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Resumen

La enfermedad de Chagas es catalogada actualmente dentro de las “enfermedades olvidadas” y se
considera endémica en muchas areas de Latino América. El agente etiologico de esta enfermedad es
el parésito Trypanosoma cruzi, transmitido por las heces de insectos hematofagos de la familia
Reduviidae.

El control de los transmisores de la enfermedad de Chagas se ha basado principalmente en el uso de
insecticidas quimicos. Sin embargo, el uso de estos ha generado problemas de resistencia,
contaminacion ambiental y riesgos para la salud humana, aunando a esto, la conducta peridoméstica
de los triatominos hacen dificil su control. En México mas del 74% de la transmision es vectorial y
uno de los principales transmisores es la especie Meccus pallidipennis y como alternativa de control
se ha propuesto el uso de hongos entomopatdgenos: Isaria fumosorosea (EH-511/3) y Metarhizium
anisopliae (EH-473/4) que han sido utilizados en el control bioldgico de insectos que son plagas
agricolas. Dos caracteristicas principales en estas especies de hongos es su capacidad para afectar la
sobrevivencia de insectos y la inhibicion de la respuesta inmune. El objetivo de este estudio fue
investigar el efecto de dos hongos entomopatdgenos en ninfas de M. pallidipennis, en términos de
sobrevivencia y respuesta inmune.

Se mantuvieron un grupo infectado y un grupo control para cada especie fingica estudiada: M.
anisopliae (EH-473/4) e 1. fumosorosea EH-511/3, y se obtuvieron datos sobre la sobrevivencia
durante 30 dias y medidas sobre la fenoloxidasa (PO) y profenoloxidasa (proPO) a las 24, 48, 96 y
144 horas. Para la evaluacion de la sobrevivencia se utilizo un analisis de Kaplan-Meier, para la
respuesta inmune se utilizé6 un ANOVA factorial de medidas repetidas.

Los insectos tratados con M. anisopliae, murieron antes que los insectos tratados con I
fumosorosea. Los insectos infectados con cualquiera de los dos hongos mostraron valores bajos de
PO y proPO que en insectos control, con un claro decremento en ambos parametros a las 24 h y no
se observaron cambios posteriores a este tiempo.

Nuestro estudio demuestra la posibilidad de utilizar hongos entomopatdgenos para el control de éste
tritatomino y el efecto negativo en la PO y proPO parece estar mediado por una baja en la

regulacion de la respuesta inmune del triatomino.



Abstract

Chagas disease is currently listed within the "neglected diseases" and is considered endemic in
many areas of Latin America. An estimated of 7-8 million people are infected worldwide. The
etiological agent of this disease is the parasite Trypanosoma cruzi, transmitted by the feces of
blood-sucking bugs fronm the family Reduviidae.

Chagas disease vector control has been based primarily on the use of chemical insecticides.
However, there have been problems of resistance, environmental contamination and risks to human
health, furthermore, vectors with peridomestic habits are difficult to control. In Mexico more than
74% of transmission is vectorial and one of the main vectrs is the species Meccus pallidipennis, as
an alternative control has been proposed the use of entomopathogenic fungi: Isaria fumosorosea
(EH-511/3) and Metarhizium anisopliae (EH-473/4) used in the biological control of insects that are
agricultural pests. Two main features in these fungi is their ability to affect the survival of insects
and inhibition of their immune response. The aim of this study was to investigate the effect of two
entomopathogenic fungi in M. pallidipennis nymphs, in terms of survival and immune response.

We had an infected and a control group for each fungal species and assessed: a) insect survival
during 30 days; and, b) phenoloxidase (PO) and prophenoloxidase (proPO; two key traits in insect
immune response) at 24, 48, 96 and 144 h. For survival we used Kaplan-Meier survival analysis
while for immune response we used factorial, repeated measures ANOVA for each fungal species.
Animals treated with M. anisopliae died sooner than animals treated with /. fumosorosea. Infected
animals showed lower PO and proPO values tha sham individuals, with a clear decrease in these
parameters at 24 h with no further changes after this time.

Our study widens the possibility of entomopathogenic fungi being used for control this triatomine
specie.

The negative effect on PO and proPO seems mediated by a down-regulation of the triatomine

immune response.



Capitulo 1.

Introduccion general

La enfermedad de Chagas se considera un problema de salud publica en América Latina, causada
por el parasito Trypanosoma cruzi y transmitida por chinches hematofagas (Hemiptera: Reduviidae)
(Steverding, 2014). El control de estos insectos transmisores, se ha basado principalmente en el uso
de piretroides, los cudles han demostrado ser inefectivos o no ser efectivos a largo plazo y causando
problemas de re-infestacion (Pinchin et al., 1980; Schofield & Dias, 1998, Cortico-Correa et al.,
2002; Pedrini et al., 2009). Alternativamente el uso de hongos entomopatégenos se ha
implementado para el control de insectos plaga (Zimmerman 2007; 2008), transmisores de
enfermedades (Blandford et al., 2005; Scholte et al., 2005; Thomas & Read, 2007) y recientemente
en triatominos (Luz et al., 2004; Rocha & Luz, 2011, Rocha et al., 2011, Vazquez-Martinez et al,.
2014, Rodrigues et al., 2014). Los hongos entomopatogenos han demostrado ser altamente
eficientes, ya que inducen una reduccién en la respuesta inmune de insectos (Wang & St. Leger,
2006). Meccus pallidipennis es uno de los principales vectores de la enfermedad de Chagas en
México, dada su amplia distribucion (Carcavallo et al., 1997, Salazar-Schettino et al., 2010), sus
habitos de predominio peridoméstico (Martinez-Ibarra et al., 2008) y altas tasas de infeccion con T.

cruzi (Benitez-Alva et al., 2012).

1.1 Enfermedad de Chagas y Trypanosoma cruzi

En los ciclos de vida de algunas especies de patégenos y parésitos, los insectos son de relevancia
fundamental ya que funcionan como vectores a humanos y animales, de esta forma causan
enfermedades importantes tales como la malaria, tripanosomiasis, leishmaniasis y oncocercosis
(Boulanger et al., 2006).

La enfermedad de Chagas o tripanosomiasis americana es catalogada actualmente dentro de las
“enfermedades olvidadas” (Neglected Tropical Disease-NTD) endémica en muchas areas de Latino
América. Se estima que entre 7-8 millones de personas estdn infectadas alrededor del mundo, de las
cuales la mayoria vive en Centro y Sur América (Nouvellet et al., 2015). La incidencia de esta
enfermedad se ha reducido en lugares donde las campafias de control de vectores y el tamizaje en
bancos de transfusion sanguinea han sido llevado a cabo, demostrando el potencial eficaz de
politicas en salud publica. Sin embargo, Trypanosoma cruzi aun causa 10, 000 muertes y la pérdida
de 430, 000 DALY (Disability Adjusted Life Years) cada afio, i. e. la suma de afios potenciales de
vida perdidos debido a la mortalidad prematura y afios de vida productiva perdidos por

discapacidad) (Nouvellet et al., 2015).



El periodo de incubacion en humanos después de la transmision es de 1 a 2 semanas y es durante
este periodo cuando la parasitemia es detectable. Los sintomas son inespecificos, incluyen fiebre,
hepato-esplenomegalia y linfocitosis atipica. En ocasiones, en el 5% de los casos se hace presente
un nédulo en la piel (Chagoma de inoculacidon) o un edema bipalpebral unilateral indoloro (signo de
Romaiia), los cuéles indican el sitio de la inoculacion. Durante la fase aguda las infecciones no son
detectables y regularmente las personas que sobreviven a la fase aguda es gracias a la respuesta
inmune celular que es capaz de controlar la replicacion de la parasitemia, los sintomas se resuelven
espontaneamente y, la parasitemia desaparece de 4 a 8 semanas (Bern, 2015). Es entonces cuando
los pacientes pueden iniciar con la fase crénica de la enfermedad. La mayoria de las personas
cursan de manera asintomatica la enfermedad de Chagas pero estan infectadas por el resto de sus
vidas (70-80%-Forma Indeterminada o sin patologia demostrada). Del 20-30% restante (Forma
determinada o con patologia demostrada) un 30% pueden tener una progresion en el curso de los
afios hacia una cardiomiopatia chagasica crénica o alteraciones digestivas (Schofield & Kabayo,
2008, Bern, 2015).

La enfermedad se considera endémica en América del sur y centro, ademas de México. Sin
embargo, la mitad sur de los Estados Unidos contiene ciclos enzooticos de 7. cruzi y casos
autdctonos de infecciones humanas por vector se han reportado en Texas, California, Tennessee,
Louisiana y Mississippi (Steverding et al., 2014). Se estima que residen 300, 000 inmigrantes
infectados en los Estados Unidos (Andrade et al., 2014; Bern, 2015).

Dicha enfermedad es causada por el protozoario flagelado Trypanosoma cruzi, el cual se multiplica
dentro de las células de una gran variedad de tejidos (Steverding et al., 2014). Aunque T. cruzi es
capaz de penetrar la piel intacta de los hospederos vertebrados (7ay et al., 1980), en la mayoria de
los casos entra al humano a través de microlesiones contaminadas con heces, una vez que las
personas se rascan (Steverding et al., 2014). El parasito es transmitido por insectos hematdfagos de
la familia Reduviidae, subfamilia Triatominae. Estos insectos adquieren el parasito tras alimentarse
de mamiferos infectados, siendo el intestino medio del vector donde se lleva acabo la reproduccion
del parasito y en el intestino medio posterior donde se diferencian en la fase infectiva:
tripomastigotes metaciclicos (Garcia y Azambuja, 1991).

En Latino América se llevaron a cabo programas de control de la enfermedad de Chagas, iniciando
en 1960. Por ejemplo, la iniciativa del Cono Sur (SCII-Southern Cone Initiative), formalizada en
Noviembre de 1991 por los gobiernos de Argentina, Bolivia, Brasil, Chile, Paraguay y Uruguay,
con el objetivo de evitar la transmision de la enfermedad, eliminando el principal vector
domiciliado (7Triatoma infestans). Sin embargo, no existieron acciones exhaustivas de vigilancia y
como resultado, areas que previamente se consideraron libres del transmisor, ahora estan pobladas
con insectos infectados con 7. cruzi, conduciendo a casos de enfermedad de Chagas agudo en la

region del Amazonas (Andrade et al., 2014).



La transmision a mamiferos se da cuando el triatomino se alimenta y excreta heces infectadas con el
parasito 7. cruzi sobre el hospedero, el cual penetra a través de las heridas o mucosas (Kollien et al.,
2000).

Otros mecanismos de transmisién incluyen la transfusion sanguinea, transplante de organos,
congénita via placentaria, o incluso por ingestion de comidas o bebidas contaminadas (Steverding et
al., 2014). La infeccion oral con 7. cruzi actualmente representa la ruta de transmision mas
frecuentemente documentada en Brasil. Microepidemias de Chagas agudo han sido reportados en la
region del Amazonas y han sido asociados con el consumo de acai contaminado (Euterpe
plearacea) y ademas de jugo de cafia (Andrade et al., 2014).

Los viajes y migraciones de individuos de areas endémicas, hacia areas no endémicas también
representa un escenario preocupante para la transmisiéon congénita, via transfusion sanguinea y
transplante de 6rganos. Datos epidemiologicos de Europa, estiman entre 59,000-108,000 casos de la
enfermedad de Chagas, con prevalencias altas en Espana e Italia. La mayoria de los casos
documentados se refieren a individuos infectados cronicamente, sin embargo, se han identificado
casos agudos en estas regiones. Es por ello que los gobiernos de los Estados Unidos, Francia,
Espafia y Reino Unido han instituido el tamizaje de 6rganos y en bancos de sangre (Andrade et al.,

2014).
1.2 Meccus pallidipennis

En México, se han reportado 32 especies de triatominos, distribuidas en todo el territorio nacional,
de las cuales 19 se han encontrado infectadas naturalmente con 7. cruzi y 13 de ellas estan
reportadas en la transmision al humano (Salazar-Schettino et al., 2010, Rodriguez-Bataz et al.,
2011); siendo los géneros Triatoma y Meccus son los més importantes. En el afio 2003 se reportd un
total de 34 especies colectadas en México (Galvao et al., 2003).

La especie Meccus pallidipennis (=Triatoma pallidipennis) (Hemiptera: Reduviidae) es endémica
de México y considerada como uno de los vectores epidemiologicos mas importantes de 7. cruzi en
humano y hospederos reservorios animales (Martinez-Ibarra et al., 2014) y responsable del 74% de
la transmision vectorial en México (Ibarra-Cerdenia et al., 2009; Martinez-Ibarra et al., 2012).
Mazzotti, en 1936, reportd a Meccus pallidipennis en Apatzingan, Michoacan y Tetela, Guerrero,
como uno de los primeros triatdbminos infectados con 7. cruzi en México (Mazzotti, 1936).

Esta especie pertenece al género Meccus (Stal 1859), el cual engloba otras especies como M.
longipennis, M. mazzottii, M. picturata y M. bassolsae. Su aspecto general y tamafio de estas
especies fue sometido a revalidaciéon del complejo Triatoma phyllosoma al género Meccus
(Carcavallo et al., 2000; Martinez-1barrra et al., 2008). M. pallidipennis ha sido reportado en 13

estados: Colima, Estado de México, Guanajuato, Guerrero, Jalisco, Michoacdn, Morelos, Nayarit,
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Oaxaca, Puebla, Querétaro, Veracruz y Zacatecas (Carcavallo et al., 1997, Salazar-Schettino et al.,
2010; Martinez-Ibarra et al., 2012; Martinez-Ibarra et al., 2014), se ha localizado en altitudes de
200 a 1580 m sobre el nivel de mar y es una de las especies mas importantes en la transmision de 7.
cruzi (Bautista et al., 2001; Salazar-Schettino et al., 2010), respecto a su habitat se conocen como
“visitantes” o peridomiciliados. En el estudio realizado por Bautista et al., 1999 se denomina
peridomicilio a aquellos sitios localizados en un perimetro de 50 m alrededor de la casa (jardines,
bardas de piedra y corrales de animales). Sin embargo, areas silvestres en el estado de Morelos
como nidos de roedores y tecorrales (bardas de piedra que alguna vez rodearon las haciendas)
(Bautista et al., 1999) también se consideran lugares donde se encuentra esta especie. Otra
definicion refiere que los triatominos peridomiciliados completan algunos estadios de desarrollo en
el intradomicilio y son de dificil control entomoldgico La migracion hacia ambientes
peridomésticos es el primer paso para la invasion y colonizaciéon de la vivienda humana, ya que
estos ecotopos sirven como ambientes transicionales entre el area silvestre y la vivienda (Martinez-
Ibarra et al., 2008).

En cuanto a su ciclo de vida, se ha reportado que el tiempo requerido de huevo a adulto es de 168.7
+ 11.71 dias, con una tasa de eclosion del 60% (tiempo de incubacion de 16-27 dias), y el nimero
de huevos ovipuestos por una hembra es de 498.67 (rango de 408-552) (Martinez-Ibarra &
Katthain-Duchateau, 1999). Las caracteristicas bioldgicas y comportamiento en ésta especie varian
con las condiciones de cada localidad. Por ejemplo, el ciclo de vida en poblaciones de M.
pallidipennis de Taretan, Michoacén fue de 162.37 + 21.51, Amilcingo, Morelos 143.73 + 15.97,
Mariscala de Juarez, Oaxaca 145.16 £ 16.35, Lluvianos, Estado de México 169.7 + 19.6, Izucar de
Matamoros, Puebla 141.7 + 13,8 y en Chilpancingo, Guerrero 144.4 + 14.5 dias (Martinez-Ibarra et
al., 2012; Martinez-Ibarra et al., 2014).

Otros pardmetros para considerar a M. pallidipennis como un transmisor importante de 7. cruzi es el
tiempo de defecacion posterior a la alimentacion. Se calcula que la mayoria de los estadios de ninfa
en esta especie defecan a los 4 minutos después de alimentarse, ya que se considera que las especies
de triatominos que defecan en menos de 10 minutos son vectores efectivos del pardsito, de igual
forma, sus tiempos de alimentacion son cortos, menos de 21 minutos para cada estadio (Martinez-
Ibarra & Novelo-Lopez, 2004).

Es una especie de tamafio considerable, existe dimorfismo sexual entre machos y hembras, las
hembras miden de 3.2-3.5 cm y los machos de 3.1-3.4 cm (Lent y Wygodzinsky, 1979); su cuerpo es
ancho, sobre todo en la region abdominal (& 12-13mm y @ 13-16mm) (Fig. 1).Tienen un color que
va del pardo obscuro al negro, con marcas caracteristicas de color rojo-naranja en el conexivo;
posee un par de alas de color blanco-amarillento relativamente angostas, que no cubren la totalidad

del conexivo. Su cabeza y sus patas son de color negro. La cabeza es ligeramente mas larga que el



pronoto. La region anteocular es tres veces mas larga que las posocular. Los tubérculos anteniferos

son muy cortos (Lent y Wygodzinsky, 1979).

Figura 1. Macho y Hembra de Meccus pallidipennis.

En el control quimico de M. pallidipennis se han utilizado piretroides sintéticos (bifentrin, cyflutrin
y deltametrin (clase II - productos moderadamente téxicos), aunque después del rociado se ha
reportado re-infestacion en las casas (Ramsey et al., 2003). Lo anterior, puede estar relacionado con
la falta de accion ovicida por piretroides, lo cudl favorece la recuperacion de las colonias, por la
pérdida de poder residual de estos insecticidas en el peridomicilio e incluso por la falta de
ordenamiento y limpieza en esta area que propician refugios naturales para los triatominos (Cecere
et al., 1996; Rojas-Wastavino et al., 2004). Por lo anterior resulta importante la busqueda de
estrategias de control ambientalmente seguras contra insectos transmisores de enfermedades y una

buena opciodn es la utilizacion de agentes microbianos.

1.3 Hongos entomopatégenos

Como alternativa al uso de insecticidas se ha propuesto el uso de hongos entomopatdégenos.
Ejemplos probados exitosamente en el campo para el control de insectos plaga son: Isaria
fumosorosea (Hypocreales: Cordycipitaceae) en mosquita blanca (Hemiptera: Aleyrodidae) y
Metarhizium anisopliae (Hypocreales: Clavicipitaceae) en el salivazo de los pastos (Hemiptera:
Cercopidae) (Garcia-Valente et al., 2008 y Herndndez-Veldazquez et al., 2008).

Recientemente diversos hongos entomopatégenos también se han utilizado para el control bioldgico
de insectos transmisores de enfermedades como Phlebotomus duboscqui (Diptera: Pshycodidae),
Anopheles arabiensis y A. gambiae (Diptera: Culicidae) (Ngumbi et al., 2011; Lwetoijera et al.,
2010, Scholte et al., 2005), Lutzomya longipalpis (Diptera: Psychodidae) (Al/bano-Amoéra et al.,
2010), Culex quinquefasciatus (Diptera: Culicidae) (Scholte et al., 2003), Xenopsylla brasiliensis
(Siphonaptera: Pulicidae) (Mnyone et al., 2012) y Aedes aegypti (Diptera Culicidae) (Reyes-
Villanueva et al., 2011).



En triatominos, también se han probado su eficacia in vitro, en multiples especies como Triatoma
infestans, Rhodnius prolixus, Panstrongylus megistus, T. sordida, T. brasiliensis, T. picturata,
Dipetalogaster maxima (Enriquez, 2004; Lara Da costa et al., 2003; Lecuona et al., 2001; Luz et
al., 1998a; 1998b; 1999; 2003; 2004; Rocha & Luz, 2011; Rocha et al., 2011) y sobre todo para
aquellas especies que son resistentes a la accion de piretroides como 7. dimidiata (Pedrini et al.,
2009).

Los hongos entomopatégenos infectan por contacto externo y tienen la habilidad de
penetrar directamente la cuticula del insecto, tal interaccion resulta importante para establecer la
infeccion fungica, ademads son excelentes inductores de la respuesta inmune en insectos (Gillespie et
al., 2000a).

Al infectar por contacto externo, la cuticula del hospedero es la primera linea de defensa
contra la infeccion fungica es decir, son Barreras fisicoquimicas en el insecto. La cuticula es una
estructura rigida que recubre la parte externa del insecto conformada por dos capas:

1) La epicuticula cuya composicién son grasas, ceras y lipoproteinas, siendo su principal
funcidn es evitar la pérdida de agua por transpiracion.

2) La procuticula la cudl actua como barrera fisica ante la penetracion de patégenos, es la
capa mas abundante, constituye el 95%, estd compuesta de quitina y diversas proteinas estructurales
que proporcionan rigidez y la hace dificil de degradar por enzimas liticas de patdgenos.

En la cuticula se da la produccion de proteasas, peptidasas e inhibidores de proteasas
fungicas que podrian tener un papel importante durante la infecciéon por hongos, ademas de la
presencia de 4cidos grasos de cadena corta y lipidos de cuticula que inhiben la germinacion de los
conidios de hongos (Téllez-Jurado et al., 2009).

El mecanismo de infeccion de los hongos entomopatogenos consiste en la adhesion,
penetracion, diseminacion y salida del hongo del insecto (Charnley y St. Leger, 1991). Los conidios
se adhieren a la cuticula del insecto, germinan desarrollando un apresorio (estructura de adhesién y
penetracion). La cuticula es penetrada por una combinacién de presion mecénica y la accion de
enzimas que degradan la cuticula, como son las proteasas (Prl y Pr2) y quitinasas. El hongo
prolifera por crecimiento vegetativo en el hemocele del hospedero y se producen conidios externos
hasta la muerte del hospedero.

Una infeccion exitosa ocurre cuando el hongo penetra la cuticula y vence la respuesta
inmune innata del insecto. Los insectos responden celular y humoralmente ante una infeccion
fingica, esta se presenta desde que ocurre la degradacidn de la cuticula, durante la penetracion. Los
hongos tienen dos estrategias principales para vencer la respuesta de defensa: el desarrollo de
formas de crecimiento cripticas y la produccidon de sustancias inmunomodulantes que inhiben el

sistema de defensa del hospedero (Thomas y Read, 2007).



1.4 Respuesta inmune en insectos

El éxito de las interacciones patdogeno-vector depende de la respuesta inmune de los insectos. Los
insectos no cuentan con el complejo antigeno-anticuerpo caracteristico de la inmunidad adaptativa
en vertebrados, en su lugar, tienen mecanismos de defensa que dependen de componentes
humorales y celulares de la inmunidad innata, los cuales les permite a los insectos poder
sobrevivir en ambientes hostiles y defenderse de patogenos (Boulanger et al., 2006).

Dos enzimas estdn involucradas principalmente en la respuesta humoral del insecto, la enzima
fenoloxidasa (PO) y profenoloxidasa (proPO).

La enzima fenoloxidasa se produce durante la esclerotizacién de la cuticula, cicatrizacion de
heridas e inicia la biosintesis de la melanina para generar respuestas de defensa como formacion de
noédulos, encapsulacion, fagocitosis (Laughton et al., 2011; Smilanich et al., 2009).

Se ha propuesto que esta enzima esta siempre presente como parte de la respuesta inmune del
insecto aunque sin mantener los niveles constantes maximos, ademas de no ser especifica contra
patogenos o parasitos. Es responsable de eliminar rapidamente la mayor proporcion de éstos
después de una infeccion, a diferencia de los péptidos antimicrobianos los cuéles son activados
unicamente después de que el patéogeno ha sido reconocido y sus efectos son de larga duracion
(Laughton y Siva-Jothy, 2010).

La principal funcion de la PO en la formacién de la melanina (melanogénesis); es decir convertir
fenoles a quinonas (Soderhall & Cerenius, 1998). La melanina se forma a partir del aminoacido
fenilalanina, la cudl es hidrolizada a tirosina, posteriormente la tirosina es hidrolizada para producir
DOPA. La DOPA es oxidada a dopaquinona y es convertida inmediatamente a dopacromo por
reacciones no enzimaticas y espontaneas. La melanina cumple muchas funciones en los
invertebrados ademas de la pigmentacion, varios estudios han mencionado que lesiones mecanicas
o la presencia de parasitos (nematodos o parasitoides), resulta en la deposicion de melanina
alrededor del tejido dafiado o del patdgeno. Este proceso es llamado melanizacion (Gonzdlez-
Santoyo & Cordoba-Aguilar, 2012).

En artrépodos, la melanizacion ocurre cuando un objeto extrafio es localizado por los hemocitos, a
través de cascadas de sefializacién que involucran lipopolisacaridos, peptidoglicanos, glucanos y
sus proteinas de reconocimiento —las B-1,3-Glucanos proteinas de reconocimiento (B GRP). Los
hemocitos rodean el objeto extrafio y liberan proteinas quimioatractantes (PSP por sus siglas en
inglés: plasmatocyte spreading peptide). Estas proteinas atraen a los plasmatocitos, los cudles
forman paredes multicelulares. Las capas internas de la pared de plasmatocitos comienzan a
incrementar en tamafio, engrosarse y obscurecerse debido a la produccion de melanina. La melanina

es eventualmente depositada sobre el patégeno extrafio. Las capsulas de melanina evitan el



crecimiento y reproduccion del patdogeno y eventualmente conduce a su muerte (Gillespie et al.,
1997; Gonzalez-Santoyo & Cordoba-Aguilar, 2012).

Debido a su naturaleza citotoxica la PO es almacenada cominmente como un precursor inactivo
(zimogeno): profenoloxidasa (proPO). El procesamiento de proPO a PO estd regulado por una
compleja cascada proteolitica, la cudl puede ser activada por reconocimiento de los componentes de
la pared celular de hongos u otros microorganismos (Gonzdlez-Santoyo & Cordoba- Aguilar, 2012;
Laughton & Siva-Jothy, 2010, Jiménez-Cortés et al., 2012).

Las proPO son polipéptidos que contienen dos atomos de cobre por molécula de proteina, con un
peso total de 50-60 y de 70-80 kDa en su forma activa e inactiva, respectivamente. En artrépodos,
las secuencias de aminoacidos de la proPO son homologas con las hemocianinas (una proteina de
transporte de oxigeno en invertebrados) y hexamerinas (proteinas de almacenamiento). Estudios
recientes sostienen la idea de que la PO es la enzima ancestral de la cuél las hemocianinas
evolucionaron secundriamente y que las hexamerinas divergieron de las hemocianinas (Gonzdlez-
Santoyo & Cordoba-Aguilar, 2012).

Como activadores artificiales de la proPO, se han utilizado la laminarina, lipopolisacaridos (LPS) y
la a-Quimiotripsina, mostrando diferentes grados de activacidn en insectos. La a-Quimiotripsina es
una proteasa que hidroliza la union de péptidos en la proPO para producir PO en muchos insectos
(Laughton & Siva-Jothy, 2010).

La actividad de la profenoloxidasa ha sido medida en otro transmisor de la enfermedad de Chagas:
Rhodnius prolixus, infectado oralmente con Trypanosoma rangeli, donde se demostrdé que el
sistema proPO es importante para el establecimiento del parasito en el vector, ademas se sefiala que
de alguna forma el parasito modula la activacion de tal sistema y drasticamente reduce la
subsequente activacion de la proPO en la hemolinfa (Gomes et al., 2003).

También se ha estudiado la respuesta inmune de Rhodnius prolixus ante Trypanosoma cruzi, y la
interaccion que existe con los componentes de la hemolinfa. En este estudio se encontrd que en la
hemolinfa 7. cruzi no tiene division, no induce moléculas tripanoliticas o antibacteriales, pero
induce altos niveles de lisozimas y formacion de nodulos (Mello et al., 1995). De igual forma
correlacionan el numero de tripanosomas con la actividad de la PO y sefialan que esta actividad
decrece inmediatamente que el parasito desaparece, es decir que el parasito no tiene la capacidad de
escapar de la respuesta inmune en la hemolinfa (Azambuja et al., 1999).

La enzima éxido nitrico sintasa (NOS) ha sido asociada a respuestas antimicrobianas, antivirales y
antiparasitarias en vectores invertebrados, como los mosquitos y caracoles. Se ha utilizado en el
control de parésitos y la capacidad vectorial, juega un papel importante en las vias de sefializacion
del sistema inmune, en donde actia como un activador de la produccion de péptidos
antimicrobianos y otros componentes del sistema inmune (Herrera-Ortiz et al., 2011; Whitten et al.,

2007).
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El 6xido nitrico (ON) es un gas producido de forma intra y extracelular principalmente en el
intestino de los insectos y los hemocitos, el cual traspasa la membrana de los patdgenos, dafiando
tanto algunas proteinas como su ADN. Por ejemplo: el mosquito Aedes aegypti, vector del virus del
dengue, llega a producir altos niveles de ON, y con ello limita la replicacion del virus que lo ataca
(Castillo et al., 20006).
Otro componente importante de la respuesta inmunitaria en insectos es la respuesta celular, que
estd mediada por hemocitos. Los tipos de hemocitos descritos en insectos y sus nombres pueden
variar entre taxa, aunque se reconocen cuatro tipos principales con base en su morfologia,
histoquimica y caracteristicas funcionales (Lavine & Strand, 2002; Strand, 2008).
* Los Granulocitos son células adherentes, cuya funcion primaria es la fagocitosis
* Los Plasmatocitos también son adherentes y forman capsulas celulares
* Los Enocitoides contienen precursores de la fenoloxidasa involucrados en la
produccion de melanina
* Los Prohemocitos probables células madre
Se han realizado estudios comparativos en cuanto al nimero de hemocitos en insectos como
Anopheles gambiae y Aedes aegypti y se plantea si todos los insectos transmisores de enfermedades
son capaces de producir tipos de hemocitos similares o diferentes (Castillo et al., 2000).
Los hemocitos reconocen patdégenos induciendo respuestas como la fagocitosis, encapsulacion
celular y melanizacion (Gillespie et al., 1997; Lavine & Strand, 2002).
* La fagocitosis es un proceso de endocitosis por el cual los hemocitos reconocen, se unen e
ingieren patogenos de pequefio tamafio como las bacterias (Gillespie et al., 1997).

* La encapsulacion celular es una respuesta de defensa contra agentes microbianos de gran
tamafio, tales como parasitos, hongos, nematodos, cestodos y huevos de parasitoides que no
pueden ser fagocitados individualmente por hemocitos. Durante una respuesta de
encapsulacion celular, multiples hemocitos se unen al microorganismo extrafio para formar
una capa de células superpuestas, que algunas veces producen melanina (Gillespie et al.,
1997; Lavine y Strand, 2002).

* La melanizacion se presenta en algunos insectos que no producen capsulas celulares y que
en su lugar producen aciimulos de melanina alrededor del microorganismo patégeno para
formar una céapsula (Lavine y Strand, 2002; Laughton et al., 2011; Strand, 2008), este
proceso se puede presentar en los parasitos cuando la encapsulacion es ineficiente.

En este proceso participan los receptores de reconocimiento de patrones (PRRs) para identificar

componentes presentes en la pared celular de los patogenos como: peptidoglicanos en bacterias

Gram (+); lipopolisacéridos en bacterias Gram (-) y B-1,3-Glucanos en hongos (Téllez-Jurado et

al., 2009).
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Por lo anteriormente citado, resulta interesante conocer los componentes involucrados en la defensa
del insecto ante diferentes patdgenos, si bien multiples estudios han remarcado la importancia de tal
interaccion no solo en insectos plaga si no ademas en insectos transmisores de enfermedades.

El objetivo de este estudio fue medir la actividad de dos componentes humorales durante la
infecciéon con dos especies de hongos entomopatégenos. Previamente esta actividad ha sido
reportada en otros insectos (Addamo, 2004a,; Enriquez-Vara et al., 2012; Gillespie et al., 2000a;
2000b; Mullen & Goldsworthy, 2006;), sin embargo no se conoce la respuesta que genera M.
pallidipennis al ser infectado con M. anisopliae e I. fumosorosea como agentes de control
biologico. La alta activacion de componentes como PO y proPO puede reflejar una respuesta
inmune eficiente, como se ha sefalado en estudios previos (Adamo, 2004b), los hongos
entomopatégenos poseen mecanismos importantes para evadir la respuesta inmune del insecto
como B-1,3-Glucanos presentes en su pared celular (Vilcinskas & Gotz, 1999), causando efectos
negativos en el insecto hospedero, por lo tanto, la activacion de componentes humorales puede ser
uno de los mecanismos importantes en insectos para evitar la infeccion por hongos

entomopatogenos (Vilcinskas & Matha, 1997).
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Background

Chagas disease is caused by the protozoan Trypanosoma
criuzi and is considered endemic from Mexico to Argentina
[1]. The main transmission source is vectorial, through in-
sect bugs of the subfamily Triatominae (Hemiptera: Redu-
viidae) [2]. For the case of Mexico, Meccus pallidipermis is
responsible of approximately 74 % of vectorial transmission
(Martinez-Ibarra et al. [3]). The biology of M. pallidipennis
explains such high transmission rate: a) a wide distribution
in Mexico [4, 5] b) its relatively high abundance compared
to other triatomines [6] ¢) its peridomestic nature, meaning
close contact with humans [6] d) it is one of the triato-
mines with the highest T. cruzi infection rates [7]; and e)
its capacity as highly efficient vector in terms of egg incu-
bation and hatching time, egg-to-adult mortality, ovipos-
ition rate and post-feeding defecation times [8].

Given the risk that M. pallidipennis implies for T.
cruzi transmission, there have been several efforts to
control it. One of these is the use of synthetic pyre-
throids such as bifenthrin, cyfluthrin and deltamethrin
insecticides. However, these pyrethroids are not reliable
given the high bug re-infestation in dwellings after pyreth-
roid spraying [9, 10], which is associated with insecticide
resistance [11, 12]. Although some other control method-
ologies have been proposed and/or explored (e.g using
genetically-modified endosymbiont bacteria that impede
T. cruzi development [13], using natural predators [14]),
possibly more than one conirol action is needed [15].
Here we explored the use of two entomopathogenic fungi,
Metarhizium anisoplize (Hypocreales: Clavicipitaceae)
and Isaria fumosorosea (Hypocreales: Cordycipitaceae),
against M. pallidipennis nymphs. Use of these fungi has
been highly successful for controlling different insect pests
and vectors such as Asian tiger mosquitoes Aedes albopic-
tus [16], cattle ticks Rhipicephalus microplus [17], Asian
citrus psyllids Diaphorina citri [18] and diamondback
moth Plutella xylostella [19]. As a matter of fact, several
strains of M. anisopliae and I fumosorosea, that are highly
efficient to kill triatomines, have been identified [20-23].
Thus, entomopathogenic fungi seem a viable route for
triatomine biological control [12, 23-25].

The mechanism that makes entomopathogenic fungi so
successful during insect attack, starts with the conidium
contact with the insect cuticle [26]. During this, the fungus
adheres, penetrates, disseminates and exits the insect body
[27]. Once inside, the fungus evades the insect’s immune
system by: 1) enzyme (e.g. proteases and chitinases) devel-
opment that degrades the insect cuticle; 2) development of
blastospores and hyphal bodies in the hemolymph which
inhibit insect immune response; and 3) production of
secondary toxic metabolites such as destruxins and
beauvericins [28]. However, perhaps the largest attri-
bute of entomopathogenic fungi as a vector and pest
control relies on their immunosuppressive action. In
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support of these, several studies have found that two
key insect immune players, phencloxidase (PO) and,
its precursar, prophenoloxidase (proPQ), become down-
regulated during fungal infection in some, but not all, insect
species [29-31]. It is known that during the course of infec-
tion, insects make use of PO and proPO against a plethora
of pathogens [32, 33]. The enzymatic process from proPO
to PO is regulated by a complex proteolytic cascade, which
is activated by the recognition of cell wall components of
fungi and other pathogens [32]. Furthermore, PO gives rise
to cuticle sclerotization and wound repair but also pro-
motes melanine biosynthesis during the formation of
nodules and encapsulation of pathogens [34, 35]. Although
it is unclear how PO and proPO activity is inhibited, one
hypothesis is that fungal destruxins destroy those proteins
present in insect cells responsible for proPO production
[36, 37).

The main aim of this study was to test the efficiency
of two entomopathogenic fungi, Metarhizium anisopliae
and Isaria fumosorosea, to control M. pallidipennis
nymphs. For this, first we infected bugs using each
fungal species individually and assessed survival. Then,
to understand the physiological mechanism underlying
fungal infection, we recorded the activity of PO and proPO
using repeated time measures of the same individual.

Methods

Insects

We used 5th stage nymphs of M. pallidipennis, from a
colony maintained in the insectary of the Biology of
Parasites, Microbiology and Parasitology Department,
Faculty of Medicine, Universidad Nacional Auténoma
de México. This colony was established in 1998 from
insect individuals collected from Oaxtepec village (18°54°
237N, 98°58'13"W), state of Morelos, Mexico. Insects
were maintained under controlled conditions of 60 %
relative humidity, 28 °C, and 12/12 h light/dark cycles
at the laboratory.

Nymph infection

Fungi

We used monosporic cultures of M. anisopliae EH-473/4
and I firmosorosea EH-511/3 strains whose insect viru-
lence, pheno-and genotypic characterization and safety for
mammals are well known [38—40]. These fungi are part of
the culture Collection of the Basic Mycology Laboratory,
Microbiology and Parasitology Department, Faculty of
Medicine, Universidad Nacional Auténoma de México,
registered in the “World Federation of Culture Collec-
tions” (WFCC) as BMFM-UNAM 834. The original fungal
strains were obtained from the “Coleccion de Hongos
Entomopatdgenos (CHE)" from the Centro Nacional de
Referencia de Control Biolégico (CNRCB), Colima City,
Mexico. M anisoplice was isolated in 1994, from
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Aeneolamia sp. (Hemiptera: Cercopidae), from a sugarcane
crop in San Luis Potosi city, Mexico. The label of A
anisopliae at CNRCB is CHE-CNRCB 227. The other
fungus, I fumosorosea was isolated in 1994 from Bemi-
sia sp. (Hemiptera: Aleyrodidae) from a watermelon
crop in Colima, Mexico. The label of I fumosorosea at
CNRCB is CHE-CNRCB 304. Fungi were previously
cultivated in potato dextrose agar (PDA, g/l: 300 g of
white potato, 20 g of dextrose, 15 g of agar (BIOXON",
México) and then incubated at 28 °C for cight days [41].
Conidial suspension. The conidia were produced in
PDA medium cultures and incubated at 28 °C for 7 days.
After incubation, conidia were obtained using 3 ml of
0.5 % Tween 80. This suspension was kept on ice through-
out the bicassay, homogenized and two dilutions were
performed: 1:10 and 1:100. The number of conidia was
counted in a Neubauer chamber and the suspension
was adjusted to obtain a final concentration of 1 x 107
conidia/ml for the infection procedure. The whole pro-
cedure was performed in a laminar flow hood [42].

Survival assessment

Infection procedure and infected group

We applied 30 pl from a suspension of 1 x 107 conidia/ml
of M. anisopliae or L fumesorosea on each nymph's prono-
tum. Each nymph was placed individually in a sterile plas-
tic Petri dish with sterile filter paper and was incubated at
28 °C with a 12/12 h light/dark cycle. After 24 h, all in-
fected nymphs were transferred to 1 % agar-water (to pro-
vide appropriate humidity conditions for fungal growth)
in plastic Petri dishes (100 x 15 mm) and were again incu-
bated using a Precision 818" incubator at 28 *C and 80 %
relative humidity for one month. We corroborated that
the infection took place by assessing presence of hyphae
and/or mycelium on the insect, and we recorded the num-
ber of dead insects daily [40, 42, 43]. We had three criteria
to assess that an insect was dead due to fungal infection:
a) signs of mycelium presence on the cuticle (by direct ob-
servation under a sterecscopic microscope, Olympus
SZ40); b) presence of fungal structures inside the insect
using imprints on the day when dead insects were re-
corded; and ¢) motionless insects. Furthermore, we took
fungal samples from nine infected insects of each fungus.
This was done by taking some sporulating fungi emerging
from the insect cuticle, using an inoculating loop under a
flow hood. Fungal samples were cultivated in PDA cul-
tures, to correborate the micro- and macroscopic charac-
teristics of each infecting fungal species. For imprints, the
insect cuticle surface was cleaned using 70 % ethanol
and 40 % sodium hypochlorite to remove potential con-
taminants [42]. Subsequently, a longitudinal (from head
to posterior end) cut was gently made using scissors and
the cuticle was removed. A drop of blue cotton was then
placed on the internal area of the cuticle, and this structure

Page 3 of 11

was placed on a slide, covered with a coverslip and sealed
with nail varnish to be observed under a microscope at
40%. Each evaluated group had 10 insects with 5 replicates
for each fungus, Le. 50 insects per fungal strain infection.

Sham group

We applied 30 pl of 0.5 % Tween 80 on each nymph's
pronotum. Each animal was then moved to a Plastic
Petri dish with sterile filter paper and was incubated at
28 °C with a 12/12 h light/dark cycle. Except for the fungal
infections, this sham group was treated under the same
conditions as the infected groups: 24 h after applying 30 pl
of 05 % Tween 80, all insects were transferred to agar-
water (1 %; again to provide humidity conditions for fungal
growth) in plastic petri dishes (100 x 15 mm) (see [43])
and were incubated using a Precision 818" equipment at
28 °C and 80 % relative humidity for one month. Similar to
the infected group, mortality of sham insects was recorded
daily for one month. To assess whether an insect was dead,
we also applied the three criteria expressed above. Similar
to the infected groups, we used 10 insects with 5 replicates
for each fungus, i e. 50 insects for each fungal strain.

Negative effects of fungal infection on PO and proPO

We used the same rationale of infection and incubation
for those animals described above for the survival experi-
ment. However, rather than assessing survival, we collected
hemolymph from both groups every 24, 48, 96 and 144 h
after the infection for both fungal species.

Hemolymph extraction

Using a 1 ml micro syringe, we punctured the insect mem-
brane that separates the coxa and trochanter of one of the
posterior legs [44], and gently pushed the abdomen. The
emerging hemolymph was then collected with a 10 pl
micropipette. Hemolymph was mixed with PBS pH7.21 x
2.9 g of Na,HPO,12H,0, 0.2 g of KH,PO,, 02 g of KQ,
8.0 g of NaCl and deionized water, in a proportion of 1:2.

Protein concentration

For protein quantification and standardization in our
samples, we used the Pierce method with the BCA com-
mercial kit (Thermo Fisher Scientific, Rockford, Illinois).
For this, in each of 96 microwells of a plate (Costar 96;
Corning, New York, New York) we placed 10 pl of
hemolymph, 40 pl of PBS pH 7.2 1 X and 150 pl of the
Pierce re-agent. We used 2 mg/ml albumin to obtain a
standard curve. The plate was covered with foil and was
incubated at 37 °C for 30 min. Absorbance was measured
in an ELISA plate reader (ELX 800, Biotek) at 562 nm.
Protein content was adjusted to 10 pg of protein to record
PO and proPO activity [45].
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PO activity

PO activity levels were quantified spectrophotometrically
through catalytic conversion of L-dopa 3, 4-dihydroxi-L-
phenylalanine (colorless) to dopachrome (brown-red)
[46]. Again using a 96 microwell plate, we added 10 pg
of protein of each sample contained in 100 pl of PBS. To
start PO activation, we added 100 pl of the L-DOPA
substrate to a 4 mg/ml concentration. The plate was in-
cubated at 37 °C for 20 min in the dark After this 20-
min period, readings were taken with an ELISA plate
reader (ELX 800, Biotek) at 490 nm each 5 min for one

hour (giving a total of 12 readings). As blanks we used
100 pl of PBS with 100 pl of L-Daopa. PO readings were
obtained in different time periods: after 24, 48, 96 and
144 h. PO activity was expressed as enzyme units (U),
where 1 U is the enzyme amount which produces 1 pmol
of dopachrome (product) per minute [47].

proPO activity

proPO activity was recorded via an artificial activation with
a-chymotrypsin [46]. We used 1 pg/ml of a-chymotrypsin
(Sigma"). Using the same 96 microwell plate described

| columns (40x)

Fig. 2 Fifth instar nymphs of M. palidipennis infected with M. anisoplize (EH- 473/4; first row of pictures) and presence of fungal structures
(second and third row) on the intemal area of the cutide along time. These fungal structures are shown as hyphal bodies, conidia and conidia

144 hours

192 hours
Sy
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above, we added 45 pl of PBS, 20 pl of hemolymph sample
and 5 pl of a- chymotrypsin. This mixture was incubated at
37 °C for 20 min in the dark. After this 20-min period,
130 pl of L-Dopa was added, and the resulting readings
were recorded at 490 nm, each 5 min for one hour (giving
a total of 12 readings). As blanks, we used 65 pl of PBS with
130 pl of L-Dopa. proPO readings were obtained in dif-
ferent time periods: after 24, 48, 96 and 144 h. To rec-
ord specific proPO activity, we did the same as for PO
described above.

Statistical analyses

We used Kaplan-Meier analysis for survival Average
survival time as well as risk ratio index were analyzed
using a Log-rank (Mantel-Cox) test. For analyzing the
effect of treatment on PO and proPO, we used four factor-
ial, repeated-measures ANOVA for each fungal species,
with time of PO and proPQ assessment as the repeated
measure and treatment (experimental, sham) as the
between-group variable. Previously, and to fulfill normal

distribution assumptions of PO and proPQ, we log trans-
formed our data. Analyses were carried out with the re-
peated measures module of SPSS version 21.

Results
Survival
There were differences in survival distribution for the four
treatments (X7, =29.12, P <0.0001; Fig. 1). A comparison
of both fungal treatments indicated that individuals treated
with M. anisopliae died sooner than those treated with I
fumosorosea (X{y, =11.49, P=0.0007). For those treated
with L firmosoresea as well as the control groups of both
fungi, no further mortality was detected after 20 days.
Imprints indicate a large invasion of both fungal species
within triatomines (Figs. 2 and 3). In relation to assessment
of fungal infections, cultures from the nine infected nymphs
with M. anisopliae showed the following microscopic
features: branched conidiophores with basipetal catenulate
cylindrical conidia (Fig. 4a). In regards to macroscopical
characteristics, initially the colony had a white color that,
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Fig. 4 Microscopic and macroscopic features after fungal growth of samples recovered from nine nymphs infected with M. anisopliae

after several days, turned into an olive green color (Fig. 4b).
Cultures from the nine infected nymphs with £ fumosoro-
sea showed microscopic fungal features such as simple co-
nidiophores, with a globose basal portion with emerging
fusiform conidia (Fig. 4c). As for macroscopic characteris-
tics, a typical white cotton-like colony was observed with
gray-pinkish color when sporulated (Fig. 4d).

PO and proPO activity according to fungal treatment
Metarhizium anisopliae infection

The general model for predicting PO changes indicated
that the interaction time*treatment was significant (F33; =
11.721, P<0.0001). Changes in PO were not significant
along time (F337;=0.692, P=0.563) but treatment was
(F139=69.035, P<0.0001). According to the latter, PO
showed lower values in the infected group (Fig. 5a).

The general model for proPO changes was not significant
(F33,=2.192, P=0.108) with non-significant differences
along time (F33, =0.144, P=0.932) but there was a clear
negative effect according to treatment (Fy3,=31.737, P<
0.0001) where the infected insects ended up with lower
values than sham insects (Fig. 5b).

Isaria fumosorosea infection

There was a significant change in PO when the general
model for the interaction time*treatment was examined
(F331 =4.812, P=0.007). Time did not predict PO changes
(F331=0.522, P=0.671) but treatment did, resulting in
lower values for infected insects (Fj 33 =61.072, P <0.0001;
Fig. 6a).

ProPO did not show significant changes according to
the interaction time*treatment (Fs,; = 2.337, P = 0.103).
Time did not affect proPO (F35; = 0.662, P =0.584) but
treatment did with lower values for infected insects
(Fi1.3 = 28.543, P < 0.0001; Fig 6b).

Discussion

Our survival experiment indicated differences in killing M.
pallidipennis, with M. anisopliae with a higher virulence
than L fumosorosea. As a matter of fact, the former fungus
killed all animals at day 8 while the latter took longer than
30 days. These differences in the action of both fungi are
likely due to a stronger effect of M. anisopliae when
compared to I fumosorosea. For example, M. anisopliae
produces immunosuppressor toxins like destruxin [48]
that may lead to damage hemocytes [49] and cause insect
paralysis (via an increased calcium level in Malpighian
tubules) [50]. These effects take place possibly due to the
ability of M. anisopliae to produce a collagenous coat of
hyphal bodies that mask the recognition of -1,3-glucans
by the insect immune system [51]. In contrast, little is
known in regards to the effect of I fumosorosea. It is clear
that this fungus takes longer to sporulate than M. aniso-
pliae, possibly due to a more paused beauvericine produc-
tion [52] and hyphal growth [43]. How such effects take
place via inhibition of the insect immune response, is
unclear. Our results partly echo findings in other triato-
mines in which M. anisopliae was used [23, 53, 54]. To
our knowledge, however, I fumosorosea has been less
extensively used against triatomines and one response
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may be that, as we have documented, M. anisopliae seems
more effective. In fact, other studies in non-triatomines
have corroborated that M. anisopliae is more effective
than I fumoesorosea [55-57]. It would be interesting to
compare our results with those occurring at other tria-
tomine ages. Unfortunately, such studies have not been
carried out yet.

Overall, we found that after fungal infection, both proPO
and PO activity decreased. A first defense line in insects is
that of the cuticle, where fungistatic fatty acids, phenoloxi-
dases and melanins impede fungal penetration [58]. In case
such barrier is overcome, via degradation of insect cuticle
hydrocarbons [59], then the insect immune system makes
use of several humoral and cellular components that
include hemocytes that encapsulate fungal parts, PO,
reactive oxygen species and antimicrobial peptides [60]. For
the case of PO, this synthesizes melanin whose antifungal

activity acts directly on the fungal surface which stops
fungal development [36, 61]. Despite this role for PO,
and its precursor, proPO, these immune components
have been shown to decrease during fungal infection
[29-31] although the underlying mechanism for such
decrease is unclear. In relation to this, fungal infection
using Beauveria bassiana in the migratory grasshopper
Melanoplus sanguinipes [62] and of M. amnisopliae in
the locust Schistocerca gregaria [29, 63], led to a reduc-
tion in hemocyte number. One way this negative action
can occur is via the use of fungal mycotoxins such as
destruxin [48]. This compound reduces PO activity,
phagocytosis and encapsulation [52]. It is unclear, however,
whether such reduction accompanies or is also a function
of a reduction in hemocyte number. One reason why we
should expect a relation among these negative actions is
that hemocytes carry out the PO cascade so that if these
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cells are affected by fungus, possibly in the form of lysis
[64], proPO and PO are affected too. Furthermore, looking
more closely at proPO values after infection by both fungi,
this immune response showed higher activity after I fumio-
sorosea than after M. anisopliae treatment (Figs. 5 and 6).
One has to remember that proPO is the resource tool for
PO production [32] so that if both fungi had the same in-
hibitory PO response, proPO values should remain the
same after the infection by either pathogen. Given the hy-
pothesis of an inhibitory response by our fungi, the insect

still makes use of some proPO for PO production after M.
anisopliae treatment (or at least more so than after I fumo-
sorosea infection). This would imply that the insect shows
some PO-based immune response against M. anisopliae
so that the inhibitory response by this fungus is not as
complete (or less complete) than that elicited by L
fumosorosea infection. This hypothesis would need fur-
ther testing.

Given a first decrease in PO and proPO at 24 h, we did
not detect further changes in these immune components.
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Other studies in insects have found an initial increase in
PO after 10 min of infection [64], followed by a general de-
crease at 24 h and no clear changes after this time [29, 64].
This implied an activation of an immune response followed
by a negative effect of fungi on the entire PO cascade.
Although we did not check what occurred soon after fungal
infection, our results confirm previous claims that fungal
infection affects PO and proPO [29-31].

Given that there are no vaccines available for controlling
Chagas disease, its control relies on local preventive mea-
sures which, historically, has been based on the use of in-
secticides. One alternative to this chemical control is the
use of entomopathogenic fungi which has been imple-
mented in some countries [12] but not in Mexico. Our
findings indeed seem promising although our conditions
still prevent further implementation. For these conditions
we refer, for example, to the fact that we used triatomine
nymphs. It is known that effects of entomopathogenic fungi
on insects may vary according to the ontogenetic insect
stage used [65]. This means, that the effect of other stages
in M. pallidipennis needs to be evaluated. On the other
hand, perhaps the use of more than a single strategy is
needed to control triatomines [15, 33]. One way to do this
is using different pathogens to which insects, or more spe-
cifically triatomines, are susceptible. Such pathogens are,
for example, the bacteria Serratia marcescens [66, 67] Tria-
toma virus [68, 69] or, even, other fungi [33].

Conclusions

As opposed to the use of pyrethroids, entomopathogenic
fungi can be used to control triatomine bugs, the vectors
of Chagas disease. We showed that M. anisopliae fungus
is actually a better control tool than I fumosorosea for
killing 5th stage nymphs of M. pallidipennis. Our results
provide some light to such killing mechanism as, along
with fungal infection, we detected a reduction in PO and
proPO enzymes, two key components in insect immune
defense. Possibly, fungi compromise immune ability via
mycotoxins such as dextrusin as has been shown in
other studies. Thus, our results imply an alternative tool
for Chagas disease control.
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Abstract

Triatomines are vectors that transmit the protozoan haemoflagellate Trypanosoma
cruzi, the causative agent of Chagas disease. The aim of the current review is to pro-
vide a synthesis of the immune mechanisms of triatomines against bacteria, viruses,
fungi and parasites to provide clues for areas of further research including biological
control. Regarding bacteria, the triatomine immune response includes antimicrobial
peptides (AMPs) such as defensins, lysozymes, attacins and cecropins, whose sites of
synthesis are principally the fat body and haemocytes. These peptides are used
against pathogenic bacteria (especially during ecdysis and feeding), and also attack
symbiotic bacteria. In relation to viruses, Triatoma virus is the only one known to
attack and kill triatomines. Although the immune response to this virus is unknown,
we hypothesize that haemocytes, phenoloxidase (PO) and nitric oxide (NO) could be
activated. Different fungal species have been described in a few triatomines and some
immune components against these pathogens are PO and proPO. In relation to para-
sites, triatomines respond with AMPs, including PO, NO and lectin. In the case of
T. cruzi this may be effective, but Trypanosoma rangeli seems to evade and suppress
PO response. Although it is clear that three parasite-killing processes are used by tria-
tomines — phagocytosis, nodule formation and encapsulation — the precise immune
mechanisms of triatomines against invading agents, including trypanosomes, are as
yet unknown. The signalling processes used in triatomine immune response are IMD,
Toll and Jak-STAT. Based on the information compiled, we propose some lines of
research that include strategic approaches of biological control.
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Introduction

Insects have a complex immune machinery that has
evolved as a response to their interaction in all their life-cycle
stages with parasites and pathogens. Classic scholarly work
has divided the insect immune response to invasive agents
into humoral plasma-borne factors and cellular or haemocyte-
linked molecules. These two types of response, which may act
separately or in unison (Gillespie et al., 1997; Beckage, 2011),
have received increasing attention among researchers in the
last two decades.

One reason for the intense research on insect immunity is
that insects are key players in diseases that directly or indirect-
ly affect humans. For example, triatomines are vectors of
Trypanosoma cruzi, the causative agent of Chagas disease
(Rassi ef al., 2010). Triatomines include approximately 130 spe-
cies that are haematophagous, feeding on vertebrate blood,
especially that of small terrestrial and arboreal mammals
(Schofield & Galvao, 2009). This feeding habit and their pref-
erence for colonizing human dwellings make triatomines key
agents in transmitting T. cruzi to humans and domestic
animals.

As any other insect, triatomines areattacked by a variety of
parasites and pathogens. Qur understanding of how triato-
mines react to such agents can be used in a variety of contexts,
including biological control. To our knowledge, critical infor-
mation about immune mechanisms used by triatomines
against attacking agents has not been gathered in a systematic
fashion. Thus, in the present review, we summarize the still
scarce information about how triatomines make use of their
immune mechanisms against bacteria, virus, fungi and para-
sites (for a summary, see supplementary material, fig. 1).
Qur intention is twofold: (a) to provide a concise update of
triatomine immune mechanisms during infection against
these pathogens, and (b) to suggest potential areas of future
research. Despite the fact that studies of triatomine immunity
are scarce, we try to gain some insights from these studies to
put forward some ideas of biological control. For a better read-
ing of the present review, the immune response of triatomines
is considered separately for each of their distinct attacking
agents.

General factors involved in the immune
response of insects

Insect immune machinery is composed by cells, molecules
and reactions aimed to resist and /or ameliorate the cost of
pathogens. A first defensive line is a tough one: the exoskel-
eton cuticle, epidermic physical and chemical properties, gut
epithelium and reproductive accessory glands (Gillespie
et al., 1997; Casteels, 1998). These components are capable of
secreting lysozymes and cytotoxic compounds. A key feature
in this immune machinery is the recognition of non-self-parts
via pattern recognition receptors (PRRs) that identify
pathogen-associated molecular patterns (PAMPs) (Gillespie
et al., 1997). Recent research has shown that recognition me-
chanisms like this, allow the insect to recognize and respond
to pathogens more effectively in secondary encounters in an

analogous fashion to that of vertebrate memory (e.g. Dong
et al., 2006; Cisarovsky et al., 2012; Nava-Sanchez et al., 2015).
Once such recognition has taken place, then cellular and hu-
moral immune responses are activated. Typical cellular re-
sponses are phagocytosis, nodulation and encapsulation,
while humoral include antimicrobial systemic molecules, ni-
tric oxide (NO) production, lysozymes (Gillespie et al., 1997).
However, both cellular and humoral responses frequently act
together. A key player here in immune response is the pheno-
loxidase (PO) cascade whose intermediate (e.g. reactive
oxygen species) and final products (e.g. surrounding of patho-
gens using melanin) deal with the elimination (the case of re-
active oxygen species) or isolation (the case of melanin) of
pathogens (Gonzilez-Santoyo & Cérdoba-Aguilar, 2012).

Bacteria

All instars of the triatomine life cycle ingest blood, which is
sterile (ie. free of bacteria). However, by inhaling air beforeec-
dysis and through coprophagia, triatomines acquire bacteria
that eventually reach the intestine (Beard et al., 2002; Balczun
et al., 2008; Sassera et al., 2013). In fact, the intestinal microbiota
in triatomines is composed principally of bacteria, which
multiply rapidly (100-10,000-fold) after the ingestion of
blood (Azambuja et al., 2004). However, to obtain some miss-
ing nutrients, symbiotic bacteria may also participate in triato-
mine metabolism either by providing particular dietetic
elements (e.g. vitamin B) or by being digested (Beard et al.,
2002; Sassera et al., 2013).

Included in this microbiota is Serratia marcescens, a bacteria
whose development correlates with a decrease in T. cruzi po-
pulations, because it directly attacks the parasite membrane
(Azambuja et al., 2004; Gourbiére et al., 2012). The mechanism
of this interaction is not entirely clear but, in response to the
colonization of T. cruzi in the gut, S. marcescens seems to act
as a haemolytic bacteria that lyses erythrocytes via the produc-
tion of a pigment called prodigiosin, that ultimately impedes
the establishment of T. cruzi, without killing the insect
(Azambuja et al., 2004). We are unaware, however, whether
this possible negative effect of S. marcescens has been imple-
mented as a tool for biological control (e.g. using S. marcescens
as a potential dietary component in triatomine blood sources).
On the other hand, it has been observed that the insect im-
mune system produces antimicrobial peptides (AMPs) such
as defensins and lysozymes (see subsections ‘Defensins’ and
‘Lysozymes ’ below ) in response to a population increase of
pathogens and symbiotic bacteria, an immune response that
negatively affects trypanosomes (Gourbiére et al, 2012).
Some immune components against bacteria are cited below.

Antimicrobial peptides

It is known that insects use a variety of AMPs, such as de-
fensins, lysozymes, attacins, cecropins and prolixicins to com-
bat Gram-positive or -negative bacteria. Production of AMPs
takes place mainly in the fat body, haemocytes and digestive
tract (Boulanger et al., 2006; Vieira et al., 2014). The primary
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role of AMPs in triatomine, as well as in other insects, is de-
fending them against pathogens (including, but not limited
to T. cruzi) (e.g. Ursic-Bedoya et al., 2008). For example,
Rhodococcus rhodnii (a genetically modified bacteria) produces
Cecropin A, an AMP that eliminates T. cruzi in the insect
(Beard et al., 2002; Dotson et al., 2003; Kollien et al., 2003).

That pathogens have the ability to trigger AMPs in triato-
mines was elucidated by the presence of different types of bac-
teria such as Staphylococcus aureus (Gram-positive) or Escherichia
coli (Gram-negative) (Vieira et al., 2014). In the first case S. aureus
was able to induce transcripts of mRN A for Defensina and b. In
relation to transcripts, a recent study in Rhodnius prolixus de-
tected that the largest expression of transcripts for AMPs took
place in the anterior midgut via the presence of Defensins or
lysozymes. In contrast, a novel AMP, called Prolixicin, was
detected in the posterior midgut (Vieira et al., 2014).

Defensins

Defensins (with a molecular weight of 4kDa) are
cysteine-rich proteins that were first analysed in the vector
R. prolixus (Lopez et al., 2003; Aratijo et al., 2006; Boulanger
et al,, 2006). Defensins are highly widespread products in
different insect orders that include Diptera, Hymenoptera,
Hemiptera, Coleoptera, Lepidoptera, Odonata and
Hemiptera. The primary role of defensins is to fight
Gram-positive and -negative bacteria as well as fungi. Their
mechanism of action is the formation of holes and canals that
disrupt the cytoplasmic membrane of bacteria (Yi et al., 2014).

From the haemolymph of R. prolixus, three isoforms of
genes encoding different defensins a, b and c have been iso-
lated, with 46, 56 and 51 base pairs (bp), respectively. These
peptides have sequences that are similar to those of the defen-
sins found in other insects of the Hemipteran order, and are
mainly used against Gram-positive bacteria (Lopez et al.,
2003). Interestingly, in R. prolixus, the peptide transcription
did not take place immediately in the haemocoel, but it did
in tissues that were not directly stimulated such as the intes-
tine, suggesting a delayed or systemic transcription of defen-
sins (Lopez et al., 2003). Actually, this systemic effect could be
seen in the expression of other AMPs (Ursic-Bedoya et al.,
2008). It can be inferred that the transcription of peptides
was due to a signaling cascade, because such transcription
did not occur immediately after inoculation (Lopez et al.,
2003). However, the molecules involved in this signalling cas-
cade have not yet been described in detail (Lopez et al., 2003).

Another vector in which defensins have been isolated is
Triatoma brasiliensis — defl and def2- (Aratjo et al., 2006;
Waniek et al., 2011). In the majority of insect taxa, the sequence
of defensins begins with alanine-threonine aminoacids, which
is similar to the sequence found in R. prolixus and T. brasiliensis
(Lopez et al., 2003; Aratjo et al., 2006). This was supported by
sequence alignment and identity of R. prolixus with other
Hemiptera and Coleoptera (Lopez et al., 2003). The fact that
all these insect species, including triatomines, share such de-
fensin sequences, imply that defensins have changed very lit-
tle among insect lineages; thus, these defensins seem highly
conserved enzymes. Despite the similarity in the structure of
defensins, their expression varies in different host organs.
The expression of defl was very low in the small intestine
(the site where ingested blood is digested), rectum and saliv-
ary glands, but high in the stomach (the site where the greatest
quantity of symbionts exists) (Aradjo ef al., 2006). This sug-
gests a role of this defensin in controlling symbionts in the

intestinal tract (Aratijo et al., 2006). The second defensin encod-
ing gene, def2, showed a coding region of 282 bp, and its active
form was similar to that of defl (identity of 88.3%), suggesting
similar functions.

Finally, other defensins, def3 and def4, have been studied in
T. brasiliensis (Waniek et al., 2009). At days 3 and 5 post-
feeding, def3 was principally expressed in the fat body, saliv-
ary glands and small intestine, and wasactivated mainlyinthe
stomach and fat body (Aratjo et al., 2006; Waniek et al., 2009).

Lysozymes

Lysozymes (with a molecular weight of 15kDa) were the
first AMPs isolated and purified from insects, initially in
Galeria mellonella and Bombyx mori (Azambuja et al., 1997) and
then corroborated in other insects orders (Fujita, 2004). These
enzymes hydrolyse the p—1, 4-glycosidic bond between the
N-acelylmuramic and N-acelylglucosamine acids of peplido-
glycans that are present on the cellular wall of Gram-positive
bacteria, including Bacillus megatarium and Micrococcus luteus
(Azambuija et al., 1997; Kollien et al., 2003). This hydrolysation
causes cellular rupture (Azambuja et al., 1997; Aratijo et al.,
2006; Balczun et al., 2008; Ursic-Bedoya et al., 2008).

Four groups of lysosymes have been described: chicken
type (c), goose-type (g), invertebrate type (i) and viral type
(v), with insects belonging to the ¢ group (Aratjo et al., 2006;
Balczun et al., 2008). Although lysozymes are only active
against Gram-positive bacteria, they can create a synergic ef-
fect when associated with other AMPs such as cecropins
and attacins (Azambuja et al., 1997; Ursic-Bedoya et al., 2008;
Vieira ef al., 2014). This synergism implies an augmented anti-
bacterial activity such as degradation of the bacterial cell-wall,
lytic activity that affects the permeability of the outer mem-
brane and extended action against Gram-negative bacteria
such as E. coli (Engstrom et al., 1984; Azambuja et al., 1997;
Kollien ef al., 2003). Another example of this synergism is the
combination of different AMPs, extracted previously from
other insect orders, which cause a potential toxic effect to
T. cruzi (Fieck et al., 2010).

Among haematophagous insects, the production of lyso-
zymes has been detected in the salivary glands of Tsetse flies
(Glossinu spp.) and the digestive tract of R. prolixus (Azambuja
et al., 1997; Fujita, 2004). Furthermore, an increase in the con-
centration of this enzyme was induced in the haemolymph of
R. prolixus after a direct injection of Micrococcus lysodeicticus
bacteria into the haemocoel (Azambuja & Garcia, 1987).
Given all these sites where lysozymes have been detected, it
is unclear where they are regulated. However, evidence in
T. infestans suggests that lysozymel (lys1) is regulated in the
digestive tract but only after ecdysis and feeding, and that
its role is a digestive one (Kollien et al., 2003). A second lyso-
zyme was characterized in the intestine of T. infestans too,
lysozyme2 (lys2), after a bloodmeal, and its catalytic active
residues are valine and tyrosine, although itis unclear whether
it is involved in immune functions (Balczun ef al., 2008).
Further research is needed to clarify whether there are other
body regions where these lysozymes are regulated.

The function of lysozymes in triatomines is still unclear.
Some evidence suggests that lysozymes seem involved in
the digestion of symbiotic bacteria or with the movement of
bacteria through the digestive tract. For example, in T. brasi-
liensis, lysl shows a large expression in the stomach which,
as aforementioned, is where bacteria multiply rapidly after a
bloodmeal (Aratdjo et al., 2006). Another example comes
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from R. prolixus from which two lysozymes, RpLys-A and
RpLys-B (with a molecular weight of 15.8 and 15.1 kDa,
respectively), were found after inoculation with E. coli and
M. luteus in the haemocoel (Ursic-Bedoya et al., 2008). These
lysozymes showed different expression in spite of their local-
ization in the vector, where RpLys-A was among the enzymes
in the digestive tract (anterior midgut), and their function
correlated with digestion, whereas RpLys-B participates in
the immune response and was located in the fat body
(Ursic-Bedoya et al., 2008). One final example is that of lyso-
zyme RpLys-A which has a role in immune response after its
activity was induced with blood that contained S. aureus or
E. coli (Vieira et al., 2014).

Cecropins

Cecropins are highly alkaline molecules with activity
againsl Gram-posilive and -negalive bacleria, as well as [ungi
(Azambuja et al., 1997; Yi et al., 2014). Hultmark et al. (1950)
inoculated the pupae of Hyalophora cecropia (Lepidoptera:
Saturniidae) with genetically modified bacteria that induced
the production of peptides with antibacterial activity. These
peptides were called cecropins and have a molecular weight
of 4kDa (Azambuja et al., 1997). To date cecropins have not
been identified in Hemiptera.

Regarding the use of cecropins in T. cruzi control, genetic-
ally modified bacteria, such as R. rhodnii, induced cecropin A
production of H. cecropia in the lumen of the small intestine of
R. prolixus, and these impeded the development of T. cruzi
(Beard et al., 2001). As expected, T. cruzi was able to develop
in samples of R. prolixus that were not inoculated with genet-
ically modified symbionts (Azambuja et al., 1997; Lopez et al.,
2003; Ursic-Bedoya et al., 2008, 2011). The inoculation of insects
with transformed symbionts has been called paratransgenesis
(Durvasula et al., 1999; Beard et al., 2001, 2002), and has been
proposed as an alternative for control of Chagas disease
through the expression of toxic cecropins in the insect vector
to kill T. cruzi. Interestingly, also Cecropin A has been com-
bined with other potential AMPs extracted from different in-
sects: Apis mellifera (apidaecin and melittin), Xenopus lacvis
(magainin II), B. mori (moricin) and Penaeus monodon (penai-
din) (Fieck et al., 2010). The results showed a potential effect
against T. cruzi through the inhibition of parasite growth
(Fieck et al., 2010).

Attacins and prolixicins

Attacins with a molecular weight of 20-23 kDa are a family
of proteins rich in glycine whose activity is limited to a few
Gram-negative bacteria such as E. coli (Engstrom et al., 1984;
Azambuija et al., 1997). Of all the proteins in theinsect humoral
system, these possibly have the most specific bactericidal
activity. This AMP was purified first from haemolymph of
H. cecropia that was inoculated with bacteria, and two classes
of attacins were described: basic (A-D) and acidic (E-F). The
characterization of these attacins was achieved from insects
such as lepidopteran and dipteran species (Yi et al., 2014).
The fact that these attacins play a role in Glossina Tsetse flies
against Trypanosoma brucei (Hu & Aksoy, 2005), suggests
that they can be used against T. cruzi in triatomines.

Recently, a glycine AMP called prolixicin was character-
ized in R. prolixus. Its sequence showed a region related to
the diptericin /attacin family (Ursic-Bedoya et al., 2011). This
peptide showed a strong action against Gram-negative

bacteria even when it did not show high activity
(Ursic-Bedoya et al., 2011). A possible site of expression for
this AMP is the posterior midgut and so its function could
be the avoidance of bacterial expansion (Vieira et al., 2014).

Virus

The only virus known to attack triatomines is the Triatoma
virus (TrV). The discovery of TrV was triggered by the death of
fifth instar nymphs of T. infestans after feeding (Muscio et al.,
1987). Upon observing the intestinal content of the dead in-
sects, spherical particles of 30 nm in diameter were found
(Muscio et al., 1987). The content was processed and used to
inoculate fifth instar nymphs, which died within 36 h. The im-
mediate symptom was hind leg paralysis (Muscio et al., 1987).
These spherical particles were characterized as uncoated viral
particles whose viral genome is composed of a positive-sense
single-stranded RN A (+ssRNA) (Muscio ef al., 1987). The cap-
sid is composed of three main polypeptides of 33, 37 and 39
kDa and a minor one of 45 kDa (Muscio et al., 1987). TrV repli-
cates within the gut cells of triatomines (Rozas-Dennis ef al.,
2000).

In relation to the specificity of TrV, Rozas-Dennis et al.
(2000) reported that it not only infects T. infestans, but also
T. platensis, T. delpontei, T. pallidipennis, T. rubrovaria and R. pro-
lixus. However, TrV is not pathogenic for vertebrates (Querido
et al., 2013). The ultimate effects of TrV, belonging to the
Dicistroviridae family (previously called the Picorna virus),
are a high mortality rate, delayed development and reduced
fecundity (Muscio et al., 1997; Rozas-Dennis et al., 2000).

TrV can be transmitted among triatomines transovarially
and through the faecal-oral route (Muscio ef al., 2000). The
triatomine immune response to TrV is as yet unknown. It
would be expected that triatomines rely on PO, NO and/or
endosymbiotic bacteria in response to a TrV infection, as has
been reported for other insects (Ourth & Renis, 1993;
Johnson, 2015).

Fungi

There is a shortage of information about the fungi-triato-
mine relationship. R. prolixus was the first triatomines species
from which fungi were isolated, first finding Nocardiu rhodnii
(Moraes ef al., 2000) and later Aspergillus versicolor (Moraes
et al., 2000, 2004). Moreover, the principal fungi from the
digestive tract of triatomine adults and nymphs (including
T. brasiliensis, T. infestans, T. pseudomaculata and T. sordida
under laboratory conditions and T. vitticeps in wild specimens)
were Aspergillus flavus, A. ochraceus, A. parasiticus, Fusarium
sp., Trichoderma harzianum and Verticillium sp. (Moraes et al.,
2000). In spite of the presence of these fungi, the affected tria-
tomines showed no signs of infection (Moraes et al., 2000).
In the digestive tract of nymphs and adults of Panstrongylus
megistus, R. prolixus, R. neglectus and Dipetalogaster maxima,
the following fungal species were also observed: Aspergillus
niger, Penicillium corylophilum and Acremonium sp. (Moraes
et al., 2000).

Interestingly, T. cruzi was not present when these fungi
were found in nymphs, suggesting that natural fungal flora
present in the digestive tract may influence T. cruzi coloniza-
tion (Moraes et al., 2004). Actually, it is not clear if fungus
could deal with T. cruzi directly, as has been shown in other
vectors, such as Anopheles spp. infected with Plasmodium spe-
cies (Thomas & Read, 2007). Moraes ¢t al. (2004) just reported
high susceptibility to both fungi and T. cruzi in P. megistus
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and R. prolixus, and low susceptibility of these pathogens in
D. maxima and R. neglectus. Perhaps the immune response
used by triatomines has the same effect on both the fungus
and parasite. Further experimental research is needed to
test whether the main function of these fungi is to prevent
T. cruzi colonization.

In general, the fungus-insect interaction has been well
documented. If a fungus can overcome the insect immune re-
sponse, it proceeds to degrade the cuticle, leading to insect
death (Thomas & Read, 2007). Indeed, fungi have two princi-
pal strategies when facing the host immune response: cryptic
forms of growth (blastospores) that evade host defence me-
chanisms, and the production of immunomodulatory sub-
stances (mycotoxins such as dextruxins) that inhibit the host
immune response (Thomas & Read, 2007). Furthermore, the
two fungal strategies work complementarily: while the com-
ponent present in the cell wall of the conidia (f—1, 3-glucans)
acls as an immunosuppressor, blaslospores avoid recognilion
by the insect immune system (Boucias & Pendland, 1991).
How these functions work in triatomines is as yet unknown.

As aforementioned, extremely little is known about the
triatomine immune response to fungi. However, some details
can be extrapolated from the study of other insects. Different
types of immunomodulatory mycotoxins in insects are specific
to each type of entomopathogenic fungus. For example,
Metarhizium anisopliae produces dextruxins and Beauveria
bassiana beauvericins (Rohlfs & Churchill, 2011), both being
important in pathogenesis (Boucias & Pendland, 1991). The
action of dextruxin A was evaluated in R. prolixus in the
Malpighian tubule system, where it inhibits fluid secretion
and leads to a decrease in electrical potential (Ruiz-Sanchez
et al., 2010). This inhibitory capacity against fungi has been
found in the insects of agricultural importance (Gillespie
et al., 2000), and likely also occurs in triatomines.

Fungi produce a number of enzymes (e.g. proteases, li-
pases, esterases and chitinases) that facilitate invasion of the
haemocoel in a number of insects (Boucias & Pendland,
1991; Thomas & Read, 2007). The entire invasion process oc-
curs within 24 h after the adhesion of the conidia to the cuticle
and the secretion of dextruxin by the fungus. This mycotoxin
acts as an inhibitor and alters haemocyte morphology
(Avulova & Rosengaus, 2011). Negative effects of dextruxins
includea reduction of insect PO activity (see ‘Parasites” subsec-
tion The PO system’ below), and a decreased rate of phagocyt-
osis and encapsulation (Rohlfs & Churchill, 2011). The hyphal
bodies, another form of reproduction in the host, initiate the
production of a protective covering of collagen that encapsu-
lates B—1, 3-glucans and in this way avoids the encapsulating
immune response of the host (Avulova & Rosengaus, 2011).
The interactions at immune level between symbiotic or ento-
mopathogenic fungi need to be assessed in triatomines.

Parasites

To date, the only parasites of triatomines whose biology
has been studied are T. cruzi and Trypanosoma rangeli. It is
known that T. cruzi is able to cause important physiological
changes in triatomines such as a delay in nymphal develop-
ment in T. infestans (Schaub, 1989), and a reduction in adult
longevity in R. prolixus (Schaub, 1989). However, T. cruzi did
not have such effects in Triatoma dimidiata (Schaub, 1989), al-
though in this species it reduces bloodmeal ingestion in
infected nymphs, which leads to an immunosuppression as
the triatomine is not obtaining enough metabolites (e.g. iron;

Schaub, 1989; Schaub ef al., 2011). These pathological effects
have not been considered by other authors and require further
study to determine whether or not T. cruzi is capable of stress-
ing its vector.

Antimicrobial peptides

Even when AMPs have been studied in the context of anti-
bacterial function, some research has been done with T. cruzi
(Ursic-Bedoya et al., 2011; Waniek et al., 2011; Moreira et al.,
2014). These AMPs include defensins, lysozymes and prolix-
icins, which could participate in clearing of ingested blood
meal and as signalling molecules (Boulanger et al., 2006).
For instance, it has been shown that the defensin defl of
T. brasiliensis fifth instar nymphs attenuates T. cruzi prolifer-
ation but does not eliminate the parasite (Aratjo et al., 2006).
Moreover, the role of defl depends on the intestinal region: in
the stomach il regulates Lthe quantily of symbiolic organisms
while in the small intestine it may control T. cruzi populations
(Waniek et al., 2011).

Another AMP, prolixicin (with a molecular weight of
11 kDa), was recently isolated from R. prolixus. Paradoxically,
it showed no activity against T. cruzi (Ursic-Bedoya et al.,
2011). This enzyme is produced in the fat body and the
small intestine of adult insects as a response to infection by
Gram-negative bacteria such as E. coli (Ursic-Bedoya eéf al.,
2011; Vieira ef al., 2014). A recent study demonstrated that
the quantity of prolixicin in the small intestine was insufficient
for eliminating T. cruzi. One reason for this action is that pro-
teases present in the digestive tract of the host could affect the
production of prolixicin peptide (Ursic-Bedoya et al., 2011).
The question of why R. prolixus still produces prolixicin des-
pite its apparent inefficacy awaits further investigation. One
possibility is that this response was useful in the evolutionary
past but is no longer effective. The fact, however, that immune
responses are energetically costly (Schmid-Hempel, 2005) im-
plies that if a response is not needed, it should be selected
against. This does not seem to be the case for R. prolixus.

The PO system

PO is an enzyme involved in the oxidation of phenols and
quinones. This oxidation consists of a cascade of reactions that
hydrolyses monophenols and O-diphenols and oxidizes the
latter to form O-quinones (Gregorio & Ratcliffe, 1991;
Cerenius et al., 2008; Gonzilez-Santoyo & Cérdoba-Aguilar,
2012). PO is highly reactive and covalently binds to proteins
to form polymers like melanin that encapsulate pathogens.
PO normally exists as an inactive precursor called proPO,
found in the plasmatic fraction of the haemolymph or in hae-
mocytes of invertebrates (Gomes et al., 2003; Genta ¢t al., 2010;
Gonzilez-Santoyo & Cérdoba-Aguilar, 2012). PO can be acti-
vated by enzymes such as trypsin, chymotrypsin and compo-
nents on the cellular wall of bacteria and fungi (Laughton &
Siva-Jothy, 2011).

PO acts against many invasive agents in insects
(Gonzalez-Santoyo & Cordoba-Aguilar, 2012) but has only
been assessed in a few species of triatomines. For example,
as a response to the presence of T. rangeli in R. prolixus, higher
levels of PO led to an increase in the number of lysozymes and
haemocytes as well as to the formation of melanin nodules
(Azambuja et al., 1999). Interestingly, T. rangeli seems to have
mechanisms for evading the negative effects of PO, according
to the following evidence: (a) although T. rangeli is recognized
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and encapsulated by host defence cells, it is capable of surviv-
ingand utilizing haemocytes for proliferation (Azambuja et al.,
1999); (b) T. rangeli has been shown to inhibit PO activity in
R. prolixus; (c) in R. prolixus adults that were infected orally
with T. rangeli epimastigotes, the proPO system was inhibited
at the haemolymph level, the site where the parasite develops
(Gregorio & Ratcliffe, 1991; Gomes et al., 2003). This inhibition
may actually be the explanation for the negative effect of inva-
sive agents in spite of PO production that has been found a
number of insect studies (reviewed by Gonzilez-Santoyo &
Cérdoba-Aguilar, 2012). Interestingly, the inhibitory action
by T. rangeli may not be direct, but instead via the disruption
of juvenile hormone regulation, which in turn would affect
PO production (Nakamura ef al., 2007).

The assumed inhibition of PO by T. rangeli, however, needs
to be considered in a broader context. PO production in triato-
mines is condition-dependent, and one key factor driving con-
dition is diel (Gonzélez-Sanloyo & Cérdoba-Aguilar, 2012).
Thus, whether a reduced PO production is prompted by
T. rangeli or diet needs to be clarified. On the other hand,
inhibitory action cannot be considered a generalized property
in triatomines. For example, infection by T. cruzi was followed
by a high PO activity in the host haemocoel during the first
24 h, but decreased after this time (Mello et al., 1995).

Nitric oxide

NO is a powerful free radical and a highly toxic gas pro-
duced by the oxidation of L-arginine to citrulline mediated
by the NO synthase (NOS) enzyme (Rivero, 2006). Although
NO has been well described as a powerful defence mechanism
against parasites, the information is limited about the role
played by NO (and free radicals in general) against bacteria,
fungi or virus. In a first exploration of this topic, Whitten
et al. (2001) studied two strains of T. rangeli (H14 and
Choachi) in R. prolixus. These authors concluded that high le-
vels of free radicals (including superoxide and NO) reduced
parasite survival and completion of the life cycle. At least for
the defence of R. prolixus against T. rangeli, this suggests a key
role of free radicals.

More recently, and also in relation to R. prolixus, it was
found that the expression of NO takes place in the fat body,
haemocytes, haemolymph, stomach epithelium, small intes-
tine, rectum and salivary glands (Whitten et al., 2007), areas
where T. cruzi and T. rangeli are present. However, both para-
sites seem to interact differently with respect to NO. Whereas
the presence of T. cruzi activates NOS expression in haemo-
cytes and the stomach, T. rangeli suppresses the expression
of this molecule (Whitten et al., 2001). One explanation is
that the early stimulation of NO production in haemocytes
in response to T. cruzi impedes its colonization in the haemo-
coel (Whitten et al., 2001). On the other hand, the inhibition of
NO in haemocytes and the fat body by T. rangeli likely repre-
sents a defence mechanism of the parasite that allows for its
development in the haemocoel and therefore its later passage
to the salivary glands (Whitten et al, 2001). Furthermore, a
high concentration of NO is induced in the rectum during a
T. rangeli infection, which could force the parasite to leave
the middle intestine and then complete its life cycle in the
salivary glands (Whitten et al., 2007). However, whether the
migration of T. rangeli to these glands is a consequence of es-
caping the triatomine’s immune response or a use of NO by
the parasite as a signal to complete its life cycle in the glands
is unknown.

There are other much less studied effects of nitrogen-based
compounds involved in triatomine immune defence. The high
concentration of nitrites in the small intestine could possibly
avoid penetration of the intestinal epithelium by T. cruzi
(Whitten et al., 2007; Castro et al., 2012), which would block
its dissemination to the haemocoel. Though it is unclear why
nitrite concentrations decrease in the small intestine following
infection by T. rangeli (Whitten et al., 2007), the reason may lie
in an inhibitory effect similar to that that occurs with PO.
Further studies are needed on the role of NO and its oxygen
intermediates in the capacity of triatomines to combat parasitic
infections.

Lectins (agglutinins)

Lectins or agglutinins are glycoproteins that have the cap-
acity to agglutinate cells and precipitate glycoconjugates
(Azambuija et al., 1997). Lectins are found in the haemolymph
and digestive tract of a number of invertebrates, and their syn-
thesis is carried out principally in haemocytes and the fat body
(Azambusja etal., 2004). It has been reported that they canactas
opsonins, facilitating phagocytosis by haemocytes (Azambuja
et al., 1997).

Very little is known about the action of lectins in triato-
mines. A study that described the activity of agglutinins in
the intestine and haemolymph of R. prolixus suggested a role
for these glycoproteins in the regulation of parasite-vector in-
teractions (Mello et al., 1995; Ratcliffe et al., 1996). Mello et al.
(1995) showed that there are differences in the agglutination
of three different strains of T. cruzi = Dm28c, Cl and Y - in
the stomach as well as the haemolymph of R. prolixus, and
that these differences correlate with a variation in the carbohy-
drates on the surface of the parasite. The ability to agglutinate
trypanosomes may depend on the amount of lectins produced
by the host. T. infestans has more lectins than R. prolixus, and
the former has greater resistance to infection by T. rangeli
(Azambuja et al., 1999).

Cellular defence mediated by haemocytes

The mechanisms of cellular defence are mediated mainly
by haemocytes in insects. Once again, very little information
is available on this subject in relation to triatomines. The
types of haemocytes in insects vary among taxa, with four
main classes that are based on their morphology, histochemis-
try and functional characteristics (Lavine & Strand, 2002;
Borges et al., 2008; Strand, 2008): (a) granulocytes, which
have a function of phagocytosis; (b) plasmatocytes, which ad-
here to parasites to form cellular capsules; (c) oenocitoids,
which contain precursors of PO that are involved in the pro-
duction of melanin; and (d) prohaemocytes, which are stem
cells. It is now known that there are six types of haemocytes
in R. prolixus, R. neglectus, Triatoma infestans, P. megistus and
D. maxima: prohaemocytes, plasmocytes, cistocysts, oenocy-
toids, adipohaemocytes and giant granular cells (Azambuja
et al., 1997).

Concerning the morphological and functional character-
ization of cell types involved in the immune response, five
different haemocytes were identified in R. prolixus: prohaemo-
cytes, plasmatocytes, oenocytoids, adipocytes and granulocytes
(Borges et al., 2008). Plasmatocytes and prohaemocytes are the
most abundant cells, perhaps due to their direct action against
bacteria via phagocytosis. On the other hand, granulocytes and
oenocytoids also changed in response to S. aureus bacteria. In
response to this bacterium no events concerning melanization

33



Immune defence mechanisms of triatomines against bacteria, viruses, fungi and parasites 7

were observed (Borges etal., 2008). Despite thelack of evidence,
it is likely that triatomine haemocytes are involved in other
typical insect haemocyte functions such as nodule formation
and encapsulation. Clearly, studying functions of triatomine
haemocytes is an open research line.

Signalling mechanisms in triatomines/insect
immune response

Our knowledge of signalling mechanism in triatomines is
highly limited but one can gain some insights from other
taxa (Hoffman & Reichhart, 2002). Similar to other insects, tria-
tomines are likely to rely on three principal pathways to attack
pathogens such as bacteria and fungi: IMD, Toll and Jak-STAT
(Kingsolver & Hardy, 2012). To trigger any of these pathways,
it is necessary to recognize foreign agents and one mechanism
is via the PAMPs present on the pathogen’s surface. For this,
insects use host PRRs which have been identified such as pep-
tidoglycan recognition proteins (PGRPs), Gram-negative
binding proteins, thioester containing proteins, scavenger re-
ceptors, C-type lectins, galactosidose-binding lectins and
fibrinogen-like domain molecules (Michel & Kafatos, 2005;
Kingsolver & Hardy, 2012). The anterior PRRs could be circu-
lating in the haemolymph and bounding to cells (Michel &
Kafatos, 2005). In R. prolixus (Vieira et al., 2014) and other insects
(Hoffman & Reichhart, 2002; Kingsolver & Hardy, 2012), the
IMD pathway could be activated by Lipopolysaccharides
present in Gram-negative bacteria, and then the induction of
different AMPs like defensins could be achieved. The Toll path-
way seems to be induced by the presence of PAMPs like p—1,
3-glucans in fungi, and peptidoglycans present in Gram-
positive bacteria, that bind with their respective recognition
protein: BGRP or PGRP (Boulanger et al., 2006; Ursic-Bedoya
& Lowenberger, 2007). These two pathways induce a nuclear
factor xB (NF-xB)-like transcription factor (Boulanger et al.,
2006), that could be involved in proteolytic cascades such as
melanisation, coagulation, phagocytosis and encapsulation by
haemocytes (Ursic-Bedoya & Lowenberger, 2007).

With respect to T. cruzi or T. mangeli, there is scarce evidence
of pathways activated. Worth mentioning is the study of
Ursic-Bedoya & Lowenberger (2007) in R. prolixus. These
authors found that the expression of genes in response to bac-
teria (E. coli and M. luteus) or T. cruzi, led to the identification of
six molecules involved in the above pathways — Transferrin,
Nitrophorins, f—1, 3-glucan recognition protein (GRP), haemo-
lymph protein, Rel/Dorsal and Mucin /Peritrophin like.

Recently, the transcriptome of the digestive tract of R. prolixus
has been sequenced (Ribeiro et al., 2014). This study found a high
number of genes expressed belonging to the Toll pathway in
contrast with other groups of insects such as Dipterans. On the
other hand, a low abundance of transcripts related to IMD and
STAT pathways were present in the digestive tract (Ribeiro
et al., 2014). An explanation for these results is that lysozymes
and lectins (Toll-regulated) are used more due to their defensive
action in comparison with IMD and STAT pathways whose
products are for digestive functions (Ribeiro et al., 2014).

Conclusions

Scarce information is available on the immune response of
triatomines to pathogens, whether in terms of quality (i.e. the
description of the immune machinery or pathogenic agents in
triatomines) or quantity (i.e. of the ca. 130 triatomine species,
no more than 10 have been studied). This can be contrasted to

the abundant research on mosquitoes (Cator et al., 2012;
Clayton et al., 2014), whose interactions with other infective
agents are well known. For example, by combining the infor-
mation available on the antiviral responses of mosquitoes and
genomics techniques, it may be possible to disrupt RNA inter-
ference and the JAK/STAT pathway, thus leaving mosquitoes
immune depressed against several arbovirus types (reviewed
by Riickert et al., 2014). On the other hand, studies on the inter-
action between triatomines and invading agents have centred
on describing the latter, providing very little information on
the effects of invasion or the immune response of triatomines.
In the case of fungi, for example, a number of species have
been described, but their effects and, consequently, the im-
mune response by triatomines are completely absent.

One does not need to start from scratch to understand tria-
tomine defence mechanisms, as there is already information
on other insects (e.g. agricultural insect pests; Shah & Pell,
2003). One case is the study of Ribeiro et al. (2014) who identi-
fied the transcripts of the intestinal tract of R. prolixus. Asindi-
cated before, these authors found that Toll pathway-related
genes that code for lysozymes and lectins weremore highly ex-
pressed in comparison with other insect orders. The immune
responses dictated by these genes were presumed from studies
in other insects (Ribeiro et al,, 2014). Studies like this can serve
to design studies on potential triatomine responses. Some
strategies that can be explored are the following: (a) the use
of already described powerful infective organisms, such as
the bacteria R. rhodnii (Dotson et al., 2003; Kollien ¢t al., 2003)
and S. marcescens (Azambuija et al., 2004; Gourbiére et al., 2012),
as well as TrV (Muscio et al., 1987) and fungi (Moraes et al.,
2000), to kill triatomines; and (b) enhancement of the triato-
mine immune response to trypanosomes, which consists of
cecropins (Beard ef al., 2001), defensins, lysozymes and prolix-
icins (Mello et al., 1995; Gomes et al., 1999; Ursic-Bedoya et al.,
2011; Waniek et al., 2011; Moreira et al., 2014), free radicals
(Whitten et al., 2001) and lectins (Azambuja et al., 1999).

Finally and for biological control purposes, several other
strategies can be explored. Now that the genome of T. cruzi
has been elucidated (Grisard et al., 2014), researchers should
be able to establish new types of adaptive associations be-
tween triatomines and trypanosomes, as have been described
between humans and trypanosomes (Sistrom et al., 2014; in
this case using T. brucei). One necessary step here is to eluci-
date the genome of triatomines, which among other possibil-
ities would allow for the identification of triatomine genes that
respond to trypancsome infection, and the consequent use of
this information to target the immune response for manipula-
tion and biological control. Another possible strategy is to
understand the biochemical intimacy of the T. cruzi-triato-
mine interaction. In this sense, Gutiérrez-Cabrera ef al. (2014)
identified the changes in glycoproteins that take place in the
triatomine intestinal membrane, allowing for T. cruzi adhesion
and development. With this information, such glycoprotein
composition could perhaps be altered, leading to new strat-
egies for the control of trypancsome establishment and
colonization. By last, a multi-pathogen approach could be con-
ceived. One example is the combined use of fungi and nema-
todes, as has been described for agricultural pests (e.g.
Bedding & Molyneux, 1982). In this extent, results in those
pests have shown that fungi can weaken the insect cuticle,
which allows nematodes to penetrate (Bedding & Molyneux,
1982). Actually, one variable that can be added to this multi-
pathogen approach is toxic elements such as what Fieck et al.
(2010) when including different Cecropins.
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Capitulo 4. Discusion general

4.1 Efecto de los hongos entomopatogenos en la sobrevivencia de triatominos

Se ha sefialado que una de las posibilidades para el futuro del control biolégico en insectos, es el
uso de agentes de control microbiano (microbial control agents MCAs), y el posible desarrollo de
pesticidas microbianos y su implementacion en campo (Lacey et al., 2015). Cerca de 50 especies de
virus, bacterias, hongos y nematodos entomopatégenos, son producidos comercialmente y son
utilizados como pesticidas microbianos, en una escala global y que aproximadamente de 1-2% de
todos los plaguicidas vendidos, son de éste origen y han mostrado un crecimiento constante en
comparacion con los pesticidas quimicos (Lacey et al., 2015).

El efecto de los hongos entomopatégenos en insectos ha sido ampliamente estudiado, muchos
estudios reflexionan en la capacidad que tienen para disminuir la capacidad de sobrevivencia en su
hospedero (Gillespie et al., 1997; Blandford et al., 2005; Castellanos-Moguel et al., 2008;
Baverstock et al., 2010).

Las especies de hongos entomopatdgenos que se comecializan estan basados en 3 especies de
hongos: Beauveria spp, Metarhizium spp., Isaria fumosorosea (=Paecilomyces fumosoroseus) y
Lecanicillium spp. (Lacey et al., 2015).

Un factor importante cuando se elige una especie entomopatégena, incluidos los hongos es la
virulencia; es decir, la capacidad que tienen para afectar la sobrevivencia en el insecto. Se sabe que
la virulencia en hongos entomopatogenos, generalmente decrece con el sub-cultivo en medios como
agar papa dextrosa, y puede ser otra vez activada al pasar por el hospedero insecto. Un aislado de
hongos entomopatégenos virulento es aquel que expresa una gran cantidad de proteasas,
exoenzimas durante la penetracion de la cuticula y la generacion de toxinas cuando el hongo
coloniza al hospedero (Lacey et al., 2015). En este estudio se seleccionaron dos aislados de hongos
entomopatdgenos previamente caracterizad’os en cuanto su virulencia y patogenicidad: 1.
fumosorosea EH-511/3 y M. anisopliae EH-473/4 (Castellanos-Moguel et al., 2007; Toriello et al,.
2008). Ademas han sido caracterizados fenotipicamente y genotipicamente (4yala-Zermerio et al.,
2011; Castellanos-Moguel et al., 2007, Castellanos-Moguel et al., 2008; Mier et al., 2002; 2005,
Toriello, 2003; Toriello et al., 2006, Toriello et al. 2008). Se ha demostrado que la virulencia en
hongos puede ser aumentada a través de la manipulacion genética, insertando genes en el genoma
fingico, y con ello promover la expresion de toxinas que incrementan la virulencia del hongo, i. e.
insercion de los genes de la toxina del escorpion dentro de M. anisopliae y B. bassiana (Wang & St.
Leger, 2007).

El mecanismo de infeccion en hongos es unico; ya que los conidios se adhieren a la cuticula
(Charnley & St. Leger, 1991, Lacey et al., 2015). En el presente articulo se utilizd una suspension

de 1x10” conidios /ml, aplicados en el pronoto (parte rigida en el torax de triatominos), lo cual
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permitid observar el efecto de los hongos entomopatdgenos por la via de entrada natural en su
hospedero. Dependiendo del patégeno y de la via de infeccion, es posible esperar diferentes tipos de
respuesta inmune por parte del hospedero. Varios estudios han mostrado altos niveles de PO en
respuesta a la inyeccion de componentes fingicos tales como blastosporas o conidios, sin embargo
como lo menciona Gillespie et al., 2000b esta situacion no refleja el mecanismo de patogenicidad
natural.

Descubrimientos actuales sobre los efectos de los hongos entomopatégenos en mosquitos adultos
como Anopheles stephensi 'y A. gambiae, mencionan que los insectos infectados con hongos, a su
vez evitan el desarrollo del parasito (Plasmodium spp.) en el mosquito, lo cudl se ha traducido en un
aumento en el desarrollo de investigacion enfocada al control de enfermedades transmitidas por
mosquitos como malaria (Blanford et al., 2005; Scholte et al., 2003; 2005). Sin embargo, la
investigaciéon en triatominos infectados con Trypanosoma cruzi utilizando hongos
entomopatégenos, no ha sido considerada atn.

Aunque los hongos entomopatdgenos han sido mencionados principalmente como patdgenos de
artropodos, recientemente también se ha demostrado su papel como endofitos de plantas,
antagonistas de enfermedades en plantas, colonizadores de rizosferas y promotores del crecimiento
en plantas (Lacey et al., 2015).

Los hongos entomopatégenos tienen muchas caracteristicas que son favorables cuando se trata de
elegir un buen agente de control biologico. Poseen un riesgo minimo para organismos no-blanco
benéficos tales como abejas, lombrices de tierra y Colémbolos, los cuales son proveedores de
servicios ecosistémicos, de igual forma, su efecto es nulo en enemigos naturales de artrépodos
como avispas parasitoides y escarabajos depredadores (Lacey et al., 2015). Esto fortalece su papel
potencial en el manejo integrado de plagas (IPM-integrated pest management), ya que la
preservacion de enemigos naturales les permite realizar una mejor contribucién en la regulacion de
plagas.

La evasion de la respuesta inmune en insectos infectados por hongos entomopatdgenos, es un
elemento importante en el proceso de infeccion, permitiendo al hongo satisfacer sus demandas de
nutrientes durante el crecimiento en el hospedero (Gillespie et al., 2000a).

En mi primer articulo hablo de la efectividad de M. anisopliae e I. fumosorosea para afectar la
sobrevivencia de las ninfas de 5to. estadio de M. pallidipennis. Se encontré6 que ambos hongos
presentaron la misma capacidad para infectar, sin embargo, M. anisopliae, demostr6 ser mas
virulento matando a su hospedero a los 8 dias posteriores a la infeccion. En cuanto al tiempo de
muerte en el hospedero, en control biologico se enfatiza en la capacidad que tienen para influenciar
el comportamiento del insecto, en lugar de matar rapidamente al vector. Esta especie de hongo
entomopatoégeno, ha sido utilizada en otros triatominos y en diferentes estadios como: huevos,

ninfas de ler. estadio y 3er. estadio de Triatoma infestans (Rodrigues et al., 2014; Luz et al., 2012;
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Flores-Villegas, 2011). I. fumosorosea ha sido menos utilizada contra triatominos y en el presente
estudio se encontrd que su prolongado tiempo afecta la sobrevivencia de M. pallidipennis (més de
20 dias). Otros estudios en insectos que no son triatominos, han demostrado la eficiencia de M.
anisopliae (Flores et al., 2012; Kavallieratos et al., 2014).

Para comprobar la presencia de ambos hongos entomopatogenos en el trabajo de Flores-Villegas se
realizaron improntas tefiidas con azul de metileno y se pudo observar que el hongo se encontraba en
el hemocele del insecto, al inicio de la infeccion, observandose principalmente estructuras parecidas
a hifas y posteriormente conidios, esto es importante, ya que resulta indicativo del proceso de
infeccion y colonizacion del hongo entomopatdgeno (Flores-Villegas et al., 2016). En el caso de M.
anisopliae fue evidente la presencia de “columnas de conidios”, lo cudl concuerda con la
esporulacion del hongo en la superficie del insecto, entre los dias cinco 6 seis, posteriores a la
infeccion. En el caso de /. fumosorosea fueron caracteristicos los conidios en forma de “arroz”, lo
cual concuerda con procesos de infeccion observados en otros insectos (Charnley & St. Leger,
1991; Humber, 2010, Tulloch, 1976).

Dada la importancia que ha cobrado el uso de hongos entomopatdgenos para el control de insectos
transmisores de enfermedades, es importante explorar los mecanismos de respuesta inmune que

evaden durante el proceso de infeccion.

4.2 Efecto de los hongos entomopatdégenos en la respuesta inmune de triatominos

La primera linea de defensa en los insectos es la cuticula, la cudl estd compuesta de acidos grasos y
componentes como la melanina que impiden la penetracion de patdgenos y parasitos, incluyendo los
hongos (Charnley & St. Leger, 1991; Thomas & Read, 2007). Sin embargo, algunos
microorganismos como los hongos entomopatégenos, son capaces de degradar los hidrocarbonos
presentes en la cuticula (Napolitano & Judrez, 1997), esto sucede cuando es activada la respuesta
inmune humoral y celular. La respuesta celular estd compuesta por hemocitos cuya funcion es la
encapsulacion, en ellos se lleva a cabo la sintesis de melanina y junto con la fenoloxidasa, péptidos
antimicrobianos y especies reactivas de oxigeno, logran contrarrestar una infeccion. La enzima PO,
es sumamente importante en este proceso, como lo han demostrado trabajos anteriores, y esta
involucrada en la sintesis de melanina, cuya actividad antifingica, actia directamente en la
superficie celular (Butt et al., 1988; Cerenius et al., 1990).

No obstante su papel durante la defensa contra patdégenos, la PO y su precursor proPO, han
mostrado un decremento durante la infeccion por hongos entomopatdgenos (Bogus ‘et al., 2007,
Gillespie et al., 2000b; Khosravi et al., 2014). Resultados similares se obtuvieron en este estudio,
donde se observo un decremento en la PO y proPO a las 24 horas posteriores a la infeccion, sin

ningun cambio aparente en estos componentes en el resto de los dias.
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El uso de Beauveria bassiana en el control de el saltamontes Melanoplus sanguinipes (Bidochka &
Khachatourians, 1987) y en Schistocerca gregaria (Gillespie et al., 2000b, Milat-Bissaad et al.,
2011) condujeron a una reducciéon en el nimero de hemocitos. Una posible explicacion para los
resultados obtenidos en éste studio es que las micotoxinas como destruxinas, como en el caso de M.
anisopliae, pudieron conducir a la reduccioén en el nimero de hemocitos y por consecuente a una
disminucion en la actividad de la PO y su precursor proPO.

Las micotoxinas afectan negativamente la actividad de la fenoloxidasa (Avulova et al., 2011),
ademas de influir en los procesos de fagocitosis y encapsulacion por parte de los hemocitos (Rohlf
& Churchill, 2011). Tales acciones explican la posibilidad de lisis por hongos entomopatégenos en
hemocitos, los cudles llevan a acabo la cascada de la PO (Gillespie & Khachatourians, 1992), y que
por lo tanto estas dos enzimas se vean afectadas.

En el biocontrol de transmisores de enfermedades, no es necesario matar rapidamente al vector con
su agente etiologico, mas que eso, se enfatiza en el potencial de los entomopatégenos para
influenciar en el comportamiento del insecto y de una forma més sutil poder afectar negativamente
la transmision del agente etioldgico sin necesidad de reducir la densidad de transmisores (Scholte et
al., 2005). Por ejemplo, numerosos estudios en insectos plaga han resaltado el potencial de los
hongos para producir efectos pre-letales. Las langostas que se infectan con hongos
entomopatoégenos desarrollan alteraciones en comportamiento, alimentacion, fecundidad, movilidad
y respuesta tardia de escape a depredadores antes de que mueran (Scholte et al., 2005).
Adicionalmente, se ha visto que los mosquitos transmisores de Plasmodium sp. e infectados con
entomopatégenos tienden a reducir su alimentacion antes de su muerte, por lo tanto se altera la tasa
de sobrevivencia del parasito de la malaria dentro del mosquito (Blandford et al., 2005).

En mi estudio fué claro el decremento en la PO y proPO a las 24 horas, no detectandose cambios
posteriores en estos mismos componentes. Otros estudios en insectos han reportado un incremento
en la actividad de la PO después de 10 minutos de infeccidon con Beauveria bassiana en Melanoplus
sanguinipes (Gillespie & Khachatourians, 1992), seguido por un decremento a las 24 horas y sin
haber cambios aparentes después de éste tiempo (Gillespie & Khachatourians, 1992, Gillespie et
al., 2000b). Esto implica una activacion de la respuesta inmmune seguida por un efecto negativo de
los hongos en la cascada de la fenoloxidasa, por lo tanto, los resultados de este estudio confirman
las afirmaciones previas de que las infecciones fungicas afectan la fenoloxidasa y su precursor
profenoloxidasa (Gillespie et al., 2000b, Bogus ' et al., 2007, Khosravi et al., 2014).

La fenoloxidasa no solo ha cobrado importancia como mecanismo de respuesta inmune en insectos,
sino que ahora se enfatiza en su papel en aquellos insectos resistentes a insecticidas. Esto se ha
analizado recientemente en mosquitos. La resistencia que algunos insectos han generado puede

interferir en la inmunidad, ya que la resistencia a insecticidas y los mecanismo inmunes son
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energéticamente costosos (Cornet et al., 2013). Es decir, entran en un trade-off o compromiso
fisiologico la inmunidad y la resistencia a insecticidas.

Se ha propuesto que las larvas de Culex pipiens, poseen un sistema inmune mas fuerte que los
adultos, y que las hembras son atin mas fuertes inmunologicamente hablando que los machos, ya
que las hembras al ser las inicas que se alimentan de sangre, estan expuestas a un diverso niimero
de parasitos. El término “inmunosenescencia”, se refiere a que la inmunidad de hembras y machos
declina con la edad, esto es porque la mayor parte de sus recursos estan encaminados a maximizar
el éxito reproductivo, antes de que mueran (Cornet et al., 2013).

Para apoyar o refutar la idea anterior, se podria medir la respuesta inmune en el estadio adulto del
vector, en este estudio se utilizaron ninfas de quinto estadio, en larvas de Culex pipiens, se ha
reportado que tienen mas del doble de cantidad de PO activa y total, esto debido a que las larvas
viven en estancamientos de agua donde estin expuestos a una gran gama de parasitos (Cornet et al.,
2013). En investigaciones donde se ha trabajado con triatominos, las ninfas de 5to. estadio se han
encontrado tanto en el intradomicilio como el peridomicilio, lo cual las hace sujeto de igual forma a
diversos patogenos.

Estudios previos reportan la virulencia de la cepa EH-473/4 y EH-511/3 en el estadio de huevo de
M. pallidipennis (Flores-Villegas, 2011) y nuestros resultados apoyan la idea del uso de estos
hongos como inhibidores de la respuesta inmune en el vector y como posibles controladores
bioldgicos y por lo tanto una alternativa al uso de insecticidas quimicos.

Se ha sefialado que el proceso de infeccion de hongos entomopatégenos en insectos ocurre dentro
de las primeras 24 horas y posteriormente el hongo genera metabolitos secundarios como
Destruxinas en M. anisopliae y Beauvericinas en I. fumosorosea. Dcihas toxinas actian como
inmunosupresores, alterando la respuesta inmune humoral, celular y abriendo canales de calcio que
pueden causar efectos citotoxicos en hemocitos, tubulos de Malpighi y células epiteliales
mesentéricas, en tanto que los niveles de calcio pueden causar parélisis o letargia en el insecto
(Avulova y Rosengaus, 2011).

Dentro del insecto, los hongos se reproducen como blastosporas o cuerpos hifales, en M. anisopliae,
esta ultima forma de replicacion produce una capa protectora de coldgeno que evita el
reconocimiento de B-1,3-Glucanos, por componentes de la respuesta inmune humoral y celular del
insecto (Wang & St. Leger, 2006). Quiza esta es un mecanismo que desarrolld M. anisopliae a
diferencia de /. fumosorosea, para ser mas eficiente en evadir la respuesta inmune en insectos, como
lo mostraron nuestros resultados.

La respuesta inmune de triatominos ante infecciones con hongos entomopatdégenos no ha sido
estudiada a detalle, a diferencia de la informacioén generada contra 7. cruzi y T. rangeli. El

incremento en la cantidad de proteinas, sugieren un recurso importante en triatominos en su intento
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para lidiar contra hongos entomopatogenos, activando la produccién de proteinas durante la
infeccion fungica.

El efecto de inhibicion de la PO por M. anisopliae corresponde principalmente con el tiempo en que
las destruxinas, desarrollo de formas como blastosporas y cuerpos hifales se hacen presentes en el
insecto. Con respecto a I. fumosorosea, el dia 4 muestra un incremento en los niveles de esta
enzima, quizd porque el sistema inmune del insecto es capaz de reconocer las blastoesporas. Con
base en las curvas de sobrevivencia, se observo que 1. fumosorosea tarda mas tiempo en matar al
hospedero y no mata al 100% de los insectos.

Los resultados obtenidos con M. anisopliae en mi tesis son similares a lo sefialado por Gillespie et
al., 2000b, al infectar topicamente Schistocerca gregaria con Metarhizium anisopliae var acridum.
En dicho trabajo se menciona que en el dia dos posterior a la infeccion disminuyen los niveles de
PO en insectos infectados y permanecen en un nivel por debajo del grupo control a lo largo de los
dias del experimento, lo cudl posiblemente se explica por inhibicién directa del hongo en la
activacion de la PO, como ha sido reportado previamente en otros insectos (Elbanna et al., 2012).
La capacidad de inhibicion del sistema inmune por M. anisopliae es un elemento fundamental para
causar patogénesis en el insecto, la cual ocurre desde la adhesion del conidio a la cuticula, en la
hemolinfa a través de la produccion de metabolitos secundarios como (Destruxinas) y la capacidad
de dimorfismo a través de estructuras como blastosporas y cuerpo hifales. En el caso de este hongo
entomopatégeno se ha demostrado la formacion de una cubierta de coldgeno en cuerpos hifales que
evitan el reconocimiento de los B-1,3-Glucanos por el sistema humoral y celular del insecto (Wang
& St. Leger, 2006).

Sin embargo, I. fumosorosea parece no seguir el mismo comportamiento, ya que en el dia 4 se
observo un incremento en la actividad de la enzima PO y en el dia 6 declin6. Una posible hipotesis
es que el sistema inmune del insecto detecta al hongo entomopatdégeno y €ste no es percibido como
una amenaza y por lo tanto el insecto no exhibe una respuesta inmune clara. Tal idea es apoyada en
revisiones previas con el hongo entomopatogeno Beauveria bassiana (Baverstock et al., 2010). El
tiempo de sobrevivencia con este hongo es mayor con respecto a M. anisopliae y no mata al 100%
de los insectos prueba, tales resultados se discutirdn posteriormente.

En triatominos el reconocimiento y defensa contra tripanosomatidos induce una alta actividad de
PO en la hemolinfa y cuerpo graso; siendo el intestino medio anterior el tejido con mayor cantidad
de PO (Genta et al., 2010).En este sitio también ocurre la multiplicaciéon de bacterias simbiontes
como Rhodococcus rhodnii y Serratia marcescens, aunque este tejido también podria albergar
hongos simbiontes o entomopatégenos. Posiblemente al predominar simbiontes en el intestino
medio la PO puede actuar como regulador en el control de esta microbiota (Genta et al., 2010).

En un estudio realizado en Rhodnius prolixus (Hemiptera: Reduviidae), se menciona que la

actividad de la PO en ninfas de 5to. estadio es variable, después de la ingesta de sangre, la actividad
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de la PO se mantiene constante y después decrece en el dia 7 posterior a la infeccion (Genta et al.,
2010). Otro factor que influye en la disminucién de la actividad de la PO en insectos no infectados
es la inanicion (Adamo, 2004b). Al respecto se conoce que la fenilalanina es el aminoacido
precursor en la cascada de la PO, la cudl es obtenida de la comida (Nappi & Christensen, 2005).
Durante el curso del presente experimento los triatominos solo realizaron una ingesta de sangre dos
dias antes de iniciar el bioensayo, y esto probablemente afect6 la actividad de la PO en insectos
control.

Bajos niveles en la actividad de la PO se han demostrado al utilizar azadiractina, un potente
inhibidor en la sintesis y secrecion de la ecdisona, una enzima necesaria para mudar entre estadios
ninfales, proponiéndose que la ecdisona regula la respuesta inmune en Rhodnius prolixus (Genta et
al., 2010).

Medir la actividad de la PO en insectos es un buen indicador de resistencia a patdogenos y parasitos
porque: (i) es un componente importante del sistema inmune en insectos; (ii) los niveles de la
actividad de la fenoloxidasa parecen ser heredables; (iii) la actividad de la fenoloxidasa ha sido
correlacionada con la resistencia a algunos patdgenos y parasitos.

En nuestro estudio se pudo observar que la actividad de la PO en M. pallidipennis es inhibida
principalmente por M. anisopliae. Los dias donde decrece la actividad de la PO, concuerdan con el
tiempo en que se encuentran blastosporas y cuerpos hifales en el interior del insecto, es decir los
dias 2 y 4. Las infecciones por I. fumosorosea parecen ser reconocidas por el insecto, pero no
exhibe una respuesta inmune y esto se ve reflejado en la sobrevivencia del insecto (Adamo, 2004a).
La PO cuyo objetivo principal es la formacion de la melanina, esta presente no solo en la hemolinfa,
sino también en la cuticula del insecto hospedero, siendo sus funciones la esclerotizacion de la
misma y la cicatrizacion de heridas al ser activada la profenoloxidasa, mediante mecanismos de
sefializacion que involucran la cascada de las serin-proteasas (Cordoba-Aguilar et al., 2011;
Gillespie et al., 2000a).

Para activar la PO que no se utilizé durante el proceso de infeccion se agregd a-Quimiotripsina, en este
estudio se pudo observar que la actividad del grupo testigo fue mas alta que el grupo infectado y la
actividad del grupo infectado disminuy6 durante la infeccion por M. anisopliae.

Los resultados indicaron que la actividad de la profenoloxidasa fue mayor que la fenoloxidasa
durante el curso de la infeccion, esto podria indicar que la proenzima fue producida a un nivel
mayor del que fue activada. Tal inhibicion, como se mencion6 previamente, puede estar dada por
metabolitos secundarios denominados destruxinas (DTX), y que en M. anisopliae han sido
identificadas al menos 23 variantes en cultivos, todas conformadas por cinco aminoacidos y un
hidroxiacido (Kershaw et al., 1999). La produccién de éstas toxinas por el hongo M. anisopliae var

acridum inhiben la PO en los hemocitos de la langosta Locusta migratoria (Gillespie et al., 2000b).
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Existen al menos dos posibles estrategias de virulencia en hongos entomopatogenos: la estrategia de
toxinas dada por las DTX y la estrategia de crecimiento por cuerpos hifales y blastosporas
(Kershaw et al., 1999).

Durante el proceso de infeccion la enzima profenoloxidasa se activa para dar lugar a la fenoloxidasa
(Soderhall & Cerenius, 1998). La activacion de la profenoloxidasa inicia con proteinas de
reconocimiento (BGRP, LGRP y PGRP por sus siglas en inglés) que se unen a componentes
presentes en la pared celular de los patéogenos (B-1,3-Glucanos, Lipopolisacaridos y
Peptidoglicanos). Esta interaccion activa mecanismos de sefializacion que involucran serin-
proteasas, éstas son hidrolasas con un aminoacido de serina en su centro activo. Las hidrolasas
incluyen la tripsina, quimiotripsina y subtilisina. Generalmente se usa quimiotripsina como
activador de la proPO, éste activador es util para cuantificar la PO en la hemolinfa y la PO total en
todo el insecto (Cordoba-Aguilar et al., 2011; Gillespie et al., 2000a; Gonzdlez-Santoyo y
Cordoba-Aguilar, 2012).

Algunos autores refieren a la proPO como “PO total”, es decir la PO activa mas proPO inactiva,
medir la proPO es un indicador de cuanta proenzima estaba produciendo el insecto hospedero al
momento de la infeccion (Cornet et al., 2013), y al igual que las observaciones con la PO se
encontr6 una disminucioén importante, a partir del dia dos posterior a la infeccién, en comparacion
con el grupo testigo.

Desde el punto de vista biolégico, la PO mide la cantidad de enzima activada naturalmente,
mientras que la “PO total” o proPO mide la inversiéon global en la defensa inmune del
insecto(Cornet et al., 2013).

La melanizaciéon es un mecanismo de encapsulacidon en insectos contra patdégenos altamente
eficiente, para lo cual se necesita de la activacion de la profenoloxidasa (proPO) para convertirse en
fenoloxidasa (PO). Por lo tanto la modulacion de la respuesta inmune por parte de los hongos
entomopatoégenos, puede involucrar la uniéon de moléculas presentes en la pared celular como fB-1,3-

Glucanos y asi evitar la activacion de la cascada fenoloxidasa (Soderhall y Cerenius, 1998).

4.3 Respuesta inmune en triatominos ante patégenos

Los insectos como los triatominos estan expuestos a ataques por diferentes patdogenos y parasitos,
estos en respuesta han desarrollado y evolucionado diferentes sistemas de defensa, anteriormente se
ha mencionado como primer barrera la cuticula exoesquelética, el epitelio intestinal y glandulas
accesorias reproductivas; todos estos componentes pueden secretar lisozimas y compuestos

citotoxicos para ayudar a eliminar al patogeno (Azambuja et al., 1999).

45



La entrada de los diferentes patogenos en el triatomino, genera diferentes mecanismos de respuesta
inmune, incluso ante la entrada de microorganismos sub-patéogenos como Trypanosoma cruziy T.
rangeli.

Previamente se ha sefialado el efecto de hongos entomopatégenos y su capacidad para afectar la
sobrevivencia y actividad de dos enzimas importantes en la respuesta inmune: PO y proPO.

Sin embargo, pocos estudios han sefialado la importancia de el efecto de diferentes patdgenos en la
respuesta inmune de triatominos (Flores-Villegas et al., 2015), alrededor de 130 especies de
triatominos han sido descritas, sin embargo, solamente 10 especies de estas se han estudiado, en
contraste con otros vectores como los mosquitos (Blandford et al., 2005), cuyas interacciones con
diferentes especies de patdgenos son mejor conocidas.

Por otra parte los estudios de la interaccidon entre triatominos y 7. cruzi, generalmente se han
centrado en la descripcion del ciclo de vida de Trypanosoma cruzi en estos (Kollien & Schaub,
2000). Existe muy poca informacion sobre los efectos de la respuesta del sistema inmune de
triatominos (Mello et al., 1995; Azambuja et al., 1999; Gomes et al., 2003; Whitten et al., 2007;
Espinosa de Aquino, 2012), mecanismos de modulacion de 7. cruzi en el triatomino (Castro et al.,
2012; Favila-Ruiz, 2016) y respuesta inmune asociada a factores bidticos como la altitud (De
Fuentes-Vicente et al., 2016). En el caso de hongos entomopatéogenos, muchas especies han sido
descritas como patogenos en triatominos (Luz et al., 1998a; Lara Da costa et al., 2003, Luz et al.,
2004), sin embargo, su papel a nivel de respuesta inmune es desconocida, a excepcion del presente
trabajo por Flores-Villegas et al., 2016.

Para el entendimiento de la respuesta inmune en triatominos se puede tomar como base estudios
previamente realizados en otros insectos (como aquellos de importancia agricola Shah & Pell,
2003).

Un estudio importante fue realizado por Ribeiro et al., 2014, el cual identificé el transcriptoma del
tracto intestinal de R. prolixus, encontrando datos la expresion de genes relacionados a la via de
sefializacion Toll que codifican para lisozimas y lectinas. Dichos resultados contrastan a lo
registrado en otros 6rdenes de insectos como Dipteros, lo cudl habla de que esta via de senalizacion
es mas usada en R. prolixus, en comparaciéon con vias de sefializacion como IMD y STAT, al
respecto, hace falta indagar mas sobre estas vias y su papel en la respuesta inmune.

El principal objetivo de explorar la respuesta inmune en triatominos ante diferentes patéogenos, es
proponer nuevas estrategias de control utilizando bacterias como: Rhodococcus rhodnii (Dotson et
al., 2003, Kollien et al., 2003) y Serratia marcescens (Azambuja et al., 2004; Gourbiére et al.,
2012), el triatoma virus TrV (Muscio et al., 1987) y otras especies de hongos simbiontes (Moraes et
al., 2000), que regulen el establecimiento de 7. cruzi y reforzamiento de la respuesta inmune en
triatominos, la cudl consiste en péptidos antimicrobianos como cecropinas (Beard et al., 2001),

defensinas, lisozimas y las recientemente descritas prolixicinas (Mello et al., 1995, Gomes et al.,
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1999; Ursic-Bedoya et al., 2011; Waniek et al., 2011), ademés de la generacioén de radicales libres
(Whitten et al., 2001) y lectinas (Azambuja et al., 1999), las cuales se encuentran principalmente en
el tracto digestivo, sitio de desarrollo del parasito 7. cruzi.

Finalmente y para propdsito de control biologico, se podrian explorar otras estrategias utilizando
nuevos patdgenos, y gracias a que se conoce actualmente el genoma de 7. cruzi, establecer
asociaciones entre triatominos y tripanosomas, la identificacién de genes en triatominos que sean
activados durante la infeccion por 7. cruzi y la identificacién de cambios en las glicoproteinas en el
tracto intestinal de triatominos (Gutiérrez-Cabrera et al., 2014; Rivas-Medina, 2014), sitio de
adhesion y desarrollo del parédsito, y que contribuyan a crear estrategias dirigidas a evitar la
colonizacion por el parasito.

Como se menciond anteriormente quizd sea necesario la integracion de estrategias de control
basadas en multipatdogenos como las utilizadas por Bedding & Molyneux, 1982, utilizando
nematodos y hongos, o el uso de elementos toxicos, como lo cita Fieck et al, 2010, cuando

combina diferentes péptidos antimicrobianos como las cecropinas.
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Capitulo 5. Conclusiones generales

Dado que el principal método de control en triatominos es el uso de insecticidas, se presento el uso
de hongos entomopatogenos como una alternativa de control bioloégico. Nuestros resultados in vitro
parecen ser promisorios, sin embargo, faltaria su implementacién en campo.

El efecto de los hongos entomopatéogenos en M. pallidipennis varid de acuerdo al estado
ontogenético utilizado, por lo cual seria apropiado probar otros estadios.

Por otra parte, quiza sea necesario el uso de mas de una estrategia para el control de triatominos, es
decir, utilizando otros patdégenos como bacterias, por ejemplo, Serratia marcescens, Triatoma virus
o incluso otros hongos entomopatdgenos.

Finalmente nuestros resultados, muestran que M. anisopliae (EH-473/4):

1) es capaz de penetrar la cuticula del insecto y llegar a la hemolinfa del vector

2) modular la infeccion en su hospedero, a través de una baja en la activacion de la enzima PO y su

precursor, afectando de esta forma la sobrevivencia del hospedero.
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