parametric models and compared using the Wilcoxon-Mann-Whitney test (P<0.05). This
non-parametric statistic method was used for comparison of two unpaired groups to verify
whether or not they belong to the same population and when the requirements for application
of Student's t test were not met. All statistical analyses were carried out at a 95% confidence

interval using the R software (R Development Core Team, 2016).

3.3 RESULTS
3.3.1 Cordyceps javanica formulated and unformulated

Field trials revealed that the mortality of B. tabaci nymphs was affected by directly
spray the fungal treatments. After 14 days the growth and sporulation of C. javanica hyphae
was visible and all nymphs dead by the fungus were infected. During this period, rainy days
and high humidity were observed, which promoted sporulation of the fungus in the field.
Futhermore, a high parasitism rate caused by Encarsia sp. and Eretmocerus sp. parasitoids
was observed in all treatments and increased significantly throughout the experiment.

In the first experiment, it was observed that parasitism was not affected by any of the
treatments resembling control at all evaluation dates. Parasitism ranged from 2.8-7.3%, 19.8-
32.6% and 31.8-52.5% after 14, 21 and 28 days, respectively. On all dates, fungal treatments
were significantly different from control and flupyradifurone (Table 1). There was no
difference in mycosis at 14 and 21 days after spraying (ranged 21.9 to 24.6% and 31.4 to
42.2%, respectively). However, it was observed that after 28 days and three applications of
the fungus the number of mycosis nymphs was significantly higher compared to the fungus
applied once and twice (47% and 27.7 — 35.5%, respectively) (Table 1). When nymphs were
not identified as dead by the fungus or parasitoid, they were considered dead by other causes.
However, there was no difference in mortality between treatments, except after 21 days
(ranged 3.4 to 10.2%) (Table 1). Overall, there was no difference in the percentage of total
mortality at 7 days after spraying (4.8 — 12%). However, total mortality was significantly
higher in fungal treatments after 14 and 21 days after application ranging from 36-45.2 to
68-72.6%, respectively. After 28 days of application, there was no difference between
treatments (64.3-84.2%) due to high parasitism rate in all treatments (Table 1).
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When maintained on BOD for five days to confirm fungal infection mortality increased
significantly. On all evaluation dates parasitism between treatments was similar to control
except after 26 days (1.8-13.1%, 7.5-17.5 and 33.5-64.3 after 12, 19 and 33 days,
respectively) (Table 2). On this date, the number of nymphs killed by parasitoids after three
applications of fungus and flupyradifurone (24 and 17.7%, respectively) were significantly
different from control (41%). The number of mycosed nymphs (ranged 39.5-60.5%) was
significantly different from control and chemical insecticide (0 to 8%) at all evaluation dates
(Table 2). There was no difference between the number of applications of unformulated
fungus, except after 33 days when the number of mycosis nymphs was higher after three
applications than in two. About nymphs killed by other causes, a significant difference was
observed only at 19 days after application. Overall, after 12, 19 and 26 days the total
mortality of nymphs was significantly higher in fungal treatments compared to control. Total
mortality of nymphs after one to three applications of C. javanica ranged from 49.8 to 96.8%
(Table 2).

In the second experiment, parasitism rate was similar between treatments for all
evaluation dates (<52.3%). There was no significant difference between WP and WG
formulations (11.3-18%, 27.6-29.3% and 25.4-32.3% after 14, 21 and 28 days, respectively).
However, the formulations were different from control and chemical insecticide (ranged 0.1
to 5.1%). There were no significant differences between treatments for the number of
nymphs killed by other causes (<14.7%) (Table 3). The total mortality rate of nymphs was
higher for WP compared to other treatments after 7 days of application. However, after 14
days the formulations were similar (41.4-42.7%, respectively) differing from control and
flupyradifurone (<21.6%). After 21 and 28 days there was no significant difference between
the treatments which, due to the high parasitism rate, varied between 39.3-68.4% and 64.3-
81.6%, respectively (Table 3).

The mortality of dead and infected nymphs increased with leaf incubation in BOD for
all treatments for 5 days. At all evaluation dates, the parasitism rate in the treatments was
similar to the control ranging from 36.3 to 64.3% after 33 days of application (Table 4). The
number of mycosis nymphs was significantly different from control and flupyradifurone on
all dates. The number of mycosed nymphs was similar between formulations on all dates
(ranged 42.7 to 52.7%) (Table 4). There was no difference between the number of nymphs
killed by other causes (< 7.8%), except at 19 days. At 12 and 19 days after application, total
nymph mortality was significantly higher for formulation WP (59.6%) and WP/WG (ranged
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58.1 to 64.2%), respectively, compared to control (<16.8%). After 26 days with high
parasitism rate treatments differed only from chemical insecticide (62.2-80.8% and 36.1%,
respectively). There was no difference in the percentage of total mortality between
treatments after 33 days (ranged 64.3-90.0%) (Table 4).

3.3.1.1 Persistence of conidia

Conidia persistence was evaluated in experiments 1 and 2 after the first spraying of
Cordyceps javanica in the field. In the first experiment (only one application in all
treatments) it was observed that the initial population of leaf conidia ranged from 7.1 to 10.7
x 103 conidia cm? (Fig. 2). However, a significant reduction was observed within 48 hours
after application. After 16 hours of fungus application the number of conidia ranged from
2.8 to 3.0 x 103 conidia cm?2. At 24 and 48 hours between 1.7 to 2.0 x 108 conidia cm? and
0.8 to 1.2 x 10°% conidia cm?, respectively (Fig. 2). No differences among the fungal
treatments were observed for persistence of unformulated C. javanica conidia, but all these
differed from the control (Fig. 2, Table 5).

In the second experiment the conidia population in the WP and WG formulations was
initially 7.7 and 5.3 x 103 conidia cm?, respectively, but reduced over time (Fig. 3). At 16
hours after application this number decreased to 3.9 x 103 conidia cm? (WP) and 2.1 x 103
conidia cm? (WG); 24 and 48 hours after application the number of conidia decreased from
2.8 t0 1.4 x 103 conidia cm? for WP and from 2.6 to 0.5 x 103 conidia cm? for WG (Fig. 3).
In the WP formulation, more soybean leaf conidia were recovered during the experiment.
However, the persistence of conidia was similar between the two formulations tested (Fig.
3, Table 5).

3.3.2 Combination of Cordyceps javanica with chemical insecticides

At 7 days after application, nymphal mortality induced by C. javanica in combination
with chemical insecticides (6.8 — 8.4%) showed no significant difference compared to fungus
alone (10.6%), except for fungus with pyriproxyfen (0.8%) (Fig. 4A). There was no
difference between the combination of fungus + pyriproxyfen with single applications of
insecticides and control (Fig. 4A). On this date, parasitoid mortality was significantly high.
The parasitism rate ranged from 18.7 to 31.7% in all treatments. There was no difference
compared to the control (Fig. 4A). In combination with parasitoids, mortality in fungal
treatments varied between 35.6 - 54.7 after 7 days (Fig. 4A).
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At 14 days after application, mortality in treatments combining fungus with
flupyradifurone, cyantraniliprole and spiromesifen were similar to fungus alone (13.8 —
24.4%) (Fig. 4B). However, C. javanica alone resulted in higher mycosis than the mixture
of this fungus + pyriproxyfen. This treatment was statistically different, resembling only
control and insecticides alone (< 3.5%) (Fig. 4B). The parasitism rate was similar to the
control in all treatments except for the fungus alone (Fig. 4B). Overall, mortality in fungal
treatments was significantly high ranging from 57.7 - 79% (Fig. 4B).

At 21 days after application, no differences in mortality percentage were observed by
mixed treatments (11.1 — 19.5%) compared with the fungus applied singly (23.3%), except
for the mixture with pyriproxyfen (3.7%) (Fig. 4C). Treatments with fungus alone and in
combination with insecticides (except fungus + pyriproxyfen) were significantly different
from control and chemical insecticides applied alone (Fig. 4C). A high parasitism rate was
observed in the treatments; however, all treatments were similar to the control (Fig. 4C). In
all fungal treatments the mortality of nymphs after joint action with the parasitoids ranged
from 69.4 - 85.9% (Fig.4C). Under BOD conditions for 5 days the number of dead and
sporulated nymphs increased significantly. It was observed that in fungal treatments the high
percentage of "others" were confirmed as infected by the fungus.

When maintained in BOD for 5 days, at 12 days after application, the proportion of
sporulated nymphs was not significantly affected by mixing the fungus with insecticides,
except in combination with pyriproxyfen (Fig 5A). Mortality of nymphs by fungus alone or
in combination with insecticides flupyradifurone, cyantraniliprole and spiromesifen was
17.8, 17.2, 12.5 and 18.5, respectively (Fig. 5A). All of these treatments were significantly
different from control and insecticides applied alone (< 2.2%). There was no difference in
parasitism rate between treatments compared to control (ranged 22.3 — 53.8%) (Fig. 5A). At
12 days after spraying, nymph mortality in fungal treatments ranged from 40.6 to 71.8% due
to combination with parasitoids (Fig. 5A).

At 19 days after application, the mycosis percentage was significantly lower when C.
javanica was combined with spiromesifen (22.2%) compared to the fungus alone (47%).
However, the combinations of fungus with flupyradifurone and cyantraniliprole (30.4 and
27.1%, respectively) were similar to the fungus alone (Fig. 5B). The parasitism rate was
significantly high between treatments. Only the fungus alone caused a significant reduction
compared to control (Fig. 5B). Overall, the mortality caused by fungal treatments ranged
between 74.7 — 95.1% (Fig. 5B).
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At 26 days after application, the fungus alone caused 35% of mycosis; only the
combination fungus with pyriproxyfen caused significant different mortality (9.4%). The
combination of C. javanica with other chemical insecticides caused significantly higher
mortality than control and insecticides alone (Fig. 5C). The parasitism rate was significantly
higher than the other dates. Treatments with fungus alone and in combination with
flupyradifurone and cyantraniliprole showed significant difference compared to control (Fig.
5C). With significantly high mortality, in the fungal treatments the control by the joint action

of these natural enemies reached 98.1% (Fig. 5C).

3.4  DISCUSSION

The great majority of field tests of fungal pathogens against Bemisia spp. have been
conducted with C. fumosorosea and B. bassiana in cucurbits, tomatoes and cotton have
typically resulted in 50-70% reductions in nymphal B. tabaci populations (Lacey et al.,
2008). This study is the first to report effective control of B. tabaci by C. javanica in soybean.
The isolate BRM 27666 used in the current study was highly infectious to B. tabaci nymphs
promoting high levels of mycosis in field conditions (= 60%). We attribute this high efficacy
to several factors, including: (1) the optimal humidity and temperature conditions recorded
in the field, (2) the use of a drop leg bar that sprays the fungal suspensions from bottom to
top of the plants, (3) the association between fungus and parasitoid.

In addition to environmental factors, the method of application is another important
factor to consider. Target insects have to acquire a sufficient number of conidia for infection
to occur. High levels of whitefly nymph control were achieved by Wraight et al. (2000) in
tests in which high rates of fungal conidia were applied with a portable, hand-targeted air-
blast sprayer and coverage of leaf undersides was verified. Coverage on the lower leaf
surface where the target insects are located is particurlaly important for C. javanica because
their active ingredients (fungal conidia) must contact the insect cuticle for germination (Liu
et al., 1999). Therefore, immature whiteflies, being sessile, need the fungus ‘‘to come to
them’” which makes it difficult to apply conidia with conventional sprayers (Jaronski, 2010;
Mascarin et al., 2016). In general, the dropleg bar provide better distribution of the spray
broth in the canopy and higher deposition of active ingredients on plant parts which are
difficult to reach such as the lower sides of leaves and the lower parts of shoot (Riegg and

Total, 2013) which is important for the effective control of the whitefly nymphs.
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Some of the best and most consistent results in the field have been obtained against
nymphal whitefly populations infesting cucurbits. In tests by Wraight et al. (2000), C.
fumosorosea and B. bassiana was applied against whitelfy nymphs infesting cantaloupe and
honeydew melons, cucumber and zucchini squash. Control levels of 86 — 98% were achieved
with both pathogens following 3 — 5 applications of low to high rates of conidia (1.25 -5 x
10%3 conidia ha'l) at 4 — 7 days intervals using a portable air-blast sprayer. In our experiments
the number of applications and the dose has been reduced. After conidial sprays of 1 x 10*?
conidia ha* with conidia of unformulated fungus applied at 7 days intervals (3 applications)
with a drop leg bar mycosis ranged between 47 — 59.1% after 28 and 33 days of application,
respectively. The number of applications did not increase the effectiveness of the fungus,
except at 28 and 33 days. After only one application of the formulations, the mycosis
percentage in WP and WG treatments after application of 2 x 10! conidia ha* ranged from
25.4 — 41.3% for the same date. Wraight et al. (2000) observed that the effective
concentrations were achieved through the multiple, frequent applications with the highly
efficient portable sprayers. In terms of microbial control potential, differences in leaf
morphology/physiology and growth habits of the plants should also be considered; the
physical and chemical characteristics of the cucurbit phylloplane and phyllosphere are highly
favorable for fungal infection of these sessile, scale-like insects (Lacey et al., 2008).

Another factor observed was the high parasitism rate by the Encarsia sp. and
Eretmocerus sp. parasitoids in all treatments. Many natural enemies, including parasitoids,
predators and entomopathogens are responsible for the suppression of whitefly populations
(Lacey et al., 2008). However, in our study the abundance of parasitoids in fungal treatments
was similar to control in most cases showing that C. javanica did not interfere with
parasitism rate. Studying the complex interaction between the parasitoid, the pathogen and
the whitefly Fransen and Van Lenteren (1993, 1994) observed that both natural enemies can
act complementarily. Our studies showed that in the treatments with formulated and
unformulated fungus mortality ranged between 67.9 — 76.9% and 72.6 — 81.6%, respectively,
what demonstrates apparent synergistic activity of C. javanica with the parasitoids
Eretmocerus spp. and Encarsia spp.. Sterk et al. (19954, b, 1996) also noted little or no effect
of C. fumosorosea on E. formosa and several predators used for control of greenhouse
whitefly. However, there may be a reduction in predation due to partial competitive

exclusion. Laboratory and field studies suggest that E. formosa has the capacity to
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discriminate between healthy and fungus-infected whiteflies and commonly avoid laying
eggs in whitefly hosts infected (Lacey et al., 1996; Jazzar and Hammad, 2004).

The integration of fungi into comprehensive IPM programs will not only depend on
compatibility with other biological control agents, but also with chemical methods of
control, and the prevailing environmental conditions in a given cropping system and their
effects on infectivity and persistence of spores (Lacey et al., 2008). Chemical insecticides
might inhibit cellular and immune responses and improve fungal infection, affect the insect
cuticle facilitating fungal penetration and development or might avoid removal of conidia
from cuticle (Quintela and McCoy, 1998; Silva et al., 2013). In our studies, the association
of C. javanica with pyriproxyfen reduced the fungal mycosis on B. tabaci nymphs. Anderson
and Roberts (1983) showed that B. bassiana is also affected by the chemical insecticide
pyriproxyfen by inhibiting the development and reproduction of this entomopathogen.
However, the combination of C. javanica with the chemical insecticides flupyradifurone,
cyantraniliprole and spiromesifen did not affect mycosis nymphs that ranged from 20.2 —
35% after 26 days of application.

In general, nymph mortality in fungus + insecticide treatments was highly significant
after complementary action of parasitoids (ranged from 90.3 — 98.1% after 26 days of fungal
application). The parasitism rate during the experiment was significantly high. Unlike
experiments with formulated and unformulated fungus, this experiment was sprayed at
different nymphal stages (2"%/3" instar). The egg-to-adult periods of E. formosa are shorter
on third and fourth instar nymphs, thus indicating a better performance for development of
this parasitoid on these nymphal instars of B. tabaci. Younger host stages are more abundant
and easy to find. However, younger stages have lower amounts of nutrients, thus slowering
parasitoid immature development and increasing the time of exposition to negative
environmental influences (Gerling, 1990; Labbe, 2009).

The survival of conidia in the field is likely to be affected by UV light, moisture and
temperature (Jaronski, 2010; McCoy et al., 1988; Tian et al., 2014). However, conidia of C.
fumosorosea are rapidly killed by solar radiation, particularly UV-B (Fargues et al. 1996,
1997; Smits et al. 1996, Zimmermann, 2007; Mascarin et al., 2018). In our study, the
persistence of C. javanica conidia significantly reduced at 48 hours and showed no
significant difference between treatments for each experiment. Fargues et al. (1996)
demonstrated that C. fumosorosea conidia are highly susceptible to solar radiation and even

more susceptible compared to M. anisopliae and B. bassiana conidia. Furthermore, the
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interaction between temperature and solar radiation also has a detrimental effect on the
persistence of C. fumosorosea conidia (Smits et al., 1996). Therefore, the application of
fungus under field conditions should be conducted at late afternoon when temperature and
solar radiation are not too high and RH is high. For this reason, formulated products,
containing such materials as oils, humectants, UV-protectants, and nutrients to stimulate
germination and growth, have great potential to provide better, more consistent results
(Burges, 1998; Wraight et al., 2001). The wettable powder (WP) and water dispersible
granule (WG) formulation of C. javanica were tested in our experiments but its composition
IS unknown.

The potential of C. javanica BRM 27666 supports the development of a
mycoinsecticide. Following the promising results shown in our screenhouse (Boaventura el
al., 2020) and field studies with C. javanica, the isolated BRM 27666 is already under
registration in Brazil by Lallemand for control of whiteflies in several cultures. It is
necessary to integrate these organisms with other tools, such as predators and parasites, and
cultural practices, to create sustainable, biologically based systems, where possible, and not
to use the fungi by themselves (Jaronski, 2010). The use of this mycoinsecticide in integrate
pest management (IPM) programs represents an eco-friendly strategy to minimize chemical

insecticide resistance by B. tabaci.
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Table 1. Number of live and dead nymphs (parasitoids, C. javanica - unformulated and other causes) before spraying and 7, 14, 21 and 28 days after spraying.
Same letters indicate that mean are not statistically different by the Friedman test (P<0.05).

Number of nymphs (20 leaves)

Treatments (Zﬂtj: nfrgzzz) Alive Parasitized Mycosed Diziggger Total dead (%)
Before spraying
One spray 340+ 217 a 327.0+208.0a 0 0 13.7+£99a -
Two sprays 306 +£120a 301.0+£120.0a 0 0 52+13a -
Three sprays 255+ 303 a 247.0 £ 306.0 a 0 0 7.7+t58a -
Flupyradifurone 306 +104a 299.0+101.0a 0 0 70+30a -
Control 297+230a 289.0+227.0a 0 0 8.0+98a -
7 days after spray
One spray 191+116.4a 160.0+98.6 a 0 -1 305+18.0a 16.1x14a
Two sprays 173+735a 151.0+£60.1a 0 - 222+166a 11.6+56a
Three sprays 174 +135.8 a 148.0+ 1122 a 0 - 26.0+238a 13.0+42a
Flupyradifurone 132+822a 119.0+ 744 a 0 - 122+ 141a 75%9.1a
Control 172 +£100.2a 161.0+1029a 0 - 115+11.7a 76+70a
14 days after spray
One spray 197 £93.3a 106.0+£39.3a 10.0+9.1a 57.0+46.2a 240+£209a 40.2+216a
Two sprays 224+ 856a 142.0+542a 195+183a 54.0+220a 78+103a 36.0+£35ab
Three sprays 184 +105.9 a 100.0 +55.3a 190+131a 51.2+36.4a 135+195a 452*7.1a
Flupyradifurone 106 £59.6 a 88.0+46.2a 52+6.2a 02+£05b 13.0+194a 174+99c
Control 125+61.0a 100.0+53.2a 11.2+83a 22+39b 11.8+9.1a 21.6+7.9bc
21 days after spray
One spray 305+120.2a 93.5+46.7a 88.0+30.2a 1005+733a 227+166a 68.0x115a
Two sprays 202 £65.9 ab 53.5+13.9ab 51.5+26.7ab 93.2+253a 35%57b 726+44a
Three sprays 192+8495b 63.0 £ 36.8 ab 575+29.8ab 65.5+29.1a 65%7.7ab 689+8.1a
Flupyradifurone 92+65.4c 50.0+3540D 342+313b 47+55bDb 3.0+36ab 39.3+18.3b
Control 182 +82.0 bc 86.0+38.0a 85.5+51.8ab 9.5+9.1b 0.7+15b 525+4.7b
28 days after spray
One spray 176 +56.2 28.2+125a 948+255a 522+246b 07x15a 84.2+4.2 a
Two sprays 180+ 110.4 49.2+585a 68.0+243a 525+246b 105%19.7a 77.3t126a
Three sprays 204 £92.3 30.2+109a 76.8+498a 912+45l1la 62x112a 82.1+9.54a
Flupyradifurone 90 £45.8 23.0+159a 59.2+30.5a 3.2+39c 45+77a 72.9+16.3a
Control 153+£775 485+275a 99.8+64.4a 42+44¢c 0.2+05a 64.3+21.3a
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Table 2. Number of live and dead nymphs (parasitoids, C. javanica - unformulated and other causes) at 12, 19, 26 and 33 days after spraying.
Same letters indicate that mean are not statistically different by the Friedman test (P<0.05).

Number of nymphs (10 leaves)

Treatments (,I\(I)i?é nﬁ’ggzg) Alive Parasitized Mycosed Deczctséger Total dead (%)
12 days after spray
One spray 56.0+12.8a 29.0x17.7a 125+19a 25.2+138a 050+1.0a 49.8+29.2ab
Two sprays 52.5+22.6 ab 260+ 116a 225+19a 23.8+10.7a 050+0.6a 50.8+854ab
Three sprays 455+ 36.9ab 19.2+16.1ab 350+x44a 21.8+15.7 a 10x14a 58.9+9.8a
Flupyradifurone 13.0+£80¢c 105+76b 225+29a 00 b 0.25+05a 20.7+31l5hc
Control 32.2+12.6 bc 28.0+11.6ab 225+21a 1.0+14b 10+14a 142+10.8¢c
19 days after spray
One spray 93.2+37.3a 325+116a 10.7+11.1a 50.0+£28.0a 00b 61.1+20.0ab
Two sprays 141.8+45.6 a 57.2+286a 17.7+51a 66.0+x176a 0.7x05a 62.0 + 10.6 abc
Three sprays 94.2+40.7 a 275+150a 122+85a 545+241a 00b 715+6.6a
Flupyradifurone 435+158h 26.2+184a 13.7+20.0a 0.7+x15b 27+x43ab 33.2+419hbc
Control 57.8+26.0b 470+194a 9.7+87a 1.0+£0.8b 0.0b 16.8+10.0¢c
26 days after spray
One spray 1342 +55.7a 185+18.2a 48.0+138a 67.0+52.8a 0.2+05a 846+156a
Two sprays 108.5+33.7a 135+80a 28.0+14.1ab 67.0+149a 0.0a 87.8+44a
Three sprays 75.8+53.8ab 152+81la 20.0+145b 400+36.1a 05+0.6a 779+4.2ab
Flupyradifurone 352+18.1b 21.8+105a 11.0£9.1b 1.0+1.1b 15+24a 36.1+111¢c
Control 87.2+45.1ab 31.2+130a 53.2+36.2a 25+5.0b 0.2+05a 62.2+7.9 bc
33 days after spray
One spray 87.5+30.0a 3.0+53a 46.2+145a 37.7+26.4ab 05+0.6a 96.8+5.8a
Two sprays 788+346a 11.8+15.0a 35.2+106a 31.2+149b 05+1.0a 88.3+104a
Three sprays 89.2+285a 55%42a 315+14.0ab 522+185a 00a 93.0+6.1a
Flupyradifurone 275+135b 105+8.7a 16.2+6.8b 0.7+£09c 0.0a 64.3+£16.6b
Control 75.5 £ 60.5 ab 10.0+123a 55.5+57.1ab 9.2+10.2¢ 0.7+09a 80.0+232a
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Table 3. Number of live and dead nymphs (parasitoids, C. javanica - formulated and other causes) before spraying and 7, 14, 21 and 28 days
after spraying. Same letters indicate that mean are not statistically different by the Friedman test (P<0.05).

Number of nymphs (20 leaves)

Treatments To_tal nymphs Alive Parasitized Mycosed Dead other Total dead (%)
(Alive + Dead) causes
Before spraying
WP 176 £ 118 a 164.0+1120a 0 0 11.0+13.7a -
WG 308 £347a 298.0+340.0a 0 0 100+ 74a -
flupyradifurone 306 + 104 a 299.0+101.0a 0 0 70+30a -
Control 297+230a 289.0+227.0a 0 0 8.0+9.8a -
7 days after spray
WP 193+112.3a 151.0+84.3a 0 -1 420+31.2a 203+73a
WG 222+ 117.0a 192.0+96.3a 0 - 30.5+252a 128+5.7hb
flupyradifurone 132+82.2a 119.0+ 744 a 0 - 122+141a 74+92b
Control 172+£100.2a 161.0+1029a 0 - 115+117a 76+70b
14 days after spray
WP 133+104.2a 77.2+60.0a 155+6.2a 157+£16.0a 24+£32.7a 414+ 4.7a
WG 193+ 185.8a 87.8+52.8a 125+145a 622+86.7a 31+422a 427+195a
flupyradifurone 106 £59.6 a 88.0+46.2a 52+209a 02+05b 13+194a 17.4+99¢
Control 125+61.0a 100.0+53.2a 11.2+83a 22+39b 12+9.1a 216+79b
21 days after spray
WP 176 £80.2 a 51.0+25.4b 59.2+315a 57.7+564ab 7.7+129a 684+124a
WG 183+114.8a 60.5+ 18.0ab 628+37.3a 600+626a Oa 62.0+12.8a
flupyradifurone 92+65.4a 50.0+35.4b 342+31.3a 47+55b 30+36a 39.3+18.3a
Control 182 +82.0a 86.0+38.0a 85.5+518a 95+9.1b 0.7+15a 525+4.7a
28 days after spray
WP 154 +87.1 ab 39.8+385a 65.5+412a 457+ 46.7 a 35+6.3a 715+18.1a
WG 190+ 98.6a 31.2+16.3a 89.5+352a 69.0+642a Oa 816+99a
flupyradifurone 90+45.8b 23.0+159a 59.2+30.5a 3.2+39b 45+77a 729+16.3a
Control 153+ 77.5ab 485+275a 99.8+64.4a 42+4.4b 02+05a 64.3+21.3a
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Table 4. Number of live and dead nymphs (parasitoids, C. javanica - formulated and other causes) at 12, 19, 26 and 33 days after spraying.
Same letters indicate that mean are not statistically different by the Friedman test (P<0.05).

Number of nymphs (10 leaves)

Treatments (Zﬂtj: nfrgzzz) Alive Parasitized Mycosed Diﬁgger Total dead (%)
12 days after spray
WP 54.0+27.8a 238+226a 65+85a 218+179a 20x1l4a 59.6 £25.1a
WG 33.2+98a 150+150a 3.0x4.1la 145+9.1a 0.7+15a 57.4+345ab
Flupyradifurone 13.0+ 80b 105+76a 22+29a 0b 02+05a 20.7+316ab
Control 322+126a 280+116a 22+21la 1.0+14b 10+14a 142+10.8b
19 days after spray
WP 720+ 258a 315+17.3a 13.2+188a 280+164a 00b 58.1+79a
WG 109.5+111.9 ab 35.0+27.3a 122+144a 620+723a 02x05ab 64.2+109a
Flupyradifurone 435+158b 262+184a 13.7+200a 07%15b 27+43a 33.2+419ab
Control 57.8+26.0 ab 47.0+194a 9.7+87a 1.0£0.8b 0b 16.8+10.0b
26 days after spray
WP 625+ 16.5a 19.8+4.3a 198+43a 23.0+139a Oa 66.0+134a
WG 109.0+47.8a 18.8+187a 188+187a 450%x243a Oa 80.8+21.2a
Flupyradifurone 352+18.1b 21.8+105a 21.8+105a 10+£11b 15+24a 36.1+11.1b
Control 87.2+451a 31.2+130a 31.2+130a 25+5.0b 02+05a 622+79a
33 days after spray
WP 86.5+35.4a 120+13.1a 415+21.0a 31.0+283a 20+27a 87.2+128a
WG 75.8+45.0a 50+29a 375+253a 31.7+256a 15+24a 90.0+89a
Flupyradifurone 275+135a 10.5+8.7a 16.2+6.8a 0.7+09b Oa 64.3+16.6a
Control 75.5+60.5a 10.0+123a 555+571a 9.2+102ab 0.7+09a 80.0+232a
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Table 5. P values (P< value) of comparisons of conidia persistence curves after spraying of
unformulated Cordyceps javanica and in formulations WP and WG (1, 2 and 3 applications) under
field conditions. The Wilcoxon-Mann-Whitney test was used to calculate the P values. The curves

were considered significant at P<0.05.

Unformulated

Treatments UF 1x UF 2x UF3x __ flupyradifurone
Control 0.0021 0.0021 0.0021 0.3939
UF 1x - 0.9372 0.8182 0.0021
UF 2x - - 1 0.0021
UF 3x - - - 0.0021

Formulations

WP WG flupyradifurone
Control 0.0021 0.0021 0.3939
WP - 0.2403 0.0021
WG - - 0.0021
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Figure 1. Temperature, solar radiation (A), relative humidity and rainfall (B) at daily intervals in the
experimental area during the study of efficacy of C. javanica, from late February to April of 2018.
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Figure 2. Persistence of C. javanica conidia in soybean leaves after application of unformulated
fungus in the field. Curves were adjusted according to non-parametric models and compared using
the Wilcoxon-Mann-Whitney test (P<0.05).
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Figure 3. Persistence of C. javanica conidia in soybean leaves after application of formulations WP
and WG in the field. Curves were adjusted according to non-parametric models and compared using
the Wilcoxon-Mann-Whitney test (P<0.05).
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Figure 4. Percentage of mortality of nymphs by parasitoid, C. javanica in association with chemical
insecticides and others causes at 7 days (A), 14 days (B) and 21 days (C) after spraying. Same letters
indicate that mortality (%, mean) are not statistically different by the Kruskall-wallis test (P<0.05).
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Figure 5. Percentage of mortality of nymphs by parasitoid, C. javanica in association with chemical
insecticides and other causes at 12 days (A), 19 days (B) and 26 days (C) after spraying in field and
five days of incubation in BOD. Same letters indicate that mortality (%, mean) are not statistically
different by the Kruskall-wallis test (P<0.05).
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4 CONSIDERACOES FINAIS

C. javanica demonstrou alto potencial de controle de ninfas de mosca-branca em
condigdes de casa telada e campo. A habilidade de C. javanica, particularmente BRM27666,
crescer extensivamente sobre a superficie da folha e produzir uma grande quantidade de
conidios sob condi¢des Umidas sdo atributos que certamente aumentam sua capacidade de
se espalhar rapidamente através de populacdes de mosca-branca. Com base nisto, C.
javanica BRM 27666 foi selecionado e um bioproduto a base de conidios deste fungo foi
desenvolvido e estd sendo registrado para o controle de mosca-branca em diversas culturas.
O uso deste bioproduto é um importante componente no controle de B. tabaci, especialmente
para 0 manejo de populagdes resistentes a inseticidas sintéticos. No entanto, a utilizacdo de
C. javanica deve ser vista como uma ferramenta do manejo integrado de pragas (MIP).
Nenhum agente (quimico ou bioldgico) sozinho é capaz de controlar altos surtos de
populacbes de mosca-branca. Por isso, é importante a acdo conjunta de métodos de controle
bioldgico como fungos e parasitoides, por exemplo, que visem diminuir a incidéncia da

mosca-branca e, consequentemente, evitar o excesso de aplicacfes de inseticidas quimicos.
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