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GENERAL ABSTRACT

LEITE, S. A. STATUS OF CHEMICAL MANAGEMENT OF THE NEOTROPICAL
COFFEE LEAF MINER, Leucoptera coffeella (GUENRI-MENEVILLE &
PERROTTET) (LEPIDOPTERA: LYONETIIDAE), IN BAHIA STATE, BRAZIL,
Vitoria da Conquista — BA, UESB, 2020. 150 p. (Thesis: Doctor Science in Agronomy;
Area of Concentration: Crop Science)®

The state of Bahia ranks fourth in national coffee production. Leucoptera coffeella
(Guérin-Méneville & Perrottet) is a key crop pest, which can cause losses of 50% in
production. The use of insecticides has been intensified in recent decades as the only
solution for the control of the leaf miner, causing selection pressure for resistant
populations in coffee regions of Brazil. In Bahia, the phenomenon for leaf miner
resistance has not registered. Thus, the thesis was organized into four articles developed
to achieve the following objectives: know aspects of the profile of coffee crops and the
management of the leaf miner, including the use of insecticides in the western and
highland regions of Bahia; determine the incidence of resistance of the leaf miner to
chlorantraniliprole and to evaluate the risk of failure of control with the insecticide and
the existence of spatial dependence among populations; detect incidence and determine
levels of resistance of the pest insecticides to the chlorantraniliprole, thiametoxam and
chlorpyrifos; and evaluate the effect of the insecticide thiamethoxam on the vegetative
vigor of Coffea arabica seedlings and its effectiveness in the pest control. The survey of
the profile of coffee crops and management of the leaf miner showed an increase in the
frequency of annual application of systemic insecticides in recent years and
standardized use in most farm properties, without adopting the principles of Integrated
Pest Management (IPM). Resistance to the insecticide chlorantraniliprole is an eminent
problem in the populations of the leaf miner in the western and highland regions of
Bahia. The effectiveness of the insecticide is reduced, and the risk of control failure is
significant, requiring practices of resistance management. The occurrence of
insecticide-resistant populations of the leaf miner in the assessed regions was confirmed
at low to moderate levels for chloranthranilprole and thiamethoxam, and low to
chlorpyrifos. The western region presented the most concerned scenario of L. coffeella
resistance to insecticides, though the phenomenon requires attention in both regions.
There is an increase in the use of insecticides from the subgroup of neonicotinoids in the
control of the leaf miner, mainly the active thiamethoxam. This promotes
morphophysiological responses acting as bioactivator, altering the plant's metabolism
and morphology, in addition to being effective in controlling the leaf miner in
populations from regions where selection pressures by the active are reduced. The
continuous use of chlorantraniliprole and thiamethoxam tend to increase the selection
pressure over resistant individuals, decreasing these insecticides effectiveness and
compromising the management of the leaf miner in the western and highland regions of
Bahia.

Keywords: Bioactivador, Coffea arabica, Control Failure Likelihood, Integrated Pest
Management.

* Advisor: Profa. Dra. Maria Aparecida Castellani, UESB and Coadvisor: Prof. Dr.
Raul Narciso Carvalho Guedes, UFV.
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RESUMO GERAL

LEITE, S.A. STATUS DO MANEJO QUIMICO DO BICHO-MINEIRO DO CAFE,
Leucoptera coffeella (GUENRI-MENEVILLE & PERROTTET) (LEPIDOPTERA:
LYONETIIDAE), NO ESTADO DA BAHIA, BRASIL, Vitoria da Conquista - BA,
UESB, 2020. 150p. (Tese: Doutorado em Agronomia; Area de Concentragdo:
Fitotecnia)®

O estado da Bahia ocupa o quarto lugar na producdo nacional de café. Leucoptera
coffeella (Guérin-Meneville & Perrottet) € uma praga-chave da cultura, podendo
ocasionar perdas de 50% na producdo. O uso de inseticidas tem sido intensificado nas
ultimas décadas como Unica solugdo para o controle do bicho-mineiro, acarretando
pressdo de selecdo para populacdes resistentes em regides cafeeiras do Brasil. Na Bahia,
o fendmeno da resisténcia ao bicho-mineiro ainda ndo foi registrado. Assim, a tese foi
organizada em quatro artigos desenvolvidos para atingir os seguintes objetivos:
conhecer aspectos do perfil das lavouras cafeeiras e do manejo do bicho-mineiro,
englobando o uso de inseticida, para as regides Oeste e Planalto da Bahia; determinar a
incidéncia da resisténcia do bicho-mineiro ao clorantraniliprole e avaliar o risco de falha
de controle com o inseticida e a existéncia de dependéncia espacial entre populacdes;
detectar a incidéncia e determinar os niveis de resisténcia da praga aos inseticidas
clorantraniliprole, tiametoxam e clorpirifés; e avaliar o efeito do inseticida tiametoxam
no vigor vegetativo de mudas de Coffea arabica e sua eficacia no controle da praga. O
levantamento do perfil das lavouras cafeeiras e manejo do bicho-mineiro evidenciaram
aumento na frequéncia de aplicacdo anual de inseticidas sistémicos nos Gltimos anos e
padronizacdo do uso na maioria das propriedades, sem a adocdo dos principios do
Manejo Integrado de Pragas (MIP). A resisténcia ao inseticida clorantraniliprole é um
problema eminente nas populacdes do bicho-mineiro nas regifes Oeste e Planalto da
Bahia. A eficécia do inseticida € reduzida e o risco de falha de controle é significativo,
exigindo praticas de manejo da resisténcia. Ha ocorréncia de populacdes do bicho-
mineiro resistentes a inseticidas nas regides estudadas em niveis moderado a baixo ao
clorantranilprole e ao tiametoxam, e baixo ao clorpirifés. A regido oeste apresentou o
cenario mais preocupante de resisténcia de L. coffeella a inseticidas, mas o fenébmeno
requer atencdo em ambas as regides. Ha& um aumento no uso de inseticidas do subgrupo
dos neonicotinoides no controle do bicho-mineiro, principalmente o ingrediente ativo
tiametoxam. Este promove respostas morfofisioldgicas atuando como bioativador,
alterando o metabolismo e a morfologia da planta, além de ser eficaz no controle do
bicho-mineiro em populacbes de regiGes onde as pressdes de selecdo ao ingrediente
ativo sdo baixas. O uso continuo de clorantraniliprole e tiametoxam tende a aumentar a
pressao de selecdo para individuos resistentes, diminuindo a eficacia desses inseticidas e
comprometendo o manejo do bicho-mineiro nas regides Oeste e Planalto da Bahia.

Palavras-chave: Bioativador, Coffea arabica, Risco de Falha de Controle, Manejo
Integrado de Pragas.

* Orientadora: Profa. Dra. Maria Aparecida Castellani, UESB e Coorientador: Prof,
Dr. Raul Narciso Carvalho Guedes, UFV.
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GENERAL INTRODUCTION

Coffee production is an activity of great importance for the Brazilian economy
(Righi et al. 2013), with estimated production area of 2.1 million hectares, being the
world's largest producer and exporter, with a production of 61.7 million 60 kg sacks of
processed coffee. The state of Bahia ranks fourth in Arabica coffee production Coffea
arabica (western and highland regions) and Coffea canephora (coastal region) (Conab,
2020).

Currently for insertion into new markets, coffee farmers must cope with tactics
of Integrated Pest Management (IPM) basis and not just chemical control (Switek and
Sawinska, 2017; Sawinska et al., 2020). The adoption of the integrated pest
management philosophy in agricultural and forestry crops is consistent with
requirements of the new consumer markets and new vision and trends in agriculture that
goes far beyond crop productivity (Ha, 2014). The use of scouting techniques and
economic injury levels to make decisions-making about the need or not to intervene in
the agroecosystem is the basis for applying this management philosophy. However, if
the population suppression of an organism that has reached pest status is carried out
through chemical control, the choice of an insecticide is of fundamental importance,
taking into account not only the effectiveness and price of the product, but mainly the
selectivity in favor of natural enemies, toxicity, residual power, preharvest interval,
persistence, application method and formulation (Crocomo, 1990).

The use of insecticides in crops was intensified in the period after Second World
War, starting to be used indiscriminately as definitive solution for pests, resulting in the
selection of insecticide resistant insects along the generations. Several species of insects
and mites were reported as resistant, including virtually all insecticide groups (Sparks
and Nauen, 2015; Nauen et al., 2019). Insecticide resistance is the development of an
ability a lineage of an organism to tolerate doses or concentrations of toxics and / or
pathogens that would be lethal to the majority of the normal (susceptible) population of
the same species (Who, 1958). It is a microevolutionary phenomenon and an ecological
reaction (Guedes et al., 2017), that usually manifests it over the years (Whalon et al.,
2008; Sparks and Nauen, 2015). Worldwide, 597 species of arthropods are resistant to
one or more pesticides (Nauen et al. 2019). In Brazil, resistance of 33 species of



arthropods to pesticides has been detected, these 13 are of medical or veterinary
importance and 20 of agricultural importance (Sparks and Nauen, 2015).

The evolution of pest resistance to insecticides and crescent concerns about the
impact on the environment and mammals has become a tool to drive the introduction of
integrated pest management (IPM), resulting in the search for more selective
insecticides which has led the emergence of new insecticidal classes as a tool for
implementing strategies for adopting resistance management (Sparks et al., 2019;
Sparks et al., 2020).

The application of insecticides to control pest insects has caused biological
imbalances in populations and communities of arthropods. Recent studies have
indicated the impact of these compounds on the structure agroecosystem populations
and communities, in addition to the selection of resistant insects (Guedes et al., 2016).
The preservation of susceptible insects with the reduction of applications, rotation of
insecticides and use of those with low residual power, as well as the creation of refuge
areas are effective measures when applied preventively. (Horowitz and Denholm,
2000). The basic principle of resistance management is based on reducing pressure of
selection (Sparks and Nauen, 2015).

Among the insect species that cause economic damage to Brazilian coffee
production, the leaf miner Leucoptera coffeella (Guérin-Méneville & Perrottet, 1842)
(Lepidoptera: Lyonetiidae) stands out as the main coffee pest in the Neotropical
America, and especially in conditions cultivation in full sun (Tuelher al., 2003; Pereira
et al., 2007a; 2007b; Magalhaes et al., 2010; Pantoja-Gomez et al., 2019). The highest
incidences of the leaf miner occur in Central America and, especially, in Brazil due
edaphoclimatic conditions (Tuelher et al. 2003, Pereira et al. 2007a, 2007b, Magalhaes
et al. 2010, Pantoja-Gomez et al. 2019). The leaf miner damages result from injuries
caused by the insect larvae feeding on the palisade parenchyma, reducing the
photosynthesis leading to destruction and falling of leaves, consequently decreasing
fruit production. (Parra and Reis, 2013). The biological cycle lasts from 28 to 39 days
and may occur from 4 to 5 generations annually (Enriquez et al. 1975) and in dry
periods they increase the incidence in coffee plantations (Custddio et al. 2009). The
main method employed by coffee farmers to control the coffee leaf miner is the
chemical (Fragoso et al. 2002, Ramiro et al. 2004).

Insecticide resistance in populations of the coffee leaf miner in Brazil has been

reported in coffee crops regions in the states of Minas Gerais, Sdo Paulo and
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Pernambuco (Alves et al., 1992; Fragoso et al., 2002, 2003; Costa et al., 2016). The
evolution of resistance in populations of the leaf miner has been occurring due to the
intensive use of insecticides in pest control. These insects use different resistance
mechanisms adapt to the pressure of selection imposed by the same insecticide, favoring
the increase in resistant populations.

As a strategy for monitoring the resistance of the leaf miner in the state of Bahia,
new tools with approaches and geographical components should be used to estimate the
spatial dimension of the problems resulting from the intensive use of insecticides, which
favors the increase the index insects populations resistant and, consequently, in the
occurrence of control failure. The mapping of areas allows better decision making for
monitoring resistance and setting in measures to be applied in the management program
(Guedes, 2017). The spatial distribution of insecticide resistance and possible control
failures is a largely neglected topic, but fundamental to the management of the problem,
as it allows guiding efforts and resources for integrated management of the coffee leaf
miner.

High rates of L. coffeella infestation can cause losses in production above 50%
(Ramiro et al., 2004). The species finds favorable conditions in the state of Bahia for its
development, causing damage to coffee farmers in the main producing regions. In
region western the use of insecticides for control leaf miner, reach until 17 applications
per year (15 spraying and two systemic insecticide applications) (Castellani et al.,
2016).

Survey on the profile of coffee crops, management of the leaf miner and the use
of insecticides for control are of great importance, once situation of the management of
the leaf miner and the use of insecticides in Bahia coffee culture is not clearly know
producing regions of C. arabica. The use of the active ingredients chlorantraniliprole,
thiamethoxam, abamectin, novaluron and chlorpyrifos, as well as the frequency of
application of these, which reach until reach until 17 applications per year (Castellani et
al., 2016), and consequently the increase in the frequency of resistant individuals
insecticide, due larger pressure of selection.

There is an evidence of increased use of insecticides from the subgroup of
neonicotinoids in the control of the leaf miner in Bahia, mainly the active ingredient
thiamethoxam, due to its toxic action to insect and it is also believed that its
characteristics of promoting changes physiological effects on plants (Pereira et al.,

2010). Thiamethoxam is the precursor of clothianidin, another neonicotinoid, a
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secondary metabolite that can alter function of the thiamentoxam molecule in plants, in
addition to causing the death of the target insect (Nauen et al., 2003). Studies that
correlate the bioactivating effect and the effective control of the population growth of
the coffee leaf miner are necessary. In this context, changes morphological and
physiological promoted in Coffea arabica, due use of the insecticide thiamethoxam to
control leaf miner, and studies on its bioactivator action in the vegetative vigor are still
scarce to coffee crops.

Thus, the objectives of the present study were: 1) know aspects of the profile of
coffee crops and the management of the leaf miner, including the use of insecticide, for
the western and highland regions of Bahia; 2) determine the incidence of resistance of
the leaf miner to chlorantraniliprole and to evaluate the risk of failure of control with the
insecticide and the existence of spatial dependence between populations; 3) detect
incidence and determine levels of resistance of the pest to the insecticides
chlorantraniliprole, thiamentoxam and chlorpyrifos; 4) and evaluate the effect of the
insecticide thiamethoxam on the vegetative vigor of Coffea arabica seedlings and its

effectiveness in control of Neotropical leaf miner.
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Abstract: The Neotropical coffee leaf miner is a key coffee pest and in the state of
Bahia, one of the major coffee-producing states in the country. The insect finds
favorable conditions for its development, causing production losses and intensive use of
insecticides. Thus, the objective of the study was to analyze aspects of the profile of
coffee crops and the management of the leaf miner, including the use of insecticide for
the western and highland regions of Bahia. Data were obtained through questionnaires
applied to coffee growers and/or production technicians and included information on the
total area, area with coffee, and native vegetation, type of cultivation, cultivars, pest
monitoring, methods of control and use, insecticide rotation, and doses used.
Descriptive statistical analysis, principal component analysis (PCA), and canonical
correlations indicated differences between farm size, and areas with coffee and native
vegetation. Chemical pest control prevails as a management strategy in all farms. The
results are important for managing the coffee leaf miner while providing an overview
and diagnosis of insecticide use in coffee production in the state of Bahia. An increase
in the application of systemic insecticides took place in recent years, similarly (same



active ingredients) among most coffee growers. This fact increases the risk of selecting
populations resistant to insecticides, compromising the management of the leaf miner in

the regions.

Keywords: chemical subgroup; control methods; integrated pest management;

monitoring; survey

1. Introduction

Coffee production is an activity of great importance for the Brazilian economy [1],
with an estimated production area of 2.1 million hectares. The country is the world’s
largest producer and exporter with an annual production of 61.7 million 60 kg sacks of
processed coffee, where few states account for more than 90% of national production
[2].

The state of Bahia ranks fourth in Arabica coffee production (Coffea arabica, in the
western and highland regions) and conilon coffee production (Coffea canephora, in the
coastal region) with production of 76,135 and 40,930 thousand 60-kg sacks,
respectively [2]. Coffee production in Bahia stands out on the national scenario due to
the quality of coffee produced in the highland region, mainly in municipalities located
in Diamantina highlands (i.e., Chapada Diamantina), that is responsible for the
production of specialty coffees due to the particular climatic conditions [3].

Consumer expansion in new markets has led coffee growers to search for systems
for sustainable production. The highland region of Bahia, with municipalities located in
the Diamantina highlands, has played an important role in the adoption of measures
based on agricultural practices that cause lower environmental impact and greater
economic value of the product. Currently, for accessing the European and North
American markets, farmers must use methods consistent with the Integrated Pest
Management (IPM) philosophy, and not just chemical control methods [4,5].

Modern agriculture considers economic, environmental, ecological, and food
security aspects taken into account in management decisions. The adoption of the IPM
philosophy in agricultural and forestry crops is consistent with the requirements of the
new consumer markets and new vision and trends in agriculture that goes far beyond
crop productivity [6,7].

Considering the principles of IPM, the use of control tactics must be based on

knowledge about the phytophagous species and its natural enemies, and the pest
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population growth trends. Decision-making regarding adoption of pest control must use
control levels and economic thresholds. If the phytophagous species causing the injury
reaches the population level of control, assuming the status of pest, the decision is for
intervention aimed at suppressing the population [8,9]. If the decision is for chemical
control, the choice of the insecticide is of fundamental importance considering not only
the effectiveness and price of the product but mainly its selectivity in favor of natural
enemies, toxicity, residual power, grace period, persistence, method of application, and
formulation [10].

Coffee leaf miner, Leucoptera coffeella (Guérin-Méneville and Perrottet, 1842)
(Lepidoptera: Lyonetiidae) is a key crop pest, especially of unshaded coffee, which is
prevalent in most Neotropical America and particularly in Brazil. The highest
incidences of the coffee leaf miner occur in Central America and mainly in Brazil due to
the high infestation rates recorded [11-15]. The damage caused by the insect is a result
of injuries caused by its larvae that feed on the palisade parenchyma of coffee leaves,
reducing the photosynthetic capacity, which leads to destruction and fall of leaves and,
consequently, reducing fruit production [16]. The biological cycle lasts from 28 to 39
days, and four to five generations of the leaf miner may occur per year [17]. In dry
periods, the leaf miner incidence in coffee crops increases [18].

In Brazil, the main method used by coffee growers to control the coffee leaf miner
is chemical [19,20]. Neuroinsecticides are the most widely used, including several
organophosphates, carbamates, pyrethroids, and neonicotinoids, some of which are
(relatively) persistent in the environment and exhibit low selectivity in favor of natural
enemies. The diamide, chlorantraniliprole, is conversely of more recent use against the
control of coffee leaf miner and has low impact on non-target insects [21,22].

The management of leaf miner populations is linked to factors such as frequency of
insecticide applications and migration of individuals and development of resistant
populations, which are of primary importance for the effective control of the species
[23]. The neglect of these factors by coffee growers and the frequent use of insecticides
in the control of pest species lead to high selection pressure on the pest individuals and
the development of resistance to the most frequently used insecticides [24].

The western and highland regions have increased production costs due to the chemical
control of the coffee leaf miner. This is the result of the high number of insecticide
applications required for the leaf miner control, mainly in the western region, where

conditions are more favorable to the pest development [3]. In both of these coffee producing
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regions of Bahia, insecticide resistance and risk of control failure have already been
observed [25]. There are knowledge lacunas related to leaf miner in the main coffee regions
of Bahia that can subsidize research and extension actions on IPM in coffee growing. Thus,
the objective of the study was to analyze aspects of the profile of coffee crops and the
management of leaf miner, including the use of insecticide, for the western and highland

regions of Bahia.

2. Materials and Methods
2.1. Study Sites

Sampling took place in farms located in the western (Barreiras, Cocos, Luis
Eduardo Magalhédes, and S&o Desiderio) and highland regions of Bahia (Barra do
Choca, Barra da Estiva, Encruzilhada, Ibicoara, Mucugé, Piatd, and Vitéria da
Conquista) (Figure 1) between September 2017 and May 2018, totaling 116 farms
surveyed (western region (Farms 1 to 21) and highland region (Farms 22 to 116)).

Information about the profile of coffee crops and management of coffee leaf miner
was obtained from coffee growers and/or production technicians. Interviews were
carried out in loco, on a voluntary basis, guaranteeing the confidentiality of responses.
The questionnaire was designed with structured multiple-choice questions, free and
dichotomous responses. Questions involved the following aspects: (1) Farm and
cultivation, total area with coffee, area of native vegetation, type of cultivation (irrigated
or non-irrigated) and cultivars, (2) history of the area regarding coffee leaf miner
monitoring (if so, what level of control is used), types of control adopted, annual
frequency of applications, insecticides used, rotation of insecticides, and use of the label
rate specified by the manufacturer.
2.2. Data Analysis

Data consistency was measured by Cronbach’s Alpha coefficient test to verify the
reliability and consistency of the group of multiple-choice and dichotomous responses.
The intensity of the relations was very high (o = 0.91) to moderate (o = 0.65).

Questionnaire data were tabulated and analyzed in Microsoft Excel, using the Chi-
Square test to determine differences between regions (western and highland) related to
the distribution of coffee growers within the characteristics addressed, as well as a
multivariate analysis with groupings of variables: Total area, area with coffee, area of
native vegetation. The adopted technique was the multivariate analysis of PCA

(Principal Component Analysis) using the R FactoMinerR package software [26]
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applying the selected variables to transform data from a wide spectrum to low spectrum
space. PCA was calculated using the correlation matrix for each variable to deduce the
eigenvector and eigenvalue. The eigenvector indicates the direction of the main axis
with the greatest variance and the eigenvalue indicates the magnitude of the variability
of the secondary axis with the next variance. The Bartlett test was used to verify the
measure of the correlation matrix and the identity matrix to indicate the existence of the
relationship among variables evaluated and the Kaiser—Meyer—Olkin test (KMO) to
measure the adequacy of data for the PCA [27].

For data referring to the number of insecticide applications in the agricultural year,
canonical variates analysis (CVA) was performed using the procedure CANDISC on the
SAS software Basic Edition, Cary, NC, USA (SAS Institute 2011) to verify possible
linear associations of applications among locations in each region under study. Data on
the use of chemical subgroups and number of applications were correlated using
canonical correlation analysis (partial) in order to test the relationship among these
variables using the PROC CANCORR procedure [28].
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Figure 1. Municipalities producing Arabica coffee (Coffea arabica), with
sampled farms, belonging in the western and south-central highlands regions of
the state Bahia.
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3. Results

The size of farms sampled in the survey ranged from 2 to 44 thousand hectares
(Figure 2a), the cultivation area ranged from 0.5 to 1800 hectares (Figure 2b), and
included farms without area of native vegetation and farms with up to 200 hectares of
native vegetation (Figure 2c).

The variables presented in Table 1 and Figure 2 provide total components and the
proportion of variance indicating the total variation of the principal component. For the
total area component, two distinct axes were obtained, PC1 and PC2, accounting for
56.03% and 43.97% of the total variance observed (Figure 2a). These results indicate
the prevalence of small farm size in the highlands (frequently lower than 100 ha), and a
broader range of farm size variation in western Bahia with the prevalence of large farm
size (i.e., >200 ha) (Figure 2a).

When the area cultivated with coffee was analyzed, linear correlations were also
significant, with PC1 and PC2 representing 54.28% and 45.71% of variance,
respectively. The profile of farms in their respective coffee cultivated areas closely
follows the trend of overall farm size with greater coffee areas prevailing in the western
region and small coffee areas prevailing in the highlands (Figure 2b), where more
uniform and smaller farm (and coffee field) sizes prevail.

Areas covered with native vegetation and recognized as permanently maintained
preservation areas were also surveyed for each farm in each region. The PC1 and PC2
obtained accounted for 62.61 and 37.39% of the observed variance, respectively (Figure
2c). Large areas of native vegetation are frequently associated with larger farm size,
while smaller areas of native vegetation are associated with small farm size (Figure 2c).

The results indicated that the occupation of the farms with the coffee crop (Xz =
42.85; p < 0.0001) is more expressive on smaller properties, on average, 62.4% of the
total area is used with coffee in the highlands region, varying from 20% to 100%, in the
western, the average occupation with culture vary with an average of 19.3% (Figure 2d).
With respect to the native vegetation area (x* = 11.55; p < 0.0001), most farms in the
highlands have up to 20%, and in the western 11% to 30% of the total area comprehend

areas of vegetation reserve (Figure 2e).
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Table 1. Principal components, eigenvalues, proportion of explained variance,
and proportion accumulated by components for total area, cultivated area and
native vegetation area.

Total Area
Component FEigenvalues Proportion Proportion Accumulated
PC1 1.12 56.03 56.03
PC2 0.87 43.96 100.00
Cultivated Area
PC1 1.08 54.28 54.28
PC2 0.91 45.71 100.00
Native Vegetation Area
PC1 1.90 62.61 62.61
PC2 0.89 37.39 100.00

Data related to type of coffee cultivation (X2 = 6.00; p = 0.014) and cultivars (XZ =
37.59; p < 0.0001) indicated significant differences between regions. In the western
region, 100% of coffee crops are irrigated, while non-irrigated cultivation prevails in the
highland region (76.4%) (Figure 3a). The ‘Catuai’ cultivar is predominant in both
regions, reaching 100.0% of the coffee cultivated area in the western region and 90.6%

in the highland region (Figure 3Db).
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Figure 3. Irrigation prevalence (a) and prevailing cultivars of Arabica coffee
(b) cultivated in the western and south-central highlands regions of the state
Bahia.




Regarding the management of the coffee leaf miner, it was observed differences
between regions (y° = 12.11; p = 0.0005), control tactics used (x* = 7.86; p = 0.048), use
of insecticide rotation (x* = 3.96; p = 0.046), and range of insecticide dose used (x* =
33.81; p < 0.0001), without difference in the level of control (x2 =2.48; p =0.289). The
infestation level of the coffee leaf miner is monitored by 76.2% (western region) and
34.7% (highland region) of coffee growers (Figure 4a). However, most coffee growers
in the western (95.2%) and highland regions (93.7%) do not consider the action (or
control) threshold for decision-making, performing only non-quantitative (visual or
qualitative) sampling for the adoption of chemical control (Figure 4b).

The prevalent control method is chemical (i.e., by means of insecticide use), mainly
in the western region where 100% of farms use insecticides, and only 14.3% associate
chemical control with cultural management (e.g., weed management). In the highland
region, 57.9% of coffee growers carry out only chemical control. On the other hand,
26.3% of coffee growers in the highland region do not adopt any control method, 14.7%
associate chemical and cultural methods, and 1.1% associate chemical and behavioral

methods through food bait (based on oleoresins and sugar, Noctovi®) (Figure 4c,d).
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Figure 4. Percentage of responses of coffee farmers to the management of the
Neotropical coffee leaf miner (Leucoptera coffeella): Monitoring leaf miner a),
levels control b), use of insecticide rotation c), control tactics d), and range of
the insecticide dose used e) in Arabica coffee crops in the western and south-
central highlands regions of the state Bahia.
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The rotation of insecticides is carried out by the majority of coffee growers in the
western (95.2%) and highland regions (75.7%). Among the coffee growers, 66.7% use
the recommended label rate in western Bahia, and 98.6% use that in the highlands.
About a third (33.3%) of the coffee growers in western Bahia overdose the insecticide
applications (Figure 4e).

Canonical correlation (partial) in the group of variables was formed by insecticide
classes and their frequency of application (Table 2 and Figure 5), which was positive
and significant. The main constituents of the canonical pair were based on values of
correlations and canonical coefficients with the two canonical axes significant and the
first axis explaining 99% of the total data variance for both western and highland

regions (Table 2).
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Figure 5. Ordination diagram showing the discrimination between the
frequency of application of insecticides for the chemical control of Leucoptera
coffeella populations in the western (a) and highlands (b) regions of Bahia. The
symbols are centroid of the localities and represent the average of the classes of
canonical variables. The vectors indicate groups of farms without significant
difference between them (Wilks’ Lambda and approximate F, p < 0.001).

Absolute values of the highest coefficients were obtained for insecticides diamides,
avermectin, nereistoxin analogs, neonicotinoids, and benzoylureas, which contributed to
the pattern of divergence between number of applications among the different farms of
the western region, in contrast with the diamide, neonicotinoid and benzoylurea more
frequent use in the highland region (Figure 5). The first canonical axis of the greatest
weight in the analysis indicates frequent use in the western region of all insecticide
classes, except organophosphate and pyrethroids (Table 2). The use of diamides

prevailed in the highlands and insecticides with more uniform use of insecticides from
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different classes, and lack of use of nereistoxin analogs (Table 2 and Figure 5). It was
observed that in the highland region, the frequency of insecticide applications is lower
in comparison to the western region. The range of annual insecticide applications is one

to 12 applications in the highlands, and 6 to 20 applications in the western region.

Table 2. Canonical axes and coefficients (grouped in the canonical structure)
of the frequency of application of insecticides of the different classes used in
the control of Leucoptera coffeella in the west and highlands regions of Bahia.

Canonical Axes

Variable West Highlands
1 2 1 2
Diamide 0.5070 -0.1915 0.7548 -0.2161
Neonicotinoids 0.4467 -0.2930 0.5815 -0.1152
Pyrethroids 0.1424 -0.2875 0.6578 0.1237
Avermectin 0.5694 0.0037 0.3793 -0.0096
Benzoylurea 0.5996 0.3062 0.4246 0.4954
Organophosphate -0.1109 0.6159 0.4268 -0.0131
Nereistoxin analogs 0.6256 0.7459 - -
F 140.96 12.43 338.29 8.70
Degrees of Freedom (num.; den) 14; 24 6; 13 12; 174 5; 88
p <0.0001 <0.0001 <0.0001 <0.0001
Canonical squared correlation 0.99 0.85 0.99 0.33

The application interval for a product is, on average, 20 days. Products without
registration with the Ministry of Agriculture and Livestock [29] for coffee crop, such as
Ampligo® (lamda-cyhalothrin + chlorantraniliprole), Interprid® (methoxyfenozide),
Dimilin® (diflubenzuron), Match® (lufenuron), Oregon® (novaluron), Talisman®

(bifenthrin + carbosulfan) are used by some coffee growers in both regions.

4. Discussion
Descriptive analyses, PCA, and the correlations indicated differences between

Arabica coffee producing regions of Bahia, as to the size of the farms, occupation of the
land with the coffee crops, and native vegetation, adoption of irrigation and, in some
aspects, of the management of the leaf miner. In western Bahia, farms are characterized
by larger extensions, with areas of up to 44 thousand hectares and areas of coffee
reaching 1800 hectares, exhibiting permanent preservation areas in compliance with
Brazilian Forest Code (Law 4771/65), a minimum of 20% of the total area. In
highlands, most of the farms have smaller extensions, from 2 to 350 hectares (Figure
2a), in some cases, totally occupied with the coffee crop, with a more heterogeneous

permanent reserve occupancy rate among the farms.
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Coffee production of western Bahia stands out for having 100% of the coffee area
completely irrigated (center-pivot and drip irrigation), contrasting with the prevalent
non-irrigated coffee of the highland region. The predominant cultivar in these regions is
the ‘Catuai’, which is characterized by being of small size, short internodes, abundant
secondary branching, red (cultivar IAC 144), or yellow (cultivar IAC 62) fruits of
medium to late maturation, high yield and adaptation to extreme temperatures [30].
However, besides to areas cultivated with Catuai, other cultivars such as ‘Acaud’,
‘Mundo Novo’ and ‘Catucai’ are also used only in the highland region, while the
‘Sarchimor’ cultivar is present only in the western region.

These differences reflect in several aspects of the coffee production chain, with
mechanized systems and outsourced manpower in the western region, enabling the
management of crop in macro scale. Coffee crops in this region is characterized by
present productivity above the national Brazilian average and using agricultural inputs,
irrigation, appropriate genotypes, and mechanization, among other practices. The
climate is favorable to the quality of the coffee, because at the time of harvest,
conditions of low relative humidity of the air occur, with the rains concentrated in the
summer [31]. In highlands, the use of inputs is less intense and family manpower
predominates. The specificities of some microregions in the highlands, such as the Chapada
Diamantina, about the climate and the realization of selective and manual harvesting of the
fruits, have guaranteed the production of special coffees of excellent quality, with high
value aggregated [32].

In the last two years, only one farm in the western region did not show infestation
by the coffee leaf miner due to the monitoring used and the application of insecticides in
a preventive way in order not to compromise coffee production. However, the other
farms have a history of high infestation by the coffee leaf miner resulting in a higher
frequency of insecticide applications. In the highland region, some crops fields located
in the municipalities of Piatd, Ibicoara, Barra da Estiva, and Vitoria da Conquista have
low infestation levels, and without a history of insecticide application for over a decade.
On the other hand, crops located on municipality Mucugé presented high infestations by
the coffee leaf miner in the last five years. This fact caused serious problems for coffee
growers, resulting in an increasing number of applications of different insecticide
classes.

When asked whether or not to carry out monitoring of the coffee leaf miner, most

respondents carried out monitoring, which is the basis for IPM. However, throughout
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the interview, it was observed that the concept of monitoring is not suitably adopted in
practice. This is because, in most cases, the monitoring performed is a visual, non-
quantitative, and non-systematic analysis based only on the presence or absence of live
larvae detected in quick and casual visual observation. Interestingly, there is no shortage
of studies on sampling of the coffee leaf miner, both with conventional [33] and
sequential plans [34]. Another problem detected in the survey is that the percentages of
predation and natural parasitism are also not quantified by coffee growers [35]. Thus,
decision-making about whether or not to use a control method, another IPM support
pillar, is not based on the analysis of numerical variations of pest populations and their
main natural enemies. The consequence of such neglect of the preventive use of
insecticides for leaf miner resulting in insecticide overuse and unnecessary increase in
production costs [36].

Quantitative population assessments based on activity levels and economic injury
thresholds form the basis of IPM to minimize unnecessary interventions for pest
population suppression, especially by the chemical method. When correctly performed
and based on a validated sampling plan, monitoring favors decision-making with
reduced application of insecticides and reduced production costs. Despite the economic
and environmental advantages resulting from the use of the limit established for
decision making in agriculture pest management [37,38], their effective use remains as
one of the main obstacles to the use of IPM programs in various agricultural crops in
Brazil and worldwide [5,37,39,40]. On the other hand, IPM plays a fundamental role in
adapting production systems to the trends of modern agriculture for the economic
benefit of growers and the reduction of environmental impacts [5,41-43].

Although there are edaphoclimatic differences between regions, the coffee leaf
miner occurs throughout the year in Bahia, finding optimal conditions for its
development in the western region (low relative humidity and high temperatures) and
favorable conditions in the south-central highland region (lower temperatures and high
relative humidity at certain times of the year). However, in the highlands at altitudes
around 1000 m and average annual temperature of around 20 °C, the coffee leaf miner
population remains at the equilibrium level for most of the year, with the presence of at
least six species of parasitoids that act in the pest regulation [44]. The same species of
parasitoids have also been observed in the western region in coffee crops located in Luis

Eduardo Magalh&es, which has an average annual temperature of approximately 24.3
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°C, but with lower parasitism rates and with variations in the structure of their
communities [44].

Most coffee growers adopt only chemical control for coffee leaf miner population
suppression, an aspect that, associated with lack of suitable monitoring for control
decision-making, impairs the proper use of IPM in coffee farms of the region. With rare
exceptions, there are coffee growers in both regions who adopt chemical and cultural
controls. On the other, 26.3% of highlands coffee growers do not use any control tactics
for the leaf miner, which reveals that the insect meets a “non-pest” situation, probably
due to the regulation of its population by factors, such as parasitoid wasps and predators
whose survival and permanence in coffee plantations are favored by the absence of
insecticides, higher altitude of the region (1000 to 2000 m), and lower average
temperatures in relation to the western region. In some cases, coffee growers have not
used insecticides for more than 15 years, with the reestablishment of beneficial fauna.

In the case of coffee production, this agro-ecosystem has the capacity of harboring
several natural enemies [45]. The harmonization of these practices tends to reduce
impacts on the communities of predators and parasitoids, reducing the incidence of the
coffee leaf miner. According to Faria and Angelini [46], cultural control aids chemical
control by reducing the incidence of the coffee leaf miner in coffee crops. Another
important data obtained in the survey was the use of behavioral control using the
Noctovi® food-based attractant in a farm located in the municipality of Barra do Choca
(highland). Such use allows the recording of the pest population dynamics and can be
used simultaneously with insecticides.

Vegetation diversification reduces the pest incidence favoring and providing
alternative foods to natural enemies [47]. Natural enemies, such as parasitoids, are
efficient when associated with integrated management of the coffee leaf miner
[44,48,49], and the use of more selective insecticides favors their prevalence in coffee
crops [22,50].

Organophosphate, carbamate, and pyrethroid insecticides were the most used in the
control of the coffee leaf miner, but other insecticide classes were more recently
introduced and are broadly used against the coffee leaf miner, including neonicotinoids
[51], diamides [52], avermectins [53], all of which act on the nervous system, and
benzoylureas, which are insect growth disruptors interfering with chitin synthesis, a
major component of the insect exoskeleton [54]. Interestingly, rather than rotating the

insecticide molecules for controlling the coffee leaf miner, a pivotal recommendation to
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minimize selection for insecticide resistance in pest species, the growers tend to rotate
trade names or formulations, frequently maintaining the use of the same insecticide, but
using different commercial products. Thus, no wonder insecticide resistance is a
problem in the region against this pest species [25].

The frequent use of insecticides causes selection pressure on pest individuals,
favoring the emergence of individuals resistant to products used in their control [24],
leading coffee growers to use an overdose of product, greater number of applications,
and consequently, replacement of an ineffective insecticide by a new insecticide [55—
57]. Fragoso et al. [23] reported the applications of 22 insecticides in a year, 10 of
which were organophosphates. Furthermore, many coffee growers make frequent use of
insecticides, including relatively more persistent and less selective compounds. Such
patterns of insecticide use enhance insecticide resistance risk and environmental
problems [22].

A concerning piece of data regarding the use of insecticides in the western region is
the residual period indicated by manufacturers, which is not respected by coffee
growers. The application interval for a product is, on average, 20 days. In addition to
data on the coffee leaf miner management, products without registration with the
Ministry of Agriculture and Livestock [29] should not be used according to the
regulation of Law No. 7.802 of July 11, 1989, Art.73. Nonetheless, the use of
unregistered products is one of the major problems faced when thinking about adapting
production to the trends of modern agriculture, as observed for custard apple (Annona
squamosa L.) crops [58].

There is an increase in the frequency of annual applications of the neonicotinoids
thiamethoxam and imidacloprid (two to four) and uniform use of the same compounds
in several farms of the region, which increases the risk of selecting for insecticide
resistance. Such a trend takes place regardless of the size of cultivated area, climate,
temperature, and rainfall.

It is noteworthy that the greater the number of applications and use of insecticides
with the same site of action, the greater the likelihood of insecticide resistance. Most
coffee growers use an application schedule, not considering parameters population trend
coffee leaf miner and natural enemy population densities [32]. Nonetheless, measures
for the successful reduction of the pest population must be carried out considering
ecological, environmental, and economic and food security aspects for sustainable and

high-quality coffee production. Therefore, there is an urgent need for integrative action
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between research and extension agencies, agricultural companies and coffee growers to
expand the use of IPM principles in line with global agriculture megatrends, which are
the bases for the sustainability of agriculture production chains [59].
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Abstract

The Neotropical coffee leaf miner, Leucoptera coffeella (Guérin-Meneville & Perrottet,
1842), is a key pest species of unshaded coffee plantations in Neotropical America,
particularly in Brazil, where pest management involves intensive insecticide use. As a
consequence, problems of resistance to conventional insecticides are frequent, and more
recently developed insecticide molecules, such as diamide insecticides, are at risk of
becoming ineffective. Thus, a survey of resistance to the diamide insecticide
chlorantraniliprole was carried out in high-yield coffee-producing areas in the State of
Bahia, Brazil. The likelihood of control failure with this insecticide was also assessed.
Spatial dependence among the insect sampling sites was assessed and spatial mapping
of chlorantraniliprole resistance and risk of control failure was carried out. The
frequency of chlorantraniliprole resistant populations was high (34 out of 40
populations, or 85%), particularly in western Bahia, where 94% of the populations were
resistant. Resistance levels ranged from low (<10-fold) to moderate (between 10-and
40-fold) with more serious instances occurring in western Bahia. This results in lower
chlorantraniliprole efficacy among these populations, with a higher risk of control
failure and exhibiting spatial dependence. These findings invite attention to problems
with the intensive use of this relatively recent insecticide and demand management
attention, but they suggest that local, farm-based management efforts are likely to be the

most effective actions against resistance problems in this pest species.

Key words: anthranilic diamides, insecticide control failure, control failure likelihood,

insecticide resistance, resistance survey
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Life happens; coffee helps! At least that is the belief of a fair share of the human
population stressed, blessed, and even obsessed with coffee. The statement is equally
valid for coffee producers particularly when facing likely losses due to the Neotropical
leaf miner Leucoptera coffeella (Guerin-Meneville & Perrottet, 1842). This leaf miner is
the key coffee pest species in unshaded coffee plantations, the dominant cultivation
system of high-quality coffee (Coffea arabica L.) in Neotropical America, particularly
Brazil (Tuelher et al. 2003; Pereira et al. 2007a,b; Magalhaes et al. 2010; Pantoja-
Gomez et al. 2019), the largest producer and exporter of this prized commodity (MAPA
2018; CONAB 2019). The annual losses by this pest species average about 40% yield
but can reach values as high as 80% under high population densities where consumption
of palisade parenchyma compromises photosynthetic leaf area leading to early leaf
senescence (Tuelher et al. 2003, Pereira et al. 2007a). Thus, the management of this
species is of paramount importance in such areas and is achieved mainly with the use of
insecticides (Fragoso et al. 2003).

The importance of the leaf miner in coffee production and the (over-)reliance on
insecticide use for managing this species naturally raises concern about evolving
insecticide resistance in leaf miner populations. Eventual insecticide control failure may
result from this, in addition to other hierarchical consequences beyond the population
level (Guedes et al. 2016, 2017, 2019). Curiously, studies of insecticide resistance in the
coffee leaf miner are rare (Alves et al. 1992; Fragoso et al. 2002, 2003), and the
likelihood of insecticide control failure is neglected, as is the potential spatial
dependence of both interdependent but distinct phenomena (Guedes 2017).

Insecticide resistance may lead to control failure, but not necessarily since this
interaction depends on patterns of cultivation and insecticide use, among other factors,
which potentially exhibit spatial dependence (Liebhold et al. 1993; Fragoso et al. 2002;
Bacca et al. 2006, 2008; Gontijo et al. 2013; Guedes 2017; Tuelher et al. 2018; Guedes
et al. 2019). The possibility of simultaneously surveying both phenomena and
geographically mapping their incidenceis seldom attempted despite their strategic
relevance for pest management, although some progress has been recently made
(Chediak et al. 2016, Guedes 2017, Tuelher et al. 2018).

Insecticide resistance in Neotropical coffee leaf miners was earlier recorded in Brazil
against organophosphates, the main insecticide class for management of this species at
the time (Alves et al. 1992). However, increases in coffee prices in the international

market and consequent concern with leaf miner losses has led to na intensification of
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insecticide use and magnification of problems with insecticide resistance (Fragoso et al.
2002, 2003). Organophosphate resistance reached very high levels (>1,000-fold) in
some of the main producing areas of high-quality coffee in Brazil (Fragoso et al. 2002,
2003). This has led to a diversification of insecticides used against the Neotropical
coffee leaf miner, which came to rely on neonicotinoid and diamide use in recent years
(MAPA 2019). As a consequence, reports of moderate levels of neonicotinoid resistance
have recently emerged (Costa et al. 2016), while diamide use has further intensified.

The diamides are a sound alternative for insect pest control because of their peculiar
mode of action distinct from other insecticides available on the market (Lahm et al.
2009). They act as ryanodine receptor activators in the calcium channels regulating
muscle cell contractions, through calcium release in the sarcoplasmic reticulum (Lahm
et al. 2005, Nauen 2006). The diamide chlorantraniliprole is broadly used against
lepidopteran pest species in different crops, including coffee, because of its low
nontarget impact and lack of cross-resistance to other insecticides making it a useful
pest management tool (Gao et al. 2013). Nonetheless, the growing use of this insecticide
is leading to increasing reports of resistance to this molecule in populations of the
diamond back moth Plutella xylostella (Troczka et al. 2012, Wang and Wu 2012), the
Neotropical tomato pinworm Tuta absoluta (Roditakis et al. 2015), and the rice stem
borer Chilo suppressalis (Lu et al. 2017, Wei et al. 2019).

Diamide resistance among coffee leaf miner populations have not yet been a target of
attention, and the use of this class of insecticides remains intensive. This scenario has
led to the current concern that diamide resistance and particularly chlorantraniliprole
resistance may be evolving and may result in future control failures with this
insecticide. Therefore, the objectives of the present study were as follows: 1) to survey
the incidence of chlorantraniliprole resistance among populations of the Neotropical
coffee leaf miner from two important regions of Arabica coffee production in Brazil; 2)
to assess the likelihood of control failure with chlorantraniliprole due to the occurrence
of resistance to this insecticide in the region; and 3) to preliminarily test whether spatial
dependence in chlorantraniliprole resistance exists among sampling sites and to
tentatively map such occurrences, if such is the case.

The intensive use of insecticides in the coffee growing regions of the state of Bahia
has led us to hypothesize that chlorantraniliprole resistance may already exist in the
region, although probably in its initial stages. This suspicion is justified because the use

of this compound for coffee protection has only increased recently, but reaching up to
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17 annual applications, 2 on soil and 15 spray applications (Castellani et al. 2016).
Consequently, resistance to this diamide is likely recent and control failure of
chlorantraniliprole was not yet expected since it takes longer to occur as it usually
requires incidence of high levels of resistance, a scenario that allows efficient
implementation of resistance management practices to minimize such risk. Spatial
dependence was not expected because variation in the incidence of insecticide
resistance was unlikely to be high (and diverse), compromising the recognition of such
a relationship and the spatial mapping of this phenomenon.

Materials and Methods

Insects and Insecticide

Sampling of populations of the Neotropical coffee leaf miner was carried out in 40 sites
from two high-quality coffee-producing regions in the state of Bahia (Brazil) — western
Bahia (17 sites), and its south-central highlands (23 sites; Table 1; Fig. 1). Leaves
containing intact mines were collected from each site, and geo-referenced with a global
positioning system (GPS) receiver (Garmin E-Trex Vista HCx, Olathe, KS). The
samples were collected between March and December 2018, avoiding leaves with open
and/or torn mines indicative of parasitism or predation. The collected leaves were
placed in Kraft-type paper bags (17 x 45 cm) and stored in polystyrene boxes for
transportation to the laboratory for subsequent bioassays under environmentally
controlled conditions.

A commercial formulation of the diamide insecticide chlorantraniliprole was used in the
bioassays (350 g a.i. /kg, water dispersible granules, DuPont, Paulinia, SP, Brazil). The
insecticide was used at its label rate, as registered at the Brazilian Ministry of
Agriculture (MAPA 2019), following the manufacturer’s recommendations. This is the
main insecticide currently used in the region against this pest species. The use of a fixed
concentration varying exposure allows estimates of both the level of resistance, through
time-mortality bioassays, and frequency of resistant individuals, through discriminating
time bioassays. This approach parallels others, like Déangelo et al. (2018) with
whiteflies, but based on fixed concentration and varying length of exposure and
including spatial analyses and spatial mapping of the phenomenon. Furthermore, the
discriminating time bioassays also allow estimation of control failure likelihood due to

insecticide resistance justifying the presente approach.
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Table 1. Identification and geographical coordinates of the sampling sites for
populations of the Neotropical coffee leaf miner Leucoptera coffeella used in our survey
of chlorantraniliprole resistance, efficacy and control failure likelihood in the State of

Bahia, Brazil.

Meso-region County Code Longitude Latitude

West Barreiras WBAR1 -11° 52" 30.0" -45° 43' 06.3"
Barreiras WBAR?2 -12° 16' 30.9" -45° 30" 35.1"
Barreiras WBAR3 -12° 16' 30.9" -45° 35' 32.6"
Barreiras WBAR4 -11° 51' 35.6" -45° 44' 47.0"
Cocos WCOC1 -14° 38' 50.6" -45° 15'41.9"
Cocos WCOC2 -14° 40' 56.8" -45° 49' 03.6"
Luiz Eduardo Magalhdes WLEM1  -11° 57'43.08" -45° 44' 01.7"
Luiz Eduardo Magalhdes WLEM2 -12° 08' 59.1" -45° 47'18.1"
Luiz Eduardo Magalhdes WLEM3 -12° 03' 46.4" -45° 54' 10.5"
Luiz Eduardo Magalhdes WLEM4 -12°16'19.4" -45° 56' 02.6"
Luiz Eduardo Magalhdes WLEM5 -12° 16' 49.0" -45° 44' 17.6"
Sao Desiderio WSDE1 -12° 08' 06.4" -45° 53'20.3"
Séo Desiderio WSDE2 -12°33'21.4" -45°51'59.1"
Séo Desiderio WSDE3 -12° 54" 12.7" -45° 32' 29.4"
Séo Desiderio WSDE4 -12° 33' 06.8" -45° 47' 23.7"
Séo Desiderio WSDE5 -12° 52" 46.6" -46° 02' 13.2"
Séo Desiderio WSDEG6 -12° 35' 04.0" -45° 40' 03.4"

Highlands Barra da Estiva HBES1 -13° 37' 15.0" -41° 20' 37.3"
Barra da Estiva HBES?2 -13° 33'18.0" -41° 20" 09.1"
Barra da Estiva HBES3 -13° 36' 45.3" -41° 19'53.9"
Barra do Choga HBCH1 -14° 50' 27.5" -40° 31' 13.0"
Barra do Choga HBCH2 -14° 53'55.3" -40° 35' 35.4"
Barra do Choga HBCH3 -14° 55' 25.2" -40° 36' 43.5"
Barra do Choga HBCH4 -14° 55" 05.8" -40° 36" 01.9"
Barra do Choga HBCH5 -14° 50' 15.9" -40° 31' 04.4"
Barra do Choga HBCH6 -14° 54' 58.1" -40° 36' 24.8"
Barra do Choga HBCH7 -14° 51' 37.5" -40° 31' 33.2"
Barra do Choga HBCHS8 -14° 54' 59.4" -40° 37' 30.6"
Encruzilhada HENC1 -15° 36' 50.1" -40° 44' 32.3"
Encruzilhada HENC?2 -15° 37" 14.3" -40° 45' 59.0"
Encruzilhada HENC3 -15° 39' 37.0" -40° 45' 38.0"
Mucugé HMUC1 -13° 02" 38.8" -41° 26' 02.4"
Mucugé HMUC2 -13° 09' 02.9" -41° 28'19.8"
Mucugé HMUC3 -13°07' 37.1" -41° 29' 25.4"
Mucugé HMUC4 -13° 05' 57.6" -41° 26' 38.2"
Vitdria da Conquista HVDC1 -14° 59' 52.0" -40° 47' 55.2"
Vitdria da Conquista HVDC?2 -15° 16' 37.5" -40° 56' 49.2"
Vitdria da Conquista HVDC3 -15° 14' 39.6" -40°59'11.9"
Vitdria da Conquista HVDC4 -15° 00" 30.0" -40° 45' 25.6"
Vitdria da Conquista HVDC5 -14° 58' 15.3" -40° 46' 09.6"
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Fig. 1. Distribution of the sampling sites for populations of the Neotropical coffee leaf
miner Leucoptera coffeella used in the spatial survey of chlorantraniliprole resistance in

Brazil. Identification for each sampling site and its coordinates are found in Table 1.

Time-Mortality Toxicity Bioassays

Time-mortality insecticide bioassays were carried out following methods adapted from
Fragoso et al. (2002), which were derived from earlier work on the tomato pinworm
Tuta absoluta (Siqueira et al. 2000, 2001). A single chlorantraniliprole concentration
was used, the field label rate (90 g a.i./ha), at a rate of 400 liter/ha (=0.78 g a.i./ml), and
the exposure times of 2, 4, 6, 12, 18, 24, 36, and 48 h. Filter paper disks (Whatman no.
1; 9.0-cm diameter) were immersed in the insecticide solution for 10 s and allowed to
dry for 1 h at ambient temperature, after which they were placed in Petri dishes (9.0-cm
diameter x 1.5-cm high). Twenty third instar larvae removed from the field-collected
leaves were placed in each Petri dish using a fine hair-brush, and they were
subsequently maintained in an environmental chamber under controlled conditions of
25 * 2°C temperature and 70 = 5% relative humidity. The experiment was replicated

three times for each insect population. Larval mortality was recognized by the inability
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to move a body length when prodded by a hair-brush. Untreated controls for each insect
population were maintained to record natural larval mortality for correction of the

chlorantraniliprole-exposed mortality observed (Abbott 1925).

Expected Efficacy and Control Failure Likelihood

The same procedures and experimental units described above were used for a final
mortality assessment after 48 h of exposure as a determination of expected
chlorantraniliprole efficacy, after proper correction for natural mortality (as indicated
above). These data were subsequently used to estimate the control failure likelihood
(CFL) of chlorantraniliprole due to insecticide resistance in each of the field-collected
insect populations. The control failure likelihood was estimated using 80% mortality as
the minimum threshold of efficacy as required by the Brazilian Ministry of Agriculture
for conventional insecticides (MAPA 1995), following methods by Guedes (2017)
where CFL = 100-[observed mortality (%) x 100]/expected mortality (i.e., 80%). CFL

values < 0 indicate a negligible risk of control failure.

Statistical Analyses
Time-mortality data were subjected to probit analysis (PROC PROBIT; SAS Institute,
SAS, Cary, NC). The levels of insecticide resistance, or resistance ratios, were
estimated by dividing the median lethal time (LTso) of a given population by the LTs of
the most susceptible population as recognized through the toxicity bioassays with
chlorantraniliprole. Significant chlorantraniliprole resistance was recognized through
estimation of the 95% FIs of the resistance ratios, and they were identified as significant
if not including the value of 1 (Robertson et al. 2007). The efficacy and control failure
results after 48-h exposure were subjected to a one-sided Z-test at 95% confidence level
with correction for continuity to test their departure from the expected mortality (Roush
and Miller 1986). The relationship between levels of chlorantraniliprole resistance and
control failure likelihood was tested using regression analysis with the curve-fitting
procedure of TableCurve 2D (Systat, San Jose, CA); model selection was based on
parsimony, high F-values (and reduced error), and R? (steep) increase with model
complexity.

Spatial analyses were carried out using the distance between pairwise sampling sites

obtained from the GPS recorded geographical coordinates and the insect response data
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(levels of insecticide resistance, efficacy, and control failure likelihood). The relatively
low number of sampling sites prevented the use of ordinary kriging methods for the
desired estimates, but cokriging circumvented this shortcoming amplifying the data set
(i.e., sampling points) used for the estimates. Thus, resistance levels and estimates of
control failure likelihood were subjected to cokriging methods with chlorantraniliprole
efficacy allowing selection of suitable semivariogram functions for distance
interpolation (Isaaks and Srivastava 1989).

The semivariogram functions allow estimation of three parameters: range (hr), partial
sill (C), and nugget (Co). The former refers to the distance in which a plateau is
reached, thus referring to the maximum distance where spatial dependence exists. The
second refers to the mortality-based semivariance value in which the maximum distance
of interference (i.e., range) is reached. The latter is the semivariance value where the
model intercepts the y-axis representing the measurement errors and/or resolution
involved. These three parameters were used to obtain three more parameters balancing
the mortality semivariance and the measurement error or resolution obtained: sill (Co +
C), proportion [C/(Co + C)], and randomness (Co/C) of the data. The semivariogram
models were selected based on the best data adjustment (i.e., regression equation with
slope closest to one, and intercept and mean error closest to zero) and the highest
randomness values. The selected semivariance models were subsequently used to
generate spatial maps of chlorantraniliprole resistance levels and control failure
likelihood. The spatial analyses were performed using ArcGIS 10.5 (ESRI, Redlands,
CA).

Results

Chlorantraniliprole Resistance

The time-mortality results for each leaf miner population with independente time-
dependent estimates were subjected to probit analyses and resulted in low XZ' and P-
values >0.05. These y*" and P-values attest to the suitability of the probit model for the
intended analyses and estimation of the desired toxicological endpoints, namely, the
median lethal concentrations (LTso’s). The frequency of chlorantraniliprole resistant
populations was high (34 out of 40 populations, or 85%), and particularly so in western

Bahia, where 94% of the populations were resistant to chlorantraniliprole (Table 2).
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The levels of chlorantraniliprole resistance were usually low (<10-fold) in the
highlands with four exceptions reaching moderate levels of resistance (between 10- and
100-fold), although distributed in different counties (Table 2). Western Bahia presents a
contrasting case, with the prevalence of moderate levels of resistance reaching over 30-
fold in two instances, in Cocos and Luis Eduardo Magalhédes (Table 2). Low levels of
resistance were limited to five sites, and chlorantraniliprole susceptibility was detected
in western Bahia at only one site: Sdo Desiderio (WSDE4).

Chlorantraniliprole Efficacy and Control Failure Likelihood

Chlorantraniliprole efficacy remained above the 40% level for all the populations tested,
but most did not reach the minimum required threshold of 80% efficacy (Table 3). This
is a clear indication that chlorantraniliprole control failure is likely in some populations,
which was also estimated (Table 3). The risk or likelihood of control failure was
significant in 72.5% of the tested insect populations and sites (29 out of 40 populations).
Such risk was usually lower than 30% in the highland populations with just three
exceptions: Barra do Choca, Encruzilhada, and Vitoria da Conquista. The risk of control
failure tended to be higher in western Bahia, reaching over 30% in five instances and up
to 50% in one, Cocos (Table 3).
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Table 2. Relative toxicity of chlorantranilprole to Brazilian populations of the coffee leaf miner (Leucoptera coffeella).

2

Resistance ratio at LT

Meso-region County Code No. Slope + SE LTso (95% FI) hours X Df P
[RRs (95% CI)]
West Barreiras WBAR1 480 092+0.14 19.96 (14.89-28.95) 0.34 6 0.99 5.72 (2.34-16.86)*
Barreiras WBAR?2 480 1.33+£0.19 65.91 (46.44-115.74) 4.05 6 0.67 18.88 (8.88-48.50)*
Barreiras WBARS3 480 1.56 £ 0.19 50.20 (38.46-74.21) 1.19 6 0.98 14.38 (7.70-32.43)*
Barreiras WBAR4 480 1.09 £0.15 43.03 (31.01-70.78) 3.16 6 0.79 12.33 (5.41-33.96)*
Cocos WCOC1 480 0.94+0.17 111.79 (62.93-338.55) 1.17 6 0.98 32.03 (9.66-.128.28)*
Cocos WCOC2 480 1.17+0.14 14.96 (11.86-19.17) 7.22 6 0.30 4.29 (2.28-9.74)*
Luiz Eduardo Magalh&es WLEM1 480 0.82+0.13 9.13 (6.25-12.61) 2.09 6 0.91 2.62 (1.07-7.75)*
Luiz Eduardo Magalhées WLEM2 480 0.61+0.14 113.31 (53.11-700.41) 2.36 6 0.88 32.47 (3.95-322.72)*
Luiz Eduardo Magalhées WLEM3 480 1.28 +0.17 46.47 (34.51-72.35) 2.22 6 0.89 13.32 (2.95-72.57)*
Luiz Eduardo Magalhées WLEM4 480 1.01+0.16 70.06 (45.25-148.93) 1.70 6 0.95 20.08 (7.43-65.54)*
Luiz Eduardo Magalh&es WLEM5 480 0.97+0.14 35.50 (25.48-58.79) 6.69 6 0.35 10.17 (4.04-30.95)*
Séo Desiderio WSDE1 480 1.53+0.16 23.13 (19.11-28.99) 10.07 6 0.12 6.63 (3.86-13.75)*
Séo Desiderio WSDE2 480 092+0.14 38.61 (29.94-68.28) 2.69 6 0.84 11.06 (4.03-36.68)*
Séo Desiderio WSDE3 480 1.12+0.14 24.71 (19.13-34.45) 1.81 6 0.94 7.08 (3.46-17.51)*
Séo Desiderio WSDE4 480 1.00 £ 0.13 5.72 (3.87-7.64) 2.60 6 0.86 1.64 (0.87-3.71)
Séo Desiderio WSDE5 480 1.28+0.14 8.34 (6.50-10.40) 0.45 6 0.99 2.39 (1.39-4.98)*
Séo Desiderio WSDE6 480 1.12+0.15 38.19 (28.26-59.52) 3.92 6 0.69 10.94 (5.00-28.93)*
Highlands Barra da Estiva HBES1 480 117 +£0.15 3.18 (2.02-4.35) 0.54 6 0.99 1.00 (0.49-2.03)
Barra da Estiva HBES2 480 1.39+0.15 3.58 (2.53-4.63) 1.74 6 0.94 1.03 (0.60-2.12)
Barra da Estiva HBES3 480 1.07+£0.14 4.06 (2.63-5.52) 2.77 6 0.84 1.16 (0.65-2.52)
Barra do Choga HBCH1 480 0.76 £0.13 30.70 (20.85-57.26) 2.65 6 0.85 8.80 (2.224-42.10)*
Barra do Choga HBCH2 480 0.97 £0.13 24.81 (18.49-37.05) 1.73 6 0.94 7.11 (2.98-20.47)*
Barra do Choga HBCHS3 480 0.80+£0.13 21.26 (15.18-33.65) 0.55 6 0.99 6.09 (2.00-22.44)*
Barra do Choga HBCH4 480 1.01+0.15 48.63 (33.66-87.69) 2.65 6 0.85 13.93 (5.53-42.36)*
Barra do Choga HBCH5 480 1.04 £0.16 64.75 (42.96-128.84) 0.81 6 0.99 18.55 (7.25-57.31)*
Barra do Choga HBCH6 480 1.03+0.14 26.70 (20.13-39.27) 1.75 6 0.94 7.65 (3.42-20.69)*
Barra do Choca HBCH7 480 1.24+0.14 17.47 (14.02-22.40) 1.42 6 0.96 5.01 (2.72-11.12)*
Barra do Choga HBCHS 480 1.07+£0.15 34.66 (25.72-53.40) 1.05 6 0.98 9.93 (4.48-26.60)*
Encruzilhada HENC1 480 1.57 £0.17 34.34 (27.68-45.68) 1.16 6 0.98 9.84 (5.57-37.74)*
Encruzilhada HENC2 480 1.28 +0.17 52.40 (38.20-85.05) 0.99 6 0.99 15.01 (7.21-8.71)*
Encruzilhada HENC3 480 1.34+0.14 14.41 (11.71-17.87) 1.66 6 0.95 4.13 (2.36-8.71)*
Mucugé HMUC1 480 1.72+0.17 24.71 (20.71-30.47) 3.56 6 0.73 7.78 (4.25-14.26)*
Mucugé HMUC2 480 0.74+0.13 5.18 (2.84-7.60) 0.88 6 0.98 1.63 (0.61-4.39)
Mucugé HMUC3 480 0.65+0.13 41.06 (25.25-104.01) 0.85 6 0.17 12.93 (2.16-77.21)*
Mucugé HMUC4 480 0.99+0.14 31.08 (22.79-48.75) 3.26 6 0.77 8.78 (1.08-88.79)*
Vitoria da Conquista HVDC1 480 0.98+0.14 3.49 (2.04-4.95) 9.48 6 0.15 1.00 (0.53-2.28)
Vitéria da Conquista HVvDC2 480 0.56 +0.13 45.68 (25.68-166.03) 2.79 6 0.83 13.09 (1.85-111.94)*
Vitéria da Conquista HVDC3 480 0.90 £0.13 11.59 (8.43-16.33) 3.38 6 0.76 3.32 (1.38-10.85)*
Vitoéria da Conquista HVDC4 480 0.90 £0.13 8.57 (6.00-11.52) 2.17 6 0.90 2.45 (1.13-6.46)*
Vitéria da Conquista HVDC5 480 0.51 +0.05 23.89 (15.30-49.73) 3.35 6 0.76 6.84 (1.10-51.51)*

The asterisk in the resistance ratio indicate a significant difference from the standard susceptible population based on Robertson et al. (2007).
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Table 3. Estimated chlorantraniliprole mortality (%) and control failure likelihood (%)
of populations of the Neotropical coffee leaf miner (Leucoptera coffeella) using

Brazilian recommended label rates.

Mortality [control failure

Meso-region County Code No. likelihood] (%)

West Barreiras WBAR1 60 69.0 [13.7]*
Barreiras WBAR2 60 52.8 [34.0]*
Barreiras WBAR3 60 56.4 [29.5]*
Barreiras WBAR4 60 61.8 [22.7]*
Cocos WCOC1 60 40.0 [50.01*
Cocos WCOC2 60 76.3 [4.6]
Luiz Eduardo Magalhdes WLEM1 60 78.3 [2.1]
Luiz Eduardo Magalhdes WLEM?2 60 52.8 [34.0]*
Luiz Eduardo Magalhdes WLEM3 60 61.8 [22.8]*
Luiz Eduardo Magalhdes WLEM4 60 52.8 [34.0]*
Luiz Eduardo Magalhdes WLEMS5 60 60.0 [25.0]*
S&o Desiderio WSDE1 60 67.3 [15.9]*
S&o Desiderio WSDE2 60 545 [31.9]*
S&o Desiderio WSDE3 60 69.0 [13.7]*
S&o Desiderio WSDEA4 60 85.4 [0.0]
S&o Desiderio WSDES5 60 90.8 [0.0]
S&o Desiderio WSDE6 60 52.7 [34.1]*

Highlands Barra da Estiva HBES1 60 91.7 [0.0]
Barra da Estiva HBES2 60 100.0 [0.0]
Barra da Estiva HBES3 60 96.3 [0.0]
Barra do Choca HBCH1 60 63.6 [20.5]*
Barra do Choga HBCH2 60 70.1[12.4]*
Barra do Choca HBCH3 60 63.6 [20.5]*
Barra do Choca HBCH4 60 58.1 [27.4]*
Barra do Choca HBCH5 60 49.1 [38.6]*
Barra do Choca HBCH6 60 61.8 [22.8]*
Barra do Choca HBCH7 60 76.3 [4.6]
Barra do Choca HBCHS 60 60.0 [25.0]*
Encruzilhada HENC1 60 65.4 [18.3]*
Encruzilhada HENC2 60 52.7 [34.1]*
Encruzilhada HENC3 60 78.3[2.1]
Mucugé HMUC1 60 78.3[2.13]*
Mucugé HMUC2 60 87.20.0]
Mucugé HMUC3 60 58.1[27.37]*
Mucugé HMUC4 60 65.4 [18.3]*
Vitéria da Conquista HVDC1 60 91.7 [0.0]
Vitéria da Conquista HVDC2 60 54.5[31.9]*
Vitéria da Conquista HVDC3 60 745 [6.9]*
Vitéria da Conquista HVDC4 60 81.8 [0.0]*
Vitoria da Conquista HVDC5 60 67.3 [15.9]*

Mortalities followed by an asterisk are significantly lower than the minimum efficacy threshold
of 80% (one-sided Z-test at 95% confidence level with correction for continuity and Bonferroni
correction; n = 120), as required by Brazilian legislation (MAPA 1995).
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Relationship Between Resistance and the Likelihood of Control Failure

The relationship between chlorantraniliprole resistance and control failure likelihood
was tested using regression analysis with the former trait as the independent variable
determining the latter. The relationship was significant, with the level of
chlorantraniliprole resistance largely determining the likelihood of control failure with
this insecticide (Fig. 2). The likelihood of control failure with chlorantraniliprole
increases with the level of resistance to this insecticide (Fig. 2).
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Fig. 2. The relationship between chlorantraniliprole resistance and control failure
likelihood. The symbols indicate the observed data.

Spatial Dependence

The relatively large variation in chlorantraniliprole resistance, efficacy, and control
failure likelihood is suggestive of county-wide variation in these traits; thus, spatial
dependence is a potential characteristic that allows geographical mapping of the
phenomenon if significant and suitable models are identified for extrapolation. The
number of sampling sites from each region was limited and required the use of
cokriging for meaningful estimates. This was carried out in two separate regions-one
encompassing the sampling sites of the northern counties of western Bahia (except

Cocos), and another encompassing the highland sampling sites.
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The best semivariogram models obtained from the results of chlorantraniliprole
resistance and control failure likelihood are exhibited in Table 4 together with their
respective parameters for model selection. The nugget (Co) values of zero and partial
sill (C) around the value of one allowed robust estimates with spatial dependence
reaching distances <500 m (Table 4). The model parameters and mean errors obtained
allowed distance interpolation and subsequent mapping of chlorantraniliprole resistance
ratio and control failure likelihood.

The mapping of chlorantraniliprole resistance indicates a scenario provoking more
concern in western Bahia than in the highlands with higher within-county variability
(Fig. 3), although the later exhibited lower distance of interference between sampling
sites (Table 4). This was translated into the likelihood of control failure with this
insecticide (Fig. 4). The range of variability was smaller when control failure was
considered, but western Bahia exhibited higher variation and higher risks of control

failure; however, the risks were localized (Fig. 4).

Discussion

Insecticide resistance is a genetic change in response to selection that may compromise
insecticide efficacy leading to control failure (Guedes 2017). The concepts of
insecticide resistance, efficacy and control failure are interdependent although distinct,
since the former is not always the underlying cause of the latter two (Tabashnik et al.
2014, Guedes 2017). Such distinction is seldom recognized, and control failure is
usually assumed when insecticide resistance is detected. However, a recent shift in this
trend seems to be taking place based on recent studies with the tomato leaf miner Tuta
absoluta, the putative whitefly species MEAM1, and the Neotropical brown stink bug
Euchistus heros (Gontijo et al. 2013, Roditakis et al. 2013, Silva et al. 2015, Dangelo et
al. 2018, Tuelher et al. 2018, Guedes et al. 2019). Such studies were able to recognize
insecticide resistance as the determinant cause of insecticide control failures of these
pest species (Gontijo et al. 2013, Roditakis et al. 2013, Silva et al. 2015, Dangelo et al.
2018, Tuelher et al. 2018).
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Fig. 3. Contour maps of the levels of chlorantraniliprole resistance in populations of the
Neotropical coffee leaf miner Leucoptera coffeella. The maps were generated using

spatial interpolation. The color legend indicates the represented range of resistance
ratios of the coffee leaf miner.

44



|

2°0'S

'30'S4

Highlands
Control failure  j°'g-
likelihood (%) e
B < 100 o..
B 10.0-125
[ 12.5-15.0
[115.0-175
I 17.5-20.0
W 200400 o]
UL Tkm °
© 075 7 10514 Py
46°0W 45°30W
°
1°0'S+
30'SH
]
L 4 Control failure
°0'sH o llikelihood (%)
B < 10.0
[ 10.0-12.5
. [[]125-15.0
* [115.0-175
[ 17.5-20.0
I 20.0-40.0
30'SH
& UL Tkm
° 0510 20 30 40
41°30W 41°0W 40°30'W
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of resistance ratios of the coffee leaf miner.
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Table 4. Semivariogram models and parameters of chlorantraniliprole resistance and control failure likelihood in populations of the Neotropical

coffee leaf miner Leucoptera coffeella.

. . Nugget Partial Sill Proportion Range Randomness Mean
Response  Region  Cokriging  Model (Co)  sill(C) (C+Cy (CIC+Cy) (hy, m) (Co/C) OITOrS Slope Intercept
Resistance West Simple K-Bessel 0 1.1868 1.19 1 0.40 0 0.056 0.81 2.21
ratio Highlands Simple K-Bessel 0 1.0415 1.04 1 0.20 0 -0.013 094 0.50
Control West Simple K-Bessel 0 1.1681 1.17 1 0.40 0 0.073 0.72 4.76
L_fa||_ure Highlands  Simple K-Bessel 0 1.3705 1.37 1 0.06 0 -0.530  1.02 0.81
ikelihood
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Insecticide resistance in the Neotropical coffee leaf miner L. coffeella has been
hardly studied, which is limited to three surveys (Alves et al. 1992, Fragoso et al. 2003,
Costa et al. 2016). These surveys indicate that the phenomenon may be frequent in this
species and is likely to result in control failures, as particularly indicated by the high
levels of organophosphate resistance (>1,000-fold) among leaf miner populations
(Fragoso et al. 2003). The relatively recent increase and spread in the use of the diamide
insecticide chlorantraniliprole against the coffee leaf miner suggests the potential
emergence of resistant populations, which are targeted in the present study. We aimed
1) to survey the incidence of chlorantraniliprole resistance; 2) to assess the control
failure likelihood of chlorantraniliprole due to this phenomenon; and 3) to test if spatial
dependence exists for these traits. All these objectives were achieved, although some
contrasted with our earlier expectations of a limited occurrence of chlorantraniliprole
resistance, a low expectation of control failure and a lack of spatial dependence.

Incidence of insecticide resistance is usually low for recently used insecticides
because the results of selection for the phenomenon usually takes a few years to
manifest (Roush and McKenzie 1987, McKenzie 1996, Whalon et al. 2008, Sparks and
Nauen 2015), but exceptions do exist including for diamide resistance (e.g., Troczka et
al. 2017). Despite reported exceptions in different species, the more general expectation
of a longer period for insecticide resistance to evolve prevails. Therefore,
chlorantraniliprole resistance in the Neotropical coffee leaf miner was expected to be
limited and in its initial stages. Nonetheless, the incidence of this phenomenon was high
in the region under investigation, with 85% of the insect populations exhibiting
chlorantraniliprole resistance. Curiously, the levels of resistance were low to moderate,
although reaching levels over 30-fold in some instances, particularly in western Bahia.
The widespread and intensive use of chlorantraniliprole in the region is the likely reason
for the high incidence of resistance to this compound among the insect populations
sampled and tested. However, the evolution of this phenomenon is still in its early
stages at most sites, as the levels of resistance detected did not reach high levels (>100-
fold), but remained below the 40-fold threshold.

The levels of chlorantraniliprole resistance detected in the coffee leaf miner may not
be high enough to compromise this insecticide’s efficacy but that requires the testing
and proper estimation provided by the present study. Efficacy was indeed compromised
considering the levels of chlorantraniliprole resistance observed and the risk of control

failure does already exist in the region. Nonetheless, the risk is significant although
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reduced in most of the tested populations. Instances of 30-50% risk of control failure
exist and are distributed through most of the counties sampled. They are frequently
located side-by-side with sites exhibiting negligible risk of control failure, limiting the
range of spatial dependence for the recorded traits. The situation appears to be more
serious in western Bahia, but both regions exhibit the reported pattern and control
concern. The recognition of the potential spatial dependence of insecticide resistance
and control failure likelihood is important for scaling up the required resistance
management effort, sustaining the potential use of chlorantraniliprole as a management
tool against the coffee leaf miner.

The notion that spatial proximity favors resemblance is rather intuitive and
widespread. Surveys of insecticide resistance assume this relationship, which is usually
not tested despite its importance in determining the scale and scope of resistance
management programs. Thus, the scale of management programs, whether local,
microregional, meso-regional, or even country-wide, is not recognized as a factor
compromising their potential efficacy (Guedes 2017). The number of sampling sites and
populations tested in our survey of the coffee leaf miner may potentially allow
recognition and possibly mapping of chlorantraniliprole resistance and control failure
likelihood. However, the samples were not established a priori for such a purpose,
imposing limitations on the effort. Cokringing with a secondary trait (i.e.,
chlorantraniliprole efficacy) allowed suficiente resolution to recognize that spatial
dependence does exist for the traits assessed, considering the scale of our study,
encompassing a few counties in western Bahia and the south-central highlands. The
scale of spatial dependence is restricted, not spanning more than half a kilometer.
Variation is smaller for the control failure likelihood, a consequence of the relatively
low ranges involved, except for two instances in western Bahia.

These findings are important for managing the coffee leaf miner. Despite its relative
recent use, chlorantraniliprole already exhibits significant and widespread problems of
resistance in both regions, especially in western Bahia. However, the levels of resistance
detected are low to moderate, reaching 30-fold in few instances. The problem is still
recent and allows for proper resistance management to slow or even prevent further
exacerbation. The levels of resistance detected are already in a range that compromises
chlorantraniliprole, with estimated risks of control failure <30% in most instances, but
reaching the 50% threshold at a site in Cocos County in western Bahia. Nonetheless,

spatial dependence is limited to a small scale, allowing the design of resistance
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management practices at a local (farm) level (Guedes 2017). Despite previous problems
with resistance to organophosphates and emerging problems with neonicotinoids,
alternative insecticides with distinct modes of action and prevailing detoxification
mechanisms are still available, among which azadirachtin, pyrethroids, spynosins, and
growth regulators are promising alternatives for rotation at the farm level (Spark and
Nauen 2015, MAPA 2019).

In summary, chlorantraniliprole resistance is already widespread among the
Neotropical coffee leaf miners in western and southcentral Bahia (Brazil). The
resistance levels are low to moderate but are already leading to reduced efficacy and
significant risk of control failure, demanding resistance management practices. Among
these, replacement and rotation of alternative insecticides with distinct underlying
mechanisms of resistance are sound practices for use at the local scale, and they are
likely to extend the potential use of diamides against this species not only in this region,

but also elsewhere as well.
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ABSTRACT

1 Leucoptera coffeella is one of the main coffee pests in the Neotropical region and
particularly important in crops cultivated under full sun, as in Brazil. The intensive use of
insecticides in the last two decades, including molecules of recent use such as
chlorantranilprole, has not been successful in suppressing this pest species.

2 Thus, study aimed to detect insecticide resistance and determine the levels of resistance to
commercial formulations of the insecticides chlorantraniliprole, chlorpyrifos and
thiamethoxam in populations of L. coffeella from Arabica coffee fields in western and the
highlands of the state Bahia (Brazil). Furthermore, as the expression of insecticide toxicity
varies with the length of exposure and the compound concentration, what is frequently
neglected, these two variables were considered while determining the levels of resistance
in nine populations.

3 Moderate levels of resistance were detected to chlorantranilprole in two populations, while
the others exhibited low levels of resistance. All populations were resistant to
thiamethoxam ranging from low to moderate levels. Low levels of resistance to
chlorpyrifos were detected in all populations from western, but none from highlands
region.

4 The western presents a more concerning scenario of insecticide resistance the L. coffeella,

but the phenomenon requires attention in both regions.

Key words: chemical control, chlorantraniliprole, chlorpyrifos, Coffea arabica, resistance

ratio, thiamethoxam
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1. Introduction

Pesticides, particularly insecticides to reduce populations of pest species that reach high
infestation levels, are tools of great importance for agriculture. Despite this, or even for this
reason, the application of insecticides to control pest insects has caused biological imbalances
in populations and communities of arthropods, mainly related to ecological and physiological
changes in their behavior, triggered by the use of pesticides (Guedes et al., 2016, 2017).

In the context of globalized agriculture of highly productive crops, Brazil stands out in the
production of commodities of great importance, such as coffee, topping as the world's largest
producer and exporter (Mapa, 2019). Among insect species that cause economic damage to
coffee production, the Neotropical coffee leaf miner [Leucoptera coffeella (Guérin-Méneville
& Perrottet, 1842) (Lepidoptera: Lyonetiidae)] stands out as one of the main coffee pest
species in the Neotropical region, especially under conditions of cultivation in full sun, as in
Brazil (Tuelher et al., 2003; Pereira et al., 2007a,b; Magalhaes et al., 2010; Pantoja-Gomez et
al., 2019).

High infestation rates of L. coffeella can cause production losses above 50% in Brazil
(Ramiro et al., 2004). The increase in the infestation levels of this pest has caused significant
production losses, resulting in the intensive use of pesticides reaching up to up to 20
applications per year (Leite et al., 2020a). Neurotoxic insecticides are the most used by coffee
growers, mainly organophosphates, carbamates, pyrethroids and neonicotinoids, which are
more persistent in the environment, in addition to diamides, the most recent group of
insecticides used against L. coffeella (Costa et al., 2016).

Resistance to organophosphates in L. coffeella populations in Brazil was reported by early
the 1990s and more recent surveys (Alves et al., 1992; Fragoso et al., 2002, 2003; Ribeiro et
al., 2003; Costa et al., 2016). Reports of resistance to neonicotinoids (thiamethoxam) and
diamides (chlorantraniliprole) are recent in L. coffeella populations, but detected in different
coffee-producing states (Costa et al., 2016; Leite et al., 2020b). However, there was
diversification in the use of insecticides in the last decade to control the coffee leaf miner,
mainly with increased frequency of the use of diamides and neonicotinoids. Regarding
chlorantraniliprole, leaf miner resistance and the risk of control failure have already been
confirmed in recent studies with the recommended label rate in the western and south-central
regions of Bahia in Brazil (Leite et al., 2020b). However, the situation for other commonly-

used insecticides remains unknown.
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Recent studies indicate the impact of these compounds on the structure of agroecosystem
populations and communities, in addition to the selection of resistant insects (Guedes et al.,
2016). This is the case for the chlorantraniliprole diamide and its effects on populations of
Plutella xylostella (Troczka et al., 2012; Wang & Wu 2012), Tuta absoluta (Roditakis et al.,
2015; Grant et al., 2019; Silva et al., 2019), Chilo suppressalis (Lu et al., 2017; Wei et al.,
2019), Bemisia tabaci (Dangelo et al., 2018) and Spodoptera frugipera (Boaventura et al.,
2019; Bolzan et al., 2019).

For the coffee leaf miner, the existence of populations resistant to chlorantraniliprole was
recently detected in the state of Bahia in Brazil with 84% incidence of resistance among the
populations surveyed (Leite et al., 2020b). The intensive use of insecticides leads to concerns
about the development of insecticide resistance in populations of this pest species, in addition
to favoring the reproduction and survival of individuals in the field through the use of
sublethal concentrations, influencing the selection of individuals through additional
phenomena such as induced hormesis and cross-induction of enzymes by metabolic
detoxification (Guedes et al., 2017).

In this context, the aims of the present study were: 1) to detect resistance and to determine
the levels of resistance to the diamide chlorantraniliprole, the organophosphate chlorpyrifos
and the neonicotinoid thiamethoxam using time-mortality bioassays in field-collected
populations of Leucoptera coffeella from western and south-central Bahia; 2) to assess the
variation in resistance levels with the concentration of the insecticide, what is seldom
considered, but it is relevant in the expression of the phenomenon as insecticdes degrade with
time under field conditions, but retain enough selection pressure for reistance even with the its
reduction (Gressel, 2011; Guedes et al., 2017).

2. Material and Methods

2.1 Insects and insecticides

Leucoptera coffeella populations were collected from properties located in the western
(Barreiras and Luis Eduardo Magalhdes) and south-central highland regions of Bahia (Barra
Choca, Mucugé and Vitoria da Conquista), which are important and representative coffee-
producing regions of Brazil. Nine field-populations from intensive coffee-producing field
with frequent insecticide application were used in addition to a susceptible standard
population from a property not subjected to insecticide use for at least 10 years (Table 1,

Figure 1).
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Leaves with intact mines (without signs of predation or parasitism) containing live larvae
and chrysalis were collected and stored in Kraft-type paper bags (2kg) (17cm x 45cm), and
transported in polystyrene box to the laboratory. Leaves were placed in plastic cages (2 L
capacity) until the emergence of adults, which were released in wooden cages (2x2x2 m)
covered by organza fabric and containing coffee seedlings (cv. ‘Catuai 144”).

The insecticides and respective registered commercial formulations used were, as follows:
chlorantraniliprole (350 g i.a. kg™, water-dispersible granules, DuPont, Paulinia, SP, Brazil),
chlorpyrifos (480 g i.a. L™, emulsifiable concentrate, Nufarm, Maracanat, CE, Brazil) and
thiamethoxam (250 g i.a. kg™, water-dispersible granules, Syngenta, Sdo Paulo, SP, Brazil)
(Mapa 2020).

2.2 Time-mortality bioassays under increasing insecticide concentrations

Time-mortality bioassays were performed using methods adapted from Fragoso et al. (2002)
and Leite et al. (2020) with the exposure of larva to filter paper impregnated with dry
insecticide residues, as earlier developed for the tomato leaf miner Tuta absoluta (Siqueira et
al., 2000, 2001). Five concentration ranges were used for commercial formulations of
thiamethoxam (0.67; 1.34; 2.00; 2.67 and 3.34 mg a.i. mL™), chlorantraniliprole (0.026;
0.052; 0.078; 0.105 and 0.131 mg a.i. mL™) and chlorpyrifos (2.4; 4.8; 7.2; 9.6 and 12.0 mg
a.i. mL™); the exposure times tested were 2, 4, 6, 12, 18, 24, 36 and 48 hours.

Filter paper discs (9.0 cm in diameter) were immersed in insecticide solution for 10 s and
allowed to dry for 1 h at room temperature, after which they were subsequently placed in Petri
dishes (9.0 cm in diameter x 1.5 cm in height). Twenty 3" instar larvae were removed from
leaves and placed in each Petri dish using a fine-tipped brush and kept in ambient chamber
under controlled conditions of 25 + 2°C of temperature and 70 + 5% of relative humidity. The
experiment was replicated three times for each exposure time, insecticide concentration and
insect population. Larval mortality was recognized by the insect's inability to move its body
length when prodded with a fine-tipped brush. Time-response curves were estimated for each
concentration

2.3 Statistical analysis

Time-morality data was subjected to probit analyses (PROC PROBIT; SAS Institute, SAS,
2011). The levels of resistance to insecticides, or resistance ratios, were estimated by dividing
the median lethal time (LTso) of a given population by the LTs, of the susceptible population.
Significant resistance to chlorantraniliprole, thiamethoxam and chlorpyrifos was recognized
by estimating 95% confidence intervals of resistance ratios, which were identified as

significant if they did not include the value of 1 (Robertson et al., 2007).
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The resistance ratio estimates at LTsy were subjected to regression analysis using
insecticide concentration as independent variable. Model selection was based on parsimony,
high F values (reduced error) and R® (accentuated error), increasing complexity using the
software TableCurve 2D (Systat, San Jose, CA, USA 2002).

3. Results

3.1 Insecticide resistance

The time-mortality data for each leaf miner population were subjected to probit analyses. The
low 2 and P values (>0.05) obtained indicate the suitability of the adjusted probit model,
allowing the estimates of the desired toxicological endpoints, and particularly the median
lethal time (L Tso).

The frequency of resistance in populations of the coffee leaf miner to chlorpyrifos (3 in 10
populations), chlorantraniliprole (8 in 10 populations) and thiamethoxam (9 in 10
populations) diverged between insecticides, concentration, lethal time and region. All
populations in western Bahia were resistant to chlorantranilprole, thiamethoxam and
chlorpyrifos. In the south-central highlands, all populations were resistant to thiamethoxam,
and all were susceptible to chlorpyrifos, except one from Barra do Choga (BCH2) that was
also susceptible to chlorantraniliprole (Tables 2, 3 and 4).

Chlorpyrifos resistance was low in three populations (BAR1, LEM1 and LEM2) from
western Bahia with the LEM2 population exhibiting resistance at four concentrations, but no
resistance was detected at the recommended label rate (7.2 mg a.i. mL™). All populations
from the south-central highlands were susceptible to chlorpyrifos (Table 2).

Moderate levels of resistance to chlorantraliniprole (> 10x and < 100x) were detected in
the MUC1 (Mucugé; south-central highlands) and in the LEM1 population (Luis Eduardo
Magalhées). Low levels of resistance (<10 times) were observed in six populations, including
BARL1, which exhibited resistant in all tested concentrations (Table 3). Susceptibility was
detected only in the BCH2 population from the south-central highlands.

Moderate levels of resistance to thiamethoxam were detected in LEM1 (Luis Eduardo
Magalhes) at three concentrations (0.67, 1.34 and 2.0 mg a.i. mL™), and particularly at 1.34
mg a.i. mL™ (75.20 times RR). Low levels of resistance were observed in seven populations
(70%) at concentrations of 0.67 and 1.34 mg a.i. mL™. However, for BARL levels of
resistance were low at all concentrations except 3.34 mg a.i. mL™, which exhibited moderate
level of resistance (Table 4).

3.2 Relationship between insecticide concentrations and resistance ratios
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The relationship between concentration of chlorantraniliprole, thiamethoxam and chlorpyrifos
and resistance ratios (LTsp) was tested using regression analyses with insecticide
concentrations as independent variable. The range of variation in chlorpyrifos resistance was
smaller than that of thiamethoxam, with intermediate values for chlorantraniliprole.

Relationships were significant (P <0.05) in four populations for chlorpyrifos (Figure 2), in
five populations for chlorantraniliprole (Figure 3); and in two populations for thiamethoxam
(Figure 4). The resistance ratio tended to decrease with increasing concentrations in most
cases. The trend was more homogeneous for chlorpyrifos (Figure 2). The increase in the
concentration of insecticides determines a lower likelihood of higher levels of resistance to
insecticides.

4. Discussion

The aim of this study was to quantify the levels of resistance to chlorantraniliprole,
thiamethoxam and chlorpyrifos insecticides considering both exposure time and insecticide
concentrations to which the insects were exposed. The aims were achieved indicating to
existing resistance chlorantraniliprole, thiamethoxam and chlorpyrifos among coffee leaf
miner populations from western and south-central highlands of Bahia.

The emergence of resistant populations in coffee-producing regions of the state of Bahia is
due to the intensive use of insecticides against the coffee leaf miner, with annual applications
frequency varying between 17 and 20 (Castellani et al., 2016; Leite et al., 2020a). As a likely
consequence, low and moderate levels of resistance, reduced efficacy, and risk of control
failure of L. coffeella with chlorantraniliprole were already detected in Bahia (Leite et al.,
2020). Our results reinforce this notion.

There are few studies of insecticide resistance in the Neotropical coffee leaf miner (Alves
et al., 1992; Fragoso et al., 2002, 2003; Costa et al., 2016). The chemical group most used
against this pest species is organophosphates, consequently this was the first group to exhibit
resistance in populations of the coffee leaf miner (Alves et. al, 1992). High levels of
resistance to organophosphates have been detected subsequently in one of the main coffee
producing areas in the country, the savannah-like region of Minas Gerais (Fragoso et al.,
2002; Costa et al., 2016). However, the intensive use of insecticidal molecules such as the
neonicotinoid thiamethoxam and diamide chlorantraniliprole of more recent use against
lepidopteran pest species (Lahm et al., 2005; Mapa, 2020), increased the potential for

emergence resistance to these insecticides.
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The detection of resistant populations is not strictly related to the use of organophosphates,
insecticides commonly used for L. coffeella control. Only populations located in the western
region of Bahia were resistant to chlorpyrifos. Therefore, the phenomenon of resistance of L.
coffeella is not limited to a particular insecticide and region. The incidence is high for other
insecticides with 80% of the insect populations exhibiting resistance to chlorantraniliprole and
90% to thiamethoxam. Exceptionally, a population of Barra do Choca (BCH2) located in the
south-central highlands of Bahia was susceptible to chlorantraniliprole. The widespread and
intensive use of the most recent insecticides in coffee fields, namely chlorantraniliprole and
thiamethoxam, is the likely reason for the resistance profile observed for L. coffeella
populations in our study.

Recently, moderate levels of resistance to thiamethoxam and low levels to
chlorantraniliprole were detected (Costa et al., 2016). Moderate levels of chlorantraniliprole
resistance was detected in Luis Eduardo Magalhdes (LEM1) in western Bahia, reinforcing the
perception that the high use of this compound led to the current situation in recent years
evoking concern and changes for in this species management (Leite et al., 2020b).

Low levels of resistance prevail in most populations of the coffee leaf miner. Yet, the
phenomenon was significant and relatively frequent among the leaf miner populations
surveyed, particularly in western Bahia. Furthermore, the expression of resistance was
relatively consistent at different concentration ranges and particularly so for chlorpyrifos.
Such variation was steeper for chlorantraniliprole, which sharply droped with increased
concentrations suggesting a lower risk of field control failure, as the higher field-
concentrations used remain effective for longer. Thiamethoxam provides a contrasting
scenario where increased concentration did not affect the levels of resistance to this
compound in most instances, what is an added concern for the likelihood of field control
failure with this compound.

The phenomenon of insect resistance to thiamethoxam and chlorantraniliprole insecticides
is relatively recent, occurring in several pest species including Plutella xylostella; (Troczka et
al. 2012; Wang & Wu, 2012; Ribeiro et al., 2014); Tuta absoluta (Roditakis et al., 2015;
Grant et al., 2019); Chilo suppressalis (Lu et al., 2017; Wei et al., 2019); Bemisia tabaci
(Feng et al., 2009; Dangelo et al., 2018); Spodoptera frugipera (Boaventura et al., 2019;
Bolzan et al., 2019). Furthermore, insecticide resistance compromises the insecticide
effectiveness resulting in control failure, as already recognized for the tomato pinworm Tuta
absoluta (Gontijo et al., 2013; Roditakis et al., 2018), the white fly Bemisia tabaci (MEAM1,
B biotype) (Dangelo et al., 2018), the Neotropical brown stink bug Euschistus heros (Tuelher
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et al., 2018), and more recently for the Neotropical coffee leaf miner L. coffeella (Leite et al.,
2020D).

Understanding and determining the levels of resistance in field populations is essential to
designing resistance management strategies (Roush & McKenzie, 1987). Thus, the
information here gathered allowed recognition of insecticide resistance as a major problem in
the coffee leaf miner and will direct future insecticide use against this species in the studied
regions. Populations L. coffeella are resistant to chlorantraniliprole (western and south-central
highlands), thiamethoxam (western and south-central highlands) and chlorpyrifos (western).
The problem is recent and the levels of resistance detected range from low (<10x), whose
incendence was more frequent, to moderate (< 10x, and <100x) to chlorantraniliprole and

thiamethoxam insecticides, and low to chloripyrifos in western Bahia (Brazil).
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Table 1 Identification and geographical coordinates of the sampling sites of the populations
of the Neotropical coffee leaf miner Leucoptera coffeella used in our survey of
chlorantraniliprole, thiamethoxam and chlorpyrifos resistance, in the state of Bahia, Brazil.

County Code Longitude Latitude
Barra do Choca BCH1 -14°50°27.5” -40°31°13.0”
Barra do Choca BCH2 -14°54°58.1” -40°36°24.8”
Barra do Choga BCH3 -14°50’15.9” -40°31°04.4
Barreiras BAR1 -12°16°30.9” -45°30°35.1”
Luis Eduardo Magalh&es LEM1 -12°16°19.4” -45°56°02.6”
Luis Eduardo Magalh&es LEM2 -12°03°46.4” -45°54°10.5”
Mucugé MUC1 -13°02°38.8” -41°26°02.4”
Mucugé MUC2 -13°07°37.1” -41°29°25.4”
Mucugé MUC3 -13°07°53.0” -41°28°16.1”

Vitéria da Conquista
] vDC -14°59°52.0” -40°47°55.2”
(Susceptible)
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Table 2 Relative toxicity of chlorpyrifos to populations of the Neotropical coffee leaf miner (Leucoptera coffeella); the asterisk in the resistance

ratio indicate significant difference from the standard susceptible population based on Robertson et al. (2007).
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Chlorpyrif_os 2 Resistance ratio at LT,
concentration County Code Slope + SE LTs0(95% FI) h X df P 0
(mg a.i. mL™) [RRs (95% Cl)]
Luis Eduardo Magalhées LEM2 1.52+0.21 25.73 (20.64-33.78) 5.26 6 0.51 4.55 (2.63-7.89)*
Barreiras BAR1 1.66 £0.19 12.99 (10.54-15.76) 10.36 6 0.11 2.30 (1.54-3.44)*
Luis Eduardo Magalhées LEM1 1.78 £0.22 8.73 (6.67-10.93) 1.28 6 0.97 1.55 (1.04-2.30)*
Mucugé MUC2 1.99£0.19 7.56 (6.16-9.00) 3.29 6 0.77 1.34 (0.97-1.85)
2.4 Barra do Choga BCH3 1.65+0.30 6.94 (3.57-10.51) 11.61 6 0.07 1.23 (0.72-2.11)
Mucugé MUC3 2.37+0.22 6.24 (5.15-7.34) 7.03 6 0.32 1.10 (0.81-1.51)
Mucugé MUC1 2.11+0.20 5.78 (4.69-6.92) 4.20 6 0.65 1.03 (0.74-1.42)
Barra do Choga BCH1 1.67£0.35 5.59 (2.23-9.06) 23.00 6 0.01 0.99 (0.54-1.82)
Barra do Choga BCH2 1.02+£0.21 4.37 (1.34-7.58) 12.00 6 0.06 0.77 (0.36-1.65)
Vitéria da Conquista VDC 2.14+0.20 5.65 (4.59-6.72) 6.84 6 0.34 1.00 (0.72-1.38)
Luis Eduardo Magalhées LEM2 1.42+0.18 15.19 (12.10-19.06) 4.10 6 0.66 2.69 (1.63-4.43)*
Barreiras BAR1 2.67+0.35 11.92 (8.84-15.07) 11.11 6 0.09 2.11 (1.52-2.93)*
Luis Eduardo Magalhées LEM1 2.56 +0.22 10.70 (9.15-12.32) 10.16 6 0.11 1.89 (1.42-2.53)*
Barra do Choga BCH2 2.18 £ 0.36 7.85 (4.75-10.94) 10.80 6 0.09 1.39 (0.91-2.11)
Barra do Choga BCH1 1.36 £0.16 6.68 (4.95-8.47) 6.98 6 0.32 1.18 (0.77-1.82)
4.8 Barra do Choga BCH3 1.84 £0.30 5.54 (3.08-8.04) 15.27 6 0.02 0.98 (0.61-1.58)
Mucugé MUC3 1.62 £0.17 5.53 (4.21-8.25) 4.63 6 0.59 0.98 (0.67-1.42)
Mucugé MUC1 1.99£0.19 5.42 (4.31-6.54) 6.02 6 0.42 0.96 (0.68-1.36)
Mucugé MUC2 1.78 £ 0.28 4.22 (2.26-6.17) 13.34 6 0.04 0.75 (0.45-1.25)
Vitéria da Conquista VDC 2.14+0.21 3.55(2.76-4.33) 9.37 6 0.15 1.00 (0.63-1.58)
Barreiras BAR1 1.54+£0.18 12.25 (9.84-15.01) 7.54 6 0.27 2.17 (1.42-3.31)*
Luis Eduardo Magalhées LEM1 1.65+0.17 11.41 (9.26-13.81) 6.23 6 0.40 2.02 (1.37-2.97)*
Barra do Choga BCH3 1.62 £0.17 5.28 (4.00-6.58) 6.62 6 0.36 0.94 (0.64-1.36)
Mucugé MUC2 1.58 £0.17 5.27 (3.97-6.59) 3.18 6 0.79 0.93 (0.64-1.37)




Mucugé MUC3 1.47 £0.17 4.51 (3.25-5.79) 2.99 6 0.81 0.80 (0.53-1.21)

7.2 Barra do Choga BCH1 1.74+£0.18 4.32 (3.25-5.39) 3.64 6 0.73 0.77 (0.52-1.12)
Mucugé MUC1 1.71+£0.18 4.12 (3.07-5.17) 4.10 6 0.66 0.73 (0.49-1.09)

Luis Eduardo Magalhées LEM2 1.05+0.15 4.05 (2.43-5.70) 0.68 6 0.99 0.72 (0.41-1.25)

Barra do Choga BCH2 1.37+£0.17 3.61 (2.43-4.80) 3.46 6 0.75 0.64 (0.40-1.03)

Vitoria da Conquista VDC 2.97+0.31 3.79 (3.15-4.42) 1.36 6 0.97 1.00 (0.70-1.43)

Luis Eduardo Magalhées LEM2 1.77£0.22 17.80 (14.68-21.58) 4.34 6 0.63 3.15 (2.08-4.78)*

Barreiras BAR1 2.47+0.23 12.18 (10.38-14.07) 9.17 6 0.27 2.16 (1.60-2.90)*

Luis Eduardo Magalhées LEM1 1.57+0.24 6.85 (4.04-9.88) 12.63 6 0.05 1.21 (0.74-1.98)

Barra do Choga BCH1 1.58 £ 0.27 5.20 (2.61-7.86) 14.78 6 0.02 0.92 (0.53-1.61)

Mucugé MUC2 1.26 £ 0.20 4.59 (3.54-5.64) 5.36 6 0.50 0.81(0.56-1.17)

9.6 Mucugé MUC1 1.62 £0.17 4.15 (3.05-5.25) 0.90 6 0.99 0.73(0.49-1.10)
Barra do Choca BCH3 1.73+£0.26 3.94 (2.09-5.79) 12.39 6 0.05 0.70 (0.41-1.19)

Barra do Choga BCH2 2.66 +0.35 3.43 (2.61-4.20) 6.34 6 0.38 0.61 (0.38-0.96)

Mucugé MUC3 1.43+0.17 3.03 (1.99-4.06) 6.83 6 0.34 0.54 (0.31-0.93)

Vitoria da Conquista VDC 3.15+0.36 3.30(2.73-3.84) 1.68 6 0.95 1.00 (0.67-1.48)

Luis Eduardo Magalhées LEM2 2.04+0.23 15.78 (13.22-18.63) 6.20 6 0.40 2.79 (1.96-3.97)*

Barreiras BAR1 1.98 £ 0.40 7.71 (3.55-12.19) 18.59 6 0.01 1.36 (0.78-2.38)

Luis Eduardo Magalhdes LEM1 2.06£0.19 7.34 (6.00-8.72) 4.49 6 0.61 1.30 (0.84-1.79)

Mucugé MUC2 1.12+0.20 2.43 (1.07-3.86) 1.25 6 0.97 0.86 (0.59-1.24)

Barra do Choga BCH1 1.38+0.34 4.57 (1.03-8.27) 16.62 6 0.02 0.81(0.53-1.23)

12.0 Barra do Choga BCH3 1.59 +£0.17 4.09 (2.98-5.21) 5.32 6 0.50 0.72 (0.48-1.09)
Mucugé MUC1 1.41+0.17 3.61 (2.46-4.76) 3.43 6 0.75 0.64 (0.40-1.02)

Mucugé MUC3 1.35+0.17 3.23(2.10-4.36) 1.87 6 0.93 0.57 (0.34-0.97)

Barra do Choga BCH2 1.80 £ 0.40 2.10 (0.50-3.62) 12.18 6 0.05 0.37(0.08-1.64)

Vitoria da Conquista VDC 2.61+0.30 2.80(2.19-3.38) 1.53 6 0.96 1.00 (0.42-2.35)
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Table 3 Relative toxicity of chlorantraniliprole to populations of the Neotropical coffee leaf miner (Leucoptera coffeella); the asterisk in the
resistance ratio indicate significant difference from the standard susceptible population based on Robertson et al. (2007).
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Chlorantraniliprole . .
concentration County Code Slope + SE LTso(95% FI) h ¥ Df P Resistance ”"ﬁ'o at LTeo
(Mg a.. mLY [RRs, (95% CI)]

Luis Eduardo Magalhées LEM1 1.54+0.34 184.08 (96.02-903.29) 0.83 6 0.99 12.95 (4.09-41.06)*
Barreiras BAR1 0.86 £0.16 135.16 (70.17-512.99) 4.72 6 058 9.51 (2.22-40.74)*
Luis Eduardo Magalhdes LEM2 1.99+£0.55 106.38 (65.09-480.37) 8.99 6 0.17 7.49 (2.54-22.09)*
Mucugé MUC1 6.55 + 21.67 81.45 (58.06-199.66) 2136 6 0.01 5.73 (1.09-369.75)*
0.026 Barra do Choca BCH1 1.87+£0.64 52.77 (33.79-182.36) 11.51 6 0.05 3.71 (1.44-9.55)*
Mucugé MUC2 0.89+0.18 51.21 (32.37-126.99) 2.70 6 0.85 3.60 (1.07-15.05)*
Barra do Choca BCH3 0.94 £ 0.15 48.88 (33.00-94.07) 6.44 6 037 2.94 (1.12-10.60)*
Mucugé MUC3 1.40£0.22 34.50 (26.57-50.27) 2.48 6 0.87 2.43 (1.10-5.38)*
Barra do Choca BCH2 1.11+£0.15 32.82 (24.63-49.30) 1.33 6 097 2.31 (0.98-5.46)
Vitéria da Conquista VvDC 1.30£0.17 14.21 (11.12-18.13) 0.87 6 0.99 1.00 (0.50-2.00)
Luis Eduardo Magalhdes LEM1 1.23+£0.27 241.92 (111.14-1607.00) 3.49 6 0.74 17.02 (4.70-61.73)*
Barreiras BAR1 1.03+£0.17 103.12 (61.26-270.36) 0.55 6 0.99 7.26 (2.29-22.96)*
Mucugé MUC1 4,76 +£4.99 79.86 (38.35-182.96) 21.20 6 0.01 5.62 (1.05-31.57)*
Barra do Choca BCH1 0.76 £ 0.13 37.03 (28.50-54.96) 3.30 6 0.77 2.61 (1.16-5.84)*
Mucugé MUC3 1.77 £0.26 34.87 (28.10-46.92) 4,32 6 0.63 2.45 (1.24-4.85)*
0.052 Barra do Choca BCH3 1.09+£0.15 34.24 (25.51-52.40) 5.25 6 051 2.41 (1.02-5.83)*
Mucugé MUC2 1.39+£0.28 34.08 (26.21-49.90) 1.44 6 0.96 2.40 (1.07-5.39)*
Luis Eduardo Magalhdes LEM2 0.75+0.16 44.22 (27.08-119.33) 1.17 6 098 3.11 (0.56-17.22)
Barra do Choca BCH2 1.25+£0.15 27.04 (21.29-36.87) 1.80 6 094 1.90 (0.91-3.99)
Vitéria da Conquista VDC 1.86+0.18 4.61 (3.57-5.65) 1.40 6 097 1.00 (0.67-1.49)
Mucugé MUC1 1.62£0.73 242.69 (88.08-1064.00) 4.11 6 0.66 17.08 (2.16-135.22)*
Luis Eduardo Magalhdes LEM1 1.53+0.38 225.53 (106.55-1787.00) 1.51 6 0.96 15.87 (4.42-56.99)*
Barreiras BAR1 1.55+0.25 90.85 (61.29-182.65) 443 6 0.62 6.39 (2.72-15.02)*
Barra do Choga BCH3 0.83+0.14 38.91 (26.36-73.80) 1.83 6 093 2.73(0.79-9.43)




Barra do Choga BCH1 1.32+0.19 34.53 (26.21-51.13) 9.05 6 017 2.12 (0.99-4.52)
0.078 Barra do Choga BCH2 1.45+0.16 24.04 (19.62-30.74) 5.00 6 054 1.69 (0.88-3.26)
Mucugé MUC3 1.18+0.17 21.93 (16.84-30.36) 0.97 6 099 1.54 (0.68-3.52)
Mucugé MuUC2 1.20+0.17 19.47 (15.03-26.28) 1.05 6 098 1.37 (0.62-3.04)
Luis Eduardo Magalhées LEM2 0.88£0.15 14.62 (10.34 -21.15) 0.21 6 099 1.03 (0.35-3.02)
Vitoria da Conquista VDC 1.79+0.18 4.79 (3.68-5.89) 181 6 093 1.00 (0.63-1.53)
Luis Eduardo Magalhées LEM1 1.34+£0.40 172.58 (80.79-2662.00) 7.07 6 031 12.14 (2.48-59.42)*
Mucugé MUC1 3.98+6.38 110.77 (36.70-261.31) 2647 6 0.01 7.80 (2.29-212.75)*
Barreiras BAR1 2.52 +0.67 77.18 (54.99-201.16) 9.71 6 014 5.43 (2.28-12.94)*
Mucugé MUC3 0.90+£0.19 69.08 (40.83-214.37) 1.03 6 098 4.86 (1.08-21.87)*
Mucugé MUC2 1.82+0.25 30.19 (24.77-38.84) 3.63 6 0.73 2.12 (1.11-4.06)*
0.105 Barra do Choga BCH1 1.45+0.29 30.08 (23.65-41.67) 1.38 6 097 2.12 (0.35-12.97)
Barra do Choga BCH2 2.36 £0.30 24.66 (21.10-29.10) 8.08 6 023 1.74 (0.30-9.90)
Luis Eduardo Magalhées LEM2 1.34+0.19 23.39 (18.39-31.41) 291 6 082 1.65 (0.77-3.50)
Barra do Choga BCH3 0.83+£0.13 11.98 (8.52-16.72) 4.99 6 054 0.84 (0.30-2.38)
Vitéria da Conquista VDC 1.41+0.39 3.90 (2.53-6.32) 9.05 6 0.05 1.00 (0.09-13.35)
Mucugé MUC1 1.61£0.41 106.45 (63.43-434.03) 4.47 6 061 7.49 (2.34-23.98)*
Barreiras BAR1 1.11+0.17 72.58 (47.84-146.95) 0.77 6 099 5.11 (1.88-13.85)*
Luis Eduardo Magalhdes LEM1 0.83+£0.14 51.01 (32.91-109.42) 4.60 6 0.59 3.59 (1.04-13.01)*
Mucugé MUC2 2.88 £ 0.67 32.95 (24.21-53.72) 13.04 6 0.05 2.32 (1.21-4.46)*
Luis Eduardo Magalhaes LEM2 0.76 £0.19 70.23 (38.93-271.48) 8.23 6 022 4.94 (0.81-30.07)
0.131 Barra do Choga BCH1 0.80£0.15 27.14 (18.40-50.17) 2.59 6 0.86 1.91 (0.17-0.83)
Barra do Choga BCH3 1.37+0.15 17.69 (14.45-22.16) 3.27 6 077 1.40 (0.65-2.39)
Barra do Choga BCH2 1.60+0.16 16.19 (13.57-19.52) 4.16 6 0.65 1.14 (0.63-2.06)
Mucugé MUC3 1.42+0.18 15.87 (12.66-19.96) 4.84 6 056 1.12 (0.57-2.17)
Vitéria da Conquista VvVDC 1.79+0.19 3.79 (2.84-4.76) 1.22 6 0097 1.00 (0.62-1.61)
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Table 4 Relative toxicity of thiamethoxam to populations of the Neotropical coffee leaf miner (Leucoptera coffeella); the asterisk in the
resistance ratio indicate significant difference from the standard susceptible population based on Robertson et al. (2007).
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Thiamethoxam . .
concentration County Code Slope + SE LTso(95% FI) h ¥ df P Resistance raf)'o at LTsp
(mg a.i. mL™) [RRsp (95% CI)]

Luis Eduardo Magalhdes LEM1 224 +1.17 116.68 (44.16-204.99) 9.19 6 0.16 11.02 (1.90-63.77)*
Mucugé MUC1 0.63+£0.17 102.84 (46.71-1002.00) 1.23 6 0.98 9.71 (1.24-110.42)*
Barra do Choca BCH3 1.61+0.31 72.60 (49.93-150.61) 6.57 6 0.36 6.86 (2.72-17.25)*
Luis Eduardo Magalhdes LEM2 0.96 £0.20 62.77(38.91-167.50) 1.44 6 0.96 5.93 (1.50-23.45)*
0.67 Mucugé MUC3 1.04 +0.20 56.62 (36.90-128.10) 2.28 6 0.89 5.35(1.58-18.13)*
Barreiras BAR1 1.78 £ 0.33 43.20 (32.38-69.72) 4.27 6 0.64 4.08 (1.82-9.16)*
Barra do Choca BCH1 1.39+0.22 39.03 (29.50-59.87) 6.19 6 0.40 3.69 (1.59-8.56)*
Mucugé MUC2 2.14 +£0.27 26.26 (22.22-31.76) 3.06 6 0.80 2.48 (1.36-4.53)*
Barra do Choca BCH2 1.77+0.30 12.85 (8.12-19.38) 12.22 6 0.06 1.25(0.75-1.97)
Vitéria da Conquista VDC 1.48+0.24 10.59 (6.73-15.29) 11.50 6 0.08 1.00 (0.49-2.05)
Luis Eduardo Magalhdes LEM1 1.25+0.86 796.23 (298.65-2123.00) 4,66 6 0.59 75.20 (1.35-4195.71)*
Mucugé MUC3 1.03+0.23 92.50 (52.45-349.99) 1.40 6 0.97 8.74 (2.04-37.39)*
Barreiras BAR1 1.72+0.34 56.17 (39.68-107.36) 8.68 6 0.19 5.30 (2.19-12.83)*
Barra do Choca BCH3 1.38 +0.23 47.89 (34.95-80.84) 2.34 6 0.89 4,52 (1.85-11.08)*
Barra do Choca BCH1 1.66 = 0.25 40.67 (31.81-58.48) 7.68 6 0.26 3.84 (1.83-8.05)*
1.34 Mucugé MUC2 1.11+0.18 28.21 (20.96-42-87) 1.77 6 0.94 2.66 (1.04-6.84)*
Barra do Choca BCH2 1.89 + 0.26 21.30 (17.10-27.12) 9.92 6 0.13 2.01 (1.06-3.82)*
Mucugé MUC1 1.13+0.16 16.60 (12.69-22.25) 5.94 6 0.43 1.57 (0.70-3.53)
Luis Eduardo Magalhdes LEM2 1.14+0.16 14.37 (10.94-18.97) 1.29 6 0.97 1.36 (0.61-3.00)
Vitéria da Conquista VDC 1.87+0.19 4.05 (3.09-5.00) 1.37 6 0.97 1.00 (0.65-1.55)
Luis Eduardo Magalhdes LEM1 1.47+0.51 183.61 (82.11-8744.00) 4.43 6 0.62 17.34 (3.20-94-02)*
Barreiras BAR1 1.85+0.43 70.14 (47.27-171.65) 8.01 6 0.24 6.62 (2.53-17.35)*
Mucugé MUC3 1.26 £ 0.27 66.99 (44.04-165.76) 5.69 6 0.46 6.33 (1.98-20.20)*
Mucugé MUC1 1.11+0.20 45.42 (31.62-85.59) 0.33 6 0.99 4.29 (1.45-12.79)*




Barra do Choga BCH1 1.54 £0.23 39.18 (30.30-57.07) 7.35 6 0.29 3.70 (1.72-7.94)*

2.00 Barra do Choga BCH3 1.74+£0.21 26.85 (22.02-34.07) 9.09 6 0.17 2.54 (1.33-4.83)*
Barra do Choga BCH2 1.79+0.18 13.89 (11.50-16.64) 8.39 6 0.21 1.31(0.73-2.35)
Luis Eduardo Magalhées LEM2 1.11+£0.16 12.60 (9.47-16.57) 1.90 6 0.93 1.19 (0.67-2.11)
Mucugé MUC2 1.60 £ 0.18 11.92 (9.59-14.54) 8.36 6 0.21 1.13 (0.61-2.08)
Vitoria da Conquista VDC 1.72+0.24 5.37 (3.20-7.56) 1144 6 0.08 1.00 (0.58-1.73)

Luis Eduardo Magalhées LEM1 2.19+0.69 101.50 (63.15-631.89) 9.91 6 0.13 9.59 (3.13-29.38)*

Mucugé MUC3 2.47 £ 0.54 51.11 (41.00-80.48) 3.64 6 0.72 4.83 (2.30-10.14)*

Mucugé MUC1 1.32+0.23 45.03 (32.87-76.13) 2.37 6 0.88 4.25 (1.68-10.74)*

Barreiras BAR1 144 +0.21 29.63 (23.31-40.82) 1.17 6 0.98 2.80 (1.31-5.98)*

Barra do Choga BCH3 1.62 £0.20 25.32 (20.57-32.45) 9.66 6 0.14 2.39 (1.23-4.64)*

2.67 Luis Eduardo Magalhées LEM2 0.72+0.16 39.33 (24.25-102.63) 1.55 6 0.96 3.71(0.63-21.96)
Barra do Choga BCH1 2.18 +£0.39 30.71 (22.67-17.84) 1255 6 0.05 2.90 (0.90-9.35)
Mucugé MUC2 1.67£0.19 13.24 (10.77-16.05) 8.32 6 0.22 1.25 (0.68-2.29)
Barra do Chocga BCH2 1.62+£0.17 12.32 (10.03-14.96) 9.56 6 0.14 1.16 (0.38-3.57)
Vitéria da Conquista VDC 1.32+£0.18 2.06 (1.16-2.98) 4.67 6 0.59 1.00 (0.22-4.56)

Barreiras BAR1 1.21+0.37 234.22 (94.49-6670.00) 5.58 6 0.47 22.12 (3.75-130.55)*
Luis Eduardo Magalhdes LEM1 3.78 + 4.62 129.68 (28.30-594.28) 6.42 6 0.38 12.25 (1.55-96.84)*

Luis Eduardo Magalhées LEM2 0.98+0.21 70.91 (42.82-210.80) 1.63 6 0.95 6.70 (1.64-27.40)*

Mucugé MUC3 1.82+0.36 43.95 (34.47-67.61) 2.03 6 0.92 4.15 (1.85-9.31)*

Mucugé MUC1 1.83+0.33 24.42 (17.34-38.19) 1283 6 0.05 2.31(1.10-4.81)*
Barra do Choga BCH3 1.97£0.39 18.93 (12.05-31.32) 1561 6 0.02 1.79 (0.85-3.77)
3.34 Mucugé MUC2 1.79+0.25 17.48 (13.87-22.07) 7.33 6 0.29 1.65 (0.87-3.14)
Barra do Chocga BCH1 2.71+0.42 16.35(11.89-21.71) 11.18 6 0.08 1.54 (0.86-2.78)
Barra do Choga BCH2 1.63+0.29 9.77 (5.66-14.85) 1188 6 0.06 0.92 (0.45-1.91)

Vitoria da Conquista VDC 1.29+0.18 1.64 (0.83-2.49) 2.48 6 0.87 1.00 (0.06-16.50)
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Figure captions

Figure 1 Distribution of the sampling sites for populations of the Neotropical coffee
leaf miner Leucoptera coffeella used in our survey of chlorantraniliprole, thiamethoxam
and chlorpyrifos resistance in the state of Bahia, Brazil. Identification for each sampling

site and its coordinates are found in Table 1.

Figure 2 The relationship between the concentrations of the insecticide chlorpyrifos and
the resistance ratio (at LTspg) in populations of the Neotropical coffee leaf miner

(Leucoptera coffeella). The symbols indicate the observed data.

Figure 3 The relationship between the concentrations of the insecticide
chlorantraniliprole and the resistance ratio (at LTs) in populations of the Neotropical

coffee leaf miner (Leucoptera coffeella). The symbols indicate the observed data.

Figure 4 The relationship between the concentrations of the insecticide thiamethoxam

and the resistance ratio (at LTsp) in populations of the Neotropical coffee leaf miner

(Leucoptera coffeella). The symbols indicate the observed data.
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Resistance ratio (at LT5)

Fig. 2
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Abstract

Coffee is one of the main commodities in the Brazilian economy. The use of
insecticides prevails for the suppression of pest populations, particularly the Neotropical
leaf miner Leucoptera coffeella, which is based on the neonicotinoid thiamethoxam as
one of the main insecticides used and considered effective against arthropod pest
species. One of the reasons for that, besides is pest control efficacy, is its allegeded
bioactivation of the plant metabolism. Thus, the aims of the present study were: 1) to
evaluate the effect of thiamethoxam on the vegetative vigor of coffee seedlings (Coffea
arabica ‘Catuai 144’ cultivar) at different thiametoxan concentrations (2, 20, 40, 80 and
200 mg i.a. mL™) applied via drench; and 2) to evaluate the effectiveness of
thiamethoxan in controlling the leaf miner. Morphophysiological variables of the coffee
seedlings were evaluated at 20, 40, 60, 80 and 100 days after application, and leaf miner
infestations were recorded at 20, 40, 60 and 80 days after the release of adults. The
results obtained indicated that thiamethoxam indeed interferes with morphysiology of
coffee seedlings, besides of providing effective leaf miner control even at the smaller
concentration evaluated. Nonethless the continuous use of thiamethoxam in coffee crops
for leaf miner control and plant bioactivator may further encourage the unnecessary use
of the compound potentially favoring selection for insecticide resistance and eventual

decline in its effectiveness against the coffee leaf miner.

Keywords: Bioactivator; biomass; Coffea arabica; neonicotinoids, vegetative vigor
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1. Introduction

Neonicotinoids are one of the chemical classes of synthetic insecticides on the
market most used in agriculture. One of the main neonicotinoid insecticides used for the
pest population suppression is thiametoxam. In addition, neonicotinoids can directly
modify the metabolism of plant species mainly in the growth and vigor of plants. The
use of the neonicotinoids imidacloprid and thiamethoxam favor the expression of genes
that induce plant defense and stress tolerance (Theilert et al., 2009; Stamm et al., 2014),
regardless of their effectiveness in control pest species.

Thiamethoxam has been used to protect crops against pests, and also as a promoter of
changes in plant metabolism and morphology, promoting greater plant vigor and
development, in addition to increased productivity, reason of its suspected activity as
bioactivator (Castro, 2006). Physiological effects of thiamethoxam have already been
described in some crops and instances such as increase in growth rate (Tavares et al.,
2007; Pereira et al., 2010; Macedo and Castro, 2011), and greater seed physiological in
rice (Almeida et al., 2014) and pumpkin (Lemes et al., 2015). In coffee, changes in
morphological characteristics were observed (Costa et al., 2010), an effect similar to
that observed when plant regulators are used at the initial plant growth (Santos et al.,
2015; d'Aréde et al., 2017; Ribeiro et al., 2017). Nonetheless, studies on the
bioactivating effect of thiamethoxam in plants and its relationship with insects in
general are scarce (Pereira et al., 2010), as most emphasize only the plant
morphophysiological changes (Tavares et al., 2007; Castro and Pereira, 2008; Almeida
et al., 2011; Martins et al., 2012).

Coffee is one of the main commodities of the Brazilian economy, occupying a
cultivated area of 1,185.5 thousand hectares with estimated production of 62 million
bags for 2020, of which 45 million bags of Arabica coffee (Coffea arabica L.), which
makes the country the main world coffee producer (Conab, 2020). Phytosanitary factors
are the main cause for reduction in crop productivity, mainly infestations by the
Leucoptera coffeella leaf miner (Guérin-Méneville & Perrottet, 1842) (Lepidoptera:
Lyonetiidae), which occur in Neottropical America, reaching the status of key crop pest
unshaded coffee, production system that prevails in Brazil (Tuelher et al., 2003; Pereira
et al., 2007a; 2007b; Magalhdes et al., 2010; Pantoja-Gomez et al., 2019). It is a

microlepidoptera, whose caterpillars feed on the palisade parenchym, causing leaf-

81



mining and, consequently, leaf fall reaching high levels of defoliation and production
losses above 50% (Ramiro et al., 2004).

Chemical control is the most used method for leafminer population suppression, with
tendency of increasing the frequency of application and doses of insecticides in regions
with higher pest pressure (Leite et al., 2020a). The intensive application of broad-
spectrum insecticides has caused several impacts on the leaf miner control, especially
the development of insecticide resistance (Alves et al., 1992; Fragoso et al., 2002; 2003;
Ribeiro et al., 2003; Costa et al., 2016; Leite et al., 2020b).

Insecticides from the neonicotinoid subgroup are prevalent in several crops, such as
the continued use in soybean against stinkbugs, whiteflies and aphids (Castellanos et al.,
2019), which are important for crop protection (Elbert et al., 2008). Neonicotinoids
comprise systemic insecticides acting on the insect nervous system, specifically as
agonists of nicotinic acetylcholine receptors (Nauen et al., 2003; Jeschke and Nauen,
2008). Thiamethoxam is considered to be the first of the second generation of
neonicotinoids (Maiensfich et al., 2001a; 2001b), and one of the main insecticides used
in coffee for leaf miner management (Miranda et al., 2016).

The increasing of thiamethoxan application frequency in coffee in some regions of
Bahia, Brazil, does not seem to be related only to leafminer population suppression, but
also to its effect of promoting vegetative vigor. However, the intensive use of the
insecticide can lead to the selection of resistant populations, compromising the
effectiveness of the insecticide molecule in the future. As consequence, there
isincreasing the risk of control failure, as already detected for the insecticide
chlorantraniliprole in leaf miner populations (Leite et al., 2020). Moderate levels of
thiamethoxan resistance in the leaf miner were also recently detected in the Brazilian
states of Sdo Paulo, Minas Gerais and Pernambuco (Costa et al., 2016).

In Arabica coffee production regions of the Brazilian state of Bahia, the intensive use
of insecticides for leafminer control in recent years has reached 20 annual applications
(Leite et al., 2020a). More particularly, an increase in soil applications has been
observed in these regions reaching an average of four applications per year (Leite et al.,
2020a), which may be related not only to its effect on the pest, but also on the plant.
Studies correlating the bioactivating effect and the effective control of coffee leaf miner
are again scarce (Costa et al., 2010).

Neonicotinoids can potentially alter morphological and physiological characteristics

of plants. Thus, the suspicion that this systemic insecticide acts as a bioactivator of the
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plant metabolism. In this context, studies on these changes in Coffea arabica are
essential to assess the influence of thiamethoxam and its efects with the control of L.
coffeella. Thus, the aim of the present study was to evaluate the effect of different
concentrations thiamethoxam on the vegetative vigor of coffee seedlings (Coffea

arabica L.) and their afficay against the coffee leaf miner.

2. Material and Methods
2.1 Plants, insecticides and insects

Coffea arabica “Catuai 144” cultivar (n = 108), with four pairs of expanded leaves
obtained from certified nursery, were transplanted and conducted in plastic pots
containing 15 L of substrate (red-yellow latosol type soil, medium texture with good
drainage and tanned manure) The experiment was conducted in a completely
randomized design with six treatments (2, 20, 40, 80 and 200 mg i.a. mL™), an untreated
control, and with three replicates, totaling 18 plots consisting of three coffee seedlings
kept in field cages (2x2x2 m) covered with voile fabric, totaling 108 seedlings.

A commercial formulation of the insecticide thiamethoxam (250 g i.a. kg™, water-
dispersible granules, Syngenta, Sdo Paulo, SP, Brazil) was used at five concentrations
(2, 20, 40, 80 and 200 mg i.a. mL™), and an untreated control (i.e., without insecticide
application). Thirteen days after transplanting, insecticide was applied through soil
drench as a single volume of 50 mL of insecticide suspension per plant for all
treatments. Of the 108 plants, 90 plants received insecticide application. Twenty days
after application, 54 plants were infested with the leaf miner, 45 of which also received
insecticide application. The other 54 plants were used for morphological evaluations
performed 20 days after insecticide application.

Twenty days after application, the plots were infested with three L. coffeella adults,
totaling 27 adults per treatment obtained from a population considered susceptible to
insecticides. This insect population was obtained from a commercial coffee plantation
without insecticide application for 15 years located in the District of Capinal, county of
Vitoria da Conquista (state of Bahia, Brazil). Leaves infested with the leaf miner were
collected and stored in 2 m x 2 m x 2 m cages containing coffee seedlings to obtain
adults.

2.2 Morphological plant analyses

2.2.1 Destructive assessment
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Evaluations were performed at 20 and 100 days after application. At 20 days, the
following morphological parameters were obtained: number of leaves, plant height (cm;
considering substrate level up to the apex of the plant), stem diameter ( mm; at 5 cm
from the base of the plant), leaf area (cm?; measured with a non-destructive leaf area
meter model LA = 0.8147 (L.L)*%* described by Schmildt et al. (2014)), and fresh and
dry shoot, root and total weight, besides shoot/root weight relationships.. Fresh weight
of seedlings was obtained by separating shoots and roots, and subsequently weighing
each of these parts. To obtain dry weight, the material was placed in Kraft-type paper
bags (17 x 45 cm) and dried in oven with forced air circulation at the temperature of
65°C for 48 hours until reaching constant weight and then weighed on scale (tipo,
fabricante, local de fabricacdo?) with accuracy of 0.01 grams. Total weight values were
obtained by summing up the total fresh and dry shoot and root weight. Shoot / root
relationship was calculated using their dry weight relationship.

2.2.2 Non-destructive assessment

At 40, 60 and 80 days after application, number of leaves, height plant, stem
diameter and total leaf area were determined following the same methodology described
for 20 day after application. At 100 day after application, the last evaluation of
morphological parameters was carried out using all 54 seedlings infested with the leaf
miner, totaling 54 plants referring to the three seedlings of each plot. Assessment
procedures were the same as those adopted at 20 day after application.

2.3 Physiological plant analysis

At 20, 40, 60, 80 and 100 day after application of insecticide thiamethoxam, relative
chlorophyll content and gas exchanges were evaluated. The estimate of chloroplast
pigments was obtained using the SPAD index (Soil Plant Analysis Development),
determined with the aid of portable chlorophyll meter model SPAD 502 (MINOLTA,
Japan). Readings were performed at three points on the second pair of leaves from the
apex of the plant.

Leaf gas exchanges were determined using infrared radiation gas analyzer (LCPro,
ADC, UK), coupled to a 46-actinic light source, and with 1000 umol photons m? s? of
photosynthetically active radiation on the same leaf used to determine the SPAD index.
CO, assimilation rate (Aumol CO, m™ s?), stomatal conductance (gs mol m? s3),
transpiration rate (Emmol water vapor m™? s) and internal CO, concentration (Cipumol
CO, mol™ air) were also determined.

2.4 Evaluation of leaf miner infestation index and intensity

84



Infestation was initiated with the release of three adult L. coffeella insects per plot at
20 day after application. To monitor the population development, assessments were
performed at 20, 40, 60 and 80 days after release, by counting the number of leaves and
of mined leaves. Infestation index (number of leaves with mines / total number of leaves
x 100) and infestation intensity (number of mines / number of mined leaves) were also
estimated.

2.5 Statistical analyses

The means of plant morphological and physiological characteristics were subjected
to regression analyses, as was insect infestation. The models were s based on
significance (probability < 0.05), parsimony, high F values (reduced error) and R? with
model complexity, and biological explanation of each variable. The statistical analyses
were performed using the Analysis System Statistics and Genetics (SAEG), version 9.1,
and the graphs plotted using the software SigmaPlot 13.0.

Ordination was used to group treatments according to the fallowing variables: index
and infestation intensity with number of leaves, leaf area, SPAD index, transpiration
and CO, assimilation rate, stomatal conductance and internal CO, concentration. PCA
(Principal Component Analysis) was used for this purpose and carried out using the R
FactoMinerR package software (L& et al., 2008) applying the selected variables to
transform data from a wide spectrum to low spectrum space. PCA was calculated using
the correlation matrix for each variable to deduce the eigenvector and eigenvalue. The
eigenvector indicates the direction of the main axis with the greatest variance and the
eigenvalue indicates the magnitude of the variability of the secondary axis with the next
variance. The Bartlett test was used to verify the measure of the correlation matrix and
the identity matrix to indicate the existence of the relationship among variables
evaluated and the Kaiser—Meyer—OlKkin test (KMO) to measure the adequacy of data for
the PCA.

3. Results

3.1 Effect of thiamethoxam on morphological characteristics

3.1.1 Destructive assessment

To morphological characteristics number of leaves, the cubic-root model was designed,
observing a greater increase in the lower concentration (2 mg a.i. mL™) of the

insecticide thiametoxam at 100 days after application (Figure 1A). For plant height, at
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100 days after application, the concentration of 2 mg a.i mL™ favored the greatest
development of coffee seedlings, verifying the linear effect (Figure 1B); for the stem
diameter, the linear model was outlined for 20 and 100 days after application, at 20 days
the increase in stem diameter was greater at the highest concentration (200 mg a.i mL™)
and reduction of the increment at 100 days, being observed major diameter
development in the lowest concentration (2 mg a.i mL™) at 100 days after application
(Figure 1C). For characteristic number of leaves and leaf area at 20 and 100 days after
application, and plant height at 20 days after application, the effect of the insecticide
thiametoxam was not significant.
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Figure 1. Morphological characteristics of coffee trees (C. arabica cv. Catuai IAC 144)
in response to different concentrations of thiamethoxam, at 20 and 100 days after
application of the insecticide. Number of leaves 100 days after application (A); plant
height 100 days after application (B); stem diameter 20 and 100 days after application

(C). By regression analysis, at 10%, 5% and 1% probability.
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To effect of thiamethoxam on the coffee seedling morphological characteristics fresh
and dry shoot weight followed the linear model for 20 days after application (Figure
2A), and the cubic-root model at 100 days after application (Figure 2B), with lower

values of weight obtained in the highest concentrations.
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Figure 2. Morphological characteristics of coffee trees (C. arabica cv. Catuai IAC 144)
in response to different concentrations of thiamethoxam, at 20 and 100 days after
application of the insecticide. Fresh and dry shoot weight (A and B); fresh and dry root
weight (C and D); total fresh and dry weight (E and F); relationship dry shoot weight
and dry root weight (G). By regression analysis, at 10%, 5% and 1% probability.
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Concerning the root weight, the cubic-root model was designed for fresh weight at

20 and 100 days after application (Figure 2C and 2D). For total fresh weight, the effect

was verified at 100 days and explained by the cubic-root model (Figure 2E), while for

total dry weight the effect was linear at 20 days and cubic-root for 100 days after

application (Figures 2E and 2F). The dry weight relathioship of area and root at 20 and

100 days after application was outlined by the cubic-root model as a function of

thiametoxam concentrations (Figure G).

3.1.2 Non-destructive assessment

Decrease was observed in the number of leaves as the concentration of thiametoxam

increased at 40, 60 and 80 days after application, however a small increase in the

number of leaves at 40 days was observed using the concentration of 200 mg ai mL-1 (

Figure 3A).
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Figure 3. Morphological characteristics of coffee trees (C. arabica cv. Catuai IAC 144)

in response to different concentrations of thiamethoxam, at 20, 40, 60 and 80 days after

application of the insecticide. Number of leaves (A); plant height (B); stem diameter

(C); total leaf area (D). By regression analysis, at 10%, 5% and 1% probability.
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For plant height, the increase was greater in the concentration of 2 mg a.i. mL™ in
relation to the control, and a significant reduction in the height of the seedlings with an
increase in the concentrations of the insecticide (Figure 3B). Although the application of
thiametoxam in the highest concentrations resulted in a larger diameter at 20 days after
application, at 40, 60 and 80 days the insecticide reduced the diameter of the plant
(Figure 3C). For total leaf area of the coffee seedlings, there was an effect of
thiamethoxam concentrations with a decrease in values as the concentration increased,
and slight increase at 20 and 40 days after application at a concentration of 200 mg a.i
mL™ ( Figure 3D).

3.2 Effect of thiamethoxam on physiological characteristics
3.2.1 Destructive assessment

For physiological characteristics, liquid photosynthesis rate (Apmol CO; m'zs‘l),
transpiration rate (Emmol water vapor m?s™), and stomatal conductance (gs mol m?s™)
after application of thiametoxam a decrease in values was observed as the concentration
increased, and a slight increase at 20 and 100 days after the application of thiametoxam
to a concentration of 200 mg a.i mL™ (Figure 4A and 4B). For internal concentration of
CO; in the leaf (Cipmol CO, mol™ air) there was no effect of the insecticide

thiametoxam at 20 and 100 days after application (Figure 4C).

-©- 20DAY- ¥*=3021-0.610x" +0.033x [R*=0.859] -©- 20DAY- V' =2023-0.310x""+0.014x  [R?=0.859]
- 100 DAY - Y* =3.269 - 0.879x" + 0,101x - 0.003x [R* = 0.949) =z 100 DAY - Y*=1.905-0.537x"" + 0.076x -0.003x [R*=0.949]

A (umol m*?s™)

0 50 100 150 200 0 50 100 150 200
Concentration (mg a.i.) Concentration (mg a.i.)

) —O— 20 DAY- Y'=57.4947-0.8277x"* + 0.01470x  [R®=0.934]
-©- 20 DAY- ¥ =0.051-0.008x"" + 0.0004x [R*=0.810) —2— 100 DAY - ¥'= 32,1253 + 0.1027x - 0.0004x*  [R*=0.779]
7 100 DAY - Y*=0.062-0.0210x"* + 0.003x - 0.0001x™* [R* = 0.989]

0.07 60

0.06 D
55
7005
i 50
£ 0.04 2
° 45
£ 003 @
= 40
2 002 e ——— e
A= »
0.01 3By _~
A A
0.00 + 30
0 50 100 150 200 0 50 100 150 200
Concentration (mg a.i.) Concentration (mg a.i.)

Figure 4. Physiological characteristics of coffee trees (C. arabica cv. Catuai IAC 144)

in response to different concentrations of thiamethoxam, at 20 and 100 days after
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application of the insecticide. Photosynthetic Rate of CO, (A pmol CO, m?sY) (A);
transpiration Rate (E mmol vapor d agua ms™) (B); stomatal conductance (gs mol m’
251 (C) and index SPAD (D). By regression analysis, at 10%, 5% and 1% probability.

Concerning the total chlorophyll content, the SPAD index at 20 days after
application was designed as the square root model and at 100 days after application, the
quadratic effect was verified with an increase in the values of the SPAD index as the
concentrations increased (Figure 4D).

3.2.2 Non-destructive assessment

The rate of liquid photosynthesis (Apmol CO, m?s™) was altered by the action of the
insecticide at 20, 40 and 80 days after application, the models outlined were the root
cubic, quadratic and linear, respectively (Figure 5A); smaller rates of liquid
photosynthesis were observed at 20 days after application and elevation at 40 days in
the highest concentrations; for the transpiration rate (Emmol water vapor m?s™) verified
was linear effect at 20, 40 and 80 days after application with increased leaf transpiration
at higher concentrations (Figure 5B), and a cubic effect 60 days after application.

To the internal concentration of CO; in the leaf (Cipmol CO, mol™ air), verified was
cubic-root effect at 20 days after thiametoxam application and a cubic effect at 40 and
60 days, with a different behavior from the levels of CO, concentration in the coffee
leaves mainly at 40 days after application with the major increase in the concentration
of 200 mg a.i mL™ (Figure 5C). Verified was a linear effect at 20 and 40 days after
application and a cubic root effect at 80 days after application of thiametoxam with
increase of the stomatal conductance (gs mol m2s™) the measure what the concentration
increased (Figure 5D).

The total chlorophyll content, the SPAD index was outlined the linear model for the
20 and 40 days after application with the highest SPAD index at 40 days for the
concentration of 2 mg a.i mL™ (Figure 5E), and decrease for the other concentrations
and a quadratic model for 80 days after application with a reduction in the SPAD index

for the lowest concentration of the insecticide (Figure 5E).

90



A (umol m?s™)

Ci (umol CO, mol™ ar)

—O— 20DAY- Y'=3270-0.560x" +0.039x  [R®=0.913] ,,_ve s 38 323 e

--§F-- 40DAY- Y'=4.197 +0.040x - 0.0002¢  [R?=0.609] —3-- 60DAY- Y™

—©—- 80DAY- Y*=1.026 +0.0071x [R? = 0.560] 2% lsopay- v-
A

7
6
5
ng
3
2

E (MmMm?’s™)

0.981 + 0.003x [R? = 0.665)
1.251 + 0.006x [R?* = 0.760]
=2.310 - 0.047x + 0.0008x* - 0.000002x*  [R*=0.961]
0.961 + 0.006x [R*=0.779]

0 50 100 150 200 0 50 100 150 200
Concentration (mg a.i.) Concentragao (mg)
—O— 20 DAY - Y= 233.380 + 18.343x"" - 1.01339x [R? =0.891] —©— 20 DAY - Y*=0.031 + 0.0001x [R?* = 0.699]
-~ - 40DAY- Y'=247.257 +3.099x - 0.056x" + 0.0002¢  [R* = 0.960] ----- 40 DAY - ¥°=0.063 + 0.0003x [R* = 0.529]
—{3-- 60 DAY - Y"=248.904 - 1.973x + 0.035x* - 0.0001x* [R* = 0.560] —<—- 80 DAY - Y*=0.043 - 0.006x"* + 0.0005x [R? = 0.745]
350, c D
i
300 N -
" v
250gy (—E) v
E v =
& -
200 24 _ Bl
150 . . . : )
0 50 100 150 200 50 100 150 200
Concentration (mg a.i.) Concentration (mg a.i.)
—O— 20DAY - ¥'=55.2477 - 0.0564x [R® = 0.700]
---- 40 DAY - Y'=60.4267 - 0.1328x [R* = 0.830]
—<©—- B0DAY - Y"=34.436 +0.1423x - 0.0007* [R?=0.861]
70
E
65
60 X..
a 55
& 50
w
45
40
35
30+

100

0 50
Concentration (mg a.i.)

Figure 5. Physiological characteristics of coffee trees (C. arabica cv. Catuai IAC 144)

3.3 Leaf miner infestation
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in response to different concentrations of thiamethoxam, at 20, 40, 60 and 80 days after
application of the insecticide. Photosynthetic Rate of CO, (A pmol CO, m?s™) (A);
transpiration Rate (E mmol vapor d"agua m2s™) (B); internal concentration CO, in the
leaf (Ci pmol CO, mol™ ar) (C); stomatal conductance (gs mol m>s™) (D) and index
SPAD (E). By regression analysis, at 10%, 5% and 1% probability.

There was no leaf miner population growth in treatments submitted to the application of

thiamethoxam, and infestation rate was evaluated only in the control treatment. The



infestation of the leaf miner in coffee seedlings was explained by the cubic effect in the
number of leaves (Figure 6A) and leaves with mines (Figure 6B), and number mines
(Figure 6C) days after release the adults of the leaf miner. At 60 days, seedlings had
highest number of leaves (Figure 6A), as well as highest damage caused to coffee leaves

(Figure 6C), and highest number leaves with mines (Figure 6B).
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Figure 6. Characteristics of coffee trees (C. arabica cv. Catuai IAC 144) in response to
Neotropical leaf miner infestation days after release: number of leaves (A), nhumber of

leaves with mines (B) and number mines (C).

The variables presented in Figure 7 and Table 1 provide total components and the
proportion of variance indicating the total variation of the principal component. The
results indicated that correlations were linear and significant between index and
intensity infestation leaf miner, number leaves, and SPAD index (Table 1). For these
components four distinct axes were obtained. PC1 accounting for 62.7% of the total

variance observed (Figure 7).
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Figure 7. Graph of the matrix of correlations between variables: index and intensity
infestation of Leucoptera coffeella, number of leaves, and index SPAD in seedlings C.
arabica cv. Catuai IAC 144.

Table 1. Principal components, eigenvalues, proportion of explained variance and
proportion accumulated components for correlations between variables: index and
intensity infestation of Leucoptera coffeella, number of leaves, and index SPAD in

seedlings C. arabica cv. Catuai IAC 144,

] ) Proportion
Component Eigenvalues Proportion
Accumulated
PC1 2.51 62.73 62.73
PC2 0.84 20.94 83.67
PC3 0.42 10.48 94.15
PC4 0.23 5.85 100.00

In Figure 8 and Table 2 presented variables provide total components and the
proportion of variance indicating the total variation of the principal component,
indicating that results of the correlations were significant between index and intensity
infestation leaf miner, photosynthesis rate (A), transpiration rate (E), internal leaf CO,

concentration (Ci), and stomatal conductance (gs). For these components six distinct
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axes were obtained. The total variance observed was better represented by PC1 45.5%

(Figure 8).

DAY
(@] 20
|A] 40
m| 60
80

0 2
COMP 1 (45.5%)

Figure 8. Graph of the matrix of correlations between variables: index and intensity

infestation of Leucoptera coffeella, photosynthetic rate of CO, (A umol CO, m?s™) (A);

transpiration rate (E mmol vapor d"agua ms™) (B); internal concentration CO; in the

leaf (Ci pmol CO, mol™ ar) (C); stomatal conductance (gs mol m?s™) in seedlings C.

arabica cv. Catuai IAC 144.

Table 2. Principal components, eigenvalues, proportion of explained variance and

proportion accumulated components for correlations between variables: index and

intensity infestation of Leucoptera coffeella, photosynthetic rate of CO, (A umol CO;

m2s™) (A); transpiration rate (E mmol vapor d"agua ms™) (B); internal concentration

CO; in the leaf (Ci umol CO, mol™ ar) (C); stomatal conductance (gs mol m?s™) in

seedlings C. arabica cv. Catuai IAC 144.

Component Eigenvalues Proportion Proportion

Accumulated
PC1 2.73 45.55 45.55
PC2 1.98 33.05 78.60
PC3 0.71 11.88 90.48
PC4 0.42 6.91 97.39
PC5 0.15 2.46 99.85
PC6 0.01 0.15 100.00
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4. Discussion

Applications of systemic insecticides in coffee crops are not only related to the
effectiveness of pest control, but also to the effects on the plant. Results indicate that
insecticide thiamethoxam alters the vegetative vigor of Coffea arabica ‘Catuai 144’
cultivar and is effective in controlling the leaf miner at recommended concentration.
Thiamethoxam has excellent absorption and translocation by the plant due to its
bioactivating action that promotes changes in plant physiology and morphology
(Maienfisch et al. 2001b) and greater residual power in plants (Maienfisch et al.,
2001a), in addition to being one of the insecticides most effective in the control of
phytosuccivorous pests, microlepidopterans and various coleopterans (Elbert et al.,
2008).

The use of neonicotinoids in cultivated plants promotes metabolic changes that cause
several morphological processes in plants due to the bioactivation capacity of products
(Almeida et al.,, 2014). The active ingredient thiamethoxam is the precursor of
clothianidin, another neonicotinoid, a secondary metabolite that can alter the function of
the thiamentoxam molecule in plants (Nauen et al., 2003), often with independent
enhancement of plant vigor and stress tolerance (Ford et al., 2010).

According to Castro (2006), thiamethoxam is not part of the group of plant growth
regulators. The increase in initial plant development it related to its bioactivating
activity that alters primary and secondary metabolism, capable of altering plant growth,
acting on DNA transcription, gene expression, membrane proteins, metabolic enzymes
and mineral nutrition (Castro and Pereira, 2008; Macedo et al., 2013a; 2013b). Such
changes providing greater root development and shoot vigor, in addition to increasing
crop productivity (Pereira et al., 2010). The thiamethoxam is translocated through the
roots to the rest of the plant, and metabolized slowly (Castro, 2005), due to greater
enzymatic activation what favors root development and vegetative vigor, greater
stomatal resistance (Gazzoni et al., 2008), and stomatal conductance as observed in the
present study.

The hormonal effect on plant cells promoted by thiamethoxam favors shoot and root
growth (Venancio et al., 2003; Pereira et al., 2010; Macedo and Castro, 2011; Macedo
et al., 2013a; 2013b; Annamalai et al., 2018). In soybean and rice, thiamethoxam
promotes positive effects such as high photosynthesis rate, increased vigor expression,

biomass accumulation and root length (Castro et al., 2007; Almeida et al., 2011).
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In coffee seedlings, thiamethoxam promoted increase in leaf area; however, it
reduced the fresh shoot weight with increased concentration. Melo and Maciel (2014)
did not observe effect of the insecticide on the biomass growth of coffee seedlings using
the recommended dose for the crop. However, Durante et al. (2015) found that the use
of thiamethoxam at recommended dose after the formation of the second pair of true
leaves has positive effect on the development of coffee seedlings.

The active ingredient molecule thiamethoxam has direct action on the enzymatic
activities that alter plant hormones in cells, increasing the development potential, which
may reflect in the later stages of plant development, such as increased crop productivity
(Pereira et al., 2010; Macedo and Castro, 2011). The correlation between vegetative
vigor and crop productivity is proportionally linked to the reduction of stresses resulting
from the initial development stage, as observed in coffee seedlings with the use of plant
growth regulators (d'Aredé et al., 2017, Ribeiro et al., 2017).

Frequently, pesticides act as components responsible for the increase in vegetative
vigor of plants and protection against species that cause damage to the crop. In coffee
‘Mundo Novo’ cultivar, thiamethoxam at doses smaller than recommendations, altered
the morphological development (diameter, higher percentage of dry shoot and root
weight) and protected the plant against the incidence of leaf miner up to 150 days after
application (Costa et al., 2010), aspects also verified in the present study.

In coffee crop, this effect on leaves has to be taken into account, mainly in relation to
number of leaves. The correlation between infestation index and number of leaves was
positive, indicating that the increase in the number of leaves increases infestation, and
consequently, the number of leaves with lesions (mines), reducing chlorophyll content
and stomatal conductance. The infestation intensity increases over time, reducing the
chlorophyll content, photosynthesis and transpiration rate of plants. However, in the
present study using susceptible individuals, population growth was observed only at
zero concentration, since in the other concentrations, the insecticide was effective in
controlling the pest, and it is not possible to infer about the effect of thiamethoxam on
the relationship between morphophysiological characteristics and leaf miner infestation.

The damage caused to coffee leaves by the leaf miner reduces the leaf area, causes
leaf fall and, consequently, decreases photosynthetic activity and productivity (Reis and
Souza, 1998). For Blanco and Folegatti (2005), leaf area is the key variable in studies
on the physiological effects on plant growth, photosynthetic efficiency,

evapotranspiration and on the responses of fertilizers and pesticides. Larger leaf area,
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number and size of leaves reduce the leaf miner infestation (Caixeta et al., 2004), and
the photosynthetically active area decreases with pest infestation intensity (Caixeta et
al.,, 2004), that is, greater infestation intensity reflects in reduction in the net
photosynthesis rate (Neves et al., 2006). The incidence of leaf miner is also correlated
with changes in the amount of nitrogen absorbed by plants (Caixeta et al., 2004) and in
the total sugar content in coffee leaves (Theodoro et al., 2014).

Studies in some cultures with thiamethoxam reveal gains in crop production due to
the use of insecticide in the treatment of seeds and seedlings, favoring plant vigor and
growth, root development and alteration in the distribution of photoassimilates (Castro
et al., 2007; Macedo and Castro, 2011; Almeida et al., 2014; Durante et al., 2015;
Annamalai et al., 2018). However, for coffee plants, when application is carried out in
the seedling phase, shoot height, stem diameter and dry shoot and root weight must be
taken into account (Binotto et al., 2010). However, it is necessary to add the reading of
other essential components such as chlorophyll index and the essential photosynthetic
processes when using the application of products to overcome stress and protect crop in
the initial growth stage. Regardless of dose used, thiamethoxam promotes less impact
on gas exchanges in coffee seedlings and reduces stress, overcoming stresses occurring
in the early stages of coffee development, as already observed when using plant growth
regulators (Ribeiro et al., 2017).

The liquid photosynthesis rate was not initially changed by the product; however, at
40 days after application, an increase in liquid photosynthesis rate was observed and at
100 days after application, a decrease in the photosynthesis rate associated with
increased insecticide dose. Increase in plant biomass is promoted by increase in the
photosynthesis rate, and in general, it occurs in coffee plants when CO, availability is
greater (DaMatta et al., 2016). According to Beasley and Banham (2007) and d'Aredé et
al. (2017), plant growth regulators do not impact the distribution of photoassimilates
and weight accumulation. For DaMatta et al. (2008) and Martins et al. (2014), the
reduction of photosynthesis rate in coffee plants is not directly related to lower CO,
availability.

The changes in the secondary metabolism of plants promoted by thiamethoxam favor
the induction of resistance, mainly by potentiating the expression of salicylic acid.
Salicylic acid increases the chlorophyll content of cultivated plants, and the
accumulation of chlorophyll effectively favors the photochemical reactions of

photosynthesis (Thornber, 1975). Thus, the expression of salicylic acid by the use of
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neonicotinoids increases resistance to the disease in Arabidopsis thaliana (Ford et al.,
2010). Thus, changes in chlorophyll content may be associated with physiological
processes influenced by the possible hormonal effect that insecticide thiamethoxam
causes to plants. In coffee, systemic fungicides cause this effect, which is called the
tonic effect, characterized by greater vigor, leafing and darker green color of leaves
(Carvalho et al., 1997; Venancio et al., 2003). Growth regulators favor the increase of
chlorophyll content in coffee (d'Aredé et al., 2017; Ribeiro et al., 2017).

The study demonstrat that high doses of thiametoxam used in the study caused
phytotoxic effects on coffee seedlings. The direct effects of thiamethoxam on the
morphophysiology of C. arabica seedlings (number of leaves, diameter, height, SPAD
index, sweating and photosynthesis rates and stomatal conductance) were observed in
the lowest concentration studied and recommended for coffee culture to control L.
coffeella. In soybean, thiamethoxam promotes changes in oxidative stress and cell wall
metabolism (Stamm et al., 2014). According Wulff et al. (2019) the metabolic
processes (cell wall formation, lignin and defense response) that regulate essential
functions in soybean plants without the presence of herbivores were modified by
neonicotinoids and, consequently, affected the plant-herbivore interaction.

In summary, this study provides insight into the effect thiamethoxam applied via
drench in seedlings C. arabica. Thus, insecticide thiamethoxam in high concentrations
non stimulat the development morphophysiological reported a high toxicity of
thiamethoxam seedlings coffee. The insecticide thiamethoxam in coffee crops changes
plant growth, and provides evidence that the neonicotinoids alter metabolic process
plants, beyond reduced leaf miner infestations. The continuous use of thiamethoxam in
coffee crops over the agricultural years as bioactivator per promoting greater plant
development and vigor may further encourage the unnecessary use of the compound
potentially favoring selection for insecticide resistance and eventual decline in its
effectiveness against the coffee leaf miner.

98



Declaration of competing interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Acknowledgements

We are grateful to the Foundation for Research Support of the State of Bahia
(FAPESB), and the CAPES Foundation (Brazilian Ministry of Education; Finance Code
001) for financial support. We express our gratitude to the Virgiane Amaral Silva for

their collaboration in physiological analyzes.

References

Almeida, A.S., Carvalho, I., Deuner, C., Tillmann, M.A.A., Villela, F.A., 2011.
Bioativador no desempenho fisiologico de sementes de arroz. Rev. Bras. Sem. 33 (3),
501-510. https://dx.doi.org/10.1590/S0101-31222011000300013

Almeida, A. da S., Deuner, C., Borges, C.T., Meneghello, G.E., Jauer, A., Villela, F.A,,
2014. Treatment of rice seeds with thiamethoxam reflections on physiological
performance. J. Seeds Sci. 36 (4), 458-464. https://doi.org/10.1590/2317-
1545V36N4980

Alves, P.M.P., Lima, J.0.G,, Oliveira, L.M., 1992. Monitoramento da resisténcia do
bicho-mineiro-do-café, Leucoptera coffeella (Lepidoptera: Lyonetidae), a inseticidas
em Minas Gerais. An Soc Entomol Brasil 21, 77-91.

Amaral, J.A.T. do, Amaral, J.F.T. do, Schmildt, E.R., Coelho, R.1., 2009. Métodos de
analise quantitativa do crescimento de plantas. In: Ferreira TOpicos especiais em
producéo vegetal I. Alegre: CCAUFES 259-276.

Annamalai, M., Vasantha-Srinivasan, P., Thanigaivel, A., Muthiah, C., Karthi, S., Jena,
M., Pandi, G.G.P., Adak, T., Murugesan, A.G., Senthil-Nathan, S., 2018. Effect of
thiamethoxam on growth, biomass of rice varieties and its specialized herbivore,
Scirpophaga incertulas Walker. Phisiol. Mol. Plant Pathol. 101, 146-155.
https://doi.org/10.1016/j.pmpp.2017.10.009

Beasley, J.S., Banham, B.E., 2007. Trinexapac-ethyl and paclobutrazol affect Kentucky
bluegrass single-leaf carbon exchange rates and plant growth. Crop Sci. 47, 132-130.
https://doi.org/10.2135/cropsci2005.12.0453

Binotto, A.F., Lucio, A.D.C., Lopes, S.J., 2010. Correlations between growth variables
and the Dickson quality index in forest seedlings. Ceres 16 (4), 457-464.
https://dx.doi.org/10.1590/S0104-77602010000400005

Blanco, F.F., Folegatti, M.V., 2005. Estimation of leaf area for greenhouse cumcuber by
linear measurements under salinity and grafting. Sci Agric. 62 (4), 305-309.
https://dx.doi.org/10.1590/S0103-90162005000400001

Caixeta, S.L., Martinez, H.E.P., Picanco, M.C., Cecon, P.R., Esposti, M.D.D., Amaral,
F.J.T.do, 2004. Nutrigéo e vigor de mudas de cafeeiro e infestagéo por bicho-
mineiro. Ciénc. Rural 34 (5), 1429-1435. https://doi.org/10.1590/S0103-
84782004000500016

99


https://doi.org/10.1590/2317-1545V36N4980
https://doi.org/10.1590/2317-1545V36N4980

Carvalho, G.D., Pasqual, M., Antunes, L.E.C., Silva, A.T. da, Sacarante, M.J., 1997.
Efeito do triadimenol e benzilaminopurina no desenvolvimento de brotos in vitro do
cafeeiro cv. Catuai. Rev. Unimar 19 (3), 767-775.

Castellanos, N.L., Haddi, K., Carvalho, G.A., Paulo, P.D. de, Hirose, E., Guedes,
R.N.C., Smagghe, G., Oliveira, E.E., 2019. Imidacloprid resistance in the
Neotropical brown stink bug Euschistus heros: selection and fitness costs. J Pest. Sci.
92 (2), 847-860. https://doi.org/10.1007/s10340-018-1048-z

Castro, N.R.A., 2005. Sorcéo, degradacao e lixiviacdo do inseticida Thiamethoxam em
latossolo e argissolo. Dissertacdo Mestrado, Lavras, Minas Gerais, Brazil. pp. 173.

Castro, P.C.R., 2006. Agroquimicos de controle hormonal na agricultura tropical.
Piracicaba: ESALQ, Divisdo de Biblioteca e Documentacao: Série Produtor Rural.
42, 46p.

Castro, P.R.C., Pitelli, A.M.C.M., Peres, L.E.P., Aramaki, P.H., 2007. Analise da
atividade reguladora de crescimento vegetal de tiametoxam através de biotestes.
Publicatio 13, 25-29.
https://www.revistas2.uepg.br/index.php/exatas/article/viewFile/892/774.

Castro, P.R.C., Pereira, M.A., 2008. Bioativadores na agricultura. In: Gazzoni, D.L.
Tiametoxam: uma revolucdo na agricultura brasileira. Petrépolis, RJ. ed. Vozes, 115-
122.

Conab, Companhia Nacional de Abastecimento. Acompanhamento da Safra Brasileira
Café. v. 6, Safra 2020, n.1 — Primeiro Levantamento, Brasilia 1-62, Janeiro 2020.

Costa, N.R., Souza, A.L.S.de, Favoreto, A.J., Teixeira Filho, M.C.M., Benett, C.G.S.,
Nakayama, F.T., 2010. Efeito do thiamethoxam no desenvolvimento do café em
condicdes de viveiro e no campo para o controle de Leucoptera coffeella. Omnia
Exatas 3 (1), 7-16.

Costa, D.P., Fernandes, F.L., Alves, F.M., Silva, E.M., Visotto, L.E., 2016. Resistance
to neurotoxic insecticides in populations of the coffee leafminer, in: Trdan, S. (Ed.),
Insecticide Resistance. IntechOpen, London, 3-17. https://doi.org/10.5772/61466

DaMatta, F.M., Cunha, R.L., Antunes, W.C., Martins, S.C.V., Araujo, W.L., Fernie,
A.L., Moraes, G.B.K., 2008. In field-grown coffee trees source—sink manipulation
alters photosynthetic rates, independently of carbono metabolism, via alterations in
stomatal function. New Phytolog. 178, 348-357. https://doi.org/10.1111/].1469-
8137.2007.02367.x

DaMatta, F.M., Godoy, A.G., Menezes-Silva, P.E., Martins S.C.V., Sanglard, L.M.V.P.,
Morais, L.E., Torre-Neto, A., Ghini. R., 2016. Sustained enhancement of
photosynthesis in coffee trees grown under free-air CO2 enrichment conditions:
disentangling the contributions of stomatal, mesophyll, and biochemical limitations.
J. Experim. Bot. 67 (1), 341-352. https://doi.org/10.1093/jxb/erv463

d’Aréde, L.O., Matsumoto, S.N., Santos, J.L., Viana, A.E.S., Ramos, P.A.S., 2017.
Morfofisiologia do crescimento vegetativo inicial de cafeeiros arabica submetidos a
aplicacdo via foliar de paclobutrazol. Coffee Sci. 12 (4), 451-462.
http://doi.org/10.25186/cs.v12i4.1311

Durante, E.A., Maciel, A.L.de R., Avila, R.G., Santini, P.T., 2015. Efeito da aplicacao
de inseticidas no crescimento de mudas de cafeeiro. Revista Agrogeoambiental 7 (1),
11-19. https://dx.doi.org/10.18406/2316-1817v7n12015653

Elbert, A., Haas, M., Springer, B., Thielert, W., Nauen, R. 2008. Applied aspects of
neonicotinnoid uses in crop protection. Pest Manag. Sci. 64 (11), 1099-1105.
https://dx.doi.org/10.1002/ps.1616

Fragoso, D.B., Guedes, R.N.C., Picanco, M.C., Zambolim, L., 2002. Insecticide use and
organophosphate resistance in the coffee leaf miner Leucoptera coffeella

100


https://doi.org/10.1007/s10340-018-1048-z

(Lepidoptera: Lyonetidae). Bull. Entomol. Res. 92 (3), 203-212.
https://doi.org/10.1079/BER2002156
Fragoso, D.B., Guedes, R.N.C., Ladeira, J.A., 2003. Selec¢éo na evolucdo de resisténcia
a organofosfatos em Leucoptera coffeella (Guérin-Meneville) (Lepidoptera:
Lyonetiidae). Neotrop. Entomol. 32 (2), 329-334. http://dx.doi.org/10.1590/S1519-
566X2003000200020
Ford, K. A., Casida, J. E., Chandran, D., Gulevich, A. G., Okrent, R. A., Durkin, K. A.,
Sarpong, R., Bunnelle, E. M., Wildermuth, M. C., 2010. Neonicotinoid insecticides
induce salicylate-associated plant defense responses. Proc. Nat. Acad. Sci. USA 107
(41), 17527-17532. https://doi.org/10.1073/pnas.1013020107
Gazzoni, D. L., Cataneo, A. C., Goulart, A. C. P., Campos, B. C. de, Damico, C., 2008.
Thiametoxam: uma revolucdo na agricultura, S&o Paulo, VVozes, p. 258.
Jeschke, P., Nauen, R., 2008. Neonicotinoids-from zero to hero in insecticide chemistry.
Pest Manag Sci. 64 (11), 1084-1098. https://doi.org/10.1002/ps.1631
Lé, S., Josse, J., Husson, F., 2008. FactoMineR: An R Package for Multivariate
Analysis. J. Stat. Softw. 25 (1), 1-18, https://d0i:10.18637/jss.v025.i01.
Leite, S.A., Guedes, R.N.C., Santos, M.P. dos, Costa, D.R. da, Moreira, A.A.,
Matsumoto, S.N., Lemos, O.L., Castellani M.A., 2020a. Profile of coffee crops and
management of the Neotropical coffee leaf miner, Leucoptera coffeella.
Sustainability. 12, 8011. https://doi.org/10.3390/su12198011
Leite, S.A., Santos, M.P. dos, Resende-Silva, G.A., Costa, D.R. da, Moreira, A.A.,
Lemos, O.L., Guedes, R.N.C., Castellani M.A., 2020b. Area-wide survey of
chlorantraniliprole resistance and control failure likelihood of the Neotropical coffee
leaf miner Leucoptera coffeella. J Econ. Entomol. 113 (3), 1399 -1410.
https://doi.org/10.1093/jee/toaa017
Lemes, E.S., Almeida, A. da S., Meneghello, G.E., Tunes, L.M. de, Villela, F.A., 2015.
Germinacdo e vigor de sementes de abdbora tratadas com tiametoxam. Pesq
Agropec Trop. 45 (1), 122-127. https://doi.org/10.1590/1983-40632015v4527581

Macedo, W.R., Castro, P.R.C., 2011. Thiamethoxam: Molecule moderator of growth,
metabolism and production of spring wheat. Pest Biochem. Physiol. 100 (3), 299-
304. https://doi.org/10.1016/j.pestbp.2011.05.003

Macedo, W.R., Kitahara, D., Castro, P.R.C., 2013a. Unravelling the physiologic and
metabolic action of thiamethoxam on rice plants. Pest. Biochem. Physiol. 107 (2),
244-249. https://doi.org/10.1016/j.pestbp.2013.08.001

Macedo, W.R., Fernandes, G.M., Possenti, R.A., Lambais, G.R., Castro, P.R.C. 2013b.
Responses in root growth, nitrogen metabolism, and nutritional quality in
Brachiaria with the use of thiamethoxam. Acta Physiol. Plant. 35 (1), 205-211.
https://doi.org/10.1007/s11738-012-1064-1

Magalhdes, S. T., Fernandes, F. L., Demuner, A. J., Picango, M. C. P., Guedes, R. N.

C., 2010. Leaf alkaloids, phenolics, and coffee resistance to the leaf miner
Leucoptera coffeella (Lepidoptera: Lyonetiidae). J. Econ. Entomol. 103 (4), 1438—
1443. http://doi.org/10.1603/EC09362

Maienfisch, P., Huerlimann, H., Rindlisbacher, A., Gsell, L., Dettwiler, H.,
Haettenschwiler, J., Sieger, E., Walti, M., 2001a. The discovery of thiamethoxam: a
second-generation neonicotinoid. Pest Manag. Sci. 57 (2), 165-176.
https://doi.org/10.1002/1526-4998(200102)57:2<165::AID-PS289>3.0.CO;2-G

Maienfisch, P., Angst, M., Brandl, F., Fischer, W., Hofer, D., Kayser, H., Kobel, W.,
Rindlisbacher, A., Senn, R.; Steine-Mann, A., Widmer, H., 2001b. Chemistry and
biology of thiamethoxam: a second generation neonicotinoid. Pest. Manag. Sci. 57
(10), 906-913, 2001b. https://doi.org/10.1002/ps.365

101



MAPA, Ministério da Agricultura Pecuaria e Abastecimento. 2020. AGROFIT: Sistema
de Agrotoxicos Fitossanitarios. MAPA/CGAF/DFIA/DAS, Brasilia, DF, Brasil.
URL: http://agrofit.agricultura.gov.br/agrofit_cons/principal_agrofit_cons (acesso 27
Janeiro 2020).

Martins, R.G., Martins, M.B.G., Silva, J.M., Pereira, M.A., Appezzato-da-Gléria, B.,
Castro, P.R.C., 2012. Thiamethoxam on the histological characteristics of sugarnace
young roots. Cienc. Rural 42 (11), 1936-1940. https://doi.org/10.1590/S0103-
84782012005000090

Martins, S.C.V., Galme’s, J., Cavatte, P.C., Pereira, L.F., Ventrella, M.C., DaMatta,
F.M., 2014. Understanding the Low Photosynthetic Rates of Sun and Shade Coffee
Leaves: Bridging the Gap on the Relative Roles of Hydraulic, Diffusive and
Biochemical Constraints to Photosynthesis. Plos One 9 (4), e95571.
https://doi.org/10.1371/journal.pone.0095571

Melo, B.M.R.de, Maciel, A.L.de R., 2014. Influéncia de bioativadores e bioestimulantes
na producdo de mudas de cafeeiro. Rev. Agrogeoambiental 6 (3), 55-61.
https://doi.org/10.18406/2316-1817v6n32014589

Miranda, M.P., Yamamoto, P.T., Garcia, R.B., Lopes, J.P.A., Lopes, J.R.S., 2016.
Thiamethoxam and imidacloprid drench applications on sweet orange nurseys trees
disrupt the feeding and settling behaviour Diaphorina citri (Hemiptera: Liviidae).
Pest Manag. Sci. 72 (9), 1785-1793. https://doi.org/10.1002/ps.4213

Nauen, R., Ebbingghaus-Kintscher, U., Salgado, V.L., Kaussmann, M., 2003.
Thiametoxam is a neonicotinoid precursor converted to clothianidin in insects and
plants. Pest Biochem Physiol. 76 (2), 55-69. https://doi.org/10.1016/S0048-
3575(03)00065-8

Neves, A.D., Oliveira, R.F., Parra, J.R.P., 2006. A new concept for insect damage
evaluation based on plant physiological variables. An. Acad. Bras. Ciénc. 78 (4),
821-835. https://doi.org/10.1590/S0001-37652006000400015

Pantoja-Gomez, L. M., Corréa, A. S., Oliveira, L. O. de, Guedes, R. N. C., 2019.
Common origin of Brazilian and Colombian populations of the Neotropical coffee
leaf miner, Leucoptera coffeella (Lepidoptera: Lyonetiidae). J. Econ. Entomol. 112
(2), 924-931. http://doi.org/10.1093/jee/toy416

Pereira, E. J. G., Picanco, M. C., Bacci, L., Crespo, A. L. B., Guedes, R. N. C., 2007a.
Seasonal mortality factors of the coffee leaf miner, Leucoptera coffeella. Bull.
Entomol. Res. 97 (4), 421-432. http://doi.org/10.1017/S0007485307005202

Pereira, E. J. G., Picanco, M. C., Bacci, L., Della Lucia, T. M. C., Silva, E. M.,
Fernandes, F. L., 2007b. Natural mortality factors of Leucoptera coffeella
(Lepidoptera: Lyonetiidae) on Coffea arabica. Biocontrol Sci Technol. 17 (5), 441-
455. http://doi.org/10.1080/09583150701309337

Pereira, J.M., Fernandes, P.M., Veloso, V.R.S., 2010. Efeito fisioldgico do inseticida
thiamethoxam na cultura da cana-de-acucar. Arg. Inst. Biol. 77 (1), 159-164.

Ramiro, D.A., Guerreiro-Filho, O., Queiroz-Voltan, R.B., Matthiesen, S.C., 2004.
Caracterizacdo anatdmica de folhas do cafeeiros resistentes e suscetiveis ao bicho-
mineiro. Bragantia 63 (3), 363-372. https://doi.org/10.1590/S0006-
87052004000300006

Reis, P.R., Souza, J.C., 1998. Manejo integrado das pragas do cafeeiro em Minas
Gerais. Informe Agropecuario 19, 17-25.

Ribeiro B.M., Magalhdes L.C.de, Guedes R.N.C. 2003. Niveis de resisténcia a
inseticidas organo-fosforados em populacfes de Leucoptera coffeella (Guér-Ménev)
(Lepidoptera: Lyonetiidae) de Minas Gerais. Biosci J. 19 (2), 73-77.

102


http://agrofit.agricultura.gov.br/agrofit_cons/principal_agrofit_cons

Ribeiro, A.F.F., Matsumoto, S.N., Ramos, P.A.S., Santos, J.L.D. dos, Teixeira, E.C.,
d’Aredé, L.O., Viana, A.E.S., 2017. Paclobutrazol ¢ restricao hidrica no crescimento
e desenvolvimento de plantas de café. Coffee Sci. 12 (3), 534-543.
https://doi.org/10.25186/cs.v12i4.1361
Santos, J.L.D. dos, Matsumoto, S.N., Brito, C.L.L., Santos, J.S., Oliveira, L.S.de, 2015.
Respostas fisioldgicas do cafeeiro em crescimento vegetativo inicial a cloreto de
mepiquat e disponibilidade hidrica. Coffee Sci. 10 (4), 482-490.

SAEG, 2007. Sistema para Analises Estatisticas, Versdao 9.1: Fundacdo Arthur
Bernardes, UFV, Vicosa.

SAS Institute., 2011. SAS/STAT9.3 User’s Guide, SAS Institute, Cary, NC.

Schmildt, E.R., Amaral, J.A.T. do, Schmiltd, O., Santos, J.S., 2014. Anéalise
comparativa de equagdes para estimativa da area foliar em cafeeiros. Coffee Sci. 9
(2), 155-167.

Stamm, M. D., Enders, L. S., Donze-Reiner, T. J., Baxendale, F. P., Siegfried, B. D.,
Heng-Moss, T. M., 2014. Transcriptional response of soybean to thiamethoxam
seed treatment in the presence and absence of drought stress. BMC Genomics 15,
1055. http://www.biomedcentral.com/1471-2164/15/1055

Systat Software, 2002. TableCurve 2D , version 5.01. Systat Software, Richmond, CA.

Systat Software Inc., 2013. SigmaPlot, version 12.5. Systat Software, San Jose, CA.

Tavares S., Castro P.R.C., Ribeiro R.V., Aramaki P.H. 2007. Avaliacdo dos efeitos
fisiol6gicos do tiametoxam no tratamento de sementes de soja. Rev. Agricul. 82
(1), 47-54.

Thedoro, V.C.de A., Guimarées, R.J., Mendes, A.N.G., 2014. Infestacéo por bicho-
mineiro e teores foliares de acucares solUveis totais e proteina em cafeeiros
organicos. Coffee Sci. 9 (3), 300-311.

Theilert, W., Metzlaff, M., De Block, M., 2009. Increase of stress tolerance by
application of neoncotnods on plants engineered to be stress tolerant. US Patent
Appl. 0270254 Al.

Thornber, J. P., 1975. Chlorophyll-proteins: light-harvesting and reaction center
componentes of plants. Annu. Rev. Plant Physiol. 26, 127-158.
https://doi.org/10.1146/annurev.pp.26.060175.001015

Tuelher, E. S., Oliveira, E. E., Guedes, R. N. C., Magalhaes, L. C., 2003. Ocorréncia de
bicho-mineiro do cafeeiro (Leucoptera coffeella) influenciada pelo periodo
estacional e pela latitude. Acta Sci. Agron. 25 (1), 119-124.
https://doi.org/10.4025/actasciagron.v25i1.2458

Venancio, W.S., Tavares, M.A.R., Begliomini, E., Souza, N.L.de, 2003. Physiological
effects of strobilurin fungicides on plants. Publicatio 9 (3), 59-68.
https://doi.org/10.5212/publicatio.v9i03.814

Wulff, J. A, Kiani, M., Regan, K., Eubanks, M.D., Szczepanic, A., 2019. Neonicotinoid
insecticides alter the transcriptome of soybean and decrease plant resistance. Int.
J.Mol. Sci. 20 (3), 783. https://doi.org/10.3390/ijms20030783

103



FINAL CONSIDERATIONS

The results obtained in the present study are of great importance for coffee
production, especially for the Arabica coffee producing regions of Bahia, and for the
expansion of subarea of the research area in Integrated Pest Management of the
Graduate Program in Agronomy, as insetcs resistante to insecticides.

From the point of view of integration with society, the work enabled direct
contact with managers or coffee growers of 116 properties, who were visited to survey
data on crops and the management of the leaf miner, with the important verifing that the
Integrated Management of Pests in coffee farming is very far from what the IMP
philosophy advocates. With rare exceptions, the management is chemical, practically
using the same insecticides and with increasing frequency of application in majority of
the properties, with great selection pressure for resistant populations.

From a scientific point of view, it can be highlighted that unprecedented aspects
were achieved for the conditions of Bahia. This is the first work with mapping the
occurrence of insect populations resistant to the insecticide chlorantraniliprole and
spatial panorama of risk of control failure with this insecticide, as well as determination
of resistance levels of the most used insecticides (chlorantraniliprole, thiamethoxam and
chlorpyrifos) and effects of thiamethoxam on coffee seedlings and its relationship with
leaf miner. Considering if that the execution of the work contributes to advances in
knowledge about insect resistance to insecticides.

Although the costs of the detected resistance levels and the environmental
impact, due to the increase in the number of insecticide applications, not been estimated
certainly the resistance management should be emphasized and practiced in the regions
with moderate risks, especially in the western, for reestablishment of susceptible
populations. Resistance management measures, if adopted, certainly reduction in
economic and environmental impacts by reducing number of insecticide applications.

However, for recommendations of management tactics of insect’s resistance to
insecticides in the state of Bahia, there are knowledge lacuna that the research needs act,
verifying the existence of cross-selection, which would lead existence of cross or
multiple resistance, to determine the existence the resistance mechanism (s) involved
and the insects ability to disperse to the edaphoclimatic environment. conditions of

coffee regions.
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The use of insecticides in majority of the farmlands provided an increase in the
selection pressure against populations leading to the resistance, in addition to the
imminent risk of failure of control that compromises the management of the pest. The
aspects addressed in this study will allow coffee growers to trace strategies to seek
minimize environmental, economic and food security impacts and mainly not to

compromise the management of Leucoptera coffeella.
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Abstract: The Neotropical coffee leaf miner is a key coffee pest and in the state of Bahia, one of the
major coffee-producing states in the country. The insect finds favorable conditions for its development,
causing production losses and intensive use of insecticides. Thus, the objective of the study was
to analyze aspects of the profile of coffee crops and the management of the leaf miner, including
the use of insecticide for the western and highland regions of Bahia. Data were obtained through
questionnaires applied to coffee growers and/or production technicians and included information on
the total area, area with coffee, and native vegetation, type of cultivation, cultivars, pest monitoring,
methods of control and use, insecticide rotation, and doses used. Descriptive statistical analysis,
principal component analysis (PCA), and canonical correlations indicated differences between farm
size, and areas with coffee and native vegetation. Chemical pest control prevails as a management
strategy in all farms. The results are important for managing the coffee leaf miner while providing an
overview and diagnosis of insecticide use in coffee production in the state of Bahia. An increase in
the application of systemic insecticides took place in recent years, similarly (same active ingredients)
among most coffee growers. This factincreases the risk of selecting populations resistant to insecticides,
compromising the management of the leaf miner in the regions.

Keywords: chemical subgroup; control methods; integrated pest management; monitoring; survey

1. Introduction

Coffee production is an activity of great importance for the Brazilian economy [1], with an
estimated production area of 2.1 million hectares. The country is the world’s largest producer and
exporter with an annual production of 61.7 million 60 kg sacks of processed coffee, where few states
account for more than 90% of national production [2].

The state of Bahia ranks fourth in Arabica coffee production (Coffea arabica, in the western and
highland regions) and conilon coffee production (Coffea canephora, in the coastal region) with production
of 76,135 and 40,930 thousand 60-kg sacks, respectively [2]. Coffee production in Bahia stands out
on the national scenario due to the quality of coffee produced in the highland region, mainly in
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municipalities located in Diamantina highlands (i.e., Chapada Diamantina), that is responsible for the
production of specialty coffees due to the particular climatic conditions [3].

Consumer expansion in new markets has led coffee growers to search for systems for sustainable
production. The highland region of Bahia, with municipalities located in the Diamantina highlands,
has played an important role in the adoption of measures based on agricultural practices that cause
lower environmental impact and greater economic value of the product. Currently, for accessing the
European and North American markets, farmers must use methods consistent with the Integrated Pest
Management (IPM) philosophy, and not just chemical control methods [4,5].

Modern agriculture considers economic, environmental, ecological, and food security aspects
taken into account in management decisions. The adoption of the IPM philosophy in agricultural and
forestry crops is consistent with the requirements of the new consumer markets and new vision and
trends in agriculture that goes far beyond crop productivity [6,7].

Considering the principles of IPM, the use of control tactics must be based on knowledge
about the phytophagous species and its natural enemies, and the pest population growth trends.
Decision-making regarding adoption of pest control must use control levels and economic thresholds.
If the phytophagous species causing the injury reaches the population level of control, assuming the
status of pest, the decision is for intervention aimed at suppressing the population [8,9]. If the decision
is for chemical control, the choice of the insecticide is of fundamental importance considering not only
the effectiveness and price of the product but mainly its selectivity in favor of natural enemies, toxicity,
residual power, grace period, persistence, method of application, and formulation [10].

Coffee leaf miner, Leucoptera coffeella (Guérin-Méneville and Perrottet, 1842) (Lepidoptera:
Lyonetiidae) is a key crop pest, especially of unshaded coffee, which is prevalent in most Neotropical
America and particularly in Brazil. The highest incidences of the coffee leaf miner occur in Central
America and mainly in Brazil due to the high infestation rates recorded [11-15]. The damage caused by
the insect is a result of injuries caused by its larvae that feed on the palisade parenchyma of coffee leaves,
reducing the photosynthetic capacity, which leads to destruction and fall of leaves and, consequently,
reducing fruit production [16]. The biological cycle lasts from 28 to 39 days, and four to five generations
of the leaf miner may occur per year [17]. In dry periods, the leaf miner incidence in coffee crops
increases [18].

In Brazil, the main method used by coffee growers to control the coffee leaf miner is chemical [19,20].
Neuroinsecticides are the most widely used, including several organophosphates, carbamates,
pyrethroids, and neonicotinoids, some of which are (relatively) persistent in the environment and
exhibit low selectivity in favor of natural enemies. The diamide, chlorantraniliprole, is conversely of
more recent use against the control of coffee leaf miner and has low impact on non-target insects [21,22].

The management of leaf miner populations is linked to factors such as frequency of insecticide
applications and migration of individuals and development of resistant populations, which are of
primary importance for the effective control of the species [23]. The neglect of these factors by coffee
growers and the frequent use of insecticides in the control of pest species lead to high selection pressure
on the pest individuals and the development of resistance to the most frequently used insecticides [24].

The western and highland regions have increased production costs due to the chemical control
of the coffee leaf miner. This is the result of the high number of insecticide applications required for
the leaf miner control, mainly in the western region, where conditions are more favorable to the pest
development [3]. In both of these coffee producing regions of Bahia, insecticide resistance and risk of
control failure have already been observed [25]. There are knowledge lacunas related to leaf miner in
the main coffee regions of Bahia that can subsidize research and extension actions on IPM in coffee
growing. Thus, the objective of the study was to analyze aspects of the profile of coffee crops and
the management of leaf miner, including the use of insecticide, for the western and highland regions
of Bahia.
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2. Materials and Methods

2.1. Study Sites

Sampling took place in farms located in the western (Barreiras, Cocos, Luis Eduardo Magalhaes,
and Séao Desiderio) and highland regions of Bahia (Barra do Choga, Barra da Estiva, Encruzilhada,
Ibicoara, Mucugg, Piata, and Vitoria da Conquista) (Figure 1) between September 2017 and May 2018,
totaling 116 farms surveyed (western region (Farms 1 to 21) and highland region (Farms 22 to 116)).
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Figure 1. Municipalities producing Arabica coffee (Coffea arabica), with sampled farms, belonging in
the western and south-central highlands regions of the state Bahia.

Information about the profile of coffee crops and management of coffee leaf miner was obtained
from coffee growers and/or production technicians. Interviews were carried out in loco, on a voluntary
basis, guaranteeing the confidentiality of responses. The questionnaire was designed with structured
multiple-choice questions, free and dichotomous responses. Questions involved the following aspects:
(1) Farm and cultivation, total area with coffee, area of native vegetation, type of cultivation (irrigated
or non-irrigated) and cultivars, (2) history of the area regarding coffee leaf miner monitoring (if so,
what level of control is used), types of control adopted, annual frequency of applications, insecticides
used, rotation of insecticides, and use of the label rate specified by the manufacturer.

2.2. Data Analysis

Data consistency was measured by Cronbach’s Alpha coefficient test to verify the reliability and
consistency of the group of multiple-choice and dichotomous responses. The intensity of the relations
was very high (x = 0.91) to moderate (« = 0.65).

Questionnaire data were tabulated and analyzed in Microsoft Excel, using the Chi-Square test
to determine differences between regions (western and highland) related to the distribution of coffee
growers within the characteristics addressed, as well as a multivariate analysis with groupings of
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variables: Total area, area with coffee, area of native vegetation. The adopted technique was the
multivariate analysis of PCA (Principal Component Analysis) using the R FactoMinerR package
software [26] applying the selected variables to transform data from a wide spectrum to low spectrum
space. PCA was calculated using the correlation matrix for each variable to deduce the eigenvector
and eigenvalue. The eigenvector indicates the direction of the main axis with the greatest variance and
the eigenvalue indicates the magnitude of the variability of the secondary axis with the next variance.
The Bartlett test was used to verify the measure of the correlation matrix and the identity matrix to
indicate the existence of the relationship among variables evaluated and the Kaiser-Meyer-Olkin test
(KMO) to measure the adequacy of data for the PCA [27].

For data referring to the number of insecticide applications in the agricultural year, canonical
variates analysis (CVA) was performed using the procedure CANDISC on the SAS software Basic
Edition, Cary, NC, USA (SAS Institute 2011) to verify possible linear associations of applications among
locations in each region under study. Data on the use of chemical subgroups and number of applications
were correlated using canonical correlation analysis (partial) in order to test the relationship among
these variables using the PROC CANCORR procedure [28].

3. Results

The size of farms sampled in the survey ranged from 2 to 44 thousand hectares (Figure 2a),
the cultivation area ranged from 0.5 to 1800 hectares (Figure 2b), and included farms without area of
native vegetation and farms with up to 200 hectares of native vegetation (Figure 2c).

The variables presented in Table 1 and Figure 2 provide total components and the proportion
of variance indicating the total variation of the principal component. For the total area component,
two distinct axes were obtained, PC1 and PC2, accounting for 56.03% and 43.97% of the total variance
observed (Figure 2a). These results indicate the prevalence of small farm size in the highlands
(frequently lower than 100 ha), and a broader range of farm size variation in western Bahia with the
prevalence of large farm size (i.e., >200 ha) (Figure 2a).

When the area cultivated with coffee was analyzed, linear correlations were also significant, with
PC1 and PC2 representing 54.28% and 45.71% of variance, respectively. The profile of farms in their
respective coffee cultivated areas closely follows the trend of overall farm size with greater coffee areas
prevailing in the western region and small coffee areas prevailing in the highlands (Figure 2b), where
more uniform and smaller farm (and coffee field) sizes prevail.

Areas covered with native vegetation and recognized as permanently maintained preservation
areas were also surveyed for each farm in each region. The PC1 and PC2 obtained accounted for 62.61
and 37.39% of the observed variance, respectively (Figure 2c). Large areas of native vegetation are
frequently associated with larger farm size, while smaller areas of native vegetation are associated
with small farm size (Figure 2c).

The results indicated that the occupation of the farms with the coffee crop (x> = 42.85; p < 0.0001)
is more expressive on smaller properties, on average, 62.4% of the total area is used with coffee in
the highlands region, varying from 20% to 100%, in the western, the average occupation with culture
vary with an average of 19.3% (Figure 2d). With respect to the native vegetation area (x> = 11.55;
p < 0.0001), most farms in the highlands have up to 20%, and in the western 11% to 30% of the total
area comprehend areas of vegetation reserve (Figure 2e).
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Figure 2. Percentage of coffee farmers’ responses and graph of the matrix of 116 sampled farms,
belonging to the western and south-central highlands regions of the state Bahia: Total area (a), area
cultivated with Arabica coffee (b), area of native vegetation (c), percentage of area cultivated with
coffee (d), and native vegetation (e) in relation to total area.
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Table 1. Principal components, eigenvalues, proportion of explained variance, and proportion
accumulated by components for total area, cultivated area and native vegetation area.

Total Area
Component Eigenvalues Proportion Proportion Accumulated
PC1 112 56.03 56.03
PC2 0.87 43.96 100.00
Cultivated Area
PCl 1.08 54.28 54.28
PC2 091 45.71 100.00
Native Vegetation Area
PC1 1.90 62.61 62.61
PC2 0.89 37.39 100.00

Data related to type of coffee cultivation (x? = 6.00; p = 0.014) and cultivars (x> = 37.59; p < 0.0001)
indicated significant differences between regions. In the western region, 100% of coffee crops are
irrigated, while non-irrigated cultivation prevails in the highland region (76.4%) (Figure 3a). The ‘Catuai’
cultivar is predominant in both regions, reaching 100.0% of the coffee cultivated area in the western
region and 90.6% in the highland region (Figure 3b).
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Figure 3. Irrigation prevalence (a) and prevailing cultivars of Arabica coffee (b) cultivated in the
western and south-central highlands regions of the state Bahia.

Regarding the management of the coffee leaf miner, it was observed differences between regions
(x? = 12.11; p = 0.0005), control tactics used (x> = 7.86; p = 0.048), use of insecticide rotation (x> = 3.96;
p = 0.046), and range of insecticide dose used (x* = 33.81; p < 0.0001), without difference in the level
of control (x? = 2.48; p = 0.289). The infestation level of the coffee leaf miner is monitored by 76.2%
(western region) and 34.7% (highland region) of coffee growers (Figure 4a). However, most coffee
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growers in the western (95.2%) and highland regions (93.7%) do not consider the action (or control)
threshold for decision-making, performing only non-quantitative (visual or qualitative) sampling for
the adoption of chemical control (Figure 4b).
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Figure 4. Percentage of responses of coffee farmers to the management of the Neotropical coffee leaf
miner (Leucoptera coffeella): Monitoring leaf miner (a), levels control (b), use of insecticide rotation (c),
control tactics (d), and range of the insecticide dose used (e) in Arabica coffee crops in the western and
south-central highlands regions of the state Bahia.

The prevalent control method is chemical (i.e., by means of insecticide use), mainly in the western
region where 100% of farms use insecticides, and only 14.3% associate chemical control with cultural
management (e.g., weed management). In the highland region, 57.9% of coffee growers carry out only
chemical control. On the other hand, 26.3% of coffee growers in the highland region do not adopt
any control method, 14.7% associate chemical and cultural methods, and 1.1% associate chemical and
behavioral methods through food bait (based on oleoresins and sugar, Noctovi®) (Figure 4c,d).

The rotation of insecticides is carried out by the majority of coffee growers in the western (95.2%)
and highland regions (75.7%). Among the coffee growers, 66.7% use the recommended label rate in
western Bahia, and 98.6% use that in the highlands. About a third (33.3%) of the coffee growers in
western Bahia overdose the insecticide applications (Figure 4e).

Canonical correlation (partial) in the group of variables was formed by insecticide classes and
their frequency of application (Table 2 and Figure 5), which was positive and significant. The main
constituents of the canonical pair were based on values of correlations and canonical coefficients with
the two canonical axes significant and the first axis explaining 99% of the total data variance for both
western and highland regions (Table 2).

Absolute values of the highest coefficients were obtained for insecticides diamides, avermectin,
nereistoxin analogs, neonicotinoids, and benzoylureas, which contributed to the pattern of divergence
between number of applications among the different farms of the western region, in contrast with the
diamide, neonicotinoid and benzoylurea more frequent use in the highland region (Figure 5). The first
canonical axis of the greatest weight in the analysis indicates frequent use in the western region of all
insecticide classes, except organophosphate and pyrethroids (Table 2). The use of diamides prevailed
in the highlands and insecticides with more uniform use of insecticides from different classes, and lack
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of use of nereistoxin analogs (Table 2 and Figure 5). It was observed that in the highland region,
the frequency of insecticide applications is lower in comparison to the western region. The range of
annual insecticide applications is one to 12 applications in the highlands, and 6 to 20 applications in
the western region.

Table 2. Canonical axes and coefficients (grouped in the canonical structure) of the frequency of
application of insecticides of the different classes used in the control of Leucoptera coffeella in the west
and highlands regions of Bahia.

Canonical Axes

Variable West Highlands
1 2 1 2
Diamide 0.5070 -0.1915 0.7548 -0.2161
Neonicotinoids 0.4467 -0.2930 0.5815 -0.1152
Pyrethroids 0.1424 —-0.2875 0.6578 0.1237
Avermectin 0.5694 0.0037 0.3793 —-0.0096
Benzoylurea 0.5996 0.3062 0.4246 0.4954
Organophosphate -0.1109 0.6159 0.4268 -0.0131
Nereistoxin analogs 0.6256 0.7459 - -
F 140.96 12.43 338.29 8.70
Degrees of Freedom (num.; den) 14;24 6;13 12; 174 5; 88
P <0.0001 <0.0001 <0.0001 <0.0001
Canonical squared correlation 0.99 0.85 0.99 0.33
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Figure 5. Ordination diagram showing the discrimination between the frequency of application of
insecticides for the chemical control of Leucoptera coffeella populations in the western (a) and highlands
(b) regions of Bahia. The symbols are centroid of the localities and represent the average of the classes
of canonical variables. The vectors indicate groups of farms without significant difference between
them (Wilks” Lambda and approximate F, p < 0.001).

The application interval for a product is, on average, 20 days. Products without registration
with the Ministry of Agriculture and Livestock [29] for coffee crop, such as Ampligo® (lamda-
cyhalothrin + chlorantraniliprole), Interprid® (methoxyfenozide), Dimilin® (diflubenzuron), Match®
(lufenuron), Oregon® (novaluron), Talisman® (bifenthrin + carbosulfan) are used by some coffee
growers in both regions.
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4. Discussion

Descriptive analyses, PCA, and the correlations indicated differences between Arabica coffee
producing regions of Bahia, as to the size of the farms, occupation of the land with the coffee crops,
and native vegetation, adoption of irrigation and, in some aspects, of the management of the leaf miner.
In western Bahia, farms are characterized by larger extensions, with areas of up to 44 thousand hectares
and areas of coffee reaching 1800 hectares, exhibiting permanent preservation areas in compliance with
Brazilian Forest Code (Law 4771/65), a minimum of 20% of the total area. In highlands, most of the
farms have smaller extensions, from 2 to 350 hectares (Figure 2a), in some cases, totally occupied with
the coffee crop, with a more heterogeneous permanent reserve occupancy rate among the farms.

Coffee production of western Bahia stands out for having 100% of the coffee area completely
irrigated (center-pivot and drip irrigation), contrasting with the prevalent non-irrigated coffee of the
highland region. The predominant cultivar in these regions is the ‘Catuai’, which is characterized
by being of small size, short internodes, abundant secondary branching, red (cultivar IAC 144),
or yellow (cultivar IAC 62) fruits of medium to late maturation, high yield and adaptation to extreme
temperatures [30]. However, besides to areas cultivated with Catuai, other cultivars such as “Acauad’,
‘Mundo Novo’ and ‘Catucai’ are also used only in the highland region, while the ‘Sarchimor’ cultivar
is present only in the western region.

These differences reflect in several aspects of the coffee production chain, with mechanized
systems and outsourced manpower in the western region, enabling the management of crop in macro
scale. Coffee crops in this region is characterized by present productivity above the national Brazilian
average and using agricultural inputs, irrigation, appropriate genotypes, and mechanization, among
other practices. The climate is favorable to the quality of the coffee, because at the time of harvest,
conditions of low relative humidity of the air occur, with the rains concentrated in the summer [31].
In highlands, the use of inputs is less intense and family manpower predominates. The specificities
of some microregions in the highlands, such as the Chapada Diamantina, about the climate and the
realization of selective and manual harvesting of the fruits, have guaranteed the production of special
coffees of excellent quality, with high value aggregated [32].

In the last two years, only one farm in the western region did not show infestation by the coffee
leaf miner due to the monitoring used and the application of insecticides in a preventive way in order
not to compromise coffee production. However, the other farms have a history of high infestation
by the coffee leaf miner resulting in a higher frequency of insecticide applications. In the highland
region, some crops fields located in the municipalities of Piata, Ibicoara, Barra da Estiva, and Vitéria
da Conquista have low infestation levels, and without a history of insecticide application for over a
decade. On the other hand, crops located on municipality Mucugé presented high infestations by the
coffee leaf miner in the last five years. This fact caused serious problems for coffee growers, resulting
in an increasing number of applications of different insecticide classes.

When asked whether or not to carry out monitoring of the coffee leaf miner, most respondents
carried out monitoring, which is the basis for IPM. However, throughout the interview, it was observed
that the concept of monitoring is not suitably adopted in practice. This is because, in most cases,
the monitoring performed is a visual, non-quantitative, and non-systematic analysis based only on
the presence or absence of live larvae detected in quick and casual visual observation. Interestingly,
there is no shortage of studies on sampling of the coffee leaf miner, both with conventional [33] and
sequential plans [34]. Another problem detected in the survey is that the percentages of predation and
natural parasitism are also not quantified by coffee growers [35]. Thus, decision-making about whether
or not to use a control method, another IPM support pillar, is not based on the analysis of numerical
variations of pest populations and their main natural enemies. The consequence of such neglect of the
preventive use of insecticides for leaf miner resulting in insecticide overuse and unnecessary increase
in production costs [36].

Quantitative population assessments based on activity levels and economic injury thresholds form
the basis of IPM to minimize unnecessary interventions for pest population suppression, especially by the

114



Sustainability 2020, 12, 8011 10 of 14

chemical method. When correctly performed and based on a validated sampling plan, monitoring favors
decision-making with reduced application of insecticides and reduced production costs. Despite the
economic and environmental advantages resulting from the use of the limit established for decision
making in agriculture pest management [37,38], their effective use remains as one of the main obstacles to
the use of IPM programs in various agricultural crops in Brazil and worldwide [5,37,39,40]. On the other
hand, IPM plays a fundamental role in adapting production systems to the trends of modern agriculture
for the economic benefit of growers and the reduction of environmental impacts [5,41-43].

Although there are edaphoclimatic differences between regions, the coffee leaf miner occurs
throughout the year in Bahia, finding optimal conditions for its development in the western region
(low relative humidity and high temperatures) and favorable conditions in the south-central highland
region (lower temperatures and high relative humidity at certain times of the year). However, in the
highlands at altitudes around 1000 m and average annual temperature of around 20 °C, the coffee leaf
miner population remains at the equilibrium level for most of the year, with the presence of at least six
species of parasitoids that act in the pest regulation [44]. The same species of parasitoids have also
been observed in the western region in coffee crops located in Luis Eduardo Magalhaes, which has
an average annual temperature of approximately 24.3 °C, but with lower parasitism rates and with
variations in the structure of their communities [44].

Most coffee growers adopt only chemical control for coffee leaf miner population suppression,
an aspect that, associated with lack of suitable monitoring for control decision-making, impairs the
proper use of IPM in coffee farms of the region. With rare exceptions, there are coffee growers in both
regions who adopt chemical and cultural controls. On the other, 26.3% of highlands coffee growers do
not use any control tactics for the leaf miner, which reveals that the insect meets a “non-pest” situation,
probably due to the regulation of its population by factors, such as parasitoid wasps and predators
whose survival and permanence in coffee plantations are favored by the absence of insecticides, higher
altitude of the region (1000 to 2000 m), and lower average temperatures in relation to the western
region. In some cases, coffee growers have not used insecticides for more than 15 years, with the
reestablishment of beneficial fauna.

In the case of coffee production, this agro-ecosystem has the capacity of harboring several natural
enemies [45]. The harmonization of these practices tends to reduce impacts on the communities of
predators and parasitoids, reducing the incidence of the coffee leaf miner. According to Faria and
Angelini [46], cultural control aids chemical control by reducing the incidence of the coffee leaf miner
in coffee crops. Another important data obtained in the survey was the use of behavioral control using
the Noctovi® food-based attractant in a farm located in the municipality of Barra do Choga (highland).
Such use allows the recording of the pest population dynamics and can be used simultaneously
with insecticides.

Vegetation diversification reduces the pest incidence favoring and providing alternative foods
to natural enemies [47]. Natural enemies, such as parasitoids, are efficient when associated with
integrated management of the coffee leaf miner [44,48,49], and the use of more selective insecticides
favors their prevalence in coffee crops [22,50].

Organophosphate, carbamate, and pyrethroid insecticides were the most used in the control of
the coffee leaf miner, but other insecticide classes were more recently introduced and are broadly used
against the coffee leaf miner, including neonicotinoids [51], diamides [52], avermectins [53], all of
which act on the nervous system, and benzoylureas, which are insect growth disruptors interfering
with chitin synthesis, a major component of the insect exoskeleton [54]. Interestingly, rather than
rotating the insecticide molecules for controlling the coffee leaf miner, a pivotal recommendation to
minimize selection for insecticide resistance in pest species, the growers tend to rotate trade names or
formulations, frequently maintaining the use of the same insecticide, but using different commercial
products. Thus, no wonder insecticide resistance is a problem in the region against this pest species [25].

The frequent use of insecticides causes selection pressure on pest individuals, favoring the
emergence of individuals resistant to products used in their control [24], leading coffee growers to
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use an overdose of product, greater number of applications, and consequently, replacement of an
ineffective insecticide by a new insecticide [55-57]. Fragoso et al. [23] reported the applications of
22 insecticides in a year, 10 of which were organophosphates. Furthermore, many coffee growers
make frequent use of insecticides, including relatively more persistent and less selective compounds.
Such patterns of insecticide use enhance insecticide resistance risk and environmental problems [22].

A concerning piece of data regarding the use of insecticides in the western region is the residual
period indicated by manufacturers, which is not respected by coffee growers. The application interval
for a product is, on average, 20 days. In addition to data on the coffee leaf miner management, products
without registration with the Ministry of Agriculture and Livestock [29] should not be used according
to the regulation of Law No. 7.802 of July 11, 1989, Art.73. Nonetheless, the use of unregistered
products is one of the major problems faced when thinking about adapting production to the trends of
modern agriculture, as observed for custard apple (Annona squamosa L.) crops [58].

There is an increase in the frequency of annual applications of the neonicotinoids thiamethoxam
and imidacloprid (two to four) and uniform use of the same compounds in several farms of the region,
which increases the risk of selecting for insecticide resistance. Such a trend takes place regardless of
the size of cultivated area, climate, temperature, and rainfall.

It is noteworthy that the greater the number of applications and use of insecticides with the
same site of action, the greater the likelihood of insecticide resistance. Most coffee growers use an
application schedule, not considering parameters population trend coffee leaf miner and natural enemy
population densities [32]. Nonetheless, measures for the successful reduction of the pest population
must be carried out considering ecological, environmental, and economic and food security aspects for
sustainable and high-quality coffee production. Therefore, there is an urgent need for integrative action
between research and extension agencies, agricultural companies and coffee growers to expand the use
of IPM principles in line with global agriculture megatrends, which are the bases for the sustainability
of agriculture production chains [59].
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Abstract

The Neotropical coffee leaf miner, Leucoptera coffeella (Guérin-Méneville & Perrottet, 1842), is a key pest spe-
cies of unshaded coffee plantations in Neotropical America, particularly in Brazil, where pest management
involves intensive insecticide use. As a consequence, problems of resistance to conventional insecticides
are frequent, and more recently developed insecticide molecules, such as diamide insecticides, are at risk of
becoming ineffective. Thus, a survey of resistance to the diamide insecticide chlorantraniliprole was carried
out in high-yield coffee-producing areas in the State of Bahia, Brazil. The likelihood of control failure with
this insecticide was also assessed. Spatial dependence among the insect sampling sites was assessed and
spatial mapping of chlorantraniliprole resistance and risk of control failure was carried out. The frequency of
chlorantraniliprole resistant populations was high (34 out of 40 populations, or 85%), particularly in western
Bahia, where 94% of the populations were resistant. Resistance levels ranged from low (<10-fold) to mod-
erate (between 10- and 40-fold) with more serious instances occurring in western Bahia.This results in lower
chlorantraniliprole efficacy among these populations, with a higher risk of control failure and exhibiting spatial
dependence. These findings invite attention to problems with the intensive use of this relatively recent insecti-
cide and demand management attention, but they suggest that local, farm-based management efforts are
likely to be the most effective actions against resistance problems in this pest species.

Key words: anthranilic diamides, insecticide control failure, control failure likelihood, i icide r

resistance survey

OXFORD

Life happens; coffee helps! At least that is the belief of a fair share
of the human population stressed, blessed, and even obsessed with
coffee. The statement is equally valid for coffee producers particu-
larly when facing likely losses due to the Neotropical leaf miner
Leucoptera coffeella (Guérin-Meneville & Perrottet, 1842). This leaf
miner is the key coffee pest species in unshaded coffee plantations,
the dominant cultivation system of high-quality coffee (Coffea
arabica L.) in Neotropical America, particularly Brazil (Tuelher et al.
2003; Pereira et al. 2007a,b; Magalhaes et al. 2010; Pantoja-Gomez
et al. 2019), the largest producer and exporter of this prized com-
modity (MAPA 2018; CONAB 2019). The annual losses by this pest
species average about 40% yield but can reach values as high as
80% under high population densities where consumption of pal-
isade parenchyma compromises photosynthetic leaf area leading to
early leaf senescence (Tuelher et al. 2003, Pereira et al. 2007a). Thus,

the management of this species is of paramount importance in such
areas and is achieved mainly with the use of insecticides (Fragoso
etal. 2003).

The importance of the leaf miner in coffee production and the
(over-)reliance on insecticide use for managing this species natur-
ally raises concern about evolving insecticide resistance in leaf
miner populations. Eventual insecticide control failure may result
from this, in addition to other hierarchical consequences beyond the
population level (Guedes et al. 2016,2017,2019). Curiously, studies
of insecticide resistance in the coffee leaf miner are rare (Alves et al.
1992; Fragoso et al. 2002, 2003), and the likelihood of insecticide
control failure is neglected, as is the potential spatial dependence of
both interdependent but distinct phenomena (Guedes 2017).

Insecticide resistance may lead to control failure, but not neces-
sarily since this interaction depends on patterns of cultivation and

© The Author(s) 2020. Published by Oxford University Press on behalf of Entomological Society of America. 1399
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insecticide use, among other factors, which potentially exhibit spa-
tial dependence (Liebhold et al. 1993; Fragoso et al. 2002; Bacca
et al. 2006, 2008; Gontijo et al. 2013; Guedes 2017; Tuelher et al.
2018; Guedes et al. 2019). The possibility of simultaneously sur-
veying both phenomena and geographically mapping their incidence
is seldom attempted despite their strategic relevance for pest man-
agement, although some progress has been recently made (Chediak
et al. 2016, Guedes 2017, Tuelher et al. 2018).

Insecticide resistance in Neotropical coffee leaf miners was
earlier recorded in Brazil against organophosphates, the main in-
secticide class for management of this species at the time (Alves
et al. 1992). However, increases in coffee prices in the international
market and consequent concern with leaf miner losses has led to an
intensification of insecticide use and magnification of problems with
insecticide resistance (Fragoso et al. 2002, 2003). Organophosphate
resistance reached very high levels (>1,000-fold) in some of the
main producing areas of high-quality coffee in Brazil (Fragoso et al.
2002, 2003). This has led to a diversification of insecticides used
against the Neotropical coffee leaf miner, which came to rely on

neonicotinoid and diamide use in recent years (MAPA 2019). As a
consequence, reports of moderate levels of neonicotinoid resistance
have recently emerged (Costa et al. 2016), while diamide use has
further intensified.

The diamides are a sound alternative for insect pest control be-
cause of their peculiar mode of action distinct from other insecticides
available on the market (Lahm et al. 2009). They act as ryanodine
receptor activators in the calcium channels regulating muscle cell
contractions, through calcium release in the sarcoplasmic reticulum
(Lahm et al. 2005, Nauen 2006). The diamide chlorantraniliprole
is broadly used against lepidopteran pest species in different crops,
including coffee, because of its low nontarget impact and lack of
cross-resistance to other insecticides making it a useful pest man-
agement tool (Gao et al. 2013). Nonetheless, the growing use of this
insecticide is leading to increasing reports of resistance to this mol-
ecule in populations of the diamond backmoth Plutella xylostella
(Troczka et al. 2012, Wang and Wu 2012), the Neotropical tomato
pinworm Tuta absoluta (Roditakis et al. 2015), and the rice stem

borer Chilo suppressalis (Lu et al. 2017, Wei et al. 2019).

Table 1. Identification and geographical coordinates of the sampling sites for populations of the Neotropical coffee leaf miner Leucoptera
coffeella used in our survey of chlorantraniliprole resistance, efficacy, and control failure likelihood in the State of Bahia, Brazil

Meso-region County Code Longitude Latitude

West Barreiras WBAR1 -11° 527 30.0" -45°4306.3"
Barreiras WBAR2 -12° 16" 30.9" -45° 30" 35.1”
Barreiras WBAR3 -12° 16" 30.9” -45° 35 32.6”
Barreiras WBAR4 -11° 51" 35.6" -45° 44" 47.0"
Cocos WCOC1 -14° 38" 50.6” -45°1541.9"
Cocos WCOoC2 -14° 40" 56.8” -45°4903.6"
Luiz Eduardo Magalhaes WLEM1 -11° 577 43.08” -45°4401.77
Luiz Eduardo Magalhdes WLEM2 -12° 08 59.1” -45°47/18.1"
Luiz Eduardo Magalhdes WLEM3 -12° 03 46.4"" -45°5410.5"
Luiz Eduardo Magalhaes WLEM4 -12° 16" 19.4” -45° 56" 02.6"
Luiz Eduardo Magalhies WLEMS -12°16"49.0” -45° 44" 17.6"
Sdo Desiderio WSDE1 -12° 08" 06.4" -45° 5§37 20.3"
Sio Desiderio WSDE2 -12° 33 21.4" -45°5159.1
Sao Desiderio WSDE3 -12° 54 12.7" -45°32'29.4"
Sdo Desiderio WSDE4 -12° 337 06.8” -45° 47 23.7"
Sao Desiderio WSDES -12° 527 46.6" -46° 02 13.2"
Sao Desiderio WSDE6 -12° 35 04.0” -45°40703.4"

Highlands Barra da Estiva HBES1 -13°37715.0" -41° 20" 37.37
Barra da Estiva HBES2 -13° 337 18.0” -41°20709.1"
Barra da Estiva HBES3 -13° 36" 45.3” -41°19 53.9”
Barra do Choga HBCHI1 -14° 50" 27.57 -40° 31 13.0”
Barra do Choga HBCH2 -14° 53" 55.3” -40° 35" 35.4"
Barra do Choga HBCH3 -14° 55" 25.27 -40° 36" 43.57
Barra do Choga HBCH4 -14° 55 05.8” -40° 367 01.9"
Barra do Choga HBCHS -14° 50" 15.9” -40° 31" 04.4”
Barra do Choga HBCHé6 -14° 54 58.17 -40° 36" 24.8”
Barra do Choga HBCH7 -14° 51" 37.5" -40° 317 33.27
Barra do Choga HBCHS -14° 54’ 59.47 -40° 37 30.6"
Encruzilhada HENC1 -15° 367 50.1" -40° 44" 32.37
Encruzilhada HENC2 -15°37/14.3" -40° 45" 59.0
Encruzilhada HENC3 -15° 39" 37.0" -40° 45" 38.0”
Mucugé HMUC1 -13°02" 38.8” -41°26"02.4"
Mucuge HMUC2 -13° 097 02.9" -41°2819.8"
Mucugeé HMUC3 -13° 07" 37.1" -41°2925.4"
Mucuge HMUC4 -13° 05" 57.6" -41° 26" 38.2""
Vitéria da Conquista HVDC1 -14° 59" 52.0” -40° 47 55.27
Vitéria da Conquista HVDC2 -15° 16" 37.57 -40° 56" 49.2"
Vitéria da Conquista HVDC3 -15° 14" 39.6” -40° 59'11.9”
Vitéria da Conquista HVDC4 -15° 00" 30.0” -40° 45 25.6"
Vitéria da Conquista HVDCS -14° 58 15.37 -40° 467 09.6"
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Diamide resistance among coffee leaf miner populations have not
yet been a target of attention, and the use of this class of insecticides
remains intensive. This scenario has led to the current concern that
diamide resistance and particularly chlorantraniliprole resistance
may be evolving and may result in future control failures with this
insecticide. Therefore, the objectives of the present study were as
follows: 1) to survey the incidence of chlorantraniliprole resistance
among populations of the Neotropical coffee leaf miner from two
important regions of Arabica coffee production in Brazil; 2) to assess
the likelihood of control failure with chlorantraniliprole due to the
occurrence of resistance to this insecticide in the region; and 3) to
preliminarily test whether spatial dependence in chlorantraniliprole
resistance exists among sampling sites and to tentatively map such
occurrences, if such is the case.

The intensive use of insecticides in the coffee growing regions of
the state of Bahia has led us to hypothesize that chlorantraniliprole
resistance may already exist in the region, although probably in its
initial stages. This suspicion is justified because the use of this com-
pound for coffee protection has only increased recently, but reaching
up to 17 annual applications, 2 on soil and 15 spray applications
(Castellani et al. 2016). Consequently, resistance to this diamide is
likely recent and control failure of chlorantraniliprole was not yet
expected since it takes longer to occur as it usually requires incidence
of high levels of resistance, a scenario that allows efficient imple-
mentation of resistance management practices to minimize such risk.
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Spatial dependence was not expected because variation in the inci-
dence of insecticide resistance was unlikely to be high (and diverse),
compromising the recognition of such a relationship and the spatial
mapping of this phenomenon.

Materials and Methods

Insects and Insecticide

Sampling of populations of the Neotropical coffee leaf miner was
carried out in 40 sites from two high-quality coffee-producing re-
gions in the state of Bahia (Brazil) — western Bahia (17 sites), and its
south-central highlands (23 sites; Table 1; Fig. 1). Leaves containing
intact mines were collected from each site, and geo-referenced with
a global positioning system (GPS) receiver (Garmin E-Trex Vista
HCXx, Olathe, KS). The samples were collected between March and
December 2018, avoiding leaves with open and/or torn mines indi-
cative of parasitism or predation. The collected leaves were placed in
Kraft-type paper bags (17 x 45 cm) and stored in polystyrene boxes
for transportation to the laboratory for subsequent bioassays under
environmentally controlled conditions.

A commercial formulation of the diamide insecticide
chlorantraniliprole was used in the bioassays (350 g a.i./kg, water
dispersible granules, DuPont, Paulinia, SP, Brazil). The insecticide
was used at its label rate, as registered at the Brazilian Ministry of

O Sampling Points
[] State of Bahia

AW 4BW  ASW AW 4IW 42W

AW 40w

W /W W

Fig. 1. Distribution of the sampling sites for populations of the Neotropical coffee leaf miner Leucoptera coffeella used in the spatial survey of chlorantraniliprole

in Brazil. for each site and its

are found inTable 1.
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Agriculture (MAPA 2019), following the manufacturer’s recom-
mendations. This is the main insecticide currently used in the region
against this pest species. The use of a fixed concentration varying
exposure allows estimates of both the level of resistance, through
time-mortality bioassays, and frequency of resistant individuals,
through discriminating time bioassays. This approach parallels
others, like Dangelo et al. (2018) with whiteflies, but based on fixed
concentration and varying length of exposure and including spatial
analyses and spatial mapping of the phenomenon. Furthermore,
the discriminating time bioassays also allow estimation of control
failure likelihood due to insecticide resistance justifying the present
approach.

Time-Mortality Toxicity Bioassays

Time-mortality insecticide bioassays were carried out following
methods adapted from Fragoso et al. (2002), which were derived
from earlier work on the tomato pinworm Tuta absoluta (Siqueira

et al. 2000, 2001). A single chlorantraniliprole concentration was
used, the field label rate (90 g a.i./ha), at a rate of 400 liter/ha (=
0.23 g a.i./ml), and the exposure times of 2, 4, 6, 12, 18, 24, 36,
and 48 h. Filter paper disks (Whatman no. 1; 9.0-cm diameter)
were immersed in the insecticide solution for 10 s and allowed to
dry for 1 h at ambient temperature, after which they were placed
in Petri dishes (9.0-cm diameter x 1.5-cm high). Twenty third-
instar larvae removed from the field-collected leaves were placed
in each Petri dish using a fine hair-brush, and they were subse-
quently maintained in an environmental chamber under controlled
conditions of 25 = 2°C temperature and 70 = 5% relative hu-
midity. The experiment was replicated three times for each insect
population. Larval mortality was recognized by the inability to
move a body length when prodded by a hair-brush. Untreated con-
trols for each insect population were maintained to record natural
larval mortality for correction of the chlorantraniliprole-exposed
mortality observed (Abbott 1925).

Table 2. Relative toxicity of chlorantranilprole to Brazilian populations of the coffee leaf miner (Leucoptera coffeella)

Resistance ratio at LT,

Meso-region  County Code No. Slope = SE LT, (95% FI) hours b i df P [RR,, (95% CI)]

West Barreiras WBAR1 480 0.92:0.14  19.96 (14.89-28.95) 034 6 099 5.72 (2.34-16.86)*
Barreiras WBAR2 480 1.33:0.19  65.91 (46.44-115.74) 405 6 0.67 18.88 (8.88-48.50)*
Barreiras WBAR3 480 1.56=0.19  50.20 (38.46-74.21) 1.19 6 098 14.38(7.70-32.43)*
Barreiras WBAR4 480 1.09=0.15  43.03 (31.01-70.78) 316 6 0.79 1233 (5.41-33.96)*
Cocos WCOC1 480 0.94+0.17 111.79 (62.93-338.55) 1.17 6 098 32.03 (9.66-.128.28)*
Cocos WCOC2 480 1.17=+0.14 14.96 (11.86-19.17) 722 6 030 4.29 (2.28-9.74)*
Luiz Eduardo Magalhdes WLEM1 480 0.82+0.13 9.13 (6.25-12.61) 209 6 091 2.62 (1.07-7.75)*
Luiz Eduardo Magalhdes WLEM2 480 0.61=0.14 113.31(53.11-700.41) 236 6 0.88 32.47(3.95-322.72)*
Luiz Eduardo Magalhdes WLEM3 480 1.28+0.17 46.47 (34.51-72.35) 222 6 0.89 13.32(2.95-72.57)*
Luiz Eduardo Magalhdes WLEM4 480 1.01=0.16 70.06 (45.25-148.93) 1.70 6 0.95 20.08(7.43-65.54)*
Luiz Eduardo Magalhdes WLEMS 480 0.97 = 0.14 35.50 (25.48-58.79) 6.69 6 035 10.17(4.04-30.95)*
Sio Desiderio WSDE1 480 1.53+0.16 23.13 (19.11-28.99) 10.07 6 0.12 6.63 (3.86-13.75)*
Sio Desiderio WSDE2 480 0.92+0.14 38.61 (29.94-68.28) 269 6 0.84 11.06 (4.03-36.68)*
Sio Desiderio WSDE3 480 1.12:0.14  24.71 (19.13-34.45) 181 6 094 7.08 (3.46-17.51)*
Sio Desiderio WSDE4 480 1.00=0.13 5.72 (3.87-7.64) 260 6 0.86 1.64 (0.87-3.71)
Sio Desiderio WSDES 480 1.28 = 0.14 8.34 (6.50-10.40) 045 6 099 2.39 (1.39-4.98)*
Sdo Desiderio WSDE6 480 1.12+0.15 38.19 (28.26-59.52) 392 6 0.69 10.94(5.00-28.93)%

Highlands Barra da Estiva HBES1 480 1.17 £ 0.15 3.18 (2.02-4.35) 0.54 6 099 1.00 (0.49-2.03)
Barra da Estiva HBES2 480 1.39+0.15 3.58 (2.53-4.63) 1.74 6 094 1.03 (0.60-2.12)
Barra da Estiva HBES3 480 1.07 £ 0.14 4.06 (2.63-5.52) 277 6 0.84 1.16 (0.65-2.52)
Barra do Choga HBCH1 480 0.76 =0.13 30.70 (20.85-57.26) 265 6 085 8.80 (2.224-42.10)*
Barra do Choga HBCH2 480 0.97=0.13 24.81 (18.49-37.05) 1.73 6 094 7.11 (2.98-20.47)*
Barra do Choga HBCH3 480 0.80+0.13 21.26 (15.18-33.65) 0.55 6 0.99 6.09 (2.00-22.44)*
Barra do Choga HBCH4 480 1.01+0.15 48.63 (33.66-87.69) 265 6 085 13.93 (5.53-42.36)*
Barra do Choga HBCHS 480 1.04 +0.16 64.75 (42.96-128.84) 0.81 6 0.99 18.55(7.25-57.31)*
Barra do Choga HBCH6 480 1.03=0.14 26.70 (20.13-39.27) 1.75 6 094 7.65 (3.42-20.69)*
Barra do Choga HBCH7 480 1.24=0.14 17.47 (14.02-22.40) 142 6 096 5.01(2.72-11.12)*
Barra do Choga HBCH8 480 1.07=0.15  34.66 (25.72-53.40) 1.05 6 098 9.93 (4.48-26.60)*
Encruzilhada HENC1 480 1.57+0.17 34.34 (27.68-45.68) 1.16 6 0.98 9.84 (5.57-37.74)*
Encruzilhada HENC2 480 1.28+0.17 52.40 (38.20-85.05) 099 6 0.99 15.01(7.21-8.71)*
Encruzilhada HENC3 480 1.34+0.14 14.41 (11.71-17.87) 1.66 6 0.95 4.13 (2.36-8.71)*
Mucugé HMUC1 480 1.72:0.17 24.71 (20.71-30.47) 356 6 0.73 7.78 (4.25-14.26)"
Mucugé HMUC2 480 0.74=0.13 5.18 (2.84-7.60) 088 6 0.98 1.63 (0.61-4.39)
Mucugé HMUC3 480 0.65:0.13 41.06 (25.25-104.01) 0.85 6 0.17 12.93 (2.16-77.21)*
Mucugé HMUC4 480 0.99 +0.14 31.08 (22.79-48.75) 326 6 077 8.78 (1.08-88.79)*
Vitéria da Conquista HVDC1 480 0.98 «0.14 3.49 (2.04-4.95) 948 6 0.15 1.00 (0.53-2.28)
Vitéria da Conquista HVDC2 480 0.56 «0.13 45.68 (25.68-166.03) 279 6 0.83 13.09(1.85-111.94)*
Vitéria da Conquista HVDC3 480 0.90=0.13 11.59 (8.43-16.33) 338 6 076 3.32 (1.38-10.85)*
Vitéria da Conquista HVDC4 480 0.90=0.13 8.57 (6.00-11.52) 217 6 0.90 2.45 (1.13-6.46)*
Vitéria da Conquista HVDCS 480 0.51 =0.05 23.89 (15.30-49.73) 335 6 076 6.84 (1.10-51.51)*

The asterisk in the resistance ratio indicate a significant difference from the standard ibl lation based on Rob: et al. (2007).
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Expected Efficacy and Control Failure Likelihood

The same procedures and experimental units described above
were used for a final mortality assessment after 48 h of ex-
posure as a determination of expected chlorantraniliprole effi-
cacy, after proper correction for natural mortality (as indicated
above). These data were subsequently used to estimate the
control failure likelihood (CFL) of chlorantraniliprole due to
insecticide resistance in each of the field-collected insect popu-
lations. The control failure likelihood was estimated using 80%
mortality as the minimum threshold of efficacy as required by
the Brazilian Ministry of Agriculture for conventional insecti-
cides (MAPA 1995), following methods by Guedes (2017) where
CFL = 100-[observed mortality (%) x 100]/expected mortality
(i.e., 80%). CFL values < 0 indicate a negligible risk of control

failure.

Statistical Analyses

Time-mortality data were subjected to probit analyses (PROC
PROBIT; SAS Institute, SAS, Cary, NC). The levels of insecticide
resistance, or resistance ratios, were estimated by dividing the me-
dian lethal time (LT,,) of a given population by the LT, of the
most susceptible population as recognized through the toxicity
bioassays with chlorantraniliprole. Significant chlorantraniliprole
resistance was recognized through estimation of the 95% Fls
of the resistance ratios, and they were identified as significant if
not including the value of 1 (Robertson et al. 2007). The efficacy
and control failure results after 48-h exposure were subjected to
a one-sided Z-test at 95% confidence level with correction for
continuity to test their departure from the expected mortality
(Roush and Miller 1986). The relationship between levels of
chlorantraniliprole resistance and control failure likelihood was

Table 3. Estimated chlorantraniliprole mortality (%) and control failure likelihood (%) of populations of the Neotropical coffee leaf miner
(Leucoptera coffeella) using Brazilian recommended label rates

Mortality [control failure likelihood]

Meso-region County Code No. (%)

West Barreiras WBAR1 60 69.0 [13.7]*
Barreiras WBAR2 60 52.8 [34.0]*
Barreiras WBAR3 60 56.4 [29.5]*
Barreiras WBAR4 60 61.8 [22.7]*
Cocos WCOC1 60 40.0 [50.0]1*
Cocos WCOoC2 60 76.3 [4.6]
Luiz Eduardo Magalhdes WLEM1 60 78.3[2.1]
Luiz Eduardo Magalhaes WLEM2 60 52.8 [34.0]*
Luiz Eduardo Magalhaes WLEM3 60 61.8 [22.8]*
Luiz Eduardo Magalhaes WLEM#4 60 52.8 [34.0]*
Luiz Eduardo Magalhaes WLEMS 60 60.0 [25.0]*
Sdo Desiderio WSDE1 60 67.3 [15.9]*
Sido Desiderio WSDE2 60 54.5 [31.9]*
Sio Desiderio WSDE3 60 69.0 [13.7]*
Sio Desiderio WSDE4 60 85.4[0.0]
Sio Desiderio WSDES 60 90.8 [0.0]
Sao Desiderio WSDE6 60 52.7 [34.1]*

Highlands Barra da Estiva HBES1 60 91.7 [0.0]
Barra da Estiva HBES2 60 100.0 [0.0]
Barra da Estiva HBES3 60 96.3 [0.0]
Barra do Choga HBCH1 60 63.6 [20.5]*
Barra do Choga HBCH2 60 70.1 [12.4]*
Barra do Choga HBCH3 60 63.6 [20.5]*
Barra do Choga HBCH4 60 58.1[27.4]*
Barra do Choga HBCHS 60 49.1 [38.6]*
Barra do Choga HBCH6 60 61.8 [22.8]*
Barra do Choga HBCH7 60 76.3 [4.6]
Barra do Choga HBCHS 60 60.0 [25.0]*
Encruzilhada HENCI1 60 65.4[18.3]*
Encruzilhada HENC2 60 52.7 [34.1]*
Encruzilhada HENC3 60 78.3[2.1]
Mucugé HMUC1 60 78.3 [2.13]*
Mucugé HMUC2 60 87.2[0.0]
Mucugé HMUC3 60 58.1[27.37]*
Mucugé HMUC4 60 65.4 [18.3]*
Vitéria da Conquista HVDC1 60 91.7 [0.0]
Vit da Conquista HVDC2 60 54.5[31.9]*
Vitéria da Conquista HVDC3 60 74.5 [6.9]*
Vitéria da Conquista HVDC4 60 81.8 [0.0]*
Vitoria da Conquista HVDCS 60 67.3 [15.9]*

Mortalities followed by an asterisk are significantly lower than the efficacy threshold of 80% ( ided Z-testat 95% c d level with correction

for continuity and Bonferroni correction; # = 120), as required by Brazilian legislation (MAPA 1995).
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tested using regression analysis with the curve-fitting procedure of
TableCurve 2D (Systat, San Jose, CA); model selection was based
on parsimony, high F-values (and reduced error), and R? (steep)
increase with model complexity.

Spatial analyses were carried out using the distance between pair-
wise sampling sites obtained from the GPS recorded geographical co-
ordinates and the insect response data (levels of insecticide resistance,
efficacy, and control failure likelihood). The relatively low number of
sampling sites prevented the use of ordinary kriging methods for
the desired estimates, but cokriging circumvented this shortcoming
amplifying the data set (i.e., sampling points) used for the estimates.
Thus, resistance levels and estimates of control failure likelihood
were subjected to cokriging methods with chlorantraniliprole ef-
ficacy allowing selection of suitable semivariogram functions for
distance interpolation (Isaaks and Srivastava 1989).

The semivariogram functions allow estimation of three param-
eters: range (hr), partial sill (C), and nugget (C ). The former refers
to the distance in which a plateau is reached, thus referring to the
maximum distance where spatial dependence exists. The second re-
fers to the mortality-based semivariance value in which the max-
imum distance of interference (i.e., range) is reached. The latter is the
semivariance value where the model intercepts the y-axis representing
the measurement errors and/or resolution involved. These three
parameters were used to obtain three more parameters balancing
the mortality semivariance and the measurement error or resolution
obtained: sill (C, + C), proportion [C/(C, + C)], and randomness
(C/C) of the data. The semivariogram models were selected based
on the best data adjustment (i.e., regression equation with slope
closest to one, and intercept and mean error closest to zero) and the
highest randomness values. The selected semivariance models were
subsequently used to generate spatial maps of chlorantraniliprole re-
sistance levels and control failure likelihood. The spatial analyses
were performed using ArcGIS 10.5 (ESRI, Redlands, CA).

50 -
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35
30 -
25 -
20 -
15

10 A

Control failure likelihood (%)

Results

Chlorantraniliprole Resistance

The time-mortality results for each leaf miner population with in-
dependent time-dependent estimates were subjected to probit ana-
lyses and resulted in low y>- and P-values >0.05. These y’- and
P-values attest to the suitability of the probit model for the intended
analyses and estimation of the desired toxicological endpoints,
namely, the median lethal concentrations (LT ’s). The frequency
of chlorantraniliprole resistant populations was high (34 out of
40 populations, or 85%), and particularly so in western Bahia,
where 94% of the populations were resistant to chlorantraniliprole
(Table 2).

The levels of chlorantraniliprole resistance were usually low
(<10-fold) in the highlands with four exceptions reaching moderate
levels of resistance (between 10- and 100-fold), although distributed
in different counties (Table 2). Western Bahia presents a contrasting
case, with the prevalence of moderate levels of resistance reaching
over 30-fold in two instances, in Cocos and Luis Eduardo Magalhaes
(Table 2). Low levels of resistance were limited to five sites, and
chlorantraniliprole susceptibility was detected in western Bahia at
only one site: Sao Desidério (WSDE4).

Chlorantraniliprole Efficacy and Control Failure
Likelihood

Chlorantraniliprole efficacy remained above the 40% level for
all the populations tested, but most did not reach the minimum
required threshold of 80% efficacy (Table 3). This is a clear in-
dication that chlorantraniliprole control failure is likely in some
populations, which was also estimated (Table 3). The risk or like-
lihood of control failure was significant in 72.5% of the tested
insect populations and sites (29 out of 40 populations). Such risk
was usually lower than 30% in the highland populations with

y=-7.51 + 13.27Ln(x)
[R?=0.81, F,, = 168.01, P < 0.001]

0 5 10

20 25 30

Resistance ratio

Fig. 2. The relati

ip between ilip

and control failure i

The sy indicate the ob: data.
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just three exceptions: Barra do Choga, Encruzilhada, and Vitéria
da Conquista. The risk of control failure tended to be higher in
western Bahia, reaching over 30% in five instances and up to 50%
in one, Cocos (Table 3).

Relationship Between Resistance and the Likelihood

of Control Failure

The relationship between chlorantraniliprole resistance and con-
trol failure likelihood was tested using regression analysis with the
former trait as the independent variable determining the latter. The
relationship was significant, with the level of chlorantraniliprole
resistance largely determining the likelihood of control failure
with this insecticide (Fig. 2). The likelihood of control failure with
chlorantraniliprole increases with the level of resistance to this in-
secticide (Fig. 2).

Spatial Dependence

The relatively large variation in chlorantraniliprole resistance, ef-
ficacy, and control failure likelihood is suggestive of county-wide
variation in these traits; thus, spatial dependence is a potential char-
acteristic that allows geographical mapping of the ph on if
significant and suitable models are identified for extrapolation. The
number of sampling sites from each region was limited and required
the use of cokriging for meaningful estimates. This was carried out
in two separate regio encompassing the pling sites of
the northern counties of western Bahia (except Cocos), and another
encompassing the highland sampling sites.

The best semivariogram models obtained from the results of
chlorantraniliprole resistance and control failure likelihood are
exhibited in Table 4 together with their respective parameters for
model selection. The nugget (C,) values of zero and partial sill (C)
around the value of one allowed robust estimates with spatial de-
pendence reaching distances <500 m (Table 4). The model param-
eters and mean errors obtained allowed distance interpolation and
subsequent mapping of chlorantraniliprole resistance ratio and con-
trol failure likelihood.

The mapping of chlorantraniliprole resistance indicates a scen-
ario provoking more concern in western Bahia than in the highlands
with higher within-county variability (Fig. 3), although the latter
exhibited lower distance of interference between sampling sites
(Table 4). This was translated into the likelihood of control failure
with this insecticide (Fig. 4). The range of variability was smaller
when control failure was considered, but western Bahia exhibited

higher variation and higher risks of control failure; however, the
risks were localized (Fig. 4).

Discussion

Insecticide resistance is a genetic change in response to selection
that may compromise insecticide efficacy leading to control failure
(Guedes 2017). The concepts of insecticide resistance, efficacy and
control failure are interdependent although distinct, since the former
is not always the underlying cause of the latter two (Tabashnik et al.
2014, Guedes 2017). Such distinction is seldom recognized, and con-
trol failure is usually assumed when insecticide resistance is detected.
However, a recent shift in this trend seems to be taking place based
on recent studies with the tomato leaf miner Tuta absoluta, the pu-
tative whitefly species MEAM1, and the Neotropical brown stink
bug Euchistus heros (Gontijo et al. 2013, Roditakis et al. 2013, Silva
et al. 2015, Dangelo et al. 2018, Tuelher et al. 2018, Guedes et al.
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2019). Such studies were able to recognize insecticide resistance as
the determinant cause of insecticide control failures of these pest
species (Gontijo et al. 2013, Roditakis et al. 2013, Silva et al. 2015,
Dangelo et al. 2018, Tuelher et al. 2018).

Insecticide resistance in the Neotropical coffee leaf miner
L. coffeella has been hardly studied, which is limited to three sur-
veys (Alves et al. 1992, Fragoso et al. 2003, Costa et al. 2016).
These surveys indicate that the phenomenon may be frequent in
this species and is likely to result in control failures, as particu-
larly indicated by the high levels of organophosphate resistance
(>1,000-fold) among leaf miner populations (Fragoso et al. 2003).
The relatively recent increase and spread in the use of the diamide
insecticide chlorantraniliprole against the coffee leaf miner suggests
the potential emergence of resistant populations, which are tar-
geted in the present study. We aimed 1) to survey the incidence of
chlorantraniliprole resistance; 2) to assess the control failure likeli-
hood of chlorantraniliprole due to this phenomenon; and 3) to test
if spatial dependence exists for these traits. All these objectives were
achieved, although some contrasted with our earlier expectations of
a limited occurrence of chlorantraniliprole resistance, a low expect-
ation of control failure and a lack of spatial dependence.

Incidence of insecticide resistance is usually low for recently used
insecticides because the results of selection for the phenomenon
usually takes a few years to manifest (Roush and McKenzie 1987,
McKenzie 1996, Whalon et al. 2008, Sparks and Nauen 2015), but
exceptions do exist including for diamide resistance (e.g., Troczka
et al. 2017). Despite reported exceptions in different species, the
more general expectation of a longer period for insecticide resist-
ance to evolve prevails. Therefore, chlorantraniliprole resistance in
the Neotropical coffee leaf miner was expected to be limited and in
its initial stages. Nonetheless, the incidence of this phenomenon was
high in the region under investigation, with 85% of the insect popu-
lations exhibiting chlorantraniliprole resistance. Curiously, the levels
of resistance were low to moderate, although reaching levels over
30-fold in some instances, particularly in western Bahia. The wide-
spread and intensive use of chlorantraniliprole in the region is the
likely reason for the high incidence of resistance to this compound
among the insect populations sampled and tested. However, the evo-
lution of this phenomenon is still in its early stages at most sites, as
the levels of resistance detected did not reach high levels (>100-fold),
but remained below the 40-fold threshold.

The levels of chlorantraniliprole resistance detected in the coffee
leaf miner may not be high enough to compromise this insecticide’s ef-
ficacy but that requires the testing and proper estimation provided by
the present study. Efficacy was indeed compromised considering the
levels of chlorantraniliprole resistance observed and the risk of control
failure does already exist in the region. Nonetheless, the risk is signifi-
cant although reduced in most of the tested populations. Instances of
30-50% risk of control failure exist and are distributed through most
of the counties sampled. They are frequently located side-by-side with
sites exhibiting negligible risk of control failure, limiting the range of
spatial dependence for the recorded traits. The situation appears to be
more serious in western Bahia, but both regions exhibit the reported
pattern and control concern. The recognition of the potential spatial
dependence of insecticide resistance and control failure likelihood is
important for scaling up the required resistance management effort,
sustaining the potential use of chlorantraniliprole as a management
tool against the coffee leaf miner.

The notion that spatial proximity favors resemblance is rather
intuitive and widespread. Surveys of insecticide resistance assume
this relationship, which is usually not tested despite its importance in
determining the scale and scope of resistance management programs.

Thus, the scale of management programs, whether local, micro-
regional, meso-regional, or even country-wide, is not recognized as
a factor compromising their potential efficacy (Guedes 2017). The
number of sampling sites and populations tested in our survey of
the coffee leaf miner may potentially allow recognition and possibly
mapping of chlorantraniliprole resistance and control failure likeli-
hood. However, the samples were not established a priori for such
a purpose, imposing limitations on the effort. Cokringing with a
secondary trait (i.e., chlorantraniliprole efficacy) allowed sufficient
resolution to recognize that spatial dependence does exist for the
traits assessed, considering the scale of our study, encompassing a
few counties in western Bahia and the south-central highlands. The
scale of spatial dependence is restricted, not spanning more than half
a kilometer. Variation is smaller for the control failure likelihood, a
consequence of the relatively low ranges involved, except for two
instances in western Bahia.

These findings are important for managing the coffee leaf miner.
Despite its relative recent use, chlorantraniliprole already exhibits
significant and widespread problems of resistance in both regions,
especially in western Bahia. However, the levels of resistance de-
tected are low to moderate, reaching 30-fold in few instances.
The problem is still recent and allows for proper resistance man-
agement to slow or even prevent further exacerbation. The levels
of resistance detected are already in a range that compromises
chlorantraniliprole, with estimated risks of control failure <30% in
most instances, but reaching the 50% threshold at a site in Cocos
County in western Bahia. Nonetheless, spatial dependence is limited
to a small scale, allowing the design of resistance management prac-
tices at a local (farm) level (Guedes 2017). Despite previous prob-
lems with resistance to organophosphates and emerging problems
with neonicotinoids, alternative insecticides with distinct modes of
action and prevailing detoxification mechanisms are still available,
among which azadirachtin, pyrethroids, spynosins, and growth regu-
lators are promising alternatives for rotation at the farm level (Spark
and Nauen 2015, MAPA 2019).

In summary, chlorantraniliprole resistance is already widespread
among the Neotropical coffee leaf miners in western and south-
central Bahia (Brazil). The resistance levels are low to moderate but
are already leading to reduced efficacy and significant risk of control
failure, demanding resistance management practices. Among these,
replacement and rotation of alternative insecticides with distinct
underlying mechanisms of resistance are sound practices for use at
the local scale, and they are likely to extend the potential use of
diamides against this species not only in this region, but also else-
where as well.
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