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Abstract

ANDREAZZA, Felipe, M.Sc., Universidade Federal de Vicosa, July, 2017. Occur-
rence reports and insecticide susceptibility in Drosophila suzukii populations from

Brazilian Southeast Region. Advisor: Eugénio Eduardo de Oliveira. Co-Advisor:
Haddi khalid.

Early monitoring and toxicological studies with invasive pest species, such as the
Spotted Wing Drosophila, Drosophila suzukii Matsumura (Diptera: Drosophilidae), are
of importance. It took only about 3 years to D. suzukii become the worldwide most
important pest of small soft-skinned fruits, such as strawberries, blueberries and cher-
ries. This drosophilid lays its eggs inside undamaged fruits, and its larvae destroy the
fruit tissues, making it unmarketable. While attention was driven to the search about
D. suzukii bioecology and alternative control tools, the spray with broad-spectrum
insecticides has being the most used emergency control strategy, increasing the proba-
bility of insecticide resistance selection in this species. Thus, in the current study;, field
surveys were performed aiming to identify and report the arrival/presence of the D.
suzukii in two Brazilian states. Then, preliminary insecticide susceptibility compar-
isons were carried out on populations originally collected in these regions to evidence
potential resistance sources. Finally, it was assessed the toxicity of lime-sulfur (i.e.
an old alternative pesticide) on D. suzukii and its oviposition and development on
sprayed strawberry plants. The field surveys demonstrated that D. suzukii is already
present in both Minas Gerais (MG) and Espirito Santo (ES) states. The species was
first collected in a strawberry field at the municipality of Ervédlia - MG in March of
2016 and in Juiz de Fora - MG in November of 2016. Later, in February of 2017, the
species was also found infesting strawberry and blackberry fields at the municipal-
ities of Domingos Martins and Santa Maria de Jetiba - ES. In the blackberry fields,
the infestation of D. suzukii occurred simultaneously with its confamiliar, Zaprionus
indianus Gupta (Diptera: Drosophilidae). The susceptibility comparisons among D.
suzukii populations identified a potential source of resistance to imidacloprid in a pop-
ulation originally collected at the municipality of Juiz de Fora - MG (P < 0.05), while
no consistent differences among populations were found for permethrin (P > 0.05).
Lime-sulfur was toxic (LCsy = 26.6 mL/L) to D. suzukii flies in low concentrations, and
its spray on strawberry plants reduced the D. suzukii oviposition in both choice (48.6%
of reduction) and no choice (47.6% of reduction) semi-field bioassays (P < 0.05). It
was also found a slight delay in the pre-imaginal developmental time of individuals
from eggs laid on lime-sulfur treated plants only in the choice bioassay, indicating a
possible effect of the females oviposition choice on its offspring development. Two
other alternative preparations based in mixture of sulfur, lime, potassium perman-
ganate, salt and detergent and the insecticides azadirachtin and indoxacarb did not
cause high D. suzukii mortalities. As conclusions, D. suzukii has extended its current

distribution range in Brazil, with presence of resistance sources to imidacloprid. Alter-
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natives, such as lime-sulfur, might be recommended in rotations for both traditional
and organic farming approaches. Further studies monitoring the occurrence of insec-
ticide resistance in field populations, as well as better investigation of the sublethal
effects and compatibility of lime-sulfur applications on other D. suzukii hosts should
be performed.



Resumo

ANDREAZZA, Felipe, M.Sc., Universidade Federal de Vigosa, julho de 2017. Relatos
de ocorréncia e susceptibilidade a inseticidas em populacdes de Drosophila suzukii

da regido sudeste Brasileira. Orientador: Eugénio Eduardo de Oliveira. Coorienta-
dor: Haddi khalid.

O monitoramento precoce e estudos toxicoldgicos com espécies-praga invasoras, como
a Drosofila das Asas Manchadas, Drosophila suzukii Matsumura (Diptera: Drosophil-
idae), sdo de importancia. Levou apenas cerca de 3 anos para D. suzukii se tornar
mundialmente a mais importante praga de pequenas frutas, como os morangos, mir-
tilos e cerejas. Este drosofilideo coloca seus ovos dentro de frutas sadias, e suas lar-
vas destroem os tecidos destas frutas, tornando-as ndo comercializdveis. Enquanto
a atencdo tem se dirigido a pesquisas sobre a bioecologia de D. suzukii e ferramen-
tas de controle alternativas, a aplicacdo com inseticidas de amplo espectro tem sido
a estratégia de controle emergencial mais utilizada, aumentando a probabilidade de
selecdo de resisténcia aos inseticidas nesta espécie. Assim, no presente estudo foram
realizadas coletas de campo visando identificar e relatar a chegada/presenga de D.
suzukii em dois estados brasileiros. Em seguida, realizou-se comparagdes prelim-
inares de susceptibilidade a inseticidas em populag¢des originalmente coletadas nes-
sas regides para evidenciar potenciais fontes de resisténcia. Finalmente, foi avaliada
a toxicidade da calda sulfocélcica (i.e. um antigo pesticida alternativo) em D. suzukii
e na sua oviposi¢do e desenvolvimento em plantas de morango tratadas. As coletas
de campo demonstraram que D. suzukii ja estd presente nos estados de Minas Gerais
(MG) e Espirito Santo (ES). A espécie foi coletada pela primeira vez em uma produgdo
de morangos no municipio de Ervélia - MG em marc¢o de 2016 e em Juiz de Fora -
MG em novembro de 2016. Mais tarde, em fevereiro de 2017, a espécie também foi
encontrada infestando produgdes de morango e amora nos municipios de Domingos
Martins e Santa Maria de Jetiba - ES. Nos campos de amora, a infestacdo de D. suzukii
ocorrera simultaneamente com o seu confamiliar Zaprionus indianus Gupta (Diptera:
Drosophilidae). As comparagdes de susceptibilidade entre as populac¢des de D. suzukii
identificaram uma fonte potencial de resisténcia ao imidacloprido em uma populacdo
originalmente coletada no municipio de Juiz de Fora - MG (P < 0,05), enquanto que
nao foram encontradas diferencas consistentes entre as populacdes para a permetrina
(P> 0,05). A calda sulfocalcica foi toxica (CLsp = 26,6 mL/L) para D. suzukii em baixas
concentragdes, e a sua pulverizagdo em plantas de morango reduziu a oviposi¢ao em
bioensaios de semi-campo com chance de escolha (48,6% de reducado) e sem chance de
escolha (47,6% de redugéo) (P < 0.05). Verificou-se também um ligeiro atraso no tempo
de desenvolvimento pré-imaginal dos individuos oriundos a partir de ovos colocados
em plantas tratadas com a calda sulfocdlcica apenas no bioensaio com escolha, indi-
cando um possivel efeito da escolha de oviposi¢do das fémeas no desenvolvimento
de sua prole. Duas outras preparagdes alternativas a base de mistura de enxofre, cal,
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permanganato de potéssio, sal e detergente e os inseticidas azadiractina e indoxacarb
ndo causaram mortalidades elevadas de D. suzukii. Como conclusdes, D. suzukii am-
pliou sua atual faixa de distribui¢do no Brasil, com presenga de fontes de resisténcia
ao imidacloprido. Alternativas, como a calda sulfocalcica, pode ser recomendada em
rotagdes para ambas as abordagens de agricultura organica e tradicional. Estudos
adicionais que monitorem a ocorréncia de resisténcia a inseticidas em populagdes de
campo, bem como uma melhor investigacdo dos efeitos subletais e compatibilidade
de aplicagdes de calda sulfocélcica em outros hospedeiros de D. suzukii devem ser
realizados.
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General introduction

Invasive insect pests are a continuous treat not only to the agricultural fields but
also to the native biological system balances (Pimentel et al. 2005; Campos et al. 2014;
Asplen et al. 2015; Gilioli et al. 2017). Therefore, the monitoring of an invasive pest
dispersion can help with the set up of the necessary strategies to manage it, from laws
and regulations to field and post-harvest control or trade market barriers (Desneux et
al. 2011; Cini et al. 2012; Follett et al. 2014; Kriticos et al. 2015). The monetary losses
an exotic pest invasion can cause, often together with common lack of knowledge
about its bioecology and possible management strategies, make the chemical control
the prevalent approach, because of its fast response. This ends up with selection of
insecticide resistant populations because of the indiscriminate use of insecticides as
emergency control strategy (Campos et al. 2014; Mishra et al. 2017; Voudouris et al.
2017).

The selection of resistant populations is a common phenomenon among invasive
pest species (Haddi et al. 2012; Campos et al. 2014; Roditakis et al. 2015; Haddi et al.
2017; Kaplanoglu et al. 2017). In some cases the pest species population have already
been selected for traits conferring resistance to some insecticides even before their
field application at commercial levels (Sial et al. 2010). The velocity a resistance can be
selected depends on several factors. The ones associated to the pests, as short genera-
tion time and high reproductive rate are usually common among the invasive species
(Campos et al. 2014; Emiljanowicz et al. 2014). On the other hand, some management
strategies can contribute or delay its occurrence. Since the intensive insecticide appli-
cation is the most common approach used against those pests, a panorama for a fast
insecticide selection is usually created (Mishra et al. 2017).

The cases of insecticide resistance reported in the literature cover several mecha-

nism from target site mutation (Haddi et al. 2017) to metabolic detoxification (either
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throughout point mutation in the encoding gene of detoxification enzymes or its over-
expression) (Bogwitz et al. 2005; Puinean et al. 2010; Kaplanoglu et al. 2017), cuticular
reduced absorbance (Silva et al. 2012) and avoidance (Boonyuan et al. 2016). These
mechanisms can occur alone, or associated and confer resistance either to a single in-
secticide mode of action (Haddi et al. 2017), or to several ones (Daborn et al. 2001; Dun-
ley et al. 2006). Thus, the monitoring of insecticide susceptibility differences among
field population of an invasive species is indispensable.

In a very rapid dispersion (i.e. less than 3 years), Drosophila suzukii Matsumura
(Diptera: Drosophilidae), an invasive species from Asia, become the most important
pest in both North America and Europe small fruit production fields (Hauser 2011;
Asplen et al. 2015; Cini et al. 2014). The females of this drosophilid have evolved the
capacity to oviposit inside healthy undamaged fruits (Atallah et al. 2014), especially
the soft-skinned berries, as strawberries, blueberries, blackberries and cherries (As-
plen et al. 2015). The damage caused by the D. suzukii larvae feeding on the fruit
tissues impairs even higher direct economic looses if compared with other small fruit
herbivorous pests (Bernardi et al. 2015). Currently, the species could be partially man-
aged by the combined use of exclusion netting, mass traping and pupal parasitoids
(Kawase et al. 2007; Chabert et al. 2012; Hampton et al. 2014; Daane et al. 2016), but
the association of its highly damaging potential with lack of knowledge on its bioe-
cology and management still forces the growers to use proactive insecticides sprays
as the main strategy to control this drosophilid pest (Van Timmeren and Isaacs 2013;
Haye et al. 2016). Furthermore, the zero tolerance politics of some regions, increases
the insecticide application as preventive tool, and hence, the insecticide selection pres-
sure (Van Timmeren and Isaacs 2013; Mishra et al. 2017).

Several studies worldwide provided preliminary screening of insecticide efficacy
on D. suzukii populations from three major invaded continents (i.e. North and South
America and Europe) (Bruck et al. 2011; Haviland and Beers 2012; Van Timmeren and
Isaacs 2013; Cuthbertson et al. 2014; Andreazza et al. 2017). These studies testing in-
secticide with different mode of action showed that broad spectrum insecticides, as
organophosphates, pyrethroids, neonicotinoids and spinosyns are the most effective
against this pest and gives a good source of rotations options to delay any resistance

selection. Nevertheless, studies looking for both, alternative products as an option to
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organic farming [as in Erland et al. (2015); Pérez-Guerrero and Molina (2016) and Jang
et al. (2017)] and baseline susceptibilities/field resistance monitoring are important.
The closely related Drosophila melanogaster Meigen (Diptera: Drosophilidae) had been
selected to insecticide resistance faster than predicted by models (Karasov et al. 2010),
thus it can be expected that even with rotation of insecticides, the resistance selection
is a time-line phenomenon upon selection (Mishra et al. 2017).

In Brazil, D. suzukii was first reported in 2013 (Depra et al. 2014) and economic
damages to strawberries were reported within only one year from this pest invasion,
in southern Brazil (Santos 2014). The current distribution of this pest in the Brazilian
territory includes the entire south region (Deprd et al. 2014; Geisler et al. 2015), the
states of Sdo Paulo and Rio de Janeiro in southeast region (Bitner-Mathé et al. 2014;
Vilela and Mori 2014), and the state of Goias, in the central region of Brazil (Paula et
al. 2014).

Minas Gerais (MG) and Espirito Santo (ES) states remains as the only two states
from the southeast Brazilian region where D. suzukii is still not reported, but analyz-
ing its invasion history in other countries (Hauser 2011; Cini et al. 2012) it is possible
to predict this pest invasion as unavoidable. Furthermore, studies had predicted the
potential distribution of this pest within these two Brazilian states (Benito et al. 2016).
Thus, since both states cultivate a large amount of important D. suzukii main hosts, es-
pecially strawberries (Incaper 2010; Silveira and Guimaraes 2014), in the current study,
we firstly aimed to identify and report the presence of this pest in small berries fields
in both, the Zona da Mata Mineira (MG) and Capixaba Highlands regions (ES), what
was accomplished in the studies described in chapters 1 and 2. Then, as described
in chapter 3, insecticide susceptibility comparisons were performed on two D. suzukii
populations originally collected in MG state and on a population maintained in labo-
ratory culture for 48 generations (i.e. a insecticide susceptibility pattern population),
evidencing potential sources of insecticide resistance in this species. Finally, in chapter
4, a set of preliminary toxicological studies was carried out on the insecticide suscep-
tibility pattern population, testing alternative products that could be used to manage

this pest in either conventional or organic farming.
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Drosophila suzukii (Diptera: Drosophilidae) arrives at
Minas Gerais State, a main strawberry production region in

Brazil

Felipe Andreazza"*, Khalid Haddi**, Eugenio E. Oliveira’, and Jodao Alfredo M. Ferreira>*

The spotted wing drosophila, Drosophila suzukii (Matsumura)
Diptera: Drosophilidae), has recently invaded many countries and
1armed soft-skinned fruit production worldwide (Dreves et al. 2009;
Nalsh et al. 2011; Burrack et al. 2013; Cini et al. 2014). In Brazil, D. su-
‘ukii was first recorded by Depra et al. (2014) in a drosophilid diversity
urvey carried out in the southern regions of Brazil in 2013. In these
egions, many of the preferred hosts are cultivated, but this pest has

been found infesting not only the traditional hosts such as strawberry
(Fragaria ananassa Duch; Rosaceae) (Santos 2014) but also native
fruits, such as Cattley guava (Psidium cattleyanum Sabine; Myrtaceae)
and Surinam cherry (Eugenia uniflora L.; Myrtaceae) (Andreazza et al.
2015). Previously, however, heavy damages and economic losses have
been reported only in strawberry production in the state of Rio Grande
do Sul (Santos 2014).

Fig. 1. Drosophila suzukii adult female collected at Minas Gerais State, Brazil. (A) Female on a strawberry fruit in the field, scale bar = 3 mm; (B) D. suzukii egg
aid inside the fruit (white box), scale bar = 5 mm; (C) oviposition hole (white circle) with the egg’s spiracles (black arrow) coming out. The egg laid beneath the
ruit epidermis is delimited by a white ellipse, scale bar = 500 um; (D) the female from image A viewed under microscope, scale bar = 500 um; and (E) the female
haracteristic, serrated ovipositor, scale bar = 200 pm.
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Scientific Notes

Minas Gerais is the biggest strawberry producer in Brazil, with
around 1,700 ha in cultivation (IBGE 2014). As in Rio Grande do Sul,
where D. suzukii was first observed causing economic losses in straw-
berry production (Santos 2014), arrival of this fly in Minas Gerais may
cause enormous impact and affect both local growers and the main
markets. Drosophila suzukii has spread throughout the Brazilian terri-
tory since its discovery in the states of Sdo Paulo (Vilela & Mori 2014),
Rio de Janeiro (Bitner-Mathé et al. 2014), and Goias (Paula et al. 2014).
Following reports from producers of high rates of unmarketable flac-
cid-like strawberries, the authors visited strawberry fields during Mar
2016 and surveyed for this pest.

In an organic production field located in the municipality of Ervélia
(20.8423083°S, 42.6756277°W), Minas Gerais, drosophilid adults were
seen flying around both damaged and ripe, undamaged strawberries.
Flies were collected using a handheld aspirator. Seven drosophilid flies
were collected from damaged fruits and 1 fly was collected from un-
damaged fruit (Fig. 1A). One D. suzukii male was also seen (Fig. 2), but
we failed to collect it. Undamaged fruit was collected to evaluate for
the presence of D. suzukii eggs.

In the same field, 53 strawberry fruits presenting advanced flac-
cid-like symptoms (damaged) were collected, placed inside a plastic
container (1.5 L) with vented openings, and returned to the labora-
tory in a Styrofoam cooler. Additionally, a guava tree (Psidium guajava
L.; Myrtaceae) adjacent to the strawberry field showed symptoms of
infestations by several pests, and 1 guava fruit was collected and re-
turned to the laboratory.

Flies were examined under a stereomicroscope (at 40x) (SZX-SDO2,
Olympus Corporation, Tokyo, Japan). The strawberry and guava fruits
were separately placed on a vermiculite layer inside 2 plastic cages con-
taining venting openings sealed with voile cloth. Cages were checked
daily, and the emerged flies were examined under the stereomicro-
scope and species determined using Vlach (2013); characters used in
diagnostics, such as ovipositor (Fig. 1E) and wing pattern (Fig. 2) are
illustrated.

One of the 7 flies collected from damaged fruit and 1 fly collected
from the undamaged fruit were identified as females of D. suzukii (Fig.
1D). Furthermore, one D. suzukii egg was found inside the field-collect-
ed undamaged strawberry (Fig. 1B and C), and an adult D. suzukii male
emerged 10 d later. From the damaged strawberry fruits, 32 D. suzukii
adults (18 females and 14 males) emerged. As expected, other species
of opportunistic secondary pests emerged from the fruits, primarily Za-
prionus indianus Gupta (Diptera: Drosophilidae) (94 specimens), also
seen in the field (Fig. 2), which is widely distributed in Brazil and Central
and North America regions (Joshi et al. 2014; Van Timmeren & Isaacs
2014; Andreazza et al. 2015; Bernardi et al. 2015; Lasa & Tadeo 2015).
From the guava fruit, 28 Z. indianus and 3 D. suzukii adults (2 females
and 1 male) emerged, confirming that this native fruit is a suitable host
(Andreazza et al. 2015).

The authors highlight here the importance of documenting D.
suzukii in Minas Gerais, because this region is the main producer of
strawberries in Brazil (IBGE 2014; Silveira & Guimardes 2014). Con-
sidering the potential of this species to infest other native hosts, ad-
ditional work should be done to document the geographic and host
range in Minas Gerais. As most management strategies for this pest
are based on synthetic insecticides (Van Timmeren & Isaacs 2013), it
is particularly important to develop and implement control strategies
that are compatible with fruit production in this region and that can be
a part of integrated pest management systems.

We thank the CAPES Foundation, the National Council of Scientific
and Technological Development (CNPg), the Minas Gerais State Foun-
dation for Research Aid (FAPEMIG), and the Arthur Bernardes Founda-
tion (FUNARBE) for grants provided to this work.

Fig. 2. Damaged strawberry in the field with drosophilid flies including a Dro-
sophila suzukii male (inlet) with its characteristic wing black dots (arrows) and 2
adults of Zaprionus indianus (white circles), scale bar =5 mm.

Summary

Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) was first
collected in Minas Gerais State, Brazil, in Mar 2016, in the municipal-
ity of Ervalia, from an organic strawberry field. In Brazil, this pest was
first recorded in the southernmost region, in Rio Grande do Sul and
Santa Catarina states. Drosophila suzukii’s arrival to Minas Gerais State,
about 1,500 km north from its first record, should alarm the growers,
the research community, and the authorities, because this region is
the main strawberry production region in Brazil and is now susceptible
to large increases in production losses caused by this invasive species.
The lack of alternative effective management tools for D. suzukii, be-
sides traditional chemical sprays, makes this pest an important area of
study. Future research should focus on finding strategies that match
with different local growing systems and edaphoclimatic conditions.

Key Words: spotted wing drosophila; first record; invasive pest;
crop protection

Sumario

Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) foi primei-
ramente coletada no estado de Minas Gerais em Margo de 2016, no mu-
nicipio de Ervalia, em uma produgdo orgénica de morangos. No Brasil,
esta praga foi primeiramente encontrada na regido do extremo sul, nos
estados do Rio Grande do Sul e Santa Catarina. A chegada de D. suzukii
a Minas Gerais, aproximadamente 1.500 km ao norte do seu primeiro
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registro, deve alertar os produtores, a comunidade cientifica e autori-
dades, ja que esta regido € a principal regido produtora de morangos do
Brasil e agora estd suscetivel a aumentos nas perdas da produgdo causa-
das por essa espécie invasiva. A falta de ferramentas de manejo efetivas
alternativas para D. suzukii, além do controle quimico tradicional, torna
esta praga um importante objeto de estudo. Pesquisas futuras deverdo
focar em encontrar ferramentas que combinem com diferentes sistemas
de produgdo e condigdes edafoclimaticas locais.

Palavras Chave: Drosdfila-da-asa-manchada; primeiro relato; praga
invasiva; fitossanidade
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Drosophilids infesting commercial soft berries in Espirito Santo

State, Brazil

Abstract

Invasion by an alien pest may greatly affect the economy and environment of a re-
gion. Such impacts can be reduced if the pest detection happens in an early stage of the
invasion. Drosophila suzukii Matsumura is one of the most invasive insect-pest world-
wide. This species lays eggs inside soft-skinned fruits, causing severe damage to these
crops. Zaprionus indianus Gupta is another drosophilid fly capable of infesting some
fruits and has been reported occurring along with D. suzukii. Thus, this note aimed
to first report the occurrence of D. suzukii and Z. indianus infestation in blackberries
and strawberries in the Espirito Santo state, Brazil. The cultivation of blackberries and
strawberries is already limited by climate adequacy in this subtropical region, and the
presence of D. suzukii and Z. indianus could further impact the establishment and pro-
duction increases of this fruit species. Thus, our findings update the current D. suzukii
expansion area within Neotropics. This will help to inform not only soft fruit pro-
ducers, but also the authorities and the scientific community from this region, about
the needs of actions to avoid D. suzukii spread and further potential damage to fruit
production in these regions by the association of both reported species.

Keywords: Alien-pest, strawberry, blackberry.
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2.1 Introduction

Identification of an alien pest invasion can result in savings of efforts, time and
money. Thus, early field surveys monitoring the presence of a potential pest species
are of importance, especially for the economically relevant hosts. Drosophila suzukii
Matsumura (Diptera: Drosophilidae) is among the newest invasive insect pest in Neotrop-
ical regions (Depra et al. 2014). It might be a result of the high dispersion abilities and
broad host range of these flies (Asplen et al. 2015; Kenis et al. 2016). This insect pest
is known as Spotted Wing Drosophila (SWD), and attacks several soft-skinned fruits
such as blackberries (Rubus spp.), raspberries (Rubus idaeus L.), blueberries (Vacciniun
spp.) and strawberries (Fragaria x ananassa Duchesne) (Bellamy et al. 2013). The lar-
vae hatch from the eggs laid under the fruit epidermis and feed on the fruit tissues
making the fruit unmarketable (Asplen et al. 2015). In Brazil, 30% of strawberry pro-
duction loss was estimated under field conditions in Vacaria, Rio Grande do Sul state,
in the first year of invasion of this pest (Santos 2014). Currently, D. suzukii has been re-
ported from the south (Depra et al. 2014) to the southeast Brazilian states, such as Rio
de Janeiro (Bitner-Mathé et al. 2014) and Minas Gerais states (Andreazza et al. 2016b),
but it had never been detected in Espirito Santo state.

Zaprionus indianus Gupta (Diptera: Drosophilidae) is another species that has been
recently worldwide reported in SWD monitoring traps (Renkema et al. 2013; Joshi et
al. 2014; Lasa and Tadeo 2015), as well as infesting fruits (Fartyal et al. 2014). In Brazil,
this drosophilid was demonstrated to be able to attack undamaged strawberries in lab-
oratory, with increasing oviposition abilities with previous SWD oviposition (Bernardi
et al. 2017). Thus, even that Z. indianus is already present and dispersed throughout
the Brazilian territory (Commar et al. 2012), the assessment of whether it is infesting
berries prior harvest is of importance.

Espirito Santo state has a diverse climate range, which makes possible the culti-
vation of subtropical and tropical fruits (Incaper 2010), among which there are some
main SWD and potentially Z. indianus hosts (i.e. strawberries and blackberries). Mod-
eling predictions taking into account climate indexes has showed the invasion poten-
tial of SWD in Espirito Santo (Benito et al. 2016). Thus, the present work aimed to

early detect, and report the presence and hosts of SWD in Espirito Santo state, Brazil,
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and assess the infestation potential of Z. indianus in blackberry fields.

2.2 Material and Methods

Sampling to access D. suzukii and Z. indinaus presence in Espirito Santo state was
performed under field conditions in the highland region, particularly in Domingos
Martins and Santa Maria de Jetibd, the two-major strawberry /black- berry-producers
municipalities in the state (Incaper 2010). The first sampling was performed in July
8th, 2016 in Domingos Martins, at two strawberry fields (Figure 2.1) (a: 20°18°0.7"S,
41°04’5.8"W; and b: 20°23” 29.6"S, 41°01'55.3"W). A new and broader sampling were
performed in February 21nd, 2017, at eight strawberry fields in both municipalities,
and one blackberry field in Domingos Martins (Figure 2.1) [1: 20°22’35”S, 41°01’50”W;
2: 20°18719”S, 41°01'46”W; 3: 20°15'15”S, 40°59'26.5”"W; 4: 20°13’10.6”S, 40°59'6”W;
5: 20°08"19”S, 41°0°09”W; 6: 20°09'39”S, 40°55'09”"W; 7: 20°10'28”S, 40°51'23.5"W; 8:
20°04'55.5”S, 40°53'25.5”W (strawberries) and 9: 20°22'18.6”S, 41°03'51.8”W (blackber-
ries)].

Eventual presence of drosophilid adults was observed on fruits or in the canopy
of plants in all fields sampled. These flies were collected with a hand aspirator and

deposited in 96° GL alcohol for later identification. Additionally, 60 to 110 fruits were

Brazil i.

Santa Maria de Jetiba

Domingos Martins

strawberry fields - 2016

Bl Espirito Santo state o 5  10km strawberry fields - 2017
= blackberry field - 2017

Figure 2.1: Blackberry and strawberry sampling sites in the municipalities of Domingos Mar-
tins and Santa Maria de Jetibd, Espirito Santo state, Brazil.
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randomly collected from each field, and placed on a layer of paper towels inside plas-
tic boxes (20x30x17 cm) with venting openings, closed with fine mesh, and sent to
the Laboratory at the Universidade Federal de Vigosa, to verify adults’ emergence.
Emerged flies were daily collected along 14 days for later species identification. Key
of Vilela and Mori (2014) was used to identify D. suzukii specimens, and Z. indianus
was identified according to Van der Linde (2010). Other drosophilids also occurred

but were not identified to species level.

2.3 Results and Discussion

Drosophila suzukii specimens were not present among the drosophilid adult flies col-
lected in the first sampling year (i.e. 2016) under field conditions. Drosophila spp. were
the most common species collected (n = 485) in the strawberry field, followed by Z.
indianus (16). The first D. suzukii specimens found in Espirito Santo state (28 & and 8
@) were collected as adults directly from the blackberry fruits in Domingos Martins,
Brazil, in February 2017 (Figure 2.2). A total of 965 D. suzukii adults (sex ratio = 0.54 ),
458 Z. indianus, and 21 Drosophila spp. emerged from field collected blackberry fruits
(n =76), demonstrating a very high infestation by D. suzukii in this region with no pre-
vious report of this pest species. (Figure 2.3). Drosophila suzukii were found in six of
the eight strawberry fields surveyed in the second year (Figure 2.4A). This species was
only collected directly as adult from the strawberry canopy (1 ¢) in the field number 1.
Zaprionus indianus and Drosophila spp. were present in all collected strawberry fruits,

and at higher infestation (Figure 2.4B).

Figure 2.2: Blackberry fruits with Drosophila suzukii male flies. The white arrows (inlet) indicate
the male’s characteristic wing black-dotes.
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The results have showed that D. suzukii is present in the highlands of Espirito Santo
state, and that high infestation was found in blackberry fruits, which is a well-known
D. suzukii host (Bellamy et al. 2013; Burrack et al. 2013). On the other hand, a very
low infestation level was recorded in strawberries (and only during the second sur-
vey year), despite its recognized relevance as D. suzukii host in Neotropical regions
(Bernardi et al. 2017). This low infestation level can be a result of an initial stage of the
invasion or a reflect of the advanced damage conditions of the sampled fruits. Accord-
ing to Keesey et al. (2015), D. suzukii flies seem to have shifted their preferential niche
from damaged decaying to healthy undamaged ripe fruits and only visually damaged
strawberry fruits were collected in the present study. The damage condition of the col-
lected fruits may also explain the occurrence of high number of Drosophila spp. and
Z. indianus emerging from strawberry (Figure 2.4B) while almost no emergence of this
flies were obtained from the blackberry fruits (Figure 2.3). Zaprionus indianus was not
only reported at high infestation here but they have also been consecutively reported
under field conditions and traps in several other regions, such as in Asia and North
America (Fartyal et al. 2014; Joshi et al. 2014; Lasa and Tadeo 2015) and were shown to
be able of infesting health undamage strawberries in laboratorry assays (Bernardi et
al. 2017). Thus, the infestation abilities of Z. indianus in undamaged or early D. suzukii
damaged blackberries should be further investigated, both in laboratory and in more

extensive field surveys.
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Figure 2.3: Number of drosophilid adults emerged from blackberries collected at ‘Fazenda Ex-
perimental Mendes da Fonseca, Incaper’, municipality of Domingos Martins, Espirito Santo,
Brazil, in February 2017.
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Figure 2.4: Number of Drosophila suzukii (A) and other drosophilid flies (B) emerged from
strawberry fruits collected at eight different sites in the municipalities of Domingos Martins
and Santa Maria de Jetiba, Espirito Santo, Brazil, in February 2017. Please note the scale dif-
ference in the y-axis between panels.

The report of D. suzukii in the Espirito Santo state should be an alert to local stake-
holders, researchers, and extension services for new surveys aiming to avoid its spread
throughout this highland region. These actions should reduce the economic impact of
this pest invasion in this Brazilian state. In the region, other D. suzukii main hosts not
evaluated in this work, such as grapes (Vitis vinifera L.), loquats [Eriobotrya japonica
(Thunb.) Lindl.] and raspberries are also cultivated. Future surveys and researches
might focus also in these fruit species. Since in the Espirito Santo state there is a shift
from some subtropical to tropical fruit productions (e.g., papaya - Carica papaya L.), it
might be worth to perform early laboratory susceptibility tests with these tropical fruit
species and other potential new hosts. It will surely help to early predict the potential
of further dispersion throughout this and other tropical Brazilian states.

Thus, it is concluded that D. suzukii has expanded its invasion area in Brazil, being
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already present in the highlands of Espirito Santo state. This species was found in
higher infestation in blackberries, however in early stage in strawberries. Zaprionus
indianus was found in high infestation in both blackberries and strawberries, being
this the first report of this drosophilid fly infesting visually undamaged blackberries

before harvesting.
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Differential insecticide susceptibility of Drosophila suzukii (Dip-

tera: Drosophilidae) populations from Minas Gerais, Brazil

Abstract

The assessment of insecticide susceptibility is one of the first steps in order to better
estimate the likelihood of control failure of invasive pests. Drosophila suzukii (Diptera:
Drosophilidae) is among the most important invasive pest worldwide, and has re-
cently (i.e. 2016) invaded Minas Gerais state, Brazil. Thus, the present investiga-
tion was conducted aiming to evaluate the susceptibility to commercial insecticides
of D. suzukii populations originally collected in the Brazilian Minas Gerais state, and
a D. suzukii population from Rio Grande do Sul state, Brazil, reared under laboratory
conditions for 48 generations (and hereafter termed as insecticide susceptibility pat-
tern). Firstly, concentration-mortality bioassays were conducted in order to estimate
the lethal concentrations (LCs) of five selected insecticides (i.e., deltamethrin, perme-
thrin, imidacloprid, indoxacarb and aza- dirachtin) to the insecticide susceptibility
pattern population. After that, by applying discriminatory concentrations (i.e., LCps
LCsp, and LCo) of the insecticides that exhibit potential of being used as control tools,
we could assess the susceptibility to these insecticides on the D. suzukii populations
from Minas Gerais. Among the five tested products only the two pyrethroids (i.e.,
deltamethrin and permethrin) and the neonicotinoid imidacloprid were significantly
toxic to D. suzukii. Our results demonstrated that when exposed to the imidacloprid
LCys or LCsp, the population originally collected at Ervalia - MG, was more suscepti-
ble (P < 0.05) than both the population originally collected at Juiz de Fora - MG and
the insecticide susceptibility pattern population. The population originally collected
at Juiz de Fora, however, was more resistant (P < 0.05) than the two other populations
at all the imidacloprid concentrations tested (i.e., LCp5, LCs0 and LCgp). No consistent
differences were found for permethrin. Thus, although still not registered to control

D. suzukii in Brazil, the present investigation showed neonicotinoid resistance in some
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Brazilian populations of these flies, which may compromise the use these molecules
as potential tool to control D. suzukii infestations in Brazil.
Keywords: resistance, toxicity, Spotted Wing Drosophila, neonicotinoid, imidaclo-

prid.

3.1 Introduction

Highly invasive pests have been a topic of concern in every invaded area, especially
when it comes together with the indiscriminate use of chemicals as an emergency
control strategy. The use of insecticides are known to cause selection of resistant pop-
ulations (Devonshire et al. 1998; Daborn et al. 2001; Campos et al. 2014; Sparks and
Nauen 2015; Guedes 2017). Therefore, studies aiming to evaluate the differential sus-
ceptibility to insecticides of different populations of an invasive species are essential to
support decisions on rotation of chemical classes (Croft 1990; Sparks and Nauen 2015),
avoiding future control failures. Even so that studies from old invaded regions cer-
tainly provide a fair idea of insecticides efficacies, the genetic diversity of the species
from the continental or local newly invaded regions should be considered (Adrion et
al. 2014). Thus, toxicological studies on different local populations of the pest species
are important to early detect resistant sources (Campos et al. 2014; Roditakis et al.
2015; Silva et al. 2015). This early monitoring can help to prevent field control failures
(Guedes 2017), and the set up of management strategies against insecticide resistance
selection (Croft 1990; Mishra et al. 2017).

Among the newly invasive pest worldwide, Drosophila suzukii (Diptera: Drosophil-
idae) possesses biological characteristics such as short generation time and high re-
productive outputs (Emiljanowicz et al. 2014; Tochen et al. 2014) associated with very
high polyphagia (Kenis et al. 2016) making it a very difficult pest to be managed. Thus,
despite several alternative control strategies have being made available to manage this
pest (Hampton et al. 2014; Daane et al. 2016; Guerrieri et al. 2016), the spray of insecti-
cides to mitigate its looses is still very common (Haye et al. 2016). The zero-tolerance
politics for the pest presence of some regions (Van Timmeren and Isaacs 2013), further
increases the broad-spectrum insecticide application against this pest, raising even

more the possibilities of resistance selection, highlighting the needs for more insecti-
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cide resistance monitoring studies (Mishra et al. 2017).

To our knowledge, neither high resistance was reported nor laboratory selection has
been successful in simulating this phenomenon for D. suzukii (Smirle et al. 2017). How-
ever, a recent study found low resistance ratios of D. suzukii to 3 broad-spectrum insec-
ticides (i.e. zeta-cypermethrin, spinosad, and malathion) (Mishra et al. 2017). These
authors reveal that no control failure would be expected from these difference lev-
els, but they demonstrate the complexity and diversity of detoxification gene expres-
sions induced by the insecticide exposition that represents a highly diverse resistance
source in D. suzukii. As well as is expected for D. suzukii, cases of insecticide resistance
in other drosophilid flies, as Drosophila melanogaster Meigen (Diptera: Drosophilidae)
(Pittendrigh et al. 1997; Daborn et al. 2001; Bogwitz et al. 2005; Perry et al. 2008), or in
other dipterans (Zhong et al. 2013; Haddi et al. 2017) are not uncommon.

Several studies have looked at the efficacy of field doses rate to kill D. suzukii (Bruck
et al. 2011; Van Timmeren and Isaacs 2013; Andreazza et al. 2017), but only few have
determined the full toxicity range [i.e. lethal concentration (LC) or lethal doses (LD)]
of some insecticides (Hamby et al. 2013; Jang et al. 2017; Mishra et al. 2017; Smirle et
al. 2017). In Brazil, where the species has being present for about 4 years (Depra et
al. 2014), there are neither insecticides registered to be used against D. suzukii (MAPA
2017), nor information about full range toxicity or differential susceptibility to insec-
ticides of local populations of this pest. However the high field selection pressure
imposed by emergency control in older invaded regions (i.e. North America and Eu-
rope) (Beers et al. 2011; Bruck et al. 2011; Haviland and Beers 2012; Van Timmeren and
Isaacs 2013), which might be the origin of the D. suzukii invasion in South America
(Depré et al. 2014), increases the possibility that resistance has been already selected
in some populations before its arrival to the South America territory.

Thus, in the current study we aimed to assess the differential susceptibility to com-
mercial insecticides in D. suzukii populations originally collected in the Brazilian Mi-
nas Gerais state, and in a reference population that were maintained in laboratory
culture for about 48 generations. The results from this study provide substantive in-

formation of potential resistant sources in this species, a still overlooked area.
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3.2 Material and Methods

3.2.1 Insects rearing and chemicals

All bioassays and insects rearing were conducted in the same laboratory condition
(25 £ 2 °C, RH of 50 + 10 and 12 h of photophase). The fly populations were origi-
nally collected as larvae in infested fruits from the field, at different sites (Table 3.1)
and were maintained in the laboratory on artificial diet (Emiljanowicz et al. 2014; An-
dreazza et al. 2016a) until bioassays were performed. The D. suzukii population that
were originally collected from the field in Pelotas-RS, Brazil (Table 3.1), in Septem-
ber of 2014, were used in the concentration-mortality bioassays and as the “reference”
population in the susceptibility bioassays, and hereafter is termed as insecticide sus-
ceptibility pattern. The selected chemicals used in this study were obtained from local

market as formulated commercial insecticides (Table 3.2).

3.2.2 Concentration-mortality bioassays

The exposure procedures followed the IRAC protocol No: 026, recommended for
bioassays with Musca domestica L. (Diptera: Muscidae) adults, with modifications
(IRAC 2011). Each sample unit consisted of a 200 mL glass jar containing a 2 cm long

dental cotton wick impregnated with 1.9 mL of the chemical solution at the desired

Table 3.1: Drosophila suzukii populations sources and the number of generations under labora-
tory culture before the biossays to be performed.

Collecting site

Population Coordinates ~ High Host Generations”
(municipality)
Pelotas 31°37'23.98”S 48-50°
RS 166 m loquat
RS-Brazil = 52°31'21.61"W 64-65°
Ervalia 20°50'32.31”S
ER 753 m strawberry 19 - 20¢

MG - Brazil =~ 42°40'32.26"W

Juiz de Fora ~ 21°45'04.71”S
JE 754 m strawberry 4-5°

MG - Brazil =~ 43°22'23.70"W

“Number of generations under laboratory culture before the concentration-response (°) or susceptibility (¢) bioassays

were performed.
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concentration. The top of each jar was sealed with a foam plug. Inside the jar, were
released 20 to 25 3-4 days old flies randomly collected from the rearing cage with the
aid of a hand aspirator. After 24 h, the flies’ mortality was visually assessed. It was
considered as dead the flies that did not show any movement even after stimulation
with a fine brush. All the chemicals were diluted in a solution of water with 20% of

sugar (m/v), which consisted also the solution used as control treatment.

Concentration-response mortality was performed using the insecticide susceptibil-
ity pattern population. For that, pre-tests were performed using 4 replicates for each
one of 4 to 5 logarithmic spaced concentrations of the selected chemicals, to determine
the concentration range in which each chemical starts to cause mortalities between
0 and 100% of the exposed flies. Using 6 to 7 concentrations within the determined
ranges, the exposition bioassays were repeated, with 4 replicates per concentration,
and the mortality data were then used to estimate the lethal concentration (LC) curves

for each chemical.

3.2.3 Comparative susceptibility bioassays

To assess the insecticide susceptibility differences among the D. suzukii populations
originally collected in Minas Gerais state (MG), Brazil and the insecticide susceptibil-
ity pattern population (Table 3.1), adult flies were simultaneously exposed to the con-
centrations of permethrin and imidacloprid, estimated to kill 25, 50 and 90% (LCzs, 50

and 99) of the exposed flies in the previous bioassay. Four replicates were used in each

Table 3.2: Formulated insecticides used in the toxicity and suscetibility bioassays with
Drosophila suzukii adults.

Active ingredient

. Commercial name Manufacturer Chemical class
(concentration)
deltamethrin . ® Bayer .
551" Decis Cropscience Co. type II pyrethroid
}()28;31;%1511? Talcord® BASF Co. type I pyrethroid
imidacloprid . ® Bayer e
(700 8 kg_.l) Evidence Cropscience Co. neonicotinoid
aﬁl ;1 ga}ffl 1t ;n Azamax® E.LD. Parry Limited tetranotriterpenoids
indoxacarb ® o
(300 ¢ Kg_l) Rumo DuPont S.A. oxadiazine
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concentration for each population for both permethrin and imidacloprid insecticides.
The mortality were assessed at 24h following the same protocol than the previous

bioassays.

3.2.4 Data analysis

The mortality data of the concentration response bioassays were submitted to a
probit analysis [PROC PROBIT, SAS Institute, (2013)]. The toxicity ratios among the
four selected insecticide were calculated according to Robertson et al. (2007). After
checking the assumptions of normality by Shapiro-Wilk and the equality of variances,
the mortality data of the comparative susceptibility bioassays were submitted to an
ANOVA followed by a Post Hoc Multiple Comparisons Tukey test on Sigma Plot 12.5
(Systat Software, San Jose, CA) (P < 0.05).

3.3 Results

3.3.1 Concentration-response bioassays

Except from indoxacarb and azadirachtin, the observed data for all the products on
the insecticide susceptibility pattern population fit in the probit analysis with low ¥?
(P > 0.05) (Figure 3.1) (Table 3.3). The tested concentrations for deltamethrin varied
from 0.5 to 8 mg of a.i. L™!. For permethrin this variation was from 100 to 900 mg of
ai. L7! and for imidacloprid it varied from 20 to 1100 mg of a.i. L~!. The LC curve
and its 95% confidence interval for each product are displayed at the Figure 3.1. For
azadirachtin, concentrations as high as 4800 mg of a.i. L~! resulted in low mortalities
(i.e. <50 %). For indoxacarb the scenario was even worst, being all concentrations
as high as 10000 mg of a.i. L~! resulting in mortalities lower than 25%. Therefore,
azadirachtin and indoxacarb were not considered in the rest of the study. Considering
the deltamethrin insecticide as the reference for toxicity comparisons at LCsp on the
insecticide susceptibility pattern population, the imidacloprid was the second more

toxic [Toxicity ratio (TR) = 34.7], followed by permethrin (TR = 49.3) (Table 3.3).
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Figure 3.1: Concentration-response curves of three synthetic insecticides (continuous lines)

with their 95% confidence intervals (dashed lines) from the Probit analysis on the Drosophila
suzukii insecticide susceptibility pattern population.
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Table 3.3: Tolerance of Drosophila suzukii Lab. population to selected insectides and the insec-
ticides toxicity ratio on the adults flies.

LCs TR
Chemical n slope £ SE  x? af
(95% CI)” (95% CI)?
3.97 1
deltamethrin 608 295+023 387 5
(3.61 - 4.40) 09-1.1)
] 195.77 49.3
permethrin 595 2354+029 8.13 4
(135.37 - 250.86) (40.3 - 60.3)
137.67 34.7
imidacloprid 604 1424011 687 5
(113.27 - 165.56) (24.2 - 49.6)

@ Lethal concentration estimated to kill 50% of the exposed insects in mg of a.i. L~ with its respectives confidence
intervals at 95% of probablity level. b Toxicity ratio (LCsp of insecticide "X" / LCsg of deltamethrin) with its
respectives confidence intervals at 95% of probablity level. If the CI does not include the 1.0 the TR are significantly
different.

3.3.2 Comparative susceptibility bioassays

The susceptibility comparison among the two populations from MG state (ER: Erva-
lia and JF: Juiz de Fora) with the insecticide susceptibility pattern population, demon-
strated differences (P < 0.05) in susceptibility mainly for imidacloprid, at the three
tested concentrations (LCas 50 and gp) (Figure 3.2). The percentage of mortality for the
ER population was higher than for the insecticide susceptibility pattern and JF popu-
lations after exposure to both the LCys (Fa,9 = 54.20, P < 0.001) and LCs¢ (Fp17 = 124.95,
P < 0.001) of imidacloprid (Figure 3.2B). The JF population, on the other hand, was
more resistant to imidacloprid. Its mortality percentages were lower than the insecti-
cide susceptibility pattern and ER populations after exposure to both the LCys5 (Fp9 =
54.20, P < 0.001), LCs¢ (F2,17 = 124.95, P < 0.001) and LCq (F2,8 = 43.30, P < 0.001) of
imidacloprid (Figure 3.2B). For permethrin, however, there was difference among the
populations only at the LCsp (H = 7.45, df =2, P = 0.013) but not at the LCyps5 (Fo9 =
0.16, P = 0.855) and LCgq (F2,9 = 0.99, P = 0.408) (Figure 3.2A).
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Figure 3.2: Susceptibility comparasions [mortality (mean + SE)] of Drosophila suzukii adults
from different populations at three estimated lethal concentrations (LC) of permethrin (A) and
imidacloprid (B). The LC values were estimatted on bioassays with the insecticide susceptibil-
ity pattern (RS). Vertical bars under the same horizontal diagram do not differ from each other
(P > 0.05). Note: RS = insecticide susceptibility pattern population; ER = population originally
collected at Ervélia - MG, Brazil; JF = population originally collected at Juiz de Fora - MG,
Brazil.

3.4 Discussion

Insecticide resistance selection and control failures are an undesired common phe-
nomenon occurring with several pest species (Aratjo et al. 2011; Haddi et al. 2012;
Guedes 2017; Haddi et al. 2017). Here, in addition to show differential toxicities of
three selected insecticides on D. suzukii adults, we report a first insight of a natural
resistance selection to a neonicotinoid insecticide (i.e. imidacloprid) in a population
of D. suzukii. Furthermore, currently, all toxicological information provided for any
South American D. suzukii population is still based only on discriminatory field rate
doses already established for other pest species (Andreazza et al. 2017). Thus, the re-
sults reported here, assessing the full range of lethal concentrations of different com-
pounds to a local insecticide susceptibility pattern population, and comparing the in-
secticide susceptibility of different populations are of extreme importance in helping
the set up of management strategies against resistance selection and control failures
(Croft 1990; Mishra et al. 2017).

Neonicotinoid resistance is reported in several pest species to be a result of muta-
tions in the acetylcholine receptors (Liu et al. 2006; Perry et al. 2008; Bass et al. 2011)

or over-expression of detoxification enzymes, especially of the P450 family (Daborn
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et al. 2001; Elzaki et al. 2017; Kaplanoglu et al. 2017), as was demonstrated to occur
for D. suzukii exposed to other chemicals groups (Mishra et al. 2017). Thus, further
laboratory-based pressure selection on the JF population should be performed to fore-
see a field resistance selection to imidacloprid and allow a fully characterization of the
possible neonicotinoid resistance mechanisms occurring in D. suzukii. Such studies
could end up creating more advanced monitoring techniques (e.g. TagMan Real-Time
PCR) (Haddi et al. 2012) that allow rapid measurement of field frequencies of resis-
tant specimens (Silva et al. 2015) coupled with large compressive sample approaches
(Guedes 2017).

The potential for a fast insecticide selection in D. suzukii is indicated by the cur-
rent results, which shows that within only one year from the first report of this inva-
sive pest in the sampled region (Andreazza et al. 2016b), there are already differences
in susceptibility to imidacloprid between two potentially closely related populations
(originally collected 125 km from each other). Currently, there are no insecticides
registered within the government controlling agencies to be used against D. suzukii
in Brazil, but applications with neonicotinoids (i.e., imidacloprid, acetamiprid and
thiamethoxam) on some D. suzukii main hosts, as strawberries, guavas, peaches and
grapes are allowed (MAPA 2017). This may explain the differences here found. Nev-
ertheless, worldwide, even that less toxic than pyrethroids and organophosphates,
neonicotinoids are commonly used in rotations to manage D. suzukii infestations (Van
Timmeren and Isaacs 2013; Bruck et al. 2011).

The chemical control still remains as the main used tool to manage D. suzukii in most
of the invaded areas (Asplen et al. 2015; Haye et al. 2016). Therefore, this panorama,
together with some biological characteristics of the species (Emiljanowicz et al. 2014;
Tochen et al. 2014), further explain the possibility of a fast selection of a insecticide
resistant population. The rapid selection of insecticide resistance as a compound re-
sult of both the pest biology, the management strategies and the naturally occurring
high number/frequency of resistance sources is not uncommon (Campos et al. 2014;
Roditakis et al. 2015; Kaplanoglu et al. 2017). Drosophila suzukii from two field location
in USA was recently demonstrated to differentially express a complex high number of
detoxification genes as well as having variable numbers of Single Nucleotide Variant

mutations, indicating a high resistance source in this species (Mishra et al. 2017). A
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high number of resistance sources, from target site mutations (Pittendrigh et al. 1997;
Perry et al. 2008) to detoxification (Daborn et al. 2001; Bogwitz et al. 2005) also occurs
in other drosophilid species studied worldwide.

Considering only populations from South American region, full information on the
lethal concentrations is provided only for the three selected insecticide in the current
study. Among these, the pyrethroid ones (i.e. deltamethrin and permethrin) shared
the higher toxicities with imidacloprid. Deltamethrin was de most toxic showing the
lowest values of LCs, and therefore, locally, it could be effectively used in rotation
with other products to broke any possible selection cycle to imidacloprid. The same
is valid for permethrin, since both populations originally collected from MG state did
not present differences in susceptibility to this insecticide. Malathion, which is also
effective against D. suzukii populations worldwide (Bruck et al. 2011; Andreazza et al.
2017; Smirle et al. 2017), did not successfully select a resistant population in laboratory
selection bioassays with a population from Canada (Smirle et al. 2017). Thus, this in-
secticide could also be potentially considered in rotation with other chemical classes.
Nevertheless, the current results, even that combined with other studies [e.g. Smirle
et al. (2017)], certainly does not provide a full panorama of the insecticides resistance
sources and its field frequencies in this species. For that, surveys covering larger ar-
eas, and continuous insecticide resistance monitoring studies with a more compre-
hensive spatial sampling (Guedes 2017) are needed in order to mitigate the risks of
resistance selection and control failure in this species. Finally since currently there are
no insecticides registered to be used against D. suzukii in Brazil (MAPA 2017), no field
recommendations can be formally made for any Brazilian territory.

The results presented here contribute to the knowledge of the toxicities of three
selected insecticides on an insecticide susceptibility pattern population that was orig-
inally collected from the South American first invaded area (i.e. southern Brazil) ap-
proximately two years after its invasion. This information can serve as comparison
basis for future studies monitoring the evolution of field populations” susceptibilities.
The difference in susceptibility to imidacloprid found among D. suzukii populations
from MG state in the current study does not necessarily represent occurrence of a resis-
tant population in the field, but it does indicate the potential source of neonicotinoid

resistance mechanisms in Braziliam populations. Thus the further laboratory selection
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suggested early in the discussion, and more field surveys are surely necessary to avoid
future control failures if ever a neonicotinoid be registered to be used against D. suzukii
in Brazil. Since no information on potential neonicotinoid resistance in D. suzukii from
other invaded regions (e.g. North America and Europe) are still reported, the current
worldwide recommendation for an area-wide integrated pest management (Asplen et
al. 2015; Haye et al. 2016), with special attention to the rotation of efficient insecticides
covering different actions modes (Sparks and Nauen 2015) is naturally recommended

for the countries there are registered products against D. suzukii.
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Toxicity and egg-laying avoidance on Drosophila suzukii (Dip-
tera: Drosophilidae) caused by an old alternative inorganic in-

secticide preparation

Abstract

The application of synthetic insecticides remains the most used tool for the manage-
ment of spotted-wing Drosophila, Drosophila suzukii (Matsumura) (Diptera: Drosophil-
idae). However, the management of this pest in the organic production of soft-skinned
fruits is a complex task due to the restricted number of registered products. Here, we
assessed the toxicity of lime-sulfur and evaluated whether lime-sulfur-treated straw-
berry plants affected the oviposition and development of D. suzukii. The lime-sulfur
exhibited adequate toxicity to D. suzukii (LCsp = 26.6 mL/L) without phytotoxicity
to strawberry plants. When D. suzukii females were exposed to lime-sulfur-treated
plants in no-choice bioassays, oviposition was significantly (¢-test, P < 0.05) reduced
compared with that on untreated plants. In free-choice bioassays, D. suzukii females
laid significantly (paired t-test, P < 0.05) more eggs on untreated plants. Furthermore,
in the free-choice bioassays, immature development was slower for adults that origi-
nated from eggs laid on lime-sulfur-treated plants than from those laid on untreated
plants. Lime-sulfur showed adequate control and, therefore, has potential for use as a
management tool against D. suzukii infestations in organic production systems. This
old, alternative insecticide preparation caused not only adult fly mortality but also
reduced the number of eggs laid on lime-sulfur-treated plants.

Keywords: spotted-wing Drosophila, lime-sulfur, alternative pest control, organic

production systems.
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4.1 Introduction

Successful organic cultivation of soft-skinned fruits (e.g., strawberries) requires ef-
fective and economical control of insect pests. However, because synthetic insecti-
cides are not permitted in organic fruit production systems (Winter and Davis 2006)
and because of the continued requirement for more environmentally benign pest con-
trol methods (coupled with regulatory actions to reduce the risks associated with these
methods), the return to old inorganic insecticide preparations has recently gained pop-
ularity in agriculture, particularly in organic production (Williams and Cooper 2004;
EPA 2005; Turra et al. 2014; Dahlawi and Siddiqui 2017).

The application of inorganic preparations rich in calcium polysulfides [under the
general term “lime-sulfur” and easily prepared by combining water (H,O) with el-
emental sulfur (S) and hydrated lime (CaO-H,O) (Tartar 1914; Auld 1915)] has been
recommended since the 19" century, representing one of the oldest effective pest (in-
cluding insects) control methods (McCallan 1967; EPA 2005). Furthermore, because
the ecological impacts of lime-sulfur preparations are apparently low and they are
highly compatible with organic management practices (Williams and Cooper 2004;
Russell 2005; Turra et al. 2014), their use continues to be commonly recommended in
integrated pest management programs. Additionally, lime-sulfur preparations are one
of most common recommendations to control fungi and mite infestations in organic
production systems (Russell 2005; Penteado 2010; Venzon et al. 2013).

In the global production of strawberries, as observed for fields of other soft-skinned
fruits (Bolda et al. 2010; Walsh et al. 2011; Steffan et al. 2013; Hamby et al. 2014), recent
invasions of the spotted-wing Drosophila, Drosophila suzukii (Matsumura) (Diptera:
Drosophilidae), have elevated these flies to one of the most prevalent strawberry pests
(Santos 2014; Asplen et al. 2015; Bernardi et al. 2015; Andreazza et al. 2016b). However,
despite recent efforts aimed at developing other management strategies [e.g., potential
parasitoids (Chabert et al. 2012; Poyet et al. 2013; Daane et al. 2016; Guerrieri et al.
2016), mass trapping (Hampton et al. 2014) and physical exclusion (netting) (Kawase
et al. 2007)], the application of synthetic insecticides remains the most used tool for the
management of D. suzukii (Bruck et al. 2011; Asplen et al. 2015; Andreazza et al. 2017).

As a result, the management of organic production becomes an even more complex
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task due to the restricted number of registered products.

Recent investigations evaluated the potential of using alternative insecticides (Gar-
gani et al. 2013; Van Timmeren and Isaacs 2013), including sulfur-based preparations
(Pérez-Guerrero and Molina 2016; Andreazza et al. 2017), to manage infestations of D.
suzukii. However, although some sulfur-based commercial preparations did not pro-
vide adequate toxicity (Andreazza et al. 2017) against D. suzukii adults, the application
of sulfur powder reduces the oviposition of D. suzukii under laboratory conditions
(Pérez-Guerrero and Molina 2016). Thus, the present investigation was conducted
aiming to evaluate the toxicity of inorganic lime-sulfur preparations to D. suzukii and
to determine whether lime-sulfur-treated strawberry plants would affect the oviposi-

tion and development of D. suzukii.

4.2 Material and Methods

4.2.1 Insects and alternative insecticide preparations

The D. suzukii adult flies used in the bioassays were obtained from a stock colony
reared under controlled conditions (i.e., temperature: 24 + 2 °C; relative humidity:
55 + 10%; photophase: 12 h). The fly stock colony was initially established from ap-
proximately 800 individuals obtained from a colony maintained at Embrapa Clima
Temperado (Pelotas, RS, Brazil). All developmental stages of the fly stock colony were
reared following methods previously described elsewhere (Emiljanowicz et al. 2014;
Andreazza et al. 2016a).

Three alternative insecticide preparations containing ingredients that are used to
manage insect pests in organic systems (Liu and Stansly 2000; Venzon et al. 2013;
EPA 2014; Marques-Francovig et al. 2014) were used in toxicological bioassays with D.
suzukii adults. The lime-sulfur preparations were prepared according to the method-
ology described elsewhere (Guerra 1985; Penteado 2010; Venzon et al. 2006; Soto et
al. 2010). Briefly, a stock solution with a final density of 32 ° Baumé was prepared
from which further dilutions were performed before the applications. The other two
preparations were prepared according to a handout of ‘natural” recipes empirically
used by organic farmers in southeast Brazil. A potassium permanganate (0.15%) +

lime (1.0%) mixture was prepared from permanganate potassium powder (Ref.: 02690;
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Neon Comercial Ltda, Sdo Paulo - SP, Brazil), lime (bought at a local market) and dis-
tilled water at the proportions of 1:6.7:667, respectively. The third preparation (i.e.,
sulfur [0.15%] + salt [1.5%] + detergent [1.0%]) was a solution composed of sulfur
powder (1.5 g), sodium chloride (NaCl, 15 g), and detergent (10 mL) mixed in one liter
(1L) of distilled water.

4.2.2 Concentration—mortality bioassays

Lethal concentrations (LC) of the alternative insecticide preparations were estimated
for D. suzukii using concentration-mortality bioassays. These toxicological bioassays
were conducted using a contact/ingestion exposition protocol adapted from the IRAC
Susceptibility Test Method No:026 (IRAC 2011). Briefly, a dental wick (Cremer S.A.,
Blumenau - SC, Brazil) was impregnated with 1.9 mL of the insecticide solution and
placed inside a 200 mL glass vial. The vials were sealed at the top by a foam plug
to prevent fly escape. After placement of the insecticide-impregnated dental wicks,
groups of 25 mated flies were released into the glass vials for 24 h after which the mor-
tality levels were assessed. A complete absence of movement after mechanical stim-
ulation by a fine-tipped brush indicated a dead fly. For the bioassays with each alter-
native insecticide preparation, preliminary bioassays were conducted across a broad
range (i.e., 1 to 1000 mL/L) to select the highest concentration with no mortality and
the lowest concentration that did kill all D. suzukii. For each insecticide concentra-
tion, four replicates (i.e., each replicate a vial containing 25 flies and the insecticide-

impregnated dental wick) were used to determine mortality.

4.2.3 Lime-sulfur effect on egg-laying avoidance (with and without choice)

under semi-field conditions

To assess the activity of the lime-sulfur on female oviposition behavior, flies were
provided with choice and no-choice oviposition bioassays under semi-field condi-
tions. Strawberry plants were cultivated in plastic pots (4 L) in the greenhouse to
avoid previous D. suzukii infestation. When each had three ripe fruits, the plants
were sprayed with the lime-sulfur preparation at 30 mL/L (approximately the LCs
estimated for D. suzukii in the present investigation), a commonly recommended con-

centration for mite pest control (Hassan et al. 1994; Silva et al. 2009; Penteado 2010).
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The untreated (i.e., control) plants were sprayed with distillated and deionized water.
To spray the plants, a hand sprayer (0.5 L) was pressed 15 times around the plant,
which resulted in a deposition of approximately 10 mL of solution per plant. The pots
with lime-sulfur-treated and untreated plants were then transferred to the field and

partially buried, placing the plants close to the ground level.

For the no-choice oviposition bioassay, groups of four untreated or four lime-sulfur-
treated plants were transferred to the field, and a cage of plastic pipe (2.5 cm in diam-
eter) covered with organza (1.2 x 1.2 x 0.8 m; Figure 4.1) was immediately placed over
the plants. The four plants were transplanted in different corners of the cage. On
the top of each cage, a zipper allowed access to the inside through which 30 mated D.
suzukii females (3-4 days old) were released. The flies were released 1 h after the plants
were caged. In the free-choice oviposition bioassay (Figure 4.1), two plants were lime-
sulfur-treated and two were untreated. Of note, during the semi-field experiments
(August 2016), no rain fell and daylight length remained between 11.2 and 11.4 h.
The mean temperature ranged from 19.7 to 20.9 °C, and the relative humidity range
was 69-73%. The cage locations received approximately 70% of the daylight length
under direct sunlight, with cages in an open, well ventilated environment. In both
oviposition bioassay types, 24 h after the release of flies, the strawberry fruits were
harvested, and the oviposited eggs were counted using a stereoscopic microscope. In

each bioassay type, five replicates (i.e., a group of four plants) were used.

schematic representation of plant disposure

no-choice free-choice

Figure 4.1: Schematic representation of the experimental setup for the lime-sulfur egg laying
avoidance (with and without choice) bioassays.
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4.2.4 Pre-imaginal development and emergence bioassays

After the egg counts, the strawberry fruits were kept in plastic containers (0.5 L) on
a 1 cm layer of vermiculite (Ref.: 23071; Caldesul Co., Porto Alegre - RS, Brazil) for
egg hatch and immature development. The plastic containers were closed at the top
with a sleeve-like voile fabric. From the 8" to 16/ day after oviposition, all emerged

adults were collected and sexed daily.

4.2.5 Statistical analyses

Concentration—-mortality curves were estimated with probit analyses using the PRO-
BIT procedure in the SAS statistical software package (SAS Institute, 2013). The num-
ber of eggs laid, adult emergence, the sex ratio, and egg-to-adult viability from each
cage in the no-choice oviposition bioassay were analyzed by a Student’s t-test or a
Mann-Whitney Rank Sum test when assumptions of normality and homoscedastic-
ity were not satisfied. All comparisons were performed using SigmaPlot 12.5 (Systat
Software, San Jose, CA, USA). For the free-choice oviposition bioassay, the same pa-
rameters were analyzed by a paired Student’s t-test on Sigma Plot 12.5. Additionally,
the daily number of emerged adults and the daily emergence percentage in each treat-
ment were submitted to nonlinear regression analysis using the curve fitting proce-
dure of Sigma Plot 12.5. The regression analyses were conducted to detect trends in
the pre-imaginal development period that resulted from the lime-sulfur treatment or
the choice of female oviposition. The regression models for each treatment were con-
sidered significantly different when the confidence limits of their parameters did not

overlap.

4.3 Results

4.3.1 Concentration—mortality bioassays

Of the three tested alternative insecticide preparations, only the lime-sulfur solution
increased mortality in response to increasing concentrations (Figure 4.2). As shown
in Table 4.1, the lime-sulfur LCsy value was 26.6 (24.3-29.6) mL/L, which is approx-

imately the recommended concentration (i.e., 30 mL/L) for controlling mite pests in
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Neotropical organic production systems. However, with the highest concentration
(i.e.,, 1000 mg/mL) of both potassium permanganate + lime and sulfur + salt + deter-
gent preparations, mortality did not exceed 11.3 + 2.3% and 6.5 + 3.3% of the tested

flies, respectively.
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Figure 4.2: Toxicity of lime-sulfur to adults of Drosophila suzukii. The lines denote the lethal
concentration (LC) values estimated based on concentration-mortality bioassays using probit
analyses. Symbols show the averaged mortality recorded for each insecticide concentration.
The vertical bars represent the standard error of the average (SE).

Table 4.1: Toxicity of lime-sulfur to Drosophila suzukii adults (n =502, x> =2.3, df =4; P = 0.51).
Lethal concentrations (LC) values were estimated based on concentration-mortality bioassays
using probit analyses. C.I. denotes confidence interval. All concentrations are expressed in
mL of lime-sulfur preparation/L of water.

Slope + SE LCy (95% C.1.%) LCs (95% C.1.) LCsp (95% C.I.)
3.4 4+ 0.30 15.1 (13.4 - 16.6) 26.6 (24.3 - 29.6) 47.0 (40.6 - 57.1)

4.3.2 Semi-field oviposition bioassays (with and without choice)

In the no-choice bioassay, the groups of 30 females released into each cage with lime-
sulfur-treated plants laid 18.5 + 4.4 eggs/plant, which was significantly fewer eggs (¢
=3.04, df = 8, P = 0.016) than the 35.3 + 3.4 eggs laid per each untreated plant (Figure
4.3A). Similarly, in the choice bioassay, the groups of 30 females released in each cage
laid 20.0 + 4.8 eggs on each lime-sulfur-treated plant, which was 48.6 + 9% fewer eggs
(t=4.44,df =4, P =0.011) than the 38.0 + 3.7 eggs laid on each untreated plant (Figure
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Figure 4.3: Total number of eggs laid per plant by Drosophila suzukii females on lime-sulfur-
treated or untreated strawberry plants under semi-field conditions. (A) Sexually mature D.
suzukii females were confined in cages containing four lime-sulfur-treated or four untreated
strawberry plants in a no-choice bioassay. (B) The female flies were subjected to a choice
bioassay under semi-field conditions and were confined in cages containing four strawberry
plants, with two lime-sulfur-treated and two untreated plants. Asterisks indicate significant
differences between treatments according to Student’s t-test (A) or paired Student’s t-test (B)
(P <0.05).

43B).

4.3.3 Pre-imaginal development and emergence bioassays

In the no-choice oviposition bioassay, the egg-to-adult viability (Mann-Whitney rank
sum test; P = 0.31) and the offspring female sex ratios (Mann-Whitney rank sum test;
P = 0.69) were not significantly different between the eggs laid on lime-sulfur-treated
plants and those on untreated plants. Additionally, no significant differences (Egg-to-
adult viability: Mann-Whitney rank sum test, P = 0.55; Offspring sex ratio: paired t-test,
P = 0.69) were recorded for these parameters for the eggs laid on both plant types in
the choice oviposition bioassay. The overall egg-to-adult viability was 94.4 + 2.3%,
and the female sex ratio was 49.6 + 2.0%.

The cumulative number of flies developed from eggs laid on lime-sulfur-treated
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Figure 4.4: Number of emerged Drosophila suzukii adults originated from eggs laid on lime-
sulfur-treated or untreated strawberry plants. (A) Adults emerged from eggs laid on lime-
sulfur-treated or untreated strawberry plants in a no-choice bioassay. (B) Adults emerged
from eggs laid on lime-sulfur-treated or untreated strawberry plants in a free-choice bioassay.
Asterisks indicate significant differences between treatments according to Student’s t-test (A)
or paired Student’s t-test (B) (P < 0.05).

plants was significantly (t = 2.48, df = 8, P = 0.038) lower than the number that devel-
oped from eggs laid on untreated plants in the no-choice oviposition bioassay (Figure
4.4A). As shown in Figure 4.4B, in the choice oviposition bioassay, the cumulative
number of flies developed from eggs laid on lime-sulfur-treated plants was also sig-
nificantly (t = 5.48, df = 4, P = 0.005) fewer than that developed from eggs laid on
untreated plants.

Although the peak occurrence for daily emergence both in numbers and in percent-
ages was not significantly different between lime-sulfur-treated and untreated plants
in the no-choice oviposition bioassay (Table 4.2, Figure 4.5A,B), these peak occur-
rences were delayed for eggs laid on lime-sulfur-treated plants in the choice ovipo-

sition bioassay (Table 4.2, Figure 4.5C,D).
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Figure 4.5: The daily emergency of D. suzukii adults in number (A, C) and in percentage of
emerged flies (B, D) that were developed from eggs laid on lime-sulfur-treated or untreated
plants in oviposition bioassays with and without free-choice. Symbols represent means of the
observed data and lines represent the fits to the data.
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Table 4.2: Summary of the model parameters obtained from the Gaussian peak nonlinear regression curves shown in Fig. 5.

No-choice bioassay

Choice bioassay

Parameters” Treatment
value (95% C.L.)? t-value p value (95% C.L.)? t-value P
daily emergence in number of emerged flies
untreated 18.78 (17.10 - 20.46)a 35.5 <0.0001 20.53 (18.76 - 22.30)a 36.9 <0.0001
a
lime-sulfur treated 8.27 (6.52 - 10.01)b 15.1 0.0006 9.67 (8.64-10.71)b 29.6 <0.0001
. untreated 0.70 (0.63 - 0.77)a 32.4 <0.0001 0.68 (0.61 - 0.74)a 329 <0.0001
lime-sulfur treated 0.88 (0.67 - 1.09)a 13.3 0.0009 0.84 (0.74 - 0.94)a 26.1 0.0001
< untreated 11.87 (11.79 - 11.96)a 456.3 <0.0001 11.83 (11.75-11.91)a 492.7 <0.0001
0
lime-sulfur treated 11.89 (11.67 -12.11)a 172.5 <0.0001 12.16 (12.06 - 12.27)b 363.2 <0.0001
daily emergence in percentage of emerged flies
untreated 53.97 (46.69 - 61.24)a 23.6 0.0002 58.49 (53.46 - 63.52)a 37.0 <0.0001
a
lime-sulfur treated 45.34 (35.99 - 54.70)a 15.4 0.0006 48.71 (43.48 - 53.94)a 29.6 <0.0001
. untreated 0.74 (0.62 - 0.85)a 20.7 0.0002 0.68 (0.61 - 0.74)a 32.9 <0.0001
lime-sulfur treated 0.89 (0.68 - 1.10)a 13.6 0.0009 0.84 (0.74 - 0.94)a 26.1 0.0001
< untreated 11.79 (11.67 - 11.90)a 313.3 <0.0001 11.83 (11.75-11.91)a 492.7 <0.0001
0
lime-sulfur treated 11.92 (11.71 - 12.14)a 175.6 <0.0001 12.16 (12.06 - 12.27)b 363.2 <0.0001

@ Coefficients from a three-parameters Gaussian peak nonlinear regression model: Y = a * exp(-0.5 * ((X-X0)/b)?); a = maximum peak value at Y-axis (number of emerged flies); b = rate of change; X, =

location of the peak on the X-axis (time). * Different letters on a column within each parameter indicate significant differences due to non-overlap of the 95% confidence limits (C.L.).
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4.4 Discussion

The application of sulfur-based insecticide preparations is an old tool commonly
used to manage fungi, mite and insect infestations in organic production systems
(Hassan et al. 1994; Russell 2005; Afonso et al. 2007; Venzon et al. 2013; Marques-
Francovig et al. 2014). Here, we demonstrated the lime-sulfur insecticide preparation
was toxic to D. suzukii adults and also caused egg-laying avoidance in D. suzukii fe-
males without resulting in phytotoxic effects on strawberry plants.

The natural degradation of lime-sulfur preparations is well known to result in both
hydrogen sulfides (H,S) and elemental sulfur, which are toxicologically active against
pests (Abbott 1945). Whereas hydrogen sulfides inhibit cytochrome oxidase, elemental
sulfur oxidizes cytochrome b to cytochrome c with a by-product release of H,S (Smith
etal. 1977; Dorman et al. 2002; Dahlawi and Siddiqui 2017). Although not addressed in
detail in this study, a reasonable assumption is that hydrogen sulfides exerted the pri-
mary toxic actions against D. suzukii, because in previous investigations (Andreazza
et al. 2017), other sulfur-based preparations did not provide adequate control of D.
suzukii. Furthermore, the other sulfur-based preparation (i.e., sulfur + NaCl + de-
tergent) tested in the present investigation also resulted in very low mortality to D.
suzukii, even when applied pure (i.e., without further dilution). Notably, although the
potassium permanganate + lime preparation is recognized as an alternative prepa-
ration with potent fungicide, bactericide and molluscicide activities (EPA 2014), the
application of pure (i.e., without further dilution) preparation resulted in very low
mortality to D. suzukii. Thus, the potential use of these two preparations in the man-
agement of D. suzukii infestations in the organic production of soft-skinned fruits is
completely excluded.

Although pesticide products with a limited spectrum of activity may contribute to
the safety of the environment and non-target organisms, such traits increase the com-
plexity for alternative pesticides to enter niche markets and for the development and
commercialization of these products (Axel et al. 2012; Glare et al. 2012; Isman and
Grieneisen 2014). Therefore, to encourage the widespread use of alternative pesti-
cides, products with activity against multiple pests are required. The application of

the lime-sulfur preparation represents a good example of an alternative product ca-
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pable of controlling multiple insect pests in the organic production of strawberries.
In strawberry production systems worldwide, phytophagous mites [particularly the
two-spotted spider mite, Tetranychus urticae (Koch) (Solomon et al. 2001; Klingen and
Westrum 2007; Moraes and Flechtmann 2008)], and more recently, D. suzukii are con-
sidered the most prevalent pests (Santos 2014; Asplen et al. 2015; Bernardi et al. 2015;
2017), and both pest systems can be adequately controlled by lime-sulfur preparations.
For example, the lime-sulfur LCg for D. suzukii is in the concentration range known
to provide adequate control of T. urticae (Marques-Francovig et al. 2014).

Similar to the effect recorded for sulfur powder applications (Pérez-Guerrero and
Molina 2016), the application of the lime-sulfur preparation on strawberry plants re-
sulted in egg-laying avoidance in D. suzukii females in the no-choice oviposition bioas-
say. Because drosophilids have relatively short generation times and high reproduc-
tive outputs (e.g., with several overlapping generations during each crop season)
(Dreves et al. 2009; Emiljanowicz et al. 2014; Tochen et al. 2014), the reductions in
the number of eggs laid will not fully prevent damage to strawberry fruits; however,
such a reduction certainly has negative effects on population growth of the fly, and
therefore, the lime-sulfur preparation could maintain the size of the fly population
below the economic threshold. Furthermore, by reducing egg-laying, the application
of lime-sulfur preparations can be integrated with other “push—pull” strategies (e.g.,
the use of attractive baits or alternative plant hosts) (Miller and Cowles 1990), which
may favor the management of D. suzukii by increasing fly dispersion to other areas
than the strawberry fields. Reinforcing the potential of the lime-sulfur preparation as
a “push-pull” strategy component, we also demonstrated that D. suzukii females laid
significantly more eggs on untreated plants in the free-choice oviposition bioassay.

Site selection for egg-laying is a central behavioral decision for insects that is strongly
affected by genetic and environmental factors, with the decision strongly affecting
lifetime reproductive fitness by favoring (or not) offspring survival (Yang et al. 2008;
Joseph et al. 2009; Abed-Vieillard et al. 2013; Battesti et al. 2015; Bezzar-Bendjazia et al.
2016). In this study, we recorded not only a reduction in the number of eggs laid but
also a significant delay in the emergence peak for the individuals from eggs laid on
lime-sulfur-treated plants. These responses to lime-sulfur treatment might be a con-

sequence of the decisions of D. suzukii females, as proposed in the theory of optimal
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oviposition behavior (Jaenike 1978; Schoonhoven et al. 2005), and reflect the abilities
of drosophilid females to actively probe the environment and evaluate site quality be-
fore depositing each egg (Yang et al. 2008; Joseph et al. 2009; Abed-Vieillard et al. 2013;
Battesti et al. 2015; Bezzar-Bendjazia et al. 2016).

Thus, in the present investigation, the potential of using an old, alternative insec-
ticide preparation (i.e., lime-sulfur) was demonstrated as a D. suzukii management
tool in organic production of soft-skinned fruits (e.g., strawberries). Further investi-
gations should evaluate the contributions of environmental (e.g., social cues coming
from conspecifics or presence of aversive tastants) and genetic factors (e.g., neural ba-
sis that governs simple decision-making processes) to the preference for oviposition
sites, which will contribute to a better understanding of the sublethal effects induced

by lime-sulfur on D. suzukii females.
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General conclusions

Drosophila suzukii is already present in both, the Zona da Mata Mineira and Capix-
aba Highlands, in the states of Minas Gerais and Espirito Santo, Brazil, respectively.

Zaprionus indianus can occurs in high numbers in association with D. suzukii in
blackberries prior harvest.

The Drosophila suzukii population collected from Juiz de Fora was more resistant to
imidacloprid than both the laboratory and Ervalia populations, suggesting the need of
studies and management strategies to avoid selection of highly resistant populations
and future control failures.

There were no consistent insecticide susceptibilities differences among the popula-
tion from Juiz de Fora, Ervélia and laboratory to the insecticide permethrin.

Alternatively to the use of synthetic insecticide, lime-sulfur showed to be toxic to D.
suzukii adults, and sprays in strawberry plants did reduced both the oviposition and
number of descendants of D. suzukii, without exhibiting visually phytotoxicity. How-
ever, more testing evaluating the lime-sulfur phytotoxicity on strawberry plants and
other D. suzukii hosts, not only visually, is necessary prior any field recommendation.

Both the alternative preparations using potassium permanganate + lime and sulfur
+ salt + detergent and the insecticides azadirachtin and indoxacard did not exhibit
toxicity to D. suzukii in the laboratory bioassays, and therefore were considered inef-

fective to manage this pest species.
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