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RESUMO

A persisténcia do Triatoma infestans e a transmissdo continua de 7rypanosoma cruzi
nos Vales Inter-Andinos e no Grande Chaco da Bolivia sdo de grande importancia. Na
ultima década, focos silvestres desta espécie foram descritos em amplas areas, na qual o
alcance das estratégias de controle do vetor ¢ limitado, sendo frequentes os relatos de
resisténcia do 7. infestans a inseticidas, que incluem populagdes silvestres e domésticas.
O presente estudo teve como objetivo caracterizar o perfil de suscetibilidade (1) e
hereditariedade (2) de populagdes silvestres e domésticas de 7. infestans da Bolivia a
deltametrina, bem como descrever a area de distribui¢do das populagdes resistentes a
diferentes piretrdides na América do Sul (3).

1) Foram avaliadas nove populagdes de 7. infestans silvestres e domésticas do Grande
Chaco e dos Vales Inter-Andinos da Bolivia. Trés amostras silvestres de 7. infestans
(dark morph) do Chaco (Santa Cruz) foram suscetiveis a deltametrina (RR5y de <2),
com 100% de mortalidade em resposta a dose diagnostica (DD). A populagdo doméstica
de Villa Montes do Grande Chaco (Tarija) apresentou altos niveis de resisténcia (RRsy =
129,12 ¢ 0% DD). Do mesmo modo, as popula¢des domésticas dos Vales Inter-Andinos
(Cochabamba) apresentaram RRs5, > 9, sendo as populagdes silvestres menos
suscetiveis, com RRso>5 do que SRL.

2) Cruzamentos experimentais foram realizados entre uma colonia suscetivel RR5p=0,62
(S), uma resistente RRs5,=129,12 (R) e com susceptibilidade reduzida RRsy=5,04 (SR),
em ambas as dire¢des (PxJ e IxQ). O modo de heranga do carater resistente foi
determinado pelo grau de dominancia (DO) e dominancia efetiva (Dyyp). A
hereditariedade (h,) foi estimada a partir da colonia R selecionada durante duas
geracdes, utilizando a dose diagnostica (10 ng.i.a./ninfa). O resultado para DO e Dy
(<1) indica que a resisténcia é um carater de dominancia incompleta e de heranca
autossomica. A Dose Letal 50% (DLso) para F1 de 2SxJdR e ISx$R foi de 0,74 € 3,97
respectivamente, revelando efeito de diluicdo da resisténcia inicialmente observada. Por
outro lado, foi observado um incremento da RRsy de 2,25 vezes (F1) e 26,83 vezes (F2)
na populagdo selecionada em comparagdo com a colonia parental.

3) Foi compilado um total de 24 artigos que avaliaram a suscetibilidade a diferentes
piretrdides em 222 populagdes de 7. infestans coletadas no campo dos paises de
Argentina, Bolivia, Brasil e Paraguai. A relacdo entre resisténcia aos inseticidas
(avaliada por critérios diferentes) e diferentes varidveis ambientais foi estudada
utilizando modelo linear generalizado. A DLsy mostrou uma forte relagdo linear com a
RR5. Andlise estatistica descritiva demonstrou que a distribui¢do de frequéncia da Log
(DLsp) é bimodal, sugerindo a existéncia de dois grupos estatisticos (um grupo de menor
e outro com maior Log (DLsg). Finalmente, o modelo significativo incluindo 5 variaveis
ambientais referentes a temperatura e precipitagdo, revelou concentracdo das populacdes
com altas DLs sobre a regido identificada como o centro de dispersdo de 7. infestans.
Os dados obtidos neste estudo contribuem com informagdes sobre a variabilidade do
perfil de resisténcia, ocorréncia e distribuicdo de populacdes resistentes na Bolivia.

Palavras chaves: Triatoma infestans, Triatomineos, resisténcia a piretroides, Bolivia.



ABSTRACT

Both the persistence of Triatoma infestans and the uninterrupted transmission of
Trypanosoma cruzi in the inter-Andean valleys and Grande Chaco regions in Bolivia are
of high relevance. Wild foci of this species have been described within a wide area this
past decade. In places where the reach of the vector control strategies is limited,
accounts of wild and domestic populations of insecticide resistant 7 infestans are
frequent. The following study aimed to characterize the deltamethrin susceptibility
profile (1) and heritability (2) in wild and domestic 7. infestans Bolivian populations.
Additionally, we describe the geographic distribution of pyrethroid resistant South
American populations of this species.1) We evaluated 9 populations of wild and
domestic 7. infestans from Grande Chaco and two from the Bolivian inter-Andean
valleys. Three wild 7. infestans (dark morph) from Chaco (Santa Cruz) were susceptible
towards deltamethrin (RRs5y de < 2) presenting a 100% mortality in response to the
diagnostic dose (DD). In contrast, the Villa Montes domestic population in Gran Chaco
(Tarija) showed high levels of resistance (RRso = 129.12 and 0% DD). Concordantly,
the domestic populations from the inter-Andean valleys (Cochabamba) presented a RR5
> 9, whereas the wild populations were less susceptible (RRs5p > 5 than SRL).2) We
performed experimental crosses between susceptible (S) [RRs5=0.62], resistant (R)
[RR50=129.12], and a reduced susceptibility (SRL) [RRs5=5.04] colonies, in both
directions (2xd' e &x9). The heritability mode of the resistance trait was determined by
the degree of dominance (DD) and effective dominance (Dyyp). Heritability (hy) was
estimated considering R colony individuals selected after two generations using the
diagnostic dose (10 ng.a.i./nymph). The results regarding the DD and Dy, (<1) indicate
that resistance is an incomplete dominance trait of autosomal inheritance. The lethal
doses 50% (DLsg) for the F1 9SxZR and JISxPR crosses were 0.74 and 3.97
respectively. This revealed a dilution effect upon the resistance observed initially.
Oppositely, we observed a 2.25 fold increase in the RRs, for the F1 and 26.83 fold for
F2 when comparing between the selected population and the parental colony.3) We
reviewed 24 scientific publications that assess pyrethroid susceptibility in 222 7.
infestans field collected populations from Argentina, Bolivia, Brasil, and Paraguay. The
relation between insecticide resistance (assessed with various criteria) and multiple
environmental variables was studied using a General Linear Model. The DLs, presented
a strong linear relation with RRso. Descriptive statistical analyses revealed that the
frequency distribution of log (DLso) values is bimodal, which suggests the existence of
two statistical groups of lower and higher log (DLs) values. Finally, a significant model
considering 5 environmental variables, regarding temperature and precipitation revealed
the concentration of the populations with high DLsy on the region identified as the 7.
infestans origin of dispersion.The data collected and results obtained in this study bring
forth valuable information regarding variability in resistance profiles, as well as the
occurrence and distribution of resistant populations in Bolivia.

Key words: Triatoma infestans; Triatomines; Pyrethroid resistance; Bolivia.
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1 INTRODUCAO

1.1  Aspectos gerais da doenca de Chagas

A doenca de Chagas (DC) também conhecida como Tripanossomiase Americana ¢ uma
enfermidade parasitaria endémica da América Latina causada pelo protozoario flagelado
Trypanosoma cruzi (Schofield et al, 2006; Yacoud et al, 2008). O parasito é
transmitido ao homem através das fezes de insetos hematdfagos da subfamilia
Triatominae (Heteroptera, Reduviidae), sendo a via vetorial responsavel por mais de
80% dos casos humanos (Schofield, 1994; WHO, 2002). Os reservatérios silvestres e 0s
vetores do 7. cruzi apresentam ampla distribuicdo geografica, que vai desde os Grandes

Lagos da América do Norte até o sul da Argentina e do Chile (Coura & Dias, 2009).

A transmissdo do 7. cruzi pela via vetorial depende de trés fatores bésicos: a) presenca
do T. cruzi, o agente etioldgico da doenga, b) triatomineos domiciliados, ¢) hospedeiros
humanos e outros animais vivendo no ambiente domiciliar. A DC ainda representa um
importante problema de saude publica na América Latina, representando a principal
causa de lesdes cardiacas em jovens e adultos economicamente produtivos, estima-se
entre 8 a 10 milhdes de pessoas infectadas (Moncayo & Silveira, 2009; Rassi-Jr ef al.,
2012, WHO, 2014). Na Bolivia a area de risco corresponde aproximadamente 60% do
territério, sendo que cerca de 3.700.000 vivem nestas areas e estima-se que cerca de

1.800.000 estariam infectados (PNCh, 2008).

Nos ultimos anos tem sido atribuida atenc¢do especial a transmissao vertical da doenga
de Chagas em paises ndo endémicos, nos quais se estima que o nimero de pessoas
infectadas distribuidas entre os quatro continentes (América do Norte, Europa, Asia e
Oceania), seja superior a 390 mil individuos (Coura & Viifias, 2010; Rassi-Jr et al.,
2010). Neste contexto, os principais mecanismos de transmissdo do 7. cruzi estdo
ligados a transfusdo sanguinea, a transmissdo vertical e ao transplante de 6rgdos por
imigrantes latinoamericanos chagasicos para estas areas (Coura & Vinas, 2010; Rassi-Jr

et al.,2012).
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1.2  Vetores da doenca de Chagas

A subfamilia Triatominae ¢ um grupo de insetos amplamente distribuido. A maioria das
espécies de triatomineos ocorre exclusivamente no Novo Mundo, entre a latitude 42°N
(nordeste dos USA) e 46°S (Patagonia- Argentina) (Lent & Wygodzinsky, 1979;
Carcavallo, 1999). Apenas Triatoma rubrofasciata ¢ comum, tanto no Novo Mundo
(principalmente nordeste do Brasil) como também em muitas regides tropicais da Asia e
da Africa (Schofield & Galvdo, 2009). Sete espécies do género Triatoma e seis espécies
de Linshcosteus sdo conhecidas apenas na Asia e na India, respectivamente (Galvio et
al., 2003). Alguns autores sugerem que as espécies do Velho Mundo sdo derivadas de 7.
rubrofasciata e transportadas da América do Norte, associada aos ratos em navios
(Gorla et al., 1997, Patterson et al., 2001; Hypsa et al., 2002; Schofield & Galvao,
2009). Atualmente sdo reconhecidas 148 espécies pertencentes a 18 géneros e 6 tribos
(Galvéo, 2007; Justi et al., 2014). Nas Américas, trés sdo os principais géneros de
triatomineos de maior importancia epidemioldgica, a saber: Triatoma, Panstrongylus e
Rhodnius. Os triatomineos mais importantes na epidemiologia da doenca de Chagas sdo
Triatoma infestans, Triatoma brasiliensis, Triatoma pseudomaculata, Triatoma sordida,
Triatoma dimidiata, Panstrongylus megistus € Rhodnius prolixus (WHO, 2002) cuja

importancia varia dependendo da area geografica.
1.3  Importancia epidemiolégica de Triatoma infestans na saude publica

T. infestans foi e continua sendo o vetor de maior importancia epidemiologica da DC
nos paises do Cone Sul (Schofield, 1994, Dias, 2007). Em 1964, a maxima distribui¢do
de T. infestans foi predita em 6.28 milhdes de km?, incluindo 4reas da Argentina,
Bolivia, Brasil, Chile, Paraguai, Peru, Uruguai, sendo responsavel pela transmissdo do
T. cruzi a mais de 9 milhdes de pessoas (WHO, 1991). Apds o inicio do controle
vetorial por iniciativas dos paises do Cone Sul sua distribui¢do foi reduzida a menos de
um milhdo de km? resultando em uma forte diminui¢do na incidéncia da DC (Gorla,
2002). Na Bolivia atualmente populacdes domésticas de 7. infestans persistem nos vales
Interandinos e na Regido do Grande Chaco de Argentina, Bolivia e Paraguai,
representando um grande desafio para os programas de controle (Schofield et al., 2006;

Girtler ef al., 2005).
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Uma das caracteristicas que distingue 7. infestans dos outros triatomineos ¢ sua alta
antropofilia. Estes costumam permanecer em refugios constituidos por materiais de
constru¢do precaria como adobe abrigando-se em buracos, fendas das moradias
humanas e locais de criagdo de animais. E comum observar agrupamentos destes insetos
nas moradias em torno dos animais criados para consumo local ou familiar como

galinheiros, currais de cabras e porcos (Forattini, 1980).

Gorla & Schofield (1989) determinaram uma forte correlagdo entre a densidade dos
insetos e a densidade de hospedeiros, mediante a simulacdo do ciclo de vida natural
deste triatomineo em galinheiros experimentais de adobe. Desta forma as caracteristicas
macroambientais percebidas pelo inseto podem ser suavizadas pelas condigdes
microambientais do habitat doméstico, definindo as areas que podem ser colonizadas.
Ainda nesse sentido, Gorla (2002) descreveu a influéncia de diferentes fatores
ambientais na colonizagdo das casas e observou que a amplitude térmica e a densidade
da vegetagdo representam preditores diretos e indiretos da presenca de 7. infestans,
indicando que a distribuicdo de 7. infestans nem sempre estd associada com a
disponibilidade de alimento, como ser presenca de galinheiros nas moradias, se néo

também com as condi¢des ambientais favoraveis para seu desenvolvimento.
1.3.1 Populacées silvestres de 7. infestans

Acreditava-se que os focos silvestres de 7. infestans eram bastante restritos. Torrico em
1946 relatou pela primeira vez um foco silvestre de 7. infestans em uma colina no Vale
de Cochabamba na Bolivia, fato confirmado 40 anos depois (Bermudez ef al., 1993). A
partir de 1990 até a atualidade mais focos silvestres tem sido reportados nos Vales
Interandinos na Bolivia bem como na regido do Chaco da Bolivia, Paraguai e Argentina
(Noireau et al., 1999; Noireau et al., 2005; Cortéz et al., 2007; Yeo et al., 2005;
Ceballos et al., 2009; Buitriago et al., 2010). Estes trabalhos sugerem que as populac¢des
de 7. infestans silvestres ndo se restringem aos Vales Interandinos da Bolivia e que
estariam amplamente distribuidos na regido do Chaco. Ndo entanto outros focos
silvestres de 7. infestans tém sido relatados nas regides Metropolitana e de Valparaiso

de Chile (Bacigalupo et al., 2006).

O fato de 7. infestans ser encontrado no ambiente silvestre é de suma importancia

epidemioldgica porque pode manter o ciclo da infec¢do por 7. cruzi tanto no ciclo
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silvestre como doméstico. Existem evidéncias de que a transmissdo de 7. cruzi foi
difundida inicialmente entre marsupiais e pequenos mamiferos antes da transmissdo ao
homem através da colonizacdo de ambientes domésticos por 7. infestans durante o
desenvolvimento das primeiras culturas agricolas na América do Sul (Guhl ef al., 2000).
Neste contexto, a DC pode apresentar dois ciclos epidemioldgicos distintos: 1) o ciclo
silvestre, no qual 7. cruzi circula entre os triatomineos e uma diversidade de mamiferos
de pequeno e médio porte que constituem reservatdrios naturais; 2) o ciclo doméstico,
antropozoondtico, no qual o parasito circula entre o homem e animais de criagdo

doméstica por meio do vetor sinantropico (Barreto, 1979; Lainson et al., 1979).

Apesar do grande numero de focos silvestres de 7. infestans relatados, bem como da
diversidade destes, pouco se sabe sobre a importancia da ecologia destes triatomineos
na transmissdo do 7. cruzi (Noireau, 2009). Na regido Andina, 7. infestans silvestres
ocorrem principalmente em afloramentos rochosos, que independentemente da sua
dimensdo, se apresentam como refugios adequados para a espécie (Cortez ef al., 2007,
Noireau, 2009). Estas populacdes Andinas de 7. infestans apresentam um padrio
cromatico (Tabela 1) semelhante ao de seus homoélogos domésticos em todos os paises
do Cone Sul. Entretanto vale destacar que dentre estas existe uma populacdo que se
diferencia das demais silvestres sendo conhecida como “Mataral morph”. Este padrdo
foi relatado exclusivamente no Sudeste do departamento Cochabamba (~ 1.800 m de
altitude), sendo estes insetos maiores, com diferengas no conexivo e bandas mais claras

e amplas que o padrio (Cortez et al., 2007).

Na regido do Vale de Cochabamba, na localidade de Cotapachi, foram coletadas ninfas
e adultos de 7. infestans silvestres em afloramentos rochosos associados a abrigos de
marsupiais 7hylamys e algumas espécies de roedores dos géneros Bolomys, Philotys e
Akodon. Tanto os mamiferos como os triatomineos capturados apresentaram elevados
niveis de infecc¢do pelo 7. cruzi (> 60%). Apesar da prevaléncia das linhagens de TCI e
TCII no ciclo doméstico no Vale Cochabamba, somente TCI parece ser transmitida
entre pequenos mamiferos e 7. infestans silvestres (Cortez et al., 2006, 2007).
Populagdes de 7. infestans rupicolas foram relatadas no Norte do departamento de
Potosi (4area do Parque Nacional Toro Toro), apresentando uma associacdo interessante

com aves tendo sido capturados em fissuras de penhascos onde a arara de peito
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vermelho (Ara rubrogenys) bem como outras aves de ninho vivem (comunicagio

pessoal, M Baune em Noireau et al., 2009).

Diferentemente, as populagdes silvestres de 7. infestans do Chaco (<400 m de altitude)
sdo arbdreas. Estes apresentam coloragdo mais escura e sdo conhecidas como “dark
morphs” (DM) distinguindo-se claramente da forma padrdo de 7. infestans, sejam elas
domésticas ou silvestres (Noireau ef al., 1997, 2005). T. infestans DM sdo encontrados
dentro dos troncos de arvores emergentes, em ocos ocupados por Papagaios verdadeiros
(Amazona aestiva) ou bromélias (Noireau ef al., 2009). A baixa taxa de infecc¢do por 7.
cruzi relatada neste morfotipo (~2.5%) esta relacionada a sua tendéncia a ornitofilia
(Noireau et al., 2000; Ceballos et al., 2009). A estrutura populacional de dark morph
ainda é desconhecida. Enquanto que em 7. infestans domésticos observam-se duas
geracdes/ano no clima quente do Chaco (Gorla & Schofield, 1989) acredita-se que as
variagdes na disponibilidade de abrigo em habitats silvestres podem colocar os DM em
desvantagem resultando em aumento no tempo de desenvolvimento dos insetos

(Noireau et al., 2009).

Destaca-se a plasticidade comportamental e cromatica exibida pelos 7. infestans
silvestres. De acordo com a regido e as caracteristicas biogeograficas, estes vetores
ocorrem em habitats rupicolas a maior altitude dos 2000 m.s.n.m. (afloramentos
rochosos ou penhascos) ou arboreos em altitude >2000 m.s.n.m. (figura 1) (Noireau et

al.,, 2009).
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Tabela 1: Diferentes morfotipos de Triatoma infestans silvestres e algumas
caracteristicas de sua bioecologia.
Nome Padrao Padrao Mataral morph Dark morph
Andino Andino Andino Nao andino
Distingdo morfo - - Tamanho (> 30 Em geral

cromatica, com

relacdo ao

padréo

Area de Inter- Andino,

endemismo Floresta seca
(>2000
m.s.n.m.)

Habitat Afloramentos
rochosos

Preferéncia Pequenos

hospedeiro - mamiferos

alimentagdo

Taxa de infec¢do  Alta

Trypanosoma

cruzi

Area de Toro Toro
Inter — Andino
Floresta seca (~

2000 m.s.n.m.)

Penhascos

Aves (possivelmente

araras)

Baixa

mm), grandes
marcas amarelas no

conexivo.

Inter — Andino
Floresta seca,
sudeste do
Departamento de
Cochabamba (~
1800 m.s.n.m.)
Afloramentos
rochosos
Provavelmente
pequenos
mamiferos

Alta

coloragdo escura,
pequenas marcas
amarelas no
conexivo.

Terras baixas do
Gran Chaco (<
400 m.s.n.m.)

Ocos de arvores

Aves
(possivelmente
papagaios)

Baixa

m.s.n.m. = metros sobre o nivel do mar.
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x

Morfotipo padrio Mataral morph Dark morph

Regiio Andina Regiiio do Chaco
~1.800 — 2600 m altitude <400 m altitude

(Cortez ef al, 2007; Noireau, 2009)

Figura 1. a) Triatoma infestans silvestre morfotipo padrdo e habitat b) Triatoma

infestans mataral morph e habitat ¢) Triatoma infestans silvestre dark morph e habitat.

1.4  Controle vetorial da doenca de Chagas

A vulnerabilidade de qualquer doenga ao controle depende basicamente de duas
variaveis ou condi¢des: de um lado, do conhecimento que se tem dela, e de outro lado
da poténcia do instrumental tecnoldgico disponivel. Isso vai determinar o nivel de
controle que se pretende (Silveira et al., 2002; Dias et al., 2002). No caso da DC ha
limitantes epidemioldgicos importantes: como a falta de prote¢do da popula¢do sob
risco como ser a falta de imunizagdo e por se tratar de uma enzootia, ¢ caracterizada por
apresentar grande nimero de reservatdrios animais; por apresentar uma fase aguda as
vezes clinicamente inaparente, impedindo a prevencdo secundaria; a transmissio
transplacentaria com a transmissdo congénita (Silveira et al,, 2002; Silveira & Dias,
2011). Deve-se considerar também que a DC por se uma doenga ligada a extrema
pobreza ¢ afetada pela dependéncia das populacdes pobres e das agdes do Estado, a

vontade politica dos governos, especialmente quanto aos itens de cobertura e
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continuidade e, a fundamental questdo da vigilancia epidemiologica na etapa de
consolidagdo. Em resumo estes sdo determinantes primdrios de natureza econOmica

observada geralmente em populagdes em pobreza a extrema pobreza.

Neste sentido, a principal estratégia para controle da DC consiste basicamente na
interrupgdo da transmissdo vetorial, pelo combate aos triatomineos domésticos mediante
o controle quimico com inseticidas, e maior controle nos bancos de sangue, através do
monitoramento da infec¢do dos doadores por 7. cruzi (Massad, 2008). A melhoria
habitacional também ¢é uma alternativa, mas apresenta algumas limitacdes pela extensao
da area de risco de transmissdo e pelo alto custo em relagdo ao controle quimico

(Silveira et al., 2002).

Sabe-se que em termos praticos todas as espécies de Triatominae s3o capazes de
transmitir o 7. cruzi. No entanto, s6 aqueles triatomineos que mantém contato com 0s
seres humanos tém importancia epidemiologica, chegando a ser os principais alvos do
controle quimico. Esta espécie de triatomineo estd frequentemente associada ao
peridomicilio e seus anexos, € muito ocasionalmente instalam colonias dentro das casas,
sendo, portanto, nestas situagdes, um transmissor secundario da doenca de Chagas.

(Silveira et al.,1993; Schofield, 1994; Catala et al., 2007).

No inicio de 1990, cerca de 80% dos casos de DC foram atribuidos a transmissio
vetorial estimando-se uma prevaléncia de aproximadamente 16 milhdes de pessoas
infectadas pelo 7. cruzi (Schofield, 1994). Estes dados justificam a relevancia do
controle vetorial no contexto da DC como um componente primario nas estratégias para
diminuir a transmissao do 7. cruzi, atrelado a triagem sorologica de doadores de sangue

com vistas a reduzir a transmissao.

Paises como Brasil, Argentina Chile e Uruguai foram os precursores do controle da
transmissdo vetorial nas Américas, quando instalada a iniciativa do Cone Sul
(INCOSUL) por Argentina, Brasil, Bolivia, Chile, Uruguai, Paraguai, a situacdo das
condi¢des entre os paises era bastante desigual tanto como a situagdo epidemioldgica
como a capacidade operativa. Entretanto as agdes desta iniciativa na maior parte sempre
foram limitadas e provisdrias j4 que ndo obedeciam aos requisitos de continuidade no
tempo e contiguidade espacial, condi¢des necessarias para a sustentabilidade ou

permanéncia dos resultados. Esse fato ocorreu basicamente devido ao aporte irregular
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de recurso, ndo suficientes para dar integra cobertura a toda a area de risco de

transmissdo vetorial (Silveira et al., 2002)

Este esforco conjunto na luta contra os triatomineos foi estabelecido em 1991 com o
objetivo de interromper a transmissdo do 7. cruzi pela transfusdo de sangue bem como a
transmissdo vetorial pelo 7. infestans (WHO, 1991). Neste sentido, foram consideradas
as caracteristicas biologicas e ecologicas de 7. infestans, mas principalmente a sua
vulnerabilidade ao controle quimico e quase exclusividade como um vetor domiciliar,
apesar da existéncia de algumas populagdes silvestres na Bolivia (Schmunis, 1996). O
controle da infestacdo doméstica por 7. infestans foi baseado principalmente por meio
do controle quimico, que consistiu na pulverizagdo interna e externa das casas com
inseticidas de acdo residual, na melhoria da habitacdo rural e do monitoramento

continuo da reinfestacdo (Dias ef al., 2002b; Schofield e al., 2006).

Vinte anos apos a criagdo do INCOSUL os resultados foram espetaculares, reduzindo
significativamente a incidéncia da DC em aproximadamente 99% da area de interesse.
Desta forma Uruguai (1997), Chile (1999) e Brasil (2006) foram certificados como
livres da transmissdo de 7. cruzi pelo T. infestans, enquanto que nos demais paises os
resultados mostraram-se limitados (Dias et al., 2002b, Schofield et al., 2006). Em sete
provincias na Argentina e a area leste do Paraguai a transmissdo pelo 7' cruzi foi
interrompida (Coura, 2009); na Bolivia os Departamentos de La Paz y Potosi foram

recentemente certificados livres de transmissao vetorial (Salvatella ez al., 2014)
1.4.1 Histérico do controle vetorial na Bolivia

Com o financiamento do Fundo das Nagdes Unidas para a Infancia (UNICEF) as
primeiras medidas para combater a DC, foram dirigidas nas &reas endémicas
fundamentalmente direcionadas aos aspetos da educagdo em saude, a promogdo das
acoes de limpeza e organizagdo das casas com a participagdo comunitaria (Guillen et
al., 1999). Assim, as atividades voltadas ao combate aos triatomineos na Bolivia
tiveram inicio em 1980, quando foram organizados pela primeira vez esfor¢os conjuntos

para combater a DC, mesmo néo sendo este o principal objetivo.

De 1986 a 2000, o Programa Mundial de Alimentos (POMA) vem financiando projetos
como “Atencdo Primaria em Satde em Areas Afetadas pela Doenga de Chagas”. Esta

iniciativa consistia na remuneragdo do trabalho por uma sesta basica, dentro deste
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projeto um dos componentes principais foi dirigido ao fomento da melhoria das
moradias com tecnologia propria e uso de materiais locais para combater a DC. Os
primeiros resultados foram muito importantes resultando em ag¢des de limpeza em
aproximadamente 80.000 casas e melhoria habitacional em aproximadamente 45.000.
Este fato e os 6timos resultados despertaram o interesse de outros projetos e de
Organizagdes Nao-Governamentais (ONGs) iniciando-se a implantacdo de diferentes

tipos de intervengdes nas areas mais afetadas (Guillen er al., 1999).

A partir de 1984, a unidade Sanitaria de Tupiza, no Departamento de Potosi iniciou a
luta contra a DC, com base no Projeto de Desenvolvimento Agricola “Cotagaita San
Juan del Oro”. Com financiamento do Fundo Internacional de Desenvolvimento
Agricola, da Organizagdo dos Paises Exportadores de Petroleo, pelo Programa Mundial
de Alimentos e por aporte local, este projeto promoveu o desenvolvimento rural com
componentes de assisténcia técnica, microirrigacdo, crédito, extensdo agricola,
infraestrutura e, dentre outros o componente de saide mediante o combate da DC.
(Guillen et al., 1999; Villena et al., 2007). Tal componente foi baseado principalmente
em atividades de educagdo em saide, capacitacdo comunitaria, melhoramento das
unidades domiciliares, utiliza¢do de inseticidas quimicos e vigilancia epidemioldgica
participativa nas provincias de Modesto Omiste, Norte e Sud Chichas, ambas do
departamento de Potosi. Considerando os elevados indices de infestacdo encontrados na
regido, foram trabalhadas aproximadamente 326 comunidades perfazendo um total de
23.417 unidades domiciliares (Guillen et al., 1999; Villena et al., 2007). Em 1992 este
projeto ficou sob a responsabilidade do Ministério da Saide da Bolivia, constituindo-se
na primeira experiéncia de intervencdo integral e sistematica de carater regional no pais

(Guillen et al., 1999; Villena et al., 2007).

Em 1991, o Ministério de Prevencdo Social e Saude Publica propos a criacdo do
Programa Nacional de Controle de Chagas (PNCCh) com acdo integral e sistematica
com vistas ao alcance de toda a area na qual a DC estava presente. Contudo, somente
entre 1992 e 1993 o governo da Bolivia assinou um convénio entre o Programa das
Nagdes Unidas (PNUMA), a Organizagdo Pamanericana da Satde (OPAS) e a
Organiza¢do Mundial da Saude (OMS) que permitiu a criacdo de uma Unidade de
Gestao destinada ao Controle da Doenga de Chagas (UNGECH), apoiada pelo PNCCh.

Neste contexto, em 1993 as atividades de controle da DC nas sete regides endémicas da
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Bolivia foram iniciadas. Ressalta-se que em 1991, Bolivia integrou a equipe envolvida

no INCOSUL (WHO, 1991).

No ano 2000, fomentado pelo crédito outorgado pelo Banco Interamericano de
Desenvolvimento (BID), o programa de controle vetorial na Bolivia foi desenvolvido de
forma permanente e continuado por 10 anos. Através das campanhas sistematicas e
intensivas de borrifagdo observou-se uma significativa redugdo da transmissdo vetorial
refletindo-se na taxa de incidéncia da DC, inicialmente presente em 90% para 60% do

territorio nacional (Guillen ef al., 1999; PNCh, 2008).

Entretanto, vinte anos apds o estabelecimento do INCOSUL na Bolivia, apesar dos
esforgos realizados, a transmissdo do 7. cruzi pelos triatomineos continua na regido do
Grande Chaco e algumas areas dos vales Interandinos, nas quais a coloniza¢do das

unidades domiciliares por 7. infestans tem sido frequentemente relatada.

1.4.2 Uso de inseticidas no controle vetorial da doenca de Chagas

Dado que ndo existe uma vacina suficientemente eficaz, e a expectativa de melhora
clinica da doenga entre os portadores cronicos € pouco provavel, a estratégia basica de
controle da transmissdo da DC € o combate aos vetores, considerando-se que o controle

quimico ¢ a ferramenta de maior importancia e eficiéncia (Dias, 2007).

Nas primeiras tentativas para eliminar triatomineos foram utilizados querosene, soda
caustica ou agua fervendo sob as paredes das moradias infestadas (Dias & Schofield,
1999). No entanto, as medidas de controle sistémico comegaram nos principios da
década de 1940 com a utiliza¢do dos inseticidas sintéticos. Durante esta década ¢ até a
seguinte, o Dicloro-Difenil-Tricloroetano (DDT), que se mostrou sumamente exitoso
para o controle de insetos de importancia médica (a exemplo de anofelinos,
transmissores da maldria nas regides do Pacifico e da Italia) foi testado em laboratorio
pelo Emanuel Dias. Contudo observou-se nos diferentes testes, sucesso extremamente
limitado considerando-se: 1) presenca de vias metabolicas de glutation ¢ NADPH
dependentes em 7. infestans (Agosin et al., 1964), 2) lenta velocidade de penetra¢do do
ativo através do tegumento do inseto e 3) auséncia de agdo ovicida (Fotan & Zerba,

1992).

Na atualidade, foi comprovada a resisténcia cruzada do DDT com os piretréides em

varios insetos de importancia medica. Ja no caso de 7. infestans a resisténcia cruzada do
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DDT com os piretroides, ¢ uma das razoes para seu fracasso, isto porque debe-se
considerar que na Bolivia ha a ocorréncia de areas de malaria (longamente trabalhadas
com DDT) e onde existia grande ocorréncia de infestacdo pelo 7. infestans. Assim por
exemplo, em Bermejo (Departamento de Tarija), a resisténcia da espécie a deltametrina

foi comprovada e esta foi uma area malarica na época.

Apds o inesperado fracasso do DDT como alternativa no controle dos triatomineos,
justamente no periodo em que o mercado dos inseticidas estava dominado pelos
hidrocarbonetos clorados, surgiu a partir de 1947 a alternativa de utilizar o
hexaclorociclohexano (HCH) cujo isdmero ativo é o gamma (lindane) e o dieldrin (Dias

& Pelledrino 1948).

Na década de 1970, os inseticidas fosforados como o fenitrotion e malation; e
carbamatos como o propoxur, foram extensamente usados no controle dos vetores da
DC pelo fato de serem menos persistentes e ndo bioacumuléaveis (Zerba, 1999). Apesar
da sua efetividade, sua alta estabilidade quimica e potencial toxicoldgico estes produtos
foram trocados paulatinamente por outros compostos quimicos com caracteristicas mais

favoraveis e menos toxicos os piretroides (Dias & Schofield 1999).

Na década de 1980, os inseticidas piretroéides ingressaram no mercado (Casida &
Quistad, 1998). O desenvolvimento destes ativos se realizou a partir da modificagdo da
estrutura quimica de piretrinas naturais, as quais s@o extraidas do aquénio da flor de
piretro (Chrysanthemum cinerariaefolium) (Head, 1973). Os piretroides atuam ao nivel
do canal de sodio dependente da voltagem do sistema nervoso central periférico
(McCaffery, 1998). Estas moléculas mantém os canais de sddio abertos por mais tempo
que normal, propagando o ingresso de ions durante a polarizagdo e a despolarizagdo da
membrana do axdnio. Como consequéncia, diminuem a velocidade de retorno ao estado
inativo e ndo se restabelecem corretamente o potencial de repouso, perto de 70 mV
(Stenersen, 2004). O fechamento tardio dos canais de sodio produz uma despolarizagéo
apos potencial de agdo que € suficientemente grande, podendo gerar multiplas acdes de
resposta a um sé estimulo (Dong, 2007; Lund, 1985). Os piretrdides apresentam
reduzido risco ecoldgico e toxicidade para os mamiferos, sdo inodoros e ndo deixam
manchas na parede das casas (Dias & Schofield, 1999). As baixas doses de piretrdides
necessdrias para o controle dos triatomineos permitem que sua utilizacdo seja mais

econdmica. Estas caracteristicas levaram a utilizagdo deste grupo de inseticidas de
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forma massiva como método de controle de pragas, ectoparasitos e vetores

transmissores de doengas, dentre eles os triatomineos (Germano, 2012).

A exposi¢cdo aos inseticidas piretroides estd associada a sintomas de hiperexcitagdo,
incoordenacdo, tremores e convulsdes, seguidas de paralisia e eventualmente a morte.
Alguns compostos sdo muito efetivos por produzir uma rapida queda, precedida pelo
estado de incoordenacdo e instabilidade na locomogdo, conhecida como efeito
knockdown (KD).(Alzogaray et al., 1997; Alzogaray & Zerba 1997). Os piretroides
podem ter um efeito repelente e inibir a alimenta¢@o do inseto como demonstrado em 7.

infestans (Alzogaray et al., 2000, Sfara et al., 2006).
1.5  Selecdo da resisténcia aos inseticidas

A exposicdo dos individuos ao uso intensivo de inseticidas resulta em uma pressdo
selecdo, na qual, para uma dose determinada de composto quimico aplicado sob uma
populagdo, uma pequena proporcdo de individuos esta pré-adaptada a tolerar, sobreviver
e se reproduzir com éxito. O aumento ou selecdo de insetos tolerantes ao inseticida
resulta no desenvolvimento de uma populagdo resistente. O que significa que tem a
capacidade de sobreviver e reproduzir, na presenca de doses de inseticidas que sdo letais
para a maioria dos individuos normais ou sensiveis da mesma espécie (WHO, 1975;

Roush & Daly, 1990).

A partir da definigdo proposta, surgiu a pergunta sobre o significado da populagdo
hipoteticamente normal (aquela que seria suscetivel). Existe um padrdo generalizado de
resposta a um inseticida? A resposta a um inseticida depende da espécie ou da
populagdo? Existe influéncia do meio frente a resposta a um inseticida? Estas questdes,
entre outras, levaram a postulagdo de defini¢des de resisténcia mais modernas, como a
“falha de um inseticida para controlar uma populacdo, apesar de sua efetividade no
passado” (Robertson et al., 2007). Esta defini¢do pode ser ampliada a ocorréncia de
modifica¢des fisiologicas, genéticas, etc. que determinam a diminui¢do da efetividade

de um composto no controle de pragas (Germano, 2012).

A velocidade em que se desenvolve esta caracteristica depende da frequéncia dos genes
que conferem a resisténcia na populagdo, da natureza destes genes (recessivos ou
dominantes), da intensidade da pressdo de sele¢do e da taxa de reprodugdo da espécie

(Perry et al., 1998). E sabido que a resisténcia a um inseticida nfio é exclusiva de um
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grupo de inseto, nem de um tipo de molécula. Conhece-se pelo menos 600 espécies de
insetos com resisténcia a um ou mais de um grupo de inseticidas (Brogdon &
McAllister, 1998). O desenvolvimento da resisténcia nos insetos de importancia médica
como os barbeiros e os mosquitos representam um desafio no controle das doengas

emergentes como a malaria, DC e dengue.

A resisténcia aos inseticidas é o resultado de alguma modificagdo que pode afetar
caracteristicas fisiologicas ou comportamentais dos insetos. Independente do carater
mono ou polifatorial da resisténcia, os mecanismos responsaveis podem ter origem
comportamental, fisiologica e/ou bioquimica além da modificacdo do sitio alvo

(Brogdon & Mcallister, 1998).
1.5.1 Modo de heranca da resisténcia

A resisténcia aos inseticidas em insetos de importancia agricola e médica ¢ um sério
problema para a agricultura e para a saude publica (Knight & Norton, 1989; Roush &
Tabashknik, 1990). Conhecer o modo de heranga da resisténcia, a dominancia relativa e
o numero de genes envolvido € essencial para compreender ¢ manejar tais populacdes
resistentes, elucidando as bases genéticas envolvidas neste fendtipo (Tabashnik, 1991,
Abbas et al., 2014). O modo de heranga na resisténcia aos inseticidas pode ser
investigado através de retrocruzamentos entre uma populagdo resistente e uma sensivel
podendo fornecer informagdes do carater monofatorial ou polifatorial deste fenotipo
(Georghiou, 1969). Informagdes sobre a expressdo da resisténcia podem contribuir para
a compreensdo do desenvolvimento deste fenotipo. Do mesmo modo, a compreensio
do modo de heranga da resisténcia aos inseticidas ¢ de suma importancia,
principalmente para a sustentabilidade do controle de pragas (Abbas er al., 2014;

Bouvier et al., 2001).
1.5.2 Mecanismos de resisténcia
1.5.2.1 Reducio da penetracio do inseticida

Dado que a cuticula do inseto representa a primeira barreira para o ingresso do
inseticida, a redugdo da penetracdo ou a lentiddo para chegar ao sitio alvo implica
diminui¢do do potencial de toxicidade do composto (Germano, 2012). Assim uma baixa

taxa de penetra¢do de inseticida piretrdides foi observada em Helicoverpa armigera
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(Lepidoptera: Noctuidae) resistentes a deltametrina e M. domestica resistentes a
permetrina (DeVries & Georghiou, 1981; Ahmad et al., 2006). No caso de 7. infestans,
foi relatado espessamento da cuticula associado a resisténcia a deltametrina (Juérez,
1994). Pedrini ef al., (2009) demonstraram que populagdes resistentes a deltametrina de
T. infestans apresentavam maior espessura do exoesqueleto, quando comparadas com
populagdes suscetiveis, sugerindo a redug¢do da penetragdo do inseticida como

mecanismo de resisténcia.
1.5.2.2 Resisténcia comportamental

Este mecanismo de resisténcia consiste na evasdo do inseto ao contato a superficie
tratada com o inseticida, pelo que se diz que existem mudang¢as no comportamento.
Modifica¢des genéticas nos receptores periféricos dos estimulos e/ou nos sistemas
centrais de processamento dos mesmos t€m sido incriminadas como responsaveis pelas
alteragdes comportamentais observadas (Lines, 1987; Mbogo et al., 1996; Mathenge et
al., 2001). Lokwood et al. (1984) e Roberts & Alecrim (1991) relataram também
alteragdo comportamental de Anopheles darlingi em resposta ao DDT na Amazodnia,
tendo sido observado. Hemingway et al., 2004 relatam que compostos do tipo DDT e
permetrina podem induzir mudangas comportamentais em mosquitos, reduzindo a
propor¢do de espécimes que entram nas habitacdes e alterando o periodo de maior

atividade dos mesmaos.

No entanto este tipo de resisténcia ndo é bem aceita pela comunidade cientifica, pelo
fato de que os insetos ndo possuem um sistema nervoso complexo e isto pode ser uma
resposta de agdo de repeléncia mais que comportamental. Neste sentido, a mudanga no
comportamento para evitar o inseticida estaria relacionada com o aumento da repeléncia
e irritabilidade, tendo como consequéncia a diminui¢do do contato do inseto com o

inseticida (Vassena et al., 2007).
1.5.2.3 Resisténcia metabdlica ou bioquimica

A resisténcia metabolica ou bioquimica corresponde a um processo ou mecanismo
normal de desintoxica¢do de xenobidticos, que costuma apresentar mudangas (aumento
de enzimas detoxificativas) em insetos resistentes aos inseticidas (Brogdon &
McAllister 1998). Assim, o incremento da atividade de diferentes familias de enzimas

pode estar associado com a resisténcia a distintos inseticidas. As principais familias
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enzimaticas associadas com a resisténcia aos inseticidas sdo as oxidases de fungdo
mista, glutationa-S-transferase, acetilcolinesterases e esterases (Ranson et al., 2002;
Zerba, 2002; Hemingway et al., 2004). Tratam-se de familias multifuncionais, muito
importantes na desintoxicag¢do de xenobidticos e devido a sua baixa especificidade e
ubiquidade s3o capazes de formar parte do metabolismo e degradacdo de muitas
substancias. Existem indicativos que apontam que o incremento da familia enzimatica
depende do tipo de inseticida a ser degradado. Assim, Brogdon & Mcallister (1998)
sugerem um maior envolvimento de oxidases de funcdo mista na degradagdo de
piretrdides e organoclorados; de esterases na degradacdo de organofosforados e de
acetilcolinesterase na degradacdo de carbamatos. A resisténcia 7. infestans a
deltametrina tem sido atribuida a um aumento da atividade detoxificativa de oxidases de
funcdo mista (Vassena et al., 2000) e de esterases (Gonzalez-Audino et al., 2004; Santo
Orihuela ef al., 2008). Contudo, vale destacar que o perfil enzimatico de detoxificagéo
varia de uma populagdo a outra, ainda que em resposta a um mesmo inseticida,
revelando a inexisténcia de um padrdo de resposta que possa ser utilizado como
diagndstico para todas as populagdes. Uma possivel justificativa para isso pode ser a
utilizagdo durante os ensaios bioquimicos tradicionais de um reduzido numero de
substratos enzimaticos, que podem ndo necessariamente estar envolvidos na resisténcia

aos inseticidas (Pessoa ef al. 2015).
1.5.2.4 Modificacao do sitio alvo

Este mecanismo de resisténcia consiste na mutacdo do sitio alvo no qual o inseticida
atua, evitando a unido com a molécula do inseticida. Alteragdes nos sitios alvo, como
canal de sédio, acetilcolinesterase e receptores GABA foram relatadas como mecanismo
de resisténcia aos inseticidas (Devonshire & Moores, 1984; Brogdon & Mcallister,
1998).  Referindo-se aos inseticidas piretroides, sdo conhecidas pelo menos dez
mutagdes nos genes codificadores do canal de sddio que conferem insensibilidade no
sistema nervoso em diferentes insetos tais como Musca domestica, Anopheles gambiae
(Diptera: Culicidae) e Blatella germanica (Dictyoptera: Blatellidae) (Knipple et al.,
1994, Dong 1997, Dabiré et al., 2009). Estas mutagdes conhecidas comumente como
Kdr (do inglés knockdown resistance), produzem diferentes graus de resisténcia de
acordo com o sitio alterado. Em populagdes com elevados niveis de resisténcia de 7.

infestans provenientes da Argentina e Bolivia, Fabro et al, (2012), Capriotti et al.,
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(2014) e Sierra et al., (2016) relataram a existéncia de dois pontos de mutagdo (L1014F
and 1.925I) no canal de sodio.

Os maultiplos mecanismos de resisténcia descritos podem estar expressos de forma
isolada ou associada, como observado em Sdoptera exigua, Helicoverpa armigera, com
aumento da atividade enzimatica e penetracdo reduzida (DeVries & Georghiou, 1981;
Delorme et al., 1988); e Myzus persicae ¢ Anopheles sp, com aumento da atividade

enzimatica ¢ modificacdo do sitio alvo (Criniti ef al., 2008, Karunaratne ef al., 2007).

1.6 Resisténcia de 7. infestans aos inseticidas

Ha pouco tempo atras, a resisténcia dos triatomineos aos inseticidas era considerada
pontual e com pouca probabilidade de ocorrer ja que o ciclo destes insetos € bastante
longo, apresentando menor oportunidade de selecionar individuos resistentes (Brow &
Paul, 1971; Champ & Dyte, 1976; Gorla & Schofield, 1989; Schofield, 1989; Pacheco
et al., 1990; Gorla, 1991; Gorla, 1994).

A primeira evidéncia bem documentada da resisténcia dos triatomineos foi a de
Rhodnius prolixus ao dieldrin e a resisténcia cruzada ao lindane na Venezuela. A
resisténcia ao dieldrin foi relatada em 1970 no Estado de Trujillo, e diminui¢do da
suscetibilidade ao fention e ao propoxur nos Estados de Yaracuy, Tachira, Cojedes e
Portuguesa (Gonzalez-Valdivieso et al,, 1971; Cockburn, 1972; Nocerino, 1976). Os
estudos realizados durante os anos 1976 — 1978 em 11 Estados da Venezuela
demonstraram elevados niveis de resisténcia de R. prolixus ao dieldrin 4% e baixa

suscetibilidade ao fention e ao propoxur (Nelson & Colmenares, 1979).

Considerando que a resisténcia nos triatomineos era pouco documentada, e a falta de
uma metodologia padrdo para realizag¢do dos testes de suscetibilidade (o que dificultava
a andlise e comparag¢do dos resultados), a OMS reuniu especialistas no Centro de
Investigaciones en Plagas y Insecticidas, CIPEIN (CONICET/ CITEFA, Buenos Aires,
Argentina) para desenvolver um protocolo para a avaliagdo da suscetibilidade aos
inseticidas de 7. infestans e R. prolixus (WHO 1994; Vassena ef al., 2007). O protocolo
desenvolvido foi utilizado pela primeira vez pelo CIPEIN na década de 1990 (Vassena
et al., 2000) investigando-se a suscetibilidade de R. prolixus venezuelanos e 7. infestans
brasileiros aos piretroides deltametrina e cipermetrina. Foi encontrada resisténcia inicial

em R. prolixus apresentando razdo de resisténcia (RR) igual a 12,4 para cipermetrina e
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11,4 para deltametrina e em 7. infestans (RR 7,0) para deltametrina (Vassena ef al.,

2000).

Posteriormente o CIPEIN passou a realizar estudos de monitoramento da resisténcia a
deltametrina em 7. infestans coletados em diferentes provincias da Argentina. Estes
estudos demonstraram resisténcia de algumas amostras de 7. infestans de San Luis, La
Rioja, Mendoza, Catamarca e Salta, mas os niveis de resisténcia apresentados (2,0-7,9)
ndo comprometeram o controle quimico no campo (Vassena & Picollo, 2003; Gonzélez-

Audino et al., 2004; Santo-Orihuela ef al., 2008).

Picollo et al., 2005 realizou estudos de suscetibilidade em outras localidades da
Provincia de Salta (El Chorro, La Toma, El Sauzal e Salvador Mazza) e no
Departamento de Tarija (Yacuiba) fronteira com Bolivia, as quais apresentaram RR>
55. No entanto estes insetos se mostraram suscetiveis a outras classes de inseticidas
como o fenitrotion (organofosforado), o bendiocarb (carbamato) e o fipronil
(fenilpirazol). Simultaneamente o Servico Nacional de Chagas na Argentina vinha
advertindo falhas no controle de 7. infestans (infestacdo das unidades domiciliares >
80%). Assim, foram realizados varios estudos na regido do Chaco e Vale Interandinos
da Bolivia, reportando elevados niveis de resisténcia a deltametrina nas localidades de
Entre Rios (RR= 174); Tierras Nuevas (RR= 542), Villa El Carmen (RR= 438), el
Palmar (RR= 300), Villamontes (RR= 247) (Departamento de Tarija), Mataral (RR=
17,4, Departamento Cochabamba) e Sucre (RR= 31,3, Departamento Chuquisaca)
(Toloza et al., 2008; Germano et al., 2010, 2012).

Estudos realizados em popula¢des domésticas de 7. infestans por Lardeux et al., (2010)
e Depickire et al, (2012) relataram diferentes niveis de resisténcia a deltametrina em
varias localidades de cinco departamentos da Bolivia (La Paz, Cochabamba, Chuquisaca
Tarija e Santa Cruz). Foram atribuidos aos departamentos de Tarija, Chuquisaca e Santa
Cruz, os maiores valores de resisténcia (RR>818), nos restantes departamentos a RR

vario de 3,7 a 14, evidenciando diferentes niveis de resisténcia ao nivel regional.

E importante destacar que estudos em populagdes silvestres de 7. infestans parecem
indicar uma baixa suscetibilidade aos inseticidas piretrdides e ao fipronil. Embora a
maioria das amostras de 7. infestans silvestres apresentasse suscetibilidade a

deltametrina, algumas amostras provenientes das comunidades de Mataral
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(Cochabamba), Julo Grande, Kirus Mayu (Potosi) apresentarem diminui¢do da
suscetibilidade a deltametrina (Lardeux et al, 2010, Roca-Acevedo et al., 2011,

Depickere et al., 2012).

Os resultados sobre a resisténcia de 7. infestans aos piretréides demonstraram a
existéncia de uma area critica, com elevados valores de RR, que abrange desde o norte
da Argentina e o Sul da Bolivia. Estas informag¢des sdo entretanto, consideradas
insuficientes para conhecer a drea de resisténcia para 7. infestans, sendo necessario
avaliar outras areas de ocorréncia desta espécie, ja que todos estes trabalhos foram
restritos a Argentina e Bolivia, e ampliar este tipo de estudo para outras espécies de

triatomineos de importancia epidemioldgica na doenga de Chagas (Sonoda, 2008).

Em 2005 o Laboratorio de Referéncia em Triatomineos ¢ Epidemiologia da Doenca de
Chagas (LATEC/CPqRR/FIOCRUZ) no Brasil estruturou um grupo para avaliar a
suscetibilidade ndo s6 de 7. infestans mas também outros triatomineos de importancia
epidemioldgica neste pais (Sonoda, 2008). Com isso, Pessoa (2008) padronizou
metodologia para o desenvolvimento destes estudos a partir de 14 amostras de 7.
sordida de Minas Gerais, através de bioensaios com deltametrina, encontrando
populagdes com RR>5, ou seja, com indicativo de resisténcia incipiente. Populagdes de
Triatoma brasiliensis do estado do Ceara, que corresponde ao principal vetor no
Nordeste Brasileiro, mostraram-se suscetiveis a deltametrina (Sonoda ef al., 2010). O
grupo realizou uma série de trabalhos, adquirindo uma experiéncia que lhe confere
atualmente a responsabilidade de atuar como Centro Colaborador da OMS para o
controle de Triatomineos e¢ na coordenac¢do da Rede de Monitoramento da Resisténcia
de Triatomineos (Pessoa et al., 2015). Mais recentemente foi demonstrado que as
populag¢des residuais de 7. infestans no Brasil provenientes dos estados de Rio Grande
do Sul e da Bahia, sdo suscetiveis a deltametrina, indicando, portanto, que a persisténcia

destas populagdes € devido a falhas operacionais (Pessoa ef al., 2015b).
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2JUSTIFICATIVA

O programa de controle de triatomineos nos ultimos 20 anos foi bem-sucedido na
maioria dos paises do Cone Sul (Brasil, Chile, Uruguai, e extensas dareas da
Argentina), gracas a borrifagdo das casas infestadas, reordenamento ou melhoria das
casas, o que colaborou profundamente com a transforma¢do da realidade das

populagdes residentes nas areas rurais.

No entanto, o controle quimico do vetor apresentou sucesso limitado nos vales
Interandinos da Bolivia e principalmente na regido do Grande Chaco da Argentina,
Bolivia e Paraguai, lugares estes nos quais apesar dos esfor¢os continuos a transmissao
endémica continua. Nestas regides o processo de reinfestacdo das casas tratadas com
inseticidas ¢ um fendmeno grave que acontece particularmente rapido, estando

possivelmente relacionados aos elevados niveis de resisténcia relatados nesta area.

Ainda neste contexto, diferentes niveis de resisténcia a deltametrina e ao fipronil
foram detectados em populagdes silvestres de 7. infestans da Bolivia. Dessa forma, a
preocupacdo hoje também € direcionada aos focos silvestres de 7. infestans com
variaveis fenotipicas diferentes, as quais apresentam uma ampla distribui¢do nao s6 na
Bolivia, se ndo também na Argentina, Chile e Paraguai. Acredita-se que estas
populagdes poderiam ter um papel na reinfestagdo das casas tratadas com inseticidas,
por que ao acaso ou ndo, € justamente nessas regides onde o sucesso do controle
vetorial € limitado, a resisténcias aos inseticidas e focos silvestres deste vetor foram
relatadas. Diante disso, deve-se considerar a possibilidade de ocorréncia deste

fenomeno em regides ainda mais amplas.

A presenga de T. infestans com morfotipos diferentes e amplamente distribuidos na
Bolivia s3o indicios de existe uma alta variabilidade genética desta espécie neste pais.
Neste sentido, Dias & Schofield (2007) consideram que isso explicaria o porqué do
dificil controle vetorial neste pais. Desta forma existiria maior chance da ocorréncia do
fendtipo “resistente” e ndo seria estranho que a resisténcia natural e os altos niveis de
resisténcia aos inseticidas se desenvolveram justamente na Bolivia, fato que esta sendo

observados nos estudos de suscetibilidade os inseticidas de 7. infestans.
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Partindo de tal pressuposto, justificamos a importancia deste trabalho que se propds a
caracterizar o perfil de suscetibilidade a deltametrina, modo de heranga de populagdes
silvestres e domésticas de Triatoma infestans da Bolivia a distribuicdo geografica das

populagdes resistentes aos piretrdides nos paises do Cone Sul.

Acreditamos que ¢ de suma importancia a ampliacdo dos conhecimentos da resisténcia
e/ou suscetibilidade aos inseticidas dos triatomineos, como uma ferramenta
complementar da vigilancia entomologica em regides onde sdo relatados focos
silvestres e domésticos de uma mesma espécie, assim como a identificagdo de areas
criticas com elevadas razoes de resisténcia. Os dados aqui obtidos poderdo auxiliar de
forma pratica na eleicdo de ferramentas e estratégias racionais e factiveis para o

controle vetorial na area de interesse.

35



3 OBJETIVOS

3.1 Objetivo geral

Caracterizar o perfil de suscetibilidade a deltametrina, modo de heranga de populacdes
silvestres e domésticas de Triatoma infestans da Bolivia e a distribui¢do geografica das
populagdes resistentes aos piretrdides nos paises do Cone Sul, assim como avaliar tais

parametros e discuti-los no contexto e necessidades das ag¢des e programas em curso.
3.2 Objetivos especificos

- Caracterizar o perfil de suscetibilidade e/ou resisténcia a deltametrina de populacdes

de T. infestans silvestres e domésticas da Bolivia;

- Caracterizar a heranca e hereditariedade do carater de resisténcia de 7. infestans com

diferentes graus de resisténcia a deltametrina;

- Avaliar a distribui¢do geografica da resisténcia aos piretroides de 7. infestans nos

paises do Cone Sul e correlaciona-la com variaveis ambientais.
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Susceptibility to deltamethrin of wild and
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Abstract

Background: The persistence of Trgroma fnfestans and the continuows transmission of Trypanosoma oux in the
Inter-Andean Valleys and in the Gran Chaco of Belivia are of grear significance. Coincidentally, it & in these regians
the reach af the vector control strategies is limdted, and reports of T, infesians resistance to insecticides, inchuding in
wild populaticns, have been isswed. This study aims to characterize the susceptibility 1o deltarmethin of wild and
domestic populations of T infestans from Bolivia, in order 10 better understand the extent of this relevant problem.

Methods: Susceptibility to deltamathrin was assessed innine, wild and domestic, popaudations of T. infestans frarm
the Gran Chaco and the Inter-Andean Valleys of Bolivia. Serial dilutions of deltamethrin in acetone (0.2 pl) were
topically applied in first instar nymphs (F1, five days old, fasting, weight 1.2 + 0.2 mg). Dose response results wene
analyzed with PROBIT version 2, determining the lethal doses, slope and resistance ratios (RR). Qualitative tests wene
also performed.

Results: Three wild T. infestans dark morph samples of Chaco from the San@ Cniz Department werne susceptible to
deltamethain with BRsy of <1, and 100% morality 1o the diagnostic dose (DO, however, two domestic populations
from the same region were less susceptible than the susceptibility reference lineage AR5y of 4.21 and 5.04
respactively and 93% DD The domestc populdation of Villa Montes from the Chaco of the Tarja Deparmment
presented high levals of resistance {RRs, of 12912 and 0% D). Moreowver, the domestic populations from the
Valleys of the Cochabamba Depariment presented resistance (RRs, of 84% and 62% DD), the wild populations were
less susceptible than SRL and T, infestans dark morph populations (RRg, < 5).

Conclusion: The elimination of T, infestans with pyrethroid insecticides in Brazil, Uneguay, Chile, and its drastic
reduction In large parts of Paraguay and Argenting, dearly indicates that pyrethroid resistance was wery uncomimon
in non-Andean regions. The pyrethroid susceptibility of non-Andean T, infestans dark morph population, and the
resistance towards it, of Andean T. infestans wild and domaestic populations, indicates that the Andean populations
from Bolivia are less susceptible.

Keywords: Trhigtoma infestans, Control, Bolivia, Insecticide resistance, Deltamethnin
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Tratanra [nBstars (Hemdpters, Reduvildse) 15 the main
vector of Trypanosoma ouzi (Trypanosomatidae), path -
geinke agent of Chagas disese in the countdes of the
Southern Cone of Latin Amedca [1,2] Treditlonally, the
vertor contool progranes focss on the istersuption of
tranamisdon cydes using Insecticides with resid val action,
eqpedally pyrethrokls [1]. Triatonnlnee contaol stetegie
were orginally based on ecospidemiological characteds-
tick of the group, sxch a thelr sow reproduction and
vilerability to chemical control, and almed o eliminate
T. infestans, desplie the fact that this species has sestricted
wild el [3]. Thereby in the last decades, Ureguay, Chile
and Bl were cemtified as free of tmmemibslon of T, s
by T infestannes [45].

However, in the Gen Chaco ln Asgenting, Bollvi and
Paragusy and in some areas of the [nter-Andaan Valleys of
Bolivia, despite the constant effirts to conted T, fnfestans
the success of these actions was limited and thus the spe-
cies still perssts [6.7]. In addition to this important peob-
lem, In the last few years, wid fod of T, igBstans have
been deperibed, mainly in the [oter-Andesn Valleys and
In e Gran haco [89]. This fat we also observed
in Argentima, Passgiay and Chile showing that wild
T. infestans have dispersed more widely than expected
[10-14]. [n Bolivia, the ¢pidemiologesl dgnificance of wild
fod of T, infesians has been dressed [10].

The procesa of reinfestation of bowses teated with in-
secticides & a sdow phenomencn, and it B occurring
quickly in the Gran Chaco [6,15-17]. It is considered that
vector control falues are doe to high levels of insecticlds
resigtance in this area [18-21]. In the last fow years, more
studies demondrated that the phenomenon of resistance
to insecticides in domestc T, infestans populstions pre-
sents an extensive disgribotion in southern Bolhda and
nothem Armgenting [21-23], with high mesistance mtios,
and diferent tockological profiles [14,18,19,24-26]. Re-
cently, sugceptibility and regstance to deltamethrin and
fipronil were detected in wild populatiors of T. (nfedans
from Bolhia [14,27].

Colncidence or not, It & In thos reglons that the
reach of the vector control strategies (s limited, and in-
secticide resitance in T. bstans populations has been
reported, induding wild populitons [1427-29] Thos,
this study proposes to characterize the assceptibility to
deltame thrin of wild and domestic T, igBstans from the
Gman Chaco and InterAndean Valleys In Bolivia, In
order to eraderstand better the extent of this relevant
jpooblen

Methods

Papulations of T. infeston

Nine populations of T, (nBstans fve wild (5) and four
domestic (D) were collected in the perod from 2010 to
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2011, in the region of Gran Chaco and Inter-Andean
WValleys in Bolhvia.

Wild T. infestans were captured using tmps described
by Maoiresu af al. [30.31]. [a the Gran Chaco, they were
captured in hollow tree trunks, whereas in the Inter
Andean Valleys o cock outcrops.

The collection of the domestic T. ingstans, both in the
liter-Andean Valleys and in the Gmn Chaoo, wai per-
formed through active searches In intadomiclle and perl-
donticile, with asitance of tech nician s from the Matloms]
Chagas Disease Control Program of Belivia (NCHDCP)
(Table 1)

All insects collected wen identified uslng the taconoomic
key of Lent and Wygodsirly [35] and malntained under
controlled conditions of temperature and humidity (25°C
£1°C; 60% 210% BRH). They were fed weeldy with chiclen
Blood (Gallie pallis), ethical approval Com issio de Etica
o Uso de Anivais (PROTOCOL N° 41/14-7),

Insarticide

Deltamethein (pyrethroid) technical grade ) — cane-3
pebocevberend (1R} -cis-3- (22-dibromovimd) -2,2- dismethd-
cydoprypane Cadboorylate, (99.6% - Bayer”, Bracil) wias used.

Bioasays
The suscepth lity reference lineage (SRL) of T, infartans
came from Centro de Investigncones de Plagas ¢ Insec-
ticidax [CIPEIN) [36], preserved in the laboretory for
mom than 30 years, without contact with irsecticide and
incleion of externsl materis] was used

Serial dilutlons of deltamethein in acetone wen prepared
For each concentestion, three mepetitions were carded ot
with ten st irstar mymphs of F1 genecation (Bve days old,
fasting, weight of 1.2+ (02 mygh The trestosent consieted of
the application of 0.2 pl. of insecticlde dilution on the dor-
sal abdomen, acoording to the World Health Ooganization-
WHO [37] and Pesaca [38] procedums, with the aid of a
Hamilton micro-syringe mounted on a repeating digpenser.
For each population, & minimsm of eight doses of insecti-
cide sctive ingredient (2 1) maging from (42 to 300 ng and
killing between 0% to <1008 of the individusk, were ap-
plied per insert Acetone was applied to the contml group
The mortality was asesed 72 hours after application and it
wat determined by the inability or lack of coondinstion of
the mmmphe to move foom the center to the edge of the fil-
ter paper (7 cm diameter). Signs of paralysis and bk of re-
aponse to extersal stimll was contidered o well During
and after the experment, the insects were kept under con-
trofled condition s of temperatu e and humidity (25°C <10
&% + 108 RH).

Diagnostic dose
The disgmostic dose (DD} applied was twice the minl-
mum concentration of the insecticide that cavses 90% of
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Table 1 Samples of wild |5} and domestic (D} populations of THatoma infesans, geographical origin, capture site

|ecotopel, monp hs and cytogenstic dassification

Site of collection  Departmen tProvince Latiude dongiiude  Altitude meters  Capture site Ecotope  Morphs” Cytotype™

CPES AL Grcemibe mference sman - - - - -

Lan Silese - S Larm O de fa IFN IR 0W 40 Tres wuric Dawlemorgh Moanden
Sema /o diea

Tema Fliem =% Sarea Carr de b 19 (TS AW 400 T srumic Daric morpn Morrandenn
Geera Cordilles

Tz Chaa= 5 Smalardeia IE=AIT AT W A0 Tree T Drle morgh Plortandemn
Gema Cordilea

Waanl -5 Cochabamim Aguie 1T SRS TrIoW 1,000 Rock ourop Mzxd moph  Andean

Cospachl = & Cochabamiba Ouillamilo IF P T 2 s Bock oo Cormman moph Andean

Ml - D Cnchabarmiay Rouie BT AL R 1 R0 Domesic (i Commonmoph  Andean

and pendomicie)

Tamadendi -0 Larm O de fa 19241 A AW 410 Dlormesic {(mm Common moph  Monanden
Sema/Cordien and pendomicie)

Fancho Muesn =0 Sans Caods by I TI R AW 410 Domessic (i Common moph  Moranden
Geera Cordilles and pendomicis)

Wil Mames - D Tanp/Gan Chaco ATEOITATIITAW 41 Domesic {perdomicle]  Common mogph memedae

‘m okl e g ookecieg 10 Noda o ol [1] Cone o al [33]

oy i sifica ey ey e Farimara of o), [34].

moitality in the ssceptible laborstory stesin [21.39)
According to the Wodd Health Omganiation [39], when
momality & <808 the tested population s considered
resigtant, and if >98% it is considered = sissceptible. The
LDy o deltamethrin of the SRL was determined (550 ng
{a.L) per Insect) and with it the DD was estima ted.

ata anabysis

Data from dese — regyarse tests from esch popudstion
wene analyred wsng the PROBIT program wersion 2
[40]. The sope and the lethal does required o kill S0%
of treated Individusk (LDyg) were estimated, 25 well &=
the Resstance Ratlo (RRsg), which was caloulated by div-
iding each fleld population LDy by the SRL LDy value.

Results

Wild populations

From the five wild populations studied, the ones collected
at the San Slvestre, Terrs Mlem and Tits Chaeo oomom -
tes (Chaco region) were identified as T, infatans dark
morph These populstions hed 3 RRs lower or egual to
the SRL, and 1% momality to DD (Table 2). In agree-
meent with PAHO critecia, they were considened as suscep-
tible to deltamsethein since all had a BR 5.

Regarding the popubitoms from the Inter-Andesn
Valleys, T, infestans from the Cotapachl community wers
identified 2= common motph and presenied a RRs of 290
and 100K mortality to the DD, Furthermore, Mataral com-
mumity T, in@stens individiesls were identified = Matael
morph and preented 2 RRg of 424 and 9% montality to
the DD (Takle 2

39

luterestingly, we obgerved that T, [efstans dack
morph from the Chaco had lower slopes than the SRL
{<283), whereas Mataral and Cotapachi popuilbstions bad
higher slopes (436 and 469, respectively)l

Domestic popul i ons

Out of the four domestic populstions stsdied, all bugs
were jdentified as T, infedtans common momph Domes-
tic populstions from Matarsl had a RRs of 849 and
62% monality to the DD. In the Rancho Nuevo and
Tamachindi populations the RRzs was 421 and 504 re-
apectively with 93% mortality to the DD Br both com-
munities. The level of resigtance estimated for the Vills
Montes population (ERg = 12912) and the mortality %
to the DD (0% drew our attention | Table 2)

Regarding the estimated slopes, the Tamachindi and
Rancho Muevo populstions presented higher values than
the SRL {546 and 443 respectively). On the other hand, re-
sigtant individesls oo M taesland Vills Montes presen ted
slopes gmiler to the SRL (292 and 225 respectively).

Discussion

This stedy shows the high assceptibility to deltamethin
determined for three wild populations of T infestans dark
morph frvm the Gran Chaco region of Bolivia, which in
tum corregponds to the non-Andean region according to
the cvtogenstic s fication of Pansers ot al [34]. These
populations presented RRsg vahes equal to o les tan
the SRL. Acconding to the critera establisghed by PAHO
[41] they were comsidered susceptible to the tested insecti-
cide (RRas< 51 Notwithets nding, wild Andean populstions
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Table 2 Tosdcological profie to ddtamethdin in wild and domestic Tratoma infesans from Gran Chaco and the

Intes-Andean Valleys of Bolivia

Popuatian W Shoge +/~ 50 o P Lo 19.5% €1 A 195%] B (W]
CPES ERL) i 283 004 343 4 Oty 0§03 - 049 - -

San Svesre - £ I 1874 -00% Q&1 {81 000 O oA - 038 (a3 0 {an
Tema Plem =5 g il 261 +/- 003 2T 0% 039 01 - 0de) [§L°E] W0 (e
Tz Chaxa= % I ITR-008 asd {5 0o 048 o 47 - 05 106 W
Magml - £ B 408 5 A 175 (50 206 LT R L= E] 434 =]
CmFln:hl- -5 O AR+ 002 172 i) OOt 1Z2 {0 -134) 290 W0 ()
Tamadundi - = S48+ Q02 4L 5 238 175 {1,682 - 187 4n )
Fancho Musao -0 =] 434"~ 002 240 (0 Toas e -1In S0 L=t 4]
agml - D 450 29k 030 184 {5 Ood LY ER LA Ta e B49 =R ]
Willa Marmes -0 E ] 225+ 004 30 50 o LAY ML) - £310 1z 0 gem

50 s e it X7 chi-ageaad, oF dagas of raeders; P o cbabillny v ot L Dhy Iresoiichohs oo it il 504 ofnbw i

2 Comiich

evtary s PR st sy 006 ey ity of Pad cloniraaniong elecs; FL- secrapbia mafararcs Bewage: 5: S (wid; @ Dosuaic N* rastur of

ratihdak wadl

from Mataral and Cotspachi were les siseptible than
SRL and T, dnfstans dark morph

Inteceatingly, wild T, infedans Mataral morph had a
RRso =424 and thus they are lss susceptible than the
SRL, but less thanRRe =5 (PAHO coteria) snd this
would be comsidered & susceptible However, previows
atudies perlorised by Rocs-Acevedo at al [27] on the
same region had meported Individuals resistant to delts-
methrin and fprond (RRs=119 & 134 respectively).
Additionally, in our stedy of domestic T, {nfestans In
the same area we oberved a deldtameothen RRas of 240
wheress Roca-Acevedo af &l [27] mported a RRsg of
174. The diferences between the valises may be due to
the fat that Rocs Acevedo ef gl [27] used a different
SRL to estimate the RRsa

Deplckire ef al [14] reported 96% morality to the
deltameothrin DD in individieale from 2 wild Mataral
population. Chr results for Individeals fom the same
populstion agree with this report. The same suthors re-
ported the susceptibility of eight wild populations of
T. infesteng comeponding to the Andean reglon [34]
from Bolivia. Among the populstions they tested, the
one from Cotapachi presented a 100% maortality to the
DD. Our study also evalusted a wild population from
the mme region, and dimiar gualitative test results were
obtalned (100% mortality to the DD). Mevernheless, the
individuals we tested were less sseceptible to delts-
methirn than the SEL (KB = 290

The DD is 3 quealitatve method for rapld detectlon of
resigtant populations, Seversl T, blstans insecticide re-
sigtance stisdies love evaluated toxicological profile
using RR and DD critecia [14,18-21.37]. Mewertheless,
the results obtained by both eriteds are not always con-
gruent Thus, Picolle [42] proposed that the dngle doss
lilling 99% of the SRL (1X LDw) would be a more

40

appropriate DD value This dose permnlts detecting high
momality among susceptible individuak and low monal-
ity among resistant [ncreaslng the DD value to twice
the LDy, as proposed by Lardeux ef al [21], carries the
rigk of Identifylng edstant individials a8 sesceptible due
to the high mortality % that would be estimated This
could owur malnly b populitions et are in the
process of slection for the resistance character, popula-
tons i which the todcological profile would be masced.
In contrast, populations with an established resistance
charscter would not present this pooblem.

We cornsider that the sample number is an Impoant
limiting factor when assesging insecticide resistance. In
addition, stochastic varishility sources within the stid-
ied population must be taken into sccount The dudy
developed by Amelotti ar al. [43] showed that fensales
within an age range can produce individuals with dif-
ferent susceptibility profies Duise to that, they recom-
mended incressing the sample mumber to at least
60 individials with po less than 10 females and with
different ages represented per populstion This ap-
proach would incresse the reliability of the obtalned re-
sults, svoiding false negathves and reducing imcorrect
interpretation.

Duding owr study domestic populstions of T. infedans
from the Tamachindi and Rancho Nosvo communites,
both from the Gran Chaco of the Sants Cruz Departrent
(non-Andean region), were alio evaluated Thes populs-
Homs were less suceptible than the SRL with & BRs of
421 and 504 respectively. They both had 3% mortality
to the DD. In several communities of the same region
Depiclkire ar al [H] reported reduced sisceptibility to
deltamethrin in domestic T, infestans. [t & possible that
lower levels of insecticids susceptibility play an imporant
role in the reinfeststion process of domestic dwellings.
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Population genetlcs studies performed by Crulsberth of al
[44] have conflomed that the reinfestation of howses in
these communities kappers dse o msidissl populstens
and mot die to oo of wild bug.

However, the resistance levels registered for populations
collected In cobvmisiities Fom the Gan Chaeo of the
Santa Cruz Department (non-Andean region) both In
wier study aad by Depickbre ot al. [14]; are not a5 high
as the levels we registered for the Villsa Montes popula-
tion (RR >129.12 and 0% mortality to the DD The lat-
ter, is considered a5 an Intermediate group, a result of
the cross between Andean and nob-Andean individuak
[45]. Lardeux ef al [21] and Depickire ef al. [14] em-
phasized that T, bBdan populstions fini the Santa Cris
Department, whem pon-Andean populstions oooer, are
mvire auceptible to deltamvethin 50 Tadla populstions
{Intermmediate]), where high levels of resistance hove been ob-
served, alio dww low levels of mortality to the DD (<2086)
[1419-21]. These obeervations am very inportant since they
cormpond to & border ans between Argenting and Bolhda,
whete high resistance levels have been meported [LB.XN].

Our atudy has also sahaated difesnt T, inEcten do-
mestic and wild moaph populations from different regions
in Bolivis, both from the [nter-Andesn Valleys (Andean
region) and Gran Chaco (non-Andean reglon). For each
populstion we obtained diferent seceptibility profile.
Recent sudis indicate that mo#t wild populations of
T. irgestans of the Andean regions in Bolhia are susceptible
to delamethrin [14.21.27] However resitance to delts-
methein and fiproni bas ales been reported in some wild
populations From the Julo Grands and Kires Mayu (Potosl
Deparment) and Matam] [Cochabamba  Diepartment) (o
Bolivia [14237]. Thus, ouwr data and the aforementioned ne-
|ports, support the ides that populstions of T, imlstaes from
different geographic aress and morphs have different tosd-
cologeal profiles [15.21,2237]

Population genetics studies consider Bolivia as @ center
of arigin and disperdon of T, inPany [BAS-48]. The ex-
istence of wild fod and different morphs of this specles,
added to its wide digribution in that country [8-10.49],
suggest a high genetic variability of this species in Bolivia
Therefore, Dizs & Schofield [50] congder that the high
genetic variabiity of T, infstens would eplain why nat-
ural resivtance and high levels of resistance to insecticide
have developed in Bolbda

Slope values have been wed as indicston of popula-
tHon heterogeneity [27]. High slope values are related to
low genetic variation, wheress populstions in process of
selection and this showing genetle variaton relate to

less steep slopes (when compared to SREL slope) [51]. In
this study 4 out of te 9 tested populations had valuses
that suggest phenotypic varistion The three wild dark
morph assceptible populations, and the domestic Yilla
Montes resistant population {Table 1)
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The different tosdeological profiles determined for do-
mestic and wild populations of T wBdan: could be the
result of selective pressure from insectickde application
plus the genetic variabllity of the highly seschmed popola-
toms present in this country [52-56] Momover, genetic
atudies through chomosonsl markers perivemed by
Pamzers ef al, [45] suggest that pyrethroid resistant popu-
latioie frvim the Argentitest-Bolhdan bonder am st
likely the result of recent secondary contact between both
chsiwosonial groups (Andean and mob-Abdesn) Sugpet-
ing a correlation between genomic variability and insecti-
cide resiotant populations.

The origin of resistance b wnknown in wikd Bolivian
populations, becase they have pevwr had contset with
imsecticides and b probably diee genetic vadability. How-
ever, more genetle studies should be pedormed to
characterize the resistance phenotype.

Conclusion

Wikd and domestic T, infgans popubions from the
Inter- Andean Vallews {Andean reghon) and Gman Chaco
{non-Andesn region) from Bolivia, have different sus-
ceptibility profiles towards deltamethrin. Although most
wild populaiions are suszcepiible, insecticide resistance
was observed In one The existence of wild fod and dif
ferent morphs of T hstens ples lis wide dstrbotion
in Bolivia are indicathve of genetic vadability, This could
explain the occurmence of resigtance in wild populations
and thus we suggest that more genetic gudies are per-
formed on thete popilation: and the resietance pheo-
types ame tested ender Geld conditions.,

i e B
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Abstract

Background: Owver the las: few decades, pyrethroid-resistant in Trotoma infestans populations have been reported,
mairly on the border benwesn Argentinag and Bofivia, Understanding the genetic basis of Inheritance mode and
heritability of resistance to insecticdes under laborEtony conditions ks crudal for vector management and monitoring of
irsacticide resisiance. Cumently, few studies have been perfarmed to characiedize the inheritance mode of resistance 1o
oyresheoids in T infestans; for this reeson, the present study aims to characterize the inheritance and herisbding of
dehamethrin resistance in T, infestans populations from Bolivia with different toxicological profiles.

Methods: Experimental crosses were performed between a susceptibie [5) colony and resistam (R and reduced
susceptiblity (RS) colonies in both directions (2 x & and & x £, and inheritance mode was determined based on degres
of dominance (D) and effectee dominance (D). In addition, realized herntability (h®) was estimated hasad on a resitant
coleny, and select pressure was performed fior nwo generations based on the diagnostic dose (10 ng. L a mymph). The
F1 progeny of the experimental oosses and the selecion wene tested by a standard insecticide resistance bioassay.
Resuits: The result for DO and Dy (< 1) indicates that resistance is an incomipletely dominant character, and inheritance
i autosomal, not sexdinked, The LD, for F1oof $5= R and 25z 9R was 074 and 397, respectively, which & indicative
of dilution effiect. in the resistant colony, afer sslection pressure, the value of h¥ was 0.37; thus, the LDy, value incréased
135-iold [F3) and 26.83-fold F3) compared with the panental colomy.

Condusion: The Inheritance mode of resistance of T. infestans o deltamethrin, is swosomal and an incompletedy
dominant character, this is & previously kmown process, confirmed in the present study on T infestons populations from
Bolivia. The lethal doses {LD.y) increase from one generation to another mpidly after selection pressure with deltamethnin
This suggests that resistance is an additive and ocumulative factor, mainly in heghly structured populations with imited
dispersal capadty, such as T. fvfesrans. This phenomenon was demonstrated for the first ime for T, infestans in the present
study. These results are wery important for vector control sirategies in problermnatic ereas where high ressance ratios of T
infestans have been repored.

Keywords: Trnaroma infestans, Inhertance, Hemability, rsecncide resisiance, Dekamethnin, Comrol
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Ba

The prevention of Chagss disesse & pamarly baed
on vector control, using mainly pyrethooid imecticides
[1]. Successful contral of Tridtemd in@an in Beael,
Chile, Uruguay, and dragtic mducton of it In large
parts of Passguay and Argenting are both deady in-
dicative of Its susceptibility to pyrethrold inscticides
in it largest srea of distdbution [2]. By contrast, re-
sistance to pymethroids In T /nfestans has been de-
tected aiiwe the wear 2000 [3] in sewem] amas of
Argentina, Boliia and Paraguay [4-11[ Fallure In
vector control is considered to be due to low insecti-
cide efficacy when applied to peridomestic structures,
unitainability of vestar control isterventions, and high
levels of Insecticide msstance, reported mainly on the
border between Argenting and Bolivis, in the biogeo-
graphic mgon of the Gran Chaco [6, %, 10, 13,

Genetle factors and intentive macticide application
am meponsible for the rapid sdection of resistance In
iy ipeects and mites [13]. Severa factors influence
the development of insecticide resistance In Imsect vec-
tom: voliume and feguency of imectidde application
{selective pressures), operatiomal Billures, and inherent
bl oo mical charsctericthes of the lasect species involved,
such as life oycle, sbundance, mpld mproduction, and
imsect migeation [14].

Laboratory modes are key to underganding the
underlving gemetics of inheritance and hedtability of
Insecticide regdatance Condusions dmwn from models
are fundamental to improve vector mamgement and
tesigtance monftaring [15]. The Inheritance mode of
pyrethroid msistance was studied in T infsten, and
it showed that resistance b sutosomal and shows In-
complete dominance, involving st least three genes
[18, 17]. Therefore, this study alms to charaderize in-
heritance and heritability of insecticide resistance of T.
infestans populations from Bolivia to deltamethin with
different toxicolo gical profiles.

Pagel ofe

Methods

Indacts

We nsed the F2 generation of three colondes of T, infeatans
fromn Bolivis, with different tocdeodogical profiles to delts-
methhn, previowsly charscterized by Gomer et al [18]: a
sceptible coloby (5 from San Slwstne (19°1°2175eT
4107W) Sants Cruz Depatment; a reduced susceptibility
colory {RS) from Ranche Nuews (192827 5/62-34057W)
Sanm Cnm and a redstant colony (B) fom
Vills Mosites (210005 63" 1°5%™W) Tadja Departivert.
Detalls of lethal dose 50 (LDg) and redstance ratio 50
(RRg) are shown in Table 1.

The caleulation of the RRg of te experimental cross
wad perfomed with the sisceptble colomy {5), because
dutng the study camied by Gomez o al [18], this col-
ony wat signlficantly more swceptible than the refernce
lineage (SRL) of T. infestans from Centro de Investiga-
ciones de Plgas e Insecticidas (CIPEIN) (8* p < 005)
However, the calculation of the RRss for estimation of
heritability was pedforised with the SRL of T, lfastan.

Experimental matings

Resstance imheritance joross)

To study inberits e, oiale and ferale ffth- inaar aymmphs
were fimt identified and malntained individually, untl] the
innagingl moult Then, tHatomine couples wepe formmed,
and recdprocal croses were carried out e follows: F5 x
RS 50 x PRS; 5 x B and 57 x PR Al couples were
maintained in plestic cages (5 cm dismete 10 cm height),
feeding was carried weskdy with chicken blood (Gallus
gallrsy (ethical approval of FIOCRUZ Mo 41/14-2). The
Fl progeny was tested through & stand ard bioscey.

Estimation of realired heritability

The evaluaton of heritabiity of mesistance wm per-
formed with the F1 generation of the revietant colony
from Villa Montes Tarlja Department (RRso=129.13),
and the individuals slected were those that survved the

Table 1 Todcotogial paofies o deflamethdn for cobandes of T, inleagns: *swscepibhe ), Sradwoed susceptitility (7S], YesiE@n 1)

and Ecprocally ol pengeniss 75 & RS A5« PRS; Pix JR A5 xR

Papuizan " Tiope +— 500 ¥ B LD, (5 5 O A, 0 ) 00 Dhx
5 Elei) 19+ ans 05108 el ] 0.3 i021=-01F) = = =
e a0 44/ — 002 241 10 ao 108 193-220 L

R 0 1E - 004 ET ] [alit S48 a3 13z

P JHE 110 L4 - O L34 [k} 0 -0 2k (2 1I-1H) —{E -1a7
&Ex JES ki) 43 H- 043 4300 oo 130 {1E-143) L3 Wix450) 05 -&o?
PEx IR ') 444 4f- DAs 1En an 0% aar-aey 299 (2393 TY) —asl am
SEx R 20 L& -0F8 ER ] 040 197 2241 1606 | T2 SE-1954) [K: ] ax
% Clony Characdad by Gmas oL [151 W umba of ialiitusks . ST S ki X% O g e, o of fraacto, P o i Bl v L,
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i el Dy, i cbvsirads
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application of the disgnostic dose of deltamethrin (10 ng
al/nymph) for succesive genemtions (F2 and F3 survi-
viors); they were then tested by stan dard bloassays.

Bioasays

Sedal dilutions of technical grade deltamethrin were
prepared In acetone. For each concentration, three repe-
ttiobs were carried owt with ten Ard-lnstar ayvmphs,
descendant from eaxch of the experimental crosses (the
comegponding F generation for each experiivent) (fve
days old, fasting, weight =12 (02 myg). Diluted losect-
cide (02 pl) wasz applied on the dorml abdomen, ac-
conding to te procedurss recommended by the Wordd
Health Ouganization - WHO [1% and Pessoa [20]. For
each experimental cros, at least eight doses of Insecticlds
were spplied o order to kill between >0 % to <100 % of
the individuals (035 to 150000 ng a. Linymph). Acetons
was applied to the coitrol group, Motality was sessed
72 hafter application, and it was determined by the lrakbi-
ity or lack of cocrdinstion of the avmpls to meove Fom
the center to the edge of the flter paper (7 cm in diam-
eter) Signe of paralysis and ok of msponse to edermal
stimull were alay taken into consderation During and
affer the experiment, the lnsets were kept under con-
trolled temperature and humldity conditons (25°C £1 G
60 % £10 % RH).

Data analysis

Toudeodoxpleal data

Data from dowe response tests from  esch  experiment
wene amalyred using the PoloPlus software, version 20
[21]. Estimations were made of the slope, the lethal
doses required to kil 50 % of treated individuak (LD g}
and confidence intervals (Cls). The resistance Ratio
(RRg) was caloulated by dividing the LDy, value of each
experimental cooss by the 1Dy, value of the susceptible
colony, Parallelism tedts were also conducted according
to Robertson et al. [22]

Degree of dominance

Degres of dominance (DO} br edstance was caloulated
acconding to Stone [23] and Preider et al [M4] wing the
followlng formusle

A X

(]
X=Xy

Where X =log ([Dg) of the susceptible colony (Sk
Xe=log ([Dss) of the RS or R colomy and Xi=log
(LDsa) in the reciprocal progeny (F1).

The level of dominance ranges feam O o 10 (Le.
values below 10 indicate complete recessivenes and
valises equal to 1.0 indicate complete dominemee).

46
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Effective dominance

Efiective domimance (D) was evtimated acconding to
Bourguet e al. [25] and Abbas ef al. [26] using the fol-
lowinng Forsm b

M, - MY,
Mo -MX,

Where: MY, MX, and MY represent the mortality
percentages for the susceptible, the RS ar the R colony
and the reclprocal coss progeny (Fi), for doses ihat
cause 100 % mortality of the SRL (276 ng a. Linymph
treated). Dy expresmes effective domisance at a given
dose of use, and mange betwesn Q0 (survival & neces
alvel and LO{sirdval is dominant)

DI.I'I. =

Estimation of reslized heritability

Following the mthod of Falooner et sl [27] and Tsbadm ik
[28]. malized heriabllity (hl) of deltamethrin resistance
wis estimated a5 olkows:

h’:E

In the above eqeation, R {slection resporme) was estl-

mated a5 follows:

R < Lo [0~ Loguss LD
N
Fimal 1Dy & the LDy, of the population afier 3 se-
lected generstions; inital [Dyg, is the LDy, of the feld
population before selection and N is number of genera-
tons selected with deltamse thrin,
Whereas, 5 (selection differential) was caleulated &
Follows:

5 =imap
Where | means intensity of selection calcubited ac-
conding to Faleoner et al. [37],
op means phenotypic standard devation calculsted =
follows:

ap = (initial Slope + final Slope) 0.5]

Results
Inhertance of resstanee |oroas)
The [Dss values to deltmethn of all redprocal croses
carried out of T, igfestens, (75 JRS; 5% FRS; 75 xR
and 45 x PR} were significandly different and inferor than
their parental RS and B edonies (p < Q05). This s indica-
tive that deltamethein resigance in T, igfectans i inhedted
s bl pot sex-linked | Table 1)

The LDua progeny vahies of 75 x 4R and 45 x TR were
0.74 and 397, respectively (Table 1), showing that they are
46.11-fold and £34-fold less tolerant to deltamethdn than
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thelr parental imsects of the resistant colomy, These resuls
indicate & dilution efect among the retittant and Suoep-
tibsle colomies.

Degree of damimnce (O} valses for redprocal croses
were < 1. This result indicated that the deltamethrin resist-
ante cuecter in T, iafastans ls ineompletely domdnant
The results of effective dominance (D) (<1} suggested
that esictance & 4 fecesaive chatacter at the discrim e st
doses used for deltamethen (Table 1)

Estimation of realized hertability

After 1 gensrationg of continsous slection of T, dafes-
tang with delamethrin, it was observed that the LDy,
value increased From 5473 to 12193 (F2) and 145532
(F3; it Is 225 fold and 26.83-fold more recistant oom-
pared with the parentsl resistant colony (Table 2). The
value calculated for estimation of realized heritability
(b was 037 (Tahle 3) These neaults indicate inceased
resistance to deltamethan from one generation to amo ther,
uder presune selection, wisder Tl mato oy oo diti oo,

Disaussion

For T. instans, few sudies have been conducted about
resigtance inhedtance. Cardozo et ol [16] and Germano
et al [I7], suggested that deltamethrin resigance of T,
infestans ia subesomal, incompletely domdmant, and the
maternal effects are null. This fact was confirmed dunng
our study; regandless of the direction where croming was
periommed (female or male; susceptible colony with re-
sigtant of with reduced susceptibility colony), degree of
dominance and efectlw dominance walses wem <1,
even lower to 0, indicating incomplete domimance. The
LDyy valses to deltamethrin for recipmcal crosses wers
significantly different and lower than their parental col-
onies (g 005)

Khan ot al [29] stresed that intense selection pressure
leads to an Increaze in resictant genotypes in the popula-
tion due to the emoal of suceptible individualy, in-
creasing the Fequency of resstant Individials in a
population. However, epbtatic intersctions can ocour
mainly in populations with Inbreeding, when each allde
contributes to resigtance, and the introdection of & sus-
ceptible allele dilutes the effect under lsboratory condi-
tions [30]. Thus, during our shedy, the [Da values of

Paged of e

experimental croses among resktant and susceptible
colonkes were 073 (R? = S7) and 3908 (52 = RT)
(Table 1), showing a 46.11-fold and an 834-lold decrease
in the [Dg, values when convpared with msktant paren-
tal insects (LDwe=5023). This suggests that there & a
dilution effect of the reitant character to deltamethrin
under laboratory conditions,

Severl studies dem ongtrated high levels of strsctudng
of T infestans populatiors [31-35, 36] and Indicated
Lisnited capacity of sctive digpersl and mesteicted inter
breeding. Germano et al. [37] suggested that geograph-
ical strictisre & present at the sdcigeographle level,
and demonamted that T infestany populations in differ-
ent dwelllngs in the same ama have different toxdoo-
logical profiles to deltamethrin Seection pressure for
ingecthclde application has a greater effect in populations
with Umited capacity of dispersl as is the case of T
irifestans, than on popilatio ne with high dicpesal ability.
The pessigtent bug populations that survived insecticide
application at local spatial scales support two distinet,
but equally worrving scenarios. In the fist scenario, op-
emtional fallures may hinder the control of Taatomine
populations, as a result of low quality of the spraying
technlque andlor low eflcacy of pyrethroids, especilly
in peridomestic structumes. In the second scenario, difi-
culty in control may be due to the intdnsie features of
Tratomine bugs, which make them resistant to chermleal
agents. [32, 38-40].

Different tosticological profles and mechanisms of re-
sigtance were repatted for T, infestans [7, 8, 11, 41]. Mu-
tation of two different alleles of knockdown resiktance
(kadr) wene reported from different populstions in the
Gran Chaco region in Argentina [7, 41], spanning a dif
ferent geographical distribution Colncidently, the resig-
ant population wsed for the experiment of heritability
was collected in the Gran Chaco megion, wheoe it can be
seen that the 1Dy valiee incressed from 5423 | parental)
to 12193 (F2) and 145532 (F3) (Table 2} These results
suggest that resigtance to deltamethrin ln T infestans
could increase rapidly. Despite their long life cycle, only
two generations of contimsous lshoratory selection were
required to incresse the level of mesktance 26.83-fold
The rapid selectlon and high levels of mestance in this
population are likely to be cavsed by ki mutation,

Table 2 Tosbcolograt peofies b deftamethdin i sundeoos of T inBmans sdstant coloy F1 and 2], sfer applicstion of

delameduin | 10 ng aLiyimph)

Pomestion cross L Sope +— 30 i) P LDy 055 90 Py, 1505 %0 O
CPONERT 240 2EHO04 i4tim LIk3] 042 e .

Besstant Parenial) Colony® 360 235 +—- 004 s & il ) 4T3 Ak ea11T) 151 (O 3E-16038)
Sureirdrig F1 o 158 +/— 042 ats {5 aon 10090 (S -1 ) PR (S AR AT)
Lepiiing F2 &0 160 +/— 045 LTS ] [l 5] (L e B Bl ] ES=R R e =Tl R

SR saricopitie mienry TPeand: S ¢ b e Dy Gioma? o & [16) N Prasiter of indilitadls wod; SO corded doviles, ¥- cheupam wat 48
g of Baade P ot iy va kot LD ot iinds: o than Willad 53 % of 1 peopalions [ngivangin 00 coofilana intarals; B 4 s £l
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Table 3 Exinate of tedabdty ) 1o deflame thin resdance in suvivos of T, inksiars afier insectictde applicaion undes

fahominny condiions

B of genemtos  Exvmmeton of mean weEcTon reponE per geneson

Eszmason of mean sefecton dfererial per geneaton

afered ingdiog Dy Endlog Dy Aeposem wkcsonf) | btiddops Araldope op  Sebrson dfeermal i B
z 7 18 o i i @ 02 1w R¥Y]
=i ity ol il iy [0 o = Ty e e, B B o Baad iy

Estimation of heclability (K} ls a proporton of Conclusion

phenotyple vadation secounted by additive genstic vaei-
ation, which may decrease either due to a decresse In
additive genstic vadance of b an ibefee i e o e -
tal vadance [27]. During our study, the value for estioa-
ton of hedtability (5) to deltame thdn was 037 (Table 31
This lower value was most likely cawsed by lower phens-
typle varstion, malnly enviconme atal vadation which ia-
dicates the presence of resistant alleles in the study colony
[42]. Siedlarly, the slection was done under laborstory
conditons; it does not completely reflect the development
of resktance i the feld populstion becsise of b oge-
nepws environmentsl conditions [28]. In addition, poly-
geink and monogenic redidance oy 00w baturally Lo
Insect populations [2%. However, monogenic edsance
leas likely to occur under labomtory selection, ghven the
alsence of rare vadants that may be present in natural in-
sert populations [43, 4]

The laborstory experiments and the we of only one
imgecticide (deltamethein) impose limiations compsred
to fleld conditions. However, most stisdies evaluating the
smceptibility of insects in the bborastory used delts-
methrin (technical grade) as a standand Insecticide, be-
case this molecule is stable and there is a great amount
of knowledge avallable about it. As the results in this
study only used deltamethrin, it could be masonably ex-
trapolated to other pyrethroids, bt not to other acthve
ingredients (Le catbamabes).

Moreover, the estimated heritability values provide
evidence for the potential of resitiance development in
the funere [15, 29, 30, 43]. Thus, the results of extima-
tion of reslized hedtabiity allow the prediction of the
number of generations required for the population to
increase the level of resistance [28]. I should be noted
that this is the first study on estimation of mealized her-
itability in T. infestans to deltamethrin, and despite the
long life cyele {around & months for adults), the valees
of LDss could be increased considershly (26.83-fold)
within two generations, Chamcterizing the mode of in-
heritance and determining the egtimation of the K
valse s an essental tool for assessing sestainshility of
inseticides on the pest population and vectors of pih-
lic health Importance for resistance management [45]
Therefore, more long-term gudies should be conducted
to darify the sdection process in bugs, because it &
very important for contml vector marmgement.

48

The esults obtained in owr study indicate that (1) the
inheritance mode of deltamethrin resistance of Triatonma
infestans, under labomtory conditions, 18 autosomal and
an incompletely dominant character. This is a previously
kinown process, and it was conflised in other T, b
Lans populations Fom Bolivia In this study; (2) the lethal
doss (LDw) and resistance st inerese fom obe gen-
emton to another rapldly, afier selection pressure with
deltamethein. This ssgrests that resistance 15 an addithe
and cumulative factor, mainly in highly strectured popu-

latiors with linuited disperssl capacity, such s T, fnfis-
tans. This phenomenon was demonstmted for the first

tine for T, infestan: under laboratory conditions in the
presnt study, These results ame very important £ vec-
tor contral programs i problematic areas where high
resigtance ratios of T, infedtans have been reported
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Abstract

Background

A number of sludies published during the last 15 years showed the occumrence of insect-
cide resistance in Thatoma infesians populations. The differant toxicological profiles and
mechanisms of resistance o insecticides is dus fo a genetic base and environmental fac-
tors, being the insecticide selective pressure the best studied among the last factors. The
studies on insecticide resistance on 7. infesfans did not consider the efiect of emironmental
{actors that may influence the disirbution of resistance to pyrethroid insecticides. To fill this
knowledge gap, the present shudy asims at studying the association between the spatial dis-
tribution of pyrethroid resistant populations of T. infestars and environmental variables.

Methodology/Principal Findings

A total of 24 arficles reporting on studies that evaluated the susceptibility to pyrethroids of
222 figld-coflectsd T. infestans populations were compiled. The relationship betwesn resis-
tance occurrence (acconding to different criteria) with emvironmental variables was studied
using a generalized linear maodel. The lethal dose that klls 50% of the evaluated population
{LDse) showed a strong linear relationship with the comesponding resistance ratio (AHss).
The statistical descrptive analysis of showed that the frequency distribution of the Log
(LD} is bimodal, suggesting the existence of fwo statistical groups. A significant model
including 5 environmental variables shows the geographic distribution of high and low LDg,
groups with a particular concentration of the highest LD, populations over the region identi-
fied as the putative center of dispersion of T. infestans.

Conclusions/Significance

The occurrence of thess two groups concentrated over a particular region that coancides
with the area where populations of the intermediate cytogenetic group were found might
reflect the spatial heterogeneity of the genstic variability of T. infesfans, that seems io be the
cause of the insecticide resistance in the area, even on sylvatic populations of T_ infesfans,
never before exposed to pyrethroid insecticides, representing natural and wild toxicological
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dosgn, dafa colecion and analyse, dacison o phenotypes. The stnong linear relationship found between LDk and AR suggest ARss

pubdsh, or roprton o the manusmpL might notbe the best indicator of insectic de resistance in fistomines.
Comng Intarasts: The authors e dockind
that ne compatng niemss s

Author Summary

The elimination of T, imestans in wide aress of the Souths m Cone countries of South
Americaand good reslts in other vector control initiatives showed the high swsce ptibility
of tristomines (o pyrethroid inmecticides. Despite the constant efforts of weetor contmil, the
succes was not complete in several areas of the Gran Chaco region of Argenting, Bolivia
aiuld Paragpicay ard pans of the lter-Andesn Valleys of Bolivia, and southern Peri, whene
pemistent populations of domestle and wild T infstans sill persist Additkonally, high ley-
ek of insectickde resistance leading to control fatheres wene described in the blogeogra phic
region of the Gran Chacs, within the ana of pentictent hose reinfestation after insecticide
application. The infuence of envimnmental variahles on the geographic distribution of
et e wad previoisly sudied for several gpecies, showdng dgnificsm oorrelation
between Tratominae species oocurnence and a number of emironmental variables. We
investigated the association betwee n the spatial distribution of pyrethroid resstant populs-
tions of T frfesfarns and emvinsnmentsl varibes This study shows that pyrethoodd ress-
tance in T. infesfans causing control fallwres isa highly localized event, spatially associated
wilth the putative disperdon arigin of the species, the location of the intermadiste opto-
genetic growp, and with & particuler combination of envimnment] variables, near the bor-
der between Argenting and Bolida. The siromg Linear telatiomnddp found between LD,
and RRw seggest RHa might not be the best indicator of insecticide resistance in
Lriatomin s

Introduction

Chagas disease is the most important vector-borme nfection in Latin America, affecting
apprigad imately 56 millon bdividuals [1] The digeaie i camied by the probozoa T o
cruzi { Trypanodoma tidse) and the maost frequent transmission mechanism is through the feces
of infected bood-sucking lnsects belonging to the subfamily Tristominse {Heteropiere Redu-
vildae) The main vector of T. cruzf inthe counties of the suthern oone of Sowth Amercais
Triatomia infestarns (Blug). This species lives mainly in warm and dry riral aress and in dose
adateciation with hisman dwellings, inchedlog domiciles and pendomiciliany stasctures [1, 31
Dhuring the bt vears, a number of wild fociof T. infefans have been described, mainly in the
Inter- Andean Valleys of Bolivia, in the Gran Chaco of Argenting, Bolivia and Parapeay [4-4]
and i a Metropolitan regicn Fom Chile [9].

By 1964, the maximuem geographic distribution of T. iglstans oecupled an estimated area
of 6.28 million kem™ [10], inchsding parts of Argenting, Bolivia, Brazi, Chile, Parsguay, Peru
and Urigreay. This species was responsible for well over half of the 18 million people infectad
by T crisei, d estimated by WHO [11] for the 1980 decade. After the establishment ofthe
Sousthern Come [nitiative { INOOSUR) in 1991, wich had the main gosl of interrupting the T
cruzitransmisdon using chemical insecticides to eliminse T infestans populations and
through blood trandusion, the vecworial transmisdon of T. cruzt was interupted in Urugesy
{1997}, Chile { 1999) and Brazil { 2004), sccording to the ce tification of the Pan-American
Health Organization (PAHO) [12]. In Argenting (sven provinees)and Pamgpey (eastern) the
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transmission of T. crusf was interrupied in severalamas where the disease had been historically
endemic [ 13] The Deépartments of La Pax and Potod in Bolivia recently certified the interrup-
thon of the vectorial transmisslon of T, cruzd [ 14]. As a consequence of the vector control inter-
ventiong in the region, there was a significant redsction of the distrisotion area of T infestans
to Jess than 1 mdllion km”, kading to o strong rediction of the new bnfections by T, infestans
(19, 14-18]

Despite the cmstant efforts of vector control the s coes was not complete, T trfesfans per-
sists asdomestic populations in several areas of the Gran Chaco rgion from Argentina, Bolivia
and Paragueay and pans of the [nter- Andean Valleys of Bolivia, and sowthemn Peru [19-211
Pemistent busg populstions that sunvived the insecticide application at local spatial seales, were
redated with soiuroes of perddomestic popialalions, operational i e, rediced reddisl ofleat
of insecticide or development of restitance to py rethooid insecticides that decrease the vector
control efficacy [12-25]. Resbtance to insecticides is a micooevelutionary proces, over which
thee dynamics, the strsctre of the population and the gene Gow between groups of individuals
wiishd determine the maximum geographical spresd of each process of resistance evolution
[22. 24]. In different geographic aressof Argenting and Bolivia, resistance of T. tnfstarns to
pyrethroids was detected by 2000, [ 29-38]. The sccurrence of insecticide resistance was rels-
tively uinespected [ 32, 40Mor & long Life cyded- et duration (compared with ol £ pest ape-
ches with insecticide resistance records), relatively low frequency of imsecticide application s,
unsustained-over-time, and low insecticide efficacy in the perid amestic stroctures that would
leave many residies] populations { not necesa dly retistand, but sesceptible individuals that were
ot affected by the insecticide that degraded before contacting the insects ). Stidie s showed if-
ferent tosd onlogieal profiles and mechanisne of redstancs [31, 35 36, 41]. High levels of insee-
theide resistance { populstions that need W00 tmes the amount of active ingredient to K the
same fraction of a sutceptible population) leading to control fadheres were deseribed in the bio-
gemgraphic region of the Gran Chace, ovinciding with the amea of pesistent howse reinfestation
even afier insecticide application.

The accu mulation of evidence over the bt years suggess that the oocurrence of insecticide
resistance ln T. infesiars populations i asseciated with the kigh genetic vardability detected in
thee histericsl dispertion site of the species towands the southerm cone of South America [21, 42
AT and the strong gratial structure of the populstions dechved by low populstion dispers]
rales [24, 4-45]

Why isit that control failere s socited with insectickle resistance has only been reconded in
ihis particular area and not anywhere else over the historical geogrs phic distribution of T infes-
tatres? Thee cause of the appesrance of pyrethmdd redstance is still under discusion. The
repeated a pplication of pyrethrodd insecticide does not seem b be the only casse of pyrethroid
Fesista nee appearance, 3 resdanl populs tions cocurred inares that meeived less insecticide
presure than others whe e resistance did not occur, and becawse multiple indepen dent resis-
e el bind were detectad in several population s The diversity of resisian oo mecdhs-
nisms and the genetic variability around the putative disperiion center of the T i tares
encouraged the consideration of the influe nee of environmental varasbles as anothe r potential
cansie of pyrethrodd resistance occurrence [28]

As Far as we kmow, there is mo demonstration of a causs] relation between the effect of envi-
ronimental variable: and ecticde resbitance, partly becase of the diffleul ty of identifying the
sl viel ual < om tribution of the genetic background and the abiotic &clos. However, a number
of shudies have shown direct orindirect effects of environmental vadables over the appearance
of insecticide resistance in several insect pest specier. For example, according to Foster et al
[45] the selection for redstan ce to insecticides in Myzws persicae i subject to counteracting
sedection by cold, wet and vindy conditions; wheteas [ 47] showed that adaptive regsonmes amnd
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DMA reglons that control their expresion have been linked i evolutionary responses to polle-
oy, global warming and other changes, [nterestingly, a significam]y higher diapause propensi-
thes in carriers of the resistance alleles {37.0-76.2% ) than in susceptible homaozy gotes (6.7% )
was shown [48]. Although no dis passe was ever shown bo exit in Tratominse, it wasshown
that e developmental delays in fifth instar nymphs of Toatomines: oeeld be dee to an adap-
tive risk-sgprea ding diapaiie steategy [42], IF survival teoisglooit the dispaisne period and the
profubility of random cocurence of "bad ™ emd mnmental conditions are aufficient] y high

The influence of environmental variables on the geographic disrbution of thatomine was
studied for several species, showing significamt correlations between a mumber of emvironmen-
tal variables {pariculsdy temperatune ) and species oocurrence e.g [ 10, 50]. As other pheno-
typie charaoters, the different b dogieal profiles and mechanisms of rdistance &
imse cticides is due to 8 combination of a genstic base and environmental factors [ 23], with the
selective insecticide pressure being the best sudied among the bt factors. So far, studies m
insecticide resistance on T. frefesfam s dbidl mot consider the effect of envimnmental factors, that
may infuence the distribtion of resistance to pyrethmid insecticidesin T infestans
populations.

Guided by the question shout the paticulsr aocurnenc e of vector contond fudl ures cawsed by
prrethroid mtitance in this particular are, we esploned i this sudy for the Grat Hme the geo-
graphic distribtion of pyrethrokl resistance of T. infestan s populations and its asssciation
with & nvimnmenial variables

Methods
Data collection

An exhaustive compilation of all available data on studies abowt susceptibility of T mfestans o
prmthroid iwecticides was cimied aut Repeated dats wers discanded.

A database contalning information on the field-colected specimens and me thod s used in
the susceptibility studies based on topleal application of insecticide was crested. The database
imchedes collection location coordinates, oolection ecotope (intradomest o perid omestic/ syl-
vatic), vahse of the lethal dose that kills 50% of e evalusted population (L Dy ), resistnee ratio
50 (BB ) { calebated a5 LD of the evalisted popubstion’ LDw, of the susceptible population)
and diagnostic doe { DD) (defined as percent mortality produced by twice the mindmusm con-
centration of the inse cticide that causes 9% of mortality in the susceptible lsborstory strain).
Al tests were carried ot wsing first instar oymphs between 3-5dave, topicated witha 02 ol
droplet ap plied with s Hamilten microsyringe.

Identifying a T. mEstans populstion 3 resictant to pyethrodds ismo ey, beesise mo objec-
tive definition of reddance for tristomines exists. AL least thiee cotera have been proposed Lo
operationlly define tristomd fes’ redat noe. Pan American Health O rganization [51] defimed
a resdstan all populations with BRs > 5 (PAHO criteria from now on). Zerba and Picolke
[F2] supgested that a populstion should be considered resistant when B, = 2 (2Z&P cdiera
from now on). WHO [ 53] proposed the use the DD and considered a populstion s redstant if
mpirtality is < 0%, and susceptible if mortality > 98% (W HO criteria from now on), althoegh
thee latter criteris is wied mainly 1o evaleste resss noe in mosquitos

Analysis of resistance occurrence

Using the th ree criteria mentioned asbove, T infestans populations siedied for pyrethmid resis-
tance were asifed o suceptible or redstant acoording to 7 different extimates of redstance-
occurmence categorie sas follows. The At three categories derived directly from the teree crite-
ris mentioned above (mamely, PAHO, Z&P, WHO)L A fourth extegory (RR1) recondad as
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resistant any T inffesfares smple that was dassifled as resistant by any of the theee criteda A
fifth category (RR2) recorded as redatant any T. infertons ample that was cassified as redeant
by at least two of the three criteria. A sivth category (RR3) recorded a5 resistant a T. infetans
sample that was classifiad an resietant by the three criterin. A seventh category (LD g, ) {strictly
ot @ resitance category) consdered the value of the LDug{ie. the amaent of the acthve ingre-
dieit that prosdisced 50% of mortality within the smple under stisdy). I is worh remarking
that RE1, BR2 and BR3 are dedved variables from PAHD, Z&P and W HO varishles, not inde-
pendent of esch other, asthey are defined a8 "both” or "sither"of the other criteria.

Envimnmental data

The analysis of the amociation between resistane cocurrenc: and emvinsmental varisbles was
carried oul wsing the WorkiClim dataset {hitp:'wons worldelim org) [54], thaet characterizes cli-
et conditions over the Earth surface betwesn 1950~ 26K in s grd format, witha pixd resolu-
tion of 1km. Varisbles incdisded 19 biodimatic stistics derbved from monthly totl precipitation,
aryd marthly mesn, mitimum and maximuam tempersture { Biol (0 Biol? desaribed in full at
It v ldell o g bdoclim ), Adiude shaove sea level was added i the olimatic varishles.

Modelling resistance occurnance

The distribvustion of T. frfetans resistance to pyrethrold insecticides occurmence was carried owt
using ihe species distrilaut on modelling a pproach [55], with the geographic coordinates of
resistance oocurrence recorded a "prewnces” We explored twa different appooasches on the
comsiberation of "absences™. On ome approach, we congidered the coordinates of T trfestans
popidlations defined & smweptible, and o tue other appronch (el within e comtes of ape-
ches distrbut ion maodelling [ 567), we considered a mndom selection of 1000 background
(praeischo- alwien o) points ke n over the Gran Chaco reglon and Lnter-Andean valleys, the anea
whet T mjfestans populstions still periists after the ssccessfil interventionsof the Southern
Coonie Inditative [18].

Forthe study of the ataciation between environmental vardables and mesitance occumence
wie imed a binary response varishle, assigning 1 to cases recorded a8 3 site with a T infefans
resistant populstion, scoonding 1o esch of the wven resistance eriteris mentioned above, and 0
o thee susceptible populations or the mndomly selected backgrownd points. The case of the
LDy dhata was analyred similady asa binary vadable based on a threshdd value that divided
thee dha taset in high LD, (assigmed the value 1) and low LD o (assigned @) (see the appropriate
section in Beslis for sdditions] details). The analysis was based on a generalized linear model
{GL M) with alegit ink Colines rty between bioclimatic varshles was estimated using the vari-
amce in flation fctor (wf), of the B car package. Only varisbles with wif= 10 wene consdensd for
thee consriection o the model The svalustion of the mods] was estimated wiag the partil area
utider the meceiver operation curve, calcubsted with the p AUC package of B Crods-validstion
{thmuegh the cvgim function) was used to measure the mbusines of model estimation Data
amalysis was carcied out with R (version 3200

In order to qualitatively explore the association between populstlon genetics charactedstics
of T infestrres and fve LD, , mestured o the popultions compiled in this stedy we wsed the

gemgraphic coordinates of the populations categodzed by cvtogenetics groups (andean, non
anmden & dtermed mile), & eported by [21].

Results

The bibliographic compilation produsced o total of 24 studies published since 2000, that evalu-
ated 232 feld-collected T frifis fom s popul ations: for susceptibility 1o pyrethrodd intecticides,
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o Argenting (100), Bolivia {106), Bras]{14) and Paragpey (1) (Fig 1) Mot all stedies
reported RBag, or LDy and DD, and a8 consequence, the mumber of population s consdensd
four the analysis was smaller than 223, Table 1 summarizes the cocurrence of pyrethrodd nesis-
tange, according to each eriterium extegory. The highest recorded REL, and LD, were 1108
and 228, respectively from Campo Lago (Salta, Amgentina). The complete dataset i incheded
in51 Table

Reported values of LD o show a significant and strong linear relationship with their BBy,
Huoweve r, detailed comsideration of compiled data shows thai all ihe reported valwes by Ger-
mard athd colleagues [20, 32, 35, 23], together with one eported valise by [30] and one by [ 23]
{n =33, all tests wsed deltamethrin, except 3, that wed B-cyfluthrin) { T inBstans populs-
tins widely distalbuted arownd Argenting, Boliviaand Pamgey) le over differs it Lne fimne-
thons {with very Jow residual variability), compared with the rest of the n= 112 reported values
by the other 15 authors (slope values of 752 nd 4.4 for the Ami and second group, respectively:
significantly different, P< QU001) {51 Table and 51 Fiy).

Pyrethmid susceptibility and envimnmental varables

A firgt set of analysis for the fist iz ategories wsing the reconded resistant and suscepible
populations to Bt the generslized linear moda] (GLM) with the emdron mentsl varibles s pre-
dictors showed a low ability to explain the varihility of the mesistant populstions { of any con-
sidered eategory ) occurmence. Adng the fitted mdodels, the bedt one eqplained 43% of the
resistance occurrence distribution, based on the PAHO criteria. This maodel was fitbed wsing
108 points of resistance oocureence and 41 of susoeptibllity cocurrence and includad the high-
ext mumber ofemvimamental varibes (Table 7). These 41 susceptibility points is a prolokbly
bizsed sample of the susceptible populstions occurrence, driven by the spechl interest in the
region of the bonder between Argenting and Bolivia; the actual distribwtion of susceptible pop-
ulations is probably maone widely distabuted A simdlar resalt was found when the observed
simceptible populstions were replaced by the et of 1000 mudomly slected points taken from
thee entire Gran Chace region and [nter -Andean valleys, whene T infestars populations are still
patchily present. The analysis showed tha i nome of the envimamen ] variables {either consid-
ering the location of the susceptible population or taking background podnts) were able to
aceount for maore than 50% of the resdstance cocurrence, defined by each of the 6 mentioned
criteria.

The geographic distribution of LD g
The descriptive amalysis of LDy, valses, showed that the fr y distribution of the Log

(LD ) is bdimuindal, sisggeating the exiglence aftwo statiitical aubpopielations (fmisps)
The value 25 is the threshold value that best sepamtes the two groups. Cakeulsting the

descrptive statistics separately for the two groups, the group with Jower Log (L D) has an
average = (117 and standard devistion = 147, whereas the growp with higher Log (LD has
vahses 3 82 and 0.74, respectively (Fig2).

Driven by this identified patter, we plotted the distabution of T. trfi b s populs tions cas-
sifyleng them in two groups, with low (< 26) and high (> 2.6) Lug (LDsg), The geogra phic dis-
tedbistion of these groupsshow a partiadar concentration of popilstions with kighea LD, ,
over the region identified as the putative center of dispersion of T infa faes. Ths, we purssed
ihee amalysds classifylrg the twe LDy, groups assgning O to those showing Log (LD.,) < 2.6 and
1 tor those showing Log (LD, ) = 26,

The analysis of the geogaphic disribution of these two T mfestares populations based on
the Log (L D), wiith 26 as the threshold value, showed & sgnificant ft ofthe GLM maodel with
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Aig 1. Geogaphic distribution of the 222 T. indestans popuistions & vaheshed for s us cepdi billty io pyrethrolds. Fed ordes: populstinns iderdifed as
mmistan i by PAHO and WHD citeria AR, > 5 or martaliy DD =80°%); biua cixches: populasions iden fiodas sumeptibls by PAHD and WHOD citeda AR, =
& or rnodalisy D0 > BRG]

W11 T Vol ok BO0S Y i

thee en virxnmentsl varishles as predicton. The maodel was baved on 48 popubtion smples
where the Log (LDy,) > 2.6 and 92 populs tion samples where Log { DEg ) was <= 26 After vari-
absle selection to elimimate colinearity (vf<10), 2 model inchading 5 dgnific ant envirarmental
variables was able to explain 5% of the variation in the distribuwtion of the Log { LDw ) growps
(Table 2} The envirommental varables Mean Diurnal Range (Mean of monthly { max temp—
midta temp)) (Bin2), Mean Temperstun of the Drest Quuarter {Bio¥), Precipitation Sexsonality
{Coeficient of Vadation) { Blel5); Precipitation of the Wamest Quarter (Biol#) are positheely
correlated, whereas soth ermality (Bio2/Bio7) (7 100) [ Biod) & negatively cornelated with the
vocurrence of high LDy, populstions

Using the mode] describing the distribution of populstions with low and high Log (LD=), 2
meap with the potential distdbution of populations with highest LD, valses was created (Pl
3. The area identified as the one where T, infestan s popuels tions could show highest LD
inschsdes the border between Bolivis and Argentina (see 52 Figh, and southwand o the et of
Salta and north central Santisgn del Bstero provinees { Argentina). The model predicts 3 dis-
jusictii e Lol the bonder of La Rioja and Sain i provinces { Argen tina ) and towand
thee nuorth of the Cochabamba Departmen t (Bodivia) (see 53 Pig). The model fails at describing
ihe occurrence of one highly resistant populstion (Log{LDyg) =2 6) in Chuguisaca (-65.35,
-19.05, & population studied by [28]) and 5 populstions (et of 13) concentrated at the south of
ihe Guemes Depariment {Chaco Province, Argentin, see 54 Pyl The location of the other &
populations is cocmct. The mode] showed 2 high poodness of i, withan, AUC =095,

PROC =778 (61.9-90.9) and highly rabust, with only 36% emor estimated by the Leave-one-
ot eroas valid ation medod.

After identify g the significant mods] that described the disteibastion of high and low Log
(LD} gooups, sepears ted by the 2 6 threthold, we calculuted 3 addition] models, wing 3,22
and 2 das threshold vahs es to separate Low and high Log (LD ) groeps. Al maodels were signif-
icant, inclwded the same envimnmenial variables and explained over 50% of the variaton of
the geographic distrivation of the newly defined groups. From each model, 2 map showing the
prediction of high Log (L Dy, ) occurrence was produced, Piy 3 shows the geographic

Tahis 1. Number of T.infsstans populafions studisd for py nethnold nesistanos sooonding to asch o rierion jres ponss varishds) for res istanos svalu-
oo fin ke omdnes.

Criteria jresp variabia) Humber of pyrethrod resistant populationa Humber of pynethrold sus coplible populations Todal
PAHD 1940 21 141
ZEP 18 = 141
WHO 1] =4 151
RA1 162 L Fa k)
RA2 24 nt 141
RA3 & 4 aa
Lhy 48 a3 141

R table difinmnt ways of iderdfying susoop b infmsistnt populssions. PAHD: mrsidoens msistan i populaions with ARGy = & Z&P:

m-“lmpﬁimﬂﬂu31WF&mﬂnmllmﬂlmﬂrﬂmﬂm oonsidons mestnt & popu o et wes
ciamified & msintart by any of e ihme citosa mendioned abova. ARZ: considos resisterd any population fhal was chsified as mssiang by two of Sho
oo arieda. AR consres resisiendt any popuision thet was onsifed e mskiant by the Sooe oitoris

0 111 7 Vol peked DO0S 9 5001
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Tabis 2. Bast GLM modets for anc h nes ponss varishie as & function of biool e fic varisbies (Boxe) Responss vamabies s of Bnany typa (0,1}

Responss Envirormental varishles fquation GLM BOS) Approx. R? AUE  ovagim
varriia e

LPAHD 785 4 0.0d B2 + 001 Biod-0.02 B 13-0.2% Bo 14 + 0,01 Bald o 083 0.8
2ZaP 252 4 0108 Bio2 ~0.24 Biod-0.001 Biod + 0.0 Bod-0.00 Bio 13 + 002 Biol4 « 008 Bals + 0008 0.3 a8 .08

BEold

A WHO 2053 + 009 Biad -0 26 Bial-0.001 Bod + 002 Bod-0.01 Bio 13-0. 03B 18 + .01 Boid 18-} afE 0.0
A Rm 74+ 004 Bio2-0.10 Bod « 002 Bod-001 Bal3 + 005 BolS « 00006 Bold o ara o093

S RR2 848 + 008 Bo2-0.13Bod s 001 Bodl + 0.02 Bod + 001 Baid aia afd 004
6LRR3 6,43 4 0.02 Biod-0.004 B 16 oo a3l am
. Log{LDsx} 2B2Y o). 158D -0.34 Brad + 0.07 Bo® + 000 Bio1s 4+ 0,006 Bold 058 0SS 004

Moo, A = resdual dowin noatnull devisnoss; AUC = Ama Under e Fomiver Opesiosr Curer, ov.gim = Esmated ormy Caoss- validation fram

genamized ifwar modal

Bl = Moan Dumal Ranga Moan of manshly {max temp—min fomg]); Biod = o thermality {Bo 28607} {* 100); Bod = Tenpemiune Soasonaity;
Biofl = Maan Tomporatum of Wa st Cuatar, Bo8 = Moan Tempoaraturs of Drinst Quanon; Biol 3 = Pmopiaon of Wasest Mon$t Bio 14 = Procipitsson
of it Montiy; Bio1 4 = Pedpitation of Drinst Monf; B0 18 = Precpisaion S eesonality {Coefficion of Variasion); Bea16 = Pmopi of Walos
Cruarior; Bia18 - Pmcpitation of Warmsst Dustar, Bo 19 - Proopitafion of Caoldest Quaser.

e W11 T Vol pekd DO0S Y 502

digteivistion of e higheit valises of Log (LD, o) in tee Four wdels defined by differet tired-
old values (Log (LDwg) 2.0 t0 Log { LDw) > 26 with asepof i.2),

A map of the distribution of the three T, infstarns cptogenetic groups {andean, non-andean
and intermediate reponed by [21 ) and the distribution of Log (LD, ) measuned oo T i esfars
populations shows an almost pedfect match between the kighly resiitant T. infestany popula-
thons (Log (LD, 0> 2.6) and the intermediste cytogenetic growp (Fig 3).

Discussion

Pyrethrid insecticides were introduced into the pest control market by the end of 1970, and
were rapidly Identified s 3 major 00l for the contrl of agricul tiems] pests and vectos of
bisiviai disedbes [56]. At present, pyrethnoid insecticides lave a 25% share of the Lntecticlds
market, and are iwed in different formuh tions in the public health sector becawse of their «ff-
cacy, toxicily profile, persistence and low impact over the emdronment [57-551
Pyrethroids were incorpormied a8 a tool for the control of domestic tristomines by mid
1980k The elimination of T, mfestens in wide aress of the Southern Cone Countresof South
Ameriesand good results in other vestor control initisthves showed the high susceptibility of
tristomines to pyrethnoids [21, 391 The reduc fon of howse infestation by T mfestans b a
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r T T
4 -2 a i
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)

10

Frecunzy
o

Leg Lmd

Fig 2. Frequenoy dsiribufion of Log (D) inthe T. infesiams studied populstions (n= 141). The valuo
Log D) =26 (equisaien? o 116 ng & iinsect) it he Sneshold valus that boet seos o e ths o
sufipoou o,
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»

Fig3. Looation of T. infa popula i dhyzeadinthe stidy {idroles) and those shudisd
by [2 1] {stars) Greoen, yolowand red stars Norrandean , Andesn and intsemaediate opio-genatypos,
iy {moreu [21]. Geoon jsusmepible imnSons], yollow and md jresisan populsions] cindos

incioat rangs of Log (LDl ~4.0--0.18, 01526, 2.6-5.4, mepeciw . Cooured backg mund indcats
g et of bog{DLg) pasdictad by the LW { e ax): yalow: LogfLDm) »2, i re Log L0g)=2 6 A, B
and C motang uiar anans ane enfarged in 52, 53 and 54 Figa.

k12 17 foaurrml o (06580

success story over abowl 9% of its mad mism geogea phic distibution area. This sucees is
backed by along history of vector contml programs effont that started in the mid 1950s and
made the stronge st advances through the INCOSUR, coondinated by PAHO. The main tool for
the eliminstion of house mEaation by T. mfestans was the spplication of residus] inecticides
{particulady pyrethrodds |, However, other socio-demographic factors, such as rural-wran
mdgration, improvement of bse guality in sl aresd, commiily ediscation and/er land e
changes had contributed to this trend [&1].

Although high impact was obtained in the elimination of intradomestc populstions of T. mfes-
fatres it st parts of the southern cone of South America, howses of several nural communites in
thee Gran Chaa are still infested by T mfatans. A member of reasons have been mentioned io
explaii the peridence of T. infestars populilion i e anea, incdisding kw imecticide effic ey
when applisd o peridomestic srsctures, unsustainsbility of vector contra interventions, and
insecticide resistance. Low pyrethoid efficacy bs camsed by mapid degradation, as hasbeen shown
by feld mesurements of the residual activity of the insecticide spraved over wood and adobe [51]
and by a manber of Beld studies that repeatedly remrdad the persistence of frequeent residun] popu-
Ltions dhonly affer the insecticide gy ving [50]. In sddition to the low eficscy of pyraheod insec-
ticides, the wnamstainability of vector contrd imteryentions allows the moovery of the even simall
resichial popuilations of T, mfestans [58, 6], Meverthd e, the majority ofthe sitained vector -
ool fail unress it thee ares sl occupied by this vector can be attributed o the Betors mentioned (low
efficacy of pyretheoid insecticides and unsestainability of vector contrd interventions).

Resistance in the identified hot spot ishigher than in other plices and it is appanently inde-
pendent of the frequency of insecticide ap plication in the ares, that i sot diferent to the fre-
quency of insecticide application elsewhere Therefore, we propoess that the cecurnenc e of
pyrethroid resitant populations in the border between Argenting and Bolivia ls nota primary
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result of the imecticlde selection pressre, bui a comse quence of the existence of naturally toler-

ant popisdstions of T mfedars, swwnby the occurmnce of resistant T, infestans population of
sylvatic orgin The resistance remalns high not because of an insecticide-based selection pro-
cey, but as a natural slection process scting overa populstion kaving 2 neturally kigh fre-
quency of resstant individual. A smiar interpretation was prodeced in the review of
Mnggabsisre-Ciseto and Ploollo [28]. The compilation of susdies an pyrethrold redstance in T.
irnfis tames analyzed in this study, shows that the frequency distribution of the LoglL Dy, ) for
prrethroids ishimodal, with two well spatially separated statistical groups. This is the fral time
this resistance fextune i shown The significance of these two groups is not dear. It might
reflect the spatial heterogeneity of the high genetic varishility of T infestan s, that seems to be
ofe poddible caise of the insectcds msitance in the ares, even on slvate pojidations of T
infies femes, never before expoied o the pyrethmids, representing natural and wild oxicol ogical
phenotypes. The spatial heterogensity of the L is asocated with 3 combination of 3 tem-
peratisre- and 2 rinfall-derdved environmental variables, s shown by the significant it of the
generalized linsar model developed in thisstudy. This s the At time the spatial heterogeneity
of resdedsnoe it shown significantly sssociated with envimonmental variables. Parmrers etal. [11]
apeculsted that the intermediate cytogenetic group might have appeared mcently, a3 befire
1998 hovisse inestation wadk very low | mogiog between 0.5 and 0.8% ). These authors segpea
thst since 1998, and despite comtinued vector contml activities, teere has been a gradual
increase of ingects in howses, reaching house infesdation levels of 50 to 80% in XMW, Analterna-
tive explamation is that this intermediste cytogenetic group was slresdy in the ares and was
revealed only afier continued vector control activities over a population with high frequency of
resistant individuals selected the most resigtant omes

U T. infes krres showed wide spread resistant populations, why b i that control Gilureshave
only been meported ina limited area of the T infestans distchbution, even though pyrethroid
e cticides for the control of the species are in use for more than 30 years sow? The vector
control falere within a Emdted area mighi asgpest ihat the resiitance in anas outside of the
problematic area is ool increasing, even though pyrethrokd insecticides are in we, o the samse
frequency during the st 20 years, or even at higher frequency asit cocurred during the Lt
decade in some provinees in Argentina [54]

The occurmence of ind ependent resitance mechanisms asggests that the proces is wide-
apread, bt that it 1 mot evolving rapidly, & egpected by the demnog s phic Batunes of the spe-
cies. Resigtance to pyrethroids is widespread over the and chooo and Andean valleys of Bolivia,
alihezgh the high level of pyrethrold resisia nce {and other active ingredients, such as fprond)
occurs amend the putative center of digpe mion of the species, whene the genetic varability is
very high, and a particular combination of emvironmental variables exists.

We do not have enough information aboust the process that lesd tothe ocasrrence of the highly
resistant T infestares populstions in the hotpsl, to prosdece 3 meaningfl mechanistic maodel shle
tos arsalie (e relation between the cocisrendes of resbtant pojiilaton of T ifesking and e mo-
meental varishles This i a lirnd tetion of the stady, that can not deminstrate a cassal relation
betwesn pyrethmodd resistance and e ronmen il varables, becase the model we basad ourstsdy
on s 3 statistic one. To be able i demonstrate a caesal relationsdyip, we would need a medanistic
talsly, we were st able to find publications aompiling 2 gegraphic dataluse on populition gemetics
charsctenstics, equivalent to our compilation on pyrethid redsance, to camy ool an sgubalent
stusdy oo the relationshp betwesn environmental varishles and population genetics.

The compiled published dats shows that the highly resigant T mefestans populstions ame
geographically limdted {except one location in central Chaco provinee (Argentina ) and one
north of Potosi { Bolivia) ) within an environments] vadshle space that doss not secur towards
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ihee morih of Bolivia, bt does eocur sowth, down to Santiage del Estery in central Argentina. As
we catt oo claim 3 cavea] relation between | nmecticide res o nee and environmental vadables,
we can oot we the resslting model 1o predict the occurrence of highly resistant T. in festarns
populations. However, we can identify the ares highlighted by the mode] s the one that pes-
desnes asimidar combimation of environmental vadable values to the one whene the highly resis-
tant T, mifestars populitions eecus. I there 154 caissal relation between e mvindaiment and
pyrethroid resitance, then the anms identified by the mode]l should be canefully considered as
an area of potential occurrence of highly resistant T infstfans populations. An lmponant con-
sideration should be ghven to the faet that il insecticide resistance exited in the anea, withot
the need of selection by insecticide presure, even if the wse of pyrethrodds i3 stopped, the fe-
gueeincy of redstant i dividusk will femain high

The analysis of the relation between BBy, and LDy, revealed the existence of two groups of
populations inthe compiled database Ti is difficuli to discern the cawe ofthis discrepancy, as
it could appear as a comsequence of the use of different susceptible populations, or that the
stusdied pop ulations really have a different relation between Ry and LDy, Additions] shedies
on this relation could deermine wether these two population grvups are artifac i or not. Mo
irnportantly, if shown that there is only one lnear relationship between RRand LD, the we
of BBy, fof reditance detec tion should be feviied, 4 it windld mess Gt LD, multiplisd by
cormstant | the shope) would give the BB value.

Supporting Information

51 Table. Compiled database of studies on Triatoma infestans susce ptibility to syot hetic
pyrethroids. All studies wed topical application of 6.2 pl. o the active ingredient onage and
weight standardized first instar mymphs produced by adults collected on domestic, peddomes-
te or sylvatic ecotopes. PAHO, Z&P and WH O colemns contuing the binary oodes {0, 1) iden-
tifying susce pible () or resistant (1) populations, according to the comegsonding three
criteria currently wsed to identify insecticide resistance in Tatominae, LDy lethal dose 50,
BBl resists noe ratio 50, DD: mortality (3%).

XLs

51 Fig. Relation between BR o, and LD, of 145 T, infestons populations. Rad circles: daa
reported by Germang et al [20, 32, 36], Carvajal et al [23] and Picolle et al [30], linear function
18 BBy p= -202 + 753 LD, B? = 099, 0= 33 blk circles: data reporied by the rest of the
authors reported in the compiled database (51 Table), Inear function i RRsa= -2.76 +4.41
1B, =098, 0 =112

(TIFE)

52 Fig. Fig 1 roomed on reciangle A, over the area where most of highly resistani T, injfes-
tans populations ( Log (LD = 2.6) (red cirdes) and the intermed iate cytogen etic group
(red stars) are found

(TIE)

53 Fig. Fig 1 roomed on reciangle B, over the Potosi Department (Bolivia) where two
highly resistant T. infestans popubitions (Log (LDss) = 2.6) (red circles) are correctly iden-
tified by the GLM based on environmen tal variables.

(TIE)

54 Fig. Fig 1 zoomed on reciangle C, over the Chaco province (Argentina) where a concen-
trated group of 5 highly resstant T. infestons populations (Log (LD.g0 > 26) (ned cirdes)
were 0o tiden tified by the GLM based on environmental variables.

(TIE)
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5 CONSIDERACOES FINAIS

De forma geral os dados apresentados neste trabalho, sdo um indicativo que no se deve
descuidar esforcos nos programas de controle vetorial da Doen¢a de Chagas.
Consideramos que a continuidade e qualidade do controle realizado pelos programas
sdo de suma importancia para evitar o estabelecimento de populacdes resistentes de 7.

infestans, principalmente em areas de continua reinfestagao.

Além disso devemos sugerir que ¢ de suma importancia o fato de reforgar ainda mais a
necessidade de monitoramento das populagdes de triatomineos no campo,
principalmente onde ainda se relatam a ocorréncia de populagdes residuais ou onde
existe uma continua reinfestagdo. Como ¢é o caso da regido do Grande Chaco e nos
Vales Interandinos na Bolivia onde ainda sdo relatados focos de infestagcdo pelo T.

infestans.

Consideramos que a avaliacdo do perfil toxicologico das populagdes triatomineos (quer
dizer da avaliagdo da suscetibilidade aos principais inseticidas usados nos programas de
controle), deve ser uma medida adotada por todos os programas como parte de suas
atividades. Isto, permitird contar com a informacdo necessaria par adotar as medidas
adequadas, como ser a recomendagdo da realiza¢do de um rodizio de inseticidas, sempre
na perspectiva cuidadosa de que fendmenos importantes e ainda desconhecidos estdo

envolvidos no processo de sele¢do de populagdes resistentes de triatomineos.

Destacamos que um dos principais resultados obtidos em nosso trabalho foi demostrar
que os niveis de resisténcia podem aumentar rapidamente de uma geragdo a outra,
através de pressdo de sele¢do com inseticida no laboratorio. Isto chama muito a atengéo
devido ao aumento em grande magnitude da razdo de resisténcia. Mas, estamos cientes
de que ndo queda esclarecido que mecanismo fisioldgico, de fato, estamos observando?
Sera que os genes podem ser gradativamente ativados sob a pressdo do inseticida? Ou
selecionamos gradativamente os mais resistentes? Pelo que mais estudos devem ser

realizados para determinar que parametros ou fatores contribuem para que este
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fendomeno ocorra. Acreditamos que dar continuidade a este tipo de estudos sera de
grande contribuig@o.

Finalmente devemos salientar que este trabalho foi concluido e possivel através de
esforcos grandes e compartidos entre centros colaboradores da Bolivia (Programa
Nacional de Chagas, [IBISMED — UMMS) e Brasil (Laboratorio de Referéncia em
Triatomineos e Epidemiologia da Doenca de Chagas, CPqRR- FIOCRUZ Minas e a
Secretaria de Vigilancia em Saude - Ministério da Saude). Acreditamos que esta
parceria ¢ um exemplo de colaboracdo interinstitucional e servird como referéncia e
inducdo de propostas similares em outras regides de importancia onde ocorrem, por

exemplo, problemas de controle de R. prolixus, T. brasiliensis e T. dimidiata.
Por fim é importante salientar que uma das finalidades deste projeto foi o formar uma

expertise boliviana na tematica de avaliacdo de resisténcia em triatomineos, isto para

contribuir com o enfrentamento do problema da resisténcia na Bolivia.
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6 CONCLUSOES

As populagdes silvestres e domésticas de 7. infestans dos Vales Interandinos e do
Grande Chaco da Bolivia, apresentam diferentes perfis de suscetibilidade ao
inseticida deltametrina. Das populagdes estudadas neste trabalho dois das quatro
populagdes silvestres foram suscetiveis. No entanto, a populagdo doméstica de 7.
infestans proveniente de Villa Montes da regido do Chaco apresento altos valores de
resisténcia, em comparagdo com as populagdes silvestres de 7. infestans dark morph
do Chaco que se mostraram altamente susceptiveis.

A heranga da resisténcia a deltametrina de 7. infestans ¢ autossdmica e apresenta
carater de dominancia incompleta. A pressdo continua de inseticida incrementa a
razdo de resisténcia de uma geragdo a outra. Nesse sentido, sugere-se que a
resisténcia em 7. infestans ¢ um fator aditivo e acumulativo, principalmente em
populagdes altamente estruturadas como es € o caso de 7. infestans. Este fenomeno
demostrado pela primeira vez para 7. infestans neste estudo. Sendo assim que estes
resultados sd3o de suma importancia para os programas de controle vetorial e as
possiveis estratégias a ser assumidas nas areas onde foram identificadas altas razées
de resisténcia de esta espécie.

No modelo de distribuigdo de resisténcia foram identificados dois grupos com altos
e baixos valores de DLsj, distribuidos na regido fronteirica entre Bolivia e
Argentina, que coincide com a darea das populacdes do grupo citogenético
intermédio de 7. infestans.

A ocorréncia estos dois grupos concentrados nessa regido particular, que coincide
com a area onde foram encontradas populagdes do grupo citogenético intermedio,
pode ser um indicativo da heterogeneidade espacial da variabilidade genética de 7.
infestans. Isto parece ser uma dos fatores para a ocorrenca da resisténcia aos
inseticidas piretoriides nessa area. Incluindo as populagdes silvestres de 7. infestans,
que nunca antes foram expostas aos inseticidas piretroides, o que representa
fenotipos toxicoldgicos naturais e silvestres. A forte relagdo linear encontrada entre
DLsyp e RRsy sugere que RRsy pode ndo ser o melhor indicador de resisténcia a

inseticidas para os triatomineos.
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