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Resumen extendido

Bacillus thuringiensis, también conocida como “Bt”, es una
bacteria gram positiva que forma endosporas. Se trata de un organismo
ubicuo, aunque se encuentra principalmente en el suelo o en ambientes
con alta presencia de insectos. Fue aislada por primera vez en 1901 por
el bacteridlogo Shigetane Ishiwata en muestras de intestino de gusanos
de seda (Bombyx mori) infectados y fue apodada como “Sottokin-
Bacillus” (“Bacilo de muerte subita”) por la muerte que causaba cuando
era ingerida por larvas de gusanos de seda. Pocos afios después, el
bidlogo Ernst Berliner aislo B. thuringiensis de crisalidas de polilla
mediterranea de la harina (Ephestia kuehniella) infectadas con esta
bacteria en la provincia de Thuringia, Alemania, otorgdndole el nombre
por el que se conoce en la actualidad. Ademas, Berliner describi6 la
presencia de una especie de cristal dentro de la célula bacteriana,
aunque la naturaleza de este elemento era desconocida en ese
momento. Fue en 1954 cuando el microbidlogo Thomas A. Angus
descubri6 que esas inclusiones proteicas con formas de cristal,
producidas en la fase de esporulacion de Bt, eran responsables de su
accién insecticida y las apod6 “proteinas Cry” (del inglés crystal). A
parte de estas proteinas, se han descrito varios factores de virulencia
posteriormente, tal y como la -exotoxina, la cual puede inhibir ARN
polimerasas dependientes de ADN, las hemolisinas, o exoenzimas
como las quitinasas. En el aflo 1996 se descubrié una nueva clase de
proteinas, conocidas actualmente como Vip3 (de las siglas en inglés
“Proteinas Vegetativas Insecticidas”), producidas durante la fase
vegetativa de Bt, las cuales son altamente toxicas para lepidopteros.

Desde entonces, una amplia variedad de proteinas de Bt toxicas
para diferentes invertebrados (principalmente insectos y nematodos)
han sido identificadas a partir de un gran nimero de cepas aisladas, y
han sido clasificadas en funcidn de la similitud de su secuencia proteica.
Enla actualidad existen 391 secuencias holotipicas de proteinas Bt, y los
principales 6rdenes de insectos que han mostrado susceptibilidad a
algin tipo de proteina son Lepidoptera, Diptera, Coleoptera,
Hemiptera e Hymenoptera. Esta tesis se centra en el estudio de dos
familias de proteinas, las proteinas Cry de tres dominios (“3D-Cry”) y
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las proteinas Vip3 que afectan a lepidopteros. El modo de accion de
estas proteinas, asi como el ciclo de vida de Bt tras la infeccion del
insecto constan de una serie de pasos, desarrollados en las siguientes
paginas.

El primer paso supone la ingestion de Bt por parte del insecto.
Tras ello, los cristales que forman las proteinas Cry se solubilizan por la
rotura de los puentes disulfuro, liberando las protoxinas presentes en el
cristal. Esta solubilizacion es dependiente tanto del pH como de
condiciones reductoras del intestino. En el caso de las proteinas Vip3,
no precisan de este paso de solubilizacién, ya que son secretadas al
exterior de la bacteria en forma soluble. Tanto las protoxinas Cry
solubilizadas como las protoxinas Vip, son procesadas por enzimas
digestivas como las tripsinas y quimotripsinas presentes en los fluidos
intestinales, produciendo una toxina activa que en general es resistente
a posteriores procesos proteoliticos. Una vez activadas, las toxinas
deben atravesar la membrana peritrofica del intestino medio. Esta
membrana es una matriz rica en quitina, cuya funcién principal es la
separacion entre el alimento y las células epiteliales. Esta separacion
impide que el alimento pueda tener un efecto abrasivo sobre el intestino
y también sirve como primera barrera contra infecciones de tipo
bacteriano, virico o parasitico. Asimismo, el papel protector que ejerce
la membrana peritréfica puede verse comprometido por la accion de
las quitinasas endogenas o exdgenas de Bt (enzimas capaces de degradar
la quitina). Tras superar la barrera de la membrana peritrofica, se
produce una interaccion entre las proteinas Cry o Vip3 y la membrana
de borde en cepillo de las células del intestino medio, consideradas
como las células diana de las toxinas. Uno de los retos principales en la
investigacion de Bt durante las ultimas décadas ha sido identificar
cuales son las moléculas que se unen de forma especifica con las toxinas
Cry o Vip3, asi como deducir la relevancia de la funcién de esta
interaccion, tanto en el modo de accién de las toxinas como en los
mecanismos de resistencia.

Actualmente, existen tres tipos de proteinas de membrana que
pueden funcionar como receptores putativos para las proteinas Cry en
insectos: las aminopeptidasas N (“APN”), las cadherinas y los
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transportadores “ABC” (del inglés “ATP-Binding Cassette”). Aunque
inicialmente la fosfatasa alcalina (“ALP”) también fue propuesta como
posible receptor, al estar asociada con la resistencia, no se dispone de
evidencias claras de su implicacién en la unién. En cuanto a los
transportadores ABC, son los receptores que mayor importancia han
adquirido en los dltimos anos. Son proteinas de membrana con
capacidad para transportar distintas moléculas de forma activa gracias
a la hidrélisis de ATP. Dentro de esta gran superfamilia, el
transportador mds caracterizado ha sido el ABCC2, tanto por su
implicaciéon como receptor de proteinas Cryl, como por haber sido
encontrado alterado en distintas especies de lepiddpteros resistentes a
proteinas Bt.

En cuanto a las toxinas Vip3, los estudios de interacciéon han
demostrado que los sitios de unién no son compartidos con las toxinas
Cry. Existen pocos estudios concluyentes sobre los posibles receptores
especificos para las toxinas Vip3. Algunos trabajos indican que tanto la
proteina ribosomal S2 como el “scavenger” tipo C pueden actuar como
receptores de la toxina Vip3A en varias especies del género Spodoptera.
Ademas, este ultimo se encuentra involucrado en la via endocitica,
siendo capaz de mediar la internalizacion de la toxina.

Existen numerosos estudios que han sefialado que la actividad
toxica de las proteinas de Bt se debe principalmente a su habilidad para
formar poros en la membrana de las células diana. Este modelo
(conocido como modelo de formacidn de poro) es actualmente el mas
respaldado por la comunidad cientifica debido al gran numero de
trabajos experimentales que lo apoyan tanto para toxinas de tipo Cry
como para Vip3. Una vez unidas las toxinas a los receptores especificos,
se forma una estructura oligomérica que se inserta en la membrana de
las células intestinales constituyendo el poro. De esta forma se pierde la
integridad de la membrana, generando un desequilibrio osmético que
provoca un hinchamiento de las células, desembocando en lisis celular.
Tras la lisis de las células intestinales se produce una septicemia,
causada principalmente por el paso a la hemolinfa no sélo de las propias
esporas o formas vegetativas de Bt, sino también de todas aquellas
bacterias oportunistas y otros patogenos presentes en el bolo
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alimentario. Como consecuencia, el insecto acaba muriendo. Por
ultimo, Bt puede aprovechar este nicho para continuar creciendo y
esporular, favoreciendo su posterior dispersion en el medio.

Dada su eficacia como insecticida, el ser humano ha utilizado
Bt para contener la expansion de distintas plagas. El primer producto
basado en Bt se comercializd en 1938, y desde entonces, su uso, ya sea
en formato de formulado Bt o plantas con expresion de genes Bt, ha
incrementado notablemente. Como ejemplo, las hectareas de plantas de
maiz, algoddén o soja Bt aumentaron de 1,1 millones en el afio 1996 a
101 millones en 2017. Por ello, no es de extrafiar que B. thuringiensis
sea el agente microbiano mas utilizado entre las soluciones
biotecnoldgicas presentes en la actualidad. Aunque los investigadores
han trabajado durante muchos anos en descifrar cémo se comportan
las proteinas de este excepcional organismo en el ambiente intestinal de
los insectos, aun queda mucho por entender. El conocimiento de forma
detallada del modo de accién de las proteinas insecticidas de Bt es un
punto clave para garantizar su uso a largo plazo por varias razones; nos
permite entender en cierta medida, cudles son los mecanismos
alterados en el desarrollo de la resistencia, donde se localizan y por qué
se encuentran alterados. Ademas, gracias a este conocimiento podemos
combinar proteinas Bt con diferentes modos de accidn con la finalidad
de maximizar su efecto. En la presente tesis, hemos profundizado en el
estudio de estas interacciones mediante distintas aproximaciones.

En el primer y segundo capitulo, nos hemos centrado en
estudiar las interacciones que ocurren entre las propias proteinas Cry,
asi como con el transportador ABCC2 de la rosquilla verde, Spodoptera
exigua. Dado que esta plaga es de alta relevancia por su impacto en la
agricultura, y se encuentra ampliamente distribuida en todo el mundo,
conocer cdmo las proteinas Cryl interaccionan con los receptores del
intestino es muy importante, ya que los productos basados en Bt y las
plantas Bt que contienen proteinas Cryl son comunmente utilizadas
para controlar esta plaga. En estos dos capitulos, elegimos una
aproximacion ex vivo, ya que el uso de estos sistemas, como el cultivo
de células de insecto o las preparaciones de vesiculas de membrana
intestinales (“BBMV?, de sus siglas inglés, Brush Border Membrane
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Vesicles), nos permiten entender y profundizar en interacciones
especificas que pueden pasar desapercibidas durante los ensayos in
vivo. Para ello, utilizamos una linea de células de insecto que expresa el
transportador ABCC2 en su versiéon completa, denominada “Sf21-
FRA”. Ademas, utilizamos proteinas Cryl A marcadas con yodo para
realizar ensayos de unidén y no marcadas para ensayos de viabilidad
celular. Descubrimos que las proteinas Cryl A unen de forma especifica
y con alta afinidad a células que expresan el transportador, y que la
presencia de éste en células es suficiente para causar toxicidad de las
proteinas CrylA probadas. Estos resultados apoyan que el ABCC2 de
S. exigua actia como receptor funcional de las proteinas CrylA, tal y
como se ha observado en otras especies plaga. A través de los dos
capitulos, la falta de competencia de la proteina CrylC, asi como la
ausencia de toxicidad en células HEK que expresan el transportador,
descartaron al ABCC2 como receptor para esta proteina. Estos
resultados indican que la proteina CrylC pueda poseer distintos sitios
de unidén en el intestino medio de S. exigua, ya que es altamente efectiva
en el control de esta plaga.

Por otra parte, observamos un fendémeno insélito en los
ensayos de union con I'*-CrylAa, en los que concentraciones bajas de
CrylAa no marcada y utilizada como competidor, producia una
respuesta estimulatoria, causando un incremento de la union total
conseguida por la I'-CrylAa a las células expresando el transportador.
Dado que a concentraciones altas de competidor, éste competia de una
forma habitual, exploramos por qué ocurria este comportamiento
bifasico. Pudimos observar también estimulaciéon causada a bajas
concentraciones, e incluso mas acentuada, al utilizar las proteinas
CrylAb, CrylAc o la proteina hibrida H04 (que contiene los mismos
dominios I y II que las proteinas CrylAb/c, pero contiene el dominio
III de la CrylC) como competidores contra la I'”-CrylAa. Sin
embargo, no observamos dicho comportamiento bifasico al utilizar la
proteina CrylC o la proteina hibrida H205 (con los mismos dominios
Iy IT que la proteinas CrylC y mismo dominio IIT que la CrylAa), lo
cual indica la importancia de poseer el mismo dominio I, comun a estas
tres CrylAs, para que se produzca la fase de estimulacion de la union.



Resumen extendido

Curiosamente, también pudimos observar dicho comportamiento,

aunque de forma mucho mas discreta, cuando utilizamos I'*®

-CrylAcy
CrylAa como competidor. Para revelar la naturaleza del agente
causante de la fase estimulatoria, realizamos electroforesis en geles de
poliacrilamida (SDS-PAGE) de la fase insoluble de los ensayos de
competencia, asi como autoradiografias de la misma. Tanto el tamafo
molecular como la intensidad de la banda observada nos permitié
determinar que la forma oligomérica de la proteina es la responsable de
la respuesta estimulatoria, sefialando este hecho la habilidad de las
proteinas CrylA de formar tanto homo- como hetero-oligémeros. Para
confirmarlo, utilizamos dos versiones mutantes de CrylAa y CrylAb,
que poseen una sustitucion del aminoacido Arg por Glu en la posicién
99 del dominio I que impide la oligomerizacién. La ausencia de fase
estimulatoria o banda correspondiente a oligomero en las
autoradiografias al usar estos mutantes como competidores, confirman
la habilidad de homo- y hetero-oligomerizar de las proteinas en su
version no modificada, a través del dominio I, asi como de unir con alta
afinidad al transportador ABCC2.

Ademas, las toxicidades observadas con las proteinas CrylAb y
CrylAc en células expresando el transportador, asi como los ensayos de
competencia llevados a cabo con I'*-CrylAc en el primer capitulo, nos
permiten concluir que estas dos proteinas comparten un sitio de union,
que tiene poca afinidad por la proteina CrylAa. La presencia de este
sitio compartido se pudo confirmar con el uso del hibrido H04, lo cual
sefialé al dominio II de CrylAb/c como dominio con mayor afinidad
por este sitio. Dado que la proteina CrylAa parecia tener un papel
menos relevante en la unidn a este sitio, pero aun asi es toxica para
células expresando el transportador, realizamos experimentos de
competencia tanto con I'*-CrylAa como con I'*-CrylAc, usando
CrylAay el hibrido H205 como competidores. Pudimos concluir que
la proteina CrylAa debe de tener otro sitio de unién en el
transportador, el cual tendria alta afinidad por el dominio III de
CrylAa. A este sitio de union, también se podria unir la proteina
CrylAb con alta afinidad, dado que comparte el mismo dominio III que
la CrylAa. Por tltimo, a través de distintas combinaciones de proteinas
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CrylAa en ensayos de toxicidad pudimos observar que, la ventaja
obtenida al formar mayores concentraciones de hetero-oligdmeros que
de homo-oligémeros no sélo también se trasladaba a mayores tasas de
union, sino a mayor toxicidad sobre las células. En resumen, el primer
capitulo destaca la importancia del ABCC2 como un receptor
multivalente para las proteinas CrylA y el segundo capitulo demuestra
la habilidad de formar hetero-oligdmeros por las proteinas CrylAa
para beneficiarse de la multivalencia del transportador.

Hasta ahora, es evidente que el transportador ABCC2 de S.
exigua y de otros lepiddpteros juega un rol relevante en la unién y
toxicidad de al menos las proteinas CrylA, pero pocos miembros de la
familia de este transportador han sido caracterizados. Es muy probable
que estemos pasando por alto numerosos transportadores ABC que
interaccionen con proteinas insecticidas de B. thuringiensis, ya que
hasta ahora se han descrito mas de 400 transportadores ABC en
artropodos. Por ello, estudiar nuevas interacciones entre
transportadores ABC y proteinas insecticidas es un gran reto en la
investigacion con Bt. A parte del ABCC2, s6lo unos pocos
transportadores ABC se han relacionado con proteinas Bt, como el
ABCBI del coledptero Chrysomela tremulae, receptor de la proteina
Cry3Aa, el ABCA2 de los lepiddpteros Helicoverpa armigera 'y B. mori,
receptor para las proteinas Cry2A, o el ABCC3 de S. exigua, Spodoptera
litura, Plutella xylostella, H. armigera y Spodoptera frugiperda,
relacionado con la accién de la proteina Cryl Ac. Curiosamente, ningtin
otro miembro de la familia ABC (aparte del ABCC2) se ha
caracterizado en el gusano bellotero Heliothis virescens, plaga en la que
se relaciond por primera vez un transportador ABC con las proteinas
de Bt, hace ya mas de una década.

En el tercer capitulo de la tesis, hemos realizado una busqueda
de nuevos transportadores ABC en H. virescens para abordar esta falta
de conocimiento. Hemos identificado y descrito dos nuevos
transportadores, el ABCC3 y ABCC4. El anilisis filogenético ha
demostrado alta similitud entre el transportador ABCC3 y el ya descrito
ABCC2, como se ha observado en otras especies como H. armigera. Sin
embargo, el transportador ABCC4 es una proteina mas distante
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atendiendo a su secuencia de aminoacidos. Segun los modelos de
predicciéon, ambos transportadores estarian formados por dos
dominios transmembrana y seis regiones en la parte exterior que se
corresponden con asas extracelulares. Evaluamos la funcionalidad de
los nuevos transportadores como posibles receptores para proteinas Bt
desarrollando mutantes de deleciéon para cada uno de los genes
HvABCC3 o HvABCC4 mediante la técnica de CRISPR/Cas9. Para ello,
microinyectamos huevos y cruzamos los adultos resultantes hasta
obtener lineas de homozigotos mutantes. Seguidamente, realizamos
bioensayos con CrylAa, CrylAcy Vip3A. Los resultados preliminares
no mostraron reduccién en la toxicidad para ninguna linea mutante, en
comparacion con la colonia de H. virescens usada como control. Sin
embargo, si se observaron mortalidades ligeramente disminuidas en la
concentracion mas baja de Cryl Ac utilizada, especialmente en la linea
de mutantes con delecion en el ABCC3, aunque el grado de
significacién debe de estudiarse en mayor profundidad dado el bajo
numero de réplicas en los bioensayos. Ademas, falta por confirmar la
correcta delecion de los transportadores en ambas lineas de mutantes
mediante la secuenciacion del ARN mensajero de los genes. Dado que
los ARN guias utilizados se disefiaron en el primer exén de cada gen,
podrian haber pautas de lectura alternativas, por lo que debemos de
asegurar que no se estén expresando otras versiones funcionales de los
transportadores. Por tanto, la posible implicacion de los nuevos
transportadores ABC con proteinas Bt tendra que estudiarse en mayor
profundidad. Por ahora, se sabe que el ABCC3 de S. exigua, H. armigera
S. exigua, H. armigera y S. frugiperda comparte redundancia funcional
con el ABCC2 en el modo de accién de las proteinas CrylA y juega un
rol menor y secundario en su toxicidad. Para comprender si este fuera
el caso en H. virescens, son necesarios experimentos adicionales como
desarrollar lineas de mutantes con deleciéon del ABCC2 o dobles
mutantes con delecién del ABCC2 y ABCC3, asi como la evaluacion,
mediante ensayos con proteinas marcadas, de las capacidades de unién
sobre las lineas de los mutantes. Por dltimo, aparte del ABCC2, ABCC3
y ABCC4, aun queda un gran nimero de transportadores ABC por
describir en H. virescens.

10
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Ademas de estudiar la interaccion entre receptores putativos y
proteinas Bt y buscar receptores desconocidos, debemos de tratar de
entender cdmo y por qué ciertas especies plaga consiguen desarrollar
resistencia a proteinas Bt, ya que la resistencia es la principal amenaza
para el uso continuado de plantas Bt o bioinsecticidas basados en Bt.
Esta ampliamente aceptado que la alteracion de union al receptor de
membrana es la principal causa de resistencia a proteinas Bt en especies
plaga, aunque otros mecanismos pueden estar involucrados. Las
alteraciones de union pueden ocurrir por diferentes razones, tales como
la reduccion en la expresion de un gen que codifique para una proteina
de membrana, deleciones en su secuencia, o mutaciones aminoacidicas
que impidan la interaccién entre la toxina y el receptor. Por ello, es
interesante caracterizar la funcionalidad de los receptores que han sido
encontrados alterados en diferentes plagas resistentes. A dia de hoy,
existen numerosos estudios funcionales con las versiones “wild-type”
de transportadores ABC usando diferentes técnicas, tales como
silenciamiento con ARN de interferencia, deleciéon mediante CRISPR,
0 expresion en un sistema ex vivo, pero pocos estudios han
caracterizado la funcionalidad de las versiones alteradas de los
transportadores ABC de cepas resistentes. Ademas, se propuso que el
mecanismo de transporte activo de los transportadores tiene que
funcionar correctamente para que pueda actuar como receptor de las
proteinas Cry. En el cuarto capitulo, caracterizamos la funcionalidad
de una version alterada del ABCC2 de una colonia de S. exigua
resistente a Xentari™, un bioinsecticida basado en Bt. Este transportador
contiene una delecion en el segundo dominio de unién a nucleétidos
(“NBD2”) que fue genéticamente ligada a la resistencia en un estudio
previo. Sin embargo, no se han realizado ensayos de funcionalidad del
transportador mutado para dilucidar si esta mutacion es la causa de la
resistencia. Para ello, utilizamos una linea celular de insecto que expresa
la version truncada del transportador denominada Sf21-XenR, asi
como lalinea celular utilizada en los dos primeros capitulos que expresa
la version original del ABCC2 (Sf21-FRA).

A través del estudio de la secuencia de aminoacidos,
identificamos cuatro mutaciones adicionales, en forma de sustitucion,

11
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tres de las cuales se encontraban en los NBD intracelulares y una de
ellas en una de las asas extracelulares (asa extracelular niimero 4). Las
primeras  caracterizaciones = mediante =~ Western  blot e
inmunohistoquimica mostraron la expresion del transportador
truncado y su localizacién en la membrana de las células Sf21-XenR, lo
cual indica que las mutaciones presentes en el transportador no
impiden su presencia en la membrana. Tras ello, realizamos ensayos de
viabilidad celular con las proteinas CrylAa, CrylAby CrylAc, tanto en
células Sf21-XenR como en células Sf21 no transformadas como
control. Las tres proteinas ensayadas fueron toxicas contra células con
expresion del transportador truncado, y a un nivel muy similar al
encontrado previamente en células que expresan el transportador en su
version original (Capitulo 1). Ademas, los ensayos de unién con
CrylAc marcada con I'* revelaron unién especifica al transportador
truncado, asi como un valor similar en la constante de disociacion (Kj)
al observado para células con transportador original en ensayos de
competencia. Por otra parte, la proteina CrylAb pudo competir
parcialmente por los sitios de unién de la CrylAc marcada, mientras
que la CrylAa no compitié. Estos resultados confirman que las
sustituciones en la secuencia de aminoacidos y la falta de parte del
NBD2 no impide la unién y, consecuentemente toxicidad, producida
por las proteinas CrylA sobre la version truncada del transportador
ABCC2 en S. exigua. Por ello, estos resultados sefialan que la version
truncada del transportador ABCC2 no seria la causa directa de la
resistencia al producto Xentari™ en la colonia de S. exigua estudiada en
la presente tesis.

Otro lepiddptero plaga que actualmente causa un gran impacto
global en la agricultura es Ostrinia furnacalis, el taladro del maiz
asiatico, el cual se alimenta principalmente de cultivos de maiz, pero
también de cafa de azucar, algodon, o pimiento. El impacto de las
larvas de esta especie es notorio de China a Australia, donde puede
causar entre un 10-30% de pérdida en la produccion del maiz cada afo.
Una herramienta prometedora para su control efectivo es el uso de maiz
Bt, el cual expresa varias proteinas Bt a las cuales esta especie es
susceptible, como CrylAb, CrylAc y CrylF. Por lo tanto, es de gran
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interés conocer el modo de accién de estas proteinas Bt en O. furnacalis
y sus posibles mecanismos de resistencia antes de que ocurran en el
campo. En el quinto capitulo hemos analizado en primer lugar los
parametros de unién de una colonia susceptible de O. furnacalis para
establecer un modelo preliminar de sitios de unién de las proteinas
Cryl en esta especie. Para este fin, hemos marcado con I'* las proteinas
CrylAb y CrylAa hemos realizado ensayos de competencia con
CrylAa, CrylAb, CrylAcy CrylF. De estos ensayos, podemos concluir
que existen al menos dos sitios de unién distintos en la membrana de
las células de intestino, que pueden ser compartidos principalmente por
CrylAa y CrylAb, pero también en menor medida con CrylAc y
CrylF. Este modelo presentaria ciertas similitudes con el modelo
previamente propuesto para la especie Ostrinia nubilalis, el taladro de
maiz europeo, en el hecho de que las proteinas Cryl A pueden unirse a
mas de un sitio. Seguidamente, analizamos una colonia de laboratorio
de O. furnacalis que fue seleccionada para desarrollar resistencia a la
proteina CrylAb. Evaluamos la presencia de resistencia cruzada
mediante bioensayos con proteinas CrylA y CrylF en ambas colonias.
Con una resistencia a CrylAb mayor a 700 veces, los analisis de
resistencia cruzada mostraron resistencias moderadamente altas a
CrylAa (unas 180 veces resistente), pero también a CrylAc o CrylF
(mas de 192 veces a ambas) comparado con los valores de
susceptibilidad obtenidos para la colonia susceptible. Teniendo estos
datos en cuenta, conocer el mecanismo que produce resistencia a la
proteina utilizada en la seleccion, pero también resistencia cruzada a
otras proteinas, es un elemento clave para preservar el uso a largo plazo
del maiz Bt. Dado que el principal mecanismo de resistencia es la
alteracion de receptores en la membrana de células del intestino medio,
llevamos a cabo ensayos de unidn entre las mismas proteinas utilizadas
en bioensayos y BBMV de la colonia resistente. Pudimos observar una
reduccién parcial en la unidn especifica de CrylAb y CrylAa a las
BBMYV, lo cual indicaria alteracion de receptor. La alteracion de este
sitio en la colonia resistente estaria causando una deficiencia en la
union de, al menos, las proteinas CrylA probadas aqui y ello seria la
causa de la reduccién en su toxicidad. En cuanto a la CrylF, las
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pequenas diferencias observadas son poco concluyentes y sélo
podemos especular que otros mecanismos de resistencia estén
ocurriendo, por lo que es necesario investigar mas para entender por
qué se producen estos niveles de resistencia cruzada con CrylF en esta
colonia. Por lo tanto, no podemos concluir de forma categdrica que la
alteracion del sitio de union observado aqui sea el unico responsable de
los niveles de resistencia observados, y estudios adicionales seran
necesarios para identificar la naturaleza del receptor alterado.

Una estrategia actual para evitar, o al menos retrasar la
aparicion de la resistencia a proteinas Bt en el campo es el uso de plantas
Bt “piramidadas”. Esta estrategia se basa en la co-expresion de distintas
proteinas Bt con diferentes modos de accién en una misma planta,
generalmente combinando proteinas Cry y proteinas Vip3, lo cual
obstaculiza el desarrollo de resistencia por parte de las plagas. Esta
estrategia se utiliza desde hace algunos afios y aunque el modo de accién
de las proteinas Vip3 se presupone distinto al modo de acciéon de las
proteinas Cry, aiin no esta bien caracterizado. No obstante, ya se han
conseguido resistencias (en condiciones de laboratorio) a Vip3A en
algunos lepidopteros. Estas colonias resistentes sirven para caracterizar
los posibles cambios genéticos y bioquimicos que causan la resistencia
y también nos permiten acercarnos al modo de accién de estas
proteinas Bt. En el sexto capitulo, hemos explorado una colonia
resistente de H. virescens que presenta niveles de resistencia a Vip3A
mayores de 2000 veces comparado con la colonia susceptible. Mediante
el marcaje con I'** de la proteina Vip3Aa, se realizaron ensayos de union
con BBMV, ademas de ensayos de “ligand blot”, tanto con la colonia
sensible como con la resistente. En ninguno de los dos casos
observamos diferencias significativas en la unién. Estos resultados
iniciales indican que la resistencia a Vip3Aa podria deberse a
mecanismos distintos a la alteracion de sitios de unién. La ausencia de
alteracion de sitios de union también ha sido observada en otras
colonias resistentes a Vip3Aa de H. armigera y Mythimna separata.
Ademas, detectamos una gran reduccion en la actividad enzimatica de
la fosfatasa alcalina (“ALP”) en los intestinos de la colonia resistente.
Mediante ensayos de Western blot y RT-qPCR pudimos confirmar la
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reduccidn en la cantidad de proteina ALP de membrana, asi como su
reduccidn a nivel transcripcional. Para saber si la ALP estd actuando
como receptor de la Vip3Aa, expresamos la ALP en células de insecto
(Sf21) y realizamos ensayos de toxicidad con la proteina Vip3Aa. La
susceptibilidad de la linea celular que expresaba la ALP no fue
significativamente distinta a la linea celular control, lo cual apoya la
idea de que la ALP no actiia como receptor funcional para la proteina
Vip3Aa en H. virescens. Aunque la alteraciéon de la ALP ha sido
correlacionada con la resistencia a proteinas Cry1 en diferentes especies
como H. virescens, H. zea, H. armigera, P. xylostella, S. frugiperda o S.
litura, actualmente no podemos afirmar que sea receptor funcional o si
su alteracion se debe a una respuesta fisiologica a la resistencia. Del
presente estudio, podemos descartar que la ALP de membrana actue
como receptor para la proteina Vip3Aa, al menos, en H. virescens, y
podemos resenar que la aparicion de resistencia a proteinas Vip3A
puede ser causada por mecanismos alternativos a la alteracién de un
sitio de union. Para confirmarlo, necesitaremos mas estudios que
caractericen otras colonias resistentes a Vip3A y que desentrafien otros
mecanismos de resistencia menos caracterizados.

Actualmente, existe una amplia bibliografia en la que se
constatan distintos mecanismos de respuesta de los insectos para
superar la infecciéon de Bt y sus proteinas, aparte de la alteracion de
receptores que se encuentran en las células del intestino medio. Sin
embargo, existe la necesidad de recabar toda esta informacién para
poder ponerla en valor, ya que parte de ella ha sido pasada por alto. En
el séptimo y dltimo capitulo de la tesis, hemos llevado a cabo una
busqueda exhaustiva de todos los mecanismos conocidos que puedan
contribuir de alguna manera al desarrollo de la resistencia. Para ello,
hemos escrito un articulo de revision que clasifica estos mecanismos de
respuesta atendiendo al paso en el que intervienen dentro del modo de
accion de B. thuringiensis y sus proteinas. Hemos definido ocho
categorias: (i) Ingestion, (ii) Solubilizacion del cristal, (iii) Activacion,
(iv) Secuestro de toxinas, (v) Reparacion del epitelio intestinal, (vi)
Rutas de defensa celular intrinsecas al epitelio, (vii) proteinas de
respuesta a patogenos (proteinas REPAT) y (viii) Respuestas inmunes,
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y las hemos discutido, asi como las interacciones entre ellas a lo largo
delarevision. Este trabajo pretende ilustrar todos los eventos conocidos
que puedan contribuir a la defensa de los huéspedes contra B.
thuringiensis y sus proteinas, y resaltar que el estudio de cémo
interactiian estos mecanismos entre si serd uno de los principales retos
en la investigacion con Bt.

Para concluir, los resultados obtenidos en esta tesis permiten
tener una mejor comprension de algunas de las interacciones que se
producen entre insectos, B. thuringiensis y sus proteinas insecticidas, lo
cual puede ser util para garantizar el uso a largo plazo de este poderoso
organismo.
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Bacillus thuringiensis (Bt) is one of the most popular biological
pest control alternatives to the use of chemical insecticides. The
proteins produced by this entomopathogenic bacterium can be toxic to
several insects, mites, and nematode species. Currently, the main
insecticidal proteins used in Bt-based products or Bt crops (genetically
modified crops expressing Bt proteins) belong to the Cry and Vip3
protein groups. However, field-evolved resistance to Bt proteins can
threaten the long-term use of Bt technology in agriculture. It is a key
point to understand how Bt proteins produce their toxicity inside the
insect, as well as to know how insects can overcome their toxic effect.
One of the most important families of functional receptors of Cry
proteins are the ATP-Binding Cassette (ABC) transporters located in
the membrane of the midgut cells of the insect, which have been
characterized in different species over the last decade.

In Chapters 1 and 2 from the present thesis we have
investigated the role of the ABCC2 transporter from Spodoptera exigua,
the beet armyworm, a global polyphagous pest that can feed from more
than 200 different crops. By expressing the SeABCC2 in insect cells we
have found that its presence enables high specific binding of CrylA
proteins to the transporter, which also rendered susceptibility of the
cells to CrylA proteins. Moreover, our results have pointed out the co-
existence of two different binding sites in the SeABCC2 protein, one
main site that can bind the domain II from CrylAb/c proteins, and a
secondary site that can interact with domain III from CrylAa/b. We
have identified that the main conformation of CrylA proteins that
binds to the SeABCC2 is the oligomer, a state that allows higher levels
of binding that the one achieved by the monomer. Also, the ability of
CrylA proteins to hetero-oligomerize (that is, forming an oligomer
composed by different CrylA protein monomers) was observed. These
hetero-oligomers formed by CrylAa-Ab or CrylAa-Ac allowed even
higher binding and toxicity levels than the homo-oligomers of the
CrylAa protein, indicating a possible reason why B. thuringiensis can
co-express different Cryl proteins with (apparently) similar binding
preferences.
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From these first two chapters, it has become evident that the
SeABCC2 from S. exigua plays a relevant role in the toxicity of CrylA
proteins. Similarly, the HvABCC2 from the tobacco budworm
(Heliothis virescens), a relevant pest in North America, was the first
ABC transporter related to the mode of action of Cryl proteins.
However, no other ABC transporter from this noctuid has been linked
with Bt proteins since then. In Chapter 3 of this thesis, we have explored
and characterized other H. virescens ABC transporters from the C
subfamily. We have identified two novel transporters, HvABCC3 and
HvABCC4. The phylogenetic analysis has shown high similarities
between HVABCC3 and the already-described HvABCC2, but
HvABCC4 has appeared to be a more distant protein, according to its
amino acidic sequence. To understand if either of the two new ABCCs
are involved in the toxicity of Bt proteins, we have performed
independent knock-outs of the HYABCC3 and HvABCC4 genes in eggs
from H. virescens. After achieving the knock-out lines, preliminary
results from bioassays with CrylAa, CrylAc and Vip3Aa proteins show
no difference in toxicity levels, pointing out that neither transporters
have a marked role in toxicity. The redundancy of the ABCC3
transporter as a functional receptor for the same proteins as the ABCC2
has been proven recently in other insects, but the data so far points to a
secondary, less important role of ABCC3 compared to ABCC2. If it is
the same case for H. virescens remains unknown.

As previously stated, field-evolved resistance to Bt proteins is
the main threat over the long-term wuse of this technology.
Understanding why some pests can develop resistance to Bt proteins is
therefore highly relevant to propose new strategies in the use of Bt-
based products and Bt crops. The main resistance mechanism involves
the alteration of receptors for Bt proteins in the insect midgut cells. In
the case of S. exigua, an alteration in the SeABCC2 gene was genetically
linked to resistance to the Bt-product Xentari™ in a previous study. In
Chapter 4 of the thesis we have fully characterized this truncated
SeABCC2 transporter and we have explored whether its mutations are
affecting the functionality as a receptor for CrylA proteins. We have
found four additional amino acid changes in positions 671, 805, 1200,
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and 1314, besides the large deletion found in the Nucleotide Binding
Domain II, that went unnoticed in the previous study. By expressing
the truncated version of the transporter in insect cells we have observed
that the CrylAc protein could bind specifically to the truncated
SeABCC2, indicating that the mutations would not be affecting
binding. Moreover, cell viability assays demonstrated that the CrylA
proteins tested can exert toxicity to the cells after binding to the
truncated SeABCC2, demonstrating that the partial lack of the
nucleotide binding domain II and the amino acidic changes do not
affect the functionality of the transporter as a CrylA receptor in
Spodoptera exigua.

Another pest that causes major concern is the Asian corn borer,
Ostrinia furnacalis, a lepidopteran causing great corn losses from China
to Australia. Similarly to S. exigua and H. virescens, Bt-based
technology is a promising tool to control this pest. Although Cryl
proteins have proven to be toxic to O. furnacalis, a model for the
binding sites of these proteins has not been stablished yet. In Chapter 5
we have analyzed a laboratory-selected colony of O. furnacalis resistant
to CrylAb protein to deepen the knowledge on the mode of action and
resistance mechanisms that this pest could develop, before they happen.
We have explored cross-resistance with other Cryl proteins besides
CrylAb by performing bioassays, finding moderate-to-high levels of
resistance to CrylAa, CrylAc, and CrylF. Since the alteration of
binding sites is usually the main cause of resistance, we performed
binding assays, and found that the specific binding of CrylAb as well
as CrylAa was reduced in the resistant colony. By competition assays
with a susceptible colony and CrylAb-resistant colony, we have
stablished a preliminary binding site model with at least two binding
sites shared by CrylA proteins. One of these binding sites is altered in
the resistant colony, causing a partial loss in the binding of the CrylA
proteins. These findings can help in assessing which Bt proteins are
effective to control this pest in a possible resistance scenario, but further
studies are required to fully understand the mode of action of Bt
proteins in the midgut of O. furnacalis.

21



Summary

The implementation of new Bt proteins from the Vip3 family
to co-express with the more traditional Cry protein family in Bt crops
helps to delay the appearance of resistance, since the mode of action of
Vip3 proteins differs from the Cry mode of action. This combination,
known as pyramided strategy, has allowed to prolong the use of Bt
crops in the last decade. Although there are no documented cases of
field-evolved Vip3A resistance yet, it is important to stay one step ahead
and know the possible resistance mechanisms for this protein family.
In Chapter 6, we have studied the >2,000-fold resistance to Vip3Aa in
a H. virescens laboratory-selected colony. Binding and ligand blot
assays showed no significant alterations in the resistant colony,
indicating an alternative Vip3A-resistance mechanism to the alteration
of binding sites. Moreover, a major reduction of the membrane alkaline
phosphatase (HvmALP) at the transcriptional level was detected. To
explore if it can act as a functional receptor, the HymALP was expressed
in insect cells. Viability assays performed with the Vip3Aa protein did
not show increased cell susceptibility, discarding a direct role of mALP
as a Vip3A receptor.

Lastly, in Chapter 7, we have gathered all the available research
on response mechanisms of insects to overcome the infection of Bt and
its proteins, besides the alteration of receptors from midgut cells. This
review classifies the response mechanisms in eight categories according
to which step of the mode of action is affected: Ingestion, Crystal
solubilization, Activation, Toxin sequestration, Gut epithelium healing,
Epithelium intrinsic cellular defense pathways, REPAT proteins, and
Immune responses. The review illustrates how the complexity of the
insect defense should be a matter of study in the Bt research world to
ensure its long-term use.

To conclude, the results obtained in this thesis allow a better
understanding of some of the interactions that occur between insects,
B. thuringiensis and its insecticidal proteins, which may be useful to
guarantee the long-term use of this powerful organism.
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I. What is Bacillus thuringiensis ?

Bacillus thuringiensis, also known as Bt, is a Gram-positive
endospore-forming bacterium closely-related to Bacillus cereus,
Bacillus anthracis and Bacillus mycoides (Priest et al., 2004). Although
mainly found in soil, it is an ubiquitous organism that can be found in
leaf surfaces, aquatic environments, animal feces, and specially in
insect-rich environments, such as the gut of different kinds of
caterpillars (Brock, 2005). Isolated in 1901 from infected silkworms
(Bombyx mori) by the bacteriologist Shigetane Ishiwata, the bacterium
was first nicknamed as “Sottokin-Bacillus” (“Sudden death-Bacillus”)
for the disease it caused when ingested by silkworm larvae (Ishiwata,
1901, 1905). Almost parallel, the biologist Ernst Berliner isolated Bt
from infected chrysalids of the Mediterranean flour moth (Ephestia
kuehniella) from the province of Thuringe (Germany), later describing
the bacterium and naming it as it is currently known, Bacillus
thuringiensis (Berliner, 1911, 1915). Berliner also reported the presence
of a crystal within the bacterial cell, although the nature of this element
was unknown at that time.

In 1954, the microbiologist Thomas A. Angus discovered that
these crystalline protein inclusions, formed during the sporulation of
Bt, were responsible for the insecticidal action and were named as “Cry”
proteins (Angus, 1954) (Figure 1). Besides these proteins, several broad
spectrum virulence factors have been described, such as the B-exotoxin
that can inhibit DNA-dependent RNA polymerases (Farkas et al., 1976;
Sebesta and Horska, 1970), hemolysins (Weinstein et al., 1988; Honda
et al., 1991) or exoenzymes such as chitinases (Sampson and Gooday,
1998). In the year 1996, a new class of proteins were discovered.
Currently known as Vip3, (from “Vegetative insecticidal proteins”),
they are mainly produced over the vegetative phase of Bt and were
found to be highly toxic for lepidopteran insects (Estruch et al., 1996).
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Figure 1. Microscopic view of Bacillus thuringiensis. Left: Phase
photomicrograph of a sporulated culture). Right: Transmission electron
micrograph of a longitudinal section of a sporulating cell, adapted from
Sanchis (2011).
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Il. Bt proteins

1.1 Variety and target spectra

A wide variety of proteins from Bt that are toxic against
different invertebrates (mainly insects and nematodes) have been
identified from a large number of strain isolates, and have been
classified according to protein sequence similarity since 1998
(Crickmore et al., 1998). Nevertheless, the growing list of newly
characterized pesticidal proteins from bacteria different to Bt has
caused the need to rethink how to name Bt proteins. Crickmore et al.
(2020) have recently proposed a new nomenclature that solves this
issue, but still maintains the basic principles of the previous version.
Thus, in the present thesis, all the protein names have been adapted
from and are referred to the new nomenclature. Currently, there are
391 holotype sequences of Bt proteins, and the known host spectrum of
these Bt proteins is summarized in Figure 2. The main insect orders
where susceptibility of any Bt protein has been documented are
Lepidoptera, Diptera, Coleoptera, Hemiptera, and Hymenoptera
(Palma et al.,, 2014). The present thesis is focused on two protein
families; the three-domain (3-D) Cry proteins and the Vip3 proteins.
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Cry: 2,3,11

Hemiptera

Cry:1,3,7-9,14,
18,43,55 Cyt:1,2
Gpp:34 Mpp:23
Tpp:35,36
Sip:1 Vpa,Vpb
Xpp:22,37

Coleoptera

Lepidoptera

Cry:1,2,7-9,Vip3
Mpp;: 15,51 Xpp:22

Bt

protein spectrum

App: 6
Cry: 5,12-14,21
Xpp: 55
Rhabditida

Cry: 3,5
Xpp: 22

Hymenoptera

Cry: 1,2,4,10,11,

16,19,20,24,27,

32,39,44 47 48
Cyt: 1,2
Tpp: 49

Diptera

Figure 2. Summary of the host spectrum of Bt proteins, according to
invertebrate order. Information on toxicity adapted from Palma et al. (2014).
Updated nomenclature of proteins according to Crickmore et al. (2020).
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1.2 Structure of 3D-Cry proteins

From the 391 different holotype protein sequences, 271 belong
to the “three-domain (3-D) Cry” protein family (Crickmore et al.,
2020). This family is by far the largest group of Bt proteins, and are also
the best characterized. The development of new techniques in
molecular biology, such as X-ray crystallography or cryogenic electron
microscopy (Cryo-EM) has allowed elucidation of the structure of
some of these Cry proteins, finding that many of them share three
different structural domains (as seen in the left panel of Figure 3). This
is the reason why proteins with this property have been renamed to a
dedicated family as “3D-Cry” proteins. The present thesis focuses on
the study of CrylA proteins, which have an approximate protoxin size
of 130 kDa, and from 60 to 70 kDa on their activated toxin form (Bravo
et al., 2007).
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Figure 3. Diagram of the activated CrylAa toxin structure. Left: Ribbon
diagram of a monomeric CrylAa protein (Adapted from Xu et al. (2014)).
Right: Schematic representation of a putative tetrameric CrylAa ion channel,
the four toxin molecules are aligned by the a4 helices facing the hydrophilic
lumen of the channel (Adapted from Masson et al. (1999)). Each domain has
been colored differently.
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In the three domain Cry proteins, domain I is located at the N
terminus and is constituted by a seven c-helix cluster that shares
structural similarity with the pore-forming domain of the toxin colicin
A (Xu et al., 2014). It has been proposed to be involved in membrane
insertion and pore formation (de Maagd et al., 2001). Domain II is
formed by three antiparallel B-sheets and two short helices, with a
hydrophobic core inside. This domain plays a relevant role in toxin-
receptor interactions (Jenkins et al., 2000; Xu et al., 2014). Last, domain
III consists of two twisted anti-parallel B-sheets that form a sandwich.
The inner sheet contacts with domain I on its C-terminal strand, and
the outer sheet is exposed to the solvent. This domain, also known as
“galactose-binding domain” is also involved in receptor binding (Xu et
al., 2014). It is worth to note that, as shown in the right panel of Figure
3, CrylA proteins have the ability to oligomerize through interactions
with 04 from domain I (Masson et al., 1999; de Maagd et al., 2001). This
feature is further discussed in Section III: Mode of action of Bt.
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1.3 Structure of Vip3 proteins

The Vip3 protein family includes 14 holotype proteins out of
the 391 holotype protein sequences that have been classified
(Crickmore et al, 2020). Their name comes from “Vegetative
Insecticidal Protein”, since these proteins are produced and secreted
outside the Bt cell during its vegetative growth phase. Interest in this
family of proteins has grown since their discovery 26 years ago, given
their high toxicity against lepidopterans and their distinct mode of
action and sequence compared to Cry proteins (Estruch et al., 1996;
Gupta et al., 2021).

The genes that code for Vip3 proteins are commonly found
among Bt strains, since up to 90% of strains that carry cryl or cry2 genes
are also carrying at least one vip3 gene (Beard et al., 2008; Hernandez-
Rodriguez et al., 2009). Vip3 proteins consist of ~787 amino acids, and
have an average molecular mass of ~89 kDa. The N-terminus of Vip3
proteins contains a signal peptide that allows the protein to translocate
across the cell membrane (Estruch et al., 1996). This structure can be
further processed by proteases producing a different toxic form with
two fragments of ca. 60 and 20 kDa (Chakroun et al., 2016; Bel et al,,
2017).

In the present thesis, special attention is paid to Vip3A
proteins. Recent research on the structure of Vip3A proteins has
demonstrated the presence of five different domains, as represented in
Figure 4 (Jiang et al., 2020; Nufez-Ramirez et al., 2021). The first
domain, is composed of four a-helices with a protease cleavage site, that
remains tightly associated with the core protein by interacting with
domain II. The second domain, composed by 5 a-helices, represents
the core of the tetramer and maintains the oligomeric structure. The
role of the third domain, formed by three antiparallel B-sheets is still
not well known. Finally, the fourth and fifth domains are connected
through a linker and contain carbohydrate-binding motifs (Nuiez-
Ramirez et al., 2021; Gupta et al., 2021). It has been observed that they
have a strong binding preference towards chitosan and chitin, although
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the precise binding substrates needs further examination (Jiang et al.,
2020). Among different Vip3A proteins the maximum divergence is
usually found at the C-terminus, which is why it has been considered
as the area responsible for specificity (Chakroun et al., 2016;
Chakrabarty et al., 2020).

Figure 4. Diagram of the Vip3Aa protein structure. Left: Protoxin monomer.
Right: Protoxin tetramer. Each domain has been colored differently. Adapted
from Nufez-Ramirez et al. (2020).
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lll. Mode of action of B. thuringiensis and its
proteins

In the following section, the life cycle of B. thuringiensis after
infecting a larvae is explained, along with the mode of action of the
pesticidal proteins it can produce, with an especial focus on Cry and
Vip3 proteins. The eight main steps of this cycle are described next, and
summarized in Figure 5.
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Figure 5. Schematic representation of the general sequential steps in the life
cycle of Bacillus thuringiensis and the mode of action of its pore-forming
toxins. (1) Ingestion, (2) Solubilization, (3) Activation, (4) Crossing the
peritrophic matrix, (5) Interaction with the midgut, (6) Oligomerization, pore
formation and cell lysis, (7) Septicemia and death, (8) Dispersion. Pinos and
Herndndez-Martinez (2019).
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lll.1 Ingestion

The first step in the mode of action entails the ingestion of Bt
by the susceptible species (Figure 5, step 1). It is worth to note that,
differently to other pesticidal treatments, Bt and its proteins (both in
formulates and Bt crops) can exclusively act if they are previously
ingested by the insect, and never by surface contact.

lll.2 Solubilization

The second step after ingestion of Bt spores and crystals (i.e.,
from Bt-based sprayed crops), at least for Cryl proteins, is the
solubilization of the crystals. This process occurs when disulfide bridges
in the crystal structures are broken, causing the liberation of the
protoxins present in the crystal. Solubilization is dependent upon both
the pH and the reducing conditions of the gut environment (Angus,
1954). For this reason, solubilization is considered to be a relevant
factor in Cryl protein specificity, since it will depend of appropriate
conditions in the midgut of insects to obtain an optimal solubilization
of crystals to release the protoxins (Jurat-Fuentes and Crickmore, 2017)
(Figure 5, step 2). In the case of Vip3 proteins or Cry proteins expressed
in transgenic plants, they do not require a solubilization step, since they
are produced in a soluble form.

lll.3 Protoxin processing by digestive enzymes

Both solubilized Cryl protoxins and Vip3 are processed by
endogenous proteases that are present in the midgut fluids, rendering
an active toxin that is generally resistant to further proteolytic processes
(Figure 5, step 3). This process is accomplished mainly by serin
proteases: trypsins and chymotrypsins (Andrews et al., 1985; Bietlot et
al., 1989; Caccia et al., 2014), the most abundant enzymes in midgut
fluids of insects (Terra y Ferreira, 1994).
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During the activation process, the majority of Cryl protoxins
(ca. 130 kDa) are digested sequentially, producing a resistant protein
nucleus with a size of 55 to 65 kDa. Cry1 protein activation is produced
by cutting off the N-terminal part (first 25-30 amino acids), and the C-
terminal part located over the second third of the protein (500-600
amino acids). In the case of Vip3 protoxins, which have a size of ca. 89
kDa, activation renders two protein fragments with a size of 62 and 20
kDa, which remain attached together (Chakroun et al., 2016; Bel et al.,
2017). The ability to process Bt protoxins by the insect has also been
described as a major factor involved in specificity of these proteins
(Jurat-Fuentes and Crickmore, 2017). Several studies have
demonstrated that the lack of toxicity, or differences in susceptibility in
close species was due to lack of activation capacities (Zalunin et al.,
2015).

lll.4 Crossing the peritrophic matrix

Once activated, all the toxins must cross the peritrophic matrix
of the midgut (Figure 5, step 4). This matrix is rich in chitin, the main
function of which is to separate the food and the epithelial cells. The
peritrophic matrix impedes the food to have an abrasive effect over the
midgut, as well as serving as a physical barrier against bacterial, viral or
parasite infections (Wang and Granados, 2011).

Consequently, this barrier can reduce the amount of toxins that
will later interact with midgut cells, having a direct effect in the
susceptibility of the insect (Hayakawa et al., 2004; Rees et al., 2009).
Nevertheless, the protective role offered by the peritrophic matrix can
be compromised by the action of endogenous or exogenous chitinases
(enzymes able to degrade chitin) from Bt (Kramer and Muthukrishnan,
1997).
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lll.5 Interaction with the midgut

After surpassing the peritrophic matrix, an interaction between
Cryl or Vip3 proteins and the brush border membrane from midgut
cells takes place. These cells are considered as the main target cells of
the toxins (Figure 5, step 5). One of the main challenges in Bt research
is identifying which are the molecules that bind in a specific manner to
Cryl or Vip3 toxins, as well as understanding the relevance of this
interaction in the mode of action of the toxins and the mechanisms of
resistance (Ferré and Van Rie, 2002; Pigott and Ellar, 2007; Bravo et al.,
2011; Jurat-Fuentes and Jackson, 2012, Jurat-Fuentes et al., 2021).

111.5.1 Putative Cry1 receptors

Currently, there is experimental evidence confirming that at
least three membrane proteins can act as putative receptors for Cryl
proteins in insects; type N aminopeptidases (APN), cadherins and ABC
transporters (Knight et al., 1994; Vadlamudi et al., 1995; Gahan et al,,
2010). Initially, alkaline phosphatases (ALP) were also proposed as
possible receptors, and although evidence of their implication with
binding are scarce, ALPs are associated with resistance (Jurat-Fuentes
and Adang, 2004).

Aminopeptidase-N. The insect midgut aminopeptidases-N
(APN) show sequence similarity to the vertebrate zinc-dependent APN
enzymes that cleave amino-acids from the amino terminus of proteins.
These APNs are attached to lipids in the epithelial membrane by a
glycosyl-phosphatidyl-inositol (GPI) anchor. Midgut APNs were the
first proteins to be described as putative Cryl receptors (Knight et al.,
1994, 1995). Binding interactions can occur via GalNAc moieties, at
least in M. sexta (Masson et al., 1995), H. virescens (Gill et al., 1995), L.
dispar (Jenkins et al,, 2000) and H. armigera (Sarkar et al., 2009).
Nevertheless, other studies have shown that this binding can be
produced independent from GalNAc (Banks et al., 2001). Although
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APNs can operate as functional receptors for Cryl proteins, a clear
understanding of their role in the mode of action is still needed.

Cadherins or cadherin-like proteins. Cadherin proteins
represent a large family of calcium-dependent, transmembrane
glycoproteins that maintain the integrity of contact between cells in
multicellular organisms. They can interact with other cell junction
proteins and with signal transduction pathways via their ectodomain
and cytoplasmic domain, respectively (Ruoslahti and Obrink, 1996;
Nollet et al., 2000; Angst et al., 2001; Takeichi, 1991). The cadherins that
are shown to interact with CrylA proteins have 12 ectodomains and
single transmembrane and cytoplasmic domains. They were first
shown to bind with high affinity in M. sexta larvae (Vadlamudi et al.,
1995) and the same cadherin expressed in cultured insect cells
conferred sensitivity to CrylA toxins (Hua et al, 2004). The
functionality as a CrylA receptor has been reported in other
lepidopterans, such as B. mori (Nagamatsu et al., 1999), O. nubilalis
(Flannagan et al., 2005) or H. virescens (Jurat-Fuentes and Adang,
2006).

Alkaline phosphatases. Alkaline phosphatases (ALPs) are
protein enzymes with the physiological role of dephosphorylating
compounds. In the midgut of insects different ALP forms can be found,
such as soluble ALPs in the lumen or GPI-anchored ALPs attached to
the membrane of the midgut cells. Their interaction with Cry1 proteins
was first detected by proteomic analyses, where ALPs from BBMVs
from different species, such as M. sexta (McNall and Adang, 2003) or
H. virescens (Krishnamoorthy et al., 2007), were able to bind with
CrylA proteins. In a similar way to APNSs, binding between ALPs and
Cryl proteins involve interactions with GalNAc (Jurat-Fuentes et al,,
2004; Ning et al., 2010). Through these findings, ALPs were proposed
as low affinity receptors for CrylA proteins that would attract these to
the midgut membrane (Jurat-Fuentes et al.,, 2011). Moreover, it has
been demonstrated that binding of Cryl1Ab to ALP in M. sexta larvae is
more relevant that binding to APN to cause toxicity, through RNAi
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silencing experiments (Flores-Escobar et al., 2013). Accordingly,
membrane-bound forms of ALPs could provide binding sites for Cryl
proteins yielding higher concentrations of the toxins at the epithelial
surface, as APNs (Jurat-Fuentes et al., 2021), but their clear role in the
mode of action is not yet known.

ABC transporters. The ATP-Binding Cassette (ABC) transporters
are a wide and ancient superfamily of membrane proteins. They are
formed by two cytosolic nucleotide-binding domains (NBDs) that bind
and hydrolyze ATP, and two integral transmembrane domains
(TMDs), each consisting of six membrane-spanning helices that change
orientation to allow the passage of small molecules across membranes
(Figure 6, panel A) (Holland et al., 2003; Higgins and Linton, 2004).
This mechanism of active transport of allocrites is known as the ATP-
switch mechanism (represented in Figure 6, panel B), where the
transporter changes between a closed and an open conformation of its
TMDs, with respect to the outer membrane surface (Linton, 2007). In
the closed state, the extracellular loops in the TMDs block the access
through the channel (step 1). Binding of internal allocrites with the
inner transmembrane helices increase the affinity of NBDs for ATP.
Binding brings both NBD closer, dimerizing and consequently the
TMDs rotate and open towards the outside (step 2) (Heckel, 2021).
Thus, the allocrite is secreted out of the cell. After hydrolysis of ATP,
the NBDs move apart while releasing phosphate and ADP (step 3),
restoring the transporter to the closed configuration (step 4).
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Figure 6. ABC transporters at a glance. (A) Domain structure. (TMD: Trans-
Membrane Domain, NBD: Nucleotide-Binding domain). (B) Active transport
mechanism (dark grey circle represents an allocrite). (C) Diversity according
to sequence similarity (Dermauw and Van Leeuwen, 2014).
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ABC transporters can be found in all kind of organisms, and eight
major families are denoted by the letters A-H, a classification according
to sequence similarity in the conserved NBDs (Figure 6, panel C).
Compared to human, bacterial or even nematode ABC transporters, the
knowledge about arthropod ABC transporters is still limited. Currently,
more than 400 arthropod ABC proteins have been identified (Dermauw
and Van Leeuwen, 2014). Nevertheless, the precise function of only a
few ABC transporters from several insects, such as D. melanogaster, A.
gambiae, A. mellifera, B. mori or Tribolium castaneum has been
explored (Ewart and Howells, 1998; Roth et al., 2003; Liu et al., 2011;
Xie et al., 2012; Broehan et al., 2013).

In regards to their biological function, many of these transporters
are involved in the export of xenobiotics, drugs, or endogenous
signaling molecules (Sharom, 2011). They have also been associated
with the transport, as well as resistance to over 27 different insecticides
and acaricides, but also to herbicides, fungicides, antibiotics, and heavy
metals (Buss and Callaghan, 2008; Dermauw and Van Leeuwen, 2014).
Furthermore, the most recently discovered property of insect ABC
proteins is their role in the mode of action of 3D-Cry proteins from Bt
(Gahan et al., 2010), which has been recently reviewed in Heckel (2021).

ABC transporters were first related with Cryl proteins by genetic
linkage between an ABCC2 mutation and resistance to CrylA proteins
in a strain of H. virescens (Gahan et al.,, 2010). Shortly after, direct
confirmation of the functionality of ABC transporters in CrylA mode
of action was supported by studies between CrylAb protein and
different insertions in the ABCC2 of B. mori (Atsumi et al., 2012),
followed by a study expressing the same transporter in insect cell lines
(Tanaka et al., 2013). From here onwards, the number of studies that
have achieved to relate insect ABC transporters with the mode of action
of 3D-Cry proteins has grown significantly over the last years. Most of
these studies have been performed through the analysis of different
resistant strains of lepidopterans, but also through expression of the
transporters in cell lines, as well as silencing or knocking-out in live
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insects. A recent review by Sato et al. (2019) gathers the information
available on which ABC transporters have been found to act as
functional receptors to which 3D-Cry proteins, and the vast majority of
interactions observed up to date are between Cryl or to a lesser extent,
with Cry2 proteins. Nonetheless, if there is any relation between ABC
transporters and the mode of action of Vip3 proteins remains to be
known.

111.5.2 Putative Vip3 receptors

For Vip3 proteins, interaction studies suggest that binding sites
are not shared with Cryl proteins (Chakroun and Ferré, 2014). Few
studies are conclusive on which are the specific receptors of Vip3
proteins, and some of them have shown that the ribosomal protein S2,
the fibroblast growth factor receptor-like protein, or the scavenger
receptor-C, can act as functional receptors for the Vip3A toxin in some
Spodoptera spp. (Singh et al.,, 2010; Jiang et al., 2018a; Jiang et al,
2018Db).

Ribosomal S2 protein. The precise cellular function of the
ribosomal S2 protein (RpS2) is not clearly defined, although it has been
proposed to be involved in modulating certain pathways such as
methylation or oogenesis control in Drosophila melanogaster or
suppression of ribosomal protein synthesis to trigger apoptosis
(Cramton et al., 1994; Naora et al., 1998; Swiercz et al., 2005). Regarding
its involvement with Bt proteins, RpS2 from Spodoptera litura (the
tobacco cutworm) has been observed to interact with Vip3A, and RNA
interference experiments with RpS2 showed reduced Vip3A larval
mortality (Singh et al., 2010). To rule out the possibility that these
results are anecdotal, further research on the RpS2 is needed.

Fibroblast growth factor. The Fibroblast growth factor
receptor-like protein (Sf-FGFR), found in the membrane of ovary-
derived Spodoptera frugiperda cells (Sf9), has been also described to
interact with the Vip3Aa protein. Moreover, a reduction of the
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expression levels in Sf9 cells was correlated with decreased sensitivity
to Vip3Aa toxicity (Jiang et al., 2018). In mammals, FGFRs can initiate
downstream signal transduction, such as activation of MAPK or STAT
cascades (Turner et al., 2010). Still, the biological role of this membrane
protein in insects has not been characterized, and its implication with
Vip3Aa mode of action is not yet known.

Scavenger receptor class C like protein. Scavenger receptors
are a large family of structurally and functionally diverse proteins. Little
is known about their biological role in insects. In Drosophila, it is
suggested that they might be involved in host defense (Pearson et al.,
1995). In a recent study, the scavenger receptor class C like protein of
cultured insect cells derived from S. frugiperda (Sf-SR-C) was found to
directly interact with Vip3A proteins and cause its internalization via
endocytosis (Jiang et al, 2018). In this system, the Sf-SR-C was
responsible for allowing Vip3A toxicity.

1ll.6 Oligomerization, pore formation and cellular lysis

Numerous studies in the scientific literature have pointed out
that the toxic activity of Bt proteins is due to the ability to form pores
in the membrane of its target cells. This model (known as the pore-
forming model) is currently the most supported model by the scientific
community, due to a large body of research, especially for Cry1 proteins
(Pardo-Lopez et al., 2013; Vachon et al., 2012). It is accepted that, after
the binding of Cryl proteins with specific membrane receptors, an
oligomeric structure is formed and then inserted into the membrane of
midgut cells, causing a pore. This loss in membrane integrity generates
an osmotic imbalance that provokes cell swelling, and consequently the
lysis of the cells (Figure 5, step 6) (Wolfersberger, 1992).

In the case of Cryl proteins and lepidopteran larvae, it is generally
considered that after low affinity interactions with APNs or ALPs, a
high concentration of Cry1 proteins (Pacheco et al., 2009; Masson et al.,
1995; Arenas et al., 2010) facilitates the proteolytic cleavage of helix a1
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after binding to cadherins and this triggers oligomerization (Masson et
al., 1995; Gémez et al.,, 2002). Subsequent binding of the oligomeric
structure to the receptors (APNs, ALPs or ABC transporters) facilitates
the insertion into the membrane causing pore formation and cell lysis
(Arenas et al., 2010; Pardo-Lopez et al., 2006). Moreover, it was
suggested that the ABCC2 might be involved in inducing CrylA
oligomerization and insertion (Heckel, 2012), and a recent study
demonstrated it for CrylAc and the ABCC2 from Plutella xylostella
(Ocelotl et al., 2017).

To further explore the oligomerization abilities of Bt proteins, one
promising tool is the use of disabled insecticidal proteins (DIP). DIPs
are defective proteins that are inhibitory variants of the wild-type
version of the protein when both are mixed. They consist in deliberate
amino acid point-mutations introduced in the protein sequence. These
mutations can inhibit the toxicity in different ways, depending on
which feature of the mode of action is affected (Jerga et al., 2019). One
strategy, known as “oligomer poisoning” or “Double-negative (DN)
mutants”, consists in the formation of oligomeric structures including
both mutant monomers and wild-type monomers. The oligomeric
structure formed cannot be correctly inserted in the membrane and,
thus, the toxicity is lost. This strategy has been used to characterize the
mode of action and neutralize other bacterial toxins such as Bacillus
anthracis protective antigen (PA) (Sellman et al, 2001) or
Staphylococcus aureus leukocidins (Parker and Prince, 2016). In the
case of Bt, a study using a DN mutant from CrylAb demonstrated that
oligomerization, at least in this protein, is a fundamental step in the
mode of action (Rodriguez-Almazan et al., 2009). Other strategy is to
produce mutants that are unable to oligomerize but can still bind in
their monomeric form to the binding sites of the wild-type protein. This
strategy can help to better understand the different affinities for binding
between monomeric and oligomeric structures (Rainey et al., 2004;
Jerga et al.,, 2019). Still, many questions remain unanswered, such as
which of the protein structures are the main agents causing toxicity,
since a co-existence of monomers, dimers, trimers, and tetramers has
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been found during the oligomerization process of CrylAa (Groulx et
al,, 2011).

In the case of Vip3 proteins, less is known about the steps in the
oligomerization process of these proteins, but a tetrameric structure has
been shown to form spontaneously in solution (Kunthic et al., 2017;
Palma et al,, 2017), indicating that oligomerization could be the result
from hydrophobic interactions prior to toxin insertion. Furthermore,
proteolytically activated Vip3A with lepidopteran gut fluids was shown
to form pores by voltage clamp assays, as well as to form stable ion
channels in planar lipid bilayers in the absence of receptors (Lee et al.,
2003). Recently, the resolved structure of the Vip3A protoxin and the
protease-digested tetramer shed light on the mechanism by which this
protein produces a pore. Through a conformational change, a needle is
formed through a spring-loaded apex in the N-terminal part after
protease treatment (Nufez-Ramirez et al., 2021). These results were
also observed in the Vip3B protein, which could also be inserted in
liposome membranes (Byrne et al., 2021).

lll.7 Septicemia, insect death and dispersion

After midgut cell lysis, Bt spreads through the hemolymph,
facing both the humoral and cellular immunities of the host. In the first
case, as a response to cationic antimicrobial peptides (AMP) produced
by the insect, Bt can neutralize the negative charge of its surface
(Khattar et al., 2009) or inhibit AMP activity by metalloproteases (Fang
et al., 2009). In the second case, Bt can produce an array of cytolysins
and toxins that induce necrosis or apoptosis to cultures of insect-
immune cells (Tran et al., 2011; Cadot et al., 2010). Consequently, a
septicemia is mainly caused by the invasion of spores, vegetative forms
of Bt, as well as other opportunistic bacteria and several pathogens that
enter the hemolymph (Adang et al., 2014; Caccia et al., 2016) (Figure 5,
step 7) and the insect dies. Then, Bt can take advantage of this niche to
continue dividing and sporulating. It has been suggested that the
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extracellular proteases NprA and NprR produced by Bt help to provide
nutrients by degradation of the host tissue, allowing the bacterial
population to achieve complete sporulation (Perchat et al., 2011,
Dubois et al., 2012). Finally, Bt spores are dispersed to start over with
the cycle again (Figure 5, step 8) (Raymond et al., 2010; Argolo-Filho
and Loguercio, 2014).

11l.8 Signaling pathway model

Even though the pore formation model is the most
consolidated model, over a decade ago an alternative mode of action
was proposed to explain the lack of correlation between pore formation
and cytotoxicity for certain Cry proteins. This alternative model was
proposed by Zhang et al. (2005) through in vitro assays using cell lines
expressing the cadherin from Manduca sexta and the CrylAb protein.
Authors proposed that this toxin bound as a monomer to the cadherin,
triggering a magnesium-dependent (Mg**) signal cascade (Zhang et al.,
2005) and activating the adenylyl cyclase/protein kinase A pathway
(Zhang et al., 2006). These processes would lead to necrosis and
consequently cell death. It is worth to note that presently, cytotoxicity
would be determined by the action of osmotic lysis (a direct
consequence of pore formation), whereas intracellular signaling
processes would be related to the insect response to the damage caused
by the toxins (Tanaka et al., 2012; Herndndez-Martinez et al., 2017).
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IV. Biological and biotechnological applications
of Bt

Although Bt was originally considered a risk for the silkworm
rearing industry, insect pathologists as well as agronomists soon
became interested in the entomopathogenic properties of the
bacterium, since small amounts of preparations of Bt (containing
spores and crystal inclusions) were highly efficient in killing insect
larvae (Sanchis 2011). As soon as 1938, the first Bt-based commercial
product (“Sporéine”) was available (Entwistle et al., 1993) after several
successful trials controlling the gypsy moth (Lymantria dispar) and the
European corn borer (Ostrinia nubilalis) in the U.S. and Hungary,
respectively. After a 20-year hiatus in adoption of this new biopesticide
due to the dominance of chemical pesticides (mainly due to the success
of DDT), two Bt-based products emerged, Thuricide® and Bactospéine®,
followed by “Entobacterin-3”, “Dendrobacilline” and “Biospor” in the
60s. In 1970, two highly effective strains of Bt were serotyped, kurstaki
and HD-1, which became the basis of new Bt products, such as Dipel *
(de Barjac and Lemille, 1970). In the late 70s, a growing concern started
on the use of chemical products, since their continued use severely
damaged the environment. Moreover, the appearance of resistance to
synthetic pesticides was declared one of the world’s most serious
environmental problems by the United Nations Environmental
Program by 1979. These facts led to a significant increase in the
commercial interest of Bt as a pesticide agent.

Still, formulations based on Bt remained rather ineffective against
some pests since the sprays coud not reach cryptic insects in stems or
roots. In the 1980s, genetic engineered plants carrying cry genes from
Bt started being developed, being the first one the tobacco plant (Vaeck
etal., 1987), and then tomato and cotton plants, by using the Ti plasmid
from Agrobacterium tumefaciens. In the 1990s and early 2000s, Bt-
engineered potato, corn and cotton products were commercially
available and approved by the US Environmental Protection Agency
(EPA). Thanks to the development of Bt crops, these plant varieties
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were protected against different pests such as Leptinotarsa
decemlineata, Ostrinia nubilalis, Agrotis ipsilon, or Spodoptera
frugiperda. The use of these crops since 1996 has led to a significant
reduction in the use of pesticides, as well as saving costs for growers. In
the same way, the confidence in the benefits of using Bt crops has
increased since then throughout the world (Sanchis, 2011).

V. Appearance of resistance and gene

pyramiding strategy

Sometime after spray products were stablished as an effective
tool to control pest populations, development of Cry protein resistance
was found in Plodia interpunctella (McGaughey, 1985). Isolated first
from Bt-treated grain storage bins, the initially low resistance grew after
laboratory selection over 15 generations, achieving 100-fold resistance.
In 1993, resistance to Bt-treatments was documented in the
lepidopteran pest Plutella xylostella, further selection in the laboratory
resulted in 1,000-fold resistance to CrylA proteins (Tabashnik et al.,
1993, 1997). In the early 2000s, some populations of Helicoverpa zea
exposed to Bt-cotton from Arkansas and Mississippi showed 50 to 100-
fold resistance to CrylAc. Since then, the appearance of resistance to Bt
crops and treatments has threatened their effectiveness, becoming a real
reason for concern.

The use of gene pyramiding in Bt crops, along planting of non-
Bt refuges, has helped to alleviate this issue. Gene pyramiding consists
in combining multiple insecticidal Bt proteins in the same plant that
have different modes of action, meaning that the binding sites in the
membrane of the midgut are not the same. Since 2002, when a new
generation of Bt cotton combining the expression of CrylAc and
Cry2Ab proteins was released, the number of Bt crops benefitting from
gene pyramiding has increased notably. Up to date, at least 18 different
pyramided Bt corn and cotton varieties are being used in the US
(Carriére et al.,, 2015), allowing to control a wider spectrum of pests.
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Currently, there are approximately 101 million hectares planted with Bt
crops worldwide, representing more than half of the global cultivated
area of genetically modified crops (James, 2017).

However, cases of pest resistance to Bt crops have increased
from 3 in the year 2005 to 16 in 2016. This type of pest resistance has
been also defined as practical resistance, since it reduces the efficacy of
the Bt crop and thus has practical consequences for the control of a
certain pest (Tabashnik et al., 2014). Among these 16 cases of practical
resistance affecting Bt corn and/or cotton, there are populations of
Busseola fusca, Diatraea saccharalis, Diabrotica v. virgifera, H. zea,
Pectinophora  gossypiella, Spodoptera frugiperda, and Striacosta
albicosta, with an average onset of resistance of 5.2 years (Tabashnik
and Carriére, 2017). Moreover, 3 other populations have been classified
as early warnings of resistance, where monitoring data showed a
statistically significant decrease in susceptibility although reduced
efficacy of the Bt crop has not been reported yet. These 3 cases
correspond to populations of D. saccharalis, Helicoverpa armigera, and
Ostrinia furnacalis. The proteins to which pests have developed
practical resistance are mainly 3D-Cry proteins: CrylAb, CrylAc,
CrylA.105, CrylFa, Cry2Ab, Cry3Bb, mCry3A, and eCry3.1Ab, but
also Gpp34Ab1 and Tpp35Abl. Conversely, no cases of Vip3 practical
resistance have been detected yet, since the implementation of this
protein (Vip3Aa) in the gene pyramiding strategy is relatively new and
the adoption in the field is still low (Tabashnik and Carriéere, 2017). In
any case, the co-expression of vip3A genes, combined with the
production of high toxin doses and planting of non-Bt refuges, is
helping to reduce the risk of resistance as well as expanding the insect
activity range (Jurat-Fuentes et al., 2021).

VI. Resistance mechanisms to Bt proteins

Given the economic relevance of field resistance to Bt proteins,
a great effort has been made to study the biological reasons on why a
given pest loses susceptibility to the action of Bt and/or its proteins. For

48



Introduction

this purpose, one of the main starting tools used in research over recent
decades has been the development of laboratory-selected resistant
colonies of different pests. These resistant colonies help to validate
resistance management practices and provide a means to characterize,
from a genetic and biochemical point of view, alterations that might be
biologically relevant in resistance evolution (Ferré and Van Rie, 2002,
Jurat-Fuentes et al., 2021). To this end, insects are first fed with sub-
lethal doses of the desired Bt protein. Then, surviving individuals are
reared over several generations to increasing concentrations of the
protein, until the lethal concentration causing a 50% mortality (LCso)
of the selected population is significantly higher than the control
populations not exposed to the Bt product or the insecticidal protein.
Further characterizations (genetic, biochemical, etc.) of the selected
colony are made with non-selected individuals.

Through studies with both laboratory-selected and field-
evolved resistant pest colonies, the most common resistance
mechanism found is the alteration of toxin binding to putative
receptors, which corresponds to the “interaction with the midgut” step
in the mode of action (as shown in Figure 5, step 5). Besides this
mechanism discussed below, there are other mechanisms such as
altered protoxin processing by digestive enzymes, toxin sequestration,
immune responses and others. Although they may have gone
unnoticed, they have been described as an effective way to overcome Bt
toxicity and will be revised and discussed in the objective III of the
present thesis.

Alteration of toxin binding

APNs and ALPs. Few cases have associated alterations in APN
structure or expression with resistance. In Spodoptera exigua, one out
of the four analyzed APNs was absent in midguts of a CrylCa-resistant
colony (Herrero et al., 2005). In Helicoverpa armigera, a 22 amino acid
deletion of an APN lost binding to CrylAc protein in a resistant colony,
as well as having a reduced expression of the APN (Zhang et al., 2009).
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Moreover, proteomic analysis of a resistant Trichoplusia ni colony
showed a reduction in APN1 and an upregulation in APN6 expression,
which was genetically linked to CrylAc resistance (Tiewsiri and Wang,
2011). In the same way, reduced levels of ALP activity have been found
in CrylAcand/or Cry2Ab-resistant Heliothis virescens, CrylF-resistant
Spodoptera frugiperda, Cryl Ac-resistant Helicoverpa armigera (Jurat-
Fuentes et al., 2011), CrylAh-resistant O. furnacalis (Shabbir et al.,
2020), and CrylAc-resistant Plutella xylostella (Guo et al., 2015).
Although there is evidence that both APNs and ALPs can act as
functional receptors for Cry proteins (Jurat-Fuentes et al., 2011; Knight
et al., 1994), their alteration in protein expression or the presence of
mutations appear not to be the only mechanism for resistance in the
majority of cases.

Cadherin. In a laboratory-selected CrylAc-resistant colony of
H. virescens, truncation of a cadherin gene was linked to resistance
(Gahan et al., 2001). In the same way, laboratory-selected colonies of
Pectinophora gossypiella resistant to CrylAc were found to carry
cadherin mutations and lower levels of expression (Fabrick et al., 2021;
Morin et al., 2003). Similarly, mutations and downregulation of
cadherin were associated with reduced CrylAc binding and resistance
in O. furnacalis (Jin et al., 2014). In H. armigera, different mutations in
cadherins were linked to CrylAc resistance in China and India (Zhang
et al., 2012, Nair et al., 2013) and knockouts of cadherin confirmed its
importance for CrylAc resistance (Wang et al., 2016). Even with the
above findings, linkage mapping and mechanistic studies have
discarded the involvement of cadherin in CrylAc resistance in some
resistant colonies, at least for P. xylostella and Trichoplusia ni (Baxter et
al., 2005; Guo et al., 2015; Zhang et al., 2012). As demonstrated for P.
gossypiella, the fitness cost of carrying these cadherin alleles might be a
reason for this contradictory results (Carriére et al.,, 2018), so that
further studies in other species are required to understand the
importance of cadherin in Bt resistance.
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ABC transporters. A CrylAc-resistant Heliothis virescens
colony and a CrylAb-resistant Bombyx mori colony were found to have
altered versions of the ABCC2 transporter (a deletion in exon 2 and an
insertion in the second extracellular loop, respectively) that were
correlated with resistance (Gahan et al., 2010; Atsumi et al., 2012).
Similarly, different CrylF-resistant Spodoptera frugiperda strains have
been correlated with truncation of the ABCC2 (Boaventura et al., 2020;
de Bortoli et al., 2019). Genetic mapping of CrylAc-resistant Plutella
xylostella and CrylC-resistant Spodoptera exigua correlated deletions
in ABCC2 with resistance (Baxter et al., 2011; Park et al., 2014).
Furthermore, it is feasible that the ABCC3 is also involved, since
knocking out both ABC transporters yielded higher levels of CrylAc
resistance in Helicoverpa armigera (Wang et al., 2020). Besides Cryl
protein resistance, the alteration of other ABC transporters such as the
type A (mainly ABCA2) have also been linked to Cry2Ab resistance in
Helicoverpa armigera (Tay et al., 2015; Wang et al., 2017), P. gossypiella
(Mathew et al., 2018), and T. ni (Yang et al., 2019). Alterations in the
type B (ABCBI1) have been linked to Cry3Aa resistance in the
coleopteran Chrysomela tremula and to Cry3B resistance in Diabrotica
v. virgifera (Pauchet et al.,, 2016, Flagel et al., 2015). The increasingly
growing amount of evidence demonstrating a linkage between
alterations in ABC sequence or expression, has put the spotlight on
these membrane receptors as the strongest candidates to be explored in
the coming years.
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VIl. Selected pests
Spodoptera exigua

Spodoptera exigua (Lepidoptera: Noctuidae) (Hiibner, 1808),
commonly known as the beet armyworm (Figure 7), is a widely
distributed pest around the globe, located in Africa, Asia, Australia,
North America and the south of Europe. It is considered a polyphagous
pest, since it can feed on more than 200 different plant species, both
crops and weeds (Gho et al., 1993; Takatsuka and Kunimi, 2002).
Among the plant crops that are attacked by S. exigua, many
horticultural crops are found, such as tomato, pepper, eggplant,
cucumber, or green beans. The life cycle of this lepidopteran is divided
in four different stages: (1) egg, (2) larvae (with five different larval
instars), (3) pupa, and (4) the adult moth. In this thesis, the interaction
of the ABC transporter C2 from S. exigua with Cryl proteins has been
studied. In the same way, the role of an alteration in the ABCC2 from a
resistant colony of S. exigua has been analyzed.

Heliothis virescens

Heliothis virescens (Lepidoptera: Noctuidae) (Fabricius, 1777),
commonly known as the tobacco budworm (Figure 7), is a pest found
in the North American continent, and certain areas of Central and
South America. It is mainly a field crop pest, and it can feed in crops
such as alfalfa, clover, cotton, flax, soybean or tobacco (Martin et al,,
1976). As for S. exigua, its life cycle is divided in the same four stages,
with the main difference being that the larvae can have between five and
seven instars. In this thesis, the role of ABC transporters from H.
virescens has been explored. Moreover, a laboratory-selected Vip3A-
resistant H. virescens colony has been characterized from a genetic and
biochemical point of view.
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Ostrinia furnacalis

Ostrinia furnacalis (Lepidoptera: Crambidae) (Guenée, 1854),
also known as the Asian corn borer (Figure 7), is a lepidopteran pest
that can be found from China to Australia. Besides mainly feeding from
corn, it can also feed from pepper, cotton, hops, or sugarcane among
other horticultural crops. Its life cycle shows the same stages as for S.
exigua and H. virescens, presenting the larvae six different instars. In
this thesis, a laboratory-selected CrylAb-resistant O. furnacalis colony
has been used to characterize the possible alteration of toxin binding
sites, as well as to create a binding site model of this pest for Cry
proteins.

Eggs Larva Pupa Imago

Spodoptera
exigua

Heliothis
virescens

Ostrinia
furnacalis

Figure 7. Life stages of the three lepidopteran pests used in this thesis.
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Objectives

The overall aim of the present thesis is to broaden the
knowledge of the interactions that occur between Bacillus thuringiensis
pesticidal proteins and certain membrane proteins that act as receptors
in the midgut of different lepidopteran species. Furthermore, this thesis
aims to explore the reasons for the appearance of resistance to Bt and
its pesticidal proteins by different approaches. In particular, how the
ABC transporters from family C relate to CrylA and Vip3A proteins;
their involvement in binding to Bt proteins and with resistance. Also,
to deepen the knowledge of Bt resistance by analyzing biochemical and
genetic alterations in different Bt-resistant lepidopteran colonies, as
well as gathering other possible mechanisms causing resistance beyond
receptor binding. For this purpose, the following specific objectives
were established:

1. Study the interactions between the ABCC

transporters from pests and Bt proteins

1.1. To understand the role of the ABCC2 transporter from S.
exigua in CrylA toxicity

1.2. To gain a deeper knowledge on how CrylA proteins interact
with the ABCC2 transporter

1.3. To study the role of other ABCC transporters from H.
virescens in B. thuringiensis toxicity

2. Characterize resistance to Bt proteins
2.1. To test whether structural mutations in the ABCC2 of
Spodoptera exigua affect its function as a CrylA receptor
2.2. To study possible binding alterations of Cryl proteins in a
CrylAb-resistant colony of Ostrinia furnacalis
2.3. To characterize biochemical and genetic alterations in a
Vip3A-resistant colony of Heliothis virescens

3. Review how other response mechanisms beyond

receptor binding can counteract the effect of B.
thuringiensis
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Chapter 1: Role of Cry1A domains in binding to the ABCC2 receptor from S. exigua

Introduction

Bacillus thuringiensis (Bt) is a bacterium which produces a wide
range of insecticidal proteins which are useful in biological control of
insect pests (Crickmore, 2006; Schnepf et al., 1998). One of the most
studied proteins from Bt are the insecticidal crystal proteins (Cry
proteins) which have been used to control insect pests both in
formulated sprays or in insect-resistant genetically-modified crops (Bt-
crops) (Roh et al,, 2007). The extensive use of these proteins in
agriculture has led to the emergence of resistance to some Cry proteins
in target insects, threatening the long-term use of Bt products
(Tabashnik and Carriére, 2017).

The mode of action of Cry proteins has been widely studied,
though some aspects still remain unclear. In general, it is accepted that,
after the ingestion of the protoxin by the insect, the protein is
solubilized and activated by the action of digestive enzymes. The way
in that the active forms exert their cytotoxicity is still controversial,
though binding to specific receptors in the brush border of the
epithelial midgut cells is accepted by either the sequential binding
model (Bravo et al., 2007) or the Mg**-dependent signalling pathway
(Zhang et al., 2006, 2005). In the sequential binding model, the
activated CrylA proteins (as monomers) go through a complex
sequence of binding events with different midgut Cry-binding proteins,
leading to the cleavage of helix al of the Domain I and to the
oligomerization of monomers. Afterwards, the oligomer binds to other
midgut membrane proteins, and finally is irreversibly inserted into the
membrane, where it forms pores in the apical membrane of larvae
midgut cells which eventually lead to septicemia and insect death
(Adang et al., 2014; Bravo et al., 2007; Pardo-Lopez et al., 2013). The
second model proposes that the activation of an Mg**-dependent
signalling pathway, after the binding of the Cry protein to a cadherin
protein, leads to oncotic cell death (Zhang et al., 2006, 2005).
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The specific toxin-receptor interaction has been reported as a
crucial step for toxicity (Jurat-Fuentes and Crickmore, 2017). In
addition, binding alteration in the insect midgut is the step of the mode
of action that has more often been associated with insect resistance to
Cry proteins, although other resistance mechanisms have also been
reported (Ferré and Van Rie, 2002; Tabashnik and Carriére, 2017).
Currently, several molecules have already been proposed as candidate
receptors for different Cry proteins: cadherin-like proteins (Nagamatsu
et al.,, 1998; Vadlamudi et al., 1995), GPI-anchored proteins — such as
aminopeptidases N (APNs) and alkaline phosphatases (ALPs) —
(Knight et al., 1994; Luo et al., 1997; Yaoi et al., 1997) (Arenas et al,,
2010; Jurat-Fuentes and Adang, 2004; Ning et al., 2010) and more
recently, the ABC transporter subfamily C (ABCC) (Gahan et al., 2010;
Tanaka et al., 2013). Interestingly, mutations in these candidate
receptors have been reported in several Bt-resistant strains. Mutations
in cadherin-like receptors were identified in strains resistant to CrylA
proteins from Heliothis virescens, Pectinophora gossypiella and
Helicoverpa armigera (Gahan et al., 2001; Morin et al., 2003; Xu et al.,
2005). Similarly, alterations in apn genes have been associated with
resistance to CrylA proteins in H. armigera, Diatraea saccharalis and
Trichoplusia ni (Tiewsiri et al., 2011; Yang et al., 2010; Zhang et al.,
2009).

The ABCC2 transporter was first proposed as a Cry receptor in
the YEE strain of H. virescens (Gahan et al., 2010). Since then, different
genetic studies have revealed the correlation between mutations in
ABCC proteins and Bt resistance in different Lepidoptera (Heckel,
2012; Baxter et al., 2011; Atsumi et al., 2012; Xiao et al., 2014; Park et
al., 2014). In a laboratory-selected colony of Spodoptera exigua (named
Xen-R), a mutation in the ABCC2 locus was described as genetically
linked for the resistance of this colony to the Bt commercial
bioinsecticide Xentari™ (Park et al., 2014). Interestingly, the mutation
found in this resistant colony affects an intracellular domain involved
in the ATP binding region. To date, the ABCC2 transporter from
different lepidopteran species has been cloned and expressed on
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cultured cells to study whether the expression of the transporter
correlates with increased susceptibility to Cry proteins (Atsumi et al.,
2012; Banerjee et al., 2017; Bretschneider et al., 2016; Endo et al., 2017;
Tanaka et al., 2016a, 2013).

In this study, we investigated the role of the S. exigua ABCC2
(SeABCC2) transporter in the mode of action of CrylA proteins and
CrylCa. To achieve this goal, the SeABCC2 transporter has been
expressed in Sf21 insect cells and in HEK293T human cells, first, to
characterize their functional role by toxicity cell assays, and second, to
assess its ability to bind to these Cryl proteins. Hybrids were used to
identify the critical regions (domains) of Cryl proteins which are
interacting with the transporter.
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Material and methods

Cell culture maintenance

Spodoptera frugiperda derived Sf21 cells were cultured at 25 °C
in Gibco® Grace's Medium (1X) (Life Technologies™) supplemented
with 10% heat-inactivated fetal bovine serum (FBS). Routine culture
was performed in T25 flasks (Nunc) and cells were passaged once a
week.

Human embryonic kidney 293T (HEK293T) cells were
cultured at 37 °C in Dulbecco's modified Eagle medium (DMEM,
Thermo Fisher Scientific) supplemented with 10% FBS (BioWest,
Nuaillé, France), 4 mM GlutaMAXTM (Thermo Fisher Scientific), 100
units/ml penicillin, and 100 pg/ml streptomycin, in a 5% CO2
atmosphere and 95% relative humidity.

Generation of Sf21 clones expressing SeABCC2-FRA

Total RNA was isolated from midgut tissues of S. exigua larvae
(FRA colony) (Hernandez-Martinez et al., 2010) using the RNAzol RT
reagent (Sigma-Aldrich, St. Louis, MO, US) according to the
manufacturer's instructions, and used for cDNA synthesis. Spodoptera
exigua ABCC2 full gene (SeABCC2-FRA) was obtained by PCR
amplification using the corresponding ¢cDNA (KF926100.1 and
KF926099.1, respectively) as a template. PCR amplifications were
performed using specific primers which added Sacl and Xbal
restriction sites and a FLAG-tag downstream in both SeABCC2 genes.
Primers used for cDNA subcloning are shown in Supplementary Table
S1. The amplified fragments were cloned into the Sacl and Xbal
restriction sites of the pIB-eGFP vector (kindly supplied by Els Roode,
Wageningen University & Research) by replacement of the gfp gene, to
generate the pIB-FRA vector. The pIB-eGFP and pIB-FRA vectors were
used for stable transfection of Sf21 cells and carried a gene coding for
Blasticidin resistance. For this purpose, Sf21 cells were seeded on 6-well
plates at about 70% confluency and transfected with lug of each
plasmid using Cellfectin® II Reagent (Invitrogen) following the
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manufacturer's instructions. Monoclonal selection to obtain stable cell
lines expressing the SeABCC2-FRA protein was carried out using
cloning cylinders as described in Bretschneider et al. (2016). To support
cell colony growth, conditioned medium (the supernatant of
exponentially growing Sf21 cells, 3-4 days old) supplemented with 10%
(v/v) FBS and 50 pg/ml of Blasticidin was used. After the monoclonal
selection, only one cell line expressing the SeABCC2-FRA gene was
obtained and was named Sf21-FRA. The stable cell line was maintained
at 27 °C in culture medium containing 10 pg/ml Blasticidin.

Transient expression of the SeABCC2-FRA gene in HEK293T cells

The cDNA of SeABCC2-FRA was inserted into the expression
vector pcDNA3.1 (Thermo Fisher Scientific) and fused with 3 x FLAG-
tag (Sigma-Aldrich) at C-terminus as described previously by Endo et
al. (2017).

HEK293T cells were seeded on cover glasses in the bottom of a
6-well plate (TrueLine; Nippon Genetics, Toyama, Japan) and
transfected with the constructs using polyethylenimine (PEI Max,
Polysciences, Inc., Warrington, PA) in Opti-MEM® (Thermo Fisher
Scientific) for 2 h. Then, the media were replaced with fresh Dulbecco's
modified Eagle medium (DMEM, Thermo Fisher Scientific) and
incubated for 48 h at 37 °C. After incubation, cells were used for further
experiments.

RT-gPCR

Expression of the SeABCC2-FRA gene was analyzed in the
monoclonal Sf21 cell line by RT-qPCR using specific primers
(Supplementary Table S1). Total RNA extraction was performed using
RNAzol® RT (Sigma Aldrich, St Louis, MO) according to the
manufacturer's instructions and it was used for cDNA synthesis using
PrimeScript RT Reagent kit (TaKaRa Bio Inc, Otsu Shiga, Japan). RT-
qPCR was performed with 5x HOT FIREPOL EvaGreen qPCR Mix Plus
(ROX) (Solis BioDyne, Tartu, Estonia) following standard protocols
and the DNA synthesis was measured in a StepOnePlus Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). To normalize the
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gene expression, the ubiquitin gene was used as reference
(Supplementary Table S1). The resulting slope from dilution series was
used to calculate the efficiency and the amplification factor. The
SeABCC2 gene expression was given as copy number per 1000
molecules of the reference gene.

Detection of SeABCC2 proteins by immunostaining

Immunochemistry of S$f21 and HEK293T cells expressing
SeABCC2 transporter using monoclonal anti-FLAG® M2 (Sigma)
antibody was performed as described in Mang et al. (2016). Briefly, cells
were seeded onto cover glass in the bottom of 6-well or 24-well plates
and incubated overnight. After 16 h, cells were washed with phosphate
buffered saline (PBS), and fixed with 4% paraformaldehyde in PBS and
then washed again with PBS. Cells were incubated in TNT buffer (0.1
M Tris-HCI, 150 mM NaCl, 0.01% (v/v) Tween 20) with 0.01% Triton
X-100 for 10 min and then blocked using TNT buffer with 1% BSA for
1 h atroom temperature (RT). After blocking, cells were incubated with
primary antibody (monoclonal anti-FLAG® M2 in TNT buffer at a
1:1000 dilution) for 2 h. After three washes with TNT buffer, cells were
incubated with secondary antibody (goat anti-mouse IgG conjugated to
Alexa Fluor 488 (Molecular Probes, USA) at a 1:1000 dilution in TNT
buffer for 1 h) and washed three times again with TNT buffer. Next,
cells were incubated with 1 ug/ml of 4, 6-diamidino-2-phenylindole
(DAPI; Sigma Aldrich, Schnelldorf, Germany) for 20 min at RT to stain
the cell nuclei. After washing with TNT buffer, cover glass were
mounted using Dako Fluorescence Mounting Medium (Dako,
Glostrup, Denmark), and observed under a confocal microscope
(Olympus, FV1000MPE). As negative controls, transfected cells were
immunostained with secondary antibody alone and non-transfected
Sf21 or HEK293T cells were immunostained by anti-FLAG antibody.

Cry proteins preparation

Cry proteins used in the present work were obtained from
different sources. For cell toxicity assays, CrylAa, CrylAb, CrylAc,
CrylCa proteins and the hybrid proteins H04 (a chimera with domains
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I and II from CrylAb and domain III from 1Ca) and H205 (a chimera
with domains I and II from Cryl1Ca and domain III from CrylAb) (de
Maagd et al,, 1996) were obtained from recombinant Escherichia coli
strains kindly supplied by R. A. de Maagd (Wageningen Plant Research,
Wageningen University). Inclusion bodies containing Cry proteins
were purified, solubilized and trypsin-activated as follows (Herrero et
al., 2004). After cell lysis, the pellets were recovered by centrifugation at
40,000 x g for 20 min and then washed five times with washing buffer
(20 mM Tris-HCI, pH 8, 5 mM EDTA, 100 mM NacCl). Protoxin
solubilization was performed by incubation of inclusion bodies at 37 °C
in solubilization buffer (50 mM sodium carbonate, pH 10.5, 150 mM
NaCl) containing 10 mM dithiothreitol (DTT). After 2 h, the
solubilized protoxin was separated from insoluble debris by
centrifugation at 40,000 x g for 20 min. The pH of the supernatant was
lowered to pH 9 using 1M Tris/HCI (pH 8). The protoxin was activated
by adding trypsin at a ratio of 1:10 (trypsin/protoxin, w/w) and
incubating for 2h at 37°C.

For oligomer formation assays, the CrylAc protein and its
mutant CrylAcE129K were obtained from the B. thuringiensis HD73
strain and a recombinant B. thuringiensis strain (Portugal et al., 2017),
respectively. Both strains were grown in HCT sporulation medium
(Mufoz-Garay et al., 2009) at 30 °C until sporulation was completed
(3-4 d). The recombinant strain expressing the mutant protein was
grown in the sporulation medium supplemented with erythromycin 10
mg/ml. The spores and crystals were recovered by centrifugation at
12,800 x g for 10 min, and washed seven times with washing solution
(300 mM NaCl, 10 mM EDTA). The three first washes were performed
with the washing solution supplemented with 1 mM
phenylmethylsulfonyl fluoride (PMSF). After washing, crystal
inclusions were purified by sucrose gradients (Thomas and Ellar, 1983).
Protoxin solubilization was performed by incubation of the purified
crystals in 100 mM sodium carbonate, 0.2% p-mercaptoethanol (pH
10.5). After solubilization, the pH was adjusted to pH 8.5 by adding an
equal volume of 1 M Tris (pH 8.5) and the solubilized protoxins were
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activated with trypsin using a ratio of 1:50 (trypsin/protoxin) for 2 h at
37 °C. The proteolytic reaction was stopped by the addition of PMSF at
a final concentration of 1 mM. An Amicon ultra-4 centrifugal filter
Ultracel-50K (Merck KGaA, Darmstadt) was used to exchange the
buffer of the activated toxins to PBS (pH 8.5).

For binding assays, CrylAa, CrylAb, CrylAc, and CrylCa
were obtained from recombinant B. thuringiensis strains EG1273,
EG7077, EG11070, EG1081, respectively (from Ecogen Inc., Langhorn,
PA). Crystal purification and solubilization, and protoxin activation by
trypsin, was performed as described by (Estela et al., 2004). The hybrids
HO04, H205, and the mutant Cryl AcE129K were prepared as previously
described. After trypsin activation, all proteins were further dialyzed in
20 mM Tris-HCl (pH 9) and filtered prior to anion-exchange
purification in a HiTrap Q HP column using an AKTA explorer 100
chromatography system (GE Healthcare, United Kingdom).

All proteins were analyzed by 12% sodium dodecylsulfate poly-
acrylamide gel electrophoresis (12% SDS-PAGE) and kept at —20 °C
until used. The protein concentration was determined by densitometry
using TotalLabTM 1D v13.01 software.

Viability assays in insect cells

Viability assays were performed using the MTT (3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay in Sf21
and Sf21-FRA insect cell lines after exposure to different Cryl proteins.
The MTT is a water-soluble tetrazolium salt, which is converted to an
insoluble purple formazan by cleavage of the tetrazolium ring by
succinate dehydrogenase within the mitochondria (Stockert et al.,
2012). This product is impermeable to the cell membranes and
therefore it accumulates in healthy or viable cells. Cells were suspended
in Grace's medium (without FBS) and plated in 96-well ELISA plates
(flat bottom) at ca. 70% confluency. A total volume of 100 pl of each cell
line was added per well. The 96-well plates were incubated at 25 °C for
at least 45 min. Then, 10 ul of the trypsin activated Cry proteins was
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added to each well within a range of concentrations from 0 to 150 nM
in duplicate on each plate. As a negative and positive controls, 10 pl of
carbonate buffer (pH 10.5) and 10 ul of 2% Triton X-100, respectively,
were added to the wells. After 3 h incubation at 25 °C, the cell viability
was measured using the CellTiter 96° AQueous One Solution Reagent
(Promega, Madison WI) following the manufacturer's protocol. Briefly,
20 pl of the reagent was added to each well and then the plate was
further incubated for 2 h at 25 °C. After incubation, absorbance was
measured at 490 nm (Infinite m200, Tecan, Mannedorf, Switzerland).
The percent viability was calculated in relation to cells treated with
carbonate buffer (considered as 100% viable), and the cells treated with
Triton X-100 (considered as 0% viable).

In order to test whether an excess of Cryl AcE129K has an effect
on cell viability exposed to CrylAc, a fixed concentration of the latter
(1.5nM) was used along with increasing concentrations of
CrylAcE129K (1.5 nM, 15 nM and 150 nM). As controls, both proteins
were tested separately using 1.5 and 150nM of CrylAc and
CrylAcE129K, respectively.

HEK293T cell swelling assays

HEK293T cell swelling assays were performed as described
elsewhere (Endo et al., 2017). Briefly, transfected cells were incubated
with Cry protein diluted in Hank's buffered saline solution (HBSS; 137
mM NaCl, 5.4 mM KCl, 0.3 mM Na2HPO4, 0.4 mM KH2PO4, 4.2 mM
NaHCO3, 1.3 mM CaCl2, 0.5 mM MgCl2 and 0.4 mM MgSO4, pH 7.4)
for 1 h at 37 °C. After treatment, cells were observed under phase-
contrast microscope to observe the morphological changes and cell
swelling.

Binding of °I-CrylAc to Sf21 cells

The CrylAc protein (25 pg) was labelled with 0.3 mCi of I
(PerkinElmer, Boston, MA) using the chloramine T method (Van Rie
et al., 1989). The specific activity obtained for the labelled protein was
15 mCi/mg. Prior to binding assays, Sf21 and Sf21-FRA cells were
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detached and recovered by centrifugation at 500 x g for 5 min at RT,
and then washed two times with PBS. The final pellet was resuspended
in binding buffer (PBS, 0.1% BSA) to a concentration of 4.6 107 cells/ml.
The amount of cells was calculated by Countess Automated Cell
counter (Invitrogen).

To determine the optimal concentration of cells to use in
competition assays, increasing amounts of cells were incubated with 0.1
nM of labelled-CrylAc in a final volume of 0.1 ml in binding buffer for
1 h at RT. An excess of unlabelled toxin (150 nM) was used to calculate
the nonspecific binding. After incubation, samples were centrifuged at
500 x g for 10 min and the pellets were washed with 500 pl of binding
buffer. Radioactivity in the pellets was measured in a model 2480
WIZARD? gamma counter. Binding experiments were performed at
least twice for each cell line.

Competition experiments were performed in binding buffer
incubating the Sf21-FRA cells (9.2 10° cells/ml) with *’I-CrylAc and
increasing amounts of different unlabelled toxins in a final volume of
100 pl. After 1 h incubation at RT, samples were centrifuged at 500 x g
for 10min, cell pellets washed with 500ul of binding buffer, and
radioactivity in the pellets measured. Competition assays were
replicated at least three times. The equilibrium dissociation constant
(Ka) and concentration of binding sites (R;) were estimated from the
homologous competition experiments using the LIGAND program
(Munson and Rodbard, 1980).

Binding of °I-Cry1Ac to brush border membrane vesicles (BBMV)

BBMV from S. exigua were prepared by the differential
magnesium precipitation method from dissected midguts of last instar
larvae (Wolfersberger et al., 1987) and kept at —80 °C until used. Protein
concentration of BBMV preparations was determined by the method of
Bradford (1976).

Prior to start, BBMV were centrifuged for 10 min at 16,000 x g
and resuspended in binding buffer. To determine the optimal
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concentration of BBMV for use in competition experiments, increasing
amounts of BBMV were incubated with 0.1 nM of labelled-CrylAc in a
final volume of 0.1 ml of binding buffer for 1 h at RT. An excess of
unlabelled toxin (150 nM) was used to calculate the nonspecific
binding. Competition experiments were performed in binding buffer
incubating BBMV with '"I-CrylAc and increasing amounts of
unlabelled CrylAa, CrylAb and CrylAc in a final volume of 100 pl.
After 1 h incubation at RT, samples were centrifuged at 16,000 x g for
10 min, and the pellets were washed with 500ul of cold binding buffer.
Radioactivity in the pellets was measured in the gamma counter.
Binding assays were performed twice, while competition assays were
performed three times.

Oligomerization

The ability to form oligomers of native CrylAc and the mutant
CrylAcE129K proteins, when incubated with insect cell lines, was
analyzed to see whether the toxicity of CrylAc proteins is due to the
fact that the SeABCC2 protein is playing a role in the oligomer
formation. Oligomerization assays were performed by treating the
different insect cells lines with either CrylAc or CrylAcE129K
proteins. For this purpose, insect cells were suspended in Grace's
medium (without FBS) and 100 pl were plated per well in 96-well plates
at ca. 70% confluency. Plates were incubated at 25 °C for at least 1 h,
and then a final concentration of 500 nM of either CrylA proteins were
added. As a negative control, the same volume of PBS was also added
to the wells. After 3 h incubation, the supernatant was removed, and
cells were detached and centrifuged for 15 min at 21,000 x g at 10°C.
Then, cell pellets were resuspended in PBS and washed twice using the
same buffer. Final pellets were resuspended in 1X Laemmli sample
buffer at 50°C for 5 min. After heating, proteins were separated by 10%
SDS-PAGE and transferred into PVDF membrane. CrylAc and
CrylAcE129K proteins were detected by Western blot using polyclonal
anti-CrylAc (1/30,000; 90 min) as a primary antibody, followed by a
secondary antibody, a goat anti-rabbit IgG-conjugated horseradish
peroxidase (1/30,000; 60 min) and visualized with Super Signal
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chemiluminescence substrate (Pierce), using an ImageQuant LAS400
image analyzer. All assays were performed in duplicate. At least three
independent biological replicates were performed. The molecular
weight (MW) of the oligomer was established by using a pre-stained
MW marker (Precision Plus Protein™ Dual Colors Standards, BioRad).
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Results

Analysis of the expression of SeABCC2 genes in Sf21 cells and
localization of the expressed proteins

The S. exigua putative receptor ABCC2 was stably expressed in
Sf21 cells after transfection and kept with antibiotic selection. The
expression of the gene was analyzed by RT-qPCR. (Supplementary Figure
S1). Expression levels of the SeABCC2 gene were found significantly higher
than the expression of the housekeeping gene in the transfected cell line,
whereas no expression was detected for the Sf21 cell line (non-transfected).
Immunostaining using an anti-3 x FLAG-tag antibody showed that
SeABCC2 transporter was located on the cell membrane (Figure 8). For
further experiments, two insect cell lines were selected: Sf21 (as a control)

and the monoclonal Sf21-FRA.
DAPI Alexa 488 Merged

Figure 8. Immunostaining of SeABCC2-FRA transporter expressed in Sf21
cells. Cells were stained with an anti-FLAG tag antibody followed by anti-
mouse IgG conjugated to Alexa Fluor 488 (green signal). Cell nuclei were
stained with DAPIT (blue signal).

Sf21
(non-transformed)

Sf21-FRA

Viability assays in insect cell lines
The susceptibility of the two different insect cell lines to four

Cryl proteins (CrylAa, CrylAb, CrylAc, and CrylCa) and two
CrylAb-CrylC hybrids (H04 and H205) was determined by cell
viability assays. None of the CrylA toxins had any major effect on the
viability of non-transfected Sf21 cells, whereas they affected the viability
of Sf21-FRA cells in a dose-dependent manner (Figure 9 and
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Supplementary Figure S2). The loss of cell viability was more drastic
when treating with CrylAb and CrylAc than with CrylAa (Figure 9
and Supplementary Figure S2).
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Figure 9. Effect of CrylA proteins, CrylCa and two CrylA-CrylC hybrids on
the viability of insect cells. Assays were performed using different
concentrations of CrylAa (A), CrylAb (B), CrylAc (C), CrylCa (D), H04 (E),
and H205 (F). Assays were carried out for 3 h with Sf21 (circles) and Sf21-FRA
(squares). A schematic representation of the domain composition of the
proteins is shown below each graph.

Treatment with Cry1Ca affected cell viability of the two insect
cell lines with similar ECs values (values ranging from 0.9 to 1.5nM)
(Figure 9D and Supplementary Figure S2).

The viability pattern of the hybrid H04 was qualitatively similar
to that of the CrylAb or CrylAc proteins (Figure 9E and
Supplementary Figure S2), being active only to those cells expressing
the ABCC2 protein. However, its toxicity to the transfected cells was
lower than that of the Cryl1Ab and CrylAc proteins, though higher than
that of CrylAa (Figure 9E). With the hybrid H205 the results were
similar to those obtained with CrylCa (Figure 9F and Supplementary
Figure S2), suggesting that domains I and II from the CrylCa are
critical to confer toxicity against Sf21 cells.
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HEK293T cell swelling assays

The full-length SeABCC2 protein (SeABCC2-FRA) was
transiently expressed in HEK293T cells (Supplementary Figure S3).
The susceptibility of the two CrylAb-CrylC hybrids (H04 and H205)
and their parental proteins was determined by cell swelling assays in the
two different HEK293T cell lines. This approach was used to
complement the data obtained from the assays performed with the
insect cell lines, since HEK293T cells were described as not sensitive to
CrylC (Endo et al., 2017). Non-transfected HEK293T cells were not
swollen after 1 h incubation even at the highest concentration of Cry
protein tested (1 uM CrylAb, 7 uM Cryl1C, 2.8 uM HO04, and 4.1 uM
H205) (Figure 10). HEK293T cells expressing the SeABCC2 protein
were swollen after 1 h incubation with 100 nM of CrylAb, H04 and
H205, while no swollen cells were observed when they were treated with
Cry1Ca, even at the highest available concentration (7 uM) (Figure 10).
These results suggest that the SeABCC2 protein mediates the toxicity of
CrylAb, H04, and H205, but it does not mediate the toxicity of Cry1C.
Thus, the toxicity of the H205 protein suggests that domain III from
CrylAa/b may be crucial in the toxicity of this chimera to HEK293T
cells expressing SeABCC2.

Cry1Ab Cry1Ca HO4 H205

HEK293T
non-transfected

Figure 10. Cell swelling assay of HEK293T cells expressing SeABCC2
transporter against Cry proteins. HEK293T cells were transiently transfected
and incubated with 100 nM of CrylAb, H04, and H205 proteins, and 7 uM
CrylCa for 24 h. Images were taken under phase-contrast microscopy.
Arrowheads indicate swollen cells with a round shape. Scale bar represents 20
pm. A schematic representation of the domain composition of the proteins is
shown.
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SeABCC2 transporter mediates binding of CrylA proteins in Sf21cells
Binding of "*I-labelled CrylAc was tested in the two Sf21 insect
cell lines. The results showed specific binding of labelled CrylAc to
increasing concentrations of SeABCC2-expressing insect cells, while no
specific binding was found for the control cell line (Sf21) (Figure 11).
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Figure 11. Binding of "*I-CrylAc to whole cells from different insect cell lines.
(A) Specific binding of '*I-CrylAc at increasing concentrations of Sf21 (blue)
and Sf21-FRA (purple). (B) Total binding showing the specific (blue) and
nonspecific (grey) components at the selected cell concentration (9.2 10°
cells/ml). Each bar represents the mean of at least three independent
experiments ( £ SEM).

Homologous competition showed that, with Sf21-FRA cells,
unlabelled CrylAc displaced up to 80% of labelled CrylAc (since there
is about 20% of nonspecific binding) (Figures 11B and 12). The
dissociation constant and concentration of binding sites were estimated
from the homologous competition curves, obtaining a Ks = 5.6 £ 1.3
nM (mean + SEM) and an R, = 0.030 + 0.006 pmol/million cells (mean
+ SEM). The Ky value indicates that binding of CrylAc is of high
affinity.
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Figure 12. Competition binding assays with 125I-CrylAc using Sf21-FRA
cells. The reaction was performed in binding buffer (PBS, 0.1% BSA) with a
concentration of 9.2 10° cells/ml. Curves represent total binding of labelled
CrylAc protein to increasing concentrations of unlabelled CrylAa (open
triangles), CrylAb (full circles), CrylAc (squares) CrylCa (diamonds), H04
(full triangles), and H205 (open circles) as competitors. Each competition
experiment was replicated at least three times and the error bars represent the
standard error of the mean. A schematic representation of the domain
composition of the proteins is shown.

Heterologous competition experiments were performed in
Sf21-FRA cells using three Cryl proteins (CrylAa, CrylAb, and
CrylCa) and two CrylAb-Cry1C hybrids (H04 and H205) to determine
whether these proteins shared binding sites with the CrylAc protein
and, if so, which domains of the protein are responsible. The results
showed that CrylAb could compete against labelled CrylAc, while
CrylAa did not compete (Figure 12). When using CrylCa and the
hybrid H205 as competitors, no displacement of the labelled protein
was observed in Sf21-FRA cells, while the H04 protein was able to
compete similarly as CrylAb (Figure 12). Therefore, only those
proteins with domain IT of Cryl Ac were able to compete for the CrylAc
binding.

Binding of '*’I-labelled CrylAc to S. exigua BBMV

To see whether the binding observed in the Sf21 cells
expressing the ABCC2 transporter correlated with the binding obtained
in classical experiments using BBMV from S. exigua (containing all
receptors from the midgut epithelial membrane), binding of '*’I-
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labelled CrylAc was tested with S. exigua BBMV (Supplementary
Figure S4). Competition binding assays showed that CrylAb competed
for all CrylAc binding sites, whereas CrylAa did not compete (Figure
13). The Ky value obtained for BBMV (K4 + SEM = 1.0 + 0.4 nM) was
not very different from those obtained for Sf21 cells expressing the
SeABCC2 transporter. These results suggest that the binding observed
with Sf21 cells expressing the ABCC2 transporter represents most, if
not all, the binding observed with BBMV.
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Figure 13. Competition binding assays of '*’I-CrylAc on S. exigua BBMV
using CrylAa (open triangles), CrylAb (circles) and CrylAc (squares) as
competitors. Curves represent total binding of labelled CrylAc at increasing
concentrations of competitors. Each competition was replicated at least three
times and the error bars represent the standard error of the mean. A schematic
representation of the domain composition of the proteins is shown.

The ABCC2 transporter is not necessary for the oligomerization of Cryl1A
proteins

To determine the role of the putative receptor SeABCC2 on
oligomer formation, incubation of Sf21 and Sf21-FRA with CrylAc and
its mutant CrylAcE129K was analyzed. CrylAcE129K is a mutant
which was shown to be unable to insert into the membrane (Portugal
et al., 2017). The formation of CrylAc oligomers was observed in the
cell pellet of both cell lines when treated with CrylAc, independently of
the expression of the SeABCC2 transporter (Figure 14). These results
indicate that the presence of the ABCC2 transporter does not mediate
the oligomerization of CrylAc. In contrast, the oligomeric structure of
the Cryl AcE129K mutant was not found in the cell pellets of any of the
two cell lines (Figure 14).
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Figure 14. Analysis of the oligomerization of CrylAc and the mutant
CrylAcE129K after incubation with insect cells. Cell pellets were loaded onto
10% SDS-PAGE gels, and proteins were detected by Western blot using anti-
CrylAc antibody and secondary goat-HRP antibody. The oligomeric CrylAc
structure is observed as a 250 kDa band, whereas the monomeric proteins of
both CrylAc and mutant CrylAcE129K are observed as 60 kDa bands.
Arrowheads indicate the oligomeric and the monomeric forms. Lane 1:
CrylAc protein; lanes 2 and 3: protein structures obtained after incubation of
CrylAc with Sf21, or Sf21-FRA cells, respectively; lanes 4 and 5: protein
structures obtained after incubation of CrylAcE129K with Sf21 or Sf21-FRA
cells, respectively.

Effect of Cryl1AcE129K on cell viability and binding

The characterization of the CrylAcE129K mutant was
performed in terms of toxic activity and binding ability, to check
whether this mutant had altered the ability to interact with the
SeABCC2 transporter. The viability results showed that the
CrylAcE129K mutant had no major effect on the viability of any of the
cell types (Figure 15B). In vivo competition assays exposing both insect
cell lines with 1.5 nM of CrylAc and increasing concentrations of
CrylAcE129K, to test the effect of the excess of the latter on cell
susceptibility to CrylAc. The percentage of cell viability increased when
increasing the concentrations of the mutant protein, suggesting that the
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latter is blocking the CrylAc binding sites responsible for toxicity
(Figure 15B). In vitro heterologous competition assays, using labelled
CrylAc and unlabelled CrylAcE129K as competitor, were performed
to check whether the mutant can compete for the binding sites of the
wild-type protein. The results showed that the CrylAc mutant
competes for almost all CrylAc binding sites (Figure 15A), suggesting
that loss of binding was not the reason for the lack of toxicity of this
mutant.
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Figure 15. In vitro and in vivo competition assays with CrylAc and
CrylAcE129K using Sf21 and Sf21-FRA insect cells. (A) In vitro competition
assays with '®I-CrylAc using Sf21-FRA insect cells. The reaction was
performed in binding buffer (PBS, 0.1% BSA) with a concentration of 9.2 10°
cells/ ml. Curves represent total binding of labelled protein to increasing
concentrations of unlabelled CrylAc (squares) or CrylAcE129K (circles).
Each competition experiment was replicated at least three times and the error
bars represent the standard error of the mean. (B) In vivo competition assays
with different CrylAc:CrylAcE129K ratios on Sf21 cells (blue) and Sf21-FRA
cells (purple). CrylAc (1.5 nM) and CrylAcE129K (150 nM) were used as a
control. Each competition experiment was replicated at least three times and
the error bars represent the standard error of the mean. Means were compared
by two-way ANOVA, followed by Tukey's multiple comparisons test (P <
0.0001). Significant differences between protein ratios on Sf21-FRA cells were
indicated by different letters.
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Discussion

The role of the ABCC2 transporter as a functional receptor for
some Bt proteins has been pointed out in several reports (Atsumi et al.,
2012; Banerjee et al., 2017; Baxter et al., 2011; Bretschneider et al., 2016;
Gahan et al., 2010; Stevens et al., 2017; Tanaka et al., 2013; Xiao et al,,
2014). The aim of the present study was to go deeper into the role of the
SeABCC2 transporter in the mode of action of CrylCa and CrylA
proteins. For this purpose, functional analyses as well as binding assays
were performed using the heterologous expression of SeABCC2 in Sf21
and HEK293T cells.

Results from viability assays showed that the expression of the
SeABCC2 transporter in both Sf21 and HEK293T cells conferred
susceptibility against CrylA proteins (Figures 9 and 10), supporting
the role of the ABCC2 transporter as a functional receptor for these
proteins (Banerjee et al., 2017; Gahan et al., 2010; Ren et al., 2016;
Tanaka et al., 2013). The fact that HEK293T cells expressing SeABCC2
are not susceptible to CrylCa could indicate that the expression of the
SeABCC2 transporter in HEK293T cells is not sufficient for toxicity of
CrylCa, since maybe other molecules which are not present in this
system could deem necessary to exert the toxic activity along with the
SeABCC2 transporter. Ren et al. (2016) reported that the SeABCC2b
transporter is involved in CrylCa toxicity using a Sf9 cell line non-
susceptible to this toxin. Nevertheless, these authors also found that the
expression of S. exigua Cadherin (SeCadlb) in Sf9 cells conferred
higher susceptibility to CrylCa than expression of the SeABCC2b
protein, suggesting a secondary role for SeABCC2 in the mode of action
of CrylCa in these cells. The identification of the main receptor or
receptors for CrylCa would help to shed light on the mode of action of
this protein.

Although some steps in the mode of action of Cry proteins are
still unclear, the specific binding step is considered critical for toxicity
(Jurat-Fuentes and Crickmore, 2017). To further characterize the role
of SeABCC2 in Cry intoxication, binding assays using radiolabelled
CrylAc were performed. Here, we performed quantitative binding
assays with whole cells. The results showed specific binding of CrylAc
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to the Sf21-FRA cells (Figure 11). Thus, the specific binding observed
can be directly attributed to the presence of the SeABCC2 transporter
on the cells, clearly showing that it acts as a receptor for CrylA proteins.
Binding parameters obtained for the Sf21-FRA insect cell line indicated
high affinity binding.

Heterologous competition studies have helped to know
whether different Cry proteins share binding sites in different
lepidopteran insect pests (Herrero et al., 2016; Jakka et al., 2015).
Studies with BBMV from S. exigua have shown that CrylCa binds to
binding sites which are not shared by CrylA proteins (Luo et al., 1999),
whereas CrylAb and CrylAc share two binding sites, one of them also
shared with CrylAa (Escriche et al., 1997). Using the heterologous
expression of SeABCC2 in Sf21 cells allowed us to determine the
relevance of this membrane molecule in the established binding site
model. Our results are in agreement with data from BBMV in that
binding of CrylAc to SeABCC2 was displaced by CrylAb, but not by
either CrylAa or CrylCa (Figure 12), suggesting that the SeABCC2
protein contains a binding site shared by CrylAc and CrylAb, which is
not recognized by either CrylAa or CrylCa.

The lack of ability to compete of the CrylAa for the CrylAc
binding site shown in the present study, along with the low efficiency
of CrylAa competing for CrylAb binding sites (Escriche et al., 1997)
may shed light on the type of Cry protein domains which can be
interacting with the shared site. Several studies on the role of Cry
protein domains have evidenced that domain I is involved in the
insertion into the epithelial membrane, whereas domains IT and III are
involved with the interaction with binding sites on the brush border
midgut epithelium (Lee et al., 1995; Rang et al., 1999; Gémez et al., 2006;
Herrero et al., 2004). CrylAb is considered a natural chimera between
CrylAa (domain IIT) and CrylAc (domains I and II) (de Maagd et al,,
2001). Based on this, and according to the results obtained in the
present study, we can hypothesize that domain II of CrylAb and
CrylAc is responsible for the interaction with the shared binding site
in SeABCC2. Interestingly, domain II of CrylA proteins has already
been related with binding interaction with the BmABCC2 protein
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(Adegawa et al., 2017; Tanaka et al., 2016b). Furthermore, since CrylAa
is also toxic for Sf21 cells expressing SeABCC2, we hypothesize that the
SeABCC2 transporter has more than one binding site for CrylA
proteins, one shared by CrylAb and CrylAc and another for CrylAa.
In agreement with our hypothesis, a single amino acid insertion in the
ABCC2 receptor in Bombyx mori disrupted its receptor function for
CrylAb and CrylAc but not for CrylAa (Atsumi et al., 2012; Tanaka et
al., 2016b).

In order to further study the implication of the Cry protein
domains in toxicity and binding processes, two hybrid proteins H04 (a
chimera with domains I and II from CrylAb/c and domain III from
1Ca) and H205 (a chimera with domains I and II from CrylCa and
domain IIT from CrylAa/b) were used. A similar pattern of toxicity and
binding ability was observed for H04, CrylAb, and CrylAc in Sf21 cells
expressing the SeABCC2 transporter. The three proteins were similarly
toxic to cells expressing the SeABCC2 transporter (Figure 9), and H04
competed similarly to CrylAb for the CrylAc binding sites in Sf21-
FRA cells (Figure 12). Our data are in agreement with a previous study
showing that CrylAb and H04 competed for the same binding sites in
S. exigua BBMV (de Maagd et al, 1996). Our results support the
relevance of domain II in the interaction with the CrylAc/b binding
site and suggest that the sole presence of the ABCC2 transporter is
responsible for the binding model proposed using BBMV.

Regarding the hybrid protein H205, the viability assays carried
out on Sf21 cells showed that it has a similar toxicity pattern than
CrylCa, suggesting that domains I and II from CrylCa are critical to
mediate toxicity to non-transfected Sf21cells. Similar results had been
previously observed with H205 and Sf9 cells (Kwa et al., 1998). In
contrast, when toxicity assays were performed using HEK293T cells,
the results revealed a different toxicity pattern between H205 and
CrylCa. The results showed that CrylCa was not toxic against any of
the HEK293T cell lines tested, whereas H205 was only active on those
cells expressing the SeABCC2 transporter. These results point out that
domain IIT of CrylAa/b can interact with the SeABCC2 protein,
presumably with the second binding site not shared by CrylAc.
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Furthermore, it has been reported that CrylAa is able to compete
binding of labelled CrylAb in S. exigua BBMV (Escriche et al., 1997).
This scenario can only be explained if binding of the CrylAa and
CrylAb proteins to the shared binding site takes place through domain
ITI, which is the only domain that they have in common.

The role of ABCC2 transporters in the mechanism of action of
Cry proteins is not well characterized and it has been suggested that it
might be involved, in addition to CrylA toxin binding, in facilitating
CrylA oligomer insertion into the membrane (Heckel, 2012; Ocelotl et
al., 2017). To determine if the ABCC2 transporter plays a role in the
formation of the oligomer, we analyzed the oligomerization of the
CrylAc protein and its mutant (CrylAcE129K) in Sf21 and Sf21-FRA
cells. Our results show that the presence of the ABCC2 transporter was
not necessary for oligomerization, since CrylAc was able to
oligomerize independently of the presence of the SeABCC2
transporter. On the other hand, the non-toxic CrylAcE129K protein
(mutant in membrane insertion but which is able to oligomerize)
(Portugal et al., 2017) was able to compete with CrylAc for binding and
block the CrylAc toxicity, suggesting that the mutant CrylAcE129K is
interacting with the SeABCC2 receptor. Thus, our results suggest that
the oligomer formation, along with the presence of the ABCC2
transporter, are necessary for rendering toxicity. Taking all these data
together, we propose that the SeABCC2 transporter could be mediating
the insertion of the oligomer into the membrane. In agreement with
our data, other authors have proposed that the ABCC2 transporter can
be involved in the oligomer insertion process for CrylA proteins
(Bretschneider et al., 2016; Ocelotl et al., 2017; Tanaka et al., 2016a).
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Figure 16. Schematic representation of the main findings of this chapter.

In summary, the results of this study confirm that the
SeABCC2 transporter is a functional receptor for CrylA proteins in S.
exigua. Moreover, this work elucidates which specific domains of the
CrylA proteins are interacting with the SeABCC2 transporter.
According to our results, we propose a model represented in Figure 16
in which the domain II of CrylAc and CrylAb would have a common
binding site in the SeABCC2, whereas the domain III of CrylAa and
CrylAb would bind to another binding site of the SeABCC2
transporter. This second binding site in the SeABCC2 transporter
seems to be less efficient in causing toxicity than the first one, since the
CrylAa protein is the one with the lowest toxicity to Sf2lcells
expressing the SeABCC2 among all the CrylA proteins tested.
Although similar mechanisms of action involving multiple binding
sites in the same receptor have been proposed by other authors (Arenas
et al., 2010; Herrero et al, 2001; Jenkins et al., 2000), further
experiments would be necessary to test this hypothesis. In addition, our
results also suggest that the role of the SeABCC2 transporter is to
facilitate the insertion of the oligomer into the membrane, being a
crucial step to render toxicity. This work contributes to a better
understanding of the Cry protein specificity based on the receptors
which are taking part in the mode of action and, therefore, offers the
possibility to improve the strategies to overcome the evolution of insect
resistance.
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Chapter 2: Hetero-oligomerization of Cry1A proteins binding to the ABCC2

Introduction

The insecticidal proteins from the bacterium Bacillus
thuringiensis (Bt) have been largely used to control different pests in
agricultural crops. The most common Bt proteins to control
lepidopterans both in Bt crops and in formulated sprays are the CrylA
proteins, being these one of the best characterized group of proteins
(Pardo-Lopez et al., 2013; ISAAA 2018). The proposed mode of action
of CrylA proteins starts in the midgut of the larva after the ingestion in
the protoxin form. Protoxins are solubilized and partially digested by
midgut enzymes to render the active form. Then, the activated proteins,
as monomers, undergo a complex sequence of binding events with
several midgut proteins that lead to the cleavage of helix a1 (located in
Domain I) causing the oligomerization of monomers (Bravo et al.,
2007). Next, the oligomer binds to different putative receptors and
causes pores in midgut cells that cause the disruption of the
membranes, leading to septicemia and insect death (Adang et al., 2014).

The ATP Binding Cassette (ABC) transporters are a family of
primary-active transporters with an increasing number of members
that have been shown to be used as receptors by Cry proteins, mainly
Cryl, Cry2, Cry3 and Cry8 proteins (Sato et al., 2019). The approaches
used to characterize the role of these ABC transporters with Cry
proteins have been diverse, from expression of the transporters in insect
or human cell lines to their silencing or knock-out in live insects (Park
et al., 2014; Huang et al., 2020; Chapter 1 in this thesis). In Spodoptera
spp., the ABCC2 and the ABCC3 transporters have been characterized
as putative receptors for certain CrylA proteins (Park et al., 2014;
Huang et al., 2020; Chen et al,, 2015; Ren et al.,, 2016; Banerjee et al.,
2017; Chapters 1 and 4 in this thesis). In chapter 1, we investigated the
role of SeABCC2 in the mode of action of CrylAa, CrylAb, CrylAc,
Cryl1Ca, and two CrylA-1C hybrids by expressing the receptor in S21
cell lines. The binding site model proposed supports that domain II of
CrylAb/c has a common binding site in the SeABCC2 protein, whereas
domain III of CrylAa/b binds to a different binding site in the same
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SeABCC2 protein. Besides contributing to binding, it has been shown
that ABCC2 transporters can also be involved in CrylA
oligomerization as well as insertion (Tanaka et al., 2016; Ocelotl et al,,
2017), although a clearer understanding on the involvement of these
receptors in Cry oligomerization is still needed.

Here, we have focused on studying the interaction of CrylA
proteins with the SeABCC2 transporter. To study this interaction, we
used an insect cell line stably expressing the transporter (Sf21-FRA),
and labelled '”I-CrylAa. Binding studies reveal that CrylAa binds
specifically to the receptor as an oligomeric form. Ex vivo competition
and cell viability assays point to SeABCC2 as a multivalent binding
receptor with shared functional binding sites among different CrylA
proteins. Furthermore, our results point out that CrylAa can hetero-
oligomerize with other CrylA proteins increasing its binding to the
receptor, which is reflected in an increase in cell toxicity.
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Material and methods

Cell culture maintenance

Spodoptera frugiperda derived Sf21 cells were cultured at 25 °C in
25 cm” tissue culture flasks (T25 flasks, Nunc) containing 4 ml of Gibco®
Grace’s Medium (1x) (Life Technologies™, Paisley, UK) supplemented
with 10% heat-inactivated fetal bovine serum (FBS). Sf21 cells
expressing the SeABCC2 (Sf21-FRA, previously stablished in Chapterl
were cultured at 27 °C in the same medium supplemented with 10
pg/ml Blasticidin.

Site-directed mutagenesis

The CrylAaR99E and CrylAbR99E mutants were generated by
site-directed mutagenesis by the technique of the whole plasmid
amplification. Primer design was done according to Zheng et al. (2004).
The plasmid amplification reaction was performed with a high fidelity
DNA polymerase with strong 3’-5 exonuclease activity and high
processivity (KAPAHiFi™ PCR Kit, ref. KK2101, Kapa Biosystems,
USA), using the ca. 7 kb pBD140 plasmids containing the wild-type
crylAa or crylAb genes as templates. The PCR reaction was carried out
with 20 ng DNA template, 0.6 uM primer pair (forward primer 5" C
CAA GCC ATT TCT GAA TTA GAA GGA CTA AGC AAT C3 and
reverse primer 5 CC TTC TAA TTC AGA AAT GGC TTG GTT CCT
AGC 3’), 200 uM dNTPs, 0.5 U of polymerase, and 5 pl of KAPAHiFi
buffer in a final volume of 25 pl. The reaction was initiated with a pre-
heating step of 3 min at 95 °C and 16 cycles of denaturation, annealing
and extension phases of 98 °C for 20 s, 58 °C for 30 s and 72 °C for 7.5
min, respectively. The reaction was finalized with 15 min of final
extension at 72 °C.

The parental plasmids remaining in the final reaction were
digested with FastDigest Dpnl (Thermo Scientific, USA) at 37 °C for 10
min. The enzymatic digestion of the Dpnl was stopped at 80 °C for 5
min and the reaction cooled down on ice. The plasmids carrying the
mutant version of both genes were used to transform Escherichia coli
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DHI10p. Plasmid purification was performed on transformed colonies
and screened after culture, DNA purification, and Sanger sequencing
with the following primers: Forward primer 5 GAG TGA ATT TGT
TCC CGG TGC TGG 3’ and reverse primer 5° CGG TCC CCA TAC
ACG CTC TAA TCC 3. Plasmids displaying the expected single point
mutation were further introduced into E. coli WK6 for the production
of the CrylAaR99E and CrylAbR99E mutants. Again, the sequence
was checked after culture, DNA purification and Sanger sequencing
before producing the protein.

Cry proteins preparation

For binding assays, Cry proteins were obtained from recombinant
B. thuringiensis strains EG1273, EG7077, EG11070, and EG1081
expressing CrylAa, CrylAb, CrylAc, and CrylCa respectively. For the
hybrid proteins, recombinant E. coli strains expressing H04 (with
domains I and II from Cryl1Ab and domain III from Cry1Ca), and H205
(with domains I and II from CrylCa and domain III from CrylAb)
were kindly supplied by R. A. de Maagd (Wageningen Plant Research,
Wageningen University). For CrylAaR99E and CrylAbR99E, the
recombinant E. coli strains were obtained as previously explained.
Toxins were produced, solubilized, and activated by trypsin as
described by Estela et al. (2004). After trypsin activation, proteins were
purified by chromatography as described in Chapter 1.

For cell viability assays, E. coli strains expressing CrylAa, CrylAb
and CrylAc were used, also supplied by R. A. de Maagd. Inclusion
bodies containing Cry toxins were purified, solubilized and trypsin-
activated as described by Herrero et al. (2004). The hybrid H04 and the
mutant CrylAaR99E were prepared as previously explained. All
proteins were checked by 12% SDS-PAGE and kept at —20 °C until
used.

Binding of °I-Cry1Aa to cells and in vitro competition assays

The CrylAa and CrylAaR99E proteins (25 ng) were labelled with
0.3 mCi of "I (PerkinElmer, Boston, MA) using the chloramine T
method (Van Rie et al.,, 1989). The specific activity obtained for the
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labelled proteins was 2.9 mCi/mg and 3.7 mCi/mg, respectively. The
optimal concentration of cells to be used in competition assays was
previously determined with labelled CrylAa, as explained in Chapter 1.
Briefly, increasing concentrations of cells (Sf21-FRA) were incubated
with 0.1 nM of labelled-CrylAa to obtain the total binding. The non-
specific binding was calculated by adding an excess of unlabelled
CrylAa protein (150 nM). The chosen concentration for further assays
was 4.6 107 cells/ml, as it showed the highest specific binding. Non-
transfected Sf21 cells were used as negative control.

In vitro competition experiments were performed in binding buffer
(PBS supplemented with 0.1% BSA) incubating the Sf21-FRA cells with
labelled proteins and increasing amounts of the different unlabelled
proteins (from 0.03 nM to 620 nM) in a final volume of 100 pl. After 1
h incubation at RT, samples were centrifuged, washed, and the
radioactivity in the final pellet was measured in a model 2480
WIZARD? gamma counter. The final pellets, containing the proteins
bound to the cells, were resuspended in 10 pl of DNAse I (10 mg/ml)
(Roche Diagnostics, Mannheim, Germany) and incubated for 10 min
at RT. After incubation, loading buffer was added and the samples were
heated at 50 °C for 5 min, then 12% SDS-PAGE were performed. After
running, gels were dried and revealed by using calcium tungstate
screens (Hyperscreen, GE Healthcare, US).

Cell viability assays

Cell viability was measured using the MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay at 25 °C
using the CellTiter 96° AQueous One Solution Reagent (Promega,
Madison WI, USA) following the manufacturer’s protocol. Briefly,
Sf21-FRA cells were first suspended in culture medium (without FBS)
and plated in flat bottom plates at about 70% confluence. After
attaching of the cells, 10 pl of activated toxins were added to each well
(concentrations described below, according to the assay performed), in
triplicates for each concentration. Carbonate buffer (50 mM, pH 10.5)
and 2% Triton X-100 were also added to the wells as negative and
positive controls, respectively. After 3 h of incubation, 20 ul of the MTT
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reagent was added to each well. The absorbance was measured at 409
nm (Infinite m200, Tecan, Maennedorf, Switzerland) after 2 h
incubation. The percentage of viable cells was obtained considering
100% viability in carbonate buffer-treated wells and 0% viability in
Triton-X100-treated wells. At least three different biological replicates
were carried out. Data of each experiment was compared by one-way
ANOVA, followed by Tukey’s multiple comparison test.

For ex vivo competition assays, fixed concentrations of CrylAa
(15 nM), CrylAb, CrylAc and the hybrid H04 protein (1.5 nM) were
used along with increasing concentrations of Cryl AaR99E protein (15,
150, 1500, 3000 nM for the CrylAa assay, and 1.5, 15, 150, 300 nM for
CrylAb, CrylAc or H04 assays). As controls, each protein was tested
separately (concentrations chosen to cause 50% or higher toxicity, as
observed in Chapter 1).

For synergism assays, increasing concentrations of CrylAb or
CrylAc (0.02, 0.04, 0.08 and 0.16 nM) were combined with 1.5 nM of
CrylAa and tested for toxicity. Protein ratios were chosen to facilitate
the formation of hetero-oligomers containing CrylAa, rather than
homo-oligomers of CrylAb or CrylAc.
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Results

The CrylAa oligomer binds specifically to Sf21 cells expressing SeABCC2

Binding of '*’I-labelled CrylAa was tested in Sf21 and Sf21-
FRA insect cell lines (control and expressing the SeABCC2,
respectively). The results showed specific binding of labelled CrylAa to
increasing concentrations of Sf21-FRA cells, while no specific binding
was found for the Sf21 cells (Figure 17A). Therefore, these results
clearly indicate that specific binding of CrylAa protein is mediated by
the SeABCC2 transporter.

Homologous competition assays were performed using '*’I-
labelled CrylAa at increasing concentrations of unlabelled CrylAa.
Unexpectedly, the curve showed a biphasic response (Figure 17B, full
circles). Low amounts of competitor elicited a stimulatory response
(increase of binding above initial values) to Sf21-FRA cells, whereas
high amounts of competitor caused the expected binding site
competition. The stimulatory response reached a maximum effect
when 9.7 nM of competitor was used. The dissociation constant and
concentration of binding sites of CrylAa were estimated from the
competition curve considering the data from 9.7 nM onwards,
obtaining a K4 = 43.9 £ 7.9 nM (mean + SD) and an R, = 0.25 £ 0.04
pmol/10° cells (mean + SD). The Kj value indicates a moderate-to-high
affinity of CrylAa to its putative sites in the SeABCC2 transporter.
Autoradiography of the '*I-CrylAa bound to cells from the
homologous competition assays showed that most, if not all of the
binding, is through the oligomeric form of the protein (Figure 17C).
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Figure 17. Binding of CrylAa and CrylAaR99E (unable to oligomerize) to
Sf21 and Sf21-FRA cells (Sf21 cells expressing the SeABCC2 transporter). (A)
Specific binding of '**I-CrylAa at increasing concentrations of Sf21 (blue) and
Sf21-FRA (purple) cells. (B) Competition binding assays with '*I-CrylAa and
unlabelled CrylAa (full circles) or Cryl1AaR99E (open circles) as competitors
with Sf21-FRA cells. The dotted line indicates the concentration of competitor
where maximum binding was obtained. (C) Autoradiography of pellets from
the competition binding assays subjected to SDS-PAGE. The upper gel
corresponds to the competition with CrylAa; the lower gel corresponds to the
competition with CrylAa R99E. Lanes 1: molecular weight markers, lanes 2:
'I-CrylAa as a control, lanes 3-10: competition at different amounts of
competitor (as indicated in nM). A schematic representation of the domain
composition of the proteins is shown below the gels. Asterisk represents the
point-mutation impeding oligomerization. Each data point represents the
mean of at least three independent experiments (+ SEM) for panels A and B.
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To confirm whether the biphasic response was related to the formation
and binding of the oligomer, the mutant protein Cryl AaR99E was used
as heterologous competitor, since mutations in domain I changing the
arginine in position 99 (R99) in CrylAb and CrylAc proteins have
shown to impede oligomerization without affecting binding (Jiménez-
Juarez et al., 2007; Portugal et al., 2017). Using the Cry1AaR99E mutant
in in vitro competition assays, the biphasic effect was not observed
(Figure 17B, open circles). Indeed, a classical competition curve
representing the displacement of the binding sites of the '*I-CrylAa
protein by the Cryl1AaR99E mutant was observed. This result supports
the hypothesis that the increase in binding observed in the homologous
competition was due to the formation and binding of the homo-
oligomer, with this possessing higher binding ability (Figure 17B and
17C). In the case of the Cry1AaR99E competitor, the autoradiography
showed the lack of increase in oligomer formation, thus confirming the
inability to form oligomers between the '*I-CrylAa and the mutant
CrylAa protein (Figure 17C).

Labelled Cry1 AaR99E was used in in vitro competition assays
(Supplementary Figure S5). The results showed that the binding was
specific since both unlabelled Cry1AaR99E and CrylAa displaced the
labelled protein (Supplementary Figure S5). In contrast with labelled
CrylAa competition binding assays, the biphasic effect was not
observed with any of the competitors.

Binding of CrylAa to the SeABCC2 is enhanced by forming hetero-
oligomers with CrylAb and CrylAc

To see whether the CrylAa biphasic response could also be
elicited by other CrylA proteins, CrylAb and CrylAc were used as
heterologous competitors for in vitro competition assays. The early
stimulatory response previously observed with low concentrations of
CrylAa was also observed at low concentrations of CrylAb and CrylAc
(Figure 18A). The peak of maximum binding was reached at lower
concentration of competitor (1.2 to 2.4 nM) and the enhancing effect
was much more drastic (over 200%) than when CrylAa was used as
homologous competitor (140%). The shift of the binding peak to the
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left would indicate a higher affinity of the hetero-oligomers for the
SeABCC2 transporter, and the larger increase in binding could reflect
an increase in sites where the hetero-oligomers are binding with respect
to the homo-oligomers. Again, the autoradiography of the bound '*’I-
CrylAa indicated that most of the binding was in the oligomeric form
(Figure 18B). With concentrations from 2.4 nM of competitor, a classic
heterologous competition curve was observed, with CrylAb and
CrylAc competing with the labelled CrylAa (Figure 18A). The
dissociation constant and concentration of binding sites were K4 = 3.9
£ 1.9 nM and an R, = 0.03 + 0.01 pmol/10° cells for CrylAb, and K =
2.6 £ 1.2 nM and an R, = 0.02 + 0.01 pmol/10° cells for CrylAc. These
Ky values indicate a higher affinity than CrylAa to the putative sites in
the SeABCC2 transporter.
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Figure 18. Binding of '*I-CrylAa to Sf21-FRA cells in the presence of CrylA
heterologous competitors. (A) Curves represent total binding of '*’I-CrylAa
to increasing concentrations of unlabelled CrylAb (full circles), CrylAc (open
circles) and CrylAbR99E (open squares) as competitors. The dotted lines
indicate the concentration of competitor where maximum binding was
obtained. Asterisk represents the point-mutation impeding oligomerization.
Each data point represents the mean of at least three independent experiments
(+ SEM). (B) Autoradiography of pellets from the competition binding assays
subjected to SDS-PAGE. Lanes 1: molecular weight markers, lanes 2: 'I-
CrylAa as a control, lanes 3-10: competition at different amounts of
competitor (as indicated in nM). A schematic representation of the domain
composition of the proteins is shown below the gels.
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A classical competition curve was observed when using the
CrylAbR99E mutant protein (which is unable to oligomerize)
(Portugal et al., 2017) as competitor (Figure 18A). Accordingly, the
autoradiography shows that the Cryl AbR99E mutant competes for the
oligomeric form of labelled CrylAa (Figure 18B). The ability of this
mutant to still compete with CrylAa but lacking of biphasic effect
indicates that CrylA proteins are able to form hetero-oligomers with
CrylAa (Figure 18A). Taken together, the results suggest that hetero-
oligomeric forms present higher affinities and binding abilities to the
ABCC2 receptor, compared to the Cryl Aa homo-oligomer.

Hetero-oligomerization is promoted by domains I and II of CrylA
proteins

To better know which domains play a role in the hetero-
oligomerization process, two Cryl Ab—Cry1C hybrid proteins (H04 and
H205) with different swapped domains, as well as Cry1C, were used for
in vitro competition assays. The H04 protein is a chimera with domains
I and II from CrylAb and domain III from CrylCa and the H205
protein is the reciprocal chimera (with domains I and II from CrylCa
and domain III from CrylAb). The results showed the biphasic
response for hybrid H04 (Figure 19A) and the hetero-oligomer
formation was confirmed by autoradiography (Figure 19B). In
contrast, no binding enhancement was observed for either CrylCa or
hybrid H205, nor the presence of hetero-oligomer by autoradiography
(Figure 19A and 19B). The signal observed in the autoradiography
remained constant independently of the concentration of CrylC or
H205 used and would correspond to the few homo-oligomers formed
by 'I-CrylAa that bound to the cells. Furthermore, the H04 hybrid
could compete as CrylAa for the binding sites, whereas Cryl1Ca did not
compete and the hybrid H205 could only displace partially some of the
specific binding. Since hybrid H205 contains the domain III from
CrylAb (this domain is practically identical in CrylAa and CrylAb),
the partial competition with '”I-CrylAa suggests that CrylAa may
have two different binding sites in the SeABCC2 transporter. The above
results show that CrylAa cannot form hetero-oligomers with more
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distantly related toxins such as CrylCa and that the presence of domain
I from CrylA proteins is critical for the formation of the oligomer.

A) B)
MW Input 0 0.04 015 06 2.4 9.7 388 155.2
220
200 250 1 e e e G Sma
150 =
180 100
75
160 —
—~ 140 50 (.
S Ho4 |
> 120
ESl e N B Y B - - ~
B 100RE g Pars I
m
80 100 §
75 {5
60
50
40 205 [T
2 g B R
0— T — T T 100 & 3 ? 1
102 10" 10 10" 102 10% 75 -
Competitor (nM) 50
cry1c I

Figure 19. Binding of 'I-CrylAa to Sf21-FRA cells in the presence of
heterologous competitors. (A) Curves represent total binding of '*’I-CrylAa
to increasing concentrations of unlabelled CrylC (full squares), H205 (open
squares) and HO04 (full triangles) as competitors. The dotted line indicates the
concentration of competitor where maximum binding was obtained. Each data
point represents the mean of at least three independent experiments (+ SEM).
(B) Autoradiography of pellets from the competition binding assays subjected
to SDS-PAGE. Lanes 1: molecular weight markers, lanes 2: '*I-CrylAa as a
control, lanes 3-10: competition at different amounts of competitor (as
indicated in nM). A schematic representation of the domain composition of
the proteins is shown below the gels.

Ex vivo competition assays confirmed shared functional binding sites for
CrylAa and CrylAb/c proteins in SeABCC2

To see whether the in vitro competition among CrylAa,
CrylAb, CrylAc, and HO04 reflects binding of these proteins to sites
involved in their toxic action, ex vivo competition assays were
performed using the mutant Cryl AaR99E (which is non-toxic to Sf21
FRA cells) as heterologous competitor. As expected, no loss of cell
viability was observed when only the CrylAaR99E was used,
demonstrating that the mutant has no toxicity on its own (Figure 20).
CrylAaR99E blocks the toxicity to Sf21-FRA cells caused by CrylAa
when an excess of 10-fold or more of the mutant protein is added. A
higher excess of this mutant (=100-fold) was required to decrease the
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cell toxicity caused by Cryl1Ab, Cryl Ac and the H04 hybrid (Figure 20),
confirming that they bind to shared sites. No differences on cell toxicity
was observed at stoichiometric concentrations of any protein (Figure
20, columns 1:1) indicating that the mutant Cryl AaR99E does not form
hetero-oligomers with CrylAa, CrylAb, CrylAc nor the H04 hybrid
and the reduction in toxicity observed at higher concentrations is due
to the direct interference with the SeABCC2 binding sites.
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Figure 20. Ex vivo competition assays between CrylAa, CrylAb, CrylAc or
the hybrid H04 (1.5 nM) and increasing ratios of mutant Cryl AaR99E in Sf21-
FRA cells. Each competition experiment was replicated at least three times and
the error bars represent the standard error of the mean. Means of each ratio
were compared by one-way ANOVA for each assay, followed by Tukey’s
multiple comparisons test. Significant differences between protein ratios on
Sf21-FRA cells and the ratio 1:0 (as control) were indicated by asterisks (****,
P <0.0001).

Hetero-oligomerization of CrylAa with CrylAb/c proteins enhances cell
toxicity

To assess if the increased binding ability to the SeABCC2
receptor produced by hetero-oligomerization of CrylAa at low
concentrations of CrylAb or CrylAc is also reflected as an increase on
cell toxicity, Sf21 FRA cell viability assays were performed using a range
of concentrations of CrylAb or CrylAc, combined with a fixed,
effectively non-toxic concentration of CrylAa (1.5 nM). For
concentrations of 0.02 nM of CrylAb or CrylAc, no significant effect
was observed (Figure 21A). For concentrations of 0.04 and 0.08 nM of
both CrylAb and CrylAc, a synergistic effect was observed (Figure 21,
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panels B and C), being the highest at 0.08 nM, with an increase in cell
toxicity of about 20% for CrylAa-CrylAb and 25% for CrylAa-
CrylAc. The synergistic effect observed for these concentrations could
be attributed to the formation of hetero-oligomers (formed by
monomers of CrylAa and CrylAb/c) and the subsequent increase in
the hetero-oligomer affinity for its receptor and the number of available
binding sites (Figure 18). At 0.16 nM of CrylAb combined with
CrylAa, synergism can still be observed although with a lower
intensity, since this concentration of CrylAb is enough to affect cell
viability on its own (Figure 21D). In a similar way, no significant effect
is seen for 0.16 nM of CrylAc combined with CrylAa over using only
0.16 nM of CrylAc, since the latter produces a ca. 40% loss in cell
viability itself (Figure 21D).
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Figure 21. Synergistic effect of combining CrylAa (1.5 nM) at different
concentrations of CrylAb or CrylAc on Sf21-FRA cell toxicity. (A) 0.02 nM
(B) 0.04 nM (C) 0.08 nM (D) 0.16 nM. Individual proteins for each assay were
used as control. Viability assays were performed at least three times (+ SEM).
Means were compared by one-way ANOVA, followed by Tukey’s multiple
comparison test. Significant differences between treatments are indicated by
asterisks (***, P < 0.001).
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Discussion

It is well known that the specific interaction that occurs
between Cryl A proteins and their receptors is a crucial step for toxicity
(Jurat-Fuentes and Crickmore, 2017). Moreover, the most common
mechanism of resistance is the lack of toxin binding to larval midgut
receptors (Jurat-Fuentes et al., 2021). For this reason, substantial efforts
have been performed to identify the putative receptors for each Cry
protein and to characterize whether these molecules can bind to one or
more Cry proteins. For S. exigua we proposed a binding site model with
the ABCC2 transporter as a receptor for CrylA proteins, supporting
interaction of CrylAb and CrylAc proteins through their domain II
and CrylAa protein likely by its domain III (Chapters 1 and 4 in this
thesis). Moreover, we proposed that Cryl Aa had low or even nil affinity
to CrylAb/c binding sites (Chapter 1). The aim of the present work was
to dissect the interaction between CrylAa and the SeABCC2 expressed
in Sf21 cells, as well as its interaction with CrylAb and CrylAc proteins
in regards to binding, oligomerization and toxicity.

Specific binding for CrylAa towards the SeABCC2 was
observed, as well as an unusual biphasic response in homologous
competition assays. We found that low concentrations of non-labelled
CrylAa caused a stimulation in binding, while high concentrations of
competitor caused a regular binding competition behavior. This
phenomenon resembles a hormetic behavior of the protein, a biphasic
response produced by stimulation at low doses and inhibition at high
doses of the same agent (Mattson and Calabrese, 2010). The enhanced
binding ability of the labelled CrylAa protein by using determined
concentrations of the same unlabelled protein could be explained with
the need of a certain stoichiometric concentration of CrylAa
monomers to increase the formation of labelled oligomers binding to
the SeABCC2. Under this hypothesis, monomers would benefit of
forming homo-oligomers, being the oligomer the main structure to
interact with the SeABCC2 transporter in terms of binding. To test this
hypothesis, the non-toxic CrylAaR99E mutant, which is unable to
form oligomers but it is able to compete for the binding sites, was used
in in vitro competition assays. The results showed a classical binding
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competition behavior (no stimulation peak) when used as competitor,
suggesting that the binding enhancement observed for the wild-type
CrylAa protein was related to the oligomer formation and its binding
to the receptor. In the same way, no stimulation peak was observed with
competition assays with the labelled mutant, supporting
oligomerization as the cause of binding stimulation.

The interaction between labelled CrylAb or CrylAc proteins
and the SeABCC2 was studied before in Sf21 cells and no stimulatory
phase with the homologous competition was observed (Chapter 1 and
unpublished data). However, using CrylAa as competitor of labelled
CrylAc, we observed a small biphasic effect in agreement with our
current model (Chapter 1). Also, a stimulatory effect was observed in
binding experiments with brush border membrane vesicles (BBMV)
from the lepidopteran Manduca sexta with labelled CrylB. In that
study, both the homologous and a heterologous competition with
unlabelled CrylAb produced a binding stimulation at certain doses of
competitor that exceeded values of 200% in binding, with a posterior
competition when the doses were increased (Hofmann et al., 1988).
This phenomenon was shown to be species-specific, since no increase
in binding was observed when the same assays were carried out with
BBMYV from Pieris brassicae. No further biological relevance was given
to this phenomenon since the concentration of competitor where the
peak was observed was relatively high, and was explained as a process
produced by aggregation of toxins due to the presence of a factor from
M. sexta BBMV (Hofmann et al., 1988).

In this chapter, a similar binding behavior of labelled CrylAa
(initial stimulation and then competition) was observed when CrylAb,
CrylAc and the hybrid HO4 (a chimera with domains I and II as
CrylAb and domain III as CrylC) were used as competitors. In
contrast, no stimulation in binding at low-doses was observed when
CrylCa and the hybrid H205 (a chimera with domains I and II as
CrylCa and domain III as CrylAb) were used as competitors. These
results point out that the hormetic response (most likely due to
oligomer formation and binding) can be observed among CrylAa and
other highly related proteins such as CrylAb/c. Likewise, the mutant
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CrylAbR99E behaved as the Cryl AaR99E mutant, and did not show an
initial stimulation when used as competitor. Taken together, these
results support the relevance of domain I in the oligomerization process
and suggest that hetero-oligomerization among different but related B.
thuringiensis Cry proteins can occur. The formation of homo-tetramers
for CrylAa proteins was suggested by Schwartz et al. (1997) and
reported later by atomic force microscopy (Vié et al., 2001) and single
molecule fluorescence experiments (Groulx et al., 2011), where it was
described as highly dynamic process that occurs in the membranes. In
addition, the homo-oligomer formation was probed to be required in
the mode of action of B. thuringiensis Cry proteins by using non-toxic
CrylAb mutants (the so-called Dominant-Negative (DN) mutants)
that block the insecticidal activity of the wild-type protein at
substoichiometric ratios by forming inactive oligomers (Rodriguez-
Almazan et al, 2009). However, few studies have reported the
occurrence of hetero-oligomers. Carmona et al. (2011), described that
CrylAb DN mutant functioned as an antitoxin of CrylAa, CrylAc and
Cryl1Fa, suggesting that CrylAb can form hetero-oligomers, at least,
with these proteins.

Results from the in vitro heterologous competition assays
showed that Cryl1Ab, CrylAc and hybrid H04 compete for the CrylAa
binding sites. Furthermore, the ease in binding hetero-oligomers over
homo-oligomers suggests that these proteins bind with more affinity to
the transporter than Cryl Aa. In the same line, the results obtained from
the ex vivo competition assays showed that the mutant CrylAaR99E
was able to partially block the toxicity of CrylAb, CrylAc, and the
hybrid H04 when ratios higher than 100-fold were used, supporting the
presence of common binding sites in the SeABCC2 but with lower
affinity for CrylAa. The higher binding affinity observed for CrylAb,
CrylAc and H04 for the common binding sites would explain the
almost lack of competition of CrylAa for the binding sites of CrylAc
reported in Chapter 1 using the same insect cells. In agreement, studies
with BBMV from S. exigua have shown that CrylAb and CrylAc share
two binding sites, one of them also shared with CrylAa (Escriche et al.,
1997). On the other hand, binding of CrylAa to SeABCC2 was partially
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displaced by the hybrid H205, but not by Cryl1Ca, suggesting that the
transporter has another binding site for the domain III of CrylAa.
Based on our results, and according to those obtained previously in
Chapter 1, we can confirm that the SeABCC2 transporter has more than
one binding site for CrylA proteins, at least one shared by CrylAa,
CrylAb, and CrylAc and another that can interact with CrylAa
(mediated by domain III). Moreover, our results point out that the
transporter works as a multivalent binding receptor with different
binding affinities depending on the Cry protein that is interacting.

The benefit in binding hetero-oligomers compared to homo-
oligomers towards the SeABCC2 was also translated to a synergistic
effect in toxicity to cells expressing the transporter. At low
concentrations of CrylAb or CrylAc, combined with a fixed
concentration of CrylAa, synergism was observed. The maximum
synergistic effect could be obtained at 0.08 nM of CrylAb or CrylAc
combined with 1.5 nM of CrylAa. At this concentration, a decrease of
cell viability of ca. 20% and 25% was observed for CrylAa-CrylAb and
CrylAa-CrylAc, respectively. This result indicates that forming
hetero-oligomers can be more advantageous, since these structures are
more efficient in terms of binding and consequently in causing toxicity.
Interestingly, the synergistic effect was less relevant (or non-existent)
when CrylAa was combined with higher doses of CrylAb or CrylAc,
since individual toxicities caused the same losses on cell viability as the
combination with CrylAa. According to our hypothesis, at these
concentrations, most of the oligomers formed would be homo-
oligomers of CrylAb or CrylAc and, since these have higher affinity
and toxicity than CrylAa homo-oligomers, the advantage for binding
and toxicity for the CrylAa-CrylAb/c hetero-oligomers would go
unnoticed. Sharma et al. (2010) also reported synergism between
CrylAa, CrylAb and CrylAc in Chilo partellus larvae, which correlated
with an increase in bound toxins to BBMV on in vitro experiments.
Also, Chakrabarti et al. (1998) hypothesized that the synergism found
between CrylAc and CrylF against Helicoverpa armigera could be due
to the formation of hetero-oligomers. Altogether, this study sheds light
on the advantage of forming hetero-oligomeric forms by certain strains
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of B. thuringiensis, as suggested by Carmona et al. (2011). From an
evolutionary point of view, and taking into account the genetic costs of
carrying the information to code a wide variety of proteins within a
strain, the ability to form hetero-oligomers should be considered. This
type of interaction among similar proteins with different binding sites
or affinities would benefit the bacteria in achieving the maximum toxic
effect towards its target. An example of a B. thuringiensis strain that
could be taking advantage on this evolutionary success would be B.
thuringiensis var. kurstaki strain BNS3, which contains CrylAa,
CrylAc, and Cry2Aa. The crystals of this strain were found to have
higher toxicity against Ephestia kuehniella than the toxins used
individually or in the combinations tested (Tounsi et al., 2005). Other
cases of synergistic effects found in wild-type strains of B. thuringiensis
that need to be fully understood are those observed between CryllAa
and Cry4Ba proteins from B. thuringiensis subsp. israelensis (Bti),
usually used to control mosquito populations (Carmona et al., 2011;
Fernandez-Luna et al., 2010), or B. thuringiensis var. kurstaki HD-1,
which is the main component of Dipel®, a Bt-based product
(Hernandez-Martinez, 2009). Thus, the study on the interaction
between proteins and how they behave is of high interest to explain the
evolutionary process that leads to the accumulation of genes from the
same cry family in a same cell.
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Figure 22. Schematic representation of the main findings in this chapter.

To sum up, as represented in Figure 22, the present work
illustrates how the ABCC2 from S. exigua can act as a multivalent
binding receptor for different CrylA proteins, and highlights the ability
of CrylA proteins to form hetero-oligomeric structures that surpass

binding and toxicity of the Cryl Aa homo-oligomer.
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Introduction

The ATP-Binding cassette transporters are a superfamily of
membrane proteins that can be found in all kind of organisms. In
arthropods, more than 400 ABC proteins have been identified
(Dermauw and Van Leeuwen, 2014). These active transporters are
involved in the export of different substances such as xenobiotics or
signaling molecules (Sharom, 2011). In regards with pesticidal proteins
from Bacillus thuringiensis, the ABC transporters were first related with
CrylA proteins, by genetic linkage between a mutation present in the
ABCC type 2 transporter of a CrylAc-resistant strain of Heliothis
virescens (Gahan et al., 2010). The functionality of the ortholog
transporter as receptor for CrylA proteins in another insect species,
Bombyx mori, was confirmed two years later (Atsumi et al., 2012). From
this moment, a series of studies related different ABC transporters with
the toxicity of Bt proteins, although the main focus was on the
relationship between ABCC2 and Cryl proteins. In the case of H.
virescens, Bretschneider et al. (2016) confirmed that the ABCC2 is a
functional receptor for CrylA proteins, since the expression of the
transporter in an insect cell system conferred susceptibility to CrylAa,
CrylAb and CrylAc.

While the ABCC2 has been characterized in several insects as a
functional receptor for Cryl proteins, there are several paralogs inside
the ABCC gene family that could play a role in the mode of action of
several insecticidal proteins from Bt. In Spodoptera exigua, the ABCC2
and ABCC3 transporters were reported to play a role in determining
susceptibility to CrylAc and CrylCa (Park et al., 2014), and their
expression in human cells conferred susceptibility to CrylA and to
Cry8, but not to CrylC or CrylD (Endo et al., 2017). In Helicoverpa
armigera, the knock-out of both ABCC2 and ABCC3 conferred
resistance to CrylAc (Wang et al., 2020).
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For H. virescens, only the ABCC2 transporter and its relation with
Cryl proteins has been explored to date. Here, we have explored the
presence of paralogs to the ABCC2 gene in H. virescens, identifying two
novel ABC transporters, ABCC3 and ABCC4. Moreover, we have
studied their role in toxicity of three different Bt proteins, CrylAa,
CrylAc and Vip3Aa, by developing CRISPR-mediated knock-outs in
this insect species.

116



Chapter 3: Characterization of ABC transporters from H. virescens

Materials and Methods

Identification and characterization of new ABC genes in H. virescens

To explore novel ABCC paralogs from H. virescens, ABCC
genes from a variety of phylogenetically-close lepidopterans were used
as templates against transcriptomic studies (from the following SRA
studies: ERP021656, SRR2912076, ERP009356, SRP062666,
SRP005629, SRP032396) and the genome of H. virescens
(NWSHO00000000.1, from Fritz et al., 2018). Two in silico sequences of
putative ABCC transporters were found and further characterized,
which aligned to the ABCC3 and ABCC4 of H. armigera (MW592373
and LOC110380708, respectively).

To verify the sequences, total RNA from H. virescens larvae was
isolated using RNAzol reagent (MRC Inc., Cincinnati, OH) according
to the manufacturer’s protocol. Total RNA (2 ng) was reverse
transcribed to cDNA using random hexamers and oligo (dT) following
the instructions provided in the Prime-Script RT Reagent Kit (Perfect
Real Time from TaKaRa Bio Inc., Otsu Shiga, Japan). Then,
amplification of the fragments of the HYABCC3 and HvABCC4 genes
was performed, using 5 and 6 pairs of primers for each gene,
respectively, —previously designed with Geneious software
(Supplementary Table S2), according to sequences from assemblies.
Then, sequences obtained by Sanger dideoxy sequencing were aligned
to obtain the complete HYABCC3 and HvABCC4 genes using the same
software.

The prediction of transmembrane domains, as well as outer
and inner parts of both ABCC3 and ABCC4 proteins were obtained
using the TMHMM server v2.0
(http://www.cbs.dtu.dk/servicess TMHMM/) which is based in a
hidden Markov model.

Phylogenetic analysis of the transporters
The amino acid sequences of ABCC2, ABCC3 and ABCC4 of
32 different transporters available from lepidopterans were aligned

using MAFFT software (https://mafft.cbrc.jp/alignment/software/),
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and the phylogenetic tree was generated by the Neighbour-Joining
method using MEGA X. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates)
are shown next to the branches. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to
infer the phylogenetic tree. The evolutionary distances were computed
using the JTT matrix-based method and are in the units of the number
of amino acid substitutions per site. The rate variation among sites was
modeled with a gamma distribution (shape parameter = 4).

Guide RNA design and ribonucleoprotein complex preparation

The CRISPR RNA (crRNA) used in the experiments for
HvABCC3 and HvABCC4 genes as well as the evaluation of potential
off-target sites in the H. virescens genome (NWSHO00000000.1) were
designed and performed using the ‘Find CRISPR sites’ tool from
Geneious® Software. The best design for each target location (HvABCC3
or HYABCC4) was used to purchase Alt-RT™ CRISPR crRNA from IDT
DNA (www.idtdna.com) that could be annealed with Alt-RTM
CRISPR-Cas9 tracrRNA to form a functional gRNA for each target, as
explained in Perera et al. (2018). Briefly, the crRNAs for each HvABCC3
and HvABCC4 genes and tracrRNA were resuspended separately in 10
mM Tris-EDTA to yield a 100 uM final concentration. Each HYABCC3
and HvABCC4 crRNA was combined with tracrRNA in nuclease-free
tubes to yield a 10 pM final concentration in 1X duplex buffer (30 mM
HEPES, pH 7.5; 100 mM potassium acetate; IDT DNA). The mixtures
were heated to 95 °C for 5 min on a heat block and slowly cooled to

room temperature to anneal the complementary nucleotide sequences
in crRNAs and tracrRNAs to generate functional gRNAs. Annealed
gRNAs for each target were combined with Alt-RTM S.p. Cas9
Nuclease 3NLS in 1X injection buffer (5 mM KCl; 0.1 M sodium
phosphate, pH 6.8) to yield final concentrations of 10 uM and
incubated on ice for 15 min to facilitate the formation of
ribonucleoprotein (RNP) complexes.
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Microinjections and insect rearing

Injection needles were prepared by pulling siliconized 10 ul
quartz micro-capillaries using a Sutter P2000 CO, laser based
horizontal micropipette puller (Sutter Instruments, Novato, CA). Eggs
were injected with approximately 5 nl of injection mix, by using a
Narishige  micromanipulator —model ~MMN-333  (Narishige
International USA, Inc., Amityville, NY) and an Olympus SZ stereo
microscope  (Olympus Corporation, Waltham, Massachusetts)
equipped with a mechanical stage. All microinjections were completed
within 30 min of egg collection so that the eggs would be no more than
60 min old at the time of injection. Coverslips containing injected eggs
were placed into 100 mm plastic petri dishes layered with a moist filter
paper and covered with a lid. Petri dishes were sealed with plastic tape
and placed in a plastic box designated as secondary containment. Eggs
were incubated at room temperature for approximately 4 hours prior
to transferring to a designated incubator which was set to 26 °C and 80%
RH. After hatching, neonates were transferred to diet cups containing
artificial diet.

Genotyping of the mutants induced by CRISPR/Cas9

A minimum volume of 5 pl of hemolymph from fourth instar
larvae was extracted by clipping the tip of one of the abdominal pseudo-
legs. Then, genomic DNA was extracted using MasterPure DNA
extraction reagents (Epicenter Technologies, Madison, WI), as
described by Perera et al. (2015). Purified DNA from each larvae was
re-suspended in 20 pl of 10 mM Tris-HCI, pH 8.0. Forward and reverse
primers were designed to anneal within the exon 1 in both HvABCC3
and HvABCC4 genes to amplify fragments of 500 and 600 bp on the
wild-type version of the genes, respectively (Supplementary Table S2).
PCR amplifications were performed on a PTC-200 DNA Engine
(BioRad, Hercules, CA) with a thermal cycling profile containing 60
second initial denaturation at 95 °C, followed by 35 cycles of 30 sec
denaturation at 95 °C, 15 sec annealing at 57 °C, and 30 sec extension
at 72 °C, with a final extension of 120 sec at 72 °C. Amplification
products were visualized by electrophoresis on 0.8% agarose gels
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(Invitrogen, Carlsbad, CA) using Tris-Acetate-EDTA (TAE) buffer (40
mM Tris-Acetate, 1 mM EDTA, pH 8.0). Amplicons were cleaned by
binding to AMPure XP paramagnetic beads (Beckman Coulter,
Beverly, MA) at DNA:beads (v/v) ratio of 1:1.8. Nucleotide sequences
of the purified amplicons were obtained by direct sequencing with
Sanger dideoxy method using the same primers as for PCR
amplification (USDA-ARS Genomics and Bioinformatics Research
Unit (GBRU), Stoneville, MS). Nucleotide sequence analyses were
carried out using Vector NTI Advance v11.5 suite.

Insect husbandry

Insects were reared at 28 °C, 80% RH, and 14:10 L:D cycles in
environmental chambers (Percival Scientific, Perry, IA). Insects with
detected mutations (P,) at the target sites were selected and mated as
single pairs with moths of the opposite sex from the SIMRU H. virescens
laboratory colony. Resulting heterozygotes (F;) from each single-pair
mating were inbred to obtain F, progeny. Fourth instar F, larvae were
genotyped by sequencing the DNA extracted from hemolymph to
confirm the homozygous mutations, as previously explained. The F;
individuals of both ABCC3-KO and ABCC4-KO lines were used in the
subsequent bioassays.

Bt protein preparation

For bioassays, CrylAa and CrylAc were obtained from
recombinant B. thuringiensis strains EG1273 and EG11070 (from
Ecogen Inc., Langhorn, PA). Purification and solubilization of the
crystals to obtain the protoxin form was performed as previously
described by Estela et al. (2004), and resuspended in carbonate buffer
(50 mM Na,COs, 100 mM NaCl, pH 10.5). For Vip3Aa, a recombinant
Escherichia coli BL21 carrying the vip3Aal6 gene was expressed and
lysed following the conditions described by Abdelkefi-Mesrati et al.
(2009). Then, the Vip3Aa protein in the cell lysate was further purified
by isoelectric point precipitation (IPP), lowering its pH to 5.5 with
acetic acid, as described by Chakroun et al. (2012). All proteins were
frozen in liquid nitrogen and lyophilized (Thermo Savant MODULYO
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D-230). Prior to use, CrylAa and CrylAc proteins were solubilised in
sterile milliQ-water, and the Vip3Aa protein was solubilised in Tris
buffer (20 mM Tris-HCl, 150 mM NaCl, pH 8.6). Then, the
concentration of proteins was quantified by densitometry after SDS-
PAGE electrophoresis using the TotalLab 1D v13.01 software.

Bioassays

To stablish the LCs values (lethal concentration causing a 50%
mortality) for the Bt proteins, susceptibility to CrylAa, CrylAc and
Vip3Aa was tested with neonate larvae from the SIMRU H. virescens
laboratory colony. At least five concentrations of each protein, and
controls with Tris buffer (20 mM Tris-HCI, 150 mM NaCl, pH 8.6) or
distilled water were included. The concentrations were calculated
considering the toxicity values previously determined for H. virescens
to CrylAa, CrylAc and Vip3Aa (Lemes et al., 2014). Mortality
bioassays were conducted by the surface contamination method using
128-well BIO-BA-128 (C-D international Inc., USA) bioassay plates, as
previously described by Herrero et al. (2004). Briefly, a volume of 50 pl
for each dilution was lied onto the artificial diet per well, spread evenly
on the surface and allowed to dry in a laminar flow hood. Once dry, one
larva was transferred to each well and at least 64 larvae were used per
each concentration. All assays were repeated at least 3 times. Mortality
was scored after 7 days. LCs, values were estimated from mortality data
by Probit analysis (Finney, 1971) using the POLO-PC program (LeOra
Software, 1987). For the ABCC3-KO and the ABCC4-KO strains, three
different concentrations of each protein were tested. For CrylAa, an
LCys was used, as well as 10-fold and 100-fold concentrations. For
CrylAc, a ca. LC;5 concentration was used, and 5-fold and 50-fold
concentrations. For Vip3A, an LCs, was used, along 10-fold and 50-fold
concentrations. A total of 576 neonate larvae of each strain (ABCC3-
KO and ABCC4-KO) were tested, with 64 individuals for each protein
concentration.
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Results

Identification and phylogenetic analysis of ABCC transporters from H.
virescens

We identified two new ABC transporters, that showed high
similarity with other ABC transporters to phylogenetically-close
species of heliothines (Helicoverpa armigera, Helicoverpa zea,
Helicoverpa punctigera, or Heliothis subflexa) and were named as
HvABCC3 and HvABCC4 because of their amino acid sequence
similarity to the corresponding ABCC3 and ABCC4 clades (Figure 23).
The sequences of both transporters were deposited in GenBank
(OK239703 and OK239704, respectively). Moreover, and according to
the analysis, the ABCC3 clade is phylogenetically closer to the ABCC2
clade than to the ABCC4 clade, since they formed different lineages
from a common branch, in contrast to the ABCC4 clade. Proteins
named as MDRP4 (Multi-drug resistant protein) are non-annotated
ABC transporters included in the ABCC4 clade, following the
classification performed by Endo et al. (2017).
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Figure 23. Phylogenetic tree of ABCC transporters of lepidopterans. Entire
amino acid sequences of ABCC2, ABCC3 and ABCC4 from lepidopterans are
used for the alignment. Genbank accession numbers are shown in parentheses.
Colors represent the different clades. MDRP: “Multi-drug resistant protein”.
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Both HvABCC3 and HvABCC4 genes are formed by 25 exons.
The amino acidic length of the codifying protein is 1369 aa and 1394
aa, respectively. The prediction of the transmembrane helices for both
molecules shows two differentiated transmembrane domains (TMDs),
as well as six regions facing the outer part of the membrane, that
probably correspond to the usual extracellular loops (ECLs) found in
other ABC transporters, as represented in Figure 24B.

CRISPR knock-out of HYABCC3 and HvABCC4 genes

Alignments of sequence data from the P, (injected) or F, (after
inbreeding the progeny) with the wild-type HYABCC3 and HvABCC4
versions identified different mutant genotypes with a variety of
deletions in the exon 1 target site. Nevertheless, many of the families
established from a single P, mutant failed to survive after the F,
generations. The knock-out strains of ABCC3 and ABCC4 established
(originally obtained from a single modified P, individual crossed as
previously explained) were designated as ABCC3-KO and ABCC4-KO.
For the ABCC3-KO strain, a 204 bp deletion was produced, located
from 52 bp upstream of the start codon of the protein to position 125
from exon 1 (Figure 24A). This deletion would produce a frameshift,
disabling the correct expression of the ABCC3 transporter. For the
ABCC4-KO strain, a 250 bp deletion was originated starting over the
gRNA design in exon 1 onwards, causing the same effect as for the
ABCC3-KO strain (Figure 24).
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A)
250 bp HvABCC3 200 bp HvABCC4
deletion deletion

B)

Figure 24. CRISPR/Cas9 knock-out of HvABCC3 and HvABCC4. A)
Schematic representation of genomic DNA with the designed gRNAs (arrows)
targeting exon 1 of the HYABCC3 and HvABCC4 genes. B) Protein structure
of both ABCC3 and ABCC4 transporters with the mutations affecting the
initial intracellular part of both proteins on gRNA target sites (1&2),
producing a frameshift.

Susceptibility to CrylAa, CrylAc and Vip3Aa proteins in the SIMRU H.
virescens laboratory colony and the ABCC-KO strains

The results obtained in quantitative bioassays with CrylAa,
CrylAc and Vip3A for the susceptible SIMRU H. virescens laboratory
colony are shown in Table 1. The three proteins were toxic for H.
virescens, although Vip3Aa was the least toxic protein, 150 times less
than CrylAa and 1250 times less than CrylAc (Table 1). These results
indicate a very high susceptibility for CrylA proteins and a relatively
low toxicity for the Vip3Aa protein for the laboratory colony.
Regarding the ABCC-KO strains, no effect on the suppression of the
susceptibility to CrylAa was observed, since the preliminary data
showed a similar mortality compared to the SIMRU H. virescens
laboratory colony in both ABCC3-KO and ABCC4-KO strains, even at
low (ca. LCys) concentrations (Figure 25A). Moreover, the toxicity of
CrylAc to the two ABCC-KO strains reached levels similar to the
susceptible colony, especially at high concentrations (Figure 25B).
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However, at the lower concentration of CrylAc tested (2.5 ng/cm?),
lower mortalities than the SIMRU susceptible colony were recorded for
the two ABCC-KO strains (Figure 25B). In the case of Vip3Aa, no
significant differences were observed between the susceptibility of both
ABCC3-KO and ABCC4-KO strains and the susceptible H. virescens
laboratory colony (Figure 25C).

Table 1. Mortality of the susceptible SIMRU H. virescens colony neonate larvae
to Bt proteins.

Protein n LCso (95% FL?) Slope (+ SEM) 1

CrylAa 712 13.0 (8.6 - 17.1) 2.02 £0.19 28.1
CrylAc 384 1.66 (0.71 - 3.47) 2.24+£0.26 291
Vip3Aa 512 2010 (1180 - 3440) 2.19+0.17 33.8

n indicates number of larvae tested for each protein, °FL Fiducial limits
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Figure 25. Mortality of the susceptible colony and the ABCC-KO strains to Bt
proteins. Bioassays were performed using increasing concentrations of: (A)
CrylAa, (B) CrylAc, and (C) Vip3Aa proteins. Grey bars: H. virescens SIMRU
colony, red bars: ABCC3-KO strain, blue bars: ABCC4-KO strain.
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Discussion

It was more than a decade ago that an ABC transporter was first
related with the mode of action of Bt proteins. A mutated version of the
ABCC2 protein from a resistant strain of H. virescens was genetically
linked to CrylA protein resistance (Gahan et al., 2010). Since then,
ABC transporters from many insects, specially lepidopterans, have
been related to some extent with the toxicity of Cry proteins, as
reviewed by Sato et al. (2019).

Nevertheless, the best characterized ABC transporter by far has
been the ABCC type 2, which has been confirmed to act as receptor for
Cryl proteins across many species, and has been often found altered in
resistant strains (Sato et al., 2019). The ABC transporter superfamily
includes a large number of transporters with high similarities among
them that may have hidden roles in the mode of action of Bt proteins.
Besides the ABCC2, few ABC transporters have been related to Bt
proteins, being one of them ABCA2 with Cry2 in Helicoverpa armigera,
Trichoplusia ni, or Bombyx mori (Wang et al., 2017; Yang et al., 2019;
Li et al.,, 2020). Another ABC transporter studied to some extent is
ABCC3, which has been related to the toxicity of CrylAc. First
characterized in a Xentari™-resistant S. exigua strain (Park et al., 2014),
it was found downregulated also in a CrylAc-resistant strain of P.
xylostella (Guo et al., 2015). The combination of silencing both
PxABCC2 and PxABCC3 via dsRNA in insects produced a significant
reduction in CrylAc toxicity (Park et al., 2014; Guo et al., 2015). In the
same way, the role of the ABCC3 from §. litura in the Cryl Ac mode of
action was confirmed in two types of insect cells (SI-HP and Hi5 cells)
expressing SIABCC3 (Chen et al., 2015). Later, the expression of the S.
exigua ABCC3 in HEK293T cells conferred lower susceptibility to
CrylAa than the expression of SeABCC2 (Endo et al., 2017). It was
proposed that ABCC3 has a similar but secondary role compared to
ABCC2 (Endo et al., 2017).

It is interesting to note that in the first species that the ABCC2
was linked to CrylA mode of action, H. virescens, no other ABC
transporter has been related to Bt proteins to date. Here, we have
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explored paralog genes from the ABC transporter subfamily C, and we
have described the ABCC3 and ABCC4 genes for this species. The
phylogenetic analysis of both transporters have revealed that the amino
acidic sequence of ABCC3 is highly similar to ABCC2, and that ABCC4
is a more distant protein. This sequence similarity between ABCC2 and
ABCC3 could also indicate similar functionalities within the mode of
action of Bt proteins. In the opposite way, ABCC4 could be involved in
the mode of action of other Bt proteins since it differs to a greater extent
in its amino acidic sequence to the other transporters. To further
characterize these two novel transporters, we have used gRNAs and
recombinant Cas9 nuclease to perform knock-outs of HYABCC3 and
HvABCC4 in H. virescens by CRISPR/Cas9 editing. After obtaining two
strains with deletions in the exon 1 of both genes, bioassays with
CrylAa and CrylAc as well as Vip3Aa were performed. For the H.
virescens SIMRU colony, used as control, the most toxic protein tested
was CrylAc, as observed by Lemes et al. (2014), followed by CrylAa,
which also presented high toxicity. The least toxic protein was Vip3Aa,
with a similar LCs, to those found in other studies (Lemes et al., 2014;
Pickett et al., 2017). Preliminary data showed that the toxicities among
both knock-out strains and the control were highly similar, with the
exception of the lowest concentration of CrylAc tested (2.5 ng/cm?),
where a reduced mortality was recorded in the ABCC3-KO strain,
compared to the SIMRU colony. Although differences were not
observed between the ABCC3-KO strain and the SIMRU colony at
higher concentrations of CrylAc, the reduction in the toxicity could be
indicating some type of involvement of the ABCC3 in the mode of
action of CrylAc.

As for S. exigua, it was recently proposed that the ABCC3 of H.
armigera shared a redundant role with ABCC2, since the knock-outs of
each transporter did not yield high levels of resistance, but insects with
double knock-outs of presented >15,000-fold resistance to CrylAc
(Wang etal., 2020). Another study revealed medium levels of resistance
to CrylAb or CrylFa in SfABCC2 knock-outs of S. frugiperda, but low
levels of resistance to these proteins when knocking-out the SFABCC3
(Jin et al., 2021) supporting the hypothesis of the redundant and
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secondary role of ABCC3 compared to ABCC2. It is interesting to note
that, in that study, the attempt to obtain double knock-outs of the
transporters was not viable.

In our case, to understand if the ABCC3 from H. virescens is
playing a similar redundant role in CrylAc toxicity, more bioassays
should be performed to corroborate a significant effect at low doses of
this protein. Moreover, a knock-out line of the HYABCC2 gene would
be needed, as well as double knock-outs of the HvABCC2 and
HvABCC3 genes in order to compare the contribution of each of the
transporters to the toxicity. In the same way, binding assays between
the proteins tested in bioassays and BBMV prepared from extracted
midguts of both knock-out strains could be performed to assess if
binding interactions are altered. With the previous published data and
the results herein, it is plausible that there are alterations in binding that
do not translate to a lack of toxicity due to redundance of the
transporters. Lastly, a confirmation of valid knock-outs by sequencing
the messenger RNA of the ABCC3-KO and ABCC4-KO strains is
desirable, since we cannot rule out the possibility that different versions
of the transporters are being expressed due to alternative open reading
frames on the gene sequence. To conclude, this study is a first glimpse
into the diversity of ABC transporters that are present in H. virescens
and points out the need of studying their functionality as receptors for
other Bt proteins.
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Introduction

Bacillus thuringiensis (Bt) crystal proteins (Cry proteins) have been
largely used in biological control as formulated sprays or in genetically-
modified crops because of their high and specific toxicity against insect
pests (Crickmore, 2006; Roh et al., 2007). Due to the steady increase in
the use of these proteins in agriculture, the appearance of resistance has
been reported in some insect species, threatening the long-term use of
Bt products (Tabashnik and Carriere, 2017). Cry proteins are generally
recognized as pore-forming toxins (PFTs), as their main action is to
form pores in the membrane of the midgut epithelial cells of susceptible
insects (Schnepf et al., 1998; Xu et al., 2014). The mode of action of Cry
proteins has been widely studied, especially for CrylA proteins (Pardo-
Lopez et al., 2013; Adang et al., 2014). According with recent models,
the mode of action of Cry proteins involves the sequential binding to
different membrane receptors (Adang et al., 2014; Vachon et al., 2012).
After specific binding events, the protein is inserted in the membrane
inducing pore formation of the cells, which eventually leads to
septicemia and insect death (Adang et al., 2014).

It is widely accepted that binding alteration is the most important
mechanism of insect resistance to Cry toxins, although other
mechanisms can also occur (Schnepf et al., 1998; Ferré and Van Rie,
2002). Alterations in the well-characterized midgut receptors for Cry
toxins (cadherin-like protein, aminopeptidases N, alkaline
phosphatases and ABC transporters) have been reported in different
resistant strains (Vadlamudi et al., 1995; Knight et al., 1994; Jurat-
Fuentes and Adang, 2004; Gahan et al, 2010). In few cases, the
expression of the receptor is altered, leading to the appearance of
resistance (Herrero et al., 2005; Tiewsiri and Wang, 2011; Jurat-Fuentes
etal.,2011; Jin etal., 2014; Guo et al., 2015). In other cases, the receptors
harbor different mutations that can alter the binding ability to Cry
toxins (Ferré and Van Rie, 2002; Jurat-Fuentes and Adang, 2004; Baxter
etal., 2005; Hernandez-Martinez et al., 2012; Banerjee et al., 2017). ABC
proteins are primary-active transporters that require the binding and
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hydrolysis of ATP to transport substrates across the lipid membrane. A
functional ABC transporter consists of two cytosolic nucleotide-
binding domains (NBDs) that bind and hydrolyze ATP, and two
integral transmembrane domains, which generally consist of 5-6
transmembrane helices and provide substrate specificity (Dermauw
and Van Leeuwen, 2014). To date, the number of ABC transporters that
are involved in the mode of action of Cry toxins is increasing. The
ABCC3 of Spodoptera exigua and Spodoptera litura and the ABCC4 of
Tribolium castaneum were shown to be involved in susceptibility to
CrylA and Cry8C, respectively (Chen et al., 2015; Park et al., 2004;
Endo etal., 2017). In addition, it has been observed that the ABCC2 acts
as a functional receptor for CrylA proteins for lepidopteran insects
(Sato et al., 2019). Interestingly, the ABCC2 from S. exigua, Spodoptera
frugiperda, and Bombyx mori and the ABCC3 from §. exigua and B.
mori do not function as functional receptors for CrylC and CrylD
(Banerjee et al., 2017; Endo et al., 2017). The implication of other ABC
transporter subfamilies beyond subfamily C in the mode of action of
different Cry proteins such as Cry2 and Cry3 has also been reported
(Guo et al,, 2015; Tay et al,, 2015; Pauchet et al., 2016; Mathew et al.,
2018).

From the analysis of resistant strains to Bt proteins, different
mutations in the ABCC2 gene were reported to be associated with
CrylA resistance (Gahan et al., 2010; Baxter et al., 2011; Atsumi et al.,
2012). Furthermore, expression or silencing of the transporter using
different systems correlates with altered susceptibility to Cryl proteins
(Banerjee et al.,, 2017; Chen et al., 2015; Park et al., 2004; Endo et al,,
2017; Atsumi et al., 2012; Bretschneider et al., 2016; Tanaka et al., 2013;
Tanaka et al., 2016; Stevens et al., 2017), supporting the role of this
family of transporters in the mode of action of Bt toxins. In agreement
with that, binding assays have shown specific binding of CrylA
proteins to ABCC2 transporters from different insect species
(Bretschneider et al., 2016; Adegawa et al.,, 2017; Chapter 1 in this
thesis). Additionally, it has been shown that ABCC2 transporters may
also be involved in CrylA oligomerization and/or insertion (Tanaka et
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al., 2016; Ocelotl et al., 2017; Chapter 1 in this thesis). An early model
for the binding of CrylA toxins to the ABCC2 proteins suggested that
the ABC transporter may interact with extended helices of the pre-pore
Bt-toxin structure in its opened state and that, when it closes, an
irreversible insertion is formed (Heckel, 2012). However, it was
observed in a recent work in B. mori that lack of the ATPase activity (by
generating NBD-deleted mutants) of the BmABCC2 transporter did
not affect the functionality of the receptor variants (Tanaka et al., 2017).

In a laboratory-selected colony of S. exigua (Xen-R) resistant to the
commercial Bt-product Xentari™ (Hernandez-Martinez et al., 2010), a
mutation in the SeABCC2 gene is described as genetically linked to the
resistance (Park et al., 2004). In contrast to other mutations in ABC
genes conferring resistance to Cry proteins, the mutation in SeABCC2
affects an intracellular domain involved in ATP binding (NBDII). To
determine whether this mutation affects both the ABCC2 function as a
transporter and the Cry binding ability, the truncated form of the gene
from the resistant strain (SeABCC2-XenR) was expressed in Sf21 cells.
The functional role as receptor was tested by viability cell assays and the
ability to bind CrylA proteins was assessed.
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Materials and Methods

Cell Culture Maintenance

Spodoptera frugiperda derived Sf21 cells were cultured at 25°C
in 25 cm’ tissue culture flasks (T25 flasks, Nunc) containing 4 mL of
Gibco'Grace’s Medium (1x) (Life Technologies™, Paisley, UK)
supplemented with 10% heat-inactivated fetal bovine serum (FBS). Sf21
cells stably expressing the wild-type SeABCC2 gene, designated as Sf21-
FRA in Chapter 1, were maintained at 27°C in the same culture medium
supplemented with 10 pg/mL Blasticidin.

SeABCC2-XenR Structural Characterization

The amino acid sequence of the truncated form ofS.
exigua ABCC2 from the Xen-R colony (Acc. number AIB06822.1) was
aligned with its wild-type form (Acc. number AIB06821.1) using
Geneious software (v10.2.6). The prediction of transmembrane
domains, as well as the outer and inner parts of both forms of the
SeABCC2 molecule were obtained using TMHMM server v 2.0
(http://www.cbs.dtu.dk/servicess TMHMMY/). The three-dimensional
structure of SeABCC2-FRA was predicted using Phyre2 software

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) with

reference to the 3D structure of ATP-binding cassette sub-family C
member 8 isoform X2 as a template.

Generation of Sf21 Clones Expressing SeABCC2-XenR

RNAzol RT reagent (Sigma-Aldrich, St. Louis, MO, USA) was
used to isolate total RNA from midgut tissues of Xen-R colony larvae
(Hernandez-Martinez et al., 2010). Then, total RNA was treated with
DNase I (Invitrogen, Carlsbad, CA, USA) and reverse-transcribed to
cDNA using specific primers (Supplementary Table S1), which added
Sacl and Xbal restriction sites as well as a FLAG-tag downstream in the
gene. The cDNA encoding the truncated SeABCC2 (KF926100.1) form
was cloned into the pIB-eGFP vector (kindly supplied by Monique Van
Oers, Wageningen, The Netherlands) to generate the pIB-XenR vector.
Sf21 cells were transfected with either pIB-eGFP or pIB-XenR vectors
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using the transfection reagent Cellfectin’Il Reagent (Invitrogen).
Selection was started 72 h post-transfection and the selective medium
was replaced every 3-4 days until the cells reached confluence.
Transfected cells were seeded in a T25 flask and maintained in Grace’s
medium containing 10% FBS and 50 ug/mL Blasticidin (Invitrogen).
The resulting polyclonal cell lines were named Sf21-eGFP and Sf21-
XenR according to the vector used for transfection. Stable cell lines were
maintained at 27°C in Grace’s medium containing 10% FBS and 10
pg/mL Blasticidin.

RT-gPCR

The expression level of the SeABCC2-XenR gene in Sf21 cell
lines was measured by RT-qPCR wusing specific primers
(Supplementary Table S1). After total RNA extraction from each cell
line, cDNA was synthesized using PrimeScript RT Reagent kit (TaKaRa
Bio Inc, Otsu Shiga, Japan). RT-qPCR was performed in a StepOnePlus
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA)
following standard protocols. Primers used in this study were
previously described and their efficiency tested in Chapter 1. The gene
expression levels were normalized using the ubiquitin gene as a
reference.

Detection of the SeABCC-XenR Protein

For the detection of the SeABCC2-XenR protein, Western blot
was performed using monoclonal anti-FLAG*M2 (Sigma-Aldrich, St.
Louis, MO, USA). First, membrane vesicle samples from both cell lines
were prepared as described by Van de Wetering et al. (2009). After SDS-
PAGE, the samples were transferred to nitrocellulose membranes.
Membranes were blocked with 3% of membrane blocking agent in
PBST buffer (phosphate buffered saline with 0.1% Tween 20), and, after
washing three times with PBST, membranes were incubated with
monoclonal anti-FLAG*M2 (1:5000 dilution) in PBST supplemented
with 1% blocking agent (PBST-B) for 1 h at RT. Then, membranes were
washed three times with PBST and incubated with anti-mouse IgG-
conjugated horseradish peroxidase (1:20,000 dilution) in PBST-B for 1
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h at RT. Finally, bands were visualized with a chemiluminescence
detection kit (RPN2209; GE Healthcare, Little Chalfont, UK) using an
ImageQuant LAS4000 image analyzer (GE Healthcare).

For localization of the truncated transporter, immunostaining
was performed as described in Chapter 1. Briefly, after overnight
growing in 24-well glass chambers, cells were washed in phosphate
buffered saline (PBS), fixed in 4% paraformaldehyde solution (PFA),
permeabilized with 0.01% Triton X-100 at room temperature (RT), and
blocked TNT buffer with 1% bovine serum albumin (BSA) for 1 h at
RT. Cells were then incubated with monoclonal anti-FLAG*M2 (1:1000
dilution) for 2 h. After washes, cells were incubated with goat anti-
mouse IgG conjugated to Alexa Fluor 488 (Abcam, Cambridge, UK) at
a 1:1000 dilution for 1 h. Additionally, two negative controls were
performed: (1) transfected cells were incubated with the secondary
antibody alone; and (2) non-transfected Sf21 cells were incubated with
the primary antibody alone. To stain the cell nuclei, 1 pg/mL of 4,6-
diamidino-2-phenylindole (DAPI, Sigma Aldrich, Schnelldorf,
Germany) was used. The stained samples on glass slides were observed
under a confocal microscope (Olympus, FV1000MPE, Japan, Tokyo).

Cry Proteins Preparation

CrylAa, CrylAb and CrylAc toxins used in cell viability assays
or binding assays were obtained from recombinant Escherichia coli or
recombinant B. thuringiensis strains (from Ecogen Inc., Langhorn, PA,
USA), respectively. The recombinant E. coli strains were kindly
supplied by R. A. de Maagd. Purification of the inclusion bodies, Cry
toxin solubilization and trypsin-activation was performed as described
in Chapter 1. The CrylAa (EG1273), CrylAb (EG7077), and CrylAc
(EG11070) toxins’ expression, solubilization, and trypsin-activation
were performed as previously described by Estela et al. (2004). Trypsin-
activated proteins were dialyzed in 20 mM Tris-HCI (pH 9) and filtered
prior to anion-exchange chromatography using an AKTA system (GE
Healthcare). The purity of all proteins was analyzed by sodium
dodecylsulfate polyacrylamide gel electrophoresis (12% SDS-PAGE).
All proteins were kept at —20°C until used.
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Viability Assays

Viability was determined after exposure of both cell lines (521
and S$f21-XenR) to CrylAa, CrylAb and CrylAc toxins, using the MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay.
Prior to viability assays, cells were suspended in culture medium
(without FBS) and plated (100 pL) in ELISA plates (flat bottom) at
about 70% confluence. Plates were further incubated at 25°C for at least
45 min to allow cells attach to the bottom. Then, 10 pL of activated
toxins was added to each well within a range of increasing
concentrations (from 0 to 150 nM) in duplicate on each plate. The same
volume of 50 mM carbonate buffer (pH 10.5) and 2% Triton X-100 was
also added to the wells as negative and positive controls, respectively.
Cell viability was measured after 3 h incubation at 25°C using the
CellTiter 96° AQueous One Solution Reagent (Promega, Madison WI,
USA) following the manufacturer’s protocol. After 2 h incubation, the
absorbance was measured at 490 nm (Infinite m200, Tecan,
Maennedorf, Switzerland). The percentage of viable cells was obtained
as described in Chapter 1. For statistical analysis, means were compared
by two-way ANOVA, followed by Bonferroni’s comparison test (p <
0.001).

Binding of °I-Cry1Ac to Sf21 Cells

The purified and trypsin-activated CrylAc toxin was labelled
using the chloramine-T method (Van Rie et al., 1989). Briefly, CrylAc
(25 pg) was mixed with 0.3 mCi of "I (PerkinElmer, Boston, MA,
USA), and 6 mM of chloramine T for 45 seconds at RT. After
incubation, the reaction was stopped by adding sodium metabisulfite
followed by sodium iodide (Nal). The specific activity obtained for the
labelled CrylAc toxin was 15 uCi/pg.

All binding assays were conducted at RT in a final volume of
0.1 mL in binding buffer. Firstly, both cells lines (Sf21 and Sf21-XenR)
were recovered by centrifugation (500 x g for 5 min at RT), and washed
two times with PBS. The cell pellet was resuspended in binding buffer
(PBS supplemented with 0.1% BSA). to a concentration of 4.6 x 10’
cells/mL. The optimal concentration of cells to be used for the binding
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assays was calculated with increasing amounts of cells incubated with
0.1 nM of labelled-CrylAc in binding buffer. An excess of unlabelled
protein (150 nM) was added to the reaction mixture to determine the
nonspecific binding. After incubation, samples were centrifuged (500x
g for 10 min) and the pellets were washed with binding buffer. Final
radioactivity was measured in a gamma counter (2480 WIZARD?).
Binding experiments were performed at least twice for each cell line.

Competition experiments were performed incubating the Sf21-
XenR cells (9.2 x 10° cells/mL) with *I-CrylAc and increasing
amounts of different unlabelled CrylAa, CrylAb or CrylAc proteins.
After incubation, samples were centrifuged, washed, and radioactivity
in the final pellets measured. Competition assays were replicated at least
three times. The equilibrium dissociation constant (K{d) and
concentration of binding sites (Rt) were obtained from the homologous
competition experiments using the LIGAND software (Munson and
Rodbard, 1980).

The contribution of reversible and irreversible binding to the
observed specific binding in those cells expressing either the full-length
or the truncated form of the SeABCC2 molecule was determined as
described by Park et al. (Park et al., 2004). Briefly, three reaction
mixtures were prepared with 0.1 nM of I-CrylAc and 9.2 x 10°
cells/mL of either Sf21-FRA or Sf21-XenR cell lines. The first sample
was used to determine the total binding. In the second sample, an excess
of unlabelled CrylAc toxin (150 nM) was added to this mixture at the
beginning of the incubation to determine the non-specific binding.
Finally, the third sample was used to measure the irreversible binding.
To that purpose, after one hour of incubation, an excess of unlabelled
CrylAc toxin was added and the reaction was allowed to proceed one
more hour. All samples were incubated at RT for two hours. The
specific and the irreversible binding were calculated by subtracting the
non-specific binding (radioactivity in the pellet of the second sample)
from the total binding (radioactivity in the first sample) or from that in
the third sample, respectively. The reversible component was calculated
by subtracting the irreversible binding from the specific binding.
Experiments were performed three times.
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Results and Discussion

Characterization and 3D Prediction of the Structure of the Truncated
SeABCC2 Gene

Park et al. (2004) showed that the mutation in the SeABCC2
gene linked to resistance in the Xen-R colony was lacking part of
NBDII, apparently not affecting the extracellular regions of the
membrane protein. Compared with the wild-type protein from the
susceptible S. exigua colony (FRA colony) (Hernandez-Martinez et al.,
2010), the truncated transporter carries four additional single amino
acid changes at positions 671, 805, 1200, and 1314 (Figure 26, panels A
and B). Based on the data obtained by the TMHMM server (which
predicts transmembrane helices based on a hidden Markov model), one
of these mutations (K805T) is located in the extracellular loop 4 (ECL4)
of SeABCC2, whereas the other three are located in the intracellular
part of the transporter (Figure 26B). Interestingly, the ECL4 region has
been previously described as an important area for CrylA toxin binding
in BmABCC2 from B. mori (Tanaka et al., 2016, 2017).
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Figure 26. Predicted structure and expression analysis of the truncated SeABCC2. (A)
Schematic illustration of the 3D structure of SeABCC2-FRA predicted using Phyre2
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) with reference to the
3D structure of ATP-binding cassette sub-family C member 8 isoform X2. (B) 2-D
schematic structure of the truncated SeABCC2 showing the ECL and NBD regions. The
1121-1199 amino acid deletion in the NBDII is shown in orange, and amino acid
positions that differ in both proteins are shown in red. (C) Immunostaining of the
SeABCC2-XenR transporter expressed in Sf21 cells. Cells were stained with an anti-
FLAG tag antibody followed by anti-mouse IgG conjugated to Alexa Fluor 488 (green
signal). Cell nuclei were stained with DAPI (blue signal). Scale bar represents 20 um.
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The Truncated SeABCC2-XenR is Located in the Membrane of the Sf21
Cells

To examine whether single amino acid changes, along with the
deleted NBDII region, are relevant for the interaction of CrylA proteins
and the SeABCC2 transporter, the truncated form was expressed in
Sf21 cells. Expression of the SeABCC2-XenR gene was analyzed by RT-
gPCR to determine whether the gene was stably expressed after
transfection and selection. The expression levels were found
significantly higher than the expression of the housekeeping gene,
whereas essentially no expression was detected for the Sf21 cell line
(non-transfected) (Supplementary Figure S6a). Prior to test whether
the truncated SeABCC2 transporter is a functional receptor for CrylA
proteins, its expression was determined by Western blot
(Supplementary Figure S6b). Moreover, the results from
immunostaining showed that the truncated SeABCC2 transporter was
located on the cell membrane of Sf21-XenR cells (Figure 26C).
Therefore, despite harboring the deletion affecting the NBDII, the
transporter was located in the Sf21 cell membranes, as reported
previously in Chapter 1 for Sf21 cells expressing the full-length form of
the transporter.

The Truncated SeABCC2 Still Acts as a Functional Receptor for CrylA
Toxins

Insertion/deletion (INDEL) mutations in the orthologous
ABCC2 transporters have been reported to be associated with CrylA
resistance in different insect species (Gahan et al., 2010; Tay et al., 2015;
Baxter et al., 2011; Atsumi et al., 2012; Heckel, 2012). However, direct
evidence that these alterations on the ABC transporters are involved in
Bt resistance by performing functional assays is scarce. Here, the
functionality of the truncated ABCC2 molecule was studied. For this
purpose, its role in toxicity was assessed in Sf21 cells expressing the
SeABCC2-XenR.

The susceptibility of the two cell lines (Sf21 and Sf21-XenR) to
three CrylA proteins (CrylAa, CrylAb, and CrylAc) was determined
by the MTT method. Regarding the Sf21 cells, none of the CrylA toxins
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had any major effect on their viability, as shown in Chapter 1 and by
Bretschneider et al. (2016). In contrast, the toxins affected the viability
of Sf21-XenR cells in a dose-dependent manner. In addition, the loss of
cell viability was drastic with CrylAb and CrylAc. For CrylAa, only
significant differences were found at the highest concentration used
(Figure 27). Similar results were found in Chapter 1 on Sf21-FRA cells,
which express the full-length form of the transporter. These results
demonstrate that the ABCC2 transporter is necessary to render
susceptibility to CrylA toxins in Sf21 cells, independently of the
presence of the second ATP binding domain. Thus, our results point
out that the deletion on this domain is not directly causing resistance
to the CrylA type toxins in the Xentari"™-resistant S. exigua colony.
Similarly, Tanaka et al. (2017) found that cells expressing mutants of B.
mori ABCC2 which lacked substrate-excreting activity still retained
receptor activity for CrylA toxins. Interestingly, cells expressing
mutants with a deletion in the NBDII were susceptible to CrylAa and
CrylAb but not to CrylAc. For Helicoverpa armigera, mis-splicing of
the ABCC2 gene was linked to Cryl Ac resistance (Xiao et al., 2014). The
mis-splicing caused a 73 bp insertion that generated a premature stop
codon, which expected to yield a truncated ABCC2 protein without the
NBDII. However, based on our findings, functional analysis using the
truncated HaABCC2 would be required to test if the truncation is
causing the resistance to CrylAc in this strain or it is only partially
contributing to resistance. More recently, a field-evolved resistance to
Bt corn expressing CrylFa has been closely linked to a mutation in the
S. frugiperda ABCC2 gene (Banerjee et al, 2017). The authors
confirmed, by functional assays, that the full-length of the SFABCC2
acts as a functional receptor for CrylFa. In contrast, the mutated
version of the SfABCC2 lacking the whole second transmembrane
domain (consequently including the NBDII) was not functional.
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Figure 27. Effect of CrylA proteins on the viability of Sf21 cells. Assays were
performed using increasing concentrations of: CrylAa (A); CrylAb (B); and
CrylAc (C). Assays were carried out for 3 h with Sf21 cells (circles) and Sf21-
XenR cells (squares). Each value represents the mean of at least three
independent assays (+ SEM). Means were compared by two-way ANOVA,
followed by Bonferroni’s comparison test.

The Truncated SeABCC2 Still Mediates Binding to CrylA Toxins
Binding assays using the '*’I-labelled CrylAc protein were performed
to verify the interaction of CrylA proteins with the truncated
transporter. The results showed specific binding of labelled CrylAc to
increasing concentrations of the Sf21-XenR cells, while no specific
binding was found for the control cell line (Sf21) at any given
concentration (Figure 28A). Homologous competition assays showed
that the competitor could completely displace the specific binding of
labelled CrylAc to the Sf21-XenR cells (since there is almost 50% of
nonspecific binding). Dissociation constant (Ky) and concentration of
binding sites (R;) were estimated from the homologous competition
curve (Figure 28B), obtaining K4 = 2.4 + 1.4 nM (mean + SEM) and Rt
= 0.006 + 0.003 pmol/million cells (mean + SEM). The Ky value
indicates that binding of CrylAc to Sf21-XenR is of high affinity. The
equilibrium binding parameter obtained in the present study did not
differ significantly with the one obtained in Chapter 1, when labelled
CrylAc and cells expressing the full-length transporter were used.
Interestingly, larger differences were found in the concentration of
binding sites. Differences in the R; values might be attributed to the
difference in the expression levels of the transporter in each cell line.
Therefore, the specific binding found for Sf21-XenR compared to the
Sf21 cell line points out the fact that the intracellular truncation of the
transporter does not affect the ability of the transporter to interact with
the CrylA toxins.
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Figure 28.Binding of *I-CrylAc to Sf21 cells expressing the
SeABCC2-XenR. (A) Specific binding of "®ICrylAc at increasing
concentrations of Sf21 (blue) and Sf21-XenR (green) cells. Each bar represents
the mean of at least three independent experiments (+ SEM). Means were
compared by two-way ANOVA, followed by Bonferroni’s comparison test
(p <0.001). Significant differences between both cell lines are indicated by
asterisks. (B) Competition binding assays with '*’I-CrylAc using Sf21-XenR
cells. Curves represent total binding of labelled CrylAc protein to increasing
concentrations of unlabelled CrylAa (open triangles), CrylAb (full circles),
and CrylAc (squares) as competitors. Each competition experiment was
replicated at least three times and the error bars represent the standard error
of the mean.

Different extracellular loops of ABCC transporters have been
proposed as candidate CrylA binding sites in different insect species
(Atsumi et al., 2012; Tanaka et al., 2016, 2017; Liu et al., 2018). In B.
mori, it was reported that a single tyrosine insertion in the extracellular
loop 2 (ECL2) causes resistance to CrylAb. Later, the same group
showed that the amino acidic length of the ECL2 of the BnABCC2 is
more important than the residues forming part of it. Furthermore, the
authors stated that an increase in the length of the ECL2 disrupts the
receptor function for CrylAb/c but not for CrylAa in the same species
(Tanaka et al., 2016). Here, we reported a mutation located in the ECL4
(position 805) of the truncated SeABCC2 transporter. This mutation,
along with the other changes observed, was not affecting the role of the
truncated transporter. Interestingly, it was recently reported in B. mori
that the amino acid sequence from 770 to 773 of the ECL4 is a putative
Cryl A toxin-binding site (Tanaka et al., 2017). Liu et al. (2018) reported
that ABCC2 amino acid Q125 from SfABCC2 or E125 from SIABCC2
was a key factor for the differential CrylAc toxicity to Hi5 cells
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expressing these receptors. Interestingly, the authors claimed that, as
these residues (Q125 or E125) are located in the ECL1 region of the
ABCC2 transporter, this loop could be important for CrylAc binding.

A deletion in the ABCC2 transporter of a CrylAc-resistant
strain of Plutella xylostella (NO-QA strain) was genetically linked to
resistance by Baxter et al. (2011). In this case, the deletion was predicted
to remove the 12th transmembrane domain and aberrantly position the
carboxyl-terminal outside the cell. Assuming that the gene is translated
and inserted into the midgut membrane, the second ATP binding site
was expected to be nonfunctional. Later, Hernandez-Martinez et al.
(2012) demonstrated lack of CrylFa binding in the same P. xylostella
strain but not to CrylAa. Lack of binding of CrylFa toxin was also
observed on Sf9 cells expressing a mutated SFABCC2 transporter from
a CrylFa-resistant strain of S. frugiperda (Banerjee et al., 2017). The
authors concluded that, based on the currently proposed model
(Heckel, 2012), the lack of CrylFa binding could be due to the loss of
the ATP-switch mechanism in the mutated transporter. However, it is
important to highlight that the whole second transmembrane domain
was absent in the mutated transporter including several ECL regions
and the NBDII.

In the present study, heterologous competition experiments
were performed in Sf21-XenR cells using CrylAa and CrylAb to
determine whether these proteins shared binding sites with the CrylAc
protein. The results showed that CrylAb competes against labelled
CrylAc, while CrylAa does not compete (Figure 28B). Our results are
in agreement with previous studies using S. exigua BBMV (Luo et al.,
1999; Escriche et al., 1997) and the Sf21-FRA cells (Chapter 1). Again,
the results point out that the truncated SeABCC2 remains active as a
functional receptor for the CrylAc and CrylAb toxins.
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The Irreversible CrylAc Binding Component is not Altered in the
Truncated SeABCC2

The specific binding is considered as a critical step for the
toxicity of Bt proteins (Jurat-Fuentes and Crickmore, 2017). Moreover,
it is well established that specific binding of Cry toxins to their
membrane receptors consists of a reversible and an irreversible binding
component. The latter one has been associated with toxin insertion into
the membrane (Liang et al.,, 1995). It has been suggested that ABC
transporters could be mediating the latter component (Sato et al., 2019;
Heckel, 2012). Here, both components of the specific binding of
CrylAc were determined in the Sf21-FRA and the Sf21-XenR cell lines
to test whether the modifications found in the truncated transporter are
affecting the irreversible component in toxin insertion. The results
showed that for both cell lines the predominant component of the
specific binding was the irreversible binding (Figure 29). For Sf21-FRA
cells, from 80% of total specific binding, 64% was irreversible and 16%
was reversible. For Sf21-XenR cells, from 50% of total specific binding,
47% was irreversible and 3% was reversible. To test if the differences
observed were significant, the proportion of irreversible binding on
Sf21-FRA was compared to that in Sf21-XenR, as well as the proportion
of reversible binding, finding no significant differences between the two
receptors for the irreversible or the reversible binding (p = 0.1237, one-
way ANOVA). Therefore, these findings, along with the viability assays,
suggest that the CrylAc toxin can be inserted into the membrane
despite the lack of the second ATP binding domain along with the other
mutations found in the ABCC2. Recently, it was observed that pre-
formed oligomers associate less efficiently with BBMV from the P.
xylostella strain NO-QA (resistance linked to ABCC2) than with
BBMYV from a susceptible strain (Ocelotl et al., 2017). Interestingly, it is
reported that a single tyrosine insertion in the ECL2 of the ABCC2 of B.
mori causes resistance to CrylAb, although it can bind. Therefore, the
authors suggested that the tyrosine insertion in the ECL2 may be
affecting post-binding events (Tanaka et al., 2013). Lastly, Park et al.
(2004) showed a significant decrease in the irreversible component of
the CrylCa specific binding in S. exigua resistant to Xentari™. This
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product is based on a B. thuringiensis subsp. aizawai (Valent
Biosciences), containing CrylAa, CrylAb, CrylC, CrylD and Cry2Ab
proteins. Since CrylCa is one of the most potent Cry toxins to
Spodoptera spp. (Herrero et al., 2016), this decrease in membrane
insertion could contribute to the observed resistance against Xentari™.
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Figure 29. Dissection of total CrylAc binding into the non-specific and the
specific binding (reversible and irreversible components) in Sf21 cells
expressing the full-length (Sf21-FRA) or the truncated form (Sf21-XenR) of
the SeABCC2 transporter.
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To conclude, as summarized in Figure 30, the results from this
study endorse that the truncated SeABCC2 (SeABCC2-XenR)
transporter that lacks part of the NBDII is a functional receptor for
CrylA proteins in S. exigua. In addition, the four additional single
amino acid changes (positions 671, 805, 1200, and 1314) described here
do not affect the functionality of the truncated receptor. Therefore, our
data support that the ATP-switch mechanism of the transporter is not
necessary to act as a functional receptor to CrylA toxins.
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Figure 30. Schematic representation of the main findings in this chapter.
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Introduction

Bacillus thuringiensis (Bt) is known to produce many insecticidal
proteins that, either as Bt-based pesticides or expressed in genetically
modified crops, can effectively control different insect pests (Raymond
et al., 2010). One highly effective tool to control stem borers is Bt corn,
which co-expresses different Bt proteins, mainly from the Cryl family
(Schnepf et al., 1998). The adoption of Bt corn expressing CrylAb has
quickly expanded globally since it has demonstrated to control the
European corn borer, Ostrinia nubilalis, and other pests (ISAAA, 2017).
Bt corn is also considered a promising technology to control the Asian
corn borer, Ostrinia furnacalis, a highly damaging insect that affects
mainly this crop (He et al., 2003; Li et al., 2021).

The mode of action of Bt insecticidal proteins involves, among other
steps, binding to membrane molecules in the midgut (referred to as
“receptors”). This step is not only responsible for the specificity of the
toxic action, but it is also the main responsible for developing high
levels of resistance by alteration of the membrane receptor (Jurat-
Fuentes et al, 2021). Competition binding studies, in which the
inhibition of binding of a labelled protein by different proteins is
determined, have provided models showing whether Bt proteins bind
to more than one site and whether different proteins share binding
sites. These binding site models have been useful to predict and
understand the basis of cross-resistance to Bt proteins since the
alteration of a shared binding site can confer resistance to more than
one Bt protein (Ballester et al., 1999; Hernandez-Rodriguez et al., 2013).
This approach, along with the use of laboratory-selected resistant
colonies, allows us to be one step ahead of the onset of resistance in the
field, understanding possible mechanisms of resistance before they
even take place. In the case of its sibling species O. nubilalis, the binding
site model proposes the presence of three shared binding sites for
CrylAb and CrylAc. In that model, the CrylF protein could bind to
two of the binding sites, and CrylAa could only bind to one (Jakka et
al., 2015). Although a study performed with ligand blots revealed
certain similarities in binding patterns between O. nubilalis and O.
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furnacalis (Tan et al., 2013), a binding site model for CrylA proteins in
O. furnacalis is still needed. The characterization of the binding sites of
this pest, along with the analysis of cross-resistance patterns in a
laboratory-selected resistant colony to the Cry proteins expressed in Bt
crops, can provide valuable knowledge to decide which of the available
alternatives is the best to efficiently control this pest.

In the present study, we have analyzed the binding properties, as well
as the insecticidal potency, of CrylA proteins and CrylF in two O.
furnacalis colonies, one susceptible (ACB-BtS) and one laboratory-
selected colony resistant to CrylAb (ACB-AbR). The ACB-AbR colony
developed cross-resistance to CrylAa, CrylAc and CrylF. Moreover,
the results have shown that CrylA proteins share binding sites in this
insect species and that at least one of these sites has been altered in the
resistant insects.
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Materials and Methods

Insect colonies

The O. furnacalis Bt susceptible colony (ACB-BtS) was originally
collected from Huxian, Shaan’xi province (China) and maintained in
laboratory conditions using a semi-artificial diet as previously
described (Zhou et al., 1998). The O. furnacalis Cryl Ab resistant colony
(ACB-ADbR) was selected from a sample of the Bt susceptible colony by
exposure to trypsin-activated CrylAb. After an initial exposure (2.5 ng
of Cryl1Ab/g diet), the protein concentration was increased to target 40-
70% mortality. After 51 generations, larvae were reared on diet
containing 400 ng of toxin/g diet. This colony achieved >40-fold
resistance to the protoxin form of CrylAb after 71 generations (Xu et
al., 2010). From generation 124, the protein concentration was
increased to 2.0 pg/g. Thereafter, the colony has been maintained at this
concentration. Larvae used for dissecting midguts in this study were
from generation 208. Bioassays were carried out at generation 211 to
determine the LCsos of CrylAa, CrylAb, CrylAc and CrylF.

Bt proteins preparation

Bacillus thuringiensis Cry proteins were obtained from recombinant
strains EG1273, EG7077, EG11070, EG11069 expressing CrylAa,
CrylAb, CrylAc and CrylFa, respectively (from Ecogen Inc.,
Langhorn, PA). For bioassays, Cry proteins were purified and
solubilized as previously described (Estela et al, 2004), stored
lyophilized and resuspended in the appropriate buffer before use. For
binding assays, Cry proteins were activated by trypsin and then
dialyzed in 20 mM Tris-HCI (pH 9) and filtered. Then, they were
purified by anion-exchange chromatography in a HiTrap Q HP column
using an AKTA explorer 100 chromatography system (GE Healthcare,
United Kingdom). The CrylAb protein used for iodine labelling was
further purified by size-exclusion chromatography with a Superdex 200
column (GE Healthcare, United Kingdom) using the same system. The
purity of all proteins was analyzed by 12% sodium dodecylsulfate
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polyacrylamide gel electrophoresis (SDS-PAGE). All proteins were kept
at —20°C until used.

Diet Bioassays

Larval susceptibility of O. furnacalis susceptible and resistant insects
was evaluated by diet incorporation assays in agar-free semi-artificial
diet, as previously described (He et al., 2005). Briefly, neonates were
individualized in 48-well trays containing the diet with different
concentrations of proteins. Trays were held at 27 £ 1 °C, 80% RH and a
16:8 h photoperiod. Survivors and their weights were recorded after
seven days. When the mortality was calculated, the larvae were
considered dead if they died (visually motionless while poked with a
fine brush) or weighed < 0.1 mg. Bioassay data were subjected to Probit
analysis with the PoloPlus software (LeOra Software) to obtain the LCs,
values for each protein (Finney, 1971).

BBMYV preparation

BBMYV were prepared from dissected midguts obtained from fifth instar
larvae of both ACB-BtS and ACB-AbR colonies by the differential
magnesium precipitation method (Wolfersberger et al., 1987) and kept
at —80°C until used. Protein concentration of BBMV preparations was
determined by the method of Bradford (1976).

Binding assays with "*I-labelled CrylAb and CrylAa

The trypsin-activated and chromatography purified CrylAb and
CrylAa proteins were labelled using the chloramine-T method (Van
Rie et al., 1989). Twenty-five micrograms were mixed with 0.3 mCi of
5] (Perkin Elmer, Boston, MA, USA), and 6 mM of chloramine-T for
45 seconds at room temperature (RT). After incubation, the reaction
was stopped by adding sodium metabisulfite (5.75 mM) followed by
sodium iodide (250 mM). The specific activity obtained for the labelled
CrylAb was 1.1 mCi/mg and 3.8 mCi/mg for CrylAa.

Prior to use, BBMV from susceptible and resistant colonies were
centrifuged for 10 min at 16000x g and resuspended in binding buffer
(phosphate buffered saline, (PBS), 0.1% BSA). To determine the
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optimal concentration of BBMV for use in competition experiments,
increasing amounts of BBMV were incubated with 1.22 nM of labelled
CrylAb, in a final volume of 0.1 ml of binding buffer for 1 h at RT. An
excess of the same unlabelled protein (>2000 nM) was used to estimate
the non-specific binding. The specific binding was calculated as the
subtraction of the total binding minus the non-specific binding.
Homologous (using the unlabelled same protein as competitor) and
heterologous (using other proteins as competitors) competition
experiments were performed in binding buffer incubating 0.2 mg/ml of
BBMYV with '*I-labelled proteins and increasing amounts of unlabelled
proteins in a final volume of 0.1 ml for 1 h at RT. After incubation,
samples were centrifuged at 16000x g for 10 min. Then, pellets were
washed with 0.5 ml of binding buffer and centrifuged again.
Radioactivity in the pellets was measured in a model 2480 WIZARD?
gamma counter. The equilibrium dissociation constant (Ki) and
concentration of binding sites (R) were estimated from the
homologous competition experiments for each colony using the
LIGAND program (Munson and Rodbard, 1980).
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Results

Susceptibility of O. furnacalis colonies ACB-BtS and ACB-AbR to Cryl
proteins

There were significant differences in susceptibility to CrylAa,
CrylAb, CrylAc and CrylF between the ACB-BtS colony and the ACB-
ADbR colony (Table 2). The ACB-BtS colony was highly susceptible to
all tested Cry1 proteins with LCs, values lower than 1 pg/g in all cases.
Based on the LCs, values, the ACB-AbR colony evolved >714-fold
resistance to CrylAb compared to the ACB-BtS colony. Regarding the
other Cry proteins, the ACB-ADbR colony showed high levels of cross-
resistance: 178-fold to CrylAa, and >192-fold to both CrylAc and
CrylF.

Table 2. Toxicity of Bacillus thuringiensis proteins to neonate larvae of
Ostrinia furnacalis after 7 days of exposure.

Protein LCso (95% FL)®  Slope (+SE) X df RR
Colony n* ) ) )
tested (ng protein/g diet) ) (95% CI)
ACB-BtS 768 0.28 (0.20-0.36) 1.55+0.13 5.2 14 -
CrylAb
ACB-AbR 864 >200 ¢ - - - >714
CrvlA ACB-BtS 768 0.18 (0.15-0.22) 1.90 +0.13 8.6 14 -
rylAa
¥ ACB-AbR 864 32 (25-40) 162+015 76 - 178 (131-237)
ACB-BtS 768 0.26 (0.19-0.34) 1.36 £ 0.11 9.5 16 -
CrylAc
ACB-AbR 768 >504 - - - >192
CrvlF ACB-BtS 864 0.52 (0.36-0.70) 1.33+0.11 6.4 14 -
Y ACB-AbR 672 >1009 ; - 16 192

* Number of larvae tested in bioassays. ® Concentration of protein killing 50% of larvae and its 95%
fiducial limits.

“Resistance ratio and its 95% confidence interval compared with the susceptible colony at LCso.

4 Mortalities [(mean = SD) %] were 39.6 = 2.1, 40.6+1.0 and 35.4+2.1 at the highest
concentrations of CrylAb (200 pg/g), CrylAc (50 pg/g) and CrylF (100 pg/g), respectively. Due
to the limitation in the amount of protein available, we were unable to increase the concentrations.

Binding of '*’I-labelled Cryl1Ab to BBMV

The CrylAb protein showed specific binding to BBMV from
both susceptible and resistant colonies (Figure 31). At the maximum
concentration of BBMV tested, a total of 10.7% of the labelled protein
bound to BBMV from the ACB-BtS colony, whereas only a total of 5.5%
of the labelled protein bound with BBMV from the ACB-AbR colony.
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In both samples, the non-specific binding at the maximum
concentration of BBMV tested was ca. 3%. The resistant insects
apparently lost approximately half the specific binding to CrylAb
compared to the susceptible insects. The dissociation constants (Ka)
obtained from the homologous competition assays were 7.75 (£1.97)
nM and 2.40 (£0.98) nM (mean = SEM), and the concentration of
binding sites (R) were 1.95 (£0.28) and 0.60 (£0.16) pmol/mg (mean £
SEM) for the susceptible and resistant insects, respectively. The
concentration of receptors (R,) for CrylAb is decreased by almost 3-
fold in the resistant colony, compared to the susceptible colony.

1251 Cry1 Ab binding (%)
1251 Cry1Ab binding (%)

[BBMV] (mg/ml) [BBMV] (mg/ml)

(@) (b)

Figure 31. Binding of '“I-CrylAb at increasing concentrations of BBMV
proteins. (a) Ostrinia furnacalis susceptible colony (ACB-BtS). (b) O.
furnacalis CrylAb-resistant colony (ACB-AbR). Full dots represent total
binding and empty dots represent non-specific binding. Each binding
experiment was replicated at least twice and the error bars represent the

standard error of the mean.

The results from competition binding assays between labelled
CrylAb and the other proteins are shown in Figure 32. For the
susceptible colony (Figure 32a), the competition curve of CrylAa is
very similar to that of the homologous competitor (CrylAb), indicating
that CrylAa can bind to the same sites and with a similar affinity as
CrylAb. For CrylAc, the competition curve indicates that, although it
can displace all CrylAb binding sites, a higher concentration is
required indicating a lower affinity for the Cryl1Ab sites. For CrylF, the
curve indicates a much lower affinity for Cryl1Ab binding sites and it is
not clear if it would compete for all sites at higher concentrations. In
the case of the resistant colony, both CrylAa and CrylAc are unable to

159



Chapter 5: Alteration of a binding site in O. furnacalis

compete for all CrylAb binding sites, strongly suggesting that one of
the binding sites, shared by the three Cryl A proteins, has been altered,
preventing CrylAa and CrylAc binding, though still allowing Cryl1Ab
to bind (Figure 32b). However, since all the heterologous proteins are
still able to compete partially with CrylAb, other shared binding sites
must still remain. Since competition of CrylF occurs at such high
concentration, it is not possible to draw any conclusion whether the
alteration of the shared biding site affects this protein.

125]-Cry1Ab binding (%)

10" 100 10" 102 103 ' 101 100 10" 102 10°
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Figure 32. Competition binding assays with '*I-CrylAb. (a) With BBMV
from Ostrinia furnacalis susceptible colony (ACB-BtS) and (b) with BBMV
from O. furnacalis CrylAb-resistant colony (ACB-AbR). Curves represent
total binding of '*I-CrylAb at increasing concentrations of unlabelled
competitor: CrylAa (empty circles), CrylAb (full circles), CrylAc (full
squares) or CrylF (empty squares). Each competition experiment was
replicated three times and the error bars represent the standard error of the
mean.

Binding of '*’I-labelled CrylAa to BBMV

Since the competition curves using labelled CrylAb with the
susceptible BBMV showed a similar behaviour of CrylAb and CrylAa
unlabelled competitors, to validate the binding site model we further
labelled CrylAa. To directly determine whether its binding was also
affected in the resistant insects, we tested labelled CrylAa with BBMV
of both colonies. Figure 33 shows that both colonies showed specific
binding of CrylAa to BBMV, with a clear reduction in the resistant
colony compared to the susceptible one. The K4 values obtained were
0.48 (£ 0.03) and 0.79 (+ 0.24), and the R, values were 0.22 (£ 0.02) and
0.13 (+ 0.02), for the susceptible and resistant colonies, respectively.
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The concentration of receptors (R,) for CrylAa is decreased by almost
half in the resistant colony, compared to the susceptible colony.
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Figure 33. Binding of '”I-CrylAa at increasing concentrations of BBMV
proteins. (a) Ostrinia furnacalis susceptible colony (ACB-BtS). (b) O.
furnacalis CrylAb-resistant colony (ACB-AbR). Full dots represent total
binding and empty dots represent non-specific binding. Each binding
experiment was replicated at least twice and the error bars represent the
standard error of the mean.

Competition binding assays between labelled CrylAa and the other
proteins is shown in Figure 34. Again, for the susceptible colony, both
CrylAa and CrylAb compete with similar affinity for all sites occupied
by labelled CrylAa (Figure 34a). In contrast, CrylAc could only
compete for part of the Cryl Aa binding sites. The Cry1F protein shows
a low ability to displace the labelled CrylAa binding, indicating a low
affinity for certain CrylAa sites. For the resistant colony, although all
heterologous proteins compete for CrylAa binding, both CrylAb and
CrylAc cannot compete for all CrylAa binding, reinforcing the idea
that at least one common binding site to CrylA proteins is lost in the
ACB-ADR colony (Figure 34b).
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Figure 34. Competition binding assays with '*I-CrylAa. (a) With BBMV from
Ostrinia furnacalis susceptible colony (ACB-BtS) and (b) with BBMV from O.
furnacalis CrylAb-resistant colony (ACB-AbR). Curves represent total
binding of '*I-CrylAa at increasing concentrations of unlabelled competitor:
CrylAa (empty circles), CrylAb (full circles), CrylAc (full squares) or CrylF
(empty squares). Each competition experiment was replicated three times and
the error bars represent the standard error of the mean.
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Discussion

The bioassays of the CrylAb-resistant colony (ACB-AbR) showed a
resistance ratio for CrylAb of >714-fold, and cross-resistant levels of
>192-fold for CrylAc and CrylF. In addition, we also assessed the
cross-resistance to CrylAa, which was 178-fold. In earlier
characterizations of the resistant colony, where the CrylAb resistance
ratio reached 40-fold, an initial cross-resistance of 37-fold to CrylAc
was observed (Xu et al., 2010), which increased later to 113-fold (Zhang
et al., 2014), indicating that the selection for resistance to CrylAb
produced a remarkable cross-resistance to CrylAc in the ACB-AbR
colony. Interestingly, for the CrylF protein an initial low cross-
resistance of 6-fold was detected in the ACB-AbR colony (Xu et al,,
2010), which increased to a notable 48-fold resistance in the latter study
(Zhang et al., 2014) achieving very high levels in the present study.

The use of competition binding experiments can provide binding site
models that help us predict or understand the biochemical basis of
patterns of cross-resistance in a resistant colony (Ballester et al., 1999;
Hernandez-Rodriguez et al., 2013). In O. furnacalis, our results from
competition binding assays suggest that there are at least two major
binding sites for CrylAa and CrylAb which are shared by these two
proteins (Figure 35). According to the competition curves, CrylAc
competes for all CrylAb binding sites (Figure 32a), whereas it cannot
compete for all CrylAa binding sites (Figure 34a), suggesting the
occurrence of additional binding sites for this protein. The
heterologous competition of CrylF only at very high concentration
may indicate that, though it can recognize with low affinity some of the
CrylA receptors, it must have singular receptors to exert its toxic
action. This binding site model shares certain similarities with the
model reported for the phylogenetically close species Ostrinia nubilalis,
in which CrylAb and CrylAc competed for all binding sites and CrylF
only competed at higher concentrations (Herndndez-Rodriguez et al.,
2013; Jakka et al., 2015). The competition of Cry1F for the binding sites
of Cryl A proteins has been shown to be of low affinity in many insect
pests, such as Plutella xylostella, Heliothis virescens, Helicoverpa
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armigera and Helicoverpa zea (Granero et al., 1996; Jurat-Fuentes et al.,
2001; Hernandez and Ferré, 2005).

Figure 35. Binding site model for CrylAa and CrylAb proteins in Ostrinia
furnacalis. The yellow cross represents the altered binding site in the ACB-AbR
colony. The width of the arrows represents relative relevance of the binding
sites. CrylAa and CrylAb may have, in addition to the shared sites, other sites
with minor contribution to the toxicity and which can be shared with other
Cry proteins.

For the resistant colony, the binding results indicate that CrylAb and
CrylAa have lost part of its binding capacity, presumably by alteration
of one of its shared binding sites (Figures 31 and 33). The fact that the
heterologous competitors can only displace part of the '*’I-CrylAb and
'I-CrylAa binding in the resistant insects (Figures 32b and 34b) is
indicative of the occurrence of, at least, two types of binding sites, one
that will be shared with the heterologous competitors (the one that they
are able to compete) and another one that is not shared (the part of the
labelled protein that cannot be displaced). Taking into account the
results with the susceptible insects, in which CrylAa and CrylAc could
completely displace binding of '*I-CrylAb (Figure 32a), the most
plausible explanation is that one of the two CrylAb binding sites has
suffered an alteration in the resistant insects that, though still allowing
binding of CrylAb, prevents binding of the other Cry proteins (Figure
33).

It is well known that Cryl proteins use several membrane proteins as
receptors in the midgut of lepidopteran larvae, such as aminopeptidase
N, cadherin and ABC transporters (Knight et al., 1994; Luo et al., 1997;
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Vadlamudi et al., 1995; Tanaka et al., 2013). In O. furnacalis, a cadherin
was first found altered in a CrylAc-resistant colony (ACB-AcR) (Jin et
al., 2014). A later study, characterized the alteration of aminopeptidase
N and ABC type G transcripts in both the ACB-AbR colony (studied
here) and the ACB-AcR colony (Zhang et al., 2017). Recently, the
involvement of the O. furnacalis cadherin in the toxicity of CrylAa and
CrylAc was proven through CRISPR knock-outs (Jin et al., 2021) as
well as the ABCC2 in the toxicity of CrylF and CrylAb/c (Wang et al.,
2020). The binding sites here proposed could be located in some of
these receptors or even in different epitopes of the same one, as it has
been shown for CrylA proteins and the ABCC2 transporter in
Spodoptera exigua (Chapters 1 and 2). Previous studies have linked the
resistance to CrylAc to the modulation of the expression of many
midgut genes by trans-regulatory signaling mechanisms in Plutella
xylostella (Guo et al., 2015 and 2020). In our case, this possibility is
plausible since the inheritance of the resistance in the ACB-AbR colony
is polygenic (Zhang et al., 2014).

According to our binding site model, O. furnacalis has, at least, two
major shared binding sites for CrylA proteins. As a consequence, the
alteration of one of the binding sites may contribute to the cross-
resistance observed among CrylA proteins. The cross-resistance to
CrylF seems not to be due to the alteration of Cryl A binding sites, thus
other selected mechanisms may be responsible. Binding site models,
along with cross-resistance data from laboratory-selected resistant
colonies, are important tools that can help decision-making for
effective pyramiding of Bt-crops to combat resistant evolution in insect
pest populations.
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Introduction

The polyphagous pest Heliothis virescens (L.) (Lepidoptera:
Noctuidae) is well known for producing substantial economic losses,
particularly in cotton production, due to its ability to evolve resistance
to different synthetic control products such as methyl parathion or
pyrethroids (Wolfenbarger et al., 1981; Teran-Vargas et al., 1996). As
an alternative approach, genetically modified crops expressing Cry and
Vip3A insecticidal protein genes from Bacillus thuringiensis (Bt crops)
were introduced in 1996 for the control of this and other pests.
However, extensive use threatens their effectiveness and cases of field-
evolved practical resistance have already been reported for some
lepidopteran and coleopteran pests (Tabashnik et al., 2019). Gene
pyramiding has been proposed as an effective strategy for insect
resistance management in Bt crops (Roush, 1997). This approach
consists of combined production of distinct insecticidal Bt proteins in
the same plant, and its success heavily relies on the expressed
insecticidal proteins having distinct mode of action, commonly defined
as not sharing binding sites in target tissues (Moar and Anilkumar,
2007; Carriére et al., 2015). Although the mechanism of action and
receptors for Cry proteins have been widely studied (Adang et al.,
2014), little is known about the biochemical mechanisms that underlie
the action of Vip3A proteins. Several studies have shown that Vip3A
proteins do not share binding sites with Cry1 or Cry2 proteins, yet their
damage to the midgut epithelium resembles Cry action (Lee et al., 2006;
Sena et al., 2009; Gouffon et al., 2011; Chakroun and Ferré, 2014).
Supported by the lack of shared binding sites, transgenic corn and
cotton varieties pyramided with Cryl, Cry2, and Vip3A genes are
currently commercialized in several countries. Knowledge of the
biochemical and genetic factors involved in resistance is crucial to
design management practices that delay the appearance of resistance
and allow its rapid detection and ways to overcome it. The genetic
potential to evolve resistance to Vip3A has already been shown in some
laboratory-selected insect species such as H. virescens (Pickett, 2009),
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Spodoptera litura (Barkhade and Thakare, 2010), Helicoverpa
armigera and Helicoverpa punctigera (Mahon et al., 2012), Spodoptera
frugiperda (Bernardi et al., 2016; Yang et al., 2018), and Helicoverpa zea
(Yang et al., 2020). However, the biochemical basis of resistance to
Vip3A has only been studied in a laboratory-selected colony of H.
armigera, for which alteration of binding sites was not the cause of
resistance (Chakroun et al., 2016).

In the present study, we aimed to determine the biochemical basis
of >2000-fold resistance to Vip3A in a H. virescens colony (Vip-Sel). In
a previous study with this colony, resistance was shown to be polygenic,
conferring little cross-resistance to CrylAb and no cross-resistance to
CrylAc (Pickett et al., 2017). A transcriptomic analysis detected
significant differences in gene expression compared to a susceptible
strain, with 420 over-expressed and 1569 under-expressed genes in
Vip-Sel (Ayra-Pardo et al., 2019). Results herein support that Vip3Aa
binding is not significantly altered in Vip-Sel compared to
susceptible H.  virescensand that membrane bound alkaline
phosphatase (mALP) is not involved in Vip3Aa binding.
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Materials and Methods

Insects

Two colonies of H. virescens originating from the same field
population collected in Arkansas (USA) were used in this study: Vip-
Sel (Vip3Aa-resistant) and Vip-Unsel (Vip3Aa susceptible). The
process of selection of the Vip-Sel colony with Vip3Aa has been
previously described (Pickett, 2009; Pickett et al., 2017). After 13
generations of selection, the LCs of the Vip-Sel colony was 2300
pg/mL, representing a 2040-fold resistance ratio relative to the control
Vip-Unsel colony. Both colonies were reared at the Imperial College
London, Silwood Park campus (UK), and frozen larvae were sent for
analysis to the Universitat de Valencia (Spain).

BBMYV Preparation and Enzyme Activity Assays

Brush border membrane vesicles (BBMV) from 3rd instar H.
virescens larval midguts from Vip-Sel and Vip-Unsel colonies were
prepared according to the differential magnesium precipitation method
(Wolfersberger et al., 1987). Isolated BBMV were flash frozen in liquid
nitrogen and kept at —80 °C until used. The protein concentration of
the BBMV preparations was determined by the method of Bradford
using bovine serum albumin (BSA) as a standard (Bradford, 1976).
Alkaline phosphatase (ALP) and leucine aminopeptidase (APN)
activities were used as brush border membrane enzymatic markers to
determine the quality of the BBMV preparations (Hernandez et al,,
2004). Specific ALP activity was determined by chromogenic detection
of p-nitrophenyl phosphate (pNPP) substrate hydrolysis into p-
nitrophenol, and specific APN activity was detected by hydrolysis of L-
leu-p-nitroanilide substrate into p-nitroanilide. In both cases,
chromogenic variation was measured on 1 pg of either BBMV or
midgut homogenate at 405 nm (Infinite m200, Tecan, Mannedorf,
Switzerland). Two different batches of BBMV were used and all
enzymatic activity assays were performed in triplicate. Means values for
enzyme activities from Vip-Unsel and Vip-Sel were compared by
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Student’s t-test at a 5% level of significance. For measuring specific ALP
enzymatic activity in cultured Sf21 cells, a 1.6-mL suspension of each
cell type (non-transfected, transfected with empty plasmid, and
transfected with plasmid with HyvmALPI) was used. Culture cells were
centrifuged, washed twice with 300 uL of phosphate buffered saline
(PBS) and then resuspended in 50 uL of PBS. Protein concentration was
determined by the method of Bradford and specific ALP activity
measured as above.

Vip3Aa Protein Expression and Purification

The Vip3Aal6 (Vip3Aa) protein (NCBI Accession No.
AAWG65132) was overexpressed in recombinant Escherichia coli BL21
carrying the vip3Aal6 gene. Protein expression and lysis was carried
out following the conditions described elsewhere (Abdelkefi-Mesrati et
al., 2009). Soluble Vip3Aa in the cell lysate was purified by two different
methodologies. For binding and cell viability assays, Vip3Aa was
partially purified by isoelectric point precipitation (IPP), activated with
trypsin  treatment and further purified by anion-exchange
chromatography, as previously described (Chakroun and Ferré, 2014).
For ligand assays, affinity chromatography purification was carried out
using a HiTrap chelating HP column (GE Healthcare, Uppsala,
Sweden) and then activated with trypsin, as described in Chakroun and
Ferré (2014).

Vip3Aa Labelling and Binding Experiments

Purified Vip3Aa activated protein (25 pg) was labelled with 0.5
mCi of '*’I using the chloramine T method (Chakroun and Ferré, 2014).
The labelled protein was separated from the excess of free '*Iina PD10
desalting column (GE Healthcare, Uppsala, Sweden) and the purity of
the '*’I-labelled Vip3Aa was checked by autoradiography. The specific
activity of the labelled protein was 2.2 mCi/mg. Binding assays were
performed as described by Chakroun and Ferré (2014). Prior to being
used, BBMV were centrifuged and resuspended in binding buffer (20
mM Tris, 150 mM NaCl, 1 mM MnClL, pH 7.4, 0,04% Blocking reagent
from Sigma Aldrich, St. Louis, MO, USA). Competition binding
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experiments were conducted by incubating 1.4 pg of BBMV protein
with 0.65 nM '*I-Vip3Aa in a final volume of 0.1 mL of binding buffer
for 90 min at 25 °C in the presence of increasing amounts of unlabelled
Vip3Aa. After incubation, samples were centrifuged at 16,000x g for 10
min and the pellet was washed once with 500 uL of ice-cold binding
buffer. Radioactivity retained in the pellet was measured in a model
2480 WIZARD? gamma counter. Data from the competition
experiments were analyzed to determine equilibrium binding
parameters, dissociation constant (Ka), and concentration of binding
sites (R,) using the LIGAND software (Munson and Rodbard, 1980).

Western and Ligand Blotting

For the detection of ALP proteins in BBMV by Western
blotting, BBMV (20 ug) were suspended in ice-cold PBS and heat
denatured before separation on a SDS-10% PAGE gel. The resolved
BBMYV proteins were transferred to a nitrocellulose filter (Protran 0.45
pum NC, GE Healthcare, Uppsala, Sweden) using a BioRad Mini Trans-
Blot system (Bio-Rad, Hercules, CA, USA) at 4 °C in blotting buffer (39
mM Glycine, 48 mM Tris-HCI, 0.037% SDS, 10% methanol, pH 8.5) for
1 h at constant voltage (100 V). After transfer, the nitrocellulose filter
was blocked in blocking buffer (PBS, 0.1% Tween 20, 5% skimmed milk
powder) overnight at 4 °C. After blocking and washing with PBST (PBS,
0.1% Tween 20) three times (5 min each), incubation with primary
antibody against the membrane-bound form of ALP from Anopheles
gambiae (generously provided by M. Adang, University of Georgia,
USA) was performed for 90 min at a 1:5000 dilution at room
temperature (RT). The membrane was then washed with PBST three
times for 5 min each and then incubated with secondary antibody (goat
anti-rabbit conjugated to horseradish peroxidase (HRP) at a 1:10,000
dilution) for 1 h at RT. After being washed with PBST three times for 5
min each, the membrane was developed using enhanced
chemiluminescence (ECL Prime Western Blotting detection reagent,
GE Healthcare, Uppsala, Sweden) in an ImageQuant LAS 4000 (GE
Healthcare, Uppsala, Sweden), according to the manufacturer’s
instructions.
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Ligand blotting for the detection of BBMV proteins binding
Vip3Aa protein was performed with BBMV proteins resolved and
immobilized as described previously for Western blotting. The
nitrocellulose membrane was blocked for 1 h at 4 °C in blocking buffer
(5% skimmed milk), and after three washes for 5 min each with PBST
buffer, it was incubated overnight at 4 °C with blocking buffer (1%
skimmed milk) supplemented with affinity chromatography-purified
Vip3Aa at a final concentration of 4 pg/mL. After washing with PBST
three times for 5 min each, the membrane was incubated with primary
antibody against Vip3Aa at a 1:5000 dilution for 1 h at RT. After three
washing steps with PBST (5 min each), membranes were incubated
with secondary antibody (goat anti-rabbit conjugated to HRP) for 1 h
at RT. To visualize the marker, Precision Protein™ Streptactin-HRP
conjugate (Bio-Rad, St. Louis, MO, USA) was used following the
manufacturer’s instructions. Upon washing three times (5 min each)
with PBST, the membrane was developed as described for Western
blotting.

Proteomic Analysis

After resolving BBMV proteins from Vip-Sel and Vip-Unsel
colonies by SDS-10% PAGE, the gel was stained with Coomassie blue
(Thermo Scientific™, Waltham, MA, USA). The band corresponding to
the expected molecular weight of ALP (~66 kDa) was cut out and
subjected to analysis by nano-electron spray ionization (nano-ESI)
followed by tandem mass spectrometry (QQTOF) in a 5600 TripleTOF
(AB Sciex, Madrid, Spain) system. Results were analyzed with
ProteinPilot v5.0 software and the relative amount of the proteins
detected was estimated using the exponentially modified protein
abundance index (emPAI) as described elsewhere (Ishihama et al.,
2005).

RT-gPCR

Relative expression levels for HvmALP and HvmALP2 isoforms
(accession numbers FJ416470 and FJ416471, respectively) were

174



Chapter 6: Reduced ALP in a Vip3A-resistant H. virescens colony

determined by reverse transcription quantitative polymerase-chain
reaction (RT-qPCR). For this purpose, total RNA of dissected midguts
from both colonies (Vip-Unsel and Vip-Sel) was isolated using RNAzol
(MRC Inc., Cincinnati, OH, USA) according to the manufacturer’s
protocol. Each RNA (1 pg) was reverse-transcribed to cDNA using
random hexamers and oligo (dT) by following the instructions
provided in the Prime-Script RT Reagent Kit (Perfect Real Time from
TaKaRa Bio Inc., Otsu Shiga, Japan). RT-qPCR was carried out in a
StepOnePlus Real-Time PCR system (Applied Biosystems, Foster City,
CA, USA). Reactions were performed using 5x HOT FIREpol
EVAGreen qPCR Mix Plus (ROX) from Solis BioDyne (Tartu, Estonia)
in a total reaction volume of 25 uL. Specific primers
for HymALP1, HymALP2 and Rps18(endogenous control) genes were
as described elsewhere (Jurat-Fuentes et al., 2011). The REST MCS
software was used for gene expression analysis (Pfaffl et al., 2002).

Expression Vector Construction

The full-length HymALPI transcript was amplified from
cDNA of H. virescens larvae and cloned into pET30a as described in
Perera et al. (2009). Purified plasmid DNA was digested with EcoRI
and NotI to excise the full-length sequence and ligate it in frame
into EcoRI-NotI sites of the pIZT/V5His vector (Thermo Scientific™,
Waltham, MA, USA), to generate the pIZT/V5His/HvmALPI
construct. Ligation products were transformed into E. coli strain DH5a
and transformants checked for correct insertion by sequencing
(University of Tennessee Sequencing Facility, Knoxville, TN, USA).
Purified plasmid was used to transform E. coli strain DH10p and liquid
cultures of LB medium supplemented with Zeocin (25 ug/mL) were
used to amplify the vector. To purify the plasmids for transfection, the
NucleoSpin® Plasmid kit (Macherey-Nagel, Diiren, Germany) was
used. Double digestion with EcoRI and NotI (which cleaved the full-
length HymALPI insert) and 1% agarose gel electrophoresis were
performed to check plasmid and/or insert integrity. The concentration
of plasmid DNA was measured with a Thermo Scientific™ Nanodrop™
2000 Spectrophotometer.
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Transient Expression of HymALPI in §f21 Cells

Cultured Sf21 insect cells, originally derived from S. frugiperda,
were maintained in 25 cm?tissue culture flasks (Nunc T25 flasks,
Thermo Scientific™, Waltham, MA, USA) at 25 °C with 4 mL of
Gibco Grace’s Medium (1x) (Life Technologies™, Paisley, UK)
supplemented with 10% heat-inactivated fetal bovine serum (FBS). For
transient expression, cells were seeded on 12-well plates with the same
medium without FBS at ca. 70% confluency and transfected with 0.5 ug
of the pIZT/V5His/HymALPI or pIZT/V5His plasmid using
Cellfectin® II Reagent (Thermo Scientific®, Waltham, MA, USA),
following manufacturer’s instructions. Five hours post-transfection,
the medium was replaced with fresh medium containing 10% FBS.
After 24 h, cells were examined using a confocal microscope (Olympus,
FV1000MPE, Tokyo, Japan) equipped with the appropriate filter for
green fluorescent protein (GFP) detection as transfection marker. The
enzymatic activity of alkaline phosphatase was then measured as
explained above.

Cell Viability Assays

Viability of transfected Sf21 cells exposed for 24 h to Vip3Aa
was measured using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay. Preliminary assays were
performed to determine a final Vip3A concentration of 300 pg/mL as
resulting in ~50% loss of viability in the control cell line (data not
shown). Briefly, cells (100 uL per well) were transferred to 96-well
ELISA plates (flat bottom) and incubated at 25 °C for at least 45 min.
Then, 10 uL of trypsin-activated Vip3Aa toxin was added to each well
(300 pg/mL final concentration). As negative and positive controls, 10
uL of Tris buffer (Tris 20 mM, NaCl 150 mM, pH 9) and 10 pL of 2%
Triton X-100 were used, respectively. After 24 h of incubation at 25 °C,
cell viability was assessed by applying 20 pL of CellTiter 96" AQueous
One Solution Reagent (Promega, Madison WI, USA) to each well and
incubating for 2 h at 25 °C. Absorbance was measured at 490 nm
(Infinite m200, Tecan, Mannedorf, Switzerland). The percentage of
viable cells was obtained as described in Chapter 1. Mean values in the
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transfected cells against the non-transfected cells were compared by
Student’s t-test at 5% level of significance.
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Results

Vip3Aa Binding to Midgut Brush Border Membrane Vesicles (BBMV)
In testing whether binding of Vip3Aa was altered in larvae from
the Vip3A-resistant (Vip-Sel) compared to the reference susceptible
(Vip-Unsel) colony, we measured binding of radiolabelled Vip3Aa to
BBMYV from the two colonies. Binding analyses showed specific Vip3Aa
binding for BBMV from both colonies, with similar homologous
competition curves (Figure 36a). A high percentage (35-40% of the
input labelled toxin) of non-specific binding, i.e., not blocked by high
concentrations of unlabelled Vip3Aa competitor, was detected, as
previously reported (Chakroun and Ferré, 2014; Chakroun et al., 2016).
The Kj and R, values estimated from the competition curves (Table 3)
indicated that Vip3Aa binds with low affinity to a high number of
binding sites in BBMV from H. virescens. No major differences were
found for these equilibrium binding parameters between the two H.
virescens colonies, suggesting that binding alteration is not
mechanistically related to Vip3Aa resistance in Vip-Sel.

A) B) M VipUrsel Vip-Sel
-=- Vip-Unsel
S’ -
£ Vip-Sel
2
©
3
a
=
&
= 20
0+ T T 1
100 102 10° 104

[Competitor] (nM)

Figure 36. Analysis of 'I-Vip3Aa binding to BBMV from susceptible (Vip-
Unsel) and resistant (Vip-Sel) colonies of H. virescens. (a) Homologous
competition binding assays of BBMV from the two colonies with '*°I-Vip3Aa,
using increasing concentrations of unlabelled Vip3Aa as a competitor. Each
data point represents the mean of two replicates performed in technical
duplicates (+SEM). (b) Ligand blot of BBMV proteins from Vip-Unsel and
Vip-Sel colonies probed with Vip3Aa. Lane M, protein molecular weight
marker (in kDa) (Precision Plus Protein ™ Dual Color Standards, Bio-Rad, St.
Louis, MO, USA). The black arrow indicates expected molecular weight of
mALP (ca. 66 kDa).
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Table 3. Equilibrium Ky (dissociation constant) and R; (concentration of
binding sites) binding parameters estimated from Vip3Aa homologous
competition assays with BBMV from resistant (Vip-Sel) and susceptible (Vip-
Unsel) H. virescens insects.

Mean + SEM!
Strain Kd (nM) Rt (pmol/mg)*
Susceptible 138+ 18 443 + 66
Resistant 161 + 34 443 + 109

! Values are the mean of two replicates. > Values are expressed in picomoles per
milligram of BBMV protein.

Reduced ALP Levels in the Vip3Aa-Resistant H. virescens Colony

During the evaluation of BBMV quality, we determined and
compared the specific activities of alkaline phosphatase (ALP) and
aminopeptidase-N (APN) as brush border membrane marker enzymes
in midgut homogenates and BBMV preparations from Vip-Unsel and
Vip-Sel colonies (Figure 37). The specific APN activity in midgut
homogenates from both colonies was around 12 mU/mg, while in the
BBMV preparations it was around 70 mU/mg, indicating an
enrichment of APN activity of around 5.8 folds. Importantly, no
significant differences (Student’s t-test, p > 0.05) in APN activity were
observed between the midgut homogenates or BBMV from Vip-Unsel
and Vip-Sel colonies. In agreement with the 5.8-fold enrichment value
from APN activity comparisons, specific ALP activity was 7.44 mU/mg
in midgut homogenates and 42.5 mU/mg in the BBMV from the Vip-
Unsel colony. In contrast, dramatically reduced ALP activity was
detected in both midgut homogenate (1.15 mU/mg) and BBMV (1.88
mU/mg) samples from the Vip-Sel colony. While unexpected, this
observation is in line with reports of reduced ALP levels in Cryl-
resistant lepidopteran species, including H. virescens (Caccia et al.,
2012; Guo et al., 2015; Jakka et al., 2016; Jurat-Fuentes et al., 2011).
Consequently, we further explored the extremely reduced ALP activity
in Vip-Sel to determine whether it was due to a loss of enzymatic
function or reduced gene expression.
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Figure 37. Enzymatic activities in homogenates and BBMV from the two
colonies of H. virescens (dashed-grey bars: Vip-Unsel; grey bars: Vip-Sel).
Each bar represents the mean of three replicates (+SEM). Asterisks represent
significant difference (Student’s t-test, **** p < 0.0001).

Electrophoretic comparison of BBMV proteins from the two H.
virescens colonies showed a protein band of ~66 kDa for the Vip-Unsel
colony that was almost imperceptible in the BBMV from the Vip-Sel
colony (Figure 38a). Western blotting indicated the presence of ALP in
the ~66-kDa protein band, and confirmed the highly reduced levels of
this protein in the Vip-Sel colony (Figure 38b). The composition of the
~66-kDa protein band and its relative abundance in the two H.
virescens colonies were determined by liquid chromatography coupled
to mass spectrometry (LC-MS) analysis. The spectra for the most
abundant protein detected and identified in the ~66-kDa band matched
to membrane-bound alkaline phosphatase (mALP) from H.
virescens (Genbank Accession No. ABR88230). According to the
exponentially modified protein abundance index (emPAI) expressing
the proportional protein content in a protein mixture, the abundance
ratio of mALP between Vip-Unsel and Vip-Sel was 22.7 folds.
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Figure 38. Analysis of membrane ALP levels in the susceptible (Vip-Unsel)
and resistant (Vip-Sel) colonies of H. virescens. (a) Protein gel electrophoresis
(SDS-PAGE) of BBMV from the two colonies. (b) Western blot performed
with anti-ALP antibody against BBMV from the two colonies. The black arrow
indicates mALP (ca. 66 kDa). Lane M, protein marker (molecular weight in
kDa). (c) Membrane ALP expression levels in Vip-Sel colony using transcript
levels in Vip-Unsel colony as a reference. Fold changes calculated by REST-
MCS Software. Bars represent the mean of three independent experiments
(+SD, * p < 0.05).

To test if the reduced mALP protein levels in Vip-Sel were
controlled at the transcriptional level, we performed real-time
quantitative PCR (RT-qPCR) with mRNA extracted from total RNA
from the two colonies. Transcript levels for two H. virescens mALP
genes, HvmALP]1 (Accession No. FJ416470.1)
and HvmALP2 (Accession No. FJ416471.1), were analyzed. Compared
to insects from the Vip-Unsel colony, larvae from the Vip-Sel colony
had significant (p-value < 0.05) nine-fold downregulation of
the HymALPI gene, while transcript levels for HymALP2 were not
different between colonies (Figure 38c). These results support that
reduced ALP enzyme activity in BBMV from Vip-Sel compared to Vip-
Unsel is due to reduced expression of HvmALPI in the Vip-Sel colony.

Functional Role of HymALP1 in Vip3Aa Binding

Since H. virescens ALP was proposed to play a role in binding
of Cryl proteins to the midgut membrane (Jurat-Fuentes and Adang,
2004), we used ligand blotting to test whether mALP was involved in
Vip3Aa binding. Binding of Vip3Aa to blots of resolved BBMV
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proteins was detected with anti-Vip3Aa antisera. No differences in the
Vip3Aa-binding band pattern were detected between both colonies, in
agreement with the binding results with radiolabelled Vip3Aa.
However, no Vip3Aa binding was observed at the mALP position (~66
kDa) (Figure 36b). To further discard mALP as a functional Vip3Aa
receptor, we cloned and transiently expressed the HvmALPI gene in
cultured (Sf21) insect cells and performed cell viability tests after
challenge with Vip3Aa. Transfection was successful, as transfected cells
showed ~5-fold increased specific ALP activity compared with non-
transfected cells or cells transfected with the empty plasmid (Figure
39a). However, after a challenge with Vip3Aa, the viability of
transfected cells was not significantly different (Student’s ¢-test; p >
0.05) from that of the control cells (Figure 39b), confirming that mALP
does not serve as a functional receptor for Vip3Aa during the toxicity
process.
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Figure 39. Specific ALP enzymatic activity and viability assays of Sf21 cells
producing the HvmALP1 isoform. (a) Alkaline phosphatase enzymatic activity
on non-transfected cells (empty bars), cells transfected with empty plasmid
(grey bars, and plasmid with HymALPI (dashed-grey bars). (b) Cell viability
after 24 h of Vip3Aa intoxication (300 pug/mL final concentration) on the same
three cell types. Each value represents the mean (+SEM). Means were
compared by Student’s t-test (** p < 0.01).
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Discussion

The use of resistant insect strains isolated from the field or
selected in the laboratory has been a powerful tool to understand the
biochemical and genetic bases of resistance to Bt insecticidal proteins.
Many studies have found that the alteration of membrane receptors is
a common mechanism conferring high levels of resistance to Cry
proteins (Ferré and Van Rie, 2002; Ferré et al., 2008; Peterson et al.,
2017). In the case of Cryl proteins, an important body of literature
identifies aminopeptidase N, ABC transporters, cadherins and
membrane alkaline phosphatases as main receptors, and identifies their
alterations in association with resistance (Pigott and Ellar, 2007; Sato et
al., 2019). In contrast, three candidate receptors have been proposed for
Vip3A proteins, including the Spodoptera spp. ribosomal protein S2
(Singh et al., 2010), the fibroblast growth factor receptor-like protein
(Jiang et al., 2018a) and the scavenger receptor class C-like protein
(Jiang et al., 2018b), yet their role in resistance has not been established.
In the present work, we aimed to determine whether alteration of
membrane receptors was the basis for the observed 2040-fold resistance
to Vip3Aa in the Vip-Sel colony of H. virescens. Results from binding
assays with BBMV and radiolabelled Vip3Aa did not detect significant
differences between the susceptible and resistant colonies, suggesting
no involvement of binding site alteration in resistance. This conclusion
was further supported by results from ligand blotting, where no
differences between the binding patterns of Vip3Aa to BBMV proteins
from the two colonies were observed. Similar results were reported for
a laboratory-selected Vip3A-resistant colony of H.
armigera (Chakroun et al, 2016), suggesting that high levels and
narrow spectrum of Vip3A resistance may develop by mechanisms
other than alteration of Vip3Aa binding sites.

Even though differences in binding were not found, a dramatic
reduction in the ALP enzymatic activity was detected in midgut
samples from the resistant compared to susceptible colony. Western
blotting and RT-qPCR analyses showed that the decreased activity was
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due to a reduction in the amount of mALP protein, which was
controlled at the transcriptional level, in agreement with a previous
study (Ayra-Pardo et al., 2019). Downregulation or reduced levels of
mALP in the midgut membrane have been observed as a common
phenomenon in resistance to CrylAc in H. virescens (Jurat-Fuentes
and Adang, 2011), Helicoverpa zea (Caccia et al., 2012), Plutella
xylostella (Guo et al., 2015), and Helicoverpa armigera (Jurat-Fuentes et
al., 2011); to CrylF inS. frugiperda (Jakka et al,, 2016); to CrylC
in Spodoptera litura (Gong et al, 2015); and even in Aedes
aegypti resistant to Bt subsp. israeliensis (Bti) (Tetreau et al., 2012). The
fact that CrylAc and CrylC do not share binding sites (Jakka et al.,
2015) suggests that the role of ALP downregulation in resistance may
not be related to reduced Cry binding, but may represent a
physiological response to resistance. In agreement with this hypothesis,
susceptibility of Sf21 cells expressing HvmALP1 was not significantly
different to Vip3Aa, supporting that ALP is not a functional receptor
for Vip3Aa in H. virescens. In addition, in a CrylAc-resistant strain
of P. xylostella, altered expression of different genes (including
the PxmALP) was reported to be trans-regulated by upregulation of a
mitogen-activated protein kinase, which was linked to resistance (Guo
et al., 2015). Similar trans-regulation of genes involved in resistance to
Bt has also been observed for APN in Trichoplusia ni resistant to
CrylAc (Tiewsiri and Wang, 2011) and Ostrinia nubilalis resistant to
CrylAb (Coates et al, 2013), and for both APN and an ABCC
transporter in Bombyx mori resistant to CrylAb (Chen et al., 2014).
Further research should test the involvement of this control mechanism
in downregulation of mALP in Vip-Sel and other Bt-resistant colonies.

The two studies so far focused on the underlying mechanism of
resistance to Vip3Aa proteins share a similar feature in that in vitro
binding is not reduced (Chakroun et al., 2016 and the present work).
According to these results, mechanisms other than binding site
alteration seem to be responsible for conferring specific and high-level
resistance to Vip3A. This contrasts with the fact that the alteration of
membrane receptors is a common mechanism conferring high levels of
resistance to Cry proteins. Better knowledge of the mode of action of
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Vip3A proteins will help shed light on the biochemical basis of
resistance to these proteins.

To sum up, the results herein show lack of significant Vip3Aa
binding alterations in a resistant colony of H. virescens. These
observations are in contrast to most cases of high levels of resistance to
Cry proteins for which decreased binding is commonly detected. In
addition, this study provides evidence of downregulation of membrane
bound alkaline phosphatase (mALP) in the Vip3Aa-resistant colony,
although results do not support involvement of mALP as a receptor for
the Vip3A protein.
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Introduction

Several pathogenic bacteria produce virulence factors against
their host to help them replicate and disseminate by eluding host
defenses. The pore-forming toxins (PFT) are one of the most common
virulence factors among bacterial pathogens (Alouf, 2003; Gonzalez et
al., 2008). PFT production not only occurs in human bacterial
pathogens (including Streptococcus pneumoniae, group A and B
streptococci,  Staphylococcus — aureus,  Escherichia  coli, and
Mpycobacterium tuberculosis) but also in insect and nematode bacterial
pathogens such as Bacillus thuringiensis, Lysinibacillus sphaericus,
Serratia marcescens, Pseudomonas aeruginosa, and Photorhabdus
luminescens (Los et al., 2013; Ffrench-Constant et al., 2007;
Chattopadhyay et al., 2004). PFT’s primary action is to disrupt host cell
membranes by forming lytic pores (Gonzalez et al., 2008; Bischofberger
et al., 2009; Iacovache et al., 2010). However, its action may involve
other effects in addition to pore formation (Los et al., 2013).

Bacillus thuringiensis (Bt) produces proteinaceous virulence
factors that are toxic to several insect, mite, and nematode species
(Schnepf et al., 1998; Van Frankenhuyzen, 2009; Palma et al., 2014).
Currently, two different B. thuringiensis PFT groups (the crystal
proteins [Cry] and the vegetative insecticidal proteins [Vip3]) are
widely used to control insect pests both in formulated sprays and in
transgenic crops (the so-called Bt crops) (Crickmore, 2006; Sanchis,
2011; Romeis et al, 2019). Cry proteins are produced during the
sporulation phase as crystalline inclusions, whereas Vip3 proteins are
produced and secreted during the bacterial vegetative growth phase.
Due to the commercial interest of these proteins, understanding their
mode of action has gained considerable attention (Vachon et al., 2012;
Adang et al., 2014; Jurat-Fuentes and Crickmore, 2017). To date, most
studies on the Cry proteins’ mode of action have been carried out with
the CrylA and Cry5B insecticidal and nematocidal proteins,
respectively (Wei et al., 2003; Pardo-Lopez et al., 2013), and with the
Vip3Aa protein for the Vip3 family (Chakroun et al., 2016).
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B. thuringiensis proteins are toxic by ingestion, and their target
is the host midgut epithelium (Palma et al., 2014; Jurat-Fuentes and
Crickmore, 2017; Chakroun et al., 2016; Ruan et al., 2015). If the protein
is ingested as a crystalline inclusion (the bacterial parasporal crystal
containing Cry and Cyt proteins), the crystals are solubilized to release
the proteins in the protoxin form. In the host midgut, protoxins are
activated by midgut proteases. The resulting activated protein must
then cross the peritrophic matrix and bind to specific receptors on the
midgut epithelial membrane. B. thuringiensis proteins oligomerize and
form pores, with each pore thought to consist of four toxin monomers
assembled into a pore-forming oligomer for both Cry (Gémez et al,,
2002) and Vip3 proteins (Quan and Ferré, 2019; Nuiez-Ramirez et al.,
2020). Once the oligomer is inserted into the epithelial membrane, the
membrane is disrupted, allowing gut bacteria to invade the hemolymph
leading to septicemia and insect death (Adang et al., 2014; Raymond et
al., 2010; Nielsen-LeRoux et al., 2012; Caccia et al., 2016).

Substantial efforts have been devoted to identify the key
molecules in the interactions between B. thuringiensis toxins and the
midgut (Pigott and Ellar, 2007; Sato et al., 2019; Huang et al., 2020),
whereas less attention has been directed to studying pore formation
(Vachon et al., 2012; Kirouac et al., 2002; Girard et al., 2009; Gonzalez-
Cabrera et al., 2006; Heckel, 2006) or how insect cells respond upon B.
thuringiensis toxin intoxication. The main reasons for this are as
follows: (i) interaction between B. thuringiensis proteins and their
midgut specific receptors is considered the main specificity
determinant (Jurat-Fuentes and Crickmore, 2017; Van Rie et al., 1989),
and (ii) binding site alteration is the most common mechanism
associated with high levels of insect resistance to Cry proteins (Ferré
and Van Rie, 2002; Tabashnik and Carriere, 2017; de Bortoli and Jurat-
Fuentes, 2019; Heckel, 2020; Jurat-Fuentes et al., 2021). However, insect
susceptibility to B. thuringiensis proteins depends on binding
interactions with the surrogate membrane receptors and on a series of
concatenated events related to the complex mode of action (Adang et
al., 2014; Jurat-Fuentes and Crickmore, 2017; Heckel, 2020).
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Indeed, after the ingestion of B. thuringiensis and its proteins,
different host response mechanisms are activated to counteract the
toxic effects. A summary of the response mechanisms which have been
found altered in resistant invertebrates to B. thuringiensis and/or its
proteins is shown in Table 4. As a means of improving the efficacy of B.
thuringiensis pesticidal proteins in controlling insect pests, several
studies have been conducted to understand and characterize the repair
mechanisms that allow midgut epithelium to recover after exposure to
pore-forming toxins (as discussed below). However, it is worth
mentioning that, in addition to Cry and Vip3 proteins, other virulence
factors contribute to the B. thuringiensis pathogenesis. Therefore, host
responses observed when only using B. thuringiensis toxins might be
different from the ones observed when bacteria, or a mixture of spores
and crystals, are used (Tetreau, 2018). Overall, host responses will vary
depending on the effector, the concentration, the exposure time, and
even the host used. Here, we gather and discuss the available
information on invertebrate responses (with emphasis on insects and
Caenorhabditis elegans) to B. thuringiensis and its toxins that may
counteract the detrimental effects of B. thuringiensis intoxication. Some
of the studies reviewed here made use of gene silencing or mutants to
shed light on the role of specific genes in invertebrate defense responses
(Table 5). We have defined eight categories in which the host can
respond to palliate the effect of B. thuringiensis exposure, either to its
pesticidal proteins or to the bacterium. The molecules involved in the
binding interactions (surrogate receptors) will not be included here
since that topic has been extensively reviewed (Pigott and Ellar, 2007;
Sato et al., 2019). A general view of the mechanisms elicited after B.
thuringiensis intoxication is summarized in Figure 40, and they are
described in detail in the following sections.
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Ingestion

To exert its toxic effect, B. thuringiensis or their virulence
factors penetrate via ingestion. Therefore, a first step to evade the toxic
effect of B. thuringiensis is feeding behavior modification. Aversive taste
responses have evolved in different organisms to prevent toxic
compound ingestion (Dethier, 1980; Shivers et al., 2009; Yarmolinsky
et al., 2009).

Early reports stated that larvae treated with either B.
thuringiensis proteins or a mixture of spores and crystals modified their
behavior by feeding cessation or becoming less active than nontreated
larvae (Dulmage et al., 1978; Retnakaran et al., 1983). Indeed, these
authors suggested that feeding cessation would allow larvae to clear the
B. thuringiensis protein by degradation and repair the midgut epithelial
cells by replacing damaged cells (Retnakaran et al., 1983). In C. elegans,
feeding behavior inhibition was also observed in response to B.
thuringiensis protein intoxication (including Cry5B, Cry6A, and
Cry21A) (Los et al., 2013; Luo et al., 2013). Interestingly, both the
insulin-like receptor (Hasshoff et al., 2007; Wang et al., 2012) and the
neuronal Goa (Los et al., 2013) pathways are important in the C. elegans
feeding cessation response.

Many studies have reported that larvae from different insect
species consistently preferred noncontaminated diet rather than B.
thuringiensis toxin-treated diet when diet choice was offered (Gould et
al., 1991; Berdegué et al., 1996; Stapel et al., 1998; Zhang et al., 2004;
Stoops and Adler, 2006; Bowling et al., 2007; Zhao et al., 2016). These
studies concluded that larvae tend to avoid food with deleterious
effects, highlighting larval ability to modify their feeding behavior. In
contrast, other studies did not find differences in the behavioral
responses (especially B. thuringiensis toxins avoidance) when the larvae
were placed on an untreated or a B. thuringiensis-treated diet (Schwartz
etal., 1991; Bilbo et al., 2019).
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Feeding behavior involvement has been suggested as a
resistance mechanism to B. thuringiensis toxins (Gould et al., 1991;
Stapel et al., 1998; Huang et al., 2001). However, only a few behavioral
resistance studies have been conducted with B. thuringiensis-resistant
colonies (Gould et al., 1991; Huang et al., 2001; Luong et al., 2018). A
recent review claims that most studies conducted could be explained by
simple aversion behaviors rather than behavioral resistance (Zalucki
and Furlong, 2017). Therefore, more experimental evidence would be
necessary to support feeding behavior as a B. thuringiensis resistance
mechanism.

Crystal solubilization

The parasporal crystals produced by B. thuringiensis must
undergo solubilization to release the Cry proteins and initiate the
intoxication process. Crystal solubilization is facilitated by the
physicochemical conditions (mainly pH) in the host digestive fluids
(Angus, 1954). Therefore, it was claimed that only hosts producing
digestive fluids capable of solubilizing crystals would be susceptible to
the particular B. thuringiensis crystal-producing strain (Du et al., 1994;
Bradley et al., 1995). Although this may be critical in determining insect
susceptibility to B. thuringiensis toxins, to date, no reports assert that
susceptible hosts are able to alter their midgut pH to overcome the toxic
effects of Cry proteins.

Activation

Bacillus thuringiensis Cry and Vip3A proteins are produced in
the protoxin form, which are processed by midgut proteases to render
an active toxin. Hence, significant research efforts have been made to
understand the role of midgut proteases in B. thuringiensis toxin
processing (Zalunin et al., 2015). Some studies have shown that B.
thuringiensis protein toxicity is influenced by the composition/activity
of midgut proteolytic enzymes (Lambert et al., 1996; Lightwood et al.,
2000; Rouis et al., 2008; Caccia et al., 2014). Indeed, Cry1C is more toxic
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to the Spodoptera littoralis first instar than to subsequent instars due to
proteolytic activity enhancement (Keller et al., 1996). The different
susceptibilities of Helicoverpa zea and Heliothis virescens to CrylAc
were correlated with the insect species’ proteolytic processing capability
(Abdelgaffar et al, 2019). Thus, differential sensitivity to B.
thuringiensis pesticidal proteins among different larval instars or
populations might depend on midgut protease relative production.

Several studies have related protease activity alteration with the
emergence of insect resistance to B. thuringiensis proteins (Figure 41).
In a Plodia interpunctella CrylAb/c-resistant colony, protoxin
activation was slower due to reduced expression levels and/ or reduced
midgut protease activity (Oppert et al., 1997). This was later confirmed
by the resistant insects’ differential susceptibility to the protoxin and
activated protein forms (Herrero et al., 2001). A study on an Ostrinia
nubilalis Dipel-resistant strain (Dipel is trademark of a B. thuringiensis-
based insecticide) showed a relationship between reduced trypsin-like
protease activity and resistance (Li et al., 2004). Similar results were
found in a H. virescens strain resistant to CrylAc and Cry2Ab, with
slower protoxin processing and a reduced chymotrypsin-like enzyme
amount (Karumbaiah et al., 2007). In a Mythimna unipuncta strain
resistant to Bt maize, a reduction in proteolytic enzyme activity was
correlated with lesser CrylAb protoxin activation (Gonzalez-Cabrera
et al., 2013). Similarly, a Helicoverpa armigera Vip3Aa-resistant strain
exhibited significantly slower Vip3Aa protoxin activation into toxin
compared to the susceptible strain (Chakroun et al., 2016). Similar
results were found in two H. zea CrylAc-resistant strains, which
showed less total protease, trypsin, and chymotrypsin activities and a
reduced CrylAc activation rate compared to the susceptible control
(Zhang et al., 2019). Recently a laboratory-selected Plutella xylostella
CrylAc-resistant strain with reduced caseinolytic and trypsin protease
activities that affect CrylAc protoxin activation was characterized.
Downregulation of a trypsin-like serine protease gene was genetically
linked to CrylAc resistance, which was further confirmed by RNAi
experiments (Gong et al., 2020). Midgut total proteolytic and tryptic
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activities were altered in another P. xylostella population resistant to a
B. thuringiensis product compared to a susceptible population (Talaei-
Hassanloui et al., 2013). Other studies have also shown differential
expression of trypsin-like and chymotrypsin-like proteins in CrylAb
resistant Ostrinia furnacalis and O. nubilalis strains compared to
corresponding susceptible insect species (Khajuria et al., 2009; Xu et al.,
2015). Furthermore, two studies from different CrylAc-resistant H.
armigera strains found strong trypsin gene downregulation (Liu et al.,
2014; Jin et al., 2019). Although this alteration was genetically linked to
resistance in the first study, these authors indicated that additional
mechanisms were likely involved, since the larvae were also resistant to
the activated form.

Another aspect implicating proteases in resistance is the
occurrence of improper protoxin processing, which translates into
lower relative toxicity, as demonstrated in a H. armigera CrylAc-
resistant strain (Rajagopal et al., 2009). Finally, it was proposed that the
overproduction of certain proteases may cause activated toxin
degradation, as observed with a H. virescens CrylAc-resistant strain
(Forcada et al., 1999) (Figure 41). Altogether, these studies show that
alterations of digestive proteases may be an active insect response to B.
thuringiensis toxicity, although the exact adaptation mechanisms
remain debatable.
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The aforementioned ability of a susceptible species to alter the
amounts of digestive proteases after B. thuringiensis toxin exposure was
analyzed by several studies. The expression pattern of some genes
encoding digestive enzyme was altered after B. thuringiensis challenge
in several insect pests such as Choristoneura fumiferana, Manduca
sexta, Tenebrio molitor, O. nubilalis, Spodoptera exigua, Aedes aegypti,
Spodoptera litura, Bombyx mori, Achaea janata, and P. xylostella
(Meunier et al., 2006; Van Munster et al., 2007; Oppert et al., 2012; Yao
et al., 2012; Bel et al., 2013; Canton et al., 2015; Song et al., 2016; Wu
and Yi, 2018; Dhania et al., 2019; Lin et al, 2020). Mainly,
downregulation of serine protease encoding genes, such as trypsin and
chymotrypsin was observed, as well as upregulation of different serpin
encoding genes (serine protease inhibitors), when larvae were exposed
to B. thuringiensis or to its toxins at sublethal concentrations. However,
it is important to note that the results from the different transcriptional
studies provided different response profiles, which could be dependent
on the different experimental conditions (insect species, larval stage,
intoxication method, etc.). The importance of the infection method on
this experiment type was put forward in a Tribolium castaneum study.
Larvae injected with B. thuringiensis subsp. tenebrionis showed
upregulation of serine-type peptidases, endopeptidases, and
endopeptidase inhibitors compared to orally infected larvae (Behrens
et al.,, 2014). Notably, the alteration in the expression profile of genes
encoding digestive proteases or their inhibitors after exposure to B.
thuringiensis and/or to its toxins is typically related to the process of
protoxin activation or degradation. However, to our knowledge, it has
not been experimentally validated whether these alterations directly
affect protoxin processing. Furthermore, it is also worth noting that
both molecules, serine proteases and serpins, have other significant
roles in a wide range of physiological processes, including signal
transduction and invertebrate defense responses (Ross et al., 2003).
Indeed, some innate responses are dependent on serine proteases
cascades that in turn are tightly regulated by serpins (Meekins et al.,
2017).
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Toxin sequestration

Another opportunity for invertebrates to counteract B.
thuringiensis proteins toxicity, prior to pore formation in the midgut
epithelial cells, is toxin sequestration. This process can occur through
certain molecules found in the midgut, either in the midgut lumen or
in the peritrophic matrix. It is believed that this phenomenon would
help to detoxify the organism when it is exposed to B. thuringiensis
proteins, as toxin-receptor interactions would be reduced.

Sequestration in the Midgut Lumen

Currently, different toxin-binding molecules have been
characterized in the insect midgut lumen. One example are esterases,
which have been reported to sequester the CrylAc protein in a H.
armigera strain resistant to Bt cotton (Gunning et al., 2005). Other
molecules that participate in this process are the hexamerins (a type of
inducible immune proteins). These proteins were found in the H.
armigera midgut lumen and hemolymph, and they bind to CrylAc and
GalNAc-specific lectins, forming insoluble aggregates (Ma et al., 2005).
Another case of Cry protein sequestration in the insect gut lumen was
due to glycolipids. A lipid carrier, lipophorin, was able to interact with
Cry proteins in the gut lumens of immune-induced insects, suggesting
that this interaction might be the consequence of a coagulation reaction
(Rahman et al., 2007). Later, aggregation and sequestration of CrylAa
and Cry2Ab by lipid particles were also observed by Ma et al. (Ma et al,,
2012). These authors suggested that the toxin-lipid aggregation
observed resembles immune-mediated lipid particle aggregation
around lectins (Schmidt et al., 2010), which would explain gut lumen
Cry protein inactivation and subsequent prevention of its interaction
with specific membrane receptors.

The ability of some Cry proteins to trigger massive shedding of

cell surface proteins, such as glycosylphosphatidylinositol (GPI)-
anchored aminopeptidase N (APN) and alkaline phosphatase (ALP),
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into the midgut lumen was reported in different insect species (Valaitis,
2008; Hernandez-Martinez et al., 2010; Caccia et al., 2012; Hernandez-
Martinez et al., 2017). Although the role of this shedding has not been
clarified yet, it might act as a defense mechanism against the toxic
action of Cry proteins, since membrane-bound APN and ALP were
described as surrogate Cry protein receptors (Pigott and Ellar, 2007; Lu
and Adang, 1996). This hypothesis is based on the assumption that the
soluble APN or ALP molecules present could act as competitive
inhibitors, preventing the interaction of these proteins with the cell
surface receptors. Indeed, high levels of soluble APN and ALP in the
lumen of some B. thuringiensis-resistant S. exigua and H. zea insects
have been observed (Herndndez-Martinez et al., 2010; Caccia et al,,
2012). Moreover, high midgut lumen ALP levels were correlated with
B. thuringiensis resistance (Caccia et al., 2012). Another way in which
shedding of GPI-anchored receptors might contribute to attenuate the
B. thuringiensis proteins toxic action is by simply depleting some cell
membrane receptors. Cleavage of APN by phospholipase C from brush
border membrane vesicles attenuated CrylAb protein insertion (Bravo
et al., 2004). In contrast, Valaitis (2008) proposed that shedding might
be due to B. thuringiensis toxin cytocidal activity. In agreement with
this hypothesis, Valaitis (2008) reported that the shedding inhibition of
GPI-anchored receptors by cyclic AMP did not affect CrylA toxicity
against Lymantria dispar larvae, suggesting that shedding of GPI-
anchored receptors may not be involved in Cry protein defense.

Sequestration by the Peritrophic Matrix

The midgut epithelium is protected by a peritrophic matrix,
which in fact is not a membrane but a dense net composed mainly of
chitin and highly glycosylated proteins, in which peritrophins are the
most abundant. This semipermeable structure, besides improving
digestion, protects the epithelium from mechanical abrasion and
efficiently protects against pathogens (Terra, 2001).
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Bacillus thuringiensis toxins cross this barrier to reach their
specific midgut epithelial receptors to exert their toxic effects. Besides
constituting a physical defense, the peritrophic matrix binds B.
thuringiensis proteins in a nonspecific way, thus reducing the toxin
amounts that can reach their membrane targets (Bravo et al., 1992;
Aranda et al., 1996; Hayakawa et al., 2004; Rodrigo-Simoén et al., 2006)
(Figure 42). Peritrophic matrix disruption by chitinase or protease
action increased the susceptibility to Cry proteins and different
pathogens (Sampson and Gooday, 1998; Liu et al., 2002; Jakubowska et
al., 2010; Han et al, 2015). Downregulation of chitin deacetylases,
enzymes which increase matrix permeability, has generally been found
after a B. thuringiensis challenge. This has been reported in S. exigua
after Vip3Aa intoxication (Bel et al., 2013), in H. armigera after B.
thuringiensis spore and crystal feeding (Liu et al., 2002), and in O.
nubilalis after Cryl Ab intoxication (Yao et al., 2017). In contrast, chitin
deacetylase genes were upregulated in T. castaneum with oral or
systemic infections with B. thuringiensis spores (Behrens et al., 2014).
Also, the chitin deacetylase level was higher in a H. armigera CrylAc-
resistant strain compared to the susceptible strain, and the authors
suggested that in this manner chitin rigidity may impede CrylAc from
crossing the peritrophic membrane (Jin et al., 2019). Interestingly, the
role of chitin deacetylases can go beyond peritrophic matrix structural
maintenance, since they are involved in converting chitin into chitosan,
a strong antimicrobial agent (Kong et al., 2010); thus, its implication in
B. thuringiensis intoxication should be further studied.

Gut epithelium healing

The insect gut epithelium has at least two main roles: (i) in
nutrient uptake and (ii) as a physical barrier that protects the host
against different stress factors (Huang et al, 2015). During B.
thuringiensis toxin intoxication, the gut epithelial barrier is disrupted,
allowing gut bacterial entry and eventually leading to death by
septicemia (Raymond et al., 2010; Caccia et al., 2016; Broderick et al.,
2009). After exposure to sublethal Cry protein concentrations,
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invertebrates can recover by repairing the injured membranes (restore
membrane integrity) or by regenerating their midgut epithelium (Spies
and Spence, 1985; Cancino-Rodezno et al., 2010; Tanaka et al., 2012;
Los et al., 2013; Castagnola and Jurat-Fuentes, 2016). Therefore, the
host ability to regenerate damaged epithelial cells will contribute to the
insect susceptibility to diferent pathogens and, in particular, to B.
thuringiensis toxins. The most well-studied healing mechanisms,
including vesicle trafficking pathways, midgut regeneration,
autophagy, and apoptotic death, are reviewed here.

tv A
“@“
BBM

BBM

Figure 42. Cryl Ac immunodetection in Helicoverpa armigera larval midguts.
(A) Larvae exposed to a high dose of CrylAc (7mg) for 20min. The green
fluorescence shows Cryl Ac trapped in the peritrophic matrix (PM) and bound
to the brush border membrane (BBM). (B) Control larvae not exposed to the
toxin. An Alexa Fluor 488-anti-rabbit antibody was used as secondary
antibody. BM, basal membrane; L, lumen. Scale bars, 50mm. (Reproduced
from Rodrigo-Simén et al., 2006)

Midgut Regeneration

Insect gut epithelium integrity is maintained through intestinal
stem cell regulation, since these cells have unlimited self-renewal
capacity (Loeb and Hakim, 1996; Lu and Yi, 2015; Caccia et al., 2019).
In mammals and Drosophila melanogaster, the mechanisms that
regulate gut epithelial integrity maintenance have been extensively
characterized (Chung and Kasper, 2010; Buchon et al, 2013). In
contrast, the molecular regulation of midgut homeostasis is lacking in
Lepidoptera and other insect pests.
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Insect midgut cell regeneration after exposure to sublethal B.
thuringiensis protein concentrations has been studied in vivo. One of
the earliest in vivo studies reporting a regenerative mechanism upon
exposure to sublethal B. thuringiensis crystal protein concentrations
was described in M. sexta (Spies and Spence, 1985). Martinez-Ramirez
et al. (1999) found that exposure to sublethal CrylAc concentrations
rendered the same amount of midgut cellular damage to CrylAc-
resistant and CrylAc-susceptible H. virescens larvae, suggesting the
resistant strain more readily replaced its damaged cells. In a B. mori
study, apoptosis and subsequent healing were clearly observed when
larvae were exposed to sublethal Cryl Aa concentrations (Tanaka et al.,
2012). Increased stem cell proliferation rate was also reported when A.
janata larvae were exposed to sublethal concentrations of a B.
thuringiensis formulation (Chauhan et al., 2017). These authors
suggested that this higher proliferation rate could allow larvae to repair
their gut epithelium facilitating survival.

Midgut regeneration has also been studied using primary
midgut cell cultures from insect larvae as an ex vivo model. Loeb et al.
(2001) reported that when H. virescens primary midgut cell cultures
were exposed to sublethal B. thuringiensis protein concentrations, the
mature cultured midgut cells were destroyed, whereas the number of
stem and differentiating cells increased. The dynamics of depletion and
replacement were dependent on the protein type and its concentration.
Castagnola et al. (2017) reported that the culture fluid (secretome) of
H. virescens midgut cells exposed to the CrylAc protein induced a
greater stem cell proliferation and an overall reduction in total cell
mortality in primary cultures. In general, results from ex vivo studies
support the idea that enhanced gut stem cell production might allow
insects to overcome the loss of mature cells destroyed by sublethal doses
of B. thuringiensis proteins.

The mitogenic effect of monomeric o-arylphorin was

described ex vivo using H. virescens midgut stem cells and also in vivo
using different insect pests (Blackburn et al., 2004; Hakim et al., 2007).
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Feeding this purified protein to H. virescens larvae resulted in midgut
hyperplasia and significant susceptibility reduction to the CrylAc
protein (Castagnola et al., 2017), suggesting that it may act as a healing
regulatory factor. Furthermore, the results from transcriptional B.
thuringiensis intoxication studies showed changes in a-arylphorin gene
expression levels, suggesting an active a-arylphorin role after B.
thuringiensis challenge. However, the relationship between o-
arylphorin expression levels and midgut healing is still not clear, since
contradictory results have been reported. a-arylphorin gene
downregulation was observed in L. dispar after B. thuringiensis-based
insecticide ingestion (Sparks et al.,, 2013), in S. exigua after Vip3Aa
intoxication (Bel et al., 2013), and in O. nubilalis exposed to CrylFa
(Vellichirammal et al., 2015). Upregulation was detected in H. armigera
(Ma et al., 2005) and H. virescens (Castagnola et al., 2017) after CrylAc
intoxication, as well as in S. exigua and A. janata after exposure to
different B. thuringiensis-based insecticides (Herndndez-Martinez et
al., 2010; Chauhan et al., 2017). Discrepancies found in a-arylphorin
gene expression throughout the literature could be attributed to either
protein function diversification (versatility) in a concentration-
dependent manner or different experimental conditions or insect
species used (Dhania et al, 2019). Other studies have shown
upregulation of the a-arylphorin gene in resistant strains of Diatraea
saccharalis (Guo et al., 2012) and S. exigua (Hernandez-Martinez et al.,
2010) compared to corresponding susceptible insect species.

The expression of some genes involved in signal pathways
regulating epithelial layer proliferation after exposure to B.
thuringiensis proteins was further examined by quantitative real-time
PCR. Tanaka et al. (2012) reported an increase in the Bm-Socs
expression level after 6 h of exposure to a sublethal CrylAa
concentration in B. mori. Bm-Socs is an ortholog of the D. melanogaster
Socs36E gene, a negative regulator of the JAK-STAT pathway (Callus
and Mathey-Prevot, 2002; Karsten et al., 2002). Similarly, a gene
encoding a component of the JAK-STAT pathway was downregulated
after 24 h of exposure of S. exigua to sublethal Vip3Ca concentrations
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(Hernandez-Martinez et al., 2017). The JAK-STAT pathway is
associated with regulation of midgut cell renewal via insect stem cell
proliferation and differentiation after exposure to different stress
factors (Callus and Mathey-Prevot, 2002; Jiang et al., 2009; Jiang and
Edgar, 2011). Based on all these observations, Hernandez-Martinez et
al. (2017) speculated that negative JAK-STAT pathway regulation
might affect midgut cell renewal upon exposure to B. thuringiensis
proteins. Moreover, it is worth noting that the JAK-STAT pathway
orchestrates other many functions, such as immune responses (Buchon
et al,, 2014; Cytrynska et al., 2016). Therefore, it is difficult to predict
the outcomes that might result from its negative regulation.

Vesicle Trafficking Pathways

One of the mechanisms observed to be involved in repairing
and restoring membrane integrity after PFT exposure is the vesicle
trafficking pathway (Brito et al., 2019). Membrane resealing is achieved
through endocytic and/or exocytic events. During endocytosis, the
membrane is invaginated and excised leading to internalization of the
cargo (molecules in the plasma membrane, e.g., PFT, lipids, and
proteins) from the cell surface. Once inside the vesicle, the cargo can be
either degraded or recycled. Recycling of the cargo back to the
membrane is eventually undertaken by exocytic events (Fletcher and
Rappoport, 2009). Los et al. (2011) showed that vesicle trafficking
pathways are utilized in C. elegans protection against Cry proteins.
These authors showed that, after Cry5B intoxication, endocytosis rates
in intestinal cells were greater than in non-intoxicated worms. These
results are in agreement with results obtained in mammalian cells when
treated with PFT (Idone et al., 2008; Husmann et al., 2009; Thiery et al.,
2010). In order to shed light on how this mechanism can counteract
mechanical membrane wounds caused by Cry proteins, the rab-5 and
rab-11 genes were silenced. Rabs are small GTPases that regulate
intracellular vesicle transport events, in particular, several endocytic,
transcytic, and exocytic pathways (Bhuin and Roy, 2014). Gene
silencing resulted in significant C. elegans hypersensitivity to Cry5B and
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decreased the endocytosis rate. Subsequent analysis showed that both
Rab-5- and Rab-11-mediated vesicle trafficking pathways helped to
remove Cry5B protein pores, suggesting that these pathways were
required to restore cell surface integrity after Cry5B exposure (Los et
al., 2011). Furthermore, p38 mitogen-activated protein kinase (MAPK)
was not involved in modulating Rab-5 activity when worms were
exposed to Cry5B. This result is in opposition to what was previously
shown by Cavalli et al. (2001) and Macé et al. (2005), who showed that
p38 MAPK might regulate both the Rab-5 cytosolic cycle and the
phosphorylation of its effectors.

The involvement of vesicle trafficking pathways were also
described in an A. aegypti culture cell line (Mos20) after exposure to
sublethal doses of CryllAa (toxic to Diptera) and CrylAb (toxic to
Lepidoptera) (Vega-Cabrera et al., 2014). These authors reported that
both proteins, regardless of their specificity, were internalized by
endocytosis, although they were not degraded in lysosomes. Based on
the results, the authors suggested that vesicle pathways regulated by
Rab-5 and Rab-11 might be a mechanism to eliminate bound Cry
proteins by internalization.

Autophagy

Autophagy is a conserved eukaryotic catabolic process
occurring in the intracellular space by which double-membrane
vesicles engulf material to be eliminated within lysosomes. The term
“autophagy” was coined in 1963 by de Duve (1963) and was described
to play a major role in a wide range of biological events (de Duve, 1966).
For instance, autophagy is involved in the maintenance of cellular
homeostasis, differentiation and developmental processes (Levine and
Klionsky, 2004), response to extra- and intracellular stress conditions
(such as nutrient starvation, hypoxia, and oxidative stress) (Mizushima,
2005; Filomeni et al., 2015), and endoplasmic reticulum (ER) stress
(Yorimitsu et al., 2006), as well as in larval tissue and organ disassembly
during metamorphosis in holometabolous insects (Tettamanti et al.,
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2008, 2011; Malagoli et al., 2010). It is also considered part of the insect
innate immune response against bacteria, viruses, and fungi, since
pathogens can be eliminated via autophagy (Kuo et al., 2018).
Furthermore, autophagy is also involved in determining mammalian
cell susceptibility to different PFT (Gutierrez et al., 2007; Opota et al.,
2011; Maurer et al., 2015).

An early ex vivo S. litura cell (SI-HP) study suggested
autophagy induction occurred after B. thuringiensis HD-73 strain
infection (Gai et al, 2013). Recently, another study showed that
different insect cell lines, which are susceptible to Cry1 toxins, induced
autophagy in an AMPK (AMP-activated protein kinase) and JNK (c-
Jun N-terminal kinase) pathway-dependent manner after exposure to
Cryl proteins (Yang et al., 2020). These authors suggested that
autophagy might have a prodeath role as the number of swollen cells
after exposure to Cryl proteins decreased when autophagy inhibitors
were used in the cell assay or RNAi was conducted to silence
autophagy-related genes (Yang et al., 2020).

To gain insight into the role of autophagy in C. elegans host
defense against B. thuringiensis proteins, Chen et al. (2017) performed
in vivo experiments. Autophagy induction was specific to Cry5B and
Cry21A, but not to other non-pore-forming cellular stressors (heavy
metals, osmotic pressure, heat shock, or non-PFT pathogens). Indeed,
autophagy was abolished when pore forming mutants were used,
suggesting that the pore-forming activity was required to induce
autophagy. Furthermore, when Cry5B toxicity was analyzed in different
C. elegans autophagy defective mutants, these mutants were
hypersensitive to Cry5B. Based on these findings, the authors
concluded that autophagy serves as a cellular defense system. In
addition, they showed that autophagy contributed to repairing the
membrane after Cry5B membrane injury (Chen et al., 2017).

By in silico analysis, the authors identified a Cry5B activated
transcriptional factor (HLH-30) that regulates autophagy-related
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genes. In addition to this regulatory function, HLH-30 also regulates
gene expression involved in vesicle-mediated transport, membrane
invagination, and endocytosis (e.g., rab-5), suggesting a central
modulating membrane-pore repair system against Cry5B intoxication.
Likewise, other genes like daf-16 (involved in the insulin/insulin-like
growth factor 1 pathway [see below]) were identified as HLH-30
dependent (Chen et al., 2017).

Apoptotic Death

Membrane permeabilization by B. thuringiensis proteins action
may trigger several pathways leading to either cell survival or cell death
(Aroian and Van der Goot, 2007; Gonzalez et al., 2011). Apoptosis has
been described as a cellular response mechanism after exposure to
different PFT (Cancino-Rodezno et al., 2010; Chen and Zychlinsky,
1994; Galindo et al., 2004; Genestier et al., 2005; Timmer et al., 2009).
Furthermore, the pore formation activity of PFT is necessary to induce
the apoptotic response. This was established by using pore-forming
defective mutants and by using inactivated proteins (Cancino-Rodezno
et al.,, 2010; Genestier et al., 2005; McClane and Chakrabarti, 2004;
Katayama et al., 2007; Portugal et al., 2017).

In vivo assays showed that apoptosis was observed in insect
midgut epithelial cells when sublethal Cry protein concentrations were
administered to both Culex pipiens and B. mori larvae (Tanaka et al.,
2012; Smouse and Nishiura, 1997). However, when B. mori larvae were
exposed to lethal CrylAa concentrations, apoptosis was not observed.
Instead, midgut columnar cells swelled and burst, resulting in midgut
disruption. More recently, TUNEL (terminal deoxynucleotidyl-
transferase-mediated dUTP-biotin nick end labelling) staining showed
that apoptosis also occurs in S. exigua larvae treated with sublethal
Vip3Aa or Vip3Ca protein concentrations (Hernandez-Martinez et al.,
2017). In agreement with the B. mori study, no apoptotic cells were
observed when S. exigua larvae were exposed to greater toxin
concentrations. These results suggest that midgut epithelium
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disruption by the B. thuringiensis protein pore formation activity
occurs when insects are exposed to high doses of an active protein. On
the other hand, when larvae are exposed to sublethal B. thuringiensis
protein concentrations, apoptosis occurs as a host defense response,
allowing the midgut epithelium to heal (Castagnola and Jurat-Fuentes,
2016; Aroian and Van der Goot, 2007). Therefore, whether apoptosis is
involved in the host defense or it is just a consequence of B.
thuringiensis protein toxicity needs further clarification.

Conversely, ex vivo experiments with H. virescens midgut
primary culture cells and with other culture cell types (CF1 or Sf9)
showed that B. thuringiensis proteins (including Cryl and Vip3
proteins) can induce apoptosis (Portugal et al., 2017; Loeb et al., 2000;
Jiang et al., 2016; Hou et al., 2020; Nimsanor et al., 2020). Portugal et al.
(2017) reported that apoptosis inhibitors reduced CrylA protein
toxicity to CF1 cells, suggesting that apoptosis is involved in the death
response. Similarly, Vip3A promotes apoptosis in Sf9 cells by
mitochondrial dysfunction after being internalized (Jiang et al., 2016;
Hou et al., 2020; Nimsanor et al., 2020). Therefore, at least under ex
vivo conditions, apoptosis is not a general defense response, but it is
related to the toxic events.

Epithelium intrinsic cellular defense pathways

It is well-known that the primary action of B. thuringiensis
proteins is to disrupt host cell membranes by forming lytic pores
(Adang et al., 2014; Heckel, 2020). Later, it was observed that the
presence of pores at the cell surface triggers different intracellular
signaling processes that allow cells to protect themselves against them,
at least when hosts are exposed to sublethal B. thuringiensis protein
concentrations (Los et al., 2013). In C. elegans, to obtain a deeper and
wider understanding of the effectors and molecules involved in the
signaling cascades, a proteomic analysis was performed comparing
nematodes challenged with pathogenic and nonpathogenic B.
thuringiensis strains. A relative protein increase related to innate
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immune defense, proteolysis, apoptosis, MAPK pathways, unfolded
protein response (UPR), and autophagy was observed, suggesting a
complex host-Bt response (Treitz et al., 2015).

In this section, we summarize different pathways (Figure 43)
involved in counteracting the toxic effects of B. thuringiensis proteins,
such as the MAPK pathways, the UPR, the hypoxia pathway, and the
insulin/insulin-like growth factor 1 (IGF-1) signaling pathway
(Hasshoff et al., 2007; Wang et al., 2012; Chen et al., 2017; Huffman et
al., 2004; Bischof et al., 2008; Bellier et al., 2009; Chen et al., 2010). It is
worth noting that other authors have also included autophagy and
vesicle trafficking pathways as epithelium intrinsic cellular defense
(INCED) mechanisms (Aroian and Van der Goot, 2007) (Figure 43).
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Figure 43. Schematic representation of the epithelium intrinsic cellular
defense (INCED) in Caenorhabditis elegans as a response to the toxic effect of
B. thuringiensis and/or its toxins. The vesicle trafficking pathways mediated
by Rab-5 and Rab-11, autophagy and the Insulin/insulin-like growth factor 1
(IIS) pathway are interlinked by an upstream effector, the transcription factor
HLH-30. A second set of cellular responses involving the hypoxia pathway,
and two MAPKs pathways (p38 and JNK) converge on a downstream target:
the IRE-1-XBP-1 branch of the unfolded protein response (UPR).
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Mitogen-Activated Protein Kinase Pathways

In general, MAPKs have a multifaceted role acting as the
control center of several cellular processes such as development,
proliferation, differentiation, endocytosis, apoptosis, and migration
(Cavalli et al., 2001; Macé et al., 2005; Kim et al., 2002, 2004; Andrusiak
and Jin, 2016). In turn, MAPKs are controlled by a signaling cascade of
MAPK kinase (e.g., MAP4Ks, MAP3Ks, and MAP2Ks) (Dong et al.,
2002; Horton et al., 2011; Krishna and Narang, 2008). In multicellular
organisms, MAPKs are classified into three subfamilies: ERK
(extracellular signal- regulated kinase), JNK, and p38 (Dong et al,
2002). In particular, in C. elegans, p38 and JNK MAPKs were reported
as the main component of innate immune response (Kim et al., 2002,
2004) and are also known as “stress-activated protein kinases” for their
activation under stress conditions such as osmotic stress or heat shock
(Andrusiak and Jin, 2016).

The involvement of p38 and JNK MAPK pathways in defense
against Cry5B in C. elegans was reported by Huffman et al. (2004). In
agreement with previous eukaryotic studies, these pathways have also
been linked to a defense response to different PFT (Cancino-Rodezno
et al., 2010). Transcriptomic analysis showed the upregulation of two
genes: sek-1 (MAPKK in the p38 MAPK pathway) and kgb-1 (JNK-like
MAPK) after a Cry5B challenge. Moreover, sek-1 and kgb-1 deletion
allele mutants were hypersensitive to Cry5B and Cry21A, suggesting
that both processes were important in the host defense against Cry5B
intoxication.

To address the question of how extensive and coordinate is the
host response to B. thuringiensis proteins, a genome-wide RNA
interference (RNAi) screen for genes whose privation leads to C. elegans
Cry5B hypersensitivity was carried out (Kao et al., 2011). Surprisingly,
many genes had a protective function against sublethal concentrations
of Cry5B. To unravel the network underlying the Cry5B response, an
interactome database was used to clarify the connections between those
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defense genes. In this regard, the p38 and JNK MAPK pathways seemed
to play a central role in the network. Further analysis revealed that the
JNK pathway controls most of the transcripts, including some induced
by p38 MAPK, although JNK does not activate p38. It is also remarkable
that KGB-1 JNK-like MAPK regulates xbp-1 (X-box binding protein-1)
splicing, which is involved in the UPR pathway (this pathway is
addressed below). Kao et al. (2011) suggested that the JNK pathway
might be the first master regulator of the Cry5B-induced
transcriptional response. Similarly, the synthesis of p38 was activated
in M. sexta and A. aegypti after sublethal CrylAb and CryllAa
exposure (as spore and crystal mixtures), respectively (Cancino-
Rodezno et al., 2010). Interestingly, p38 MAPK was activated at the
posttranslational level (p38 was phosphorylated) in both insect species.
These authors also silenced p38 and found that both insects were more
susceptible to B. thuringiensis spore-crystal suspensions, in agreement
with the C. elegans results (Huffman et al.,, 2004; Kao et al., 2011).
Likewise, the p38 MAPK pathway has also been implied in Chilo
suppressalis resistance to CrylCa; in this case, it seemed that the JNK
and ERK pathways were not essential (Qiu et al., 2017a). In contrast to
what was described after Cry1Ca oral intoxication, further analysis with
injected B. thuringiensis bacteria revealed an increase in the
phosphorylation level of p38, JNK, and ERK (Qiu et al.,, 2017b). A
greater activation in the phosphorylated state of p38 and JNK (but not
of ERK) after B. thuringiensis infection of Galleria mellonella was also
reported (Wojda et al., 2014). Therefore, it seems that the in vivo
protective function of MAPK pathways against B. thuringiensis and/or
its proteins may be a general mechanism in several insect orders, as well
as in species from other phyla.

Transcript profiling has shed light on the mechanism
underlying host response to sublethal concentrations of B. thuringiensis
proteins. In this context, a transcriptomic approach revealed that in a
coleopteran, T. molitor, Cry3Aa protoxin intoxication provoked the
induction of different kinase signaling pathways, p38 MAPK among
them, during the initial 24 h of treatment (Oppert et al., 2012).
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Similarly, the A. aegypti response after CryllAa ingestion was
determined. Signaling processes such as the MAPK pathway, vesicular
trafficking, and lipid metabolism were upregulated within 12 h of
exposure (Canton et al, 2015). Genes in the JNK pathway were
upregulated after B. thuringiensis oral infection in P. xylostella. In the
same way, the C-Junl gene was also upregulated at the translational
level (Lin et al., 2020). S. litura treatment with Vip3Aa also activated
signal transduction-related genes involved in MAPK pathways after 24
h of treatment (Song et al., 2016). In contrast, no signs of transcriptional
regulation were observed in S. exigua larvae exposed to sublethal
Vip3Aa concentrations (99% growth inhibition) (Bel et al., 2013).
According to these authors, the lack of transcriptional regulation might
be due to short-term Vip3Aa exposure or to the fact that most immune
signaling pathway activation relies mainly on posttranslational
modifications (e.g., phosphorylation, ubiquitination, and proteolytic
cleavage) (Cancino-Rodezno et al., 2010; Welchman et al., 2009).

Recently, it was reported that the MAPK signaling pathway can
modulate the expression of different midgut genes related with B.
thuringiensis Cry protein resistance in P. xylostella (Guo et al., 2015).
Interestingly, some of these genes encode putative Cry receptors such
as the APN, ALP, and ATP-binding cassette transporter subfamily C
(ABCC). Changes to their expression resulted in CrylAc resistance in
P. xylostella, while suppression of MAP4K4 gene expression (upstream
of p38) restored the susceptibility to CrylAc (Guo et al., 2015, 2020). In
this context, a recent study has revealed that the MAPK signaling
pathway is activated and modulated by the cross talk of two insect
hormones: 20-hydroxyecdysone (20E) and juvenile hormone (JH).
However, the upstream mechanism involved in controlling the ratio of
these two hormones is still unknown (Guo et al., 2020). Interestingly,
20E also activates apoptosis and autophagy in insects during larval
development and metamorphosis (Mané-Padros et al., 2010; Romanelli
et al,, 2016; Tian et al., 2012, 2013). Hence, there may be a connection
among hormone levels, the MAPK signaling pathway, midgut receptor
expression, and B. thuringiensis resistance (Guo et al., 2020).
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Endoplasmic Reticulum Unfolded Protein Response

The ER UPR is a conservative stress response to balance ER
capability to synthesize and fold proteins correctly to maintain cellular
homeostasis. When unfolded or misfolded proteins accumulate in the
organelle, the UPR is activated. This response is orchestrated by three
main transducers: PERK (double-stranded RNA-activated protein
kinase-like ER kinase), ATF6 (activating transcription factor 6), and
IRE-1 (inositol required enzyme 1), which mediate the different
response signaling branches. In other words, those sensors activate
different genes necessary to counteract the impact of the imbalance.
The IRE-1 branch senses the ER stress, and then the IRE-1 RNase is
acti- vated to perform xbp-I mRNA splicing, resulting in a mature
transcription factor (XBP-1) capable of UPR gene activation (Walter
and Ron, 2011).

The implication of UPR in C. elegans Cry protein defense was
documented by Bischof et al. (2008). UPR target genes were mainly
activated via IRE-1 after Cry5B intoxication, whereas the ATF6
pathway was only partially activated. Conversely, the PERK branch was
not activated after Cry5B intoxication. In terms of sensitivity to Cry5B,
mutants which were defective in the IRE-1 branch (known as xbp-1
mutants) were hypersensitive compared to wild-type worms.
Interestingly, the UPR branch activation patterns upon Cry5B exposure
differed from the canonical UPR response to unfolded proteins. To
explain this result, these authors hypothesized that after the B.
thuringiensis challenge, the main role of the IRE-1 branch could be
related to its phospholipid biogenesis activity, possibly involved in a
defense role, rather than mitigating unfolded protein stress.
Remarkably, the authors also suggested that UPR might be a p38
MAPK downstream factor, revealing a complex and coordinated
response (Bischof et al., 2008).

In agreement with the C. elegans results, A. aegypti exposure to
a mixture of spores and CryllAa crystals (sublethal concentration)
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resulted in IRE-1 branch activation. In addition, RNAi was conducted
to silence the xbp-1 and ire-1 genes, which confirmed UPR
participation in Cry defense, since susceptibility to spore-crystal
mixtures of Cryl1Aa was higher in RNAi-treated larvae (Bedoya-Pérez
et al., 2013). However, whether UPR is induced in A. aegypti in a p38
MAPK-dependent manner remains unknown.

Hypoxia Response Pathway

The hypoxia response pathway was found to play a role in C.
elegans resistance to B. thuringiensis proteins (Bellier et al., 2009). In
this pathway, HIF-1 (hypoxia-inducible factor 1) is a transcription
factor and a master regulator of the hypoxia response activation. Under
normal oxygen conditions, HIF-1 is degraded in the proteasome after
being hydroxylated by EGL-9. egl-9 mutants prevented the degradation
of HIF-1 and conferred 3- to 5-fold resistance to Cry21A and Cry5B.
Also, authors highlighted that HIF-1 stimulation resulted in resistance
to the Vibrio cholerae cytolysin (another PFT). However, HIF-1 was not
involved in other stress responses, like heat stress, Pseudomonas
aeruginosa infection, heat shock, or oxidative stress. Interestingly, hif-1
mutants showed hypersensibility to Cry5B but not to Cry21A (in a
spore-crystal mixture). This study also emphasized the IRE-1 UPR
branch as a downstream hypoxia pathway effector, to counteract the
Cry21A attack.

Insulin/Insulin-Like Growth Factor 1 Signaling Pathway

Another INCED mechanism that is related to C. elegans and B.
thuringiensis protein resistance is the insulin/insulin-like growth factor
1 (IGF-1) signaling pathway (Chen et al., 2010). We simplified the
insulin/IGF-1 signaling (IIS) pathway in two main components: the
DAEF-2 insulin-like receptor and the DAF-16 transcription factor. The
DAF-16 component is antagonized by DAF-2 receptor activity: when
the DAF-2 receptor is activated, DAF-16 is phosphorylated and
subsequently sequestered in the cytoplasm, unable to initiate gene
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transcription in the nucleus; in the opposite situation, under DAF-2
downregulation or inactivation, DAF-16 translocates into the nucleus,
promoting gene transcription involved in stress response, bacterial
pathogen defense, metabolism, longevity, growth, or behavior (Murphy
and Hu, 2013).

Hasshoft et al. (2007) not only associated the IIS pathway with
B. thuringiensis evasion and uptake (see “Ingestion” section) in C.
elegans but also with B. thuringiensis defense. In this study, the effect of
different mutations in the IIS cascade on the worm’s survival rate after
B. thuringiensis spore-crystal mixture exposure was assayed. As
expected, the daf-2 mutant survived longer than either control or daf-
16 mutant, while survival of the latter was less than that of the control
worms. Surprisingly, in comparison with the daf-16 mutant, the daf-2;
daf-16 double mutant exhibited an increased survival rate. This
compelling evidence caused the authors to speculate on the existence of
an extra downstream target, parallel to the already described DAF- 16.
In agreement with these results, Chen et al. (2010) showed that
reduction of DAF-2 insulin-like receptor function conferred C. elegans
Cry5B and Cry21A resistance, and the daf-2; daf-16 double mutant was
more resistant than the daf-16 mutant or the wild-type in response to
either Cry protein. Interestingly, the authors pointed out that the
cellular defense against B. thuringiensis proteins might in part depend
on a novel IIS output, namely, the WW domain Protein 1 (WWP-1),
since the lack of this protein led to Cry5B hypersensitivity. Hence, the
IIS pathway involved in B. thuringiensis defense will be composed of
DAF-2, which exerts antagonist action on two downstream targets:
DAF-16, and the newly described WWP-1. Later, another study
confirmed the activation of DAF-16 in response to B. thuringiensis
spore-crystal mixture in C. elegans; in fact, increased levels of DAF-16
were correlated with higher survival rate and reduced feeding activity
(Wang et al, 2012). Furthermore, a proteomic analysis after
challenging C. elegans with Cry6Aa showed that proteins participating
in innate immune defense and IIS pathway were altered. In agreement
with previous results from exposure of worms to Cry5B, the daf-2
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mutant exhibited greater longevity than the wild-type, the daf-16
mutant, or the daf-2; daf-16 double mutant. This finding suggests that
the IIS pathway is also part of the defense response to Cry6Aa in C.
elegans (Wang et al., 2012).

The role of the IIS pathway in response to B. thuringiensis
intoxication was also studied in the lepidopteran Maruca vitrata (Al
Baki et al., 2020). These authors observed that a reduction in the gene
expression of different components of the IIS pathway by dsRNA
enhanced the insecticidal activity of B. thuringiensis kurstaki (spores)
in laboratory and field conditions. These authors also suggested that the
strategy (dsSRNA 1 B. thuringiensis) might be useful for delaying
resistance against B. thuringiensis in M. vitrata (Al Baki et al, 2020).

REPAT proteins

REPATSs (from REsponse to PAThogens) are glycoproteins
with around a 15-kDa molecular size, typically differentially expressed
in midgut cells after a B. thuringiensis protein challenge. They were first
observed upregulated in S. exigua after Cryl1C intoxication (Herrero et
al., 2007). Later, several REPAT family members were constitutively
upregulated in a B. thuringiensis-resistant S. exigua population
(Hernandez-Martinez et al., 2010), suggesting a correlation between
REPAT gene expression and resistance. Interestingly, a transcript with
homology to the S. exigua repat family was among the most
overexpressed UniTags in a H. virescens Vip3Aa-resistant strain
compared to the susceptible control (Ayra-Pardo et al., 2019).

Since the discovery of the first REPAT member, several new
members have been identified in Spodoptera spp., mainly in S. exigua
(Navarro-Cerrillo et al., 2013) and Spodoptera frugiperda (Machado et
al., 2016). The REPAT members were divided into two main groups
according to their conserved motifs: «REPAT proteins and BREPAT
proteins (Navarro-Cerrillo et al., 2013). According to this classification,
the corresponding arepat genes are mainly found in Spodoptera spp.
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and other closely related Noctuidae family members, such as Mamestra
spp. In contrast, the corresponding prepat genes have a large
representation among Lepidoptera (e.g., H. armigera or B. mori), and
homologs have been found in phylogenetically distant insects, such as
those in Diptera order (e.g., D. melanogaster) (Navarro-Cerrillo et al.,
2013).

Also, repat genes may play a role in insect response, as their
transcriptional patterns were altered after B. thuringiensis protein
exposure (Bel et al., 2013; Dhania et al., 2019; Herndndez-Martinez et
al., 2010, 2017; Navarro-Cerrillo et al., 2013); however, their functions
still remain unknown. Some REPAT members can form heterodimers,
as well as translocate into the nucleus (Navarro-Cerrillo et al., 2012).
Because of this and their homology to lepidopteran transcriptional
coactivators, it has been speculated that different REPAT protein
combinations could be linked to a variety of processes that involve
REPAT-mediated transcriptional coactivation (Navarro-Cerrillo et al.,
2012; Zhou et al,, 2016). Different REPAT proteins differ not only in
their expression pattern but also their subcellular localization
(Navarro-Cerrillo et al, 2012). Although the presence of a signal
peptide was predicted for all REPAT members, repat gene expression
in insect culture cells (Sf21) indicated that the targeting occurs in
certain cellular organelles (Herrero et al., 2007). Further research will
help to shed light on the precise role that these proteins play within the
insects’ defense mechanisms.

Immune responses

Immune responses are divided into two categories: innate and
adaptive. Innate responses are considered mainly nonspecific, lacking
immunological memory. In contrast, adaptive responses have been
associated exclusively with vertebrates due to the need of an antigen-
specific memory developed after a first encounter with the pathogen,
which allows the vertebrate to produce a faster and stronger immune
response following the second encounter. Therefore, it was assumed
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that insects rely exclusively on innate immune mechanisms, which were
thought to be identical after a repeated challenge with the same
stimulus. However, to date there is enough supporting evidence that
demonstrates that most invertebrates, including insects, have the ability
to produce a stronger immune response as a consequence of a previous
exposure to a determined stress condition, known as immune priming
(reviewed in references Contreras-Garduio et al., 2016; Milutinovié et
al., 2016). Notably, this new research area remains somewhat
controversial, since some studies have found such response to be non-
specific under certain effectors (such as mild stressors, e.g., thermal
shock) (Le Bourg et al., 2009; Browne et al., 2014). Thus, the specificity
of the response against B. thuringiensis and/or its proteins in different
insects species needs to be further studied and clarified. In the
subsequent sections of this review, we will focus on the studies where
an encounter with B. thuringiensis and/or its proteins has caused either
an innate or an immune priming response (Figure 44). Furthermore, it
is also important to stress that some of the reported studies analyze the
host immune responses via cuticular injection, and this is not how the
intoxication/infection naturally occurs. Therefore, the immune
response observed might not be relevant in natural infections.
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Innate Responses

Once the midgut epithelium and the basal lamina are disrupted
by the toxic action of B. thuringiensis proteins, bacteria residing in the
host midgut can reach the hemolymph, causing septicemia and
eventually host death (Caccia et al., 2016). However, insects have
evolved different defense responses to cope with pathogen attack
coming from their midgut. In general, these defense responses have
been classified as humoral or cellular responses, though it is important
to highlight that both responses are interlinked in many aspects.

Cellular response. Traditionally, the insect cellular response
includes phagocytosis, nodulation, and encapsulation (Kavanagh and
Reeves, 2004; Lundgren and Jurat-Fuentes, 2012). The nodulation or
encapsulation processes usually start within the first minutes after
pathogen entry in the hemolymph. The nodulation process is elicited
by small structures (such as bacteria or fungi), which are entrapped by
hemocyte clusters (Dunn, 1986; Jiang et al., 2010; Satyavathi et al., 2014;
Dubovskiy et al., 2016). In contrast, the encapsulation process con- sists
of capsule formation by overlapping hemocyte layers around large
structures such as nematodes, eggs, and larvae, which cannot be
phagocytized (Kavanagh and Reeves, 2004; Dubovskiy et al., 2016).

It is noteworthy that much research concerning the innate
immune response against microbial pathogens, including B.
thuringiensis, has been performed in the model organism G. mellonella
(Kavanagh and Reeves, 2004, Dubovskiy et al., 2016). Dubovskiy et al.
(2008) showed that injecting a spore and crystal mixture from B.
thuringiensis (at LCys, the lethal concentration causing a 15% mortality)
into the G. mellonella hemolymph increased phagocytic activity and the
encapsulation rates. Similar results were observed when sublethal
concentrations (LC,;) of a spore and crystal mixture from B.
thuringiensis were administered by oral intoxication (Grizanova et al.,
2014). In contrast, the same study showed that greater B. thuringiensis
concentrations (LCsy) decreased the encapsulation and phagocytosis
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response. Therefore, the G. mellonella cellular response against B.
thuringiensis was dose dependent (Grizanova et al., 2014).

Silencing of the immune gene 102 Sl in S. littoralis triggered a
reduction in the nodulation response after exposure to sublethal
concentrations of either a B. thuringiensis biopesticide (Xentari) or
Cry1C, decreasing larval survival (Caccia et al., 2016). However, neither
hemocyte phagocytic activity nor the humoral antimicrobial responses
were altered. Also, the insecticidal activity of Xentari on S. littoralis
larvae was enhanced when combined with bacteria expressing dsSRNA
to knock out the immune gene 102 SI (Caccia et al., 2020).

Humoral response. The humoral response involves pathways
such as the activation of both prophenoloxidase (ProPO) and reactive
oxygen species, as well as soluble pep- tide production, which can kill,
or at least stop, pathogen growth, besides acting as immunomodulators
(Easton et al., 2009; Eleftherianos et al., 2013). Several studies have been
carried out in different hosts to determine whether humoral responses
are important in defense against the toxic effects of B. thuringiensis.
Here, we will review the works studying the role of ProPO pathway and
the production of antimicrobial peptides (AMPs) in response to B.
thuringiensis intoxication.

The prophenoloxidase-activated system (ProPO-AS) is a
complex enzyme-cascade reaction system associated with the insect
immune defense induced by exogenous stimuli (Nappi and
Christensen, 2005). The ProPO is activated to phenoloxidase (PO)
mainly by serine proteases and is responsible for initiating the
biosynthesis of quinones to melanin (Ashida and Dohke, 1980; Bidla et
al., 2009). For this reason, the expression levels of some components of
this cascade and enzyme activity levels of PO have been usually
employed as markers for immune activation after exposure to B.
thuringiensis and/or its proteins. Some studies have shown an increase
in the transcripts of any of the effectors in this system or in PO enzyme
activity (Bel et al., 2013; Wu and Yi, 2018; Lin et al., 2020; Contreras et
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al., 2013; Valadez-Lira et al., 2012; Ferro et al., 2019; Sulek et al., 2019),
whereas other studies have found the contrary or no effect (Lin et al,,
2020; Valadez-Lira et al., 2012; Li et al., 2018). The high variability
observed depending on the species, larval stage, or doses employed, as
well as the time of exposure, make it difficult to draw conclusions,
although an early activation of this route as a response after exposure
has been observed. In the same way, high expression or activity levels
of PO could be correlated with resistance to some extent (Ma et al,,
2005; Rahman et al., 2004; Ma et al., 2005; Liu et al., 2019; Shabbir et al.,
2020) but not in other cases (Rahman et al., 2007; Candas et al., 2003;
Wang et al., 2007; Gassmann et al., 2009). Therefore, the implication of
the ProPO-AS as a response mechanism to defend the insects against
B. thuringiensis and its proteins, and the relation with the appearance
of resistance should be studied in a deeper way.

AMPs are mainly produced in the fat body (humoral response)
and, to a lesser extent, in other somatic cells (local defenses)
(Hoffmann, 1995; Lavine and Strand, 2001; Govind, 2008). Since the
discovery of the first insect AMP (Steiner et al., 1981), many AMPs have
been identified and described as highly pathogen specific. Studies have
been done to extend the knowledge of AMP diversity expressed in the
larval midgut, as well as to unravel their specific activity in the midgut
immune response during a B. thuringiensis challenge (Lin et al., 2020;
Crava et al., 2015). A correlation between the humoral response and B.
thuringiensis resistance in G. mellonella was reported for the first time
by Dubovskiy et al. (2016). The resistance to B. thuringiensis spore-
crystal mixture was mainly due to antimicrobial factor secretion when
comparing the defense mechanism between resistant and susceptible
insects. In another study, silencing of one AMP gene, gloverin,
increased S. exigua susceptibility to the bacterium B. thuringiensis,
supporting the importance of AMPs in defense against bacteria (Hwang
and Kim, 2011).

Results from transcriptional assays showed that several AMPs
were overexpressed in different tissues after B. thuringiensis challenge.
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In the S. exigua midgut, different transcripts coding for diapausins,
spodoptericin, lebocin 1, moricin, cobatoxin A, or gloverin were
upregulated after exposure to sublethal concentrations of CrylCa,
Vip3Aa, or Vip3Ca (Bel et al.,, 2013; Hernandez-Martinez et al., 2017;
Crava et al., 2015). Further research is needed to understand how
exposure to B. thuringiensis proteins can activate an AMP response. To
date, two possible mechanisms have been proposed to explain this
phenomenon: (i) B. thuringiensis proteins release damage-associated
endogenous pattern molecules (DAMPs), when disrupting the gut cells,
that sense the presence of specific pathogens and trigger an immune
response, or (ii) B. thuringiensis proteins themselves are interpreted as
“danger molecules” by the innate immune system of the host (Tetreau,
2018). In agreement with the first argument, Crava et al. (2015)
reported that the local immune response observed in S. exigua was only
triggered after ingestion of Vip3Aa or CrylCa but not after ingestion of
WKG6 Escherichia coli lysate. The authors concluded that bacterial
peptidoglycans and/or lipopolysaccharides which can be possibly
present in the lysates containing the toxins were not affecting the
immune status of the larvae. In B. mori hemocytes, significant
upregulation of transcripts coding for gloverin, moricin, lebocin, and
attacin were found when heat-killed B. thuringiensis suspension cells
were injected into the larval hemocoel (Wu and Yi, 2018). Similarly,
three different transcripts coding for defensins were upregulated in T.
castaneum larvae injected with heat-killed B. thuringiensis bacteria
(Tonk et al., 2015). Remarkably, downregulation of P. xylostella genes
encoding cecropins, moricins, and gloverins was observed after B.
thuringiensis treatment (feeding bacteria at LC50) (Li et al., 2018).
Reduced antimicrobial peptides expression in response to pathogens
has scarcely been reported (Nielsen-LeRoux et al., 2012; Khattar et al.,
2009; Xu et al., 2017), and it is hypothesized that this response could be
triggered by secondary metabolites to benefit bacterial survival and
infection.

Cross talk between cellular and humoral responses. Although
cellular and humoral responses have different action mechanisms, they
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are tightly interconnected. These two defense systems work together to
produce melanin, a compound toxic against extracellular pathogens in
the hemolymph (Soderhéll and Ajaxon, 1982; Leger et al., 1988). In fact,
in the earlier steps of capsule/nodule formation (cellular response),
hemocyte degranulation occurs, destroying cells and releasing ProPO
(humoral response), which eventually leads to capsule/nodule
melanization due to melanin formation. In addition, cytotoxic
molecules like reactive oxygen or nitrogen species (ROS or RNS)
(humoral response) are also produced during melanogenesis (cellular
response). In turn, the reaction products generated lead to the
stimulation of other antimicrobial peptides (Bidla et al., 2009;
Dubovskiy et al., 2013).

Rahman et al. (2004) showed that a low level of resistance
(referred to as “tolerance” by the authors) to a B. thuringiensis product
in a Ephestia kuehniella laboratory strain was associated with an
inducible increase in the hemolymph melanization rate. Further studies
in E. kuehniella suggested that hemolymph melanization was correlated
with an elevated immune status, but it was not responsible for the B.
thuringiensis resistance (Rahman et al., 2007).

The apolipophorin III (apoLp-III) protein family has also been
implicated in different defense mechanisms, such as hemolymph
clotting, as well as humoral or cellular immune stimulation (Jiang et al.,
2010; Kim et al., 2004; Whitten et al., 2004; Zdybicka-Barabas and
Cytrynska, 2013). Furthermore, this protein activates the ProPO
cascade in Locusta migratoria and G. mellonella (Mullen and
Goldsworthy, 2003; Park et al., 2005). apoLp-III gene transcripts were
upregulated in T. castaneum upon oral intoxication using spore-crystal
mixtures from B. thuringiensis (Behrens et al., 2014; Contreras et al.,
2013). In the same line, an apolipophorin precursor was significantly
upregulated in a D. saccharalis Cryl Ab-resistant strain compared to a
susceptible strain (Guo et al., 2012), and apoLp-III transcripts were
detected in Cry3Aa-treated T. molitor larvae but not in nontreated
larvae (Oppert et al., 2012).
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Immune Priming

The appearance of immune priming after insect exposure to
either B. thuringiensis and/or its proteins has been described in many
studies. In an E. kuehniella laboratory strain, an increase in resistance
to a B. thuringiensis formulation correlated with an elevated immune
status caused by a first low-concentration exposure (Rahman et al,
2004). This priming effect has also been observed in G. mellonella with
a systemic infection of heat-killed B. thuringiensis by injection, which
led to a protective effect by extending the survival of subsequently
infected insects (Wu et al., 2014). Another study showed that the
priming with live B. thuringiensis allowed the insects to overcome a
lethal reinjection of the same pathogen but did not cause any change in
the response to other pathogens (Taszlow et al., 2017). Furthermore,
exposure of T. castaneum larvae to B. thuringiensis spores caused
extensive transcriptomic changes of immune-related genes in larvae
that had been primed with a culture supernatant of a B. thuringiensis
toxic strain, compared to non-primed larvae. Interestingly, larvae that
were orally primed with the supernatant of a nontoxic B. thuringiensis
strain showed only minor changes (Greenwood et al., 2017). It is worth
noting that, as reviewed by Milutinovic and Kurtz (2016), the induction
of a primed response may vary largely depending on the route of
infection used in the study (oral or injection) and is one of the main
reasons why not all studies can be extrapolated to different insect
species.

In addition, the results from two independent studies showed
that T. molitor immune priming development was dependent on the
bacterial type used for the challenge. Greater immune responses were
observed when T. molitor larvae were challenged with B. thuringiensis
than in larvae challenged with Gram-negative bacteria. The authors
suggested that this result can be related to the fact that Gram-positive
bacteria is the main pathogenic group against this coleopteran and may
have led to a specific coevolution of immune processes (Dhinaut et al.,
2018; Medina Gomez et al., 2018). This hypothesis was later proved by
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studies on T. castaneum primed with B. thuringiensis. In a first study,
insects were primed with different bacteria, and those challenged with
B. thuringiensis showed a stronger priming induction (Ferro et al.,
2019). The authors argued that the priming development and its
specificity might be related to the probability of pathogen encounter. A
latter study demonstrated that populations that were more susceptible
to B. thuringiensis infection produced a stronger priming response,
indicating a greater survival benefit (Khan et al., 2019). Although it is
true that immune priming offers certain protection to subsequent
infections in a species-specific manner (Cooper and Eleftherianos,
2017), it is metabolically costly to initiate and maintain. This fact
reinforces the idea that an immune priming response is more relevant
when a specific pathogen has a high probability of infecting the same
host (Sheehan et al., 2020).

Transgenerational Immune Priming

Several studies have shown that B. thuringiensis immune
priming can be transmitted to offspring, generally by both progenitors.
This phenomenon is called transgenerational immune priming (TGIP).
It was first proposed in E. kuehniella, in which the TGIP was due to
immune elicitor incorporation into the oocyte by an immune-induced
female. The elicitor could interact with embryonic tissues to induce the
neonate immune system (Rahman et al., 2004). In the case of T. molitor,
females primed with inactivated Gram-positive bacteria (Arthrobacter
globiformis or B. thuringiensis) resulted in increased antimicrobial
activity in eggs caused by tenecin-1, an AMP specific against Gram-
positive bacteria (Dubuffet et al., 2015). Although it was first proposed
that these antimicrobial substances were produced in the eggs and were
not directly provided by the mother (Dhinaut et al., 2018), a recent
study has demonstrated that, at least for this coleopteran, egg
protection essentially relies on the active transfer of peptides and
protein effectors from primed mothers to the offspring (Tetreau et al.,
2020). In addition, experimental evidence supported that these
offspring immune mechanisms triggered by a maternal challenge could
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be pathogen dependent, suggesting T. molitor-pathogen coevolution
(Dhinaut et al., 2018). Although less is known about the role of male
progenitors in the TGIP, recent reports demonstrate that seminal fluid
and spermatozoid transferred compounds that can contribute to
offspring protection in T. castaneum primed with B. thuringiensis (Roth
et al., 2010; Eggert et al., 2014). Similarly, Schulz et al. (2019) showed
that TGIP was transmitted by a paternal effect and that it persists for
multiple generations, with similar survival advantage in the second filial
generation compared to the first filial generation. Overall, the
development of insect transgenerational immune priming was
associated with certain pathways related to antimicrobial peptide
regulation, ProPO or vitellogenin, but the link between these and
transgenerational immune priming remains to be elucidated (Gourbal
etal., 2018).
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Final considerations

The benefits of B. thuringiensis based products, including Bt
crops, are continuously threatened by pest resistance evolution in the
field (Ferré and Van Rie, 2002; Jurat-Fuentes et al., 2021; Tabashnik and
Carriere, 2020). Indeed, resistance monitoring reports documented a
sustained loss of field control or increased resistance levels over time in
some Bt crop fields (Whitburn and Downes, 2009; Yang et al., 2019;
Tabashnik and Carriére, 2019; Reay-Jones et al., 2020). Therefore,
understanding the mechanisms developed by susceptible hosts to
counteract the detrimental effects of B. thuringiensis and its toxins can
help researchers to design better strategies to maintain the long-term
efficiency of B. thuringiensis-based products.

Many studies have reported that alterations in genes encoding
midgut proteases and toxin-binding molecules (surrogate receptors)
are important in B. thuringiensis resistance development (Ferré and
Van Rie, 2002; de Bortoli and Jurat-Fuentes, 2019; Jurat-Fuentes et al.,
2021). Mutations in either ABC transporters or cadherins confer the
highest levels of resistance to B. thuringiensis toxins (Gahan et al., 2001;
2010). However, the genetic basis of resistance in insects is far from
simple. Indeed, in some cases, resistance cannot be explained by
mutations or alterations in toxin-binding molecules, and it seems that
it is conferred by multiple mechanisms that can be under independent
genetic control (Table 4) (Lawrie et al., 2020 and Chapter 6 in this
thesis). As discussed in this review, other mechanisms, such as defense
responses, insect immunization, or midgut healing, are also involved in
contributing to resistance to B. thuringiensis and its toxins (Ma et al.,
2005a, 2005b; Hernandez-Martinez et al., 2010; Martinez-Ramirez et
al., 1999; Guo et al.,, 2015, 2020; Rahman et al, 2004) (Table 4).
Unfortunately, the role of these additional mechanisms has been often
overlooked as the development of genetic tools in insect pests has
lagged far behind model organisms such as Drosophila and also because
they all too often are associated with fitness costs. In recent years,
research on these mechanisms progressed substantially, and some

233



Chapter 7: Response mechanisms to Bt and its proteins

studies have shown that continued exposure to B. thuringiensis and its
toxins can lead to constitutive expression of defense responses without
incurring significant trade-offs (Guo et al., 2015; 2020). An in-depth
exploration of other host response mechanisms included in this review
will be necessary to test whether they may be involved in the evolution
of resistance in the long term. It is worth noting that the current picture
illustrating all the events contributing to the host defense against B.
thuringiensis and, even more important, their interplay, has still to be
completely elucidated. Therefore, a thorough understanding of the
intersections and cross talk between pathways triggered by B.
thuringiensis and its proteins are foremost objectives to address in the
coming years.
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General discussion

Since the first Bt-based commercial product was available in
1938, the use of Bt and its pesticidal proteins as a treatment against
various pests has increased, either as Bt formulates or Bt crops. As an
example, the hectares planted globally of Bt corn, cotton, and soybean
grew from 1.1 million in 1996 to 101 million in 2017 (ISAAA 2017).
There is no doubt that B. thuringiensis is by far the most widely used
and well-known microbial control agent among biotechnology-based
solutions at present. Although researchers have been working for many
years in deciphering how the proteins of this outstanding organism
behave in the midgut environment of insects, it is clear that it is far from
simple. Understanding the mode of action of pesticidal proteins from
Bt in detail is a key point to ensure their long-term use for many
reasons. It lets us know to some extent which, where, and why are the
different mechanisms altered in the development of resistance, and it
can allow us to combine Bt proteins with different modes of action to
maximize their effect. In the present thesis, we have deepen into these
interactions through different approaches.

In the first and second chapter we have focused on the
interactions that occur between Cry1 proteins themselves, and with the
ABC transporter C2 from the beet armyworm, S. exigua. Since this pest
is of great agricultural relevance, and is widely distributed around the
world, it is of high interest to understand how Cryl proteins interact
with the receptors from the midgut, since Bt-based products and Bt-
crops containing Cryl proteins are often used to control this pest. In
these two chapters, we chose an ex vivo approach, since the use of ex
vivo systems such as insect cell cultures or Brush Border Membrane
Vesicles (BBMV) preparations, can allow the researcher to understand
and deepen into specific interactions that sometimes can be overlooked
in other kinds of in vivo assays. To this end, an ovary-derived insect cell
line stably expressing the full length SeABCC2 (Sf21-FRA) was used,
and different binding assays with iodine-labelled Cry1A proteins as well
as cell viability assays were performed. We found that CrylA proteins
bind specifically and with high affinity to cells expressing the
transporter, and that its presence in the cells is sufficient to cause the
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toxicity of the different CrylA proteins tested. These results supported
the role of the ABCC2 of S. exigua as a functional receptor for CrylA
proteins, as observed in other pest species (Gahan et al., 2010; Ren et
al., 2016; Tanaka et al., 2013; Banerjee et al., 2017). Through both
chapters, the lack of competition of the CrylC protein, as well as the
lack of toxicity to HEK cells expressing the transporter, discarded the
ABCC2 as a receptor for this protein. These results indicate that Cry1C
might have a different binding site in the midgut of S. exigua, since it is
highly effective to control this pest.

Furthermore, an unusual phenomenon was observed in '*I-
CrylAa binding assays where low doses of the non-labelled CrylAa
used as competitor produced a stimulatory response, increasing the
total binding achieved by the '”I-CrylAa to the cells expressing the
transporter. Since higher doses of the competitor competed as usual,
the nature of the biphasic behavior was further characterized. The
stimulation at low doses was also observed in a more drastic way when
CrylAb, CrylAc or the hybrid H04 protein (which has the same
domains I and II as CrylAb/c, but domain III as Cry1C) were used as
competitors against '*I-CrylAa, but not with CrylC or the hybrid
H205 (with domains I and II from CrylC and domain III from
CrylAa). These results indicate the importance of a common sequence
of domain I to produce the stimulatory binding phase. Moreover, the
stimulation was present but to a lesser extent when using '*’I-CrylAc
and CrylAa as competitor. To reveal the nature of the agent causing the
stimulation phase, SDS-PAGE and autoradiographies of the pellets of
the competition assays were carried out. The molecular size along with
the intensity of the bands were used to determine that the oligomeric
form of the protein is responsible of the stimulatory response, and
pointed the ability of these proteins to form either homo- or hetero-
oligomers. To confirm it, we used two mutant versions of CrylAa and
CrylAb, with an amino acid substitution of Arg to Glu in position 99
of domain I that impedes oligomerization. The absence of any
stimulatory phase or oligomer-sized band in the autoradiographies
when using both mutants as competitors confirmed the ability of the
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wild-type proteins to homo- and hetero-oligomerize through domain
I, as well as to bind with higher affinities to the ABCC2 transporter.

Moreover, the toxicities observed with CrylAb and CrylAc
proteins to cells expressing the transporter as well as the competition
assays performed with '®I-CrylAc in the first chapter, led us to
conclude that these two proteins share a binding site that has very low
affinity for the CrylAa protein. The presence of this shared binding site
was further confirmed with the use of the hybrid H04, indicating that
domain IT of CrylAb/c is the domain with the highest affinity for this
site. Since Cryl Aa appeared to be less relevant in the binding to this site
but is toxic to cells expressing the transporter, we performed
competition experiments with both '*I-CrylAa and "*I-CrylAc using
CrylAa and the hybrid H205 as competitors. We could conclude that
CrylAa must have another binding site in the transporter that has a
high affinity for domain III of CrylAa. To this binding site the CrylAb
protein can also bind with high affinity, since it shares the same domain
III as CrylAa. Lastly, we observed through different combinations of
CrylA proteins in toxicity assays that the advantage obtained in
forming hetero-oligomers over homo-oligomers was not only
transferable to increased binding values, but also to higher toxicities
when using the appropriate ratios of proteins. Altogether, the first
chapter highlights the importance of the SeABCC2 as a multivalent
receptor for CrylA proteins, and the second chapter demonstrates the
ability to form hetero-oligomers by CrylA proteins, taking advantage
of this ability towards the multivalence of the transporter.

So far, it is evident that the ABCC2 transporter from S. exigua
and from other lepidopterans plays a relevant role in the binding and
toxicity of at least CrylA proteins, but few other members of this
transporter family have been studied. It is plausible that we are
currently missing many ABC transporters that could interact with
pesticidal proteins from B. thuringiensis, since up to now more than 400
ABC transporters have been described in arthropods (Dermauw and
Van Leeuwen, 2014). Thus, describing novel interactions between ABC
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transporters and pesticidal proteins is currently a major challenge in Bt
research. Besides ABCC2, few other ABC transporters have been
related with Bt proteins, some examples are the ABCBI from the leaf
beetle, Chrysomela tremulae, which was identified as a functional
receptor for Cry3Aa (Pauchet et al., 2016), the ABCA2 from the
lepidopterans H. armigera and B. mori which acts as receptor for Cry2A
proteins (Wang et al., 2017; Li et al., 2020), or the ABCC3 from .
exigua, S. litura, P. xylostella, H. armigera, and S. frugiperda which is
related to the action of Cryl Ac (Endo et al., 2017; Chen et al., 2015; Guo
et al., 2015; Wang et al., 2020; Jin et al., 2021). Interestingly, no other
ABC member (besides the HYABCC2) has been characterized in H.
virescens, in which ABC transporters were first related with B.
thuringiensis pesticidal proteins more than a decade ago (Gahan et al,,
2010).

In the third chapter of this thesis, we have performed a search
of other non-characterized ABC transporters in H. virescens to address
this gap of knowledge. We have identified and described two novel ABC
transporters, the HYABCC3 and HvABCC4. The phylogenetic analysis
together with the already described HVABCC2 for this species has
shown a high similarity between the HvABCC2 and the HVABCC3, as
recently observed for other species as H. armigera (Wang et al., 2020).
However, the HYABCC4 is a more distant protein according to the
amino acidic sequence. Based on the predicted models, both novel
transporters are formed by two transmembrane domains and six
regions facing the outer part of the membrane that correspond to the
extracellular loops. The functionality of both transporters as possible
receptors for Bt proteins was tested by performing CRISPR/Cas9
knock-outs of the HVABCC3 or HvABCC4 genes in H. virescens
individuals and by conducting bioassays with CrylAa, CrylAc and
Vip3Aa proteins. Preliminary results showed no reduction in toxicity
for both knock-out strains compared to the H. virescens colony used as
control for the three proteins tested here. However, lower mortalities in
both KO strains were recorded at the lowest concentration of CrylAc
tested, especially in the ABCC3-KO strain compared to the control
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colony, but the degree of significance has yet to be studied due to low
number of replicates in the bioassays. In addition, the correct knock-
out of the transporters in both strains remains to be confirmed by
mRNA sequencing of the genes. Since guide RNAs were designed in the
first exon of the gene, and there could be alternative open reading
frames, we must ensure that other functional versions of the
transporters are not being expressed. Therefore, the possible
implication of the novel ABC transporters with Bt proteins remains to
be studied more deeply. For now, it is known that the ABCC3 of S.
exigua, H. armigera and S. frugiperda shares functional redundancy
with the ABCC2 in the mode of action of CrylA proteins (Endo et al.,
2017; Wang et al., 2020; Jin et al., 2021) and plays a minor, secondary
role. To fully elucidate if this is also the case in H. virescens, further
experiments are needed such as performing an ABCC2-KO strain, as
well as double KO strains and assessing their binding abilities with
labelled proteins. Lastly, other ABC transporters besides the
HvABCC2, HvABCC3 and HvVABCC4 remain to be characterized on
H. virescens.

Besides studying the interaction between putative receptors
and Bt proteins and searching for not yet known receptors, we must
also seek to understand how and why some pest populations eventually
develop resistance to certain Bt proteins, since resistance is the main
threat to the long-term use of Bt crops or Bt-based biopesticides. It is
widely accepted that binding alteration is the main cause of resistance
to Bt proteins in crop pests, although other several mechanisms can
occur. Binding alterations may result for different reasons, such as
reduced gene expression of the membrane protein, deletions in the
sequence, or amino acidic mutations that impede the interaction
between the toxin and the receptor. For this, it is highly interesting to
characterize the functionality of receptors that have been found altered
in different resistant crop pests. There are many functional studies with
wild-type versions of ABC transporters using various techniques, such
as RNAI silencing, CRISPR knockout, or expression in an ex vivo
system, but few studies have characterized the functionality of mutated
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versions of ABC transporters from resistant pests. Furthermore, it was
proposed that the ATP-switch mechanism of ABC transporters (an
active conformational change of transmembrane domains by the
binding and hydrolysis of ATP that allows the translocation of
molecules) is necessary to correctly work as a receptor for Cry proteins
(Heckel, 2012). In the fourth chapter, we characterized the
functionality of a mutated version of the ABCC2 from an S. exigua
colony resistant to the Bt-based product Xentari™. The transporter
harbored a deletion in the nucleotide binding domain 2 (NBD2) that
was genetically linked to resistance, but functionality assays to
understand if this deletion was the cause of resistance were not carried
out (Park et al., 2014). For this reason, we used an ovary-derived insect
cell line expressing the truncated version of the transporter (Sf21-
XenR), as well as the cell line with the full version of the ABCC2 (S21-
FRA), previously used in chapters 1 and 2.

In addition to the NBD2 deletion, four amino acid
substitutions were identified, three of them in the intracellular NBDs
and one of them in an extracellular loop (ECL4). First characterizations
through western blot and immunostaining showed the correct
expression of the truncated transporter and its location on the cell
membrane of the Sf21-XenR cells, which indicated that the mutations
present on this transporter does not impede its presence in the
membrane. Then, cell viability assays with CrylAa, CrylAb and
CrylAc proteins were performed, both in the Sf21-XenR cell line and
Sf21 cells as a control. The three proteins tested were toxic against cells
expressing the truncated transporter, and to a highly similar level as to
the toxicity observed previously for the line expressing the full form of
the ABCC2 (Chapter 1). Furthermore, binding assays with *I-labelled
CrylAc revealed specific binding to the truncated transporter, and
similar dissociation constant (Kj) values to those found in the full-
length SeABCC2 form, after performing homologous competition
assays. Also, the CrylAb protein could partially compete for the
labelled CrylAc binding sites, but CrylAa could not. These results
confirm that the amino acid substitutions and the lack of part of the
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NBD2 do not impede the binding and, consequently toxicity, produced
by CrylA proteins in the truncated form of the ABCC2 of S. exigua.
Therefore, the results point out that the truncation of the transporter is
not the direct cause of resistance to the Xentari™ product in the S. exigua
colony studied here.

Another lepidopteran pest that currently causes a major impact
on agriculture is the Asian corn Borer, Ostrinia furnacalis, which feeds
largely on corn, but also sugarcane, pepper or cotton. The impact of
larvae from this species is felt from China to Australia, where it can
cause from 10 to 30% yield loss of corn grain each year (Wang et al.,
2000). A promising tool for its effective control is the use of Bt-corn,
which co-expresses Bt proteins to whom this species is susceptible to,
such as CrylAb/c or CrylF (ISAAA, 2014). Nevertheless, it is of high
interest to understand the mode of action of these Bt proteins in O.
furnacalis and possible mechanisms of resistance before they even
occur in the field. Through the fifth chapter, we have first analyzed the
binding parameters of a Bt-susceptible colony of O. furnacalis to
constitute a preliminary binding site model. For this purpose, binding
assays with '*I-labelled CrylAb and CrylAa, as well as non-labelled
CrylAa, CrylAb, CrylAc and CrylF were performed. From this assays,
we can conclude that there are at least two different binding sites in the
membrane of midgut cells that can be shared mainly by CrylAa and
CrylAb, but also to a lower extent with CrylAc. This model would
share certain similarities to that previously proposed for the
phylogenetically-close species O. nubilalis, the European corn borer, in
that CrylA proteins can bind to more than one site (Hernandez-
Rodriguez et al., 2013). Then, we analyzed a laboratory colony of
Ostrinia furnacalis that was selected for resistance to the CrylAb
protein. We assessed the appearance of cross-resistance by performing
bioassays with the CrylA and CrylF proteins in both colonies. With a
CrylAb-resistance of >700-fold, the analysis of cross-resistance showed
moderate-to-high cross-resistance to CrylAa (178-fold), but also to
CrylAcand CrylF (>192-fold for both) when compared with the values
obtained for the susceptible colony. Taking these data into account,
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understanding the mechanism that produces resistance, but also cross-
resistance to other proteins is a key step to allow the long-term use of
Bt-corn. Since the main mechanism for resistance is the alteration of
receptors from the membrane of midgut cells, we also performed
binding assays between the proteins tested in bioassays and BBMV
from the resistant colony. We observed a partial reduction in the
specific binding of CrylAb and CrylAa towards BBMV, which
indicates receptor alteration. The resistant colony would have one site
altered, causing a deficiency in binding of, at least, the CrylA proteins
tested here, and consequently reducing the toxicity of the proteins. In
regards to CrylF, the minimal differences observed are inconclusive
and we can just speculate that other resistance mechanisms may be
involved, and further research is needed to understand the levels of
cross-resistance observed for this protein. Still, it remains uncertain if
the alteration of this binding site is solely responsible for the resistance
levels observed here, and further studies identifying which is the altered
receptor, as well as the nature of the alteration itself are needed.

A current strategy to avoid, or at least delay the appearance of
resistance to Bt proteins in the field is the use of pyramided Bt crops
(Carriere et al., 2015). It is based on the co-expression of Bt proteins
that do not share their mode of action, generally Cry and Vip3 proteins,
thus hindering the development of resistance (Moar and Anilkumar,
2007). Still, the pyramided strategy has been used for several years and,
although the mode of action of Vip3 proteins is assumed to be different
to that of Cry proteins, it is not yet well known. In laboratory
conditions, resistance to Vip3A has been achieved in some
lepidopterans. These resistant colonies are used to characterize the
genetic or biochemical changes causing resistance and can also give us
a glimpse on the mode of action of these Bt proteins. In the sixth
chapter, we have explored the resistance to Vip3Aa in a >2,000-fold
resistant H. virescens laboratory colony. By labelling Vip3Aa with "I,
binding assays with BBMV from both, susceptible and resistant
colonies were performed. No significant alterations were observed in
binding parameters, and further ligand blotting confirmed the lack of
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differences in binding between both colonies. These initial results
indicate that the resistance towards Vip3Aa could be developed by
mechanisms other than altered binding sites. Lack of alteration of
binding sites in Vip3Aa-resistant colonies was also observed in H.
armigera (Chakroun et al., 2016) and it has been documented recently
in Mythimna separata (Quan et al., 2021). Despite the lack of
differences in binding, a major reduction of the alkaline phosphatase
(ALP) activity was detected in the midguts of the resistant colony.
Moreover, western blotting and RT-qPCR confirmed the reduction of
the amount of membrane ALP protein, as well as its reduction at a
transcriptional level. This reduction had already been evidenced,
although it went uncharacterized, in a transcriptomic study of the
resistant colony (Ayra-Pardo et al., 2019). To discard that ALP is
playing a role as receptor for Vip3Aa, the membrane ALP of H.
virescens was expressed in cultured insect cells (521 cells) and toxicity
assays with Vip3Aa were performed. The susceptibility of the cell line
expressing the membrane ALP was not significantly different from the
control cell line, supporting that the ALP is not acting as a functional
receptor for Vip3Aa in H. virescens. Although the alteration of ALP has
been correlated with resistance to Cryl proteins in different species,
such as H. virescens, H. zea, H. armigera, P. xylostella, S. frugiperda or
S. litura (Jurat-Fuentes and Adang, 2014; Caccia et al., 2012; Jurat-
Fuentes et al., 2011; Guo et al.,, 2015; Jakka et al., 2016; Gong et al,,
2015), it remains unclear if it is a functional receptor, or its alteration is
due to a physiological response to resistance. From this study, we can
rule out the membrane ALP as a receptor for Vip3Aa at least for H.
virescens, and point out that the appearance of resistance to Vip3A may
differ from the most common cases encountered with Cryl-resistant
strains, that is, the alteration of binding sites. To confirm it, further
studies with other Vip3A-resistant populations would be needed, as
well as deepening in the knowledge of other, less common resistance
mechanisms.

Currently, there is a large body of literature that has identified
many response mechanisms of insects to overcome the infection of Bt
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and its proteins, besides the alteration of receptors found in midgut
cells. Nevertheless, there is a need to gather all this research to highlight
it since many of it has been often overlooked. In the seventh and final
chapter of the thesis, we have performed an intensive search of all
known mechanisms that may contribute to the development of
resistance to a certain extent. For that, we have written a comprehensive
review that classifies these response mechanisms according to the step
of the mode of action of B. thuringiensis and its proteins that is
interfering with. We defined eight categories: (i) Ingestion, (ii) Crystal
solubilization, (iii) Activation, (iv) Toxin sequestration, (v) Gut
epithelium healing, (vi) Epithelium intrinsic cellular defense pathways,
(vii) REPAT proteins, and (viii) Immune responses and we have
discussed them and their interactions throughout the review. This piece
of work aims to illustrate all the known events contributing to the
defense of hosts against B. thuringiensis and its proteins, and seeks to
highlight how characterizing the cross-talk of these response
mechanisms will be one of the main objectives in the future of the Bt
research world. To conclude, the results obtained in this thesis can give
a better understanding of the interaction between insects, B.
thuringiensis, and its pesticidal proteins, which can be useful to ensure
the long-term use of this mighty organism.
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The ATP-Binding Cassette transporter subfamily C member 2
from Spodoptera exigua (SeABCC2) acts as a functional
receptor for CrylA proteins from Bacillus thuringiensis, but
not for the Cry1C protein.

The SeABCC2 has at least two binding sites for CrylA proteins.
The CrylAb and CrylAc proteins can bind to the main site
through their domain II, and CrylAa and CrylAb can bind to
the secondary, less relevant site through their domain III.

The Cry1A oligomer is the main state binding to the SeABCC2.
This structure allows higher levels of binding than the
monomer.

Cryl A proteins can hetero-oligomerize in the presence of the
transporter, increasing their binding to the SeABCC2 and the
toxicity in cells.

Two new ABC transporters have been characterized in
Heliothis virescens, the HvABCC3 and the HvABCCA4.
Preliminary data shows no major implication as receptors for
the main CrylA and Vip3Aa proteins.

The amino acid changes and the lack of part of the Nucleotide
Binding Domain II in the truncated SeABCC2 from a Bt
resistant strain of S. exigua do not affect its functionality as a
receptor for CrylA proteins. These data support that the ATP-
switch mechanism is not necessary for the receptor function.
CrylAb-resistance in O. furnacalis is due, at least in part, to the
alteration of some binding sites of CrylAb, and may be
responsible of the cross-resistance not only to other CrylA
proteins, but also to Cry1F.

The lack of binding alterations in a Vip3Aa-resistant strain of
H. virescens and the reduction of the expression of its
membrane-bound alkaline phosphatase suggests alternative
mechanisms that can confer resistance to Vip3A proteins in
this species.

The genetic basis of resistance to Bt in insects is highly
complex. The need to explore mechanisms beyond the
alteration of toxin-binding molecules has been highlighted.
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10. Other Bt resistance mechanisms, some of them often
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overlooked, such as defense responses, insect immunization, or
midgut healing, should be in the spotlight of Bt research in the
coming years to ensure its long-term use in agriculture.
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El transportador dependiente de ATP subfamilia C tipo 2 de
Spodoptera exigua (SeABCC2) actia como receptor funcional
de las proteinas CrylA de Bacillus thuringiensis, pero no para
la proteina CrylC.

El SeABCC2 tiene al menos dos sitios de uniéon para las
proteinas CrylA. Las proteinas CrylAb y CrylAc pueden unir
al sitio principal mediante su dominio ITy las proteinas CrylAa
y CrylAb pueden unir al sitio secundario, menos relevante,
mediante su dominio III.

El oligémero de proteinas CrylA es la conformacién principal
en la unién al SeABCC2. Esta conformacion permite alcanzar
mayores niveles de unién que los monémeros de las mismas
proteinas.

Las proteinas CrylA son capaces de hetero-oligomerizar en la
presencia del transportador, aumentando los niveles de unién
al SeABCC2 y de toxicidad a las células.

Dos nuevos transportadores dependientes de ATP subfamilia
C se han caracterizado en Heliothis virescens, el HYABCC3 y el
HvABCC4. Los datos preliminares no muestran una
implicaciéon relevante como receptores de proteinas CrylA o
Vip3Aa.

Los cambios aminoacidicos y la falta de parte del dominio de
unioén a nucleétidos II en la version truncada del SeABCC2 de
la cepa de S. exigua resistente a Bt, no afectan en su
funcionalidad como receptor para proteinas CrylA. Estos
datos apoyan que el mecanismo de transporte activo mediante
hidroélisis de ATP no es necesario para su funcionalidad como
receptor.

La resistencia a CrylAb en O. furnacalis se debe, al menos en
parte, a la alteracion de algunos sitios de uniéon de CrylAb, y
puede ser responsable de la resistencia cruzada no solo a otras
proteinas CrylA, sino también a CrylF.

La falta de alteraciones en la unién en una cepa de H. virescens
resistente a Vip3Aa y la reducciéon de la expresién de su
fosfatasa alcalina de membrana sugiere posibles mecanismos
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alternativos en el desarrollo de la resistencia a proteinas Vip3A
en esta especie.

La base genética de resistencia a Bt en insectos es altamente
compleja. Se ha destacado la necesidad de explorar
mecanismos mas alld de la alteracién de moléculas de union a
las toxinas.

Otros mecanismos de resistencia a Bt, algunos de ellos a
menudo pasados por alto, como las respuestas de defensa, la
inmunizacion de los insectos o la reparacion del intestino
medio, deben de estar en el punto de mira en la investigacion
de Bt en los proximos afos para garantizar su uso a largo plazo
en la agricultura.



REFERENCES






References

Abdelgaffar HM, Oppert C, Sun X, Monserrate J, Jurat-Fuentes JL. 2019. Differential
heliothine susceptibility to CrylAc associated with gut proteolytic activity. Pestic
Biochem Physiol 153:1-8. https://doi.org/10.1016/].pestbp.2018.10.001

Abdelkefi-Mesrati L, Rouis S, Sellami S, Jaoua S. 2009. Prays oleae midgut putative
receptor of Bacillus thuringiensis vegetative insecticidal protein Vip3LB differs from
that of CrylAc toxin. Mol Biol 43:15-19. http://dx.doi.org/10.1007/s12033-009-9178-
4

Adang MJ, Crickmore N, Jurat-Fuentes JL. 2014. Diversity of Bacillus thuringiensis
crystal toxins and mechanism of action, p 39-87. In Dhadialla TS, Gill SS (eds),
Advances in Insect Physiology, vol 47. Oxford: Academic Press, UK.

Adegawa S, Nakama Y, Endo H, Shinkawa N, Kikuta S, Sato R. 2017. The domain II
loops of Bacillus thuringiensis CrylAa form an overlapping interaction site for two
Bombyx mori larvae functional receptors, ABC transporter C2 and cadherin-like
receptor. Biochim Biophys Acta Protein Proteonomics 1865:220-231.
https://doi.org/10.1016/j.bbapap.2016.11.011

Al Baki A, Jung JK, Kim Y. 2020. Alteration of insulin signaling to control insect pest
by using transformed bacteria expressing dsRNA. Pest Manag Sci 76:1020-1030.
https://doi.org/10.1002/ps.5612

Alouf JE. 2003. Molecular features of the cytolytic pore-forming bacterial protein
toxins. Folia Microbiol (Praha) 48:5-16. https://doi.org/10.1007/BF02931271

Andrews RE, Bibilos MM, Bulla LA. 1985. Protease activation of the entomocidal
protoxin of Bacillus thuringiensis ssp. kurstaki. Appl Environ Microbiol 50: 737-742.

Andrusiak MG, Jin Y. 2016. Context specificity of stress-activated mitogen-activated
protein (MAP) kinase signaling: the story as told by Caenorhabditis elegans. ] Biol
Chem 291:7796-7804. https://doi.org/10.1074/jbc.R115.711101.

Angst BD, Marcozzi C, Magee Al 2001. The cadherin super-family. J Cell Sci
114:625-626.

Angus TA. 1954. A bacterial toxin paralyzing silkworm larvae. Nature 173:545-546.
https://doi.org/10.1038/173545a0

Aranda E, Sanchez J, Peferoen M, Giiereca L, Bravo A. 1996. Interactions of Bacillus
thuringiensis crystal proteins with the midgut epithelial cells of Spodoptera frugiperda
(Lepidoptera: Noctuidae). J Invertebr Pathol 68:203-212.
https://doi.org/10.1006/jipa.1996.0087

Arenas [, Bravo A, Soberén M, Gomez 1. 2010. Role of alkaline phosphatase from
Manduca sexta in the mechanism of action of Bacillus thuringiensis CrylAb toxin. J
Biol Che 285:12497-503. https://dx.doi.org/10.1074%2Fibc.M109.085266

Argdlo-Filho R, Loguercio L. 2014. Bacillus thuringiensis is an environmental
pathogen and host-specificity has developed as an adaptation to human-generated
ecological niches. Insects 5: 62-91. https://dx.doi.org/10.3390%2Finsects5010062

257



References

Aroian R, van der Goot F. 2007. Pore-forming toxins and cellular non-immune
defenses (CNIDs). Curr Opin Microbiol 10:57-61.
https://doi.org/10.1016/1.mib.2006.12.008

Ashida M, Dohke K. 1980. Activation of pro-phenol oxidase by the activating enzyme
of  the silkworm, Bombyx mori. Insect Biochem 10:37-47.
https://doi.org/10.1016/0020-1790(80)90036-0

Atsumi S, Miyamoto K, Yamamoto K, Narukawa J, Kawai S, Sezutsu H, Kobayashi I,
Uchiho K, Tamura T, Mita K, Kakodono-Okuda K, Wada S, Kanda K, Goldsmith MR,
Noda H. 2012. Single amino acid mutation in an ATP-binding cassette transporter gene
causes resistance to Bt toxin CrylAb in the silkworm, Bombyx mori. Proc Natl Acad
Sci USA 109:E1591-E1598. http://dx.doi.org/10.1073/pnas.1120698109

Ayra-Pardo C, Ochagavia ME, Raymond B, Gulzar A, Rodriguez-Cabrera L,
Rodriguez de la Nova C, Moran-Bertot I, Terauchi R, Yoshida K, Matsumura H,
Téllez-Rodriguez P, Hernandez Hernandez D, Borras-Hidalgo O, Wright DJ. 2019.
HT-SuperSAGE of the gut tissue of a Vip3Aa-resistant Heliothis virescens
(Lepidoptera: Noctuidae) strain provides insights into the basis of resistance. Insect Sci
26:479-498. http://dx.doi.org/10.1111/1744-7917.12535

Ballester V, Granero F, Tabashnik BE, Malvar T, Ferré J. 1999. Integrative model for
binding of Bacillus thuringiensis toxins in susceptible and resistant larvae of the
diamondback moth (Plutella xylostella). Appl Environ Microbiol 65:1413-1419.

Banerjee R, Hasler J, Meagher R, Nagoshi R, Hietala L, Huang F, Narva K, Jurat-
Fuentes JL. 2017. Mechanism and DNA-based detection of field-evolved resistance to
transgenic Bt corn in fall armyworm (Spodoptera frugiperda). Sci Rep 7:10877.
https://doi.org/10.1038/s41598-017-09866-y

Banks DJ, Jurat-Fuentes JL, Dean DH, Adang MJ. 2001. Bacillus thuringiensis Cryl Ac
and Cry1Fa delta-endotoxin binding to a novel 110 kDa aminopeptidase in Heliothis
virescens is not N-acetylgalactosamine mediated. Insect Biochem Mol Biol 31:909—
918. https://doi.org/10.1016/s0965-1748(01)00038-8

Barkhade UP, Thakare AS. 2010. Protease mediated resistance mechanism to CrylC
and Vip3A in Spodoptera litura. Egypt Acad J Biol Sci 3:43-50.
https://dx.doi.org/10.21608/eajbsa.2010.15188

Baxter SW, Zhao JZ, Gahan LJ, Shelton AM, Tabashnik BE, Heckel DG. 2005. Novel
genetic basis of field-evolved resistance to Bt toxins in Plutella xylostella. Insect Mol
Biol 14:327-34. https://doi.org/10.1111/1.1365-2583.2005.00563.x

Baxter SW, Badenes-Perez FR, Morrison A, Vogel H, Crickmore N, Kain W, Wang P,
Heckel DG, Jiggins CD. 2011. Parallel evolution of Bacillus thuringiensis toxin
resistance in Lepidoptera. Genetics 189:675-79.
https://doi.org/10.1534/genetics.111.130971

Beard CE, Court L, Boets A, Mourant R, Van Rie J, Akhurst RJ. 2008. Unusually high
frequency of genes encoding vegetative insecticidal proteins in an Australian Bacillus
thuringiensis collection. Curr Microbiol 57:195-199.
http://dx.doi.org/10.1007/s00284-008-9173-1

258



References

Bedoya-Pérez LP, Cancino-Rodezno A, Flores-Escobar B, Soberon M, Bravo A. 2013.
Role of UPR pathway in defense response of Aedes aegypti against Cry11Aa toxin from
Bacillus thuringiensis. Int J Mol Sci 14:8467-8478.
https://doi.org/10.3390/ijms 14048467

Behrens S, Peuss R, Milutinovi¢ B, Eggert H, Esser D, Rosenstiel P, Schulenburg H,
Bornberg-Bauer E, Kurtz J. 2014. Infection routes matter in population-specific
responses of the red flour beetle to the entomopathogen Bacillus thuringiensis. BMC
Genomics 15:445. https://doi.org/10.1186/1471-2164-15-445

Bel Y, Jakubowska AK, Costa J, Herrero S, Escriche B. 2013. Comprehensive analysis
of gene expression profiles of the beet armyworm Spodoptera exigua larvae challenged
with  Bacillus  thuringiensis ~ Vip3Aa  toxin. PLoS One  8:¢81927.
https://doi.org/10.1371/journal.pone.0081927

Bel Y, Banyuls N, Chakroun M, Escriche B, Ferré¢ J. 2017. Insights into the structure
of the Vip3Aa insecticidal protein by protease digestion analysis. Toxins 9:131
https://doi.org/10.3390/toxins904013 1

Bellier A, Chen CS, Kao CY, Cinar HN, Aroian RV. 2009. Hypoxia and the hypoxic
response pathway protect against pore-forming toxins in C. elegans. PLoS Pathog

5:e1000689. https://doi.org/10.1371/journal.ppat. 1000689

Berdegué¢ M, Trumble JT, Moar WJ. 1996. Effect of CrylC toxin from Bacillus
thuringiensis on larval feeding behavior of Spodoptera exigua. Entomol Exp Appl
80:389—401. https://doi.org/10.1111/1.1570-7458.1996.tb00951.x

Berliner E. 1911. Uber die Schlaffsucht der Mehlmottenraupe, Z. Ges Getreidew. 3:63—
70.

Berliner E. 1915. Uber die Schlaffsucht der Mehlmottenraupe (Ephestia Kuehniella,
Zell.) und ihren Erreger Bacillus thuringiensis, n. sp. Z Angew Entomol 2:29-56.
https://doi.org/10.1111/j.1439-0418.1915.tb00334.x

Bernardi O, Bernardi D, Horikoshi RJ, Okuma DM, Miraldo LL, Fatoretto J, Medeiros
FC, Burd T, Omoto C. 2016. Selection and characterization of resistance to the
Vip3Aa20 protein from Bacillus thuringiensis in Spodoptera frugiperda. Pest Manag
Sci 72:794—-1802. http://dx.doi.org/10.1002/ps.4223

Bhuin T, Roy JK. 2014. Rab proteins: the key regulators of intracellular vesicle
transport. Exp Cell Res 328:1-19. https://doi.org/10.1016/j.yexcr.2014.07.027

Bidla G, Hauling T, Dushay MS, Theopold U. 2009. Activation of insect phenoloxidase
after injury: endogenous versus foreign elicitors. J Innate Immun 1:301-308.
https://doi.org/10.1159/000168009

Bietlot HP, Carey RR, Choma C, Kaplan H, Lessard T, Pozsgay M. 1989. Facile
preparation and characterization of the toxin from Bacillus thuringiensis var. kurstaki.
Biochem J 260: 87-91.

259



References

Bilbo TR, Reay-Jones FPF, Reisig DD, Greene JK, Turnbull MW. 2019. Development,
survival, and feeding behavior of Helicoverpa zea (Lepidoptera: Noctuidae) relative to
Bt protein concentrations in corn ear tissues. PLoS One 14:¢0221343.
https://doi.org/10.1371/journal.pone.0221343

Bischof LJ, Kao CY, Los FCO, Gonzalez MR, Shen Z, Briggs SP, van der Goot FG,
Aroian RV. 2008. Activation of the unfolded protein response is required for defenses
against bacterial pore-forming toxin in vivo. PLoS Pathog 4:¢1000176.
https://doi.org/10.1371/journal.ppat. 1000176

Bischofberger M, Gonzalez MR, van der Goot FG. 2009. Membrane injury by pore-
forming proteins. Curr. Opin Cell Biol 21:589-595.
https://doi.org/10.1016/j.ceb.2009.04.003

Blackburn MB, Loeb MJ, Clark E, Jaffe H. 2004. Stimulation of midgut stem cell
proliferation by Manduca sexta o-arylphorin. Arch Insect Biochem Physiol 55:26-32.
https://doi.org/10.1002/arch.10119

Boaventura D, Ulrich J, Lueke B, Bolzan A, Okuma D, Gutbrod O, Geibel S, Zeng Q,
Dourado PM, Martinelli S, Flagel L, Head G, Nauen R. 2020. Molecular
characterization of CrylF resistance in fall armyworm, Spodoptera frugiperda from
Brazil. Insect Biochem Mol Biol 116:103280.
https://doi.org/10.1016/1.ibmb.2019.103280

Bowling RD, Higgins RA, Ahmad A, Wilde G. 2007. Feeding behavior and growth of
corn earworm (Lepidoptera: Noctuidae) larvae on Bacillus thuringiensis-treated (Dipel
4L) and untreated meridic diet. J Econ Entomol 100:1221-1228.
https://doi.org/10.1093/jee/100.4.1221

Bradford, MM. 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem
72:248-254. https://doi.org/10.1016/0003-2697(76)90527-3

Bradley D, Harkey MA, Kim MK, Biever KD, Bauer LS. 1995. The insecticidal CryIB
crystal protein of Bacillus thuringiensis ssp. thuringiensis has dual specificity to
Coleopteran and Lepidopteran larvae. J Invertebr Pathol 65:162-173.
https://doi.org/10.1006/jipa.1995.1024

Bravo A, Hendrickx K, Jansens S, Peferoen M. 1992. Immunocytochemical analysis
of specific binding of Bacillus thuringiensis insecticidal crystal proteins to lepidopteran
and coleopteran midgut membranes. J Invertebr Pathol 60:247-253.
https://doi.org/10.1016/0022-2011(92)90005-0O

Bravo A, Goémez I, Conde J, Mufioz-Garay C, Sanchez J, Miranda R, Zhuang M, Gill
SS, Soberén M. 2004. Oligomerization triggers binding of a Bacillus thuringiensis
CrylAb pore-forming toxin to aminopeptidase N receptor leading to insertion into
membrane microdomains. Biochim Biophys Acta 1667:38—46.
https://doi.org/10.1016/j.bbamem.2004.08.013

260



References

Bravo A, Gill SS, Soberon M. 2007. Mode of action of Bacillus thuringiensis Cry and
Cyt toxins and their potential for insect control. Toxicon 49:423-435.
https://doi.org/10.1016/j.toxicon.2006.11.022

Bravo A, Likitvivatanavong S, Gill SS, Soberon M. 2011. Bacillus thuringiensis: a
story of a successful bioinsecticide. Insect Biochem Mol Biol 41:423-431.
https://doi.org/10.1016/j.ibmb.2011.02.006

Bretschneider A, Heckel DG, Pauchet Y. 2016. Three toxins, two receptors, one
mechanism: mode of action of CrylA toxins from Bacillus thuringiensis in Heliothis
virescens. Insect Biochem Mol Biol 76:109-117.
https://doi.org/10.1016/j.ibmb.2016.07.008

Brito C, Cabanes D, Mesquita FS, Sousa S. 2019. Mechanisms protecting host cells
against bacterial pore-forming toxins. Cell Mol Life Sci 76:1319-1339.
https://doi.org/10.1007/s00018-018-2992-8

Madigan MT, Martinko JM, Parker J. 2005. Brock Biology of Microorganisms (11t
ed.). Upper Saddle River, NJ: Prentice Hall/Pearson Education.

Broderick NA, Robinson CJ, McMahon MD, Holt J, Handelsman J, Raffa KF. 2009.
Contributions of gut bacteria to Bacillus thuringiensis-induced mortality vary across a
range of Lepidoptera. BMC Biol 7:11. https://doi.org/10.1186/1741-7007-7-11

Broehan G, Kroeger T, Lorenzen M, Merzendorfer H. 2013. Functional analysis of the
ATP-binding cassette (ABC) transporter gene family of Tribolium castaneum. BMC
Genomics 14:6. https://doi.org/10.1186/1471-2164-14-6

Browne N, Surlis C, Kavanagh K. 2014. Thermal and physical stresses induce a short-
term immune priming eftect in Galleria mellonella larvae. J Insect Physiol 63:21-26.
https://doi.org/10.1016/].jinsphys.2014.02.006

Buchon N, Broderick NA, Lemaitre B. 2013. Gut homeostasis in a microbial world:
insights from Drosophila melanogaster. Nat Rev Microbiol 11:615-626.
https://doi.org/10.1038/nrmicro3074

Buchon N, Silverman N, Cherry S. 2014. Immunity in Drosophila melanogaster: from
microbial recognition to whole-organism physiology. Nat Rev Immunol 14:796-810.
https://doi.org/10.1038/nri3763

Buss DS, Callaghan A. 2008. Interaction of pesticides with P-glycoprotein and other
ABC proteins: a survey of the possible importance to insecticide, herbicide and
fungicide resistance. Pestic Biochem Physiol 90:141-153.
http://dx.doi.org/10.13140/RG.2.1.1721.8323

Byrne MJ, ladanza MG, Arribas Perez M, Maskell DP, George RM, Hesketh EL,
Beales PA, Zack MD, Berry C, Thompson RF. 2021. Cryo-EM structures of an
insecticidal Bt toxin reveal its mechanism of action on the membrane. Nat Comm
12:2791 https://doi.org/10.1038/s41467-021-23146-4

Caccia S, Astarita F, Barra E, Di Lelio I, Varricchio P, Pennacchio F. 2020.
Enhancement of Bacillus thuringiensis toxicity by feeding Spodoptera littoralis larvae

261



References

with bacteria expressing immune suppressive dsRNA. J Pest Sci 93:303-314.
https://doi.org/10.1007/s10340-019-01140-6

Caccia S, Moar WJ, Chandrashekhar J, Oppert C, Anilkumar KJ, Jurat-Fuentes JL,
Ferré J. 2012. Association of Cryl Ac toxin resistance in Helicoverpa zea (Boddie) with
increased alkaline phosphatase levels in the midgut lumen. Appl Environ Microbiol
78:5690-5698. https://doi.org/10.1128/AEM.00523-12

Caccia S, Chakroun M, Vinokurov K, Ferré J. 2014. Proteolytic processing of Bacillus
thuringiensis Vip3A proteins by two Spodoptera species. J Insect Physiol 67:76-84.
https://doi.org/10.1016/].jinsphys.2014.06.008

Caccia S, Di Lelio I, La Storia A, Marinelli A, Varricchio P, Franzetti E, Banyuls N,
Tettamanti G, Casartelli M, Giordana B, Ferré J, Gigliotti S, Ercolini D, Pennacchio F.
2016. Midgut microbiota and host immunocompetence underlie Bacillus thuringiensis
killing mechanism. Proc Natl Acad Sci U S A 113:9486-9491.
https://doi.org/10.1073/pnas. 1521741113

Caccia S, Casartelli M, Tettamanti G. 2019. The amazing complexity of insect midgut
cells: types, peculiarities, and functions. Cell Tissue Res 377:505-525.
https://doi.org/10.1007/s00441-019-03076-w

Cadot C, Tran SL, Vignaud ML, De Buyser ML, Kolsto AB, Brisabois A, Nguyen-The
C, Lereclus D, Guinebretiere MH, Ramarao N. 2010. InhA1l, NprA and HlylI as
candidates to differentiate pathogenic from non-pathogenic Bacillus cereus strains. J
Clin Microbiol 48:1358-1365. http://dx.doi.org/10.1128/JCM.02123-09

Callus BA, Mathey-Prevot B. 2002. SOCS36E, a novel Drosophila SOCS protein,
suppresses JAK/STAT and EGF-R signalling in the imaginal wing disc. Oncogene
21:4812-4821. https://doi.org/10.1038/sj.onc.1205618

Cancino-Rodezno A, Porta H, Soberéon M, Bravo A. 2010. Defense and death responses
to pore forming toxins. Biotechnol Genet Eng Rev  26:65-82.
https://doi.org/10.5661/bger-26-65

Cancino-Rodezno A, Alexander C, Villasefior R, Pacheco S, Porta H, Pauchet Y,
Soberon M, Gill SS, Bravo A. 2010. The mitogen-activated protein kinase p38 is
involved in insect defense against Cry toxins from Bacillus thuringiensis. Insect
Biochem Mol Biol 40:58-63. https://doi.org/10.1016/].ibmb.2009.12.010

Candas M, Loseva O, Oppert B, Kosaraju P, Bulla LA. 2003. Insect resistance to
Bacillus thuringiensis: alterations in the Indianmeal moth larval gut proteome. Mol Cell
Proteomics 2:19-28. https://doi.org/10.1074/mcp.m200069-mcp200

Canton PE, Cancino-Rodezno A, Gill SS, Soberén M, Bravo A. 2015. Transcriptional
cellular responses in midgut tissue of Aedes aegypti larvae following intoxication with
CryllAa toxin from Bacillus thuringiensis. BMC Genomics 16:1042.
https://doi.org/10.1186/s12864-015-2240-7

Carmona D, Rodriguez-Almazan C, Muiloz-Garay C, Portugal L, Pérez C, de Maagd
RA, Bakker P, Soberéon M, Bravo A. 2011. Dominant negative phenotype of Bacillus
thuringiensis CrylAb, CryllAa and Cry4Ba mutants suggest hetero-oligomer

262



References

formation among different Cry toxins. PLoS One 6:19952
https://doi.org/10.1371/journal.pone.0019952

Carriere Y, Crickmore N, Tabashnik BE. 2015. Optimizing pyramided transgenic Bt
crops for sustainable pest management. Nat Biotechnol 33:161-168.
http://dx.doi.org/10.1038/nbt.3099

Carriere Y, Williams JL, Crowder DW, Tabashnik BE. 2018. Genotype-specific fitness
cost of resistance to Bt toxin CrylAc in pink bollworm. Pest Manag Sci 74:2496-503
https://doi.org/10.1002/ps.4928

Castagnola A, Jurat-Fuentes JL. 2016. Intestinal regeneration as an insect resistance
mechanism to entomopathogenic bacteria. Curr Opin Insect Sci 15:104-110.
https://doi.org/10.1016/j.c0is.2016.04.008

Castagnola A, Jackson J, Perera OP, Oppert C, Eda S, Jurat-Fuentes JL. 2017. Alpha-
arylphorin is a mitogen in the Heliothis virescens midgut cell secretome upon CrylAc
intoxication. Peer] 5:¢3886. https://doi.org/10.7717/peerj.3886

Cavalli V, Vilbois F, Corti M, Marcote MJ, Tamura K, Karin M, Arkinstall S,
Gruenberg J. 2001. The stress-induced MAP kinase p38 regulates endocytic trafficking
via the GDI: Rab5 complex. Mol Cell 7:421-432. https://doi.org/10.1016/s1097-

2765(01)00189-7

Chakrabarti SK, Mandaokar AD, Kumar PA, Sharma RP. 1998. Synergistic effect of
CrylAc and CrylF delta-endotoxins of Bacillus thuringiensis on cotton bollworm,
Helicoverpa armigera. Curr Sci 75:663—664 https://www.jstor.org/stable/24101702

Chakrabarty S, Jin M, Wu C, Chakraborty P, Xiao Y. 2020. Bacillus thuringiensis
vegetative insecticidal protein family Vip3A and mode of action against pest
Lepidoptera. Pest Manag Sci 76:1612—1617. https://doi.org/10.1002/ps.5804

Chakroun M, Ferré¢ J. 2014. In vivo and in vitro binding of Vip3Aa to Spodoptera
frugiperda midgut and characterization of binding sites by 2 radiolabeling. Appl
Environ Microbiol 80:6258-6265 https://dx.doi.org/10.1128%2FAEM.01521-14

Chakroun M, Bel Y, Caccia S, Abdelkefi-Mesrati L, Escriche B, Ferré¢ J. 2012.
Susceptibility of Spodoptera frugiperda and S. exigua to Bacillus thuringiensis. ]
Invertebr Pathol 110:334-339. https://doi.org/10.1016/].jip.2012.03.021

Chakroun M, Banyuls N, Walsh T, Downes S, James B, Ferré J. 2016. Characterization
of the resistance to Vip3Aa in Helicoverpa armigera from Australia and the role of
midgut processing and receptor binding. Sci Rep 6:24311.
http://dx.doi.org/10.1038/srep24311

Chattopadhyay A, Bhatnagar NB, Bhatnagar R. 2004. Bacterial insecticidal toxins. Crit
Rev Microbiol 30:33-54. https://doi.org/10.1080/10408410490270712

Chauhan VK, Dhania NK, Chaitanya RK, Senthilkumaran B, Dutta-Gupta A. 2017.
Larval midgut responses to sub-lethal dose of Cry toxin in lepidopteran pest Achaea
janata. Front Physiol 8:662. https://doi.org/10.3389/fphys.2017.00662

263



References

Chen Y, Zychlinsky A. 1994. Apoptosis induced by bacterial pathogens. Microb
Pathog 17:203-212. https://doi.org/10.1006/mpat.1994.1066

Chen CS, Bellier A, Kao CY, Yang YL, Chen HD, Los FCO, Aroian RV. 2010. WWP-
1 is a novel modulator of the DAF-2 insulin-like signaling network involved in pore-
forming toxin cellular defenses in Caenorhabditis elegans. PLoS One 5:¢9494.
https://doi.org/10.1371/journal.pone.0009494

ChenY, LiM, Islam I, You L, Wang Y, Li Z, Ling L, Zeng B, Xu J, Huang Y, Tan A.
2014. Allelic-specific expression in relation to Bombyx mori resistance to Bt toxin.
Insect Biochem Mol Biol. 54:53—60. http://dx.doi.org/10.1016/].ibmb.2014.07.007

Chen Z, Fei H, Xiao Y, Liu C, Li J, Yang Y, Ai H, Peng J, Hong H, Liu K. 2015.
Endogenous expression of a Bt toxin receptor in the Cry1 Ac-susceptible insect cell line
and its synergistic effect with cadherin on cytotoxicity of activated CrylAc. Insect
Biochem Mol Biol 59:1-17 https://doi.org/10.1016/1.ibmb.2015.01.014

Chen HD, Kao CY, Liu BY, Huang SW, Kuo CJ, Ruan JW, Lin YH, Huang CR, Chen
YH, Wang HD, Aroian RV, Chen CS. 2017. HLH-30/TFEB-mediated autophagy
functions in a cell-autonomous manner for epithelium intrinsic cellular defense against
bacterial pore-forming toxin in Caenorhabditis elegans. Autophagy 13:371-385.
https://doi.org/10.1080/15548627.2016.1256933

Chung H, Kasper DL. 2010. Microbiota-stimulated immune mechanisms to maintain
gut homeostasis. Curr Opin Immunol 22:455-460.
https://doi.org/10.1016/7.c0i1.2010.06.008

Coates BS, Sumerford DV, Siegfried BD, Hellmich RL, Abel CA. 2013. Unlinked
genetic loci control the reduced transcription of aminopeptidase N 1 and 3 in the
European corn borer and determine tolerance to Bacillus thuringiensis Cry1Ab toxin.
Insect Biochem Mol Biol 43:1152-1160. http://dx.doi.org/10.1016/j.ibmb.2013.09.003

Contreras E, Rausell C, Real MD. 2013. Tribolium castaneum Apolipophorin-III acts
as an immune response protein against Bacillus thuringiensis Cry3Ba toxic activity. J
Invertebr Pathol 113:209-213. https://doi.org/10.1016/].jip.2013.04.002

Contreras-Garduiio J, Lanz-Mendoza H, Franco B, Nava A, Pedraza-Reyes M,
Canales-Lazcano J. 2016. Insect immune priming: ecology and experimental
evidences. Ecol Entomol 41:351-366. https://doi.org/10.1111/een.12300

Cooper D, Eleftherianos 1. 2017. Memory and specificity in the insect immune system:
current  perspectives and  future challenges. Front Immunol  8:539.

https://doi.org/10.3389/fimmu.2017.00539

Cramton SE, Laski FA. 1994. String of pearls encodes Drosophila ribosomal protein
S2, has minute-like characteristics, and is required during oogenesis. Genetics
137:1039-1048

Crava CM, Jakubowska AK, Escriche B, Herrero S, Bel Y. 2015. Dissimilar regulation
of antimicrobial proteins in the midgut of Spodoptera exigua larvae challenged with
Bacillus  thuringiensis toxins or baculovirus. PLoS One 10:¢0125991-25.
https://doi.org/10.1371/journal.pone.0125991

264



References

Crickmore N, Zeigler DR, Feitelson J, Schnepf E, Van Rie J, Lereclus D, Baum J, Dean
DH. 1998. Revision of the nomenclature for the Bacillus thuringiensis pesticidal crystal
proteins. Microbiol Mol Biol Rev 62:807—813. https://doi.org/10.1128/mmbr.62.3.807-
813.1998

Crickmore N. 2006. Beyond the spore-past and future developments of Bacillus
thuringiensis ~as a  biopesticide. J Appl Microbiol 101:616-619.
https://doi.org/10.1111/7.1365-2672.2006.02936.x

Crickmore N, Berry C, Panneerselvam S, Mishra R, Connor TR, Bonning BC. 2020. A
structure-based nomenclature for Bacillus thuringiensis and other bacteria-derived
pesticidal proteins. J Invertebr Pathol 107438.
https://doi.org/10.1016/].jip.2020.107438

Cytrynska M, Wojda I, Jakubowicz T. 2016. How insects combat infections, p. 117—
128. In Lessons in immunity. Academic Press, Inc, New York, NY.

De Barjac H, Lemille F. 1970. Presence of Flagellar antigenic subfactors in Serotype 3
of Bacillus thuringiensis. ] Invertebr Pathol 15:139-140.

De Bortoli CP, Banerjee R, Huang F, Hasler J, Reay-Jones F. 2019. Identification and
frequency of an allele linked to resistance against CrylFa corn in Spodoptera
frugiperda from Florida. Paper presented at the Annual Meeting of the Entomological
Society of America, St. Louis, MO, Nov. 17-20

De Bortoli CP, Jurat-Fuentes JL. 2019. Mechanisms of resistance to commercially
relevant entomopathogenic  bacteria. Curr Opin Insect Sci  33:56-62.
https://doi.org/10.1016/1.c0is.2019.03.007

De Duve C. 1963. The lysosome concept, p 1-35. In de Reuck AVS, Cameron MP (ed),
General properties of lysosomes. Novartis Foundation Symposia. John Wiley & Sons,
Chichester, UK.

De Duve C, Wattiaux R. 1966. Functions of lysosomes. Annu Rev Physiol 28:435—
492. https://doi.org/10.1146/annurev.ph.28.030166.002251

De Maagd RA, Kwa MSG, van der Klei H, Yamamoto T, Schipper B, Vlak JM,
Stickema WJ, Bosch D. 1996. Domain III substitution in Bacillus thuringiensis delta-
endotoxin CrylA(b) results in superior toxicity for Spodoptera exigua and altered
membrane protein recognition. Appl Environ Microbiol 62:1537-1543.
https://doi.org/10.1128/aem.62.5.1537-1543.1996

De Maagd RA, Bravo A, Crickmore N. 2001. How Bacillus thuringiensis has evolved
specific toxins to colonize the insect world. Trends Genet 17:193-199.
https://doi.org/10.1016/S0168-9525(01)02237-5

Dermauw W, Van Leeuwen T. 2014. The ABC gene family in arthropods: Comparative
genomics and role in insecticide transport and resistance. Insect Biochem Mol Biol
45:89-110. https://doi.org/10.1016/j.ibmb.2013.11.001

265



References

Dethier VG. 1980. Food-aversion learning in two polyphagous caterpillars, Diacrisia
virginica and  Estigmene congrua. Physiol Entomol 5:321-325.
https://doi.org/10.1111/j.1365-3032.1980.tb00242.x

Dhania NK, Chauhan VK, Chaitanya RK, Dutta-Gupta A. 2019. Midgut de novo
transcriptome analysis and gene expression profiling of Achaea janata larvae exposed
with Bacillus thuringiensis (Bt)-based biopesticide formulation. Comp Biochem
Physiol Part D Genomics Proteomics 30:81-90.
https://doi.org/10.1016/j.cbd.2019.02.005

Dhinaut J, Chogne M, Moret Y. 2018. Immune priming specificity within and across
generations reveals the range of pathogens affecting evolution of immunity in an insect.
J Anim Ecol 87:448-463. https://doi.org/10.1111/1365-2656.12661

Dong C, Davis RJ, Flavell RA. 2002. Map kinases in the immune response. Annu Rev
Immunol 20:55-72. https://doi.org/10.1146/annurev.immunol.20.091301.131133

Du C, Martin PAW, Nickerson KW. 1994. Comparison of disulfide contents and
solubility at alkaline pH of insecticidal and noninsecticidal Bacillus thuringiensis
protein crystals. Appl Environ Microbiol 60:3847-3853.
https://doi.org/10.1128/AEM.60.10.3847-3853.1994

Dubois T, Faegri K, Perchat S, Lemy C, Buisson C, Nielsen- LeRoux C, Gohar M,
Ramarao N, Kolstg A, Lereclus D. 2012. Necrotrophism is a quorum-sensing-regulated
lifestyle in Bacillus thuringiensis. PloS Pathog 4:¢1002629.
https://doi.org/10.1371/journal.ppat. 1002629

Dubovskiy IM, Krukova NA, Glupov VV. 2008. Phagocytic activity and encapsulation
rate of Galleria mellonella larval haemocytes during bacterial infection by Bacillus
thuringiensis. J Invertebr Pathol 98:360-362. https://doi.org/10.1016/].jip.2008.03.011

Dubovskiy IM, Whitten MMA, Kryukov VY, Yaroslavtseva ON, Grizanova EV, Greig
C, Mukherjee K, Vilcinskas A, Mitkovets PV, Glupov VV, Butt TM. 2013. More than
a colour change: insect melanism, disease resistance, and fecundity. Proc R Soc Lond
B Biol Sci 280:584. https://doi.org/10.1098/rspb.2013.0584

Dubovskiy IM, Grizanova EV, Whitten MMA, Mukherjee K, Greig C, Alikina T,
Kabilov M, Vilcinskas A, Glupov VV, Butt TM. 2016. Immuno-physiological
adaptations confer wax moth Galleria mellonella resistance to Bacillus thuringiensis.
Virulence 7:860-870. https://doi.org/10.1080/21505594.2016.1164367

Dubuffet A, Zanchi C, Boutet G, Moreau J, Teixeira M, Moret Y. 2015. Trans-
generational immune priming protects the eggs only against Gram-positive bacteria in
the mealworm beetle. PLoS Pathog 11:¢1005178.
https://doi.org/10.1371/journal.ppat. 1005178

Dulmage HT, Graham HM, Martinez E. 1978. Interactions between the tobacco
budworm, Heliothis virescens, and the 8-endotoxin produced by the HD-1 isolate of
Bacillus thuringiensis var. kurstaki: relationship between length of exposure to the
toxin and survival. J Invertebr Pathol 32:40-50. https:/doi.org/10.1016/0022-

2011(78)90172-6

266



References

Dunn PE. 1986. Biochemical aspects of insect immunology. Annu Rev Entomol
31:321-339. https://doi.org/10.1146/annurev.en.31.010186.001541

Easton DM, Nijnik A, Mayer ML, Hancock REW. 2009. Potential of
immunomodulatory host defense peptides as novel anti-infectives. Trends Biotechnol
27:582-590. https://doi.org/10.1016/].tibtech.2009.07.004

Eggert H, Kurtz J, Diddens-de Buhr MF. 2014. Different effects of paternal
transgenerational immune priming on survival and immunity in step and genetic
offspring. Proc R Soc Lond B Biol Sci 281:2089.
https://doi.org/10.1098/rspb.2014.2089

Eleftherianos I, Atri J, Accetta J, Castillo JC. 2013. Endosymbiotic bacteria in insects:
guardians of the immune system? Front Physiol 4:46.
https://doi.org/10.3389/fphys.2013.00046

Endo H, Tanaka S, Imamura K, Adegawa S, Kikuta S, Sato R., 2017. Cry toxin
specificities of insect ABCC transporters closely related to lepidopteran ABCC2
transporters. Peptides 98, 86-92. https://doi.org/10.1016/j.peptides.2017.04.003

Escriche B, Ferré J, Silva FJ. 1997. Occurrence of a common binding site in Mamestra
brasiccae, Phthorimaea operculella, and Spodoptera exigua for the insecticidal crystal
proteins CrylA from Bacillus thuringiensis. Insect Biochem Mol Biol 27:651-656.
https://doi.org/10.1016/S0965-1748(97)00039-8

Estela A, Escriche B, Ferré J. 2004. Interaction of Bacillus thuringiensis toxins with
larval midgut binding sites of Helicoverpa armigera (Lepidoptera: noctuidae). Appl
Environ Microbiol 70:1378-1384. https://dx.doi.org/10.1128%2FAEM.70.3.1378-
1384.2004

Estruch JJ, Warren GW, Mullins MA, Nye GJ, Craig JA, Koziel MG. 1996. Vip3A, a
novel Bacillus thuringiensis vegetative insecticidal protein with a wide spectrum of
activities against lepidopteran insects. Proc Natl Acad Sci USA 93:5389-5394.
https://dx.doi.org/10.1073%2Fpnas.93.11.5389

Ewart GD, Howells AJ. 1998. ABC transporters involved in transport of eye pigment
precursors in Drosophila melanogaster. In: Suresh, V., Ambudkar, M.M.G. (Eds.),
Methods Enzymol. Academic Press, pp. 213e224

Fabrick JA, Mathew LG, Le Roy DM, Hull JJ, Unnithan GC, Yelich AJ, Carri¢re Y, Li
X, Tabashnik BE. 2020. Reduced cadherin expression associated with resistance to Bt
toxin CrylAc in pink bollworm. Pest Manag. Sci. 76:67-74.
https://doi.org/10.1002/ps.5496

Fang S, Wang L, Guo W, Zhang X, Peng D, Luo C, Yu Z, Sun M. 2009. Bacillus
thuringiensis Bel protein enhances the toxicity of CrylAc protein to Helicoverpa
armigera larvae by degrading insect intestinal mucin. Appl Environ Microbiol
75:5237-5243. https://dx.doi.org/10.1128%2FAEM.00532-09

267



References

Farkas J, Sebesta K, Horské, K., Samek, Z., Dolejs, L., Sorm, F. 1976. Structure of
thuringiensin, the thermostable exotoxin from Bacillus thuringiensis. Collect Czech
Chem Commun 42:909-929.

Fernandez-Luna MT, Tabashnik BE, Lanz-Mendoza H, Bravo A, Soberén M, Miranda-
Rios J. 2010. Single concentration tests show synergism among Bacillus thuringiensis
subsp. israelensis toxins against the malaria vector mosquito Anopheles albimanus. J
Invertebr Pathol 104:231-233 https://doi.org/10.1016/1.jip.2010.03.007

Ferré J, Van Rie J. 2002. Biochemistry and genetics of insect resistance to Bacillus
thuringiensis. Annu Rev Entomol 47:501-533.
https://doi.org/10.1146/annurev.ent0.47.091201.145234

Ferré J, Van Rie J, MacIntosh SC. 2008. Insecticidal genetically modified crops and
insect resistance management (IRM), p 41-86 In Integration of Insect-Resistant
Genetically Modified Crops Within IPM Programs, Romeis J, Shelton AM, Kennedy
GG, (Eds.) Springer Science Business Media BV: Dordrecht, The Netherlands

Ferro K, Peuss R, Yang W, Rosenstiel P, Schulenburg H, Kurtz J. 2019. Experimental
evolution of immunological specificity. Proc Natl Acad Sci U S A 116:20598-20604.
https://doi.org/10.1073/pnas. 1904828116

Ffrench-Constant RH, Dowling A, Waterfield NR. 2007. Insecticidal toxins from
Photorhabdus bacteria and their potential use in agriculture. Toxicon 49:436-451.
https://doi.org/10.1016/j.toxicon.2006.11.019

Filomeni G, De Zio D, Cecconi F. 2015. Oxidative stress and autophagy: the clash
between damage and metabolic needs. Cell Death Differ 22:377-388.
https://doi.org/10.1038/cdd.2014.150

Finney DJ. 1971. Probit Analysis, third ed. Cambridge University, Cambridge (UK).

Flagel LE, Swarup S, Chen M, Bauer C, Wanjugi H, Carroll M, Hill P, Tuscan M,
Bansal R, Flannagan R, Clark TL, Michel AP, Head GP, Goldman BS. 2015. Genetic
markers for Western corn rootworm resistance to Bt toxin. G3 5:399-405
https://doi.org/10.1534/¢3.114.016485

Flannagan RD, Yu CG, Mathis JP, Meyer TE, Shi X, Siqueira HA, Siegfried BD. 2005.
Identification, cloning and expression of a CrylAb cadherin receptor from European
corn borer, Ostrinia nubilalis (Hubner) (Lepidoptera: Crambidae). Insect Biochem Mol
Biol 35:33-40. https://doi.org/10.1016/1.ibmb.2004.10.001

Fletcher SJ, Rappoport JZ. 2009. The role of vesicle trafficking in epithelial cell
motility. Biochem Soc Trans 37:1072—1076. https://doi.org/10.1042/BST0371072

Flores-Escobar B, Rodriguez-Magadan H, Bravo A, Soberén M, Goémez 1. 2013.
Differential role of Manduca sexta aminopeptidase-N and alkaline phosphatase in the
mode of action of CrylAa, CrylAb, and CrylAc toxins from Bacillus thuringiensis.
Appl Environ Microbiol 15:4543-4550. https://dx.doi.org/10.1128%2FAEM.01062-13

268



References

Forcada C, Alccer E, Garcer MD, Tato AN, Martinez R. 1999. Resistance to Bacillus
thuringiensis Cry1Ac toxin in three strains of Heliothis virescens: proteolytic and SEM
study of the larval midgut. Arch Insect Biochem Physiol 42:51-63.
https://doi.org/10.1002/(sic1)1520-6327(199909)42:1%3C51::aid-arch6%3E3.0.c0:;2-
6

Fritz MG, DeYonke AM, Papanicolau A, Micinski S, Westbrook J, Gould F. 2018.
Contemporary evolution of a lepidopteran species, Heliothis virescens, in response to
modern agricultural practices. Mol Ecol 27:167-181.
https://doi.org/10.1111/mec.14430

Gahan LJ, Pauchet Y, Vogel H, Heckel DG. 2010. An ABC transporter mutation is
correlated with insect resistance to Bacillus thuringiensis CrylAc toxin. PLoS Genet
6:€1001248 https://doi.org/10.1371/journal.pgen.1001248

Gahan LJ, Gould F, Heckel DG. 2001. Identification of a gene associated with Bt
resistance in Heliothis virescens. Science 293:857-860.
https://doi.org/10.1126/science.1060949

Gai Z, Zhang X, Islam M, Wang X, Li A, Yang Y, Li Y, Peng J, Hong H, Liu K. 2013.
Characterization of Atg8 in lepidopteran insect cells. Arch Insect Biochem Physiol
84:57-77. https://doi.org/10.1002/arch.21114

Galindo CL, Fadl AA, Sha J, Gutierrez C, Popov VL, Boldogh I, Aggarwal BB, Chopra
AK. 2004. Aeromonas hydrophila cytotoxic enterotoxin activates mitogen-activated
protein kinases and induces apoptosis in murine macrophages and human intestinal
epithelial cells. J Biol Chem 279:37597-37612.
https://doi.org/10.1074/ibc.M404641200

Gassmann AJ, Fabrick JA, Sisterson MS, Hannon ER, Stock SP, Carriére Y, Tabashnik
BE. 2009. Effects of pink bollworm resistance to Bacillus thuringiensis on
phenoloxidase activity and susceptibility to entomopathogenic nematodes. J Econ
Entomol 102:1224-1232. https://doi.org/10.1603/029.102.0348

Genestier AL, Michallet MC, Prévost G, Bellot G, Chalabreysse L, Peyrol S, Thivolet
F, Etienne J, Lina G, Vallette FM, Vandenesch F, Genestier L. 2005. Staphylococcus
aureus Panton-Valentine leucocidin directly targets mitochondria and induces Bax-
independent apoptosis of human neutrophils. J Clin Invest 115:3117-3127.
https://doi.org/10.1172/1CI122684

Gho HK, Choi JS, Uhm KB. 1993. Seasonal fluctuation of beet armyworm, Spodoptera
exigua (Hiibner), adults and larvae. ] Appl Entomol 32:389-394

Gill S, Cowles EA, Francis V. 1995. Identification, isolation, and cloning of a Bacillus
thuringiensis CrylAc toxin-binding protein from the midgut of the lepidopteran insect
Heliothis virescens. J Biol Chem 270:27277-27282.
https://doi.org/10.1074/ibc.270.45.27277

Girard F, Vachon V, Préfontaine G, Marceau L, Schwartz JL, Masson L, Laprade R.
2009. Helix a4 of the Bacillus thuringiensis CrylAa toxin plays a critical role in the

269



References

post binding steps of pore formation. Appl Environ Microbiol 75:359-365.
https://doi.org/10.1128/AEM.01930-08

Gomez 1, Sanchez J, Miranda R, Bravo A, Soberon M. 2002. Cadherin-like receptor
binding facilitates proteolytic cleavage of helix a-1 in domain I and oligomer pre-pore
formation of Bacillus thuringiensis CrylAb toxin. FEBS Lett 513:242-246.
https://doi.org/10.1016/S0014-5793(02)02321-9

Gomez I, Arenas I, Benitez I, Miranda-Rios J, Becerril B, Grande R, Almagro JC,
Bravo A, Soberén M. 2006. Specific epitopes of domains II and III of Bacillus
thuringiensis Cryl Ab toxin involved in the sequential interaction with cadherin and
aminopeptidase-N receptors in Manduca sexta. J Biol Chem 281:34032-34039.
https://doi.org/10.1074/ibc.M604721200

Gong L, Wang H, Qi J, Han L, Hu M, Jurat-Fuentes JL. 2015. Homologs to Cry toxin
receptor genes in a de novo transcriptome and their altered expression in resistant
Spodoptera litura larvae. J Invertebr Pathol, 129:1-6.
http://dx.doi.org/10.1016/1.jip.2015.05.008

Gong L, Kang S, Zhou J, Sun D, Guo L, Qin J, Zhu L, Bai Y, Ye F, Akami M, Wu Q,
Wang S, Xu B, Yang Z, Bravo A, Soberéon M, Guo Z, Wen L, Zhang Y. 2020. Reduced
expression of a novel midgut trypsin gene involved in protoxin activation correlates
with CrylAc resistance in a laboratory-selected strain of Plutella xylostella (L.). Toxins
12:76. https://doi.org/10.3390/toxins 12020076

Gonzalez MR, Bischofberger M, Pernot L, Van Der Goot FG, Fréche B. 2008. Bacterial
pore-forming toxins: the (w)hole story? Cell Mol Life Sci 65:493-507.
https://doi.org/10.1007/s00018-007-7434-y

Gonzalez MR, Bischofberger M, Fréche B, Ho S, Parton RG, van der Goot FG. 2011.
Pore-forming toxins induce multiple cellular responses pro-moting survival. Cell
Microbiol 13:1026—1043. https://doi.org/10.1111/].1462-5822.2011.01600.x

Gonzalez-Cabrera J, Farinos GP, Caccia S, Diaz-Mendoza M, Castanera P, Leonardi
MG, Giordana B, Ferré¢ J. 2006. Toxicity and mode of action of Bacillus thuringiensis
Cry proteins in the Mediterranean corn borer, Sesamia nonagrioides (Lefebvre). Appl
Environ Microbiol 72:2594-2600. https://doi.org/10.1128/AEM.72.4.2594-2600.2006

Gonzélez-Cabrera J, Garcia M, Hernandez-Crespo P, Farinés GP, Ortego F, Castafiera
P. 2013. Resistance to Bt maize in Mythimna unipuncta (Lepidoptera: Noctuidae) is
mediated by alteration in Cry1Ab protein activation. Insect Biochem Mol Biol 43:635—
643. https://doi.org/10.1016/1.ibmb.2013.04.001

Gouffon C, Van Vliet A, Van Rie J, Jansens S, Jurat-Fuentes JL. 2011. Binding sites
for Bacillus thuringiensis Cry2Ae toxin on heliothine brush border membrane vesicles
are not shared with CrylA, CrylF, or Vip3A toxin. Appl. Environ. Microbiol. 77:3182—
3188. http://dx.doi.org/10.1128/AEM.02791-10

Gould F, Anderson A, Landis D, Mellaert H. 1991. Feeding behavior and growth of
Heliothis virescens larvae on diets containing Bacillus thuringiensis formulations or

270



References

endotoxins. Entomol Exp Appl 58:199-210. https://doi.org/10.1111/1.1570-
7458.1991.tb01469.x

Gourbal B, Pinaud S, Beckers GJIM, Van Der Meer JWM, Conrath U, Netea MG. 2018.
Innate immune memory: an evolutionary perspective. Immunol Rev 283:21-40.
https://doi.org/10.1111/imr.12647

Govind S. 2008. Innate immunity in Drosophila: pathogens and pathways. Insect Sci
15:29-43. https://doi.org/10.1111/1.1744-7917.2008.00185.x

Granero F, Ballester V, Ferré J. 1996. Bacillus thuringiensis crystal proteins CrylAb
and CrylFa share a high affinity binding site in Plutella xylostella (L.). Biochem
Biophys Res Commun 224: 779-783. https://doi.org/10.1006/bbrc.1996.1099

Greenwood JM, Milutinovi¢ B, PeuB R, Behrens S, Esser D, Rosenstiel P, Schulenburg
H, Kurtz J. 2017. Oral immune priming with Bacillus thuringiensis induces a shift in
the gene expression of Tribolium castaneum larvae. BMC Genomics 18:329.
https://doi.org/10.1186/s12864-017-3705-7

Grizanova EV, Dubovskiy IM, Whitten MMA, Glupov VV. 2014. Contributions of
cellular and humoral immunity of Galleria mellonella larvae in defence against oral
infection by  Bacillus  thuringiensis. J Invertebr Pathol 119:40-46.
https://doi.org/10.1016/1.jip.2014.04.003

Groulx N, McGuire H, Laprade R, Schwartz JL, Blunck R. 2011. Single molecule
fluorescence study of the Bacillus thuringiensis toxin CrylAa reveals tetramerization.
J Biol Chem 286:42274-42282. https://doi.org/10.1074/jbc.M111.296103

Gunning RV, Dang HT, Kemp FC, Nicholson IC, Moores GD. 2005. New resistance
mechanism in Helicoverpa armigera threatens transgenic crops expressing Bacillus
thuringiensis ~ CrylAc toxin. Appl Environ Microbiol  71:2558-2563.
https://doi.org/10.1128/AEM.71.5.2558-2563.2005

Guo Z, Kang S, Sun D, Gong L, Zhou J, Qin J, Guo L ,Zhu L, Bai Y, Ye B, Wu Q,
Wang S, Crickmore N, Zhou X, Zhang Y. 2020. MAPK-dependent hormonal signaling
plasticity contributes to overcoming Bacillus thuringiensis toxin action in an insect
host. Nature Commun 11:1-14. https://doi.org/10.1038/s41467-020-16608-8

Guo Z, Zhu Y, Huang F, Luttrell R, Leonard R. 2012. Microarray analysis of global
gene regulation in the CrylAb-resistant and CrylAb-susceptible strains of Diatraea
saccharalis. Pest Manag Sci 68:718-730. https://doi.org/10.1002/ps.2318

Guo Z, Kang S, Chen D, Wu Q, Wang S, Xie W, Zhu X, Baxter SW, Zhou X, Jurat-
Fuentes JL, Zhang Y. 2015. MAPK signaling pathway alters expression of midgut ALP
and ABCC genes and causes resistance to Bacillus thuringiensis CrylAc toxin in
diamondback moth. PLoS Genet 11:¢1005124.
https://doi.org/10.1371/journal.pgen.1005124

Gupta M, Kumar H, Kaur S. 2021. Vegetative Insecticidal Protein (Vip): A potential
contender from Bacillus thuringiensis for efficient management of various detrimental
agricultural pests. Front Microbiol 12: 659736.
https://doi.org/10.3389/fmicb.2021.659736

271



References

Gutierrez MG, Saka HA, Chinen I, Zoppino FCM, Yoshimori T, Bocco JL, Colombo
MI. 2007. Protective role of autophagy against Vibrio cholerae cytolysin, a pore-
forming toxin from Vibrio cholerae. Proc Natl Acad Sci U S A 104:1829-1834.
https://doi.org/10.1073/pnas.0601437104

Hakim RS, Blackburn MB, Corti P, Gelman DB, Goodman C, Elsen K, Loeb MJ, Lynn
D, Soin T, Smagghe G. 2007. Growth and mitogenic effects of arylphorin in vivo and
in vitro. Arch Insect Biochem Physiol 64:63—73. https://doi.org/10.1002/arch.20155

Han G, Li X, Zhang T, Zhu X, Li J. 2015. Cloning and tissue-specific expression of a
chitin deacetylase gene from Helicoverpa armigera (Lepidoptera: Noctuidae) and its
response to Bacillus thuringiensis. J Insect Sci 15:95.
https://doi.org/10.1093/jisesa/iev076

Hasshoff M, Bohnisch C, Tonn D, Hasert B, Schulenburg H. 2007. The role of
Caenorhabditis elegans insulin-like signaling in the behavioural avoidance of
pathogenic Bacillus thuringiensis. FASEB J 21:1801-1812.
https://doi.org/10.1096/17.06-6551com

Hayakawa T, Shitomi Y, Miyamoto K, Hori H. 2004. GalNAc pretreatment inhibits
trapping of Bacillus thuringiensis CrylAc on the peritrophic membrane of Bombyx
mori. FEBS Lett 576:331-335. https://doi.org/10.1016/.febslet.2004.09.029

He K, Wang Z, Zhou D, Wen L, Song Y, Yao Z. 2003. Evaluation of transgenic Bt
corn for resistance to the Asian corn borer (Lepidoptera: Pyralidae). ] Econ Entomol
96:935-940. https://doi.org/10.1603/0022-0493-96.3.935

He K, Wang Z, Wen LP, Bai SX, Ma X, Yao Z. 2005. Determination of baseline
susceptibility to CrylAb protein for Asian corn borer (Lepidoptera: Crambidae). J Appl
Entomol 129:407-412. https://doi.org/10.1111/7.1439-0418.2005.00989.x

Heckel DG. 2012. Learning the ABCs of Bt: ABC transporters and insect resistance to
Bacillus thuringiensis provide clues to a crucial step in toxin mode of action. Pest
Biochem Physiol. 104:103—110. https://doi.org/10.1016/].pestbp.2012.05.007

Heckel DG. 2016. A return to the pore-dissecting Bacillus thuringiensis toxin mode of
action via  voltage clamp  experiments. FEBS J  283:4458-4461.
https://doi.org/10.1111/febs.13973

Heckel DG. 2020. How do toxins from Bacillus thuringiensis kill insects? An
evolutionary  perspective. ~ Arch Insect Biochem  Physiol 104:e21673.
https://doi.org/10.1002/arch.21673

Heckel DG. 2021. The Essential and Enigmatic Role of ABC Transporters in Bt
Resistance of Noctuids and Other Insect Pests of Agriculture. Insects 12:389.
https://doi.org/10.3390/insects 12050389

Hernandez-Martinez P. 2009. Estudio de la susceptibilidad y resistencia frente a
Bacillus thuringiensis en diferentes colonias de Spodoptera exigua. Ph.D. thesis,
Universitat de Valéncia

272



References

Hernandez-Martinez P, Navarro-Cerrillo G, Caccia S, de Maagd RA, Moar WJ, Ferré
J, Escriche B, Herrero S. 2010. Constitutive activation of the midgut response to
Bacillus thuringiensis in Bt-resistant Spodoptera exigua. PLoS One 5:¢12795.
https://doi.org/10.1371/journal.pone.0012795

Hernandez-Martinez P, Hernandez-Rodriguez CS, Krishnan V, Crickmore N, Escriche
B, Ferré¢ J. 2012. Lack of CrylFa binding to the midgut brush border membrane in a
resistant colony of Plutella xylostella moths with a mutation in the ABCC2 locus. Appl
Environ Microbiol 78:6759-6761. http://dx.doi.org/10.1128/AEM.01689-12

Hernandez-Martinez P, Gomis-Cebolla J, Ferré J, Escriche B. 2017. Changes in gene
expression and apoptotic response in Spodoptera exigua larvae exposed to sublethal
concentrations of  Vip3  insecticidal  proteins. Sci Rep = 7:16245.
https://doi.org/10.1038/s41598-017-16406-1

Hernandez CS, Ferré J. 2005. Common receptor for Bacillus thuringiensis toxins
CrylAc, CrylFa, and Crylla in Helicoverpa armigera, Helicoverpa zea, and
Spodoptera exigua. Appl Environ Microbiol 71:5627-5629.
https://dx.doi.org/10.1128%2FAEM.71.9.5627-5629.2005

Hernandez CS, Rodrigo A, Ferré J. 2004. Lyophilization of lepidopteran midguts: A
preserving method for Bacillus thuringiensis toxin binding studies. J Invertebr Pathol.
85:182—-187. http://dx.doi.org/10.1016/j.jip.2004.03.002

Hernandez-Rodriguez CS, Boets A, Van Rie J, Ferré¢ J. 2009. Screening and
identification of vip genes in Bacillus thuringiensis strains. J Appl Microbiol 107:219
—225. http://dx.doi.org/10.1111/.1365-2672.2009.04199.x

Hernandez-Rodriguez CS, Hernandez-Martinez P, Van Rie J, Escriche B, Ferré J. 2013.
Shared midgut binding sites for CrylA.105, CrylAa, CrylAb, CrylAc and CrylFa
proteins from Bacillus thuringiensis in two important corn pests, Ostrinia nubilalis and
Spodoptera frugiperda. PLoS ONE 8 (7):¢68164
https://doi.org/10.1371/journal.pone.0068164

Herrero S, Oppert B, Ferré J. 2001. Different mechanisms of resistance to Bacillus
thuringiensis toxins in the indianmeal moth. Appl Environ Microbiol 67:1085-1089.
https://doi.org/10.1128/AEM.67.3.1085-1089.2001

Herrero S, Gonzalez-Cabrera J, Ferré J, Bakker PL, de Maagd RA. 2004. Mutations in
the Bacillus thuringiensis CrylCa toxin demonstrate the role of domains II and III in
specificity towards Spodoptera exigua larvae. Biochem J 384:507-513.
https://doi.org/10.1042/BJ20041094

Herrero S, Gechev T, Bakker PL, Moar WJ, de Maagd RA. 2005. Bacillus thuringiensis
CrylCa-resistant Spodoptera exigua lacks expression of one of four aminopeptidase N
genes. BMC Genom. 6:96 https://doi.org/10.1186/1471-2164-6-96

Herrero S, Ansems M, Van Oers MM, Vlak JM, Bakker PL, de Maagd RA. 2007.
REPAT, a new family of proteins induced by bacterial toxins and baculovirus infection
in  Spodoptera  exigua. Insect Biochem Mol Biol 37:1109-1118.
https://doi.org/10.1016/j.ibmb.2007.06.007

273



References

Herrero S, Bel Y, Herndndez-Martinez P, Ferré J. 2016. Susceptibility, mechanisms of
response and resistance to Bacillus thuringiensis toxins in Spodoptera spp. Curr Opin
Insect Sci 15:89-96. https://doi.org/10.1016/].c01s.2016.04.006

Higgins CF, Linton KJ. 2004. The ATP switch model for ABC transporters. Nat. Struct.
Mol. Biol. 11:918-926. https://doi.org/10.1038/nsmb836

Hoffmann JA. 1995. Innate immunity of insects. Curr Opin Immunol 7:4-10.
https://doi.org/10.1016/0952-7915(95)80022-0

Hofmann C, Vanderbruggen H, Hofte H, Van Rie J, Jansens S, Van Mellaert H. 1988.
Specificity of Bacillus thuringiensis 5-endotoxins is correlated with the presence of
high-affinity binding sites in the brush border membrane of target insect midguts. Proc
Natl Acad Sci USA 85:7844—7848 https://doi.org/10.1073/pnas.85.21.7844

Holland IB, Cole SPC, Kuchler K, Higgins CF. 2003. ABC Proteins. From Bacteria to
Man, Academic Press: London, UK.

Honda T, Shiba A, Seo S, Yamamoto J, Matsuyama J, Miwatani T. 1991. Identity of
hemolysins produced by Bacillus thuringiensis and Bacillus cereus. FEMS Microbiol
Lett 63:205-209. https://doi.org/10.1016/0378-1097(91)90087-q

Horton AA, Wang B, Camp L, Price MS, Arshi A, Nagy M, Nadler A, Faeder JR,
Luckhart S. 2011. The mitogen-activated protein kinome from Anopheles gambiae:
identification, phylogeny, and functional characterization of the ERK, JNK and p38
MAP kinases. BMC Genomics 12:1-13. https://doi.org/10.1186/1471-2164-12-574

Hua G, Jurat-Fuentes JL, Adang MJ. 2004. Fluorescent-based assays establish
Manduca sexta Bt-R(1a) cadherin as a receptor for multiple Bacillus thuringiensis
CrylA toxins in Drosophila S2 cells. Insect Biochem Mol Biol 34:193-202.
https://doi.org/10.1016/j.ibmb.2003.10.006

Huang F, Buschman LL, Higgins RA. 2001. Larval feeding behavior of Dipel-resistant
and susceptible Ostrinia nubilalis on diet containing Bacillus thuringiensis (Dipel).
Entomol Exp Appl 98:141-148. https://doi.org/10.1046/].1570-7458.2001.00768.x

Huang JH, Jing X, Douglas AE. 2015. The multi-tasking gut epithelium of insects.
Insect Biochem Mol Biol 67:15-20. https://doi.org/10.1016/1.ibmb.2015.05.004

Huang J, Xu Y, Zuo Y, Yang Y, Tabashnik BE, Wu Y. 2020. Evaluation of five
candidate receptors for three Bt toxins in the beet armyworm using CRISPR-mediated
gene knockouts. Insect Biochem Mol Biol 121:103361.
https://doi.org/10.1016/7.ibmb.2020.103361

Huffman DL, Abrami L, Sasik R, Corbeil J, van der Goot FG, Aroian RV. 2004.
Mitogen-activated protein kinase pathways defend against bacterial pore-forming
toxins. Proc Natl Acad Sci 18} S A 101:10995-11000.
https://doi.org/10.1073/pnas.0404073101

274



References

Hou X, Han L, An B, Zhang Y, Cao Z, Zhan Y, Cai X, Yan B, Cai J. 2020.
Mitochondria and lysosomes participate in Vip3 Aa-induced Spodoptera frugiperda S19
cell apoptosis. Toxins 12:116. https://doi.org/10.3390/toxins 12020116

Husmann M, Beckmann E, Boller K, Kloft N, Tenzer S, Bobkiewicz W, Neukirch C,
Bayley H, Bhakdi S. 2009. Elimination of a bacterial pore-forming toxin by sequential
endocytosis and exocytosis. FEBS Lett 583:337-344.
https://doi.org/10.1016/j.febslet.2008.12.028

Hwang J, Kim Y. 2011. RNA interference of an antimicrobial peptide, gloverin, of the
beet armyworm, Spodoptera exigua, enhances susceptibility to Bacillus thuringiensis.
J Invertebr Pathol 108:194-200. https://doi.org/10.1016/].jip.2011.09.003

lacovache I, Bischofberger M, van der Goot FG. 2010. Structure and assembly of pore-
forming proteins. Curr Opin Struct Biol 20:241-246.
https://doi.org/10.1016/7.sb1.2010.01.013

Idone V, Tam C, Goss JW, Toomre D, Pypaert M, Andrews NW. 2008. Repair of
injured plasma membrane by rapid Ca?"-dependent endocytosis. J Cell Biol 180:905—
914. https://doi.org/10.1083/1¢b.200708010

James C. 2014. Global status of commercialized biotech/GM crops: 2014. ISAAA Brief
49 ISAAA, Ithaca, NY.

James C. 2017. Global status of commercialization of biotech/GM crops in 2017:
Biotech crop adoption surges as economic benefits accumulate in 22 years. ISAAA4 Brief
53 ISAAA, Ithaca, NY.

Ishihama Y, Oda Y, Tabata T, Sato T, Nagasu T, Rappsilber J, Mann M. 2005.
Exponentially modified protein abundance index (emPAI) for estimation of absolute
protein amount in proteomics by the number of sequenced peptides per protein. Mol
Cell Proteom 4:1265-1272. http://dx.doi.org/10.1074/mcp.M500061-MCP200

Ishiwata S. 1901. On a kind of severe flacherie (sotto disease) (No. 1). Dainihon Sanshi
Kaiho. 114, 1-5 (original in japanese).

Ishiwata S. (1905) About “sotokin”, a bacillus of a disease of the silk- worm, Dainihon
Sanshi Kaiho. 160, 1-8 (original in japanese)

Jakka S, Ferré J, Jurat-Fuentes JL. 2015. Cry toxin binding site models and their use in
strategies to delay resistance evolution. /n Soberon M, Gao A, Bravo A. (Eds.) Bt
resistance: characterization and strategies for GM crops producing Bacillus
thuringiensis toxins. CAB International.

Jakka S, Gong L, Hasler J, Banerjee R, Sheets JJ, Narva K, Blanco CA, Jurat-Fuentes
JL. 2016. Field-evolved Mode 1 resistance of the fall armyworm to transgenic Cry1Fa-
expressing corn associated with reduced CrylFa toxin binding and midgut alkaline
phosphatase expression. Appl Environ Microbiol 82:1023-1034.
http://dx.doi.org/10.1128/AEM.02871-15

Jakubowska AK, Caccia S, Gordon KH, Ferré J, Herrero S. 2010. Downregulation of
a chitin deacetylase-like protein in response to baculovirus infection and its application

275



References

for improving baculovirus infectivity. J Virol 84:2547-2555.
https://doi.org/10.1128/JVI.01860-09

Jenkins JL, Lee MK, Valaitis AP, Curtiss A, Dean DH. 2000. Bivalent sequential
binding model of a Bacillus thuringiensis toxin to gypsy moth aminopeptidase N
receptor. J Biol Chem 275:14423-14431. https://doi.org/10.1074/jbc.275.19.14423

Jerga A, Evdokimov AG, Moshiri F, Haas JA, Chen M, Clinton W, Fu X, Halls C,
Jimenez-Juarez N, Kretzler CN, Panosian TD, Pleau M, Roberts JK, Rydel TJ, Salvador
S, Sequeira R, Wang Y, Zheng M, Baum JA. 2019. Disabled insecticidal proteins: A
novel tool to understand differences in insect receptor utilization. Insect Biochem Mol
Biol 105:79-88. https://doi.org/10.1016/}.ibmb.2018.12.006

Jiang H, Edgar BA. 2011. Intestinal stem cells in the adult Drosophila midgut. Exp
Cell Res 317:2780-2788. https://doi.org/10.1016/j.yexcr.2011.07.020

Jiang H, Patel PH, Kohlmaier A, Grenley MO, McEwen DG, Edgar BA. 2009.
Cytokine/Jak/Stat signaling mediates regeneration and homeostasis in the Drosophila
midgut. Cell 137:1343-1355. https://doi.org/10.1016/j.cell.2009.05.014

Jiang H, Vilcinskas A, Kanost MR. 2010. Immunity in lepidopteran insects, p 181-204.
In Soéderhall K (ed), Invertebrate immunity, vol 708. Springer, New York, NY.

Jiang H, Edgar BA. 2011. Intestinal stem cells in the adult Drosophila midgut. Exp
Cell Res 317:2780-2788. https://doi.org/10.1016/j.yexcr.2011.07.020

Jiang K, Mei SQ, Wang TT, Pan JH, Chen YH, Cai J. 2016. Vip3Aa induces apoptosis
in cultured Spodoptera  frugiperda (Sf9) cells. Toxicon 120:49-56.
https://doi.org/10.1016/j.toxicon.2016.07.019

Jiang K, Hou X, Han L, Tan T, Cao Z, Cai J. 2018. Fibroblast growth factor receptor,
a novel receptor for vegetative insecticidal protein Vip3Aa. Toxins 10:546.
http://dx.doi.org/10.3390/toxins 10120546

Jiang K, Hou X, Tan T, Cao Z, Mei S, Yan B, Chang J, Han L, Zhao D, Cai J. 2018.
Scavenger receptor-C acts as a receptor for Bacillus thuringiensis vegetative
insecticidal protein Vip3Aa and mediates the internalization of Vip3Aa via
endocytosis. PLoS Pathog 14:¢1007347.
http://dx.doi.org/10.1371/journal.ppat.1007347

Jiang K, Zhang Y, Chen Z, Wu D, Cai J, Gao X. 2020. Structural and functional insights
into the C-terminal fragment of insecticidal Vip3A toxin of Bacillus thuringiensis.
Toxins 12:438 https://doi.org/10.3390/toxins 12070438

Jiménez-Juarez N, Muiiéz-Garay C, Gémez I, Saab-Rincon G, Damian-Almazo JY,
Gill SS, Soberén M, Bravo A. 2007. Bacillus thuringiensis Cryl Ab mutants affecting
oligomer formation are non-toxic to Manduca sexta larvae. J Biol Chem 282:21222—
21229 https://doi.org/10.1074/jbc.M701314200

Jin T, Chang X, Gatehouse AM, Wang Z, Edwards MG, He K. 2014. Downregulation
and mutation of a cadherin gene associated with CrylAc resistance in the Asian corn

276



References

borer, Ostrinia furnacalis (Guenee). Toxins 6:2676-93
https://dx.doi.org/10.3390%2Ftoxins6092676

Jin M, Liao C, Chakrabarty S, Wu K, Xiao Y. 2019. Comparative proteomics of
peritrophic matrix provides an insight into its role in CrylAc resistance of cotton
bollworm Helicoverpa armigera. Toxins 11:92.
https://doi.org/10.3390/toxins 11020092

Jin M, Yang Y, Shan Y, Chakrabarty S, Cheng Y, Soberéon M, Bravo A, Liu K, Wu K,
Xiao Y. 2021. Two ABC transporters are differentially involved in the toxicity of two
Bacillus thuringiensis Cryl toxins to the invasive crop-pest Spodoptera frugiperda (J.
E. Smith). Pest Manag Sci 77:1492-1501. https://doi.org/10.1002/ps.6170

Jin W, Zhai Y, Yang Y, Wu Y, Wang X. 2021. Cadherin protein is involved in the
action of Bacillus thuringiensis CrylAc toxin in Ostrinia furnacalis. Toxins 13:658.
https://doi.org/10.3390/toxins 13090658

Jurat-Fuentes JL, Adang MJ. 2001. Importance of Cryl -endotoxin domain II loops
for binding specificity in Heliothis virescens (L.). Appl Environ Microbiol 67:323-329.
https://dx.doi.org/10.1128%2FAEM.67.1.323-329.2001

Jurat-Fuentes JL, Adang MJ. 2004. Characterization of a CrylAc-receptor alkaline
phosphatase in susceptible and resistant Heliothis virescens larvae. Eur J Biochem
271:3127-3135. http://dx.doi.org/10.1111/].1432-1033.2004.04238.x

Jurat-Fuentes JL, Adang MJ. 2006. The Heliothis virescens cadherin protein expressed
in Drosophila S2 cells functions as a receptor for Bacillus thuringiensis Cryl A but not
Cryl1Fa toxins. Biochemistry 45:9688-9695. https://doi.org/10.1021/bi0606703

Jurat-Fuentes JL, Karumbaiah L, Jakka S, Ning C, Liu C, Wu K, Jackson J, Gould F,
Blanco C, Portilla M, Perera OP, Adang MJ. 2011. Reduced levels of membrane- bound
alkaline phosphatase are common to lepidopteran strains resistant to Cry toxins from
Bacillus thuringiensis. PLoS ONE 6:¢17606.
http://dx.doi.org/10.1371/journal.pone.0017606

Jurat-Fuentes JL, Jackson TA. 2012. Bacterial entomopathogens, p. 265-349. In: Vega,
FE, Kaya, HK. (Eds.), Insect Pathology. Elsevier, San Diego.

Jurat-Fuentes JL, Crickmore N. 2017. Specificity determinants for Cry insecticidal
proteins: insights from their mode of action. J Invertebr Pathol 142:5-10.
https://doi.org/10.1016/1.jip.2016.07.018

Jurat-Fuentes JL, Heckel DG, Ferré J. 2021. Mechanisms of resistance to insecticidal
proteins from Bacillus thuringiensis. Annu Rev Entomol 66: 121-140.
https://doi.org/10.1146/annurev-ento-052620-073348

Kao CY, Los FCO, Huffman DL, Wachi S, Kloft N, Husmann M, Karabrahimi V,
Schwartz JL, Bellier A, Ha C, Sagong Y, Fan H, Ghosh P, Hsiech M, Hsu CS, Chen L,
Aroian RV. 2011. Global functional analyses of cellular responses to pore-forming
toxins. PLoS Pathog 7:¢1001314. https://doi.org/10.1371/journal.ppat. 1001314

277



References

Karsten P, Héder S, Zeidler MP. 2002. Cloning and expression of Drosophila
SOCS36E and its potential regulation by the JAK/STAT pathway. Mech Dev 117:343—
346. https://doi.org/10.1016/s0925-4773(02)00216-2

Karumbaiah L, Oppert B, Jurat-Fuentes JL, Adang MJ. 2007. Analysis of midgut
proteinases from Bacillus thuringiensis-susceptible and -resistant Heliothis virescens
(Lepidoptera: Noctuidae). Comp Biochem Physiol B Biochem Mol Biol 146:139-146.
https://doi.org/10.1016/j.cbpb.2006.10.104

Katayama H, Kusaka Y, Yokota H, Akao T, Kojima M, Nakamura O, Meckada E,
Mizuki E. 2007. Parasporin-1, a novel cytotoxic protein from Bacillus thuringiensis,
induces Ca”* influx and a sustained elevation of the cytoplasmic Ca>* concentration in
toxin-sensitive cells. J Biol Chem 282:7742-7752.
https://doi.org/10.1074/ibc.M611382200

Kavanagh K, Reeves EP. 2004. Exploiting the potential of insects for in vivo
pathogenicity testing of microbial pathogens. FEMS Microbiol Rev 28:101-112.
https://doi.org/10.1016/j.femsre.2003.09.002

Keller M, Sneh B, Strizhov N, Prudovsky E, Regev A, Koncz C, Schell J, Zilberstein
A. 1996. Digestion of 3-endotoxin by gut proteases may explain reduced sensitivity of
advanced instar larvae of Spodoptera littoralis to CryIC. Insect Biochem Mol Biol
26:365-373. https://doi.org/10.1016/0965-1748(95)00102-6

Khajuria C, Zhu YC, Chen MS, Buschman LL, Higgins RA, Yao J, Crespo ALB,
Siegfried BD, Muthukrishnan S, Zhu KY. 2009. Expressed sequence tags from larval
gut of the European corn borer (Ostrinia nubilalis): exploring candidate genes
potentially involved in Bacillus thuringiensis toxicity and resistance. BMC Genomics
10:286. https://doi.org/10.1186/1471-2164-10-286

Khan I, Prakash A, Agashe D. 2019. Pathogen susceptibility and fitness costs explain
variation in immune priming across natural populations of flour beetles. J Anim Ecol
88:1332-1342. https://doi.org/10.1111/1365-2656.13030

Khattar ZA, Rejasse A, Destoumieux-Garzon D, Escoubas JM, Sanchis V, Lereclus D,
Givaudan A, Kallassy M, Nielsen-Leroux C, Gaudriault S. 2009. The d/t operon of
Bacillus cereus is required for resistance to cationic anti-microbial peptides and for
virulence in insects. J Bacteriol 191:7063—7073. https://doi.org/10.1128/JB.00892-09

Kim DH, Feinbaum R, Alloing G, Emerson FE, Garsin DA, Inoue H, Tanaka-Hino M,
Hisamoto N, Matsumoto K, Tan MW, Ausubel FM. 2002. A conserved p38 MAP
kinase pathway in Caenorhabditis elegans innate immunity. Science 297:623-626.
https://doi.org/10.1126/science. 1073759

Kim DH, Liberati NT, Mizuno T, Inoue H, Hisamoto N, Matsumoto K, Ausubel FM.
2004. Integration of Caenorhabditis elegans MAPK pathways mediating immunity and
stress resistance by MEK-1 MAPK kinase and VHP-1 MAPK phosphatase. Proc Natl
Acad Sci USA 101:10990-10994. https://doi.org/10.1073/pnas.0403546101

Kirouac M, Vachon V, Noél JF, Girard F, Schwartz JL, Laprade R. 2002. Amino acid
and divalent ion permeability of the pores formed by the Bacillus thuringiensis toxins

278



References

CrylAa and CrylAc in insect midgut brush border membrane vesicles. Biochim
Biophys  Acta  Biomembr  1561:171-179.  https://doi.org/10.1016/S0005-

2736(02)00342-5

Knight PJ, Knowles BH, Ellar DJ. 1994. The receptor for Bacillus thuringiensis
CrylA(c) delta-endotoxin in the brush border membrane is aminopeptidase N. Mol
Microbiol 11:429-436. https://doi.org/10.1111/].1365-2958.1994.tb00324.x

Knight PJ, Knowles, BH, Ellar DJ. 1995. Molecular cloning of an insect
aminopeptidase N that serves as a receptor for Bacillus thuringiensis CrylA(c) toxin. J
Biol Chem 270:17765-17770. https://doi.org/10.1074/jbc.270.30.17765

Kong M, Chen XG, Xing K, Park HJ. 2010. Antimicrobial properties of chitosan and
mode of action: a state of the art review. Int J Food Microbiol 144:51-63.
https://doi.org/10.1016/j.ijfoodmicro.2010.09.012

Kramer KJ, Muthukrishnan S. 1997. Insect chitinases: molecular biology and potential
use as biopesticides. Insect Biochem Mol Biol 27:887-900.
https://doi.org/10.1016/s0965-1748(97)00078-7

Krishna M, Narang H. 2008. The complexity of mitogen-activated protein kinases
(MAPKSs) made simple. Cell Mol Life Sci 65:3535-3544.
https://doi.org/10.1007/s00018-008-8170-7

Krishnamoorthy M, Jurat-Fuentes JL, McNall RJ, Andacht T, Adang MJ. 2007.
Identification of novel CrylAc binding proteins in midgut membranes from Heliothis
virescens using proteomic analyses. Insect Biochem Mol Biol 37:189-201.
https://doi.org/10.1016/j.ibmb.2006.10.004

Kunthic T, Watanabe H, Kawano R, Tanaka Y, Promdonkoy B, Yao M, Boonserm P.
2017. pH regulates pore formation of a protease activated Vip3Aa from Bacillus
thuringiensis. Biochim Biophys Acta Biomembr 1859:2234-2241
https://doi.org/10.1016/j.bbamem.2017.08.018

Kuo CJ, Hansen M, Troemel E. 2018. Autophagy and innate immunity: insights from
invertebrate model organisms. Autophagy 14:233-242.
https://doi.org/10.1080/15548627.2017.1389824

Kwa MSG, de Maagd RA, Stickema WIJ, Vlak JM, Bosch D. 1998. Toxicity and
binding properties of the Bacillus thuringiensis delta-endotoxin CrylC to cultured
insect cells. J Invertebr Pathol 71:121-127. https://doi.org/10.1006/jipa.1997.4723

Lambert B, Buysse L, Decock C, Jansens S, Piens C, Saey B, Seurinck J, Van
Audenhove K, Van Rie J, Van Vliet A, Peferoen M. 1996. A Bacillus thuringiensis
insecticidal crystal protein with a high activity against members of the family
Noctuidae. Appl Environ Microbiol 62:80-86. https://doi.org/10.1128/AEM.62.1.80-
86.1996

Lavine MD, Strand MR. 2001. Surface characteristics of foreign targets that elicit an
encapsulation response by the moth Pseudoplusia includens. J Insect Physiol 47:965—
974. https://doi.org/10.1016/s0022-1910(01)00071-3

279



References

Lawrie RG, Mitchell RD, Deguenon JM, Ponnusamy L, Reisig DD, Pozo-Valdivia A,
Kurtz RW, Roe RM. 2020. Multiple known mechanisms and a possible role of an
enhanced immune system in Bt resistance in a field population of the bollworm,
Helicoverpa zea: differences in gene expression with RNAseq. Int J Mol Sci 21:6528.
https://doi.org/10.3390/ijms21186528

Le Bourg E, Massou I, Gobert V. 2009. Cold stress increases resistance to fungal
infection infection throughout life in Drosophila melanogaster. Biogerontology
10:613-625. https://doi.org/10.1007/s10522-008-9206-y.

Lee MK, Young BA, Dean DH. 1995. Domain III exchanges of Bacillus thuringiensis
CrylA toxins affect binding to different gypsy moth midgut receptors. Biochem
Biophys Res Commun 216, 306-312. https://doi.org/10.1006/bbrc.1995.2625

Lee MK, Walters FS, Hart H, Palekar N, Chen JS. 2003. The mode of action of the
Bacillus thuringiensis vegetative insecticidal protein Vip3A differs from that of
CrylAb delta-endotoxin. Appl Environ Microbiol 69:4648-4657.
https://doi.org/10.1128/aem.69.8.4648-4657.2003

Lee MK, Miles P, Chen J. 2006. Brush border membrane binding properties of Bacillus
thuringiensis Vip3A toxin to Heliothis virescens and Helicoverpa zea midguts.
Biochem. Biophys. Res. Commun. 339:1043-1047.
http://dx.doi.org/10.1016/i.bbrc.2005.11.112

Leger RJS, Cooper RM, Charnley AK. 1988. The effect of melanization of Manduca
sexta cuticle on growth and infection by Metarhizium anisopliae. J Invertebr Pathol
52:459-470. https://doi.org/10.1016/0022-2011(88)90059-6

Lemes AR, Davolos CC, Legori PC, Fernandes OA, Ferré¢ J, Lemos MV, Desiderio JA.
2014. Synergism and antagonism between Bacillus thuringiensis Vip3A and Cryl
proteins in Heliothis virescens, Diatraea saccharalis and Spodoptera frugiperda. PLoS
One. 9:¢107196. https://doi.org/10.1371/journal.pone.0107196

Levine B, Klionsky DJ. 2004. Development by self-digestion: molecular mechanisms
and  biological  functions of  autophagy. Dev  Cell  6:463-477.
https://doi.org/10.1016/s1534-5807(04)00099-1

Li H, Oppert B, Higgins RA, Huang F, Zhu KY, Buschman LL. 2004. Comparative
analysis of proteinase activities of Bacillus thuringiensis-resistant and -susceptible
Ostrinia nubilalis (Lepidoptera: Crambidae). Insect Biochem Mol Biol 34:753-762.
https://doi.org/10.1016/j.ibmb.2004.03.010

Li G, Huang J, Ji T, Tian C, Zhao X, Feng H. 2020. Baseline susceptibility and
resistance allele frecuency in Ostrinia furnacalis related to Cryl toxins in the
Huanhuaihai summer corn region of China. Pest Manag Sci 76:4311-4317.
https://doi.org/10.1002/ps.5999

Li G, Feng H, Ji T, Huang J, Tian C. 2021. What type of Bt corn is suitable for a region
with diverse lepidopteran pests: A laboratory evaluation. GM Crops & Food 12:115-
124. https://doi.org/10.1080/21645698.2020.1831728

280



References

Li S, Xu X, Shakeel M, Xu J, Zheng Z, Zheng J, Yu X, Zhao Q, Jin F. 2018. Bacillus
thuringiensis suppresses the humoral immune system to overcome defense mechanism
of Plutella xylostella. Front Physiol 9:1478. https://doi.org/10.3389/fphys.2018.01478

Liang Y, Patel SS, Dean DH. 1995. Irreversible binding kinetics of Bacillus
thuringiensis CrylA delta-endotoxins to gypsy moth brush border membrane vesicles
is directly correlated to toxicity. J Biol Chem 270:24719-24724.
http://dx.doi.org/10.1074/ibc.270.42.24719

Lightwood DJ, Ellar DJ, Jarrett P. 2000. Role of proteolysis in determining potency of
Bacillus thuringiensis Cryl Ac d-endotoxin. Appl Environ Microbiol 66:5174-5181.
https://doi.org/10.1128/aem.66.12.5174-5181.2000

LinJ, Yu XQ, Wang Q, Tao X, LiJ, Zhang S, Xia X, You M. 2020. Immune responses
to Bacillus thuringiensis in the midgut of the diamondback moth, Plutella xylostella.
Dev Comp Immunol 107:103661. https://doi.org/10.1016/1.dci.2020.103661

Linton KJ.2007. Structure and function of ABC transporters. Physiology 22:122—-130.
https://doi.org/10.1152/physiol.00046.2006

Liu M, Cai QX, Liu HZ, Zhang BH, Yan JP, Yuan ZM. 2002. Chitinolytic activities in
Bacillus thuringiensis and their synergistic effects on larvicidal activity. J Appl
Microbiol 93:374-379. https://doi.org/10.1046/j.1365-2672.2002.01693.x

Liu S, Zhou S, Tian L, Guo E, Luan Y, Zhang J, Li S. 2011. Genome-wide
identification and characterization of ATP-binding cassette transporters in the
silkworm, Bombyx mori. BMC Genomics 12:491. https://doi.org/10.1186/1471-2164-
12-491

Liu C, Xiao Y, Li X, Oppert B, Tabashnik BE, Wu K. 2014. Cis-mediated down-
regulation of a trypsin gene associated with Bt resistance in cotton bollworm. Sci Rep
4:7219. https://doi.org/10.1038/srep07219

Liu L, Chen Z, Yang Y, Xiao Y, Liu C, Ma Y, Soberéon M, Bravo A, Yang Y, Liu K.
2018. A single amino acid polymorphism in ABCC2 loop 1 is responsible for
differential toxicity of Bacillus thuringiensis CrylAc toxin in different Spodoptera
(Noctuidae) species. Insect Biochem Mol Biol 100:59-65.
http://dx.doi.org/10.1016/1.ibmb.2018.06.004

Liu A, Huang X, Gong L, Guo Z, Zhang Y, Yang Z. 2019. Characterization of immune-
related PGRP gene expression and phenoloxidase activity in CrylAc-susceptible and -
resistant  Plutella  xylostella. ~ Pestic =~ Biochem  Physiol 160:79-86.
https://doi.org/10.1016/j.pestbp.2019.07.004

Loeb MJ, Hakim RS. 1996. Insect midgut epithelium in vitro: an insect stem cell
system. J Insect Physiol 42:1103-1111.  https://doi.org/10.1016/S0022-

1910(96)00050-9

Loeb MJ, Hakim RS, Martin P, Narang N, Goto S, Takeda M. 2000. Apoptosis in
cultured midgut cells from Heliothis virescens larvae exposed to various conditions.
Arch Insect Biochem Physiol 45:12-23. https://doi _ .org/10.1002/1520-
6327(200009)45:1,12::AID-ARCH2.3.0.CO:2-P

281



References

Loeb MJ, Martin PAW, Hakim RS, Goto S, Takeda M. 2001. Regeneration of cultured
midgut cells after exposure to sublethal doses of toxin from two strains of Bacillus
thuringiensis. J Insect Physiol 47:599-606. https://doi.org/10.1016/s0022-

1910(00)00150-5

Los FCO, Kao CY, Smitham J, McDonald KL, Ha C, Peixoto CA, Aroian RV. 2011.
RAB-5- and RAB-11-dependent vesicle-trafficking pathways are required for plasma
membrane repair after attack by bacterial pore-forming toxin. Cell Host Microbe
9:147-157. https://doi.org/10.1016/j.chom.2011.01.005

Los FCO, Randis TM, Aroian RV, Ratner AJ. 2013. Role of pore-forming toxins in
bacterial infectious diseases. Microbiol Mol Biol Rev 77:173-207.
https://doi.org/10.1128 MMBR.00052-12

Lu YJ, Adang MJ. 1996. Conversion of Bacillus thuringiensis CrylAc-binding
aminopeptidase to a soluble form by endogenous phosphatidylinositol phospholipase
C. Insect Biochem Mol Biol 26:33—40. https://doi.org/10.1016/0965-1748(95)00058-5

Lu Y, Li Z. 2015. No intestinal stem cell regeneration after complete progenitor
ablation in Drosophila adult midgut. J Genet Genomics 42:83-86.
https://doi.org/10.1016/j.j22.2014.10.002

Lundgren JG, Jurat-Fuentes JL. 2012. Physiology and ecology of host defense against
microbial invaders, p 461-480. In Vega FE, Kaya HK (ed), Insect pathology, 2nd ed.
Elsevier, Amsterdam, Netherlands.

Luo K, Banks D, Adang MJ. 1999. Toxicity, binding, and permeability analyses of four
Bacillus thuringiensis Cryl §-endotoxins using brush border membrane vesicles of
Spodoptera exigua and Spodoptera frugiperda. Appl Environ Microbiol 65:457-464.
https://doi.org/10.1128/aem.65.2.457-464.1999

Luo K, Sangadala S, Masson L, Mazza A, Brousseau R, Adang MJ. 1997. The Heliothis
virescens 170 kDa Aminopeptidase functions as “receptor A” by mediating specific
Bacillus thuringiensis CrylA delta-endotoxin binding and pore formation. Insect
Biochem Mol Biol 27:735-743. https://doi.org/10.1016/s0965-1748(97)00052-0

Luo H, Xiong J, Zhou Q, Xia L, Yu Z. 2013. The effects of Bacillus thuringiensis
Cry6A on the survival, growth, reproduction, locomotion, and behavioral response of
Caenorhabditis  elegans. ~ Appl  Microbiol  Biotechnol  97:10135-10142.
https://doi.org/10.1007/s00253-013-5249-3

Luong TTA, Zalucki MP, Perkins LE, Downes SJ. 2018. Feeding behaviour and
survival of Bacillus thuringiensis-resistant and Bacillus thuringiensis- susceptible
larvae of Helicoverpa armigera (Lepidoptera: Noctuidae) exposed to a diet with
Bacillus thuringiensis toxin. Austral Entomol 57:1-8.
https://doi.org/10.1111/aen.12265

Ma G, Roberts H, Sarjan M, Featherstone N, Lahnstein J, Akhurst R, Schmidt O. 2005.
Is the mature endotoxin CrylAc from Bacillus thuringiensis inactivated by a
coagulation reaction in the gut lumen of resistant Helicoverpa armigera larvae? Insect
Biochem Mol Biol 35:729-739. https://doi.org/10.1016/1.ibmb.2005.02.011

282



References

Ma G, Rahman MM, Grant W, Schmidt O, Asgari S. 2012. Insect tolerance to the
crystal toxins CrylAc and Cry2Ab is mediated by the binding of monomeric toxin to
lipophorin glycolipids causing oligomerization and sequestration reactions. Dev Comp
Immunol 37:184-192. https://doi.org/10.1016/1.dci.2011.08.017

Macé G, Miaczynska M, Zerial M, Nebreda AR. 2005. Phosphorylation of EEA1 by
p38 MAP kinase regulates m opioid receptor endocytosis. EMBO J 24:3235-3246.
https://doi.org/10.1038/sj.emb0i.7600799

Machado V, Serrano J, Galian J. 2016. Identification and characterization of pathogen-
response genes (repat) in Spodoptera frugiperda (Lepidoptera: Noctuidae). Folia Biol
(Krakow) 64:23-29. https://doi.org/10.3409/ tb64 1.23

Mahon RJ, Downes SJ, James B. 2012. Vip3A resistance alleles exist at high levels in
Australian targets before release of cotton expressing this toxin. PLoS ONE 7:¢39192.
http://dx.doi.org/10.1371/journal.pone.0039192

Malagoli D, Abdalla FC, Cao Y, Feng Q, Fujisaki K, Gregorc A, Matsuo T, Nezis IP,
Papassideri IS, Sass M, Silva-Zacarin ECM, Tettamanti G, Umemiya-Shirafuji R.
2010. Autophagy and its physiological relevance in arthropods: current knowledge and
perspectives. Autophagy 6:575-588. https://doi.org/10.4161/auto.6.5.11962

Mané-Padrés D, Cruz J, Vilaplana J, Nieva C, Urefia E, Bellés X, Martin D. 2010. The
hormonal pathway controlling cell death during metamorphosis in a hemimetabolous
insect. Dev Biol 346:150-160. https://doi.org/10.1016/1.ydbio.2010.07.012

Mang D, Shu M, Endo H, Yoshizawa Y, Nagata S, Kikuta S, Sato R. 2016. Expression
of a sugar clade gustatory receptor, BmGr6, in the oral sensory organs, midgut, and
central nervous system of larvae of the silkworm Bombyx mori. Insect Biochem Mol
Biol 70:85-98. https://doi.org/10.1016/1.ibmb.2015.12.008

Martin PB, Lingren PD, Greene GL. 1976. Relative abundance and host preferences of
cabbage looper, soybean looper, tobacco budworm, and corn earworm on crops grown
in northern Florida. Environ Entomol 5: 878-882.

Martinez-Ramirez AC, Gould F, Ferré J. 1999. Histopathological effects and growth
reduction in a susceptible and a resistant strain of Heliothis virescens (Lepidoptera:
Noctuidae) caused by sublethal doses of pure CrylA crystal proteins from Bacillus
thuringiensis. Biocontrol Sci Technol 9:239-246.
https://doi.org/10.1080/0958315992981 1

Masson L, Lu YJ, Mazza A, Brousseau R, Adang MJ. 1995. The CrylA(c) receptor
purified from Manduca sexta displays multiple specificities. J Biol Chem 270:20309—
20315. https://doi.org/10.1074/ijbc.270.35.20309

Masson L, Tabashnik BE, Liu YB, Brousseau R, Schwartz JL. 1999. Helix 4 of the
Bacillus thuringiensis CrylAa toxin lines the lumen of the ion channel. J Biol Chem
274:31996-32000. https://doi.org/10.1074/jbc.274.45.31996

Mathew LG, Ponnuraj J, Mallappa B, Chowdary LR, Zhang J, Tek Tay W, Walsh TK,
Gordon KHJ, Heckel DG, Downes S, Carri¢re Y, Li X, Tabashnik BE, Fabrick JA.

283



References

2018. ABC transporter mis-splicing associated with resistance to Bt toxin Cry2Ab in
laboratory-  and  field-selected  pink  bollworm. Sci  Rep  8:13531
https://doi.org/10.1038/s41598-018-31840-5

Mattson MP, Calabrese EJ. 2010. Hormesis: what it is and why it matters. In Hormesis:
A Revolution in Biology, Toxicology and Medicine (Mattson, M.P., and Calabrese,
E.J., eds), pp. 1-15. Springer, New York, NY

Maurer K, Reyes-Robles T, Alonzo F, III, Durbin J, Torres VJ, Cadwell K. 2015.
Autophagy mediates tolerance to Staphylococcus aureus alpha-toxin. Cell Host
Microbe 17:429-440. https://doi.org/10.1016/j.chom.2015.03.001

McClane BA, Chakrabarti G. 2004. New insights into the cytotoxic mechanisms of
Clostridium perfringens enterotoxin. Anaerobe 10:107-114.
https://doi.org/10.1016/j.anaerobe.2003.11.004

McGaughey WH. 1985. Insect resistance to the biological insecticide Bacillus
thuringiensis. Science 229:193-195. https://doi.org/10.1126/science.229.4709.193

McNall RJ, Adang MJ. 2003. Identification of novel Bacillus thuringiensis CrylAc
binding proteins in Manduca sexta midgut through proteomic analysis. Insect Biochem
Mol Biol 33:999-1010. https://doi.org/10.1016/s0965-1748(03)00114-0

Medina Gomez H, Adame Rivas G, Hernandez-Quintero A, Gonzéalez Hernandez A,
Torres Guzman JC, Mendoza HL, Contreras-Gardufio J. 2018. The occurrence of
immune priming can be species-specific in entomopathogens. Microb Pathog 118:361—
364. https://doi.org/10.1016/j.micpath.2018.03.063

Meekins DA, Kanost MR, Michel K. 2017. Serpins in arthropod biology. Semin Cell
Dev Biol 62:105-119. https://doi.org/10.1016/j.semcdb.2016.09.001

Meunier L, Préfontaine G, Van Munster M, Brousseau R, Masson L. 2006.
Transcriptional response of Choristoneura fumiferana to sublethal exposure of CrylAb
protoxin  from  Bacillus  thuringiensis. Insect Mol Biol 15:475-483.
https://doi.org/10.1111/j.1365-2583.2006.00659.x. https://doi.org/10.1111/].1365-
2583.2006.00659.x

Milutinovi¢ B, Kurtz J. 2016. Immune memory in invertebrates. Semin Immunol
28:328-342. https://doi.org/10.1016/j.smim.2016.05.004

Milutinovi¢ B, Peuss R, Ferro K, Kurtz J. 2016. Immune priming in arthropods: an
update focusing on the red flour beetle. Zoology (Jena) 119:254-261.
https://doi.org/10.1016/j.2001.2016.03.006

Mizushima N. 2005. The pleiotropic role of autophagy: from protein metabolism to
bactericide. Cell Death Differ 12:1535-1541. https://doi.org/10.1038/sj.cdd.4401728

Moar WJ, Anilkumar KJ. 2007. Plant science: The power of the pyramid. Science
318:1561-1562. https://doi.org/10.1126/science. 1151313

Morin S, Biggs RW, Sisterson MS, Shriver L, Ellers-Kirk C, Higginson D, Holley D,
Gahan LJ, Heckel DG, Carri¢re Y, Dennehy TJ, Brown JK, Tabashnik BE. 2003. Three

284



References

cadherin alleles associated with resistance to Bacillus thuringiensis in pink bollworm.
Proc Natl Acad Sci USA 100:5004-9. https://doi.org/10.1073/pnas.0831036100

Mullen L, Goldsworthy G. 2003. Changes in lipophorins are related to the activation
of phenoloxidase in the haemolymph of Locusta migratoria in response to injection of
immunogens. Insect Biochem Mol Biol 33:661-670. https://doi.org/10.1016/5s0965-
1748(03)00045-6. https://doi.org/10.1016/S0965-1748(03)00045-6

Munson PJ, Rodbard D. 1980. LIGAND: a versatile computerized approach for
characterization of ligand-binding systems. Anal Biochem 107:220-239.
https://doi.org/10.1016/0003-2697(80)90515-1

Muioz-Garay C, Portugal L, Pardo-Lopez L, Jiménez-Judrez N, Arenas I, Gomez I,
Sanchez-Lopez R, Arroyo R, Holzenburg A, Savva CG, Soberén M, Bravo A. 2009.
Characterization of the mechanism of action of the genetically modified Cryl AbMod
toxin that is active against CrylAb-resistant insects. Biochim Biophys Acta Biomembr
1788:2229-2237. https://doi.org/10.1016/j.bbamem.2009.06.014

Murphy CT, Hu PJ. 2013. Insulin/insulin-like growth factor signaling in
Caenorhabditis elegans, p 1-43. In Greenwald I (ed), The Caenorhabditis elegans
research community. WormBook. https://doi.org/10.1895/wormbook.1.164.1

Nagamatsu Y, Toda S, Koike T, Miyoshi Y, Shigematsu S, Kogure M. 1998. Cloning,
sequencing, and expression of the Bombyx mori receptor for Bacillus thuringiensis
insecticidal ~ CrylA(a) toxin. Biosci Biotechnol Biochem  62:727-734.
https://doi.org/10.1271/bbb.62.727

Nagamatsu Y, Koike T, Sasaki K, Yoshimoto A, Furukawa Y. 1999. The cadherin- like
protein is essential to specificity determination and cytotoxic action of the Bacillus
thuringiensis  insecticidal ~ CrylAa  toxin. FEBS  Lett  460:385-390.
https://doi.org/10.1016/s0014-5793(99)01327-7

Nair R, Kalia V, Aggarwal KK, Gujar GT. 2013. Variation in the cadherin gene
sequence of CrylAc susceptible and resistant Helicoverpa armigera (Lepidoptera:
Noctuidae) and the identification of mutant alleles in resistant strains. Curr Sci
104:215-23 http://www.jstor.org/stable/24089387

Naora H, Takai I, Adachi M, Naora H. 1998. Altered cellular responses by varying
expression of a ribosomal protein gene: sequential coordination of enhancement and
suppression of ribosomal protein S3a gene expression induces apoptosis. J Cell Biol
141:741-753. https://dx.doi.org/10.1083%2Fjcb.141.3.741

Nappi AJ, Christensen BM. 2005. Melanogenesis and associated cytotoxic reactions:
applications to insect innate immunity. Insect Biochem Mol Biol 35:443-459.
https://doi.org/10.1016/j.ibmb.2005.01.014

Navarro-Cerrillo G, Ferré J, de Maagd RA, Herrero S. 2012. Functional interactions
between members of the REPAT family of insect pathogen-induced proteins. Insect
Mol Biol 21:335-342. https://doi.org/10.1111/].1365-2583.2012.01139.x

Navarro-Cerrillo G, Hernandez-Martinez P, Vogel H, Ferré J, Herrero S. 2013. A new
gene superfamily of pathogen-response (repat) genes in Lepidoptera: classification and

285



References

expression analysis. Comp Biochem Physiol B Biochem Mol Biol 164:10-17.
https://doi.org/10.1016/j.cbpb.2012.09.004

Nielsen-LeRoux C, Gaudriault S, Ramarao N, Lereclus D, Givaudan A. 2012. How the
insect pathogen bacteria Bacillus thuringiensis and Xenorhabdus/Photorhabdus
occupy their hosts. Curr Opin Microbiol 15:220-231.
https://doi.org/10.1016/1.mib.2012.04.006

Nimsanor S, Srisaisup M, Jammor P, Promdonkoy B, Boonserm P. 2020. Intracellular
localization and cytotoxicity of Bacillus thuringiensis Vip3Aa against (Sf9) cells. J
Invertebr Pathol 171:107340. https://doi.org/10.1016/1.ip.2020.107340

Ning C, Wu K, Liu C, Gao Y, Jurat-Fuentes JL, Gao X. 2010. Characterization of a
Cryl Ac toxin-binding alkaline phosphatase in the midgut from Helicoverpa armigera
(Hiibner) larvae. J Insect Physiol 56:666-672.
https://doi.org/10.1016/].jinsphys.2010.02.003

Nollet F, Kools P, Van Roy F. 2000. Phylogenetic analysis of the cadherin superfamily
allows identification of six major subfamilies besides several solitary members. J] Mol
Biol 299:551-572. https://doi.org/10.1006/jmbi.2000.3777

Nuiez-Ramirez R, Huesa J, Bel Y, Ferré J, Casino P, Arias-Palomo E. 2021. Molecular
architecture and activation of the insecticidal protein Vip3Aa from Bacillus
thuringiensis. Nat Comm 11:3974. https://doi.org/10.1038/s41467-020-17758-5

Ocelotl J, Sanchez J, Gémez I, Tabashnik BE, Bravo A, Soberén M. 2017. ABCC2 is
associated with Bacillus thuringiensis CrylAc toxin oligomerization and membrane
insertion in diamondback moth. Sci Rep 7:1-9. https://doi.org/10.1038/s41598-017-

02545-y

Opota O, Gauthier NC, Doye A, Berry C, Gounon P, Lemichez E, Pauron D. 2011.
Bacillus sphaericus binary toxin elicits host cell autophagy as a response to
intoxication. PLoS One 6:¢14682. https://doi.org/10.1371/journal.pone.0014682

Oppert B, Kramer KJ, Beeman RW, Johnson D, McGaughey WH. 1997. Proteinase-
mediated insect resistance to Bacillus thuringiensis toxins. J Biol Chem 272:23473—
23476. https://doi.org/10.1074/jbc.272.38.23473

Oppert B, Martynov AG, Elpidina EN. 2012. Bacillus thuringiensis Cry3Aa protoxin
intoxication of Tenebrio molitor induces widespread changes in the expression of
serine peptidase transcripts. Comp Biochem Physiol Part D Genomics Proteomics
7:233-242. https://doi.org/10.1016/j.cbd.2012.03.005

Pacheco S, Gémez I, Arenas I, Saab-Rincon G, Rodriguez-Almazan C, Gill SS, Bravo
A, Soberéon M. 2009. Domain II loop 3 of Bacillus thuringiensis CrylAb toxin is
involved in a “ping-pong” binding mechanism with Manduca sexta aminopetidase-N
and cadherin receptors. J Biol Chem 284:32750-32757.
https://doi.org/10.1074/ibc.m109.024968

Palma L, Mufioz D, Berry C, Murillo J, Caballero P. 2014. Bacillus thuringiensis
toxins: an overview of their biocidal activity. Toxins 6:3296-3325.
https://doi.org/10.3390/toxins6123296

286



References

Palma L, Scott DJ, Harris G, Din SU, Williams TL, Roberts OJ, Young MT, Caballero
P, Berry C. 2017. The Vip3Ag4 insecticidal protoxin from Bacillus thuringiensis
adopts a tetrameric configuration that is maintained on proteolysis. Toxins 9:165.
https://doi.org/10.3390/toxins9050165

Pardo-Lopez L, Gémez I, Rausell C, Sanchez J, Soberén M, Bravo A. 2006. Structural
changes of the Cryl Ac oligomeric pre-pore from Bacillus thuringiensis induced by N-
acetylgalactosamine facilitates toxin membrane insertion. Biochem. 45:10329-10336.
https://doi.org/10.1021/bi060297z

Pardo-Lopez L, Soberén M, Bravo A. 2013. Bacillus thuringiensis insecticidal three-
domain Cry toxins: mode of action, insect resistance and consequences for crop
protection. FEMS Microbiol Rev 37:3-22.  https://doi.org/10.1111/].1574-
6976.2012.00341.x

Park Y, Gonzalez-Martinez RM, Navarro-Cerrillo G, Chakroun M, Kim Y, Ziarsolo P,
Blanca J, Caiizares J, Ferré J, Herrero S. 2014. ABCC transporters mediate insect
resistance to multiple Bt toxins revealed by bulk segregant analysis. BMC Biol. 12:1—
15. https://doi.org/10.1186/1741-7007-12-46

Park SY, Kim CH, Jeong WH, Lee JH, Seo SJ, Han Y, Lee IH. 2005. Effects of two
hemolymph proteins on humoral defense reactions in the wax moth, Galleria
mellonella. Dev Comp Immunol 29:43-51. https://doi.org/10.1016/7.dci.2004.06.001

Parker D, Prince A. 2016. A new approach to toxin neutralization in Staphylococcus
aureus therapy. EMBO Rep 17:284-285. https://doi.org/10.15252/embr.201642015

Pauchet Y, Bretschneider A, Augustin S, Heckel DG. 2016. A P-glycoprotein is linked
to resistance to the Bacillus thuringiensis Cry3Aa toxin in a leaf beetle. Toxins 8:362
https://dx.doi.org/10.3390%2Ftoxins8120362

Pearson A, Lux A, Krieger M. 1995. Expression cloning of dSR-CI, a class C
macrophage-specific scavenger receptor from Drosophila melanogaster. Proc Natl
Acad Sci USA 92:4056—60. https://doi.org/10.1073/pnas.92.9.4056

Perchat S, Dubois T, Zouhir S, Gominet M, Poncet S, Lemy C, Aumont-Nicaise M,
Deutscher J, Gohar M, Nessler S, Lereclus D. 2011. A cell-cell communication system
regulates protease production during sporulation in bacteria of the Bacillus cereus
group. Mol Microbiol 82:619-633. https://doi.org/10.1111/j.1365-2958.2011.07839.x

Perera OP, Willis JD, Adang MJ, Jurat-Fuentes JL. 2009. Cloning and characterization
of the Cry1Ac-binding alkaline phosphatase (HVALP) from Heliothis virescens. Insect
Biochem Mol Biol 39:294-302. http://dx.doi.org/10.1016/1.ibmb.2009.01.006

Perera OP, Allen KC, Jain D, Purcell M, Little NS, Luttrell RG. 2015. Rapid
identification of Helicoverpa armigera and Helicoverpa zea (Lepidoptera: Noctuidae)
using ribosomal RNA internal transcribed spacer 1. J Insect Sci 15: 155.
https://doi.org/10.1093/jisesa/iev137

287



References

Perera OP, Little NS, Pierce CA. 2018. CRISPR/Cas9 mediated high efficiency
knockout of the eye color gene Vermillion in Helicoverpa zea (Boddie). PLoS ONE
13:¢0197567 https://doi.org/10.1371/journal.pone.0197567

Peterson B, Bezuidenhout CC, Van den Berg J. 2017. An overview of mechanisms of
Cry toxin resistance in lepidopteran insects. J Econ Entomol 110:362-377.
http://dx.doi.org/10.1093/jee/tow310

Pfaffl MW, Horgan GW, Dempfle L. 2002. Relative expression software tool (REST)
for group-wise comparison and statistical analysis of relative expression results in real-
time PCR. Nucleic Acids Res. 30:€36. http://dx.doi.org/10.1093/nar/30.9.e36

Pickett B. Studies on Resistance to Vegetative (Vip3A) and Crystal (Cry1A) Insecticide
Toxin of Bacillus thuringiensis in Heliothis virescens (Fabricius). Ph.D. Thesis,
Imperial College London, London, UK, 2009.

Pickett BR, Gulzar A, Ferré J, Wright DJ. 2017. Bacillus thuringiensis Vip3Aa toxin
resistance in Heliothis virescens (Lepidoptera: Noctuidae). Appl Environ Microbiol
83:e03506—e03516. http://dx.doi.org/10.1128/AEM.03506-16

Pigott CR, Ellar DJ. 2007. Role of receptors in Bacillus thuringiensis crystal toxin
activity. Microbiol Mol Biol Rev 71:255-281. https://doi.org/10.1128/ MMBR.00034-
06

Pinos D, Hernandez-Martinez P. 2019. Modo de accion de las proteinas insecticidas de
Bacillus thuringiensis. Boletin SEEA n°4. ISSN:22603-6754.

Portugal L, Muifi6z-Garay C, Martinez de Castro DL, Soberéon M, Bravo A. 2017.
Toxicity of CrylA toxins from Bacillus thuringiensis to CF1 cells does not involve
activation of adenylate cyclase/PKA signaling pathway. Insect Biochem Mol Biol
80:21-31. https://doi.org/10.1016/1.ibmb.2016.11.004

Priest FG, Barker M, Baillie LW, Holmes EC, Maiden MC. 2004. Population structure
and evolution of the Bacillus cereus group. J Bacteriol 186:7959-70
https://doi.org/10.1128/ib.186.23.7959-7970.2004

Qiu L, Fan J, Liu L, Zhang B, Wang X, Lei C, Lin Y, Ma W. 2017. Knockdown of the
MAPK p38 pathway increases the susceptibility of Chilo suppressalis larvae to
Bacillus thuringiensis CrylCa toxin. Sci Rep 7:43964.
https://doi.org/10.1038/srep43964

Qiu L, Zhang B, Liu L, Wang X, Lei C, Lin Y, Zhao J, Ma W. 2017. The role of p38
MAPK, JNK, and ERK in antibacterial responses of Chilo suppressalis (Lepidoptera:
Crambidae). J Econ Entomol 110:1460—1464. https://doi.org/10.1093/jee/tox126

Quan Y, Ferré J. 2019. Structural domains of the Bacillus thuringiensis Vip3Af protein
unraveled by tryptic digestion of alanine mutants. Toxins 11:368.
https://doi.org/10.3390/toxins 11060368

Quan Y, Yang J, Wang Y, Herndndez-Martinez P, Ferré J, He K. 2021. The rapid
evolution of resistance to Vip3Aa insecticidal protein in Mythimna separata (Walker)

288



References

is not related to altered binding to midgut receptors. Toxins 13:364.
https://doi.org/10.3390/toxins 13050364

Rahman MM, Roberts HLS, Sarjan M, Asgari S, Schmidt O. 2004. Induction and
transmission of Bacillus thuringiensis tolerance in the flour moth Ephestia kuehniella.
Proc Natl Acad Sci U S A 101:2696-2699. https://doi.org/10.1073/pnas.0306669101

Rahman MM, Roberts HLS, Schmidt O. 2007. Tolerance to Bacillus thuringiensis
endotoxin in immune-suppressed larvae of the flour moth Ephestia kuehniella. J
Invertebr Pathol 96:125-132. https://doi.org/10.1016/1.jip.2007.03.018

Rainey GJA, Young JAT. 2004. Antitoxins: Novel strategies to target agents of
bioterrorism. Nat Rev Microbiol 2:721-726. https://doi.org/10.1038/nrmicro977

Rajagopal R, Arora N, Sivakumar S, Rao NGV, Nimbalkar SA, Bhatnagar RK. 2009.
Resistance of Helicoverpa armigera to CrylAc toxin from Bacillus thuringiensis is due
to improper processing of the protoxin. Biochem J 419:309-316.
https://doi.org/10.1042/BJ20081152

Rang C, Vachon V, De Maagd RA, Schwartz JL, Bosch D, Frutos R, Laprade R. 1999.
Interaction between functional domains of Bacillus thuringiensis insecticidal crystal
proteins. Appl Environ Microbiol 65:2918-2925.
https://doi.org/10.1128/aem.65.7.2918-2925.1999

Raymond B, Johnston PR, Nielsen-LeRoux C, Lereclus D, Crickmore N. 2010.
Bacillus  thuringiensis: an impotent pathogen? Trends Microbiol 18:189-194.
https://doi.org/10.1016/1.tim.2010.02.006

Reay-Jones FP, Bilbo TR, Reisig DD. 2020. Decline in sublethal effects of Bt Corn on
corn earworm (Lepidoptera: Noctuidae) linked to increasing levels of resistance. ] Econ
Entomol 113:2241-2249. https://doi.org/10.1093/jee/toaal 63

Rees JS, Jarrett P, Ellar DJ. 2009. Peritrophic membrane contribution to Bt Cry delta
endotoxin susceptibility in Lepidoptera and the effect of calcofluor. J Invertebr Pathol
100:139-146. https://doi.org/10.1016/].jip.2009.01.002

Ren XL, Jiang WL, Ma YJ, Hu HY, Ma XY, Ma Y, Li GQ. 2016. The Spodoptera
exigua (Lepidoptera: noctuidae) ABCC2 mediates CrylAc cytotoxicity and, in
conjunction with cadherin, contributes to enhance Cry1Ca toxicity in Sf9 cells. J Econ
Entomol 109:2281-2289. https://doi.org/10.1093/jee/tow193

Retnakaran A, Lauzon H, Fast P. 1983. Bacillus thuringiensis induced anorexia in the
spruce budworm, Choristoneura fumiferana. Entomol Exp Appl 34:233-239.
https://doi.org/10.1111/7.1570-7458.1983.tb03327.x

Rodrigo-Simoén A, de Maagd RA, Avilla C, Bakker PL, Molthoff J, Gonzélez-Zamora
JE, Ferré J. 2006. Lack of detrimental effects of Bacillus thuringiensis Cry toxins on
the insect predator Chrysoperla carnea: a toxicological, histopathological, and
biochemical analysis. Appl Environ Microbiol 72:1595-1603.
https://doi.org/10.1128/AEM.72.2.1595-1603.2006

289



References

Rodriguez-Almazan C, Zavala LE, Mufioz-Garay C, Jiménez-Judrez N, Pacheco S,
Masson L, Soberon M, Bravo A. 2009. Dominant negative mutants of Bacillus
thuringiensis CrylAb toxin function as anti-toxins: demonstration of the role of
oligomerization in toxicity. PLoS ONE 4:e5545
https://doi.org/10.1371/journal.pone.0005545

Roh JY, Choi J, Li MS, Jin BR, Je YH. 2007. Bacillus thuringiensis as a specific, safe,
and effective tool for insect pest control. ] Microbiol Biotechnol 17:547-559.

Romanelli D, Casartelli M, Cappellozza S, de Eguileor M, Tettamanti G. 2016. Roles
and regulation of autophagy and apoptosis in the remodeling of the lepidopteran midgut
epithelium during metamorphosis. Sci Rep 6:1-15. https://doi.org/10.1038/srep32939

Romeis J, Naranjo SE, Meissle M, Shelton AM. 2019. Genetically engineered crops
help support conservation biological control. Biol Control 130:136-154.
https://doi.org/10.1016/j.biocontrol.2018.10.001

Ross J, Jiang H, Kanost MR, Wang W. 2003. Serine proteases and their homologs in
the Drosophila melanogaster genome: an initial analysis of sequence conservation and
phylogenetic relationships. Gene 304:117-131. https://doi.org/10.1016/S0378-

1119(02)01187-3

Roth CW, Holm I, Graille M, Dehoux P, Rzhetsky A, Wincker P, Weissenbach J, Brey
PT. 2003. Identification of the Anopheles gambiae ATP-binding cassette transporter
superfamily genes. Mol Cell 15:150e158.

Roth O, Joop G, Eggert H, Hilbert J, Daniel J, Schmid-Hempel P, Kurtz J. 2010.
Paternally derived immune priming for offspring in the red flour beetle, Tribolium
castaneum. J Anim Ecol 79:403-413. https://doi.org/10.1111/7.1365-
2656.2009.01617.x

Rouis S, Chakroun M, Jaoua S. 2008. Comparative study of Bacillus thuringiensis
CrylAa and CrylAc §-endotoxin activation, inactivation and in situ histopathological
effect in Ephestia kuehniella (Lepidoptera: Pyralidae). Mol Biotechnol 38:233-239.
https://doi.org/10.1007/s12033-007-9021-8

Roush RT. 1997. Bt-transgenic crops: Just another pretty insecticide or a chance for a
new start in  resistance = management?  Pestic. = Sci. = 51:328-334.
http://dx.doi.org/10.1002/(SICI)1096-9063(199711)51:33.0.CO:2-B

Ruan L, Crickmore N, Peng D, Sun M. 2015. Are nematodes a missing link in the
confounded ecology of the entomopathogen Bacillus thuringiensis? Trends Microbiol
23:341-346. https://doi.org/10.1016/1.tim.2015.02.011

Ruoslahti E, Obrink B. 1996. Common principles in cell adhesion. Exp Cell Res 25:1—
11. https://doi.org/10.1006/excr.1996.0243

Sampson MN, Gooday GW. 1998. Involvement of chitinases of Bacillus thuringiensis
during pathogenesis in insects. Microbiology 144:2189-2194.
https://doi.org/10.1099/00221287-144-8-2189

290



References

Sanchis V. 2011. From microbial sprays to insect-resistant transgenic plants: history of
the biospesticide Bacillus thuringiensis: A review. Agron Sustain Dev 31:217-231.
https://doi.org/10.1051/agro/2010027

Sarkar A, Hess D, Mondal HA, Banerjee S, Sharma HC, Das S. 2009. Homodimeric
alkaline phosphatase located at Helicoverpa armigera midgut, a putative receptor of
CrylAc contains alpha-GalNAc in terminal glycan structure as interactive epitope. J
Proteome Res 8:1838-1848. https://doi.org/10.1021/pr8006528

Sato R, Adegawa S, Li X, Tanaka S, Endo H. 2019. Function and role of ATP-Binding
cassette transporters as receptors for 3D-Cry toxins. Toxins 11:124.
https://doi.org/10.3390/toxins11020124

Satyavathi VV, Minz A, Nagaraju J. 2014. Nodulation: an unexplored cellular defense
mechanism in insects. Cell Signal 26:1753-1763.
https://doi.org/10.1016/j.cellsig.2014.02.024

Schmidt O, Soderhéll K, Theopold U, Faye 1. 2010. Role of adhesion in arthropod
immune recognition. Annu Rev Entomol 55:485-504.
https://doi.org/10.1146/annurev.ento.54.110807.090618

Schnepf E, Crickmore N, Van Rie J, Lereclus D, Baum J, Feitelson J, Zeigler DR, Dean
DH. 1998. Bacillus thuringiensis and its pesticidal crystal proteins. Microbiol Mol Biol
Rev 62:775-806. https://doi.org/10.1128/mmbr.62.3.775-806.1998

Schulz NKE, Sell MP, Ferro K, Kleinholting N, Kurtz J. 2019. Transgenerational
developmental effects of immune priming in the red flour beetle 7ribolium castaneum.
Front Physiol 10:98. https://doi.org/10.3389/fphys.2019.00098

Schwartz JM, Tabashnik BE, Johnson MW. 1991. Behavioral and physiological
responses of susceptible and resistant diamondback moth larvae to Bacillus
thuringiensis. Entomol Exp Appl 61:179-187. https://doi.org/10.1111/1.1570-
7458.1991.tb02410.x

Schwartz JL, Juteau M, Grochulski P, Miroslaw C, Préfontaine G, Brousseau R,
Masson L. 1997. Restriction of intramolecular movements within the CrylAa toxin
molecule of Bacillus thuringiensis through disulfide bond engineering. FEBS Lett
410:397-402 https://doi.org/10.1016/S0014-5793(97)00626-1

Sebesta K, Horskd K. 1970. Mechanism of inhibition of DNA-dependent RNA
polymerase by exotoxin of Bacillus thuringiensis. Biochem Biophys Acta 209:357—
376. https://doi.org/10.1016/0005-2787(70)90734-3

Sellman BR, Mourez M, Collier RJ. 2001. Dominant-negative mutants of a toxin
subunit: an approach to therapy of anthrax. Science 292:695-697.
https://doi.org/10.1126/science. 109563

Sena JAD, Hernandez-Rodriguez CS, Ferré J. 2009. Interaction of Bacillus
thuringiensis Cryl and Vip3A proteins with Spodoptera frugiperda midgut binding
sites. Appl Environ Microbiol 75:2236-2237. http://dx.doi.org/10.1128/AEM.02342-
08

291



References

Shabbir MZ, Zhang T, Prabu S, Wang Y, Wang Z, Bravo A, Soberén M, He K. 2020.
Identification of CrylAh-binding proteins through pull down and gene expression
analysis in CrylAh-resistant and -susceptible strains of Ostrinia furnacalis. Pestic
Biochem Physiol 163:200-208. https://doi.org/10.1016/j.pestbp.2019.11.014

Sharma P, Nain V, Lakhanpaul S, Kumar PA. 2010. Synergistic activity between
Bacillus thuringiensis CrylAb and CrylAc toxins against maize stem borer (Chilo
partellus Swinhoe). Lett Appl Microbiol 51:42—47 https://doi.org/10.1111/].1472-
765X.2010.02856.x

Sharom FJ. 2011. The P-glycoprotein multidrug transporter. Essays Biochem 50:161—
178. https://doi.org/10.1042/bse0500161

Sheehan G, Farrell G, Kavanagh K. 2020. Immune priming: the secret weapon of the
insect world. Virulence 11:238-246. https://doi.org/10.1080/21505594.2020.1731137

Shivers RP, Kooistra T, Chu SW, Pagano DJ, Kim DH. 2009. Tissue-specific activities
of an immune signaling module regulate physiological responses to pathogenic and
nutritional bacteria in Caenorhabditis elegans. Cell Host Microbe 6:321-330.
https://doi.org/10.1016/j.chom.2009.09.001

Singh G, Sachdev B, Sharma N, Seth R, Bhatnagar RK. 2010. Interaction of Bacilllus
thuringiensis vegetative insecticidal protein with ribosomal S2 protein triggers
larvicidal activity in Spodoptera frugiperda. Appl Environ Microbiol 76:7202-7209.
https://doi.org/10.1128/aem.01552-10

Smouse D, Nishiura J. 1997. A Bacillus thuringiensis d-endotoxin induces
programmed cell death in mosquito larvae. Cell Death Differ 4:560-569.
https://doi.org/10.1038/sj.cdd.4400277

Soderhill K, Ajaxon R. 1982. Effect of quinones and melanin on mycelial growth of
Aphanomyces spp. and extracellular protease of Aphanomyces astaci, a parasite on
crayfish. J Invertebr Pathol 39:105-109. https://doi.org/10.1016/0022-2011(82)90164-
1

Song F, Chen C, Wu S, Shao E, Li M, Guan X, Huang Z. 2016. Transcriptional
profiling analysis of Spodoptera litura larvae challenged with Vip3Aa toxin and
possible involvement of trypsin in the toxin activation. Sci Rep 6:23861.
https://doi.org/10.1038/srep23861

Sparks ME, Blackburn MB, Kuhar D, Gundersen-Rindal DE. 2013. Transcriptome of
the Lymantria dispar (gypsy moth) larval midgut in response to infection by Bacillus
thuringiensis. PLoS One 8:¢61190. https://doi.org/10.1371/journal.pone.0061190

Spies AG, Spence KD. 1985. Effect of sublethal Bacillus thuringiensis crystal
endotoxin treatment on the larval midgut of a moth, Manduca: SEM study. Tissue Cell
17:379-394. https://doi.org/10.1016/0040-8166(85)90056-4

Stapel JO, Waters DJ, Ruberson JR, Lewis WJ. 1998. Development and behavior of
Spodoptera exigua (Lepidoptera: Noctuidae) larvae in choice tests with food substrates

292



References

containing  toxins of Bacillus  thuringiensis. Biol Control 11:29-37.
https://doi.org/10.1006/bcon.1997.0576

Steiner H, Hultmark D, Engstrom A, Bennich H, Boman HG. 1981. Sequence and
specificity of two antibacterial proteins involved in insect immunity. Nature 292:246—
248. https://doi.org/10.1038/292246a0

Stevens T, Song S, Bruning JB, Choo A, Baxter SW. 2017. Expressing a moth abcc2
gene in transgenic Drosophila causes susceptibility to Bt Cryl Ac without requiring a
cadherin-like  protein receptor. Insect Biochem Mol Biol 80:61-70.
https://doi.org/10.1016/j.ibmb.2016.11.008

Stockert JC, Blazquez-Castro A, Cafiete M, Horobin RW, Villanueva A.2012. MTT
assay for cell viability: intracellular localization of the formazan product is in lipid
droplets. Acta Histochem 114:785-796. https://doi.org/10.1016/j.acthis.2012.01.006

Stoops CA, Adler PH. 2006. Feeding behavior of larval black flies (Diptera:
Simuliidae) with and without exposure to Bacillus thuringiensis var. israelensis. ]
Vector Ecol 31:79-83 https://doi.org/10.3376/1081-1710(2006)31[79:

FBOLBF]2.0.CO;2

Sutek M, Vertyporokh L, Waleczko P, Wojda I. 2019. Immune priming of Galleria
mellonella larvae with Bacillus thuringiensis affects coagulation and phenoloxidase
activity upon  subsequent infection. Invertebrate = Surviv = 16:66-71.
https://doi.org/10.25431/1824-307X/isj.v0i10.66-71

Swiercz R, Person MD, Bedford MT. 2005. Ribosomal protein S2 is a substrate for
mammalian PRMT3 (protein arginine methyltransferase 3). Biochem J 386:85-91
https://dx.doi.org/10.1042%2FBJ20041466

Tabashnik BE, Carriére Y. 2017. Surge in insect resistance to transgenic crops and
prospects for sustainability. Nat Biotechnol 35:926-935.
https://doi.org/10.1038/nbt.3974

Tabashnik BE, Carriere Y. 2019. Global patterns of resistance to Bt crops highlighting
pink bollworm in the United States, China, and India. J Econ Entomol 112:2513-2523.
https://doi.org/10.1093/jee/toz173

Tabashnik BE, Carri¢re Y. 2020. Evaluating cross-resistance between Vip and Cry
toxins  of  Bacillus  thuringiensis. ] Econ  Entomol  113:553-561.
https://doi.org/10.1093/jee/toz308

Tabashnik BE, Mota-Sanchez D, Whalon ME, Hollingworth RM, Carriére Y. 2014.
Defining terms for proactive management of resistance to Bt crops and pesticides. J
Econ Entomol 107:496-507 https://doi.org/10.1603/ec13458

Tabashnik BE, Liu YB, Malvar T, Heckel DG, Masson L, Ballester V, Granero F,
Meénsua JL, Ferré J. 1997. Global variation in the genetic and biochemical basis of
diamondback moth resistance to Bacillus thuringiensis. Proc Natl Acad Sci USA
94:12780-12785. https://doi.org/10.1073/pnas.94.24.12780

293



References

Tabashnik BE, Finson N, Johnson MW, Moar WJ. 1993. Resistance to toxins from
Bacillus  thuringiensis subsp. kurstaki causes minimal cross-resistance to B.
thuringiensis subsp. aizawai in the diamondback moth (Lepidoptera: Plutellidae). Appl
Environ Microbiol 59:1332-1335. https://doi.org/10.1128/aem.59.5.1332-1335.1993

Takatsuka J, Kunimi Y. 2002. Lethal effects of Spodoptera exigua
nucleopolyhedrovirus isolated in Shiga Prefecture, Japan, on larvae of the beet
armyworm, Spodoptera exigua (Lepidoptera: Noctuidae). Appl Entomol Zool 37:93-
101. http://dx.doi.org/10.1303/aez.2002.93

Takeichi M. 1991. Cadherin cell adhesion receptors as a morphogenetic regulator.
Science 251:1451-1455. https://doi.org/10.1126/science.2006419

Talaei-Hassanloui R, Bakhshaei R, Hosseininaveh V, Khorramnezhad A. 2013. Effect
of midgut proteolytic activity on susceptibility of lepidopteran larvae to Bacillus
thuringiensis subsp. kurstaki. Front Physiol 4:406.
https://doi.org/10.3389/fphys.2013.00406

Tan SY, Cayabyab BF, Alcantara EP, Huang F, He K, Nickerson KW, Siegfried BD.
2013. Comparative binding of Cry1 Ab and Cry1F Bacillus thuringiensis toxins to brush
border membrane proteins from Ostrinia nubilalis, Ostrinia furnacalis and Diatraea
saccharalis (Lepidoptera: Crambidae) midgut tissue. J Invertebr Pathol 114:234-240.
https://doi.org/10.1016/1.jip.2013.08.007

Tanaka S, Yoshizawa Y, Sato R. 2012. Response of midgut epithelial cells to CrylAa
is toxin-dependent and depends on the interplay between toxic action and the host
apoptotic response. FEBS J 279:1071-1079. https://doi.org/10.1111/1.1742-
4658.2012.08499.x

Tanaka S, Endo H, Adegawa S, Kikuta S, Sato R. 2016. Functional characterization of
Bacillus thuringiensis Cry toxin receptors explains resistance in insects. FEBS J
283:4474-4490. https://doi.org/10.1111/febs.13952

Tanaka S, Miyamoto K, Noda H, Endo H, Kikuta S, Sato R., 2016. Single amino acid
insertions in extracellular loop 2 of Bombyx mori ABCC2 disrupt its receptor function
for Bacillus thuringiensis Cryl Ab and CrylAc but not Cry1Aa toxins. Peptides 78:99—
108. https://doi.org/10.1016/.peptides.2016.01.006

Tanaka S, Miyamoto K, Noda H, Jurat-Fuentes JL, Yoshizawa Y, Endo H, Sato R.
2013. The ATP-binding cassette transporter subfamily C member 2 in Bombyx mori
larvae is a functional receptor for Cry toxins from Bacillus thuringiensis. FEBS ]
280:1782—-1794. https://doi.org/10.1111/febs.12200

Tanaka S, Endo H, Adegawa S, lizuka A, Imamura K, Kikuta S, Sato R. 2017. Bombyx
mori ABC transporter C2 structures responsible for the receptor function of Bacillus
thuringiensis ~ CrylAa  toxin. Insect Biochem Mol Biol 91:44-54
https://doi.org/10.1016/j.ibmb.2017.11.002

Tasztow P, Vertyporokh L, Wojda I. 2017. Humoral immune response of Galleria
mellonella after repeated infection with Bacillus thuringiensis. J Invertebr Pathol
149:87-96. https://doi.org/10.1016/j.jip.2017.08.008

294



References

Tay WT, Mahon RJ, Heckel DG, Walsh TK, Downes S, James WJ, Lee S, Reineke A,
Williams AK, Gordon KHIJ. 2015. Insect Resistance to Bacillus thuringiensis Toxin
Cry2Ab Is Conferred by Mutations in an ABC Transporter Subfamily A Protein. PLoS

Genet 11:¢1005534. http://dx.doi.org/10.1371/journal.pgen.1005534

Teran-Vargas AP. Insecticide resistance of tobacco budworm in Southern Tamaulipas
Mexico. In Proceedings of the Beltwide Cotton Conference, Nashville, TN, USA, 9—
12 January 1996; National Cotton Council of America: Memphis, TN, USA; pp. 784—
786.

Terra WR. 2001. The origin and functions of the insect peritrophic membrane and
peritrophic gel. Arch Insect Biochem Physiol 47:47-61.
https://doi.org/10.1002/arch.1036

Terra WR, Ferreira C. 1994. [Insect digestive enzymes: properties,
compartmentalization and function. Comp Biochem Physiol B, Comp Biochem 109:1-
62. https://doi.org/10.1016/0305-0491(94)90141-4

Tetreau G. 2018. Interaction between insects, toxins, and bacteria: have we been wrong
so far? Toxins 10:281. https://doi.org/10.3390/toxins 10070281

Tetreau G, Bayyareddy K, Jones CM, Stalinski R, Riaz MA, Paris M, David J, Adang
MlJ, Després L. 2012. Larval midgut modifications associated with Bti resistance in the
yellow fever mosquito using proteomic and transcriptomic apaproaches. BMC Genom
13:248. http://dx.doi.org/10.1186/1471-2164-13-248

Tetreau G, Dhinaut J, Galinier R, Audant-Lacour P, Voisin SN, Arafah K, Chogne M,
Hilliou F, Bordes A, Sabarly C, Chan P, Walet-Balieu ML, Vaudry D, Duval D, Bulet
P, Coustau C, Moret Y, Gourbal B. 2020. Deciphering the molecular mechanisms of
mother-to-egg immune protection in the mealworm beetle Tenebrio molitor. PLoS
Pathog 16:¢1008935. https://doi.org/10.1371/journal.ppat. 1008935

Tettamanti G, Cao Y, Feng Q, Grimaldi A, De Eguileor M. 2011. Autophagy in
Lepidoptera, more than old wine in new bottle. Invertebr Surviv J 8:5-14.

Tettamanti G, Salé E, Gonzalez-Estévez C, Felix DA, Grimaldi A, de Eguileor M.
2008. Autophagy in invertebrates: insights into development, regeneration, and body
remodeling. Curr Pharm Des 14:116-125.
https://doi.org/10.2174/138161208783378716

Thiery J, Keefe D, Saffarian S, Martinvalet D, Walch M, Boucrot E, Kirchhausen T,
Lieberman J. 2010. Perforin activates clathrin- and dynamin-dependent endocytosis,
which is required for plasma membrane repair and delivery of granzyme B for
granzyme-mediated apoptosis. Blood 115:1582—1593. https://doi.org/10.1182/blood-
2009-10-246116

Thomas WE, Ellar DJ. 1983. Bacillus thuringiensis var israelensis crystal delta-
endotoxin: effects on insect and mammalian cells in vitro and in vivo. J Cell Sci 60:181—
197.

295



References

Tian L, Liu S, Liu H, Li S. 2012. 20-hydroxyecdysone upregulates apoptotic genes and
induces apoptosis in the Bombyx fat body. Arch Insect Biochem Physiol 79:207-219.
https://doi.org/10.1002/arch.20457

Tian L, Ma L, Guo E, Deng X, Ma S, Xia Q, Cao Y, Li S. 2013. 20-Hydroxyecdysone
upregulates Atg genes to induce autophagy in the Bombyx fat body. Autophagy 9:1172—
1187. https://doi.org/10.4161/auto.24731

Tiewsiri K, Wang P. 2011. Differential alteration of two aminopeptidases N associated
with resistance to Bacillus thuringiensis toxin CrylAc in cabbage looper. Proc Natl
Acad Sci USA 108:14037-42 https://doi.org/10.1073/pnas.1102555108

Timmer AM, Timmer JC, Pence MA, Hsu LC, Ghochani M, Frey TG, Karin M,
Salvesen GS, Nizet V. 2009. Streptolysin O promotes group A Streptococcus immune
evasion by accelerated macrophage apoptosis. J Biol Chem 284:862-871.
https://doi.org/10.1074/ibc.m804632200

Tonk M, Knorr E, Cabezas-Cruz A, Valdés JJ, Kollewe C, Vilcinskas A. 2015.
Tribolium castaneum defensins are primarily active against Gram-positive bacteria. J
Invertebr Pathol 132:208-215. https://doi.org/10.1016/1.jip.2015.10.009

Tounsi S, Dammak M, Rebai A, Jaoua S. 2005. Response of larval Ephestia kuehniella
(Lepidoptera: Pyralidae) to individual Bacillus thuringiensis kurstaki toxin and toxin
mixtures. Biol Control 35:27-31 https://doi.org/10.1016/j.biocontrol.2005.06.009

Tran SL, Guillemet E, Ngo-Camus M, Clybouw C, Puhar A, Moris A, Gohar M,
Lereclus D, Ramarao N. 2011. Haemolysin Il is a Bacillus cereus virulence factor that
induces apoptosis of macrophages. Cell Microbiol 2011, 13:92-108.
https://doi.org/10.1111/7.1462-5822.2010.01522.x

Treitz C, Cassidy L, Hockendorf A, Leippe M, Tholey A. 2015. Quantitative proteome
analysis of Caenorhabditis elegans upon exposure to nematicidal Bacillus
thuringiensis. J Proteomics 113:337-350. https://doi.org/10.1016/].jprot.2014.09.027

Turner N, Lambros MB, Horlings HM, Pearson A, Sharpe R, Natrajan R, Geyer FC,
van Kouwenhove M, Kreike B, Mackay A, Ashworth A, Van de Vijver MJ, Reis-Filho
JS. 2010. Integrative molecular profiling of triple negative breast cancers identifies
amplicon drivers and potential therapeutic targets. Oncogene 29:2013-2023.
https://doi.org/10.1038/0onc.2009.489

Vachon V, Laprade R, Schwartz JL. 2012. Current models of the mode of action of
Bacillus thuringiensis

insecticidal crystal proteins: A critical review. J Invertebr Pathol 111:1-12.
http://dx.doi.org/10.1016/1.jip.2012.05.001

Vadlamudi RK, Weber E, Ji I, Ji TH, Bulla LAJ. 1995. Cloning and expression of a
receptor for an insecticidal toxin of Bacillus thuringiensis. J Biol Chem 270:5490—
5494, http://dx.doi.org/10.1074/ibc.270.10.5490

Vaeck M, Reynaerts A, Hofte H, Jansens S, De Beukeleer M, Dean C, Zabeau M, Van
Montagu M, Leemans J. 1987. Transgenic plants protected from insect attack. Nature
327:33-37. https://doi.org/10.1038/328033a0

296



References

Valadez-Lira JA, Alcocer-Gonzalez JM, Damas G, Nufiez-Mejia G, Oppert B,
Rodriguez-Padilla C, Tamez-Guerra P. 2012. Comparative evaluation of phenoloxidase
activity in different larval stages of four lepidopteran pests after exposure to Bacillus
thuringiensis. J Insect Sci 12:1-11. https://doi.org/10.1673/031.012.8001

Valaitis AP. 2008. Bacillus thuringiensis pore-forming toxins trigger massive shedding
of GPI-anchored aminopeptidase N from gypsy moth midgut epithelial cells. Insect
Biochem Mol Biol 38:611-618. https://doi.org/10.1016/].ibmb.2008.03.003

Van de Wetering K, Burkon A, Feddema W, Bot A, de Jonge H, Somoza V, Borst P.
2009. Intestinal breast cancer resistance protein (BCRP)/Berpl and multidrug
resistance protein 3 (MRP3)/Mrp3 are involved in the pharmacokinetics of resveratrol.
Mol Pharmacol 75:876-885. http://dx.doi.org/10.1124/mol.108.052019

Van JR, Jansens S, Hofte H, Degheele D, Van HM. 1989. Specificity of Bacillus
thuringiensis delta-endotoxins. Importance of specific receptors on the brush border
membrane of the mid-gut of target insects. Eur J Biochem 186:239-247.
https://doi.org/10.1111/j.1432-1033.1989.tb15201.x

Van Frankenhuyzen K. 2009. Insecticidal activity of Bacillus thuringiensis crystal
proteins. J Invertebr Pathol 101:1-16. https://doi.org/10.1016/].jip.2009.02.009

Van Munster M, Préfontaine G, Meunier L, Elias M, Mazza A, Brousseau R, Masson
L. 2007. Altered gene expression in Choristoneura fumiferana and Manduca sexta in
response to sublethal intoxication by Bacillus thuringiensis Cry1Ab toxin. Insect Mol
Biol 16:25-35. https://doi.org/10.1111/1.1365-2583.2006.00692.x

Van Rie J, Jansens S, Hofte H, Degheele D, Van Mellaert H. 1989. Specificity of
Bacillus thuringiensis 3-endotoxins: importance of specific receptors on the brush

border membrane of the midgut of target insects. Eur J Biochem 186:239-247.
https://doi.org/10.1111/j.1432-1033.1989.tb15201.x

Vega-Cabrera A, Cancino-Rodezno A, Porta H, Pardo-Lopez L. 2014. Aedes aegypti
Mos20 cells internalizes cry toxins by endocytosis, and actin has a role in the defense
against Cryl1Aa toxin. Toxins 6:464—487. https://doi.org/10.3390/toxins6020464

Vellichirammal NN, Wang H, Eyun S, Il, Moriyama EN, Coates BS, Miller NJ,
Siegfried BD. 2015. Transcriptional analysis of susceptible and resistant European corn
borer strains and their response to CrylF protoxin. BMC Genomics 16:558.
https://doi.org/10.1186/s12864-015-1751-6

Vié V, Van Mau N, Pomaréde P, Dance C, Schwartz JL, Laprade R, Frutos R, Rang C,
Masson L, Heitz F, Le Grimillec C. 2001. Lipid-induced pore formation of the Bacillus
thuringiensis CrylAa insecticidal toxin. J Membrane Biol 180:195-203
https://doi.org/10.1007/s002320010070

Walter P, Ron D. 2011. The unfolded protein response from stress pathway to
homeostatic regulation. Science 334:1081-1086.
https://doi.org/10.1126/science. 1209038

297



References

Wang P, Granados RR. 2001. Molecular structure of the peritrophic membrane (PM):
identification of potential PM target sites for insect control. Arch Insect Biochem
Physiol 47:110-118. https://doi.org/10.1002/arch.1041

Wang ZY, Lu X, He K, Zhou DR. 2000. Review of history, present situation and
prospect of the Asian maize borer research in China. J S Agric Univ 31:402—412.

Wang P, Zhao JZ, Rodrigo-Simon A, Kain W, Janmaat AF, Shelton AM, Ferré J, Myers
J. 2007. Mechanism of resistance to Bacillus thuringiensis toxin CrylAc in a
greenhouse population of cabbage looper, Trichoplusia ni. Appl Environ Microbiol
73:1199-1207. https://doi.org/10.1128/AEM.01834-06

Wang J, Nakad R, Schulenburg H. 2012. Activation of the Caenorhabditis elegans
FOXO family transcription factor DAF-16 by pathogenic Bacillus thuringiensis. Dev
Comp Immunol 37:193-201. https://doi.org/10.1016/1.dci.2011.08.016

Wang J, Zhang H, Wang H, Zhao S, Zuo Y, Yang Y, Wu Y. 2016. Functional validation
of cadherin as a receptor of Bt toxin CrylAc in Helicoverpa armigera utilizing the
CRISPR/Cas9 system. Insect Biochem Mol Biol 76:11-
17.https://doi.org/10.1016/1.ibmb.2016.06.008

Wang J, Wang H, Liu S, Liu L, Tay TW, Walsh TK, Yang Y, Wu Y. 2017.
CRISPR/Cas9 mediated genome editing of Helicoverpa armigera with mutations of an
ABC transporter gene HAABCA2 confers resistance to Bacillus thuringiensis Cry2A
toxins. Insect Biochem Mol Biol 87:147-153.
https://doi.org/10.1016/j.ibmb.2017.07.002

Wang J, Ma H, Zhao S, Huang J, Yang Y, Tabashnik BE, Wu Y. 2020. Functional
redundancy of two ABC transporter proteins in mediating toxicity of Bacillus
thuringiensis to cotton bollworm. PLoS Pathog 16:¢1008427.
https://doi.org/10.1371/journal.ppat. 1008427

Wang X, Xu'Y, Huang J, Jin W, Yang Y, Wu Y. 2020. CRISPR-mediated knockout of
the ABCC2 gene in Ostrinia furnacalis confers high-level resistance to the Bacillus
thuringiensis Cry1Fa toxin. Toxins 12:246. https://doi.org/10.3390/toxins 12040246

Wei JZ, Hale K, Carta L, Platzer E, Wong C, Fang SC, Aroian RV. 2003. Bacillus
thuringiensis crystal proteins that target nematodes. Proc Natl Acad Sci USA
100:2760-2765. https://doi.org/10.1073/pnas.0538072100

Weinstein SA, Bernheimer AW, Oppenheim JD. 1988. Isolation of a hemolysin from
a spore-crystal mixture of Bacillus thuringiensis israelensis (serotype H-14). Toxicon
26:733-746. https://doi.org/10.1016/0041-0101(88)90280-2

Welchman DP, Aksoy S, Jiggins F, Lemaitre B. 2009. Insect immunity: from pattern
recognition to symbiont-mediated host defense. Cell Host Microbe 6:107-114.
https://doi.org/10.1016/j.chom.2009.07.008

Whitburn G, Downes SJ. 2009. Surviving Helicoverpa larvae in Bollgard II: survey
results. Australian Cotton Grower 30:12-14.

298



References

Whitten MMA, Tew IF, Lee BL, Ratcliffe NA. 2004. A novel role for an insect
apolipoprotein (Apolipophorin IIT) in -1,3-glucan pattern recognition and cellular
encapsulation reactions. J Immunol 172:2177-2185.
https://doi.org/10.4049/jimmunol.172.4.2177

Wojda I, Koperwas K, Jakubowicz T. 2014. Activation of MAP kinase pathways in
Galleria mellonella infected with Bacillus thuringiensis. Acta Biochim Pol 61:185—
189.

Wojda I. 2017. Immunity of the greater wax moth Galleria mellonella. Insect Sci
24:342-357. https://doi.org/10.1111/1744-7917.12325

Wolfenbarger DA, Bodegas PR, Flores R. 1981. Development of resistance in Heliothis
spp. in the Americas, Australia, Africa, and Asia. Bull Entomol Soc Am 27:181-185.
http://dx.doi.org/10.1093/besa/27.3.181

Wolfersberger M, Luethy P, Maurer A, Parenti P, Sacchi FV, Giordana B, Hanozet
GM. 1987. Preparation and partial characterization of amino acid transporting brush
border membrane vesicles from the larval midgut of the cabbage butterfly (Pieris
brassicae). Comp Biochem Physiol, 86:301-308. http://dx.doi.org/10.1016/0300-
9629(87)90334-3

Wolfersberger MG. 1992. V-ATPase-energized epithelia and biological insect control.
J Exp Biol 172: 377-386.

Wu G, YiY. 2018. Transcriptome analysis of differentially expressed genes involved
in innate immunity following Bacillus thuringiensis challenge in Bombyx mori larvae.
Mol Immunol 103:220-228. https://doi.org/10.1016/j.molimm.2018.10.006

Wu G, Zhao Z, Liu C, Qiu L. 2014. Priming Galleria mellonella (Lepidoptera:
Pyralidae) larvae with heat-killed bacterial cells induced an enhanced immune
protection against Photorhabdus luminescens TTO1 and the role of innate immunity in
the process. J Econ Entomol 107:559-569. https://doi.org/10.1603/ec13455

Xiao Y, Zhang T, Liu C, Heckel DG, Li X, Tabashnik BE, Wu K. 2014. Mis- splicing
of the ABCC2 gene linked with Bt toxin resistance in Helicoverpa armigera. Sci Rep
4. https://doi.org/10.1038/srep06184

Xie X, Cheng T, Wang G, Duan J, Niu W, Xia Q. 2012. Genome-wide analysis of the
ATP-binding cassette (ABC) transporter gene family in the silkworm, Bombyx mori.
Mol Biol Rep 39:7281e7291. https://doi.org/10.1007/s11033-012-1558-3

Xu LN, Wang YQ, Wang ZY, Hu BJ, Ling YH, He KL. 2015. Transcriptome
differences between CrylAb-resistant and -susceptible strains of Asian corn borer.
BMC Genomics 16:173. https://doi.org/10.1186/s12864-015-1362-2

Xu J, Xu X, Shakeel M, Li S, Wang S, Zhou X, YuJ, Xu X, Yu X, Jin F. 2017. The
entomopathogenic fungi Isaria fumosorosea plays a vital role in suppressing the
immune system of Plutella xylostella: RNA-seq and DGE analysis of immunity-related
genes. Front Microbiol 8:1421. https://doi.org/10.3389/fmicb.2017.01421

299



References

Xu X, YuL, Wu Y. 2005. Disruption of a cadherin gene associated with resistance to
CrylAc 8 -endotoxin of Bacillus thuringiensis in Helicoverpa armigera. Appl Environ
Microbiol 71:948-954. https://doi.org/10.1128/AEM.71.2.948

Xu L, Wang Z, Zhang J, He K, Ferry N, Gatehouse AMR. 2010. Cross-resistance of
CrylAb-selected Asian corn borer to other Cry toxins. J Appl Entomol 134:429-
438.https://doi.org/10.1111/1.1439-0418.2010.01517.x

Xu C,Wang BC, Yu Z, Sung M. 2014. Structural insights into Bacillus thuringiensis
Cry, Cyt and Parasporin Toxins. Toxins 6:2732-2770.
https://dx.doi.org/10.3390%2Ftoxins6092732

Yang Y, Zhu YC, Ottea J, Husseneder C, Leonard BR, Abel C, Huang F. 2010.
Molecular characterization and RNA interference of three midgut aminopeptidase N
isozymes from Bacillus thuringiensis-susceptible and -resistant strains of sugarcane
borer, Diatraea saccharalis. Insect Biochem Mol Biol 40:592-603.
https://doi.org/10.1016/j.ibmb.2010.05.006

Yang X, Chen W, Song X, Ma X, Cotto-Rivera RO, Kain W, Chu H, Chen Y, Fei Z,
Wang P. 2019. Mutation of ABC transporter ABCA2 confers resistance to Bt toxin
Cry2Ab in  Trichoplusia ni. Insect Biochem Mol Biol 112:103209
https://doi.org/10.1016/1.ibmb.2019.103209

Yang FS, Gonzéilez JC, Williams J, Cook DC, Gilreath RT, Kerns DL. 2019.
Occurrence and ear damage of Helicoverpa zea on transgenic Bacillus thuringiensis
maize in the field in Texas, U.S. and its susceptibility to Vip3 A protein. Toxins 11:102.
https://doi.org/10.3390/toxins11020102

Yang Y, Huang X, Yan W, Xiang Y, Guo X, Wei W, Soberén M, Bravo A, Liu K.
2020. Bacillus thuringiensis Cry toxin triggers autophagy activity that may enhance
cell death. Pestic Biochem Physiol 2020:104728.
https://doi.org/10.1016/j.pestbp.2020.104728

Yao J, Buschman LL, Oppert B, Khajuria C, Zhu KY. 2012. Characterization of cDNAs
encoding serine proteases and their transcriptional responses to Cry1 Ab protoxin in the
gut of  Ostrinia nubilalis larvae. PLoS One 7: ¢44090.
https://doi.org/10.1371/journal.pone.0044090

Yao J, Zhu Y, Lu N, Buschman LL, Zhu KY. 2017. Comparisons of transcriptional
profiles of gut genes between CrylAb-resistant and susceptible strains of Ostrinia
nubilalis revealed genes possibly related to the adaptation of resistant larvae to
transgenic CrylAb corn. Int J Mol Sci 18:301. https://doi.org/10.3390/ijms 18020301

Yaoi K, Kadotani T, Kuwana H, Shinkawa A, Takahashi T, Iwahana H, Sato R. 1997.
Aminopeptidase N from Bombyx mori as a candidate for the receptor of Bacillus
thuringiensis CrylAa toxin. Eur J Biochem 246:652-657.
https://doi.org/10.1111/j.1432-1033.1997.t01-1-00652.x

Yarmolinsky DA, Zuker CS, Ryba NJP. 2009. Common sense about taste: from
mammals to insects. Cell 139:234-244. https://doi.org/10.1016/j.cell.2009.10.001

300



References

Yorimitsu T, Nair U, Yang Z, Klionsky DJ. 2006. Endoplasmic reticulum stress
triggers autophagy. J Biol Chem 281:30299-30304.
https://doi.org/10.1074/ibc.M607007200

Zalucki MP, Furlong MJ. 2017. Behavior as a mechanism of insecticide resistance:
evaluation of the evidencee Curr Opin Insect Sci  21:19-25.
https://doi.org/10.1016/j.c0is.2017.05.006

Zalunin IA, Elpidina EN, Oppert B. 2015. The role of proteolysis in the biological
activity of Bt insecticidal crystal proteins, p 107-118. In Soberén M, Gao Y, Bravo A
(ed), Bt resistance: characterization and strategies for GM crops producing Bacillus
thuringiensis toxins. CABI Biotechnology Series 4, UK.

Zdybicka-Barabas A, Cytrynska M. 2013. Apolipophorins and insects immune
response. Invertebr Surviv J 10:58-68.

Zhang JH, Wang CZ, Qin JD, Guo SD. 2004. Feeding behaviour of Helicoverpa
armigera larvae on insect-resistant transgenic cotton and non-transgenic cotton. J Appl
Entomol 128:218-225. https://doi.org/10.1111/j.1439-0418.2004.00841.x

Zhang X, Candas M, Griko NB, Rose-Young L, Bulla LA. 2005. Cytotoxicity of
Bacillus thuringiensis CrylAb toxin depends on specific binding of the toxin to the
cadherin receptor BT-R(1) expressed in insect cells. Cell Death Differ 12: 1407-1416.
https://doi.org/10.1038/sj.cdd.4401675

Zhang B, Liu M, Yang Y, Yuan Z. 2006. Cytolytic toxin CytlAa of Bacillus
thuringiensis synergizes the mosquitocidal toxin Mtx1 of Bacillus sphaericus. Biosci
Biotechnol Biochem 70: 2199- 2204. https://doi.org/10.1271/bbb.60140

Zhang S, Cheng H, Gao Y, Wang G, Liang G, Wu K. 2009. Mutation of an
aminopeptidase N gene is associated with Helicoverpa armigera resistance to Bacillus
thuringiensis  CrylAc toxin. Insect Biochem Mol Biol 39:421-429.
https://doi.org/10.1016/j.ibmb.2009.04.003

Zhang T, Coates BS, Wang Y, Wang Y, Bai S, Wang Z, He K. 2017. Downregulation
of aminopeptidase N and ABC transporter subfamily G transcripts in CrylAb and
CrylAc resistant Asian corn borer, Ostrinia furnacalis(Lepidoptera: Crambidae). Int J
Biol Sci 13:835-851. https://doi.org/10.7150/ijbs.18868

Zhang H, Wu S, Yang Y, Tabashnik BE, Wu Y. 2012. Non-recessive Bt toxin
resistance conferred by an intracellular cadherin mutation in field-selected populations
of cotton bollworm. PLoS ONE 7:¢53418
https://doi.org/10.1371/journal.pone.0053418

Zhang T, He M, Gatehouse AMR, Wang Z, Edwards MG, Li Q, He K. 2014.
Inheritance patterns, dominance and cross-resistance of Cryl Ab- and Cry1Ac-selected
Ostrinia furnacalis (Guenée). Toxins 6:2694-2707.
https://dx.doi.org/10.3390%2Ftoxins6092694

Zhang M, Wei J, Ni X, Zhang J, Jurat-Fuentes JL, Fabrick JA, Carri¢re Y, Tabashnik
BE, Li X. 2019. Decreased CrylAc activation by midgut proteases associated with

301



References

CrylAc resistance in Helicoverpa zea. Pest Manag Sci 75:1099-1106.
https://doi.org/10.1002/ps.5224

Zhao D, Zalucki MP, Guo R, Fang Z, Shen W, Zhang L, Liu B. 2016. Oviposition and
feeding avoidance in Helicoverpa armigera (Hiibner) against transgenic Bt cotton. J
Appl Entomol 140:715-724. https://doi.org/10.1111/jen.12304

Zheng L, Baumann U, Reymond JL. 2004. An efficient one-step site-directed and site-
saturation mutagenesis protocol. Nucleic Acids Res 32:ell5
https://doi.org/10.1093/nar/gnh110

Zhou DR, Ye ZH, Wang ZY . Artificial rearing technique for Asian corn borer, Ostrinia

furnacalis (Guenée) and its applications in pest management research. In Advances in
Insect Rearing for Research and Pest Management; Anderson, TE., Leppla, NC., Eds.;
Westview Press: Boulder, CO, USA; San Francisco, CA, USA; Oxford, UK, 1992; pp.
173-193.

Zhou CY, Zha XF, Liu C, Han MJ, Zhang LY, Shi PP, Wang H, Zheng RW, Xia QY.
2016. Identification of MBF2 family genes in Bombyx mori and their expression in
different tissues and stages and in response to Bacillus bombysepticus infection and
starvation. Insect Sci 23:502-512. https://doi.org/10.1111/1744-7917.12349

302



ANNEX






Annex

Supplementary Table S1. Sequence of primers used for cloning and RT-
qPCR of ABCC2 from Spodoptera exigua.

Primer name Sequence (5’-3’)
Cloning
SeABCC2_Sacl* CGAGCTCATGGACAAATCGAATAAA

SeABCC2_FLAG/Xbal® GTCTAGACTACTTGTCGTCATCGTCTTTGTAGTCAGCGGTTTTGGAATCACTTT

RT-qPCR
qF_SeABCC2 AGCTACCGACCGAGGAAAAT
qR_SeABCC2 CTCTCCAGCACTAGGCCATC
qF-ubiquitin GTTGCTGGTCTGGTGGGATT
qR-ubiquitin AGGCCTCAGACACCATTGAAA
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Supplementary Table S2. Primers used in PCR and sequencing, and guide
RNAs used in CRISPR knock-outs for HvABCC3 and HvABCC4 from

Heliothis virescens.

Target Function

Name

Sequence (5°-3’)

HvABCC3_5UTR3_F
HvABCC3_526_R
HvABCC3_356_F

HvABCC3_1440_R

GCGGAACTCTCCACATTTGC

CATCTTCATACCGAACTGCTGGC

GGCATCTCCATTGCTGTTTAGTC

CAAAGCAGTGTCGTCCTGGTATG

HvABCC3_1331_F ATCGCAAATCGGATGGAGC
Sequencing
HvABCC3_2272_R GGTTGCCTGACTGCCTCTCC
HvABCC3
HvABCC3_2153_F GAAGCATTGATGAGAAGGACAGGC
gene
HvABCC3_3468_R TATCAGGGAAGATTTGCCAGC
HvABCC3_3377_F AGCCCGTATTGAAGAACCTGAAC
HvABCC3_3UTR3_R TGCCTACTCTACATTACTATTCACAAG
CRISPR gRNA gRNA_C3 AGAAAATTATGCTTATTGTTAGG
Knock-out HvABCC3_F CTCAGTCTCGCGATACCGTC
characterization HvABCC3_R AGCAATGGAGATGCCGTTCT
HvABCC4_5UTR2_F GGACTCTAAGCCCGAGGACAT
HvABCC4_552_R GAGTGAGCAGGCGGCGATG
HvABCC4_464_F TGTCGCTGGTCATCGCCTTC
HvABCC4_1381_R TGCACTCGAATCCAGGGTTG
HvABCC4_1219_F CGAGAGGATCTCCGCAGTGTG
HvABCC4_2080_R CCCTGTGCTCACTAATTCGTCG
ABCC4
HvABCC4_1970_F TCCTCGTCACGCATCAACTC
HvABCC4
HvABCC4_2794_R ATTCATCGAGGGCTCCAATGTC
gene
HvABCC4_2673_F CCGCAACCTCCACAACGAC
HvABCC4_3611_R CAACGTCGTCAATGAGCACTTC
HvABCC4_3448_F ACGCCCGAAGACTTGCCAG
HvABCC4_3UTR5_R ACGAAACTACATAGAGAAGGACACTG
CRISPR gRNA gRNA_C4 CAGGCGTTTCGCCTAGTTGCCGG
Knock-out HvABCC4_F GGCGCCGTGAATTCTTAACG
characterization HvABCC4_R TGCATGTTTATAAACTTCATTGCCA
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Supplementary Figure S1. Analysis of the expression levels of the SeABCC2
gene by RT-qPCR in Sf21 and Sf21-FRA insect cell lines. The ubiquitin gene
was used as housekeeping gene. The gene expression is given as copy number

per 1000 molecules ubiquitin + SEM.
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Supplementary Figure S2. Morpolical changes observed after 3 h
treatment with buffer (as a control), or 150 nM of each Cryl protein.
Arrowheads indicate swollen cells.
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Supplementary Fire S3. Immunostairﬁng of SeABCC2-FRA transporter
expressed in HEK293T cells. Cells were stained with an anti-FLAG tag
antibody followed by anti-mouse IgG conjugated to Alexa Fluor 488 (green
signal).
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Supplementary Figure S4. Binding assay with S. exigua BBMV. Total (circles)
and nonspecific (squares) binding of '*I-CrylAc to increasing concentrations
of S. exigua BBMV.
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Supplementary Figure S5. Binding of '*I-CrylAaR99E to Sf21-FRA cells in
the presence of competitors. Curves represent total binding of '*I-
CrylAaR99E to increasing concentrations of unlabelled CrylAaR99E (full
circles) and CrylAa (empty circles) as competitors. Each data point represents
the mean of at least three independent experiments (+ SEM).
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Supplementary Figure S6. Detection of the truncated ABCC2. (a) Expression
levels measured by RT-qPCR in Sf21 and Sf21-XenR insect cell lines. The
ubiquitin gene was used as housekeeping gene. The gene expression is given as
copy number per 1000 molecules ubiquitin + SEM. Means were compared by
T-test (p <0.01). Significant differences are indicated by asterisks. (b) Western
blot analysis showing the presence of the truncated SeABCC2 transporter
(black arrow, ca. 142 kDa) in the membrane vesicles of Sf21 and Sf21-XenR
cells. First line, molecular weight marker (in kDa).
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ARTICLE INFO ABSTRACT

Cry proteins from Bacillus thuringiensis (Bt) have been used to control insect pests either as formulated sprays or
as in Bt-crops. However, field-evolved resistance to Bt proteins is threatening the long-term use of Bt products.
The SeABCC2 locus has been genetically linked to resistance to a Bt bioinsecticide (Xentari™) in Spodoptera
exigua (a mutation producing a truncated form of the transporter lacking an ATP binding domain was found in
the resistant insects). Here, we investigated the role of SeABCC2 in the mode of action of CrylAa, CrylAb,
CrylAc, CrylCa, and two CrylA-1Ca hybrids by expressing the receptor in Sf21 and HEK293T cell lines. Cell
toxicity assays showed that Sf21 cells expressing SeABCC2 become susceptible to Cry1A proteins. HEK293T cells
expressing the transporter were found susceptible to CrylA proteins but not to CrylCa. The results with the
CrylA-1Ca hybrids suggest that domain II from Cry1Ab/c is crucial for the toxicity to Sf21 cells, whereas domain
III from Cry1lAa/b is crucial for the toxicity to HEK293T cells. Binding assays showed that the CrylAc binding is
of high affinity and specific to cells expressing the SeABCC2 transporter. Heterologous competition experiments
support a model in which domain II of CrylAb/c has a common binding site in the SeABCC2 protein, whereas
domain III of CrylAa/b binds to a different binding site in the SeABCC2 protein.

Keywords:

Mode of action

Cry receptor

Sf21 cells

HEK293T cells
Heterologous expression

1. Introduction

Bacillus thuringiensis (Bt) is a bacterium which produces a wide
range of insecticidal proteins which are useful in biological control of
insect pests (Crickmore, 2006; Schnepf et al., 1998). One of the most
studied proteins from Bt are the insecticidal crystal proteins (Cry pro-
teins) which have been used to control insect pests both in formulated
sprays or in insect-resistant genetically-modified crops (Bt-crops) (Roh
et al., 2007). The extensive use of these proteins in agriculture has led
to the emergence of resistance to some Cry proteins in target insects,
threatening the long-term use of Bt products (Tabashnik and Carriére,
2017).

The mode of action of Cry proteins has been widely studied, though
some aspects still remain unclear. In general, it is accepted that, after
the ingestion of the protoxin by the insect, the protein is solubilized and
activated by the action of digestive enzymes. The way in that the active
forms exert their cytotoxicity is still controversial, though binding to
specific receptors in the brush border of the epithelial midgut cells is

* Corresponding author.
E-mail address: patricia.hernandez@uv.es (P. Herndndez-Martinez).
1 Co-first authors: contributed equally to this work.

https://doi.org/10.1016/j.ibmb.2018.07.006

accepted by either the sequential binding model (Bravo et al., 2007) or
the Mg®*-dependent signalling pathway (Zhang et al., 2006, 2005). In
the sequential binding model, the activated CrylA proteins (as mono-
mers) go through a complex sequence of binding events with different
midgut Cry-binding proteins, leading to the cleavage of helix al of the
Domain I and to the oligomerization of monomers. Afterwards, the
oligomer binds to other midgut membrane proteins, and finally is ir-
reversibly inserted into the membrane, where it forms pores in the
apical membrane of larvae midgut cells which eventually lead to sep-
ticemia and insect death (Adang et al., 2014; Bravo et al., 2007; Pardo-
Lépez et al., 2013). The second model proposes that the activation of an
Mg?*-dependent signalling pathway, after the binding of the Cry pro-
tein to a cadherin protein, leads to oncotic cell death (Zhang et al.,
2006, 2005).

The specific toxin-receptor interaction has been reported as a crucial
step for toxicity (Jurat-Fuentes and Crickmore, 2017). In addition,
binding alteration in the insect midgut is the step of the mode of action
that has more often been associated with insect resistance to Cry
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Abstract: ABC proteins are primary-active transporters that require the binding and hydrolysis of
ATP to transport substrates across the membrane. Since the first report of an ABCC2 transporter
as receptor of CrylA toxins, the number of ABC transporters known to be involved in the mode of
action of Cry toxins has increased. In Spodoptera exigua, a mutation in the SeABCC2 gene is described
as genetically linked to resistance to the Bt-product Xentari'™. This mutation affects an intracellular
domain involved in ATP binding, but not the extracellular loops. We analyzed whether this mutation
affects the role of the SeABCC2 as a functional receptor to CrylA toxins. The results show that 5f21
cells expressing the truncated form of the transporter were susceptible to CrylA toxins. Moreover,
specific CrylAc binding was observed in those cells expressing the truncated SeABCC2. Additionally,
no differences in the irreversible CrylAc binding component (associated with the toxin insertion
into the membrane) were observed when tested in Sf21 cells expressing either the full-length or the
truncated form of the SeABCC2 transporter. Therefore, our results point out that the partial lack of
the nucleotide binding domain II in the truncated transporter does not affect its functionality as a
Cry1A receptor.

Keywords: mode of action; Sf21 cells; heterologous expression; truncated transporter; Bt resistance

Key Contribution: The truncated SeABCC2 (lacking part of the NBDII) of the previously associated
Xentari™-resistant S. exigua colony acts as a functional receptor for CrylA toxins. This study
points out that a functional analysis is required to assess the effect of the mutations in receptors on
Bt resistance.

1. Introduction

Bacillus thuringiensis (Bt) crystal proteins (Cry proteins) have been largely used in biological
control as formulated sprays or in genetically-modified crops because of their high and specific toxicity
against insect pests [1,2]. Due to the steady increase in the use of these proteins in agriculture, the
appearance of resistance has been reported in some insect species, threatening the long-term use of Bt
products [3].

Cry proteins are generally recognized as pore-forming toxins (PFTs), as their main action is to form
pores in the membrane of the midgut epithelial cells of susceptible insects [4,5]. The mode of action
of Cry proteins has been widely studied, especially for Cry1A proteins [6,7]. According with recent
models, the mode of action of Cry proteins involves the sequential binding to different membrane

Toxins 2019, 11, 172; d0i:10.3390/toxins11030172 www.mdpi.com/journal/toxins
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RESUMEN

Actualmente, los insecticidas biolégicos mas vendidos son aquellos basados en proteinas de Bacillus thuringiensis (Bt), teniendo como principal
diana las especies plaga de lepidopteros. Ademas de estar presentes en forma de formulados, los genes que codifican para algunas proteinas de
Bt también se expresan en cultivos transgénicos (cultivos Bt). La principal caracteristica de estas proteinas es su habilidad para formar poros en las
células intestinales de aquellos insectos que son susceptibles a ellas. Dado que su mecanismo de accidn es altamente especifico y a la vez complejo,
numerosos estudios se han llevado a cabo para determinar los diferentes pasos que lo conforman. El conocimiento del modo de accién de las
proteinas de Bt supone un elemento clave para disenar estrategias que retrasen la aparicion de insectos resistentes en campo, asegurando su uso

de una forma prolongada.

PALABRAS CLAVE: entomopatégeno; proteinas insecticidas; unién a receptor; lisis celular; control integrado de plagas.

INTRODUCCION

El uso de insecticidas quimicos sigue siendo hoy en dia mayor
que el uso de insecticidas biolégicos. Sin embargo, durante
los ultimos afos la preocupacion por los dafios ocasionados al
medio ambientey los efectos toxicos derivados del uso excesivo
de los insecticidas de tipo quimico han favorecido el aumento
delusodeinsecticidasbiolégicos o elusocombinadodeambos,
también conocido como control integrado de plagas. Una de
las ventajas de emplear microorganismos entomopatégenos
(por ejemplo: baculovirus, hongos o bacterias) es su alta
especificidad de accidn, ya que afectan Unicamente a un
numero reducido de organismos (organismos diana). Bacillus
thuringiensis (Bt) es una bacteria entomopatégena que tiene
la habilidad de producir una amplia variedad de proteinas
insecticidas activas para distintos 6rdenes de insectos (Palma
et al., 2014). Durante la fase de esporulaciéon produce una o
varias inclusiones cristalinas que contienen las denominadas
proteinas “Cry”y “Cyt” (del inglés crystal y cytolytic). Mientras
que, durante la fase vegetativa, la bacteria produce unas
proteinas insecticidas denominadas proteinas Vip (del inglés
vegetative insecticidal proteins). Desde el punto de vista de
control de plagas, las principales toxinas utilizadas son las
proteinas formadoras de poro Cry y Vip por su alta especificidad
de accion. Por otra parte, el mecanismo molecular de accién de
las proteinas citoliticas Cyt ha sido poco estudiado, pese a su
uso en el control de dipteros, por lo que no se han incluido en

esta revisién. Con fines biotecnoldgicos, la mezcla de esporas
y cristales de diferentes aislados de Bt se ha comercializado en
diferentes productos para el control de larvas de lepidépteros,
escarabajos y mosquitos (Roh et al, 2007). Por ultimo, genes
que codifican para algunas proteinas Cry o Vip3A también
se han introducido en cultivos, generandose asi los cultivos
transgénicos (o cultivos Bt) (Sanchis, 2011).

El estudio del modo de accién de Bt se ha hecho necesario para
comprender cdmo se puede desarrollar resistencia frente a
estas proteinas, ademds de permitir la introduccién de mejoras
en los productos ya existentes. En este trabajo revisamos los
mecanismos de accion de las proteinas formadoras de poro
de Bt mas relevantes (presentes en productos o plantas Bt),
ya que se han estudiado en mayor profundidad debido a su
interés comercial.

1. INGESTION

El primer paso en el modo de accién de Bt supone laingestion
por parte de las especies susceptibles a su accién (Figura 1,
paso 1). Cabe destacar que, a diferencia de otros tratamientos
insecticidas, tanto Bt como sus proteinas, bien sean presentes
en formulados o por su expresion en plantas transgénicas,
actuan exclusivamente previa ingestién del insecto, y nunca
por contacto en superficie.
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Abstract: The Vip3Aa insecticidal protein from Bacillus thuringiensis (Bt) is produced by specific
transgenic corn and cotton varieties for efficient control of target lepidopteran pests. The main
threat to this technology is the evolution of resistance in targeted insect pests and understanding
the mechanistic basis of resistance is crucial to deploy the most appropriate strategies for resistance
management. In this work, we tested whether alteration of membrane receptors in the insect
midgut might explain the >2000-fold Vip3Aa resistance phenotype in a laboratory-selected colony
of Heliothis virescens (Vip-Sel). Binding of 1?°I-labeled Vip3Aa to brush border membrane vesicles
(BBMV) from 3rd instar larvae from Vip-Sel was not significantly different from binding in the
reference susceptible colony. Interestingly, BBMV from Vip-Sel larvae showed dramatically reduced
levels of membrane-bound alkaline phosphatase (mALP) activity, which was further confirmed by a
strong downregulation of the membrane-bound alkaline phosphatase 1 (HumALP1) gene. However,
the involvement of HvmALP1 as a receptor for the Vip3Aa protein was not supported by results from
ligand blotting and viability assays with insect cells expressing HvmALP1.

Keywords: Bacillus thuringiensis; insecticidal proteins; insect resistance; tobacco budworm

Key Contribution: The biochemical characterization of a Vip3Aa-resistant colony of H. virescens
shows that binding to receptors in the midgut is not affected and discards the role of mALP as a
Vip3Aa receptor. This study suggests that Vip3A resistance may occur through mechanisms other
than those commonly found for Cry proteins.

1. Introduction

The polyphagous pest Heliothis virescens (L.) (Lepidoptera: Noctuidae) is well known for producing
substantial economic losses, particularly in cotton production, due to its ability to evolve resistance to
different synthetic control products such as methyl parathion or pyrethroids [1,2]. As an alternative
approach, genetically modified crops expressing Cry and Vip3A insecticidal protein genes from
Bacillus thuringiensis (Bt crops) were introduced in 1996 for the control of this and other pests. However,
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SUMMARY Extensive use of chemical insecticides adversely affects both environ-
ment and human health. One of the most popular biological pest control alterna-
tives is bioinsecticides based on Bacillus thuringiensis. This entomopathogenic bacte-
rium produces different protein types which are toxic to several insect, mite, and
nematode species. Currently, insecticidal proteins belonging to the Cry and Vip3

groups are widely used to control insect pests both in formulated sprays and in Citation Pinos D, Andrés-Garrido A, Ferré J,
transgenic crops. However, the benefits of B. thuringiensis-based products are threat- Hernandez-Martinez P. 2021. Response

d by i . luti N di h highlighted th mechanisms of invertebrates to Bacillus
ened by insect resistance evolution. Numerous studies have highlighted that muta- thuringlensis and its pesticidal proteins.
tions in genes coding for surrogate receptors are responsible for conferring resist- Microbiol Mol Biol Rev 85:¢00007-20. https:/
ance to B. thuringiensis. Nevertheless, other mechanisms may also contribute to the elollergy/I0L] 1AS/MIMIER 0000720
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reduction of the effectiveness of B. thuringiensis-based products for managing insect Microbiology. All Rights Reserved.

pests and even to the acquisition of resistance. Here, we review the relevant litera- e e

ture reporting how invertebrates (mainly insects and Caenorhabditis elegans) respond Hernandez-Martinez, patriciahernandez@uv.es.
to exposure to B. thuringiensis as either whole bacteria, spores, and/or its pesticidal Published 27 January 2021
proteins.
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Hetero-oligomerization of Bacillus thuringiensis
Cry1A proteins enhance binding to the ABCC2
transporter of Spodoptera exigua
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The ATP binding cassette (ABC) transporters are membrane proteins that can act as
putative receptors for Cry proteins from Bacillus thuringiensis (Bt) in the midgut of differ-
ent insects. For the beet armyworm, Spodoptera exigua, ABCC2 and ABCC3 have been
found to interact with Cry1A proteins, the main insecticidal proteins used in Bt crops, as
well as Bt-based pesticides. The ABCC2 has shown to have specific binding towards
Cry1Ac and is involved in the toxic process of Cry1A proteins, but the role of this trans-
porter and how it relates with the Cry1A proteins is still unknown. Here, we have charac-
terized the interactions between the SeABCC2 and the main proteins that bind to the
receptor. By labeling the Cry1Aa protein, we have found that virtually all of the binding is
in an oligomeric state, a conformation that allowed higher levels of specific binding that
could not be achieved by the monomeric protein on its own. Furthermore, we have
observed that Cry1A proteins can hetero-oligomerize in the presence of the transporter,
which is reflected in an increase in binding and toxicity to SeABCC2-expressing cells.
This synergism can be one of the reasons why B. thuringiensis co-expresses different
Cry1 proteins that can apparently have similar binding preferences. The results from in
vitro competition and ex vivo competition showed that Cry1Aa, Cry1Ab and Cry1Ac share
functional binding sites. By using Cry1Ab—Cry1Ac chimeras, the presence of domain |
from Cry1A proteins was revealed to be critical for oligomer formation.

Introduction

The insecticidal proteins from the bacterium Bacillus thuringiensis (Bt) have been largely used to
control different pests in agricultural crops. The most common Bt proteins to control lepidopterans
both in Bt crops and in formulated sprays are the CrylA proteins, being these one of the best charac-
terized group of proteins [1,2]. The proposed mode of action of CrylA proteins starts in the midgut
of the larva after the ingestion in the protoxin form. Protoxins are solubilized and partially digested
by midgut enzymes to render the active form. Then, the activated proteins, as monomers, undergo a
complex sequence of binding events with several midgut proteins that lead to the cleavage of helix ol
(located in Domain I) causing the oligomerization of monomers [3]. Next, the oligomer binds to dif-
ferent putative receptors and causes pores in midgut cells that cause the disruption of the membranes,
leading to septicemia and insect death [4].
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Received: 23 February 2021 The ATP binding cassette (ABC) transporters are a family of primary-active transporters with an
Revised: 14 June 2021 increasing number of members that have been shown to be used as receptors by Cry proteins, mainly
Accepted: 15 June 2021 Cryl, Cry2, Cry3 and Cry8 proteins [5]. The approaches used to characterize the role of these ABC
- transporters with Cry proteins have been diverse, from the expression of the transporters in insect or
Accepted Manuscript online: . .. . e e .
15 June 2021 human cell lines to their silencing or knock-out in live insects [6-8]. In Spodoptera spp., the ABCC2
Version of Record published: and the ABCC3 transporters have been characterized as putative receptors for certain CrylA proteins
9 July 2021 [6-12]. Martinez-Solis et al. [6] investigated the role of SeABCC2 in the mode of action of CrylAa,
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Abstract: The Asian corn borer, Ostrinia furnacalis (Guenée, 1854), is a highly damaging pest in Asia
and the Pacific islands, and larvae feed mainly from corn crops. To determine the suitability of Bt-corn
technology for the future control of this pest, understanding the potential to develop resistance to
Cry1Ab and the basis of cross-resistance to other Cry1 proteins is of great interest. Here, we have
explored the binding of CrylA proteins to brush border membrane vesicles from two O. furnacalis
colonies, one susceptible (ACB-BtS) and one laboratory-selected with Cry1Ab (ACB-AbR). The insects
developed resistance to CrylAb and showed cross-resistance to CrylAa, CrylAc, and CrylF Binding
assays with radiolabeled CrylAb and brush border membrane vesicles from susceptible insects
showed that CrylA proteins shared binding sites, though the results were not conclusive for CrylFE.
The results were confirmed using radiolabeled CrylAa. The resistant insects showed a reduction of
the specific binding of both Cryl1Ab and CrylAa, suggesting that part of the binding sites were lost or
altered. Competition binding assays showed full competition between CrylAb and CrylAa proteins
in the susceptible colony but only partial competition in resistant insects, confirming the alteration of
some, but not all, binding sites for these two proteins. The binding site model for CrylA proteins in
O. furnacalis is in agreement with the occurrence of multiple membrane receptors for these proteins.

Keywords: Asian corn borer; Bacillus thuringiensis; Cryl toxins; binding site model; pyramid strategy

Key Contribution: We have shown that Cry1A proteins share binding sites in the larva midgut of
O. furnacalis. The alteration of a common binding site may confer cross-resistance to these proteins.

1. Introduction

Bacillus thuringiensis (Bt) is known to produce many insecticidal proteins that, either
as Bt-based pesticides or expressed in genetically modified crops, can effectively control
different insect pests [1]. One highly effective tool to control stem borers is Bt corn, which
co-expresses different Bt proteins, mainly from the Cryl family [2]. The adoption of Bt
corn expressing CrylAb has quickly expanded globally since it has been demonstrated
to control the European corn borer, Ostrinia nubilalis, and other pests [3]. Bt corn is also
considered a promising technology to control the Asian corn borer, Ostrinia furnacalis, a
highly damaging insect that affects mainly this crop [4,5].

The mode of action of Bt insecticidal proteins involves, among other steps, binding
to membrane molecules in the midgut (referred to as “receptors”). This step is not only
responsible for the specificity of the toxic action, but it is also the main step responsible for
developing high levels of resistance by alteration of the membrane receptor [6]. Competition
binding studies, in which the inhibition of binding of a labeled protein by different proteins
is determined, have provided models showing whether Bt proteins bind to more than one
site and whether different proteins share binding sites. These binding site models have
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