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Resumen 

 

La mosca mediterránea de la fruta, Ceratitis capitata (Wiedemann, 1824) (Diptera: 

Tephritidae), es una de las plagas de mayor incidencia económica en cítricos y otros 

frutales a nivel mundial. En España las medidas de control de esta plaga en cítricos, 

desde mediados de los 90 hasta 2009, se basaron principalmente en el monitoreo de las 

poblaciones y en la aplicación de tratamientos aéreos y terrestres con  malatión cebo. 

Sin embargo, desde la retirada en la Unión Europea en 2009 de los productos 

fitosanitarios que contienen malatión, los insecticidas más utilizados para el control de 

esta plaga han sido lambda-cihalotrina y spinosad. En 2004-2005 se detectaron 

poblaciones españolas de C. capitata resistentes a malatión. Esta resistencia se ha 

asociado a una mutación (G328A) en la acetilcolinesterasa (AChE), a una duplicación 

del gen de la AChE (Ccace2) (una de las copias lleva la mutación G328A) y a  

resistencia metabólica mediada por esterasas (posiblemente aliesterasas). Sin embargo, 

cuando se secuenció la aliesterasa CcE7 en individuos de una línea resistente a 

malatión, no se encontró ninguna de las mutaciones (G137D y/o W251L/S/G) asociadas 

a resistencia en otras especies, si bien se encontraron otras mutaciones al compararlos 

con individuos de una línea susceptible. Asimismo, mediante la selección en laboratorio 

de una línea resistente a malatión (W-4Km) con lambda-cihalotrina, se ha podido 

obtener una línea resistente a lambda-cihalotrina (W-1K). Finalmente, se ha 

demostrado la capacidad de esta especie para desarrollar resistencia a spinosad mediante 

selección en laboratorio. Los múltiples mecanismos de resistencia identificados 

evidencian el potencial de esta especie para desarrollar resistencia a insecticidas con 

diferentes modos de acción. 

 

Los objetivos de esta tesis doctoral son: 1) evaluar la susceptibilidad de poblaciones 

españolas de campo de C. capitata a lambda-cihalotrina y dilucidar los mecanismos de 

resistencia en la línea W-1Kλ; 2) comparar la herencia, el coste biológico y la 

estabilidad de la resistencia a malatión mediada por la mutación G328A y la duplicación 

del gen Ccace2 (una de las copias lleva la mutación G328A); y 3) investigar el papel de 

las mutaciones identificadas en la aliesterasa CcαE7 en la resistencia a malatión. Estos 

estudios son de utilidad para el desarrollo de estrategias de manejo de la resistencia que 

puedan prevenir o retrasar la aparición de resistencia y aumentar la sostenibilidad de los 

insecticidas disponibles para el control de esta plaga. 
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Nuestros resultados indican que las poblaciones españolas de C. capitata analizadas han 

desarrollado resistencia a lambda-cihalotrina. Los valores de CL50 estimados para las 

poblaciones recogidas en la Comunidad Valenciana, Cataluña y Andalucía oscilaron 

entre 129 ppm y 287 ppm, igualando o sobrepasando la concentración recomendada 

para los tratamientos de campo (125 ppm). Estos resultados contrastan con los 

obtenidos con tres poblaciones de campo recogidas en Túnez, cuya susceptibilidad fue 

similar a la de la línea control (C). La línea resistente a lambda-cihalotrina W-1K se 

continuó seleccionando en el laboratorio alcanzándose unos niveles de resistencia de 

205 veces con respecto a la línea C, siendo su CL50 (4224 ppm) más de 30 veces 

superior a la concentración recomendada para los tratamientos de campo. Esta línea 

resistente mostró altos niveles de resistencia cruzada a deltametrina (150 veces) y a 

etofenprox (240 veces), lo que sugiere que el desarrollo de resistencia a lambda-

cihalotrina podría comprometer la eficacia de otros piretroides para el control de esta 

plaga. Hemos demostrado que la resistencia de la línea W-1K a lambda-cihalotrina fue 

casi completamente suprimida por el sinergista PBO, lo que indica que las enzimas 

P450 desempeñan un papel muy importante en la resistencia a este insecticida. Sin 

embargo, tanto las moscas de  la línea susceptible C como las de la línea resistente W-

1K perdieron inmediatamente la capacidad de caminar (efecto “knock-down”) al ser 

tratadas tópicamente con lambda-cihalotrina, lo que sugiere que la resistencia no está 

mediada por alteraciones en la molécula diana  (resistencia tipo “kdr”). La resistencia 

metabólica mediada por P450 fue analizada comparando la expresión de 53 genes CYP 

(codifican enzimas P450) de las familias CYP4, CYP6, CYP9 y CYP12 en adultos de la 

línea resistente W-1K y de la línea susceptible C. Nuestros resultados muestran que el 

gen CYP6A51 (número de acceso GenBank XM_004534804) fue sobreexpresado (13-

18 veces) en la línea W-1K. Por otra parte, la expresión del gen CYP6A51 fue inducida 

tanto en adultos de la línea W-1K como de la línea C al ser tratados con lambda-

cihalotrina. Sin embargo, no se obtuvieron diferencias significativas entre la línea 

susceptible C y la línea resistente W-1K al comparar la cantidad de P450 y la actividad 

NADPH-citocromo c reductasa presente en fracciones microsomales obtenidas a partir 

de abdómenes. Asimismo, no hemos podido correlacionar el metabolismo de 

deltametrina, estimado in vitro mediante la incubación de este insecticida con fracciones 

microsomales, con el nivel de resistencia a este piretroide observado en los bioensayos 

con la línea W-1K. Por otro lado, no se encontró ninguna alteración en la región 
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promotora 5'UTR del gen CYP6A51 (-500 pb desde el inicio de la traducción) que 

pudiera explicar su sobreexpresión en la línea W-1K. Los datos obtenidos sugieren que 

la resistencia a lambda-cihalotrina en la línea W-1K está mediada por P450 y que la 

sobreexpresión de CYP6A51 puede desempeñar un papel importante, aunque se 

necesitan más evidencias para establecer una asociación directa de la resistencia con 

este gen. 

 

Hemos estudiado la herencia, el coste biológico y la estabilidad de la resistencia a 

malatión mediada por la mutación G328A y la duplicación del gen Ccace2 (una de las 

copias lleva la mutación G328A). La línea susceptible C, donde no se encuentra la 

mutación G328A (genotipo S/S), se cruzó con dos isolíneas establecidas para 

representar genotipos únicos correspondientes a los dos mecanismos de resistencia 

asociados a la molécula diana: 1) la isolínea 267Y (genotipo R/R) establecida a partir de 

una pareja que portaba la mutación G328A en homocigosis; 2) la isolínea 306TY 

(genotipo RS/RS) establecida a partir de una pareja que portaba en homocigosis la 

duplicación del gen Ccace2. No se realizaron cruces recíprocos, ya que mediante 

experimentos de hibridación in situ en cromosomas politénicos se pudo comprobar que 

el locus de la AChE y la duplicación (probablemente en tándem) se localizan en el 

cromosoma autosómico 2L. La susceptibilidad al malatión de los parentales resistentes 

(R/R o RS/RS) y susceptibles (S/S), los cruces F1 (S/R, S/RS y R/RS) y los 

retrocruzamientos indican que la resistencia a malatión es semi-dominante en ambos 

casos. Sin embargo, nuestros resultados no fueron concluyentes con respecto a la 

naturaleza monogénica de la resistencia a malatión en estas isolíneas. Por lo tanto, no 

podemos descartar que otros genes que contribuyan a la resistencia, además de la 

mutación G328A (isolínea 267Y) y de la duplicación del gen Ccace2 (isolínea 306TY), 

puedan haber sido seleccionados durante el proceso de selección de 267Y y 306TY. 

Varios parámetros biológicos fueron evaluados para determinar si estos dos mecanismos 

de resistencia a malatión suponen un coste biológico para los genotipos resistentes. 

Individuos con genotipo R/R mostraron un retraso en el tiempo de desarrollo de huevo a 

pupa, un peso de pupa reducido y una menor longevidad de los adultos, en comparación 

con los individuos con genotipo S/S. Sin embargo, el peso de pupa de los individuos 

con genotipo RS/RS fue similar al de los individuos S/S, y su desarrollo de huevo a 

pupa intermedio entre S/S y R/R. Estas diferencias en el coste biológico pueden estar 

relacionadas con la reducción de la eficiencia catalítica de la AChE mutada en los 
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individuos R/R, y al efecto compensatorio que la copia no mutada del gen tiene en los 

individuos RS/RS que portan la duplicación. La estabilidad de la resistencia a malatión 

mediada por la mutación G328A y la duplicación se analizó mediante el seguimiento de 

los caracteres de resistencia en la progenie de retrocruzamientos S/R x R/R y S/RS x 

RS/RS a lo largo de varias generaciones en ausencia de presión de selección con 

insecticidas. Nuestros resultados muestran que la frecuencia del alelo que porta la 

mutación G328A disminuyó desde 67,5% en la primera generación del 

retrocruzamiento S/R x R/R (75% esperado, asumiendo segregación mendeliana y que 

sólo hay dos alelos: uno mutado y otro no mutado) a 12% después de 10 generaciones. 

Por el contrario, la frecuencia de la duplicación sólo disminuyó desde 75% en en la 

primera generación del retrocruzamiento S/RS x RS/RS (75% esperado, asumiendo 

segregación Mendeliana y que la duplicación segrega como un único alelo) a 50% en el 

mismo período, lo que indica que la duplicación es más estable que la mutación. 

Asimismo, se analizó la presencia de la mutación y de la duplicación en poblaciones de 

campo recogidas en seis localidades en 2004-2007, cuando todavía se usaba el malatión, 

y se comparó con poblaciones recogidas en los mismos campos en 2010, un año 

después de la prohibición del malatión en la Unión Europea. La frecuencia media del 

genotipo susceptible (S/S) aumentó del 55,9% en el período 2004-2007 a 70,8% en 

2010, mientras que la frecuencia de los genotipos portadores de la mutación en 

homocigosis o heterocigosis (R/R y S/R) disminuyó del 30,4 al 9,2%, los que llevan la 

duplicación en homocigosis o heterocigosis (RS/RS y S/RS) aumentaron levemente 

desde 12,8 hasta 13,3%, y los que llevan a la vez la mutación y la duplicación (R/RS) 

también aumentaron del 1 al 6,7%. Estos resultados son consistentes con que la 

duplicación del gen Ccace2 (con una copia con la mutación G328A y la otra copia no 

mutada) es más ventajosa que la mutación G328A por si sola, ya que la duplicación 

mantiene los niveles de resistencia a la vez que limita el coste biológico.  

 

Para investigar la asociación entre la resistencia a malatión y las mutaciones 

encontradas previamente en CcE7, hemos generado isolíneas con mutaciones 

específicas seleccionadas por su ubicación próxima a la entrada al centro activo de la 

enzima. La isolínea Sm2 (procedente de una hembra heterocigota para la mutación 

V96L y un macho homocigoto para el alelo no mutado) mantuvo altos niveles de 

resistencia a malatión, incluso después de 30 generaciones sin presión de selección. Por 

el contrario, la isolínea 267Y (compuesta por individuos homocigotos para la mutación 
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L267Y) y la línea 306TY (compuesta por individuos homocigotos para la doble 

mutación R306T-N307Y) mostraron una reducción significativa en los niveles de 

resistencia. También hemos encontrado que la resistencia a malatión de la línea Sm2 fue 

parcialmente revertida por DEF y TPP, y que Sm2 mostró una reducción significativa 

en la actividad MTB, como se ha descrito en otras especies que muestran resistencia 

específica a malatión mediada por aliesterases. Además, fue posible asociar la presencia 

de la mutación V96L en individuos de la línea Sm2 con supervivencia a una 

concentración discriminante de malatión (5,000 ppm) y con una baja actividad MTB. 

Estos resultados sugieren una posible relación entre la mutación V96L en la aliesterasa 

CcE7 y la resistencia a malatión, aunque todavía no se puede concluir que la 

resistencia es causada por esta mutación, siendo necesarios más estudios para 

comprobar su contribución a la resistencia. 

 

En conclusión, se ha encontrado por primera vez resistencia a lambda-cihalotrina en 

poblaciones de campo de C. capitata, y nuestros resultados indican que las P450 son el 

principal mecanismo de resistencia en la línea W-1K. Esta situación se suma al caso 

previamente descrito de resistencia en campo a malatión asociada a la mutación G328A, 

a la duplicación del gen Ccace2 (una de las copias lleva la mutación G328A) y a 

resistencia metabólica mediada por esterasas. Nuestros resultados también indican que 

la alteración de la molécula diana AChE parece ser responsable de un cierto nivel de 

resistencia a malatión en C. capitata, que puede ser estimada como aproximadamente 

25-40 veces para la mutación G328A y 40-60 veces para la duplicación; mientras que la 

resistencia mediada por esterasas y que ha sido asociada en este estudio con la mutación 

V96L en CcE7 puede conferir un efecto multiplicativo (por un factor de 5 a 10) 

aumentando la resistencia a malatión a 200-400 veces. Por otra parte, hemos 

demostrado que los insectos resistentes que llevan la duplicación tienen un coste 

biológico menor y muestran una estabilidad mayor que aquellos con la mutación G328A 

en ausencia de presión de selección con insecticidas. Esto representa un escenario en el 

que los genotipos con la duplicación permanecerán en el campo en frecuencias bajas a 

moderadas, pero podrían ser seleccionados rápidamente si se utilizan malatión u otros 

insecticidas que muestren resistencia cruzada. Estos resultados tienen importantes 

implicaciones para los programas de manejo de la resistencia, ya que el repertorio de 

insecticidas eficaces para el control de C. capitata es cada vez más limitado. Además, la 
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coexistencia de múltiples  mecanismos de resistencia en poblaciones de campo ofrece el 

potencial para desarrollar resistencia frente a otros insecticidas disponibles para el 

control de esta plaga. Estrategias para de manejo de la resistencia basadas en la 

alternancia de insecticidas con diferentes modos de acción, y su combinación con otros 

métodos de control, deben ser implementadas para evitar el desarrollo de resistencia en 

campo. 
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Abstract 

 

The Mediterranean fruit fly (Medfly), Ceratitis capitata (Wiedemann, 1824) (Diptera: 

Tephritidae), is one of the most economically damaging pests of citrus and other fruit 

crops worldwide. Control measures in citrus crops in Spain from the mid 90's to 2009 

were mainly based on field monitoring of population levels and aerial and ground 

treatments with malathion bait sprays. However, since the withdrawal of phytosanitary 

products containing malathion in the European Union in 2009, lambda-cyhalothrin and 

spinosad have become the most widely used insecticides for the control of this pest. 

Resistance to malathion was found in Spanish field populations of C. capitata in 2004-

2005. This resistance has been associated with a mutation G328A in the 

acetylcholinesterase (AChE), a duplication of the AChE gene (Ccace2) (one of the 

copies bearing the mutation G328A), and metabolic resistance mediated by esterases 

(probably aliesterases). However, when the gene of the aliesterase CcE7 was 

sequenced in individuals from a malathion resistant strain of C. capitata, none of the 

known G137D and/or W251L/S/G mutations associated to resistance in other species 

were found, though other mutations were detected when compared with individuals 

from a susceptible strain. Noteworthy, a lambda-cyhalothrin resistant strain (W-1K) 

was obtained by selecting a field-derived malathion resistant strain (W-4Km) with 

lambda-cyhalothrin. Moreover, it has also been demonstrated the capacity of this 

species to develop resistance to spinosad by laboratory selection. The multiple 

resistance mechanisms identified highlight the potential of this species to develop 

resistance to insecticides with different modes of action. 

 

The objectives of this PhD Thesis are: 1) to assess the susceptibility of Spanish field 

populations of C. capitata to lambda-cyhalothrin and to elucidate the resistance 

mechanisms in the W-1Kλ strain; 2) to compare the inheritance, fitness cost and 

stability of the malathion resistance mediated by the G328A mutation and the 

duplication of the Ccace2 gene (with one of the copies bearing the mutation G328A); 

and 3) to investigate the role of the aliesterase CcαE7 mutations in malathion resistance. 

All these studies will be of use for devising proactive resistance management strategies 

that could prevent or delay resistance development and would increase the sustainability 

of the insecticides available for Medfly control. 
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Our results indicate that Spanish field populations of C. capitata have developed 

resistance to lambda-cyhalothrin. The LC50 values estimated for populations collected at 

Comunidad Valenciana, Cataluña and Andalucía ranged from 129 ppm to 287 ppm, 

equaling or overpassing the recommended concentration for field treatments (125 ppm). 

These results contrast with those obtained with three different Tunisian field 

populations, whose susceptibility was similar to that of the control (C) strain. The 

lambda-cyhalothrin resistant W-1K strain has been further selected to achieve a 205-

fold resistance compared to the C strain, being its LC50 (4,224 ppm) more than 30 times 

higher than the recommended concentration for field applications. This resistant strain 

showed high levels of cross-resistance to deltamethrin (150-fold) and etofenprox (240-

fold), suggesting that the development of resistance to lambda-cyhalothrin may 

compromise the effectiveness of other pyrethroids for the control of this species. We 

have shown that the resistance of the W-1K strain to lambda-cyhalothrin was almost 

completely suppressed by the synergist PBO, indicating that P450 enzymes play a very 

important role in resistance to this insecticide. However, both susceptible C and 

resistant W-1K flies were knocked down after topical treatment with lambda-

cyhalothrin, suggesting that kdr resistance mediated by alterations of the target site is 

not playing a major role. Metabolic resistance mediated by P450 was further analyzed 

by comparing the expression of 53 genes of the families CYP4, CYP6, CYP9 and 

CYP12 in adults flies from the resistant W-1K and the susceptible C strains. We found 

that the gene CYP6A51 (GenBank accession number XM_004534804) was 

overexpressed (13-18-fold) in the W-1K strain. Moreover, the expression of the 

CYP6A51 gene was induced when adults of the W-1K and C strains were treated with 

lambda-cyhalothrin. However, no significant differences were obtained between 

susceptible C and resistant W-1K strains for the quantity of P450 and for the activity 

of NADPH- cytochrome c reductase measured in microsomal fractions obtained from 

abdomens. Moreover, we failed to correlate the metabolism of deltamethrin, analyzed in 

vitro by incubating this insecticide with microsomal fractions, with the resistance level 

against this pyrethroid observed in bioassays with W-1K. The sequencing of the 

5´UTR region of the CYP6A51 gene failed in finding an alteration in the promoter 

region (-500 bp from translation start site) that could explain overexpression in the W-

1K strain. All data obtained suggest that resistance to lambda-cyhalothrin in the W-
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1K strain is mediated by P450 and that overexpression of CYP6A51 may play a major 

role, although further evidences are needed to establish a direct association of resistance 

with this gene. 

 

We have studied the inheritance, fitness cost and stability of the malathion resistance 

mediated by the G328A mutation and the duplication of the Ccace2 gene (with one of 

the copies bearing the mutation G328A). The malathion-susceptible C strain where the 

G328A mutation is not found (S/S genotype) was crossed with two isolines established 

to represent unique genotypes corresponding to the two target-site resistance 

mechanisms: 1) the 267Y isoline (genotype R/R) was established from a couple bearing 

the mutation G328A in homozygosis; and 2) the 306TY isoline (genotype RS/RS) was 

established from a couple being homozygous for the duplication of the Ccace2 gene. 

Reciprocal crosses have not been performed, since in situ hybridization on polythene 

chromosomes showed that the AChE locus and the duplication (most probably in 

tandem) are placed at the autosomal chromosome 2L. Mortality responses to malathion 

of resistant isolines (R/R or RS/RS) and susceptible (S/S) genotypes, F1 crosses (S/R, 

S/RS, and R/RS), and the back-crosses indicated that resistance to malathion is inherited 

as a semi-dominant trait in both cases. However, our results were not conclusive about 

the monogenic nature of the resistance to malathion in these isolines. Thus, we can not 

discard that other genes contributing to resistance, in addition to the mutation G328A 

(isoline 267Y) and the duplication of the Ccace2 gene (isoline 306TY), may have been 

selected during the selection process of 267Y and 306TY. Several biological parameters 

were evaluated to determine if these two malathion resistance mechanisms impose a 

fitness cost for resistant genotypes. Individuals with genotype R/R have a reduced 

fitness in terms of developmental time from egg to pupa, pupal weight and adult 

longevity, when compared to susceptible individuals (genotype S/S). Interestingly, the 

fitness cost was substantially diminished in individuals with genotype RS/RS. These 

differences in fitness may be related to the reduction of the catalytic efficiency of 

mutated AChE in individuals R/R, and the compensatory effect that the non-mutated 

copy of the gene has on individuals RS/RS bearing the duplication. The stability of 

malathion reistance associated with the mutation G328A or the duplication was 

analyzed by following these resistant traits in the progeny of the back-crosses S/RS x 

RS/RS and S/R x R/R over consecutive generations in the absence of insecticide 

selection pressure. Our results show that the frequency of the allele bearing the mutation 
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G328A decreased from 67.5% at the first generation of the back-cross S/R x R/R (75% 

expected, assuming Mendelian segregation and that there are only two alleles: one 

mutated and the other non-mutated) to 12% after 10 generations. By contrast, the 

frequency of the duplication only declined from 75% at the first generation of the back-

cross S/RS x RS/RS (75% expected, assuming Mendelian segregation and that the 

duplication segregates as an unique allele) to 50% in the same period, indicating that the 

duplication is more stable than the mutation. The presence of the mutation and the 

duplication was analyzed in field populations collected in six localities in 2004-2007, 

when malathion was still used, and compared to populations collected in the same fields 

in 2010, one year after the prohibition of malathion in the European Union. The average 

frequency of the susceptible genotype (S/S) increased from 55.9% in the period 2004-

2007 to 70.8% in 2010, whereas the frequency of those genotypes carrying the mutation 

in homozygosis or heterozygosis (R/R and S/R) declined from 30.4 to 9.2%, those 

carrying the duplication in homozygosis or heterozygosis (RS/RS and S/RS) increased 

slightly from 12.8 to 13.3%, and those carrying both the mutation and the duplication 

(R/RS) also increased from 1 to 6.7%. These results are consistent with the duplication 

of the Ccace2 gene (with one of the copies bearing the mutation G328A and the other 

copy non-mutated) being more advantageous than the G328A mutation alone by 

maintaining resistance while restoring part of the fitness.  

 

In order to investigate the association of malathion resistance with mutations previously 

found in the aliesterase CcE7, we have generated isolines bearing specific mutations 

selected by their putative location near the upper part of the active site gorge of the 

enzyme. The isoline Sm2 (originating from a female heterozygous for the mutation 

V96L and a male homozygous for the non-mutated allele) kept high levels of resistance 

to malathion, even after 30 generations without selection pressure. On the contrary, the 

isoline 267Y (composed by individuals homozygous for the mutation L267Y) and the 

strain 306TY (composed by homozygous for the double mutation R306T-N307Y) 

showed a significant reduction in the levels of resistance. We have found also that 

resistance to malathion in the Sm2 isoline was partially reverted by DEF and TPP, and 

that Sm2 showed a significant reduction in MTB activity, as reported for other species 

showing malathion-specific resistance mediated by aliesterases. Besides, it was possible 

to associate the presence of the mutation V96L in individuals from the Sm2 isoline with 

both survival to a discriminating concentration of malathion (5,000 ppm) and low MTB 
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activity. Our results point out to a possible connection betwen the mutation V96L in the 

aliesterase CcE7 and resistance to malathion, though we can not yet conclude that the 

resistance is caused by the mutation, being needed further work to understand its 

contribution to resistance.  

 

In conclusion, resistance to lambda-cyhalothrin has been found for the first time in field 

populations of C. capitata, and metabolic resistance mediated by P450 appears to be the 

main resistance mechanism in the resistant strain W-1K. These findings add to the 

previously reported case of field resistance to malathion, associated to the G328A 

mutation and the duplication of the Ccace2 gene (with one of the copies bearing the 

mutation G328A) and to metabolic resistance mediated by esterases. Our results also 

indicate that altered target site AChE appears to be responsible for a certain level of 

resistance to malathion in C. capitata, that can be estimated as about 25-40-fold for the 

mutation G328A and 40-60-fold for the duplication; whereas metabolic resistance 

mediated by esterases and associated in this study with the mutation V96L in CcE7 

may confer a multiplicative effect (by a factor of 5 to10) increasing malathion resistance 

to 200-400-fold. Moreover, we have shown that resistant insects carrying the 

duplication have better fitness and exhibit a higher stability than those with the mutation 

G328A in the absence of insecticide pressure. This represents a scenario where 

genotypes with the duplication will remain in the field at low to moderate frequencies, 

but could be rapidly selected if malathion or other insecticides showing cross-resistance 

are used. These findings have important implications for resistance management 

programs, as the repertoire of effective insecticides for C. capitata control is becoming 

very limited. Besides, multiple resistance mechanisms coexisting in field populations 

provide the potential to develop resistance to other available insecticides for the control 

of this pest. Appropriate resistance management strategies based on the alternation of 

insecticides with different modes of action, and their combination with other control 

methods, must then be implemented to avoid the evolution of resistance in the field.  
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1.1 The Mediterranean fruit fly, Ceratitis capitata 

(Wiedemann, 1824) (Diptera: Tephritidae) 

 

1.1.1 Taxonomical classification 

 

The Mediterranean fruit fly (Medfly), Ceratitis capitata (Wiedemann, 1824), was 

classified by Richards and Davies (1984) as follow: 

                                              Clase: Insecta 

                                              Order: Diptera  

                                              Suborder: Brachycera  

                                              Infraorder: Cyclorrhapha  

                                              Family: Tephritidae  

                                              Genus: Ceratitis  

                                              Species: Ceratitis capitata 

 

1.1.2 Description 

 

The adult fly is about 3 to 5 mm in length. The color is yellowish with brown tinge, 

especially on abdomen, legs, and some markings on wings. The thorax is creamy white 

to yellow with a characteristic pattern of black blotches and long hairs on dorsal zone. 

The abdomen presents transverse yellowish and grey bands on basal half. The wings are 

transparent with black, brown, and brownish yellow markings. The scutellum yellow-

white, basally with two dark spots, separate or narrowly touching, apically with three 

merged spots, only slightly incised. The male has a pair of bristles with enlarged 

spatula, and is easily separated from all other members of this family by the black 

pointed expansion at the apex of the anterior pair of orbital setae (Figure 1.1a). The 

female can be distinguished by its long ovipositor at the apex of the abdomen used to 

lay eggs (Figure 1.1b). The eggs are white, elongated and slightly curved, measuring 

between 0.2 and 1 mm. The larvae are elongated and yellowish white colored. Their 

anterior end narrows and is somewhat recurved ventrally, with anterior mouth hooks, 

and a flattened caudal end.  The larvae reach its full development in the third instar with 

a size of approximately 7 to 9 mm in length (Figure 1.1 c). The pupae are cylindrical, 
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about 4 mm in length, dark reddish brown (Figure 1.1d). For a more detailed 

description see White and Elson-Harris (1992). 

 

Figura 1.1. Ceratitis capitata: a) male; b) female; c) larvae; and d) pupa. 

 

     

    

 

1.1.3 Geographical distribution and host plants 

 

C. capitata is native to the East Africa, but has spread invasively to many tropical and 

subtropical countries around the world (Figure 1.2), including the Mediterranean area 

(Fischer-Colbrie and Busch-Petersen, 1989; Fletcher, 1989; EPPO, 2013). In Spain this 

fly is widely distributed, including the Balearic and the Canary islands (Fimiani, 1989; 

Beroiz et al., 2012). This wide distribution has been achieved thanks to its high levels of 

adaptability and its high reproductive potential, being reported to attack more than 300 

species of fruits and vegetables (Liquido et al., 1991). In the Spanish Mediterranean 

region, some of the main fruit hosts of C. capitata are citrus (Citrus spp.), apricots 

(Prunus armeniaca), peaches (Prunus spp.), figs (Ficus carica), and persimmons 

(Diospyros kaki) (EPPO, 2013). 

 

 

a 

c 

b 
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Figura 1.2. Distribution map of C. capitata. 

 

Present (National record)

Present (subnational record)+
http://www.eppo.int

 

 

1.1.4 Biology 

 

The biology of C. capitata depends on different factors, such as temperature, 

photoperiod, humidity and availability of fruit hosts (Bateman, 1972). The duration of 

the life cycle in optimal conditions is less than a month, but can be extended in low 

temperatures for 2-3 months (Christenson and Foote, 1960; Aluja, 1993). In favorable 

areas, such as the south coast of Spain, the number of generations can be up to 7 or 8 

(Muñiz and Gil, 1984). The fertilized females lay 1 to 10 eggs under the skin fruit, and 

may lay as many as 800 eggs during its lifetime (Christenson and Foote, 1960; 

McDonald and McInnis, 1985). The eggs hatch and develop into larvae that feed inside 

the fruit pulp. When the larvae reach the third instar, leave the fruit, drop to the ground 

and pupate in the soil. Adults emerge from the ground and reach sexual maturity after a 

few days. During courtship, males group in leks and emit a pheromone to attract 

females (Field et al., 2002). 

 

1.1.5 Damage and economic importance 

 

C. capitata is considered one of the most economically damaging pests of citrus and 

other fruit crops worldwide. Direct damage results from larval feeding that destroy the 

pulps and produce tunnels, allowing the entry of bacteria and fungi and causing the 

premature drop of the fruits. In addition, mated females make a superficial scar on host 
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fruits when they pierce the skin with their ovipositor to lay eggs, which induce a 

necrotic reaction around and the fruit loses its merchantability. Indirect losses may also 

occur derived from the imposition of quarantine protocols by the importing countries on 

fresh products from Medfly infested areas. Such protocols incur costs related with pre- 

and post-harvesting surveillance and control actions (Castañera, 2003).  

 

The relevance of this species in Spain is related to the importance of the citrus sector. 

Spain is the main producer of citrus in the European Union with more than 5 million Tm 

of production in about 295,000 ha, and the first exporting country of fresh citrus in the 

world (FAO, 2013). The most important damage is produced on extra early varieties of 

citrus (satsumas and clementines) that reach maturity between September and 

November, when adult populations reach maximum levels (Martínez-Ferrer et al., 

2007). 

 

1.1.6 Control methods 

 

The control of C. capitata has traditionally relied on the application of aerial and ground 

treatments with insecticides. However, the European legislation that regulates phyto-

sanitary products promotes the sustainable use of pesticides in combination with other 

control methods more environmentally acceptable, such as cultural practices, mass 

trapping, biological control, sterile insect techniques and chemosterilants. Besides, 

monitoring of C. capitata field populations is a useful tool for developing appropriate 

control strategies.  

 

Cultural practices 

 

Removal of fallen and damaged or over-ripe fruits and elimination of pupae by 

ploughing and digging are the most effective cultural practices against the 

Mediterranean fruit fly. In addition, the harvesting of non commercial fruits will 

eliminate those that are larvae-infested, thus removing suitable places for females to lay 

their eggs (Chueca, 2007).  
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Mass trapping  

 

Trapping methods with attractants are used for controlling C. capitata (Navarro-Llopis 

et al., 2008). The attractants used are both visual (colour of the trap) and olfactory (food 

and/or sex attractants). Once attracted, the flies die by the action of an insecticide 

present in the trap. Traps baited with Tripack lures (ammonium acetate, putrescine and 

trimethylamine), and dichlorvos are mostly used. However, since the decision to remove 

the dichlorvos from the EU market (Directive 91/414/EEC, under moratoria until 

September 2013), other insecticides, mostly pyrethroids, are being used. This technique 

provides a feasible management option when used on low-density and isolated pest 

populations, though for larger populations it might be necessary to reinforce the control 

using chemical treatments. 

 

Biological control  

 

Biological control methods used for controlling C. capitata are mainly based on 

classical biological control with parasitoids that involves the introduction and release of 

exotic parasitoids (Wharton, 1989). The best results with this approach have been 

obtained with the larval parasitoids Diachasmimorpha tryoni and D. longicaudata and 

the egg parasitoid Fopius arisanus (Hymenoptera: Braconidae) (Wong et al., 1991; 

Purcell, 1998). However, though some attempts were pursued to introduce these 

biological control agents in Spain, no success has been achieved to date (Jacas et al., 

2006).  

 

Local predators and parasitoids are also important components of agroecosystems that 

may contribute to reduce the levels of Medfly populations (Castañera, 2007). In the 

Comunidad Valenciana, the most abundant predators are spiders, staphylinids, carabids 

and ants (Urbaneja et al., 2006; Monzó et al., 2010; 2011). Conservation biological 

control by favouring shelters (ground cover management) or the provision of an 

artificial food (pollen addition on the crop) could empower these beneficials (Jonsson et 

al., 2008; Jacas and Urbaneja, 2010). 

 

 



 

7 
 

The sterile insect technique (SIT) 

 

This methodology is based on the mass rearing and release of sufficient numbers of 

competitive sterile males into infested areas in order to compete with wild males. The 

sterile males transfer their sterile sperm to the females during mating, which produces 

infertile eggs and reduces the natural pest populations (Lance and McInnis, 2005). SIT 

programs are being implemented for Medfly control (Hendrichs et al., 2002). In Spain, 

an area-wide program has covered 152,000 hectares in the Comunidad Valenciana 

during the last years (Argilés and Tejedo, 2007). Different numbers of sterile males are 

released in infested areas, being around 2,000-4,000 sterile males/ha liberated every 

week in the Comunidad Valenciana (Nacho Pla, Tragsa, personal communication), 

whereas only 1,000 sterile males/ha are released every week in Tunisian commercial 

areas (M'Saad Guerfali and Loussaief, 2008). This technique is characterized by its high 

specificity and it is compatible with other control methods. Special attention should be 

given to the coordination and timing when used in combination with insecticide 

treatments (Juan-Blasco et al., 2013). 

 

Chemosterilants 

 

 The chemosterilant technique consists in the sterilization of adults of C. capitata by a 

chemosterilant substance, such as lufenuron, incorporated to a trapping lure. Lufenuron 

is a chitin synthesis inhibitor that prevents larvae hatching from eggs laid by females 

that have ingested it or mated with males exposed to lufenuron (Casaña-Giner et al., 

1999). The advantages of this method are that it can be transmitted horizontally between 

males and females, has no effects on natural enemies, and leaves no residue on fruits 

(Navarro-Llopis et al., 2007). Field studies have shown that chemosterilant traps 

significantly reduced the populations of C. capitata (Navarro-Llopis et al., 2004, 2010; 

Bachrouch et al., 2008) and its use is compatible with the sterile insect technique 

(Navarro-Llopis et al., 2011). 
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Chemical control 

 

Over the last few decades insecticide treatments have been the main control method for 

C. capitata. The development of eggs and larvae inside the fruits protects them from 

non-systemic insecticides. Pupae are also protected in the soil, being the adults the most 

exposed to insecticides. In Spain, control measures in citrus crops from the mid 90's to 

2009 were mainly based on aerial and ground treatments with malathion bait sprays. 

However, the decision of non inclusion of malathion in Annex 1 of the Directive 

91/414/EEC, that regulates the process of revision of phytosanitary products, resulted in 

the withdrawal of this insecticide in the European Union in 2009. The insecticides 

currently approved for Mediterranean fruit fly control in citrus crops in Spain are 

spinosad, lambda-cyhalothrin, lufenuron, etofenprox and methyl-clorpyrifos 

(MAGRAMA, 2013). They are used as bait sprays for ground treatments, except 

lufenuron that is administered in chemosterilant bait stations. 

 

Malathion and methyl-clorpyrifos are organophosphate compounds (OPs); they are 

essentially inhibitors of esterases including cholinesterases, being its target site the 

acetylcholinesterase (AChE) (Eto, 1974), which plays a key role in nervous impulse 

transmission by hydrolyzing the neurotransmitter acetylcholine. The inhibition of AChE 

by OPs allows the accumulation of acetylcholine in the synaptic cleft, resulting in 

continuous firing of the nerve and the eventual death of the insect (Eto, 1974). 

 

Lambda-cyhalothrin and etofenprox are pyrethroids, characterized by a rapid knock-

down effect, resulting from their neurotoxic action. Pyrethroids modify the gating 

kinetics of voltage-sensitive sodium channels by slowing both the activation and 

inactivation of the channel (Soderlund, 2005). 

 

Spinosad is a mixture of two natural compounds with insecticidal properties, spinosyns 

A and D, isolated from the actinomycete bacterium Saccharopolyspora spinosa through 

fermentation (Salgado and Sparks, 2005). Spinosad is active as a contact and stomach 

poison causing prolonged over-excitation of the insect nervous system, by interfering 

with the nicotinic acetylcholine and the gamma-aminobutyric acid (GABA) receptors 

(Salgado, 1998; Salgado and Sparks, 2005). 
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1.2 Insecticide resistance 

 

1.2.1 General aspects 

 

According to the Insecticide Resistance Action Committee (IRAC), insecticide 

resistance is “a heritable change in the sensitivity of a pest population, that is reflected 

in a repeated failure of a product to achieve the expected level of control when used 

according to the label recommendation for that pest species” (IRAC, 2013). The 

development of resistance to insecticides is an increasing problem for the effective 

control of a number of agricultural pest species, resulting in economic losses, increased 

pesticide usage, and potential associated risks for the environment and human health. 

Since the first case of resistance, reported for Musca domestica to DDT by Sacca 

(1947), the incidence of resistance has increased annually at an alarming rate. Actually 

about 500 species of insects have been reported showing resistance to one or more 

pesticide active ingredients (Whalon et al., 2013). Most of these species belonged to the 

orders Diptera (39%), Lepidoptera (18%), Coleoptera (15%), and Homoptera (12%). 

The disproportionately high number of resistant Diptera reflects intense use of 

insecticides against mosquitoes that transmit diseases. Within the order Diptera, only 

2.6% belong to the Tephritidae family (Whalon et al., 2013).  

 

The development and evolution of resistance in the field is a complex phenomenon, 

influenced by biological (generation time, number of offspring per generation, 

migration, etc.), genetic (initial frequency, inheritance of resistance alleles, etc.) and 

operational (timing, dose and formulation of insecticides used, method of application, 

etc.) factors. Knowledge of these factors and of the mechanisms by which insects 

acquire this resistance is essential for devising proactive resistance management 

strategies that can prevent or retard resistance development. Besides, it is important to 

detect resistance when it is at incipient levels and to monitor its evolution and 

geographical spread so that appropriate measures can be taken. When an insect 

population is resistant to more than one insecticide, it is necessary to distinguish 

between multiple and cross-resistance. Multiple resistance occurs when insects develop 

resistance to several compounds by expressing multiple resistance mechanisms, as a 

result of selection with different insecticides. Cross-resistance occurs when resistance to 
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one insecticide confers resistance to another insecticide, even when the insect has not 

been exposed to the latter product. The phenomenon of negative cross-resistance may 

also occurs when resistance to one insecticide produce a hyper-susceptibility to another 

(IRAC, 2013). 

 

1.2.2 Resistance to insecticides in Tephritids 

 

Only a few cases of insecticide resistance were reported in fruit flies before the 90´s 

(Keiser, 1989), being suggested that the cause may be incomplete selection pressure 

because of their mobility and broad host range (Orphanidis et al., 1980). However, 

resistance to commonly used insecticides has developed recently in tephritid flies, being 

recognized as a major problem for some fruit pests of great economic importance 

(Vontas et al., 2011). Moderate to high levels of OPs resistance has been reported in 

field populations of the olive fly, Bactrocera oleae, from Greece and Cyprus (Skouras 

et al., 2007); the oriental fruit fly, B. dorsalis, from Taiwan (Hsu and Feng, 2000, 2002) 

and mainland China (Zhang et al., 2007, 2008); the melon fly, B. cucurbitae, from 

Taiwan (Hsu and Feng, 2002); the peach fruit fly, B. zonata, from Pakistan (Ahmad et 

al., 2010; Nadeem et al., 2012); and the lesser pumpkin fly (also known as the Ethiopian 

fruit fly) Dacus ciliatus, from Israel (Maklakov et al., 2001). Resistance to pyrethroids 

in field populations has been reported for B. dorsalis from Taiwan (Hsu and Feng, 

2002) and mainland China (Zhang et al., 2007, 2008); B. oleae from Greece 

(Margaritopoulos et al., 2008); B. cucurbitae from Taiwan (Hsu and Feng, 2002); and B. 

zonata from Pakistan (Ahmad et al., 2010; Nadeem et al., 2012). Recently, low levels of 

spinosad resistance have been detected in field populations of B. oleae from California 

(Kakani et al., 2010) and B. cucurbitae from Hawai and Taiwan (Hsu et al., 2012). 

Resistance to spinosad has been obtained in B. dorsalis by laboratory selection (Hsu and 

Feng, 2006), but not in field populations (Chou et al., 2010). 

 

Resistance to insecticides in C. capitata was first reported in Spanish field populations 

after intensive use of malathion for the control of this pest in citrus crops (Magaña et al., 

2007). Populations from different geographical areas were resistant to malathion (6- to 

201-fold compared with laboratory populations) and the differences in susceptibility 

were related to the frequency of the field treatments. Low levels of resistance were even 
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detected in field populations collected from fields that have not been treated, suggesting 

that resistant flies may have already dispersed from areas with high selection pressure to 

untreated areas. This may be due to the high level of gene flow among Spanish Medfly 

populations, which favors the spread of resistance (Beroiz et al., 2012). Besides, the 

development and spread of resistance may have occurred recently, since no cases of 

resistance were detected in the field during the 90´s (Viñuela, 1998). It has also been 

demonstrated the capacity of this species to develop resistance to different insecticides 

by laboratory selection: DDT (15-fold) (Orphanidis et al., 1980), dieldrin (68-fold) 

(Busch-Petersen and Wood, 1986), permethrin (up to 20-fold) (Busch-Petersen and 

Wood, 1983), lambda-cyhalothrin (35-fold) (Couso-Ferrer et al., 2011) and spinosad 

(about 500-fold) (Couso-Ferrer, 2012). The potential to develop resistance to lambda-

cyhalothrin and spinosad is especially relevant, since they are the two most currently 

used insecticides for the control of this pest in Spanish citrus crops after the withdrawal 

of malathion in 2009. 

 

1.2.3 Mechanisms of insecticide resistance in insects 

 

Resistance mechanisms can be divided into four categories: a) behavioral resistance; b) 

penetration resistance; c) metabolic resistance; and d) target site resistance. 

 

1.2.3.1 Behavioral resistance  

 

Behavioral resistance is defined as the development of behaviors that reduce an insect’s 

exposure to toxic compounds or that allow an insect to survive in an environment that is 

harmful to the majority of insects of the same species (Sparks et al., 1989). Resistant 

insects may avoid the exposure to toxic compounds as a result of stimulus-dependent or 

-independent mechanisms. In the first case, insects are stimulated by the repellency 

and/or irritancy of some insecticides to avoid them. Stimulus-independent behavioral 

resistance occurs when the population changes its habits to minimize contact with 

treated areas. This mechanism of resistance has been reported for several classes of 

insecticides, including OPs and pyrethroids (Lockwood et al., 1985; Ross, 1997). 
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1.2.3.2 Penetration resistance 

 

The rate of penetration of an insecticide depends on its physicochemical properties and 

the structure of the insect cuticle. Decreased penetration can protect insects from a wide 

range of insecticides as a result of changes in the insect’s cuticle which slow the 

absorption of the insecticide into their bodies, reducing the dose of insecticide that 

reaches the site of action (Liu et al., 2006). This mechanism usually does not provide 

high levels of resistance, but it may acts as an enhancer for the resistance conferred by 

other mechanisms (Scott and Georghiou, 1986; Wu et al., 1998; Valles et al., 2000). 

 

1.2.3.3 Metabolic resistance 

 

Insects can metabolize insecticides to non toxic or less toxic forms that are finally 

excreted through a process called ‘detoxification’, reducing the amount of molecules 

that reach its target site of toxic action (Li et al., 2007). Metabolic resistance involves 

complex multi-gene detoxification enzyme families, such as esterases, P450 enzymes 

and glutathione S-transferases (Oakeshott et al., 2005; Ranson and Hemingway, 2005; 

Feyereisen, 2012). Esterases and P450 introduce hydrophilic functional groups into the 

insecticide molecules to transform them to less harmful metabolites and to enhance their 

water solubility. The glutathione S-transferases catalyzes the transfer of glutathione to 

electrophilic compounds to convert them to water soluble conjugates. Besides, some of 

these enzymes can also sequester the insecticides by binding them permanently 

(Oakeshott et al., 2005; Liu et al., 2006). Metabolic resistance can be achieved by 

mutations that increase the affinity of the enzyme for the insecticide, by up-regulation of 

transcriptional expression, or by gene amplification (Li et al., 2007). Due to its 

dependence on the chemical structure of the insecticides, metabolic resistance can range 

from compound-specific to broad cross-resistance to a number of insecticides with 

different modes of action (Oakeshott et al., 2005, Li et al., 2007). 

 

Synergists are compounds that enhance the lethality and effectiveness of insecticides by 

blocking the detoxification pathways, although they are relatively non-toxic by 

themselves (Bernard and Philogene, 1993). The most commonly used synergists are the 

P450 inhibitor, piperonil butoxide (PBO) (Feyereisen, 2012); the glutathione S-
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transferase inhibitor, dimethyl maleathe (DEM) (Mulder and Ouwerkerk-Mahadevan, 

1997); the esterase inhibitor, S,S,S-tributyl phosphorothioate (DEF) (Oakeshott et al., 

2005); and the aliesterase inhibitor, triphernyl phosphate (TPP) (Oakeshott et. al., 2005). 

They can be used in insecticide formulations to increase their efficacy, and as diagnostic 

tools for the study of resistance mechanisms (Liu and Yue, 2000; Ahmad and 

Hollingworth, 2004; Espinosa et al., 2005). 

 

1.2.3.3.1 Esterases 

 

1.2.3.3.1.1 Definition and classification 

 

Esterases are enzymes that can hydrolyze a diverse range of carboxylic-, thio-, 

phosphor-, and other ester substrates to generate an acid and an alcohol as metabolites: 

                                                            Esterase 

                       R-COO-R’ + H2O                             R-COOH + R’-OH   

 

The classification of esterases is complex and different criteria have been adopted 

(Oakeshott et al., 2005; Montella et al., 2012). Based on their susceptibility to inhibitors 

(OPs, sulfhydral reagents, and the carbamate serine sulfate), they can be classified in 

four classes (Holmes and Masters, 1967). These are: 1) acetylesterases, which are 

unaffected by any of these inhibitors and generally prefer substrates with acetyl acid 

groups and aromatic alcohol groups; 2) arylesterases, which are only inhibited by the 

sulfhydral reagents and generally prefer substrates with aromatic alcohol groups; 3) 

carboxylesterases, which are only inhibited by the OPs and prefer aliphatic esters, 

generally of longer acids than acetate; and 4) cholinesterases, which are inhibited by 

OPs and eserine sulfate, and prefer substrates with charged alcohol moieties like choline 

esters over other aromatic or aliphatic esters. Another common classification groups the 

esterases according to their preferential hydrolysis of the isomeric artificial substrates, α 

and β naphthyl acetate (Healy et al., 1991). However, none of these classifications have 

systematic value. More recently, and attending to the similarities among gene 

sequences, most insect esterases have been shown to belong to the / hydrolase fold 

superfamily (Oakeshott et al., 1993, 2005). However, the esterase family appears to 

have rapidly evolved and each insect species has a unique complement of esterase genes 

with only a few orthologues across species (Montella et al., 2012). 
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1.2.3.3.1.2 Resistance to organophosphates mediated by esterases 

 

The esterases are involved in the metabolism of exogenous and endogenous compounds, 

including a wide range of insecticides that contain ester bonds, such as the phosphoester 

bond of OPs (Sogorb and Vilanova, 2002). Esterase-derived metabolic resistance to OPs 

have developed in different pest species by gene amplification, up-regulation of gene 

expression and specific mutations in coding regions (Li et al., 2007; Hotelier et al., 

2010; Bass and Field, 2011). The amplification of genes coding for esterases has been 

implicated in the enhanced hydrolysis and/or sequestration of OPs in Diptera and 

Hemiptera (Guillemaud et al., 1997; Field et al., 1999; Small and Hemingway, 2000; Li 

et al., 2009). Some of these amplified genes can be further up-regulated at the 

transcriptional level, being associated with changes in DNA methylation (Field, 2000) 

or in the promoter region (Hawkes and Hemingway, 2002). In addition, mutations in 

genes encoding carboxylesterases that lead to increased OP hydrolysis have been 

detected in Diptera, Hymenoptera and Hemiptera (Hotelier et al., 2010). 

 

Malathion contains two carboxylester bonds, in addition to the phosphoester, whose 

hydrolysis inactivates the insecticide conferring specific resistance to malathion and a 

few structurally related OPs (review in Oakeshott et al., 2005). This involves specific 

enzymes with enhanced catalytic activity to hydrolyze these carboxylester bonds 

(malathion carboxylesterase activity = MCE), as reported for M. domestica (Welling et 

al., 1974), Lucilia cuprina (Raftos, 1986) and several species of mosquitoes 

(Karunaratne and Hemingway, 2001). This type of resistance has been associated with a 

reduction in ‘aliesterase’ activity, defined as the hydrolysis of aliphatic esters like 

methyl butyrate (Campbell et al., 1997). Campbell et al (1998) first identified that 

malathion-specific resistance was caused by a single W251L substitution (Drosophila 

melanogaster numbering) in the aliesterase LcE7 (also called E3) of L. cuprina 

encoded by the LcE7 gene. The substitution of a bulky aromatic residue by a smaller 

residue in the active site improves its ability to hydrolyze the carboxyl esters of 

malathion, while showing reduced activity for other substrates like naphthyl acetate or 

methyl butyrate (Devonshire et al., 2003; Newcomb et al., 2005). More recently, it has 

been demonstrated that the variant W251S is also associated with malathion resistance 

in L. cuprina (Heidari et al., 2005; Hartley et al., 2006). Besides, these mutations have 
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also been shown to confer improved activity towards pyrethroids (Heidari et al., 2005; 

Devonshire et al., 2007), and it has been suggested that they may be involved in the 

reported cases of cross-resistance between malathion and pyrethroids (Heidari et al., 

2005). A second G137D substitution at LcE7 has been shown to confer resistance to 

diazinon and a range of OPs in L. cuprina, by improving their ability to hydrolyze the 

phosphoester bond whereas compromising also its activity for other substrates 

(Newcomb et al., 1997; Campbell et al., 1998). Mutations at the 251 and 137 sites of 

orthologous E7 enzymes have been coupled with malathion-specific and broad 

spectrum OP resistance, respectively, in L. sericata (Hartley et al., 2006), M. domestica 

(Claudianos et al., 1999), Cochliomya hominivorax (Carvalho et al., 2006; 2009) and 

Anisopteromalus calandrae (Zhu et al., 1999). However, none of these substitutions 

confers cross-resistance to carbamates (Oakeshott et al., 2005). 

 

1.2.3.3.2 P450 enzymes 

 

1.2.3.3.2.1 Definition and classification 

 

The P450 comprise a large family of enzymes, with representatives in all living 

organisms, from bacteria to protists, plants, fungi and animals (Werck-Reichhart and 

Feyereisen, 2000). The P450 get their name because of their spectral property of intense 

absorption of the cytochrome-carbon monoxide complex (FeII-CO) at 450 nm (Omura 

and Sato, 1964). Most of them have monooxygenase activity, catalyzing the transfer of 

one atom of molecular oxygen to a substrate and reducing the other to water: 

                                                                   P450 

RH + NADPH + H
+
+ O2                         ROH + NADP

+ 
+ H2O

 

 

However they can catalyze a wide range of different reactions, acting also as oxidases, 

reductases, desaturases, isomerases, etc. (Mansuy, 1998; Guengerich, 2001). P450 in 

insects are best known for their role in metabolism of xenobiotic compounds, conferring 

resistance to a wide range of insecticides (Feyereisen, 2012).  They are also involved in 

a diversity of physiological functions that include biosynthesis, activation, and/or 

catabolism of endogenous substrates, such as the juvenile and molting hormones 

(Feyereisen, 2012). In addition, they play an important role in the activation of OPs 
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from their “thion” form to the “oxon” analog, which is the active molecule that binds to 

the target AChE (Eto, 1974). 

 

The nomenclature system of P450 enzymes and genes is based on sequence homologies, 

with members within a family sharing >40% identity at the level of amino acid, and 

members of a subfamily with >55% amino acid homology (Nelson et al., 1996, Nelson, 

2009). All members of the P450 superfamily are designated with a CYP prefix, 

followed by an arabic numeral that designates the family, a capital letter for the 

subfamily, and an arabic numeral that designates the individual gene (all italics) or 

protein (no italics) (Figure 1.3). However, in the case of D. melanogaster, only the 

initial letter is capitalized for gene nomenclature. 

 

Sequencing of genomes has revealed that the P450 gene complement (CYPome) of 

insects is quite variable, from 36 CYP genes in Pediculus humanus (Lee et al., 2010) to 

170 in Culex quinquefasciatus (Arensburger et al., 2010). They are classified in 69 

different CYP families, though those linked to insecticide resistance mostly belong to 

the CYP4, CYP6, CYP9 and CYP12 families (Feyereisen, 2012). 

 

Figure 1.3. Scheme of the P450 nomenclature (from Feyereisen, 2012). 

 

                              CYP: root symbol for P450 genes 

                              Family: >40% identity with other CYP4 proteins 

                              Subfamily: >55% identity with other CYP4U proteins 

 

 CYP4U2 

                              Gene identifier 
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1.2.3.3.2.2 Resistance to pyrethroids mediated by P450 

 

The P450 have been reported to mediate resistance to a wide range of insecticides 

including pyrethroids (Sogorb and Vilanova, 2002; Feyereisen, 2012). The first 

evidences for the involvement of insect P450 in pyrethroid resistance come from the 

detection of elevated P450 levels and/or enzymatic activity in resistant strains and the 

observation that the synergist PBO could reverse resistance (Scott and Georghiou, 1986; 

Hemingway et al., 1993), as also reported for the tephritids B. oleae (Margaritopoulos et 

al., 2008) and B. dorsalis (Hsu et al., 2004). More recently, molecular studies have 

shown that there is a positive correlation between insecticide resistance and 

overexpression of one or more CYP genes (Liu et al., 2011; Feyereisen, 2012). The role 

of some of these genes in resistance to pyrethroids has been further confirmed by 

showing that their transgenic expression conferred resistance to susceptible D. 

melanogaster strains (Zhu et al., 2010; Riveron et al., 2013), whereas suppression of 

their expression by RNAi increased the susceptibility in resistant strains (Bautista et al., 

2009; Zhu et al., 2010). Moreover, P450 enzymes expressed in heterologous systems 

were capable to metabolize some pyrethroids and protect the cells against the 

citotoxicity of these insecticides (Muller et al., 2008; Duangkaew et al., 2011a,b). 

 

Overexpression of P450 genes in resistant insects can be constitutive or induced 

(Festucci-Buselli et al., 2005; Zhu et al., 2008a; Liu et al., 2011), and evidences for 

mutations/insertions/deletions in cis-acting promoter sequences or trans-acting 

regulatory loci are available for some species (Scott et al., 1999; Maitra et al., 2000). 

Besides, P450 gene amplification has been recently associated with resistance to 

pyrethroids in some dipteran species (Itokawa et al., 2011; Bariami et al., 2012).  

 

1.2.3.3.3 Glutathione S-transferases 

 

Glutathion S-transferases (GSTs) are a class of enzymes with a broad range of substrate 

specificities, which allow them to play a significant role in detoxification of a wide 

range of xenobiotics, including all the major classes of insecticides (Enayati et al., 2005; 

Li et al., 2007). These enzymes catalyze the conjugation of insecticides with reduced 

glutathione, increasing the solubility of the resultant products, thus facilitating their 



 

18 
 

excretion (Ransom and Hemingway, 2005). In addition, some GSTs catalyse the 

dehydrochlorination of DDT using reduced glutathione as a cofactor rather than a 

conjugate (Enayati et al., 2005). In Diptera, it has been found that overexpression of 

GSTs is responsible for resistance to OPs (Wei et al., 2001; Kristensen, 2005) and to 

pyrethroids (Grant and Matsumura, 1989; Vontas et al., 2007). In addition, resistance to 

insecticides has been associated in a few cases with the duplication of GSTs genes (Bass 

and Field, 2011). 

 

1.2.3.4 Target-site resistance 

 

Structural modifications at the target site of insecticides may interfere with their binding 

affinity, reducing or even eliminating its toxic action (ffrench-Constant, 1999; ffrench-

Constant et al., 2004). Target-site resistance has been associated with alterations in the 

acetylcholinesterase, target of OPs (Oakeshott et al., 2005; Hotelier et al., 2010); the 

voltage gated sodium channel, target of pyrethroids (Davies et al., 2008); and the 

nicotinic acetylcholine receptor, target of spinosins (Salgado and Sparks, 2005; Watson 

et al., 2010). 

 

1.2.3.4.1 Resistance to organophosphates mediated by altered AChE 

 

Acetylcholinesterase (AChE) catalyzes the hydrolysis of the neurotransmitter 

acetylcholine, causing the termination of the impulse transmission at cholinergic 

synapses of the central nervous system of insects (Oakeshott et al., 2005). AChE is the 

target site for two of the largest groups of insecticides, OPs and carbamate compounds. 

These insecticides act as irreversible inhibitors for AChE, allowing the accumulation of 

acetylcholine in synaptic cleft, resulting in continuous firing of the nerve and the 

eventual death of the insect (Eto, 1974). Most insects have two AChE genes, termed 

ace1 and ace2 encoding AChE1 and AChE2, respectively, according to the orthologous 

genes Agace1 described in Anopheles gambiae (Weill et al., 2002) and Dmace2 found 

in D. melanogaster (Fournier et al., 1989). The only exceptions are higher Diptera (sub-

order Brachycera) that have only the ace2 gene (Huchard et al., 2006). In those insects 

with two AChE genes, ace1 seems to play a predominant role in the regulation of the 
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synaptic transmission (Revuelta et al., 2009, 2011; Kim et al., 2010), whereas in higher 

Diptera this function resides in the single ace2 gene (Oakeshott et al., 2005). 

 

Resistance to OPs as a result of alterations in the AChE has been reported in a number 

of insects (Fournier and Mutero, 1994; Oakeshott et al., 2005). Mutations in ace2 for 

higher Diptera and ace1 for other insects, that reduced the sensitivity of AChE to OP 

insecticides, have been associated with AChE insensitivity in most cases (Hotelier et al., 

2010), including resistant strains of the tephritids B. oleae (Vontas et al., 2002; Hawkes 

et al., 2005; Kakani et al., 2008), B. dorsalis (Hsu et al., 2006, 2008) and C. capitata 

(Magaña et al., 2008). However, quantitative changes in AChE may also occur that 

confer resistance to OPs (Bass and Field, 2011). Thus, a duplication of the AChE gene 

that resulted in one susceptible and one resistant mutated copy has been reported in 

Culex pipiens (Bourguet et al., 1996; Labbé et al., 2007a; Alout et al., 2009), A. 

gambiae (Djogbenou et al., 2008a) and C. capitata (Couso-Ferrer, 2012). In addition, 

amplifications of the AChE gene copy number that correlate with the level of resistance 

have been reported in Tetranychus urticae (Kwon et al., 2010, 2012) and T. evansi 

(Carvalho et al., 2012).  

 

1.2.3.5 Resistance mechanisms in C. capitata 

 

Three mechanisms of malathion resistance in C. capitata have been identified: a 

mutation G328A in the target AChE; a duplication of the Ccace2 gene coding for AChE 

(one of the copies bearing the mutation G328A); and metabolic resistance mediated by 

esterases (Magaña et al., 2008; Couso-Ferrer, 2012).  

 

Magaña et al. (2008) first reported a mutation G328A in the coding sequence of the 

Ccace2 gene in individuals from the field-derived malathion resistant W strain of C. 

capitata (see Annex I). This mutation is adjacent to the glutamate of the catalytic triad 

of AChE and it was demonstrated that adult flies homozygotes for this mutation showed 

reduced AChE activity and less sensitivity to inhibition by malaoxon (active form of 

malathion). A PCR-RFLP method was designed to detect the G328A mutation, which 

resulted widely distributed throughout Spain, including the Balearic and the Canary 

Islands (Couso-Ferrer, 2012). However, the mutation could not be detected in any of the 
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samples collected in 11 different countries from Europe, Africa, South and Central 

America and Australia. 

 

The malathion resistant W strain was further selected under laboratory conditions to 

obtain the W-4Km and W-10Km strains (see Annex I). Surprisingly, all the individuals 

of the W-10Km strain showed a heterozygous genotype for the mutation G328A in the 

AChE. Using different methodological approaches, Couso-Ferrer (2012) demonstrated 

that this “permanent heterozygosis” was originated by a duplication of the Ccace2 gene 

that has resulted in two copies of the gene, one carrying the mutation G328A and the 

other without the mutation. Resistance to OPs mediated by a duplication of the AChE 

gene with one mutated and one non-mutated copy has also been reported in C. pipiens 

(Bourguet et al., 1996; Labbé et al., 2007a; Alout et al., 2009) and A. gambiae 

(Djogbénou et al., 2008a). It has been suggested that these duplications has been 

selected because they compensate for some of the fitness costs associated to mutations 

in the AChE (Raymond et al., 2001), and in both species of mosquitoes the duplicated 

gene have spread in field populations (Lenormand et al., 1998; Labbé et al., 2007b; 

Djogbénou et al., 2008b). Couso-Ferrer (2012) reported that individuals carrying the 

duplication of the Ccace2 gene were also present in field populations of C. capitata 

collected in Spain in the period 2004-2007. This is especially relevant since resistant 

genotypes with no associated fitness cost may persist in the field in the absence of 

selection pressure, and this may be the case for resistant individuals carrying the 

duplication after the withdrawal of malathion in 2009. Knowledge about the inheritance, 

fitness cost and stability of the mutation and the duplication is required to test this 

hypothesis. 

 

In addition to target site insensitivity, resistance to malathion in C. capitata was 

partially suppressed by the esterase inhibitors DEF and TPP (Magaña et al., 2007), and 

individuals from the malathion resistant W strain showed reduced aliesterase activity 

(Magaña et al., 2008), which has been associated with malathion-specific resistance in 

higher Diptera (Devonshire et al., 2003; Newcomb et al., 2005). However, the CcE7 

gene, sequenced in susceptible and resistant individuals, did not carry any of the 

mutations (W251L/S or G137D) associated with OPs resistance in other Diptera 

(Campbell et al., 1998). Other substitutions (A30T, N52D, P54L, V96L, L267Y [miss 

numbered as L259Y in Magaña et al., 2008], S401A, F413L and N463S) were present 
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in some individuals of the resistant strain (Magaña et al., 2008), but their association 

with resistance has to be proved. 

 

A recent study by Couso-Ferrer et al. (2011) reported that a lambda-cyhalothrin 

resistant W-1K strain was obtained by selecting the malathion resistant W-4Km strain 

with lambda-cyhalothrin (see Annex I), and suggested that metabolic resistance 

mediated by esterases may be responsible. Nevertheless, other resistant mechanisms 

may be also involved, since the resistance of the W-1K strain to lambda-cyhalothrin 

was only partially reverted by DEF. This study highlights the potential of this species to 

develop resistance to lambda-cyhalothrin, one of the most widely used insecticides for 

the control of this pest in Spanish citrus crops after the withdrawal of malathion in 2009. 
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1.3 Aims of the Thesis 

 

The potential of C. capitata to develop resistance to most available insecticides for its 

control in Spanish citrus crops has been proven, and multiple resistance mechanisms 

have been identified. At this point, to evaluate if field populations of C. capitata are 

developing resistance to lambda-cyhalothrin is required for an efficient control of this 

pest. Besides, knowledge about the inheritance, fitness cost and stability of resistance to 

malathion is essential to forecast its fate in an scenario with no selection pressure. 

Finally, fundamental research on resistance mechanisms will lead to more informed 

decisions for the implementation of appropriate resistance management strategies. 

 

Specifically, the objectives of this thesis are: 

1) To assess the susceptibility of Spanish field populations of C. capitata to lambda-

cyhalothrin and to elucidate the resistance mechanisms in the W-1Kλ strain.  

2) To compare the inheritance, fitness cost and stability of the malathion resistance 

mediated by the G328A mutation and the duplication of the Ccace2 gene (with one of 

the copies bearing the mutation G328A).  

3) To investigate the role of the aliesterase CcαE7 mutations in insecticide resistance. 

 



 

23 
 

 

 

 

 

 

Chapter 2 

P450-mediated resistance to 

lambda-cyhalothrin in Ceratitis capitata 
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2.1 Introduction 

 

Resistance to malathion has been reported in Spanish field populations of the 

Mediterranean fruit fly, Ceratitis capitata (Wiedemann, 1824) (Diptera: Tephritidae) 

after intensive use of this insecticide (Magaña et al., 2007). Since the withdrawal of 

phytosanitary products containing malathion in the European Union in 2009, lambda-

cyhalothrin and spinosad have become the most widely used insecticides for the control 

of this pest in Spanish citrus crops. However, a recent study by Couso-Ferrer et al. 

(2011) showed that a field-derived malathion resistant strain (W-4Km) has low to 

moderate cross-resistance to other organophosphate insecticides (OPs) (7-16-fold), the 

carbamate carbaryl (>4-fold), the pyrethroid lambda-cyhalothrin (3-fold), and the 

benzoyl phenylurea lufenuron (6-fold). Besides, a lambda-cyhalothrin resistant (35-fold) 

strain (W-1K) was obtained by selecting the W-4Km strain with lambda-cyhalothrin 

for 12 generations (Couso-Ferrer et al., 2011). These studies highlight the potential of 

this species to develop resistance to lambda-cyhalothrin, particularly in those areas were 

malathion resistance was originally detected.  

 

The resistance of the W-4Km strain to malathion has been associated with a mutation 

G328A in the target acetylcholinesterase (AChE) and to an unknown esterase-mediated 

mechanism (Magaña et al., 2008). Cross-resistance of the W-4Km strain to other OPs 

and the carbamate carbaryl could be explained by the altered AChE. However, other 

mechanisms might contribute to the cross-resistance found to insecticides that do not 

target AChE, such as lambda-cyhalothrin. Couso-Ferrer et al. (2011) reported that the 

esterase inhibitor DEF synergize the activity of lambda-cyhalothrin against the W-1K 

strain and that the esterase activity in this strain was increased compared to a susceptible 

strain, suggesting that esterases may be involved in the development of resistance to this 

insecticide. Metabolic resistance mediated by esterases has been associated with cross-

resistance between malathion and pyrethroids in different insect species (Chen and Sun, 

1994, Bisset et al., 1997, Heidari et al., 2005). Nevertheless, other resistant mechanisms 

may be also involved, since the resistance of the W-1K strain to lambda-cyhalothrin 

was only partially reverted by DEF. In this regard, target site resistance resulting from 

mutations in the voltage-gated sodium channel (Soderlund and Knipple, 2003; Davies et 

al., 2008), metabolic resistance mediated by P450 enzymes or glutathione S-transferases 
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(Feyereisen, 2012; Li et al., 2007), and decreased penetration (Liu and Shen, 2003; Lin 

et al., 2012) have also been reported to play a role in pyrethroid resistance. 

 

In this study we have: a) determined the susceptibility of Spanish field collected 

populations of C. capitata to lambda-cyhalothrin, and compared with that of field 

collected populations from another country in the Mediterranean area (Tunisia) and with 

a susceptible laboratory strain; b) examined the susceptibility of the lambda-cyhalothrin 

resistant strain W-1K to lambda-cyhalothrin by ingestion and topical application, and 

to other insecticides by ingestion; and c) investigated in more detail the resistance 

mechanism to lambda-cyhalothrin in the resistant strain W-1K. 

 

2.2 Materials and methods 

 

2.2.1 Field sampling 

 

C. capitata were obtained from infested fruits collected in 2009 and 2010 in fruit (citrus, 

apple, pear and cherimoya) orchards, that had received different insecticide treatments, 

at five different localities in Spain (Table 2.1). The infested fruits collected in the field 

were placed in plastic trays inside ventilated containers, both with a layer or vermiculite 

or arlite. They were kept in environmentally controlled rearing rooms, at a photoperiod 

of 16 h light and 8 h dark, and a temperature of 26  3ºC, until pupation occurred. 

Emerged adults from field-collected fruits (F0) were used for testing their susceptibility 

to lambda-cyhalothrin. 

 

Pupae obtained from infested fruits collected in 2011 at three different localities in 

Tunisia were sent to the CIB (Table 2.1). They were kept in environmentally controlled 

rearing rooms as described above to obtain adults (F0) for testing. 
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Table 2.1. Location, year of sampling, host and insecticides used against C. capitata in 

the fruit orchards where infested fruits were collected. 

 

Country Locality Year Host Insecticide treatments 

Spain 

 

 

Castellsera 

(Lleida) 

2009 Apple 

deltamethrin in 2008; methyl-

chlorpyrifos and deltamethrin in 

2009 

 

Sagunto 

(Valencia) 

2010 Citrus spinosad in 2009 and 2010 

 

Llombay 

(Valencia) 

2009 Citrus 

malathion in 2007, lambda-

cyhalothrin in 2008, and spinosad 

and lambda-cyhalothrin in 2009 

 

Almuñecar  

(Granada) 

2009 Cherimoya non-treated in 2009 

 
Algarrobo Costa 

(Malaga) 
2009 Cherimoya non-treated in 2009 

     

Tunisia 

 

Korbous 

(Nabeul) 

2011 Citrus dimethoate in 2011 

 

Laazib 

 (Bizerte) 

2011 Citrus dimethoate in 2011 

 

Jadaida 

 (Mannouba) 

2011 Pear methidathion in 2011 

 

 

2.2.2 Laboratory strains 

 

The laboratory strain (C) was established at the Instituto Valenciano de Investigaciones 

Agrarias (Valencia, Spain) from wild C. capitata collected at non-treated experimental 

fields in 2001 and has been maintained in our laboratory without exposure to 

insecticides at standard conditions (22-25ºC and a photoperiod of 16:8 [L:D] h). 
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The lambda-cyhalothrin selected strain (W-1K) was initially originated from a 

malathion-resistant strain (W-4Km) by treating with increasing concentrations of 

lambda-cyhalothrin for 12 generations (Couso-Ferrer et al., 2011). From generation 

twelve, the selection pressure was maintained at 1,000 ppm of lambda-cyhalothrin for 

48 h for 22 more generations. See Annex I for a more detailed description about the 

origin of the strains. 

 

2.2.3 Chemicals 

 

The insecticides used were lambda-cyhalothrin (Karate Zeon, 100 g liter
-1

 CS, 

SyngentaAgroS.A., Madrid, Spain), deltamethrin (Decis protech, 15 g liter
-1

, EW, Bayer 

Cropscience S.A., Lyon, France), etofenprox (Shark, 300 g liter
-1

, EC, Sipcam Inagra 

S.A.,Valencia, Spain), methyl-chlorpyrifos (Reldan*E, 224 g liter
-1

 EC, Dow 

Agrosciences Ibérica, Madrid, Spain), malathion (Agromalathion, 500 g liter
-1

 EC, 

Agrofit S. Coop., Valencia, Spain), spinosad (880g kg
-1

 technical, Dow AgroSciences 

LLC, Indianapolis, IN) and lufenuron (technical grade, 99.4 g kg
-1

, Syngenta, Basel, 

Switzerland). The synergists tested were piperonyl butoxide (PBO; 90% technical, 

Aldrich, Milwaukee, WI), S,S,S-tributyl phosphorotrithioate (DEF; 97.2% technical, 

Chem Service, West Chester, PA), triphenil phosphate (TPP, 98% technical, Fluka, 

Madrid, Spain), and diethyl maleate (DEM, 97% technical, Aldrich). 

 

2.2.4 Bioassays 

 

Feeding bioassays were used to assess the susceptibility of the field populations to 

lambda-cyhalothrin and the susceptibility of the C and W-1K strains to lambda-

cyhalothrin, deltamethrin, etofenprox, methyl-chlorpyrifos, malathion, spinosad and 

lufenuron. The arena for the bioassays consisted of ventilated plastic dishes (89 mm in 

diameter, 23 mm in height). Ten to fifteen pupae were confined per plastic dish, and the 

emerged adults were fed with water and rearing diet (4:1:0.1, glass sucrose:hydrolyzed 

yeast:water) for 3-5 d before testing. After this time, the rearing diet was replaced by 

diet containing the appropriate concentration of insecticide. For the Spanish field 

populations and for the C and W-1K strains five to seven different concentrations 

which resulted in >0 and <100% mortality were tested, and four replicates were 
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performed for each concentration (in total, 40-60 flies per concentration). A 

discriminating concentration of 30 ppm lambda-cyhalothrin was tested on individuals 

from the Tunisian field populations (3-4 replicates of 10-13 flies for a total of 30-48 

flies per population), due to the limited availability of flies. The adults from the C and 

W-1K strains were starved for 24 h before treatments. In all cases the control consisted 

of diet mixed with water. Adult flies were kept in an environmentally controlled 

chamber during the tests, under the conditions indicated above. Mortality was recorded 

after 48 h. Flies were considered dead if they were ataxic.  

 

Topical application of lambda-cyhalothrin was used to determine toxicity and recovery 

from knock-down in the C and W-1K strains. Adult flies (3-5 d old) were maintained 

at 4C for 30 min; thereafter, a 0.5-l drop of insecticide solution in acetone or acetone 

alone (used as control) was applied to the dorsal thorax of each fly by using an 

automatic microapplicator 900X (Burkard Manufacturing Co., Hertfordshire, United 

Kingdom). Four replicates per dose (calculated as g of insecticide per g of fresh weight 

of insect, assuming an average weight of 10 mg) were performed. After treatment, 

insects were placed in the ventilated plastic dish containing water and rearing diet. For 

toxicity assays, the mortality was recorded after 48 h. The recovery from knock-down 

was tested using a lower range of doses (0.2-1.5 g/g) and recorded at 0, 2, 4, 8, 24 and 

48 h after treatment. 

 

Sterility bioassays were performed by Dr. Vicente Navarro (Universidad Politécnica de 

Valencia) to determine the sterile effect of lufenuron in the W-1K strain. Lufenuron 

was diluted in acetone (100 mg of lufenuron in 25 ml of acetone). Ten grams of a 

mixture of yeast autolysate from Sigma-Aldrich (Steinheim, Germany) and sucrose 1:4 

(wt:wt) was prepared for each dose. The corresponding volumes to obtain the desired 

doses of lufenuron were taken from the initial lufenuron dilution and were brought up to 

5 ml with acetone. The 5 ml volume of each dose was added to 10 g of the mixture 

yeast/sugar, to be homogenized in a mortar. The final product was left air dry for 1 h in 

the laboratory. Five mated females (5-7 d old), previously starved for 24 h, were placed 

in Plexiglas cages (10 by 10 by 10 cm) with a mesh screen on one side. The flies were 

fed with lufenuron-treated food for 24 h. Thereafter, the lufenuron-treated food was 

removed, and diet without lufenuron was placed in each cage. Females laid eggs 
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through the mesh screen, and the eggs fell to a plastic container filled with water. One 

hundred and fifty eggs per cage, laid between 24-48 h after the bait ingestion, were 

collected with a Pasteur pipette and placed onto three petri dishes with agar gel (3 g 

liter
-1

), 50 eggs per petri dish. Three days after the eggs were placed in the dishes, egg 

hatch was evaluated, by using a stereomicroscope (model MZ75, 40r, Leica 

Microsystems, Heerbrugg, Switzerland). Eight replicates per concentration (in total, 

about 560 eggs per concentration) were performed. 

 

The synergists PBO, DEF, TPP and DEM were diluted in acetone and applied topically 

to adult flies of the C and W-1K strains, as described above. The applied doses (0.5 g 

PBO, 1 g DEF, 5 g of TPP or 1 g of DEM per insect) showed no mortality on adults 

from the C strain. Acetone was used as a control. After 2 h, the flies were treated with 

lambda-cyhalothrin as described in the feeding bioassay. 

 

2.2.5 RNA extraction 

 

Total RNA was extracted from groups of 5 adult flies (3-4 d old) using TRIzol
®
 reagent 

(Molecular Research Center, Cincinnati, USA) and following the manufacturer’s 

protocol. Flies frozen in liquid nitrogen and stored at -80ºC were homogenized in 1 ml 

of TRIzol and the homogenate was centrifuged at 13,000 g for 10 min at 4ºC. The 

supernatant was transferred to a 1.5 ml fresh tube and incubated 5 min at room 

temperature. A volume of 200 l of chloroform was added and the mixture was mixed 

thoroughly by inverting the tube for 15 seconds. The mixture was centrifuged at 12,000 

g for 15 min at 4ºC for phase separation, and the aqueous phase was transferred to a 

new 1.5 ml fresh tube. The RNA was precipitated by adding 0.5 ml of isopropanol, 

incubating 10 min at room temperature, and spinning at 12,000 g for 10 min at 4ºC. 

Pellets were washed with 70% ethanol, centrifuged at 7,500 g for 5 min at 4ºC and dried 

for 10 min in ice. The RNA pellet was dissolved in 40 l of nuclease free sterile water 

by incubating at 56ºC for 10 min. The RNA samples were quantified using a 

spectrophotometer (NanoDrop Technologie Inc) and their integrity confirmed by 1% 

agarose gel electrophoresis. 
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2.2.6 cDNA synthesis (Reverse transcription) 

 

First strand cDNA was synthesized from total RNA using iSCRIPT synthesis kit 

(Invitrogen) following the manufacturer’s protocol. The RT reaction contained 4 l of 

5x iSCRIPT reaction mix, 1l of iSCRIPT reverse transcriptase, 1g of RNA and 

nuclease free water to a final volume of 20 l. Each cDNA synthesis reaction was 

performed using the following parameters: 25ºC for 5 min, 42ºC for 30 min and 85ºC 

for 5 min. The cDNA was stored at -20ºC and diluted to the required concentration for 

gene expression in nuclease free sterile distilled water. 

 

2.2.7 Quantitative Real Time PCR (qPCR)  

 

Quantitative Real Time Polymerase Chain Reaction (qPCR) amplification was 

performed using specific primers for C. capitata P450 genes (Table 2.2). The primers 

were designed in base to the first assembly of C. capitata genome (access given by the 

USDA-funded Medfly Whole Genome Sequencing Project before automatic 

annotation). For some of the genes, two or three different pairs of primers were used. 

The actin (GenBank Accession number XM_004527356), Rpl (GenBank Accession 

number XM_004518966), tubulin beta-3 chain ( XM_004520879) and  tubulin alpha-1 

chain (XM_004519499) genes of C. capitata were tested, being the actin and  Rpl genes 

selected as reference genes due to their stability across samples. The amplification 

efficiency of each gene was estimated by using the equation: E=10
–1/slope

, where the 

slope was derived from the plot of amplification critical time (Ct value) versus serially 

diluted template cDNA. 

 

 

 

 

http://www.ncbi.nlm.nih.gov/nucleotide/498930972?report=genbank&log$=nucltop&blast_rank=1&RID=VCSJCVYX015
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Table 2.2. Oligonucleotide primers used for qPCR of C. capitata CYP genes 

 

C. capitata CYP genes  Primer sequence  

CYP 

Family 

GenBank 

Accession 

number 

Closer gene in  

D. melanogaster 

Product 

pb 

 

Forward 

 

Reverse 

Efficiency 

% 

CYP4 XM_004520608 Cyp4aa1 106 GTATTGGCAACCGATTTGCT GTGGCATTGAACGAGGTCTT 106 

 XM_004536131 Cyp4ac1  143 TGGGTTTCGACAATGCTACA TGCAAGTGCGTCTTGTTTTC 102 

 XM_004534556 Cyp4ad1  138 TTCACACTCTCTCGCCACAC GCTGAATCAGTGCCGAAAAT 110 

 XM_004521289 Cyp4c3  138 CCAAACCCGAACAGTTCAAT CCGCCTTCTCTTCGAGTATG 106 

 XM_004518404 Cyp4d1  87 GTCAAATATGGCCGCCTCTA GAGAAAAATAAGCGCGTTGC 98 

 XM_004518377 Cyp4d1  145 GGGCGAGTACAAGACTTTGG CTCACGCTCAAACACCTCAA 93 

 XM_004518376 Cyp4d2  133 TGCAAGAGACTGCCGTTATG GCCATGCGCTTCTTACTACC 98 

 XM_004534558 Cyp4e1 148 CCGGCTAATTGCCTCTCTCT GCGATCCTTAAATCGCTCAG 116 

 XM_004534809 Cyp4e2  140 CACGTCATTTTGTTGGCTTG CTAAGTCCGCTCTCGCAAAC 115 

 XM_004518403
#
 Cyp4g1 116 ATTATCGATCGTCGGTCAGC GATTGCAACAGCACATCCAG 96 

   123 ACGTACTGTGCTGGTGCAAG CGCCTTTTAAGCCCCATATT 93 

 XM_004521003 Cyp4g1  142 CTCGCCTCTGGTCCATACAT GTCGCTTCGATACCTTTTCG 105 

 XM_004521002 Cyp4g1  140 CGTTGATCGGTGTTGTTTTG CGAACAGCCCAATACCAAAT 108 

 XM_004529469 Cyp4g15  135 CTTGATGGTCATTCGGCTTT TGCTGTGGAGCAGAGTATGG 110 

 XM_004526004 Cyp4p1  102 CAACGGAGTGGAGGTCATCT CTGAGACGGCGTTAGGTGTT 104 

 XM_004526003 Cyp4p1  106 GCCAGGTTACTCTCCACCTG TGTCGTTCGAATGGATGAAA 103 

CYP6 XM_004520247 Cyp6a2  138 CCATTGGAACGCTGTTCTTT AGGGATCACGTATGGTCTGC 101 

 XM_004534543 Cyp6a8  104 ACTACCGCATTTGGTTCGTC TGGCAATAACGGGTATGGTT 114 

 XM_004534542 Cyp6a9  136 TGATGAGCATGTGTGGGATT AATCCGACGTCCCATTACAC 102 

 XM_004534544
#
 Cyp6a9  89 CTGCGCGTTCGGTATAGATT GGCGCTGATCTACAAACACA 102 

   114 CAACCCCGAGGAGTTCAAT AAACGCAGGCCAATACAGTT 110 

   142 TCGTCACCGCTCTAACACTG AAAGTGCGCGTCTTCAGAAT 101 

http://www.ncbi.nlm.nih.gov/nucleotide/498937506?report=genbank&log$=nucltop&blast_rank=1&RID=URG221EU01R
http://www.ncbi.nlm.nih.gov/nucleotide/499007916?report=genbank&log$=nucltop&blast_rank=1&RID=UUFPFBUK01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499007916
http://www.ncbi.nlm.nih.gov/nucleotide/499001521?report=genbank&log$=nucltop&blast_rank=1&RID=UD008E0X01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001521
http://www.ncbi.nlm.nih.gov/nucleotide/498940101?report=genbank&log$=nucltop&blast_rank=1&RID=UCW52V7F015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498940101
http://www.ncbi.nlm.nih.gov/nucleotide/498928675?report=genbank&log$=nucltop&blast_rank=1&RID=UD0F3PY301R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498928675
http://www.ncbi.nlm.nih.gov/nucleotide/498928571?report=genbank&log$=nucltop&blast_rank=1&RID=UE8GBWWH01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498928571
http://www.ncbi.nlm.nih.gov/nucleotide/498928569?report=genbank&log$=nucltop&blast_rank=1&RID=UD0R1SK9015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498928569
http://www.ncbi.nlm.nih.gov/nucleotide/499001529?report=genbank&log$=nucltop&blast_rank=2&RID=UCZPMVA601R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001529
http://www.ncbi.nlm.nih.gov/nucleotide/499002550?report=genbank&log$=nucltop&blast_rank=1&RID=UD05EFK0015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002550
http://www.ncbi.nlm.nih.gov/nucleotide/498938945?report=genbank&log$=nucltop&blast_rank=1&RID=UD28BZ3801R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498938945
http://www.ncbi.nlm.nih.gov/nucleotide/498938945?report=genbank&log$=nucltop&blast_rank=1&RID=UD28BZ3801R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498938945
http://www.ncbi.nlm.nih.gov/nucleotide/498981112?report=genbank&log$=nucltop&blast_rank=1&RID=UU8T170401R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498981112
http://www.ncbi.nlm.nih.gov/nucleotide/498967428?report=genbank&log$=nucltop&blast_rank=1&RID=UU8E455E01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498967428
http://www.ncbi.nlm.nih.gov/nucleotide/498967426?report=genbank&log$=nucltop&blast_rank=1&RID=UUE5T9TV01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498967426
http://www.ncbi.nlm.nih.gov/nucleotide/498936094?report=genbank&log$=nucltop&blast_rank=1&RID=UE7RVTPF01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498936094
http://www.ncbi.nlm.nih.gov/nucleotide/499001469?report=genbank&log$=nucltop&blast_rank=1&RID=UCY5UV9Y014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001469
http://www.ncbi.nlm.nih.gov/nucleotide/499001465?report=genbank&log$=nucltop&blast_rank=1&RID=UCXM7MJJ015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001465
http://www.ncbi.nlm.nih.gov/nucleotide/499001473?report=genbank&log$=nucltop&blast_rank=1&RID=UCXXM8AD01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001473
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 XM_004534798 Cyp6a9 119 CAGTCATTGCCATCGCTCTA TGTTTTCGTCACGCCATTTA 109 

 XM_004534800 Cyp6a9  122 TGCCATACTTGGGGCATTAT TGCGATGTACTTCCGTCAAA 111 

 XM_004534796 Cyp6a13  134 CCCTTTCTTTCTTCGCACAG TTGGTATGAGCACGGTGGTA 105 

 XM_004534549 Cyp6a13 87 ACGTCGCCACTTCAGCTACT GTACCGATGCCGCTCATATT 99 

 XM_004519454
#
 Cyp6a14  143 ATTTGGTCGTTCGATCTTCG TACGCACGGCATTGATAAAG 110 

   143 ACGCTTCGAGCCTGATATTG ATTTGTAGTCCCGCAGCAAA 113 

 XM_004534803 Cyp6a14  142 CACTCACCGGTCACCTCTTT CAAGCATGCACCAACTCACT 92 

 XM_004534802 Cyp6a17  113 CTTCCTCGGTTTGCTTATCG CCGCCAGTATAATGGGCTTA 102 

 XM_004534545 Cyp6a21  124 ATCCACTCACCGGTCAACTC CCCACACGACACACAGTAGG 113 

 XM_004534799 Cyp6a21 142 AAGCTGATGAAGTCGGAGGA GATGCTGTGCCAGTTCGTAA 97 

 XM_004534548 Cyp6a22  102 GACGGAAGGCATTAATCGAA TACGCACTGCACACACATTC 99 

 XM_004534546 Cyp6a23 137 GCCGATGAGTTAGTGGATGC ATTGGCTTCTGCAATGTGTG 110 

 XM_004534547 Cyp6a23  107 GAAATTGCAAAGTCGCCATC CTATGAGCGCAACGCCTATC 110 

 XM_004534804
#
 Cyp6a23  149 CCCGATCCAGAAAAGTTTGA

##
 TATGTGAGACCGACCAACGA 112 

   160 GCTCGTGCTCAGTGTTACGA CTTTGTAGTGCGCCATTCCT   93 

   130 CGGAATACTTCCCTGATCCA TATGTGAGACCGACCAACGA   95 

 XM_004537716 Cyp6d3  149 GGCGCGCAATATACAAGTTC TGAGCTTTCCAGTGGAGAAAA 105 

 XM_004523207 Cyp6d3  139 AGCCGGTAGTGAGACCACAT AAGAGGATCACTGGGCTTCA 95 

 XM_004536996 Cyp6d4  137 TCCTTTCATGGGGCTCTTTA CTGCTCACACATCGTTGCTT 100 

 XM_004535568 Cyp6d5  147 TCCACACAGTGGATTCCAAG CCTTTTCCAACACCTCAGGA 101 

 XM_004535606 Cyp6d5  148 CTAGGTTGGCGTGAAGAAGC TGTCGTCGGCACTAATTTCA 92 

 XM_004522908 Cyp6g1  148 TGGCGCGCAGTATAGAAGTA AGCTTGCCAGTGGAGAAAAG 94 

 XM_004522819
#
 Cyp6g2  150 GATGCGTTGTCATGGTGAAG AAAGCGTGGAAGACGAGGTA 113 

   94 TCCTACCGGAGAACAAGCAT AGCGTTCCCCAATACAGTTG 98 

 XM_004522816 Cyp6g2  148 CGCTATGATGCAGACGAAAA ACGCACCACATTCAGGTGTA 93 

CYP 9 XM_004526336 Cyp9b2  96 GAGGCAAGCCCTTGTCATAC TAAACCCAGCAAGGTTCCAC 105 

 XM_004526487 Cyp9b2  101 GCGACAATGTGTCATGAGCTG GACAAGGGCTTGCCTCCA 99 

 XM_004526337 Cyp9b2  105 CAAGATCGAACGTTCTGCAA CTTCGAGGTACCAGCCTGAC 93 

 XM_004526488 Cyp9h1  109 GGAAGGAGCGAGGTCTGTAG CCGGTGCATTACATGAAAAA 106 

http://www.ncbi.nlm.nih.gov/nucleotide/499002506?report=genbank&log$=nucltop&blast_rank=1&RID=UE62X49W014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002506
http://www.ncbi.nlm.nih.gov/nucleotide/499002514?report=genbank&log$=nucltop&blast_rank=1&RID=UE7G4KUF014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002514
http://www.ncbi.nlm.nih.gov/nucleotide/499002498?report=genbank&log$=nucltop&blast_rank=1&RID=UU058CPR01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002498
http://www.ncbi.nlm.nih.gov/nucleotide/499001493?report=genbank&log$=nucltop&blast_rank=1&RID=UCZ9J8FV014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001493
http://www.ncbi.nlm.nih.gov/nucleotide/498932958?report=genbank&log$=nucltop&blast_rank=1&RID=UU442V2W01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498932958
http://www.ncbi.nlm.nih.gov/nucleotide/499002526?report=genbank&log$=nucltop&blast_rank=1&RID=UCZ3GWFW01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002526
http://www.ncbi.nlm.nih.gov/nucleotide/499002522?report=genbank&log$=nucltop&blast_rank=1&RID=UCTD5M1M015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002522
http://www.ncbi.nlm.nih.gov/nucleotide/499001477?report=genbank&log$=nucltop&blast_rank=1&RID=UE7MDS8C015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001477
http://www.ncbi.nlm.nih.gov/nucleotide/499002510?report=genbank&log$=nucltop&blast_rank=1&RID=UE7BNFKZ01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002510
http://www.ncbi.nlm.nih.gov/nucleotide/499001489?report=genbank&log$=nucltop&blast_rank=1&RID=UCYXHF24015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001489
http://www.ncbi.nlm.nih.gov/nucleotide/499001481?report=genbank&log$=nucltop&blast_rank=1&RID=UCYSB0R2014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001481
http://www.ncbi.nlm.nih.gov/nucleotide/499001485?report=genbank&log$=nucltop&blast_rank=1&RID=UCYMDRJ701R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001485
http://www.ncbi.nlm.nih.gov/nucleotide/499002530?report=genbank&log$=nucltop&blast_rank=1&RID=UCTJYW8F015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002530
http://www.ncbi.nlm.nih.gov/nucleotide/499014394?report=genbank&log$=nucltop&blast_rank=1&RID=UCWY12K401R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499014394
http://www.ncbi.nlm.nih.gov/nucleotide/498951978?report=genbank&log$=nucltop&blast_rank=1&RID=UU54JKJ601R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498951978
http://www.ncbi.nlm.nih.gov/nucleotide/499011455?report=genbank&log$=nucltop&blast_rank=1&RID=UE74BNE5014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499011455
http://www.ncbi.nlm.nih.gov/nucleotide/499005625?report=genbank&log$=nucltop&blast_rank=1&RID=UCVGMM8A01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499005625
http://www.ncbi.nlm.nih.gov/nucleotide/499005783?report=genbank&log$=nucltop&blast_rank=1&RID=UCV1MMP901R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499005783
http://www.ncbi.nlm.nih.gov/nucleotide/498950127?report=genbank&log$=nucltop&blast_rank=1&RID=UUKYVF5T015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498950127
http://www.ncbi.nlm.nih.gov/nucleotide/498949583?report=genbank&log$=nucltop&blast_rank=1&RID=UCZJ2TH0015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498949583
http://www.ncbi.nlm.nih.gov/nucleotide/498949565?report=genbank&log$=nucltop&blast_rank=1&RID=UUMH5VCM014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498949565
http://www.ncbi.nlm.nih.gov/nucleotide/498968756?report=genbank&log$=nucltop&blast_rank=1&RID=UCVS6DNV01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498968756
http://www.ncbi.nlm.nih.gov/nucleotide/498969371?report=genbank&log$=nucltop&blast_rank=1&RID=UCVW3JV1015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498969371
http://www.ncbi.nlm.nih.gov/nucleotide/498968760?report=genbank&log$=nucltop&blast_rank=1&RID=UCX402UY01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498968760
http://www.ncbi.nlm.nih.gov/nucleotide/498969375?report=genbank&log$=nucltop&blast_rank=1&RID=UE7VN86G01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498969375
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CYP 12 XM_004521275 Cyp12a2 147 ACTCAGCCTGGCAAAGAATC CCAGTGGAAACGGGATACAT 116 

 XM_004521276 Cyp12a2  88 ATCCATGCTGGGAGGTAAGA GTTGTGGTATTCGCCTACGG 118 

 XM_004521170
#
 Cyp12a2  128 CAAGGAACGCGTGGACTTAT TGACGGCAGTACGAAAGTTG 106 

   115 GGAGGGTCGGAAATATCACA CGCTAGGGTGACCTCCAAT 107 

 XM_004536491
#
 Cyp12a4 149 CAAGCGAACGCACGTTACTA CCAAAACCGAAAGGCAAATA 105 

   108 AGCAGTGGAGCTCATTTCGT GCTCCACAAGCTCCTGATTC 113 

 XM_004520781 Cyp12b1 141 ACATAATGCCCGATCCAAGA GCACAATATCCTTGGGCAAT 97 

 XM_004520782 Cyp12b2 125 ACAGGTCGCGATCTAGTGCT CGTTCGGGCAAATATTCATT 102 

 XM_004520689
#
 Cyp12b2 89 ACTATTTGGCCAGTGCGTTT AAACCGGTAACACCGTGAAA 113 

   144 GGTACCCAAAGGTGTTGGTG GGATTGTGCTTTTGGGAGAC 96 

   85 AATGTGGGCTTTCGAAACTG CGCCATAGCATTGGATTTTT 107 

 XM_004520677 Cyp12c1 111 GAAACTGGCGCAGATCTTGT ACGTGGACGTGGAAAGAAAA 107 

 XM_004521171 Cyp12e1 129 TTCGTGCCATAGCAGAGATG GTCCTTCGTTGCGGAAAATA 104 
#
 Two or three different pairs of primers were used for these genes.  

##
 This forward primer contains a mismatch C/T at base 18.  

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/nucleotide/498940014?report=genbank&log$=nucltop&blast_rank=1&RID=UU22UD3R015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498940014
http://www.ncbi.nlm.nih.gov/nucleotide/498940032?report=genbank&log$=nucltop&blast_rank=1&RID=UCUUNFZA015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498939580
http://www.ncbi.nlm.nih.gov/nucleotide/498939580?report=genbank&log$=nucltop&blast_rank=1&RID=UCUA6YDT014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498939580
http://www.ncbi.nlm.nih.gov/nucleotide/499009366?report=genbank&log$=nucltop&blast_rank=1&RID=UU0PT4XG014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499009366
http://www.ncbi.nlm.nih.gov/nucleotide/498938184?report=genbank&log$=nucltop&blast_rank=1&RID=UU2NKHCK01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498938184
http://www.ncbi.nlm.nih.gov/nucleotide/498938188?report=genbank&log$=nucltop&blast_rank=1&RID=UU2UU50V01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498938188
http://www.ncbi.nlm.nih.gov/nucleotide/498937801?report=genbank&log$=nucltop&blast_rank=1&RID=UUGNWCXR015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498937801
http://www.ncbi.nlm.nih.gov/nucleotide/498937755?report=genbank&log$=nucltop&blast_rank=1&RID=UE6H67NP01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498937755
http://www.ncbi.nlm.nih.gov/nucleotide/498939584?report=genbank&log$=nucltop&blast_rank=1&RID=UE5CDTP001R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498939584
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The qPCR Master mix (15 l) was composed of 5 l of cDNA diluted 50-fold, 7.5l of 

qPCR Master mix plus for SYBR Green (Eurogentec, Belgium), and 3.6 µM of each gene 

specific primers. Sterile water (5l) was used for blank negative controls. All qPCR 

reactions were performed using the continuous fluorescence detector DNA Engine Opticon 

2 (Bio-Rad, Hercules, CA, USA), at the following temperature cycling conditions: 2 min at 

50ºC to activate the polymerase, 10 min at 95ºC to denature the samples followed by 40 

cycles of 95ºC for 30 s, 60ºC for 30 s, and 72ºC for 30 s. A melting curve was performed 

after each qPCR in order to verify that the PCR products showed the correct melting 

temperature (Tm) for the predicted transcript. Amplification of the target and reference 

genes was made on the same plate to minimize intra-plate variation. Three biological 

replicates were analyzed for C and W-1K  strains and all reactions were run in duplicate to 

minimize intra-experimental variation. 

 

Analysis of the data was based on the average of all three replicates using the comparative 

Ct method (2
- ΔCt

 method) that uses an arithmetic formula to calculate the relative changes 

in gene expression based on the amplification critical time (Ct) of the real time PCR 

reactions (Pfaffl, 2001). All the results were analyzed with a program, developed at the 

INRA Centre de Sophia-Antipolis (France) using the R software (www.r-project.org), that 

allows normalization of each gene expression level as well as the integration of the 

technical replicates and amplifications efficiencies and associated errors. 

 

2.2.8 Sequentiation of the 5´UTR region of the CYP6A51 gene 

 

DNA was extracted from adult flies of the C and W-1K  strains using the DNA easy blood 

and tissue kit (Qiagen) following the manufacturer’s protocol. Each fly was homogenized 

in 180 l of Qiagen ATL buffer using a mortar, and 20 µl of proteinase K was added and 

mixed by vortexing during 15 s. The homogenate was incubated for 1 h at 56ºC, vortexing 

occasionally during incubation. Afterwards, 200 µl of Qiagen AL buffer and 200 µl of 96% 

ethanol were added and mixed thoroughly by vortexing. The mixture was pipetted into a 

DNAeasy Min spin column and centrifuged for 1 min at 8,000 g. The DNA bound to the 

http://www.r-project.org/
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column was washed by adding 500 µl of AW1 buffer and spinning for 1 min at 8,000 g, 

and 500 µl of AW2 buffer and spinning for 3 min at 14,000 g. The DNA was eluted by 

adding 100 µl of sterile water, followed by incubation for 1 min at room temperature, and 

centrifugation for 1 min at 8,000 g. 

 

DNA samples were quantified using a spectrophotometer (NanoDrop Technologie Inc). 

The 5´UTR region of the CYP6A51 gene was amplified from genomic DNA by PCR using 

the specific primers: F-ACGCGTACGCCTGTTTACTT, R-ATAAGTGCCACGGGTCTG 

AA, and Amplitaq Gold® (Roche Molecular Systems, Inc.). Thermocycler conditions 

were: 5 min at 95ºC to denaturate the sample, followed by 35 cycles at 95ºC for 30 s, 60ºC 

for 30 s, and 72ºC for 30 s. The PCR product was purified using Prep-A-Gene DNA 

purification kit (Bio-Rad) and sequenced in Eurogentec France. Sequences of 12 and 14 

adult flies from the C and W-1K  strains, respectively, were aligned and compared using 

the MegaAlign program from DNA star (Madison, USA). 

 

2.2.9 Preparation of microsomal fractions 

 

Adult flies (3-5 d old) were dissected and abdomens removed and homogenized (pools of 

40 abdomens) in 5 ml of buffer A (100 mM potassium phosphate buffer [PBK], pH 7.2, 1 

mM PMSF, 0.1 mM DTT, 1 mM EDTA, and 1% BSA) at 4ºC. The homogenate was 

centrifuged at 10,000 g for 5 min, and the supernatant was centrifuged at 100,000 g for 60 

min at 4ºC. The pellet was used as the microsomal preparation after resuspension in 400 l 

buffer B (100 mM PBK pH 7.2, 20% glycerol, 1 mM PMSF, 0.1 mM DTT, and 1 mM 

EDTA). The microsomal preparation was stored at -80ºC. Protein concentration was 

determined by the method of Bradford (1976) using BSA as standard. 

 

2.2.10 NADPH-cytochrome c reductase activity 

 

All the assays were performed at 30ºC. The reaction mixture (1 ml) contained 20 l of 

microsomal preparation, 50 mM cytochrome c, 5 mM potassium cyanide, and NADPH 
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generating system (0.5 mM NADP, 2.5 mM glucose-6-phosphate and 0.25 units of glucose 

6 phosphate dehydrogenase) in 100 mM tris HCl buffer pH 7.5. The reduction of 

cytochrome c by NADPH P450 reductases was determined by measuring the absorbance at 

550 nm during 1-2 min. Three biological replicates were analyzed for C and 4 for W-1K. 

The activity was expressed as nmoles of substrate reduced /min/mg protein.  

 

2.2.11 Quantification of P450 content 

 

P450 content in microsomal fractions was quantified by using the carbon monoxide (CO) 

difference spectra according to a method described by Omura and Sato in 1964. 

Microsomal preparations were diluted with 100 mM PBK pH 7.2 to 1.25 mg of protein/ml, 

and divided between two cuvettes (800 l/cuvette). Safranin was added to a final 

concentration of 2 M, and then a few crystals of sodium dithionite were added, until the 

color change from rose to transparent, to reduce the P450 heme. The cuvettes were placed 

in a spectrophotomer and a baseline determined at 16ºC. One of the two cuvettes was then 

saturated by CO for 45 s to attach it to the reduced P450 and the difference in absorbance 

between 450 and 490 nm was determined in both cuvettes. Six biological replicates were 

analyzed for C and W-1K strains. P450 content was expressed as pmoles of P450/mg of 

protein. 

 

2.2.12 Metabolism of deltamethrin 

 

Deltamethrin metabolism was assayed by incubation for 1 h at room temperature of 

microsomal fractions (equivalent to 10 pmol of P450) with 1 mM deltamethrin in 100 mM 

PBK pH 7.2 containing the NADPH generating system. Microsomal fractions without 

NADPH generating system served as a control. The reaction was stopped by the addition of 

600 l of ethyl acetate and then centrifuged at 3,000 g for 1 min. The supernatant was 

analyzed by GC-MS at the INRA Centre de Sophia-Antipolis (France) for quantification of 

delthamethrin.  
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2.2.13 Data analysis 

 

Mortality data were used to estimate the concentrations needed to cause 50% mortality 

(LC50) by probit analysis using the computer program POLO-PC (LeOra Software, 1997), 

which automatically corrected for control mortality by Abbott´s transformation. For 

lufenuron, the effective concentration that produces a 50% reduction in fertility (EC50) was 

calculated. Lethal concentration ratios (LCR) of field populations and resistance ratios (RR) 

of selected strains were calculated as the LC50 value of these populations or strains with 

respect to the LC50 calculated for the control strain in each case. Synergistic ratios (SR) 

were calculated as the LC50 value without synergist with respect to the LC50 value with 

synergist. The LCR, RR and SR ratios were considered significant if the 95% fiducial limit 

(FL) did not include 1 (Robertson et al., 2007). Mortality data when using a discriminating 

dose were subjected to arcsine square root transformation and compared by ANOVA 

followed by Dunnett´s test. NADPH-cytochrome c reductase activity, P450 concentrations 

and delthamethrin levels were compared by Student t-test. Statistical analysis of normalized 

qPCR data was performed by non-parametric sign-test with R software (http://www.r-

project.org/). The distribution of allelic variants of the 5´UTR region of the CYP6A51 gene 

in the C and W-1K strains was compared by Chi-squared test. 

 

2.3 Results 

 

2.3.1 Susceptibility of field populations to lambda-cyhalothrin  

 

All Spanish field populations tested, independently of the insecticide treatment regimes 

(Table 2.1), were significantly less susceptible to lambda-cyhalothrin (LC50 between 129 

and 287 ppm) than the laboratory strain (LC50=20 ppm) (Table 2.3). The largest lethal 

concentration ratio (LCR) with respect to the C strain corresponded to the population from 

Castellsera (14-fold) and the lowest to Sagunto (6-fold). 
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Table 2.3. Susceptibility to lambda-cyhalothrin in field collected populations and a 

laboratory strain of C. capitata. 
 

Population n Slope ± S.E. LC50
a 

 (95% FL) 
2
 d.f. LCR (LC50)

b 
(95% FL) 

Laboratory (C) 263 2.08 ± 0.40 20 (12 -28) 22.6
#
 14 1 

Castellsera 180 1.28 ± 0.22 287 (199-470) 11.2
#
 14 14 (9-22)* 

Sagunto 336 1.42 ± 0.19 129 (99-167) 7.9
#
 22 6 (4-9)* 

Llombay 282 0.90 ± 0.15 134 (85-199) 13.6
#
 22 7 (4-11)* 

Almuñécar 229 1.02 ± 0.19 144 (82-243) 15.4
#
 18 7 (4-13)* 

Algarrobo Costa 129 1.01 ± 0.21 202 (103-418) 6.8
#
 10 10 (2-22)* 

a
 Lethal concentration (LC50) expressed in ppm of lambda-cyhalothrin in the diet. 

b
 Lethal concentration ratio (LCR) at LC50 level of each population with respect to the laboratory strain (C). 

# 
Good fit of the data to the probit model (P>0.05). 

* LCR is significant (P<0.05) if 95% fiducial limits does not include 1. 

 

On the contrary, the susceptibility to lambda-cyhalothrin of Tunisian field populations was 

similar to that of the C strain (Table 2.4). In this case, a discriminating dose of 30 ppm of 

lambda-cyhalothrin was tested. All Tunisian field populations showed levels of mortality 

that ranged between 56% and 73%, which resulted not significantly different from the C 

strain (61%). 

 

Table 2.4. Susceptibility to lambda-cyhalothrin of field collected populations for Tunisia 

and a laboratory strain of C. capitata. 

 

Population Mortality (%)  SE at 30 ppm lambda-cyhalothrin 
a
 

Korbous 66 ± 6 

Laazib 56 ± 7 

Jdaida 73 ± 8 

Laboratory (C) 61 ± 7 

a
  lambda-cyhalothrin was added to the diet (3-4 replicates of 10-13 flies, n=30-48). 

Mortality was not significantly different from laboratory C strain (P<0.05, Dunnett´s test, using arcsine square 

root transformation of mortality data). 
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2.3.2 Susceptibility of the W-1K strain to lambda-cyhalothrin and cross-

resistance to other insecticides  

 

The susceptibility to lambda-cyhalothrin of the resistant W-1K and the susceptible C 

strains was assayed by ingestion and topical application (Table 2.5). In both cases the W-

1K strain was significantly more resistant to lambda-cyhalothrin than the C strain, 

although the resistance ratio (RR) was higher by ingestion (205-fold) than by topical 

application (4.9-fold). 

 

Cross-resistance of the W-1K strain to other pyrethroids, OPs, spinosad and a 

benzoylphenylurea was tested by ingestion (Table 2.5). The highest resistant ratios were 

obtained with other pyrethroid insecticides, being the W-1K strain 150- and 240-fold 

more resistant than C to deltamethrin and etofenprox, respectively. Differences in 

susceptibility between both strains were also obtained for the other insecticides tested, 

although the resistant ratios were 3.8-fold for methyl-clorpyrifos, 6.1-fold for malathion, 

2.0-fold for spinosad and 5.4-fold for lufeneron. 

 

2.3.3 Effect of synergists on the toxicity of lambda-cyhalothrin 

 

Adults of the C and W-1K strains were pre-treated with the synergists: PBO (P450 

inhibitor); DEF (esterase inhibitor); TPP (inhibitor of aliesterases); and DEM (inhibitor of 

glutathione S-transferases) (Table 2.6). The pre-treatment of adults of the W-1K strain 

with PBO reduced the LC50 for lambda cyhalothrin from 3678 to only 72 ppm, which 

represents a synergistic ratio (SR) of 51. Lambda-cyhalothrin resistance in the W-1K 

strain was also partially suppressed by DEF (SR = 2.7), but not by TPP (SR = 1.3) or DEM 

(SR = 1.1). In the C strain, PBO (SR = 1.5), DEF (SR = 0.8), TPP (SR = 1.1) and DEM (SR 

= 1.3) had no effect on the toxicity of lambda-cyhalothrin. 
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Table 2.5. Susceptibility of the susceptible (C) and the lambda-cyhalothrin resistant (W-1K) strains of C. capitata to different 

insecticides 

 

Insecticide Assay Strain N Slope ± S.E. LC50
a 

 (95% FL) 
2
 d.f. RR

b 
(95% FL) 

Lambda-cyhalothrin Feeding C 263 2.08 ± 0.40 20 (12 -28) 22.6
#
 14  

  W-1K  312 1.21 ± 0.22 4224 (2980-6945) 7.5
#
 18 205 (120-349)* 

 Topical C 336 1.97 ± 0.32 1.4 (1.1-1.7) 8.0
#
 22  

  W-1K  336 2.40 ± 0.31 6.8 (5.8-8.2) 10.2
#
 22 4.9 (2.6-5.4)* 

Deltamethrin Feeding C 341 1.11 ± 0.20 7.8 (3.8-11.7) 7.7
#
 22  

  W-1K  426 0.68 ± 0.17 1177 (685-3631) 11.7
#
 23 150 (53-426)* 

Etofenprox Feeding C 262 2.35 ± 0.37 43 (34-53) 3.6
#
 14  

  W-1K  246 1.39 ± 0.24 10397 (7690-14451) 14.6
#
 22 243 (163-361)* 

Methyl-chlorpyrifos Feeding C 
d
 345 3.79 ± 0.44 4.6 (3.9-5.2) 6.6

#
 14  

  W-1K  241 1.79 ± 0.31 17 (11-24) 6.9
#
 14 3.8

 
 (2.4-5.9)* 

Malathion Feeding C 363 3.07 ± 0.45 19 (15-22) 11.9
#
 22  

  W-1K 206 1.49 ± 0.53 122 (43-170) 9.5
#
 10 6.1 (3.1-13)* 

Spinosad Feeding C 
d
 305 4.44 ± 1.01 0.6 (0.5-0.6) 12.2

#
 18  

  W-1K 257 3.91 ± 0.60 1.1 (1.0-1.3) 4.7
#
 14 2.0  (1.7-2.3)* 

Lufenuron Feeding C 
d
 1250 4.53 ± 0.52 9.0 (6.2-10.7) 90 18  

  W-1K 3598 2.14 ± 0.12 48 (39-55)
 c
 262 44 5.4

 
(4.7-6.2)* 

a
 Lethal concentration (LC50) expressed in ppm of insecticide in the diet for the feeding bioassays and as g of insecticide per g fresh weight for topical assays.  

b
 Resistance ratio (RR) = LC50 (resistant W-1K strain) / LC50 (susceptible C strain). 

c
 For lufenuron, the EC50 that produced a 50% reduction in fertility was calculated. 

d
 Data for the susceptible C strain from Couso-Ferrer et al. (2011). 

# 
Good fit of the data to the probit model (P>0.05). 

* RR is significant (P<0.05) if 95% fiducial limits does not include 1. 
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Table 2.6. Effect of synergists on the toxicity of lambda-cyhalothrin to the susceptible (C) and the resistant (W-1K) strains of C. 

capitata. 

 

Strain Insecticide Synergist n Slope ± S.E. LC50
a 

 (95% FL) 
2
 d.f. SR

b 
(95% FL) 

C Lambda-cyhalothrin      - c 263 2.08 ± 0.40 20 (12 -28) 22.6
#
 14  

  +PBO 290 2.15 ± 0.36 14 (9-18) 14.9
#
 18 1.5 (0.9-2.3) 

  +DEF 
d
 288 2.01 ± 0.28 23 (15-33) 20.3

#
 14 0.8 (0.5-1.2) 

  +TPP 242 2.21 ± 0.41 18 (13-22) 9.9
#
 14 1.1 (0.8-1.7) 

  +DEM 246 1.88 ± 0.39 16 (10-23) 14.0
#
 14 1.3 (0.8-2.1) 

W-1K Lambda-cyhalothrin      - 254 1.36 ± 0.32 3678 (2355-5437) 11.6
#
 14  

  +PBO 296 1.14 ± 0.22 72 (46-111) 10.9
#
 18 51 (27-96)* 

  +DEF 308 1.11 ± 0.22 1376 (800-2021) 14.2
#
 18 2.7 (1.4-5.1)* 

  +TPP 384 1.87 ± 0.29 2905 (2205-3795) 23.5
#
 22 1.3 (0.8-2.1) 

  +DEM 296 1.49 ± 0.22 3386 (2064-4715) 8.4
#
 18 1.1 (0.6-1.9) 

a
 Concentrations expressed in ppm of insecticide in the diet.  

b
 Synergistic ratio (SR) at LC50 of lambda-cyhalothrin with respect to lambda-cyhalothrin plus the synergist in the same strain. The fiducial limits for SR were 

calculated according to Robertson et al. (2007). 
c
 Results from a bioassay also showed in Table 2.5 

d
 Data from Couso-Ferrer et al. (2011). 

# 
Good fit of the data to the probit model (P>0.05). 

* SR is significant (P<0.05) if 95% fiducial limits does not include 1. 
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2.3.4 Recovery from knock-down effect of lambda-cyhalothrin 

 

All individuals tested from both strains were immediately (0 h) knocked down after topical 

application with lambda-cyhalothrin at all doses tested (0.2 to 1.5 g/g fresh weight of 

insect) (Figure 2.1). Adults of the W-1K strain started to recover from knock-down 

before than those of the C strain, but the recovery of at least 95% of the individuals from 

the W-1K strain was only achieved between 8 and 24 h after treatment for all doses. The 

recovery of individuals from the C strain progressed slower and some of them die (do not 

recover after 48 h), especially at the highest doses tested. 

 

Figure 2.1. Knock-down recovery of susceptible (C) and resistant (W-1K) C. capitata 

flies treated topically with and lambda-cyhalothrin (µg/g fresh weight of fly). Error bars 

account for standard errors. 
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2.3.5 P450 in microsomal fractions and metabolism of deltamethrin 

 

No significant differences were obtained for the content of P450 in microsomal fractions 

isolated from the abdomens of flies from the susceptible C and resistant W-1K strains. 

NADPH- cytochrome c reductase activity in the C strain was 22.6 nmoles cytochrome c 

reduced/min/mg protein, whereas the value in the W-1K  strain was 12.2. However, this 

difference was not statistically significant due to the high variability among samples. 

 

Table 2.7. Levels of P450 and cytochrome c reductase activity in microsomal fractions of 

susceptible (C) and resistant (W-1K) strains of C. capitata. 

 

Strain P450 levels 

(pmol/mg protein) ± S.E. 

Cytochrome c reductase activity  

(nmol/min/mg protein) ± S.E. 

C 183 ± 33 
a
 22.6 ± 5.8 

a
 

W-1K 122 ± 15 
a
 12.2 ± 1.1 

a
 

Means within columns followed by the same letter indicate no significant differences between C and W-1K 

strains (P<0.05, Student t-test) 

 

Metabolism of deltamethrin by microsomal fractions was determined by incubating the 

insecticide with microsomal fractions for 1 h, with and without NADPH, and detecting its 

disappearance using GC-MS (Figure 2.2). No degradation of deltamethrin was detected, 

since its relative amount after incubation for 1 h, with or without NADPH, was about 90-

95% with respect to zero time for both strains, being these differences not statistically 

significant. 
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Figure 2.2. In vitro metabolism of deltamethrin by microsomal fractions of susceptible (C) 

and resistant (W-1K) strains of C. capitata. 
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NADPH generating system (0.5 mM NADP, 2.5 mM glucose-6-phosphate and 0.25 units of glucose 6 

phosphate dehydrogenase). 

Error bars accounts for standard errors. 

Means with the same letter indicate no significant differences between strains and treatments (P<0.05, 

Student-Newman-Keuls test) 

 

2.3.6 Relative expression of CYP genes in adult flies from C and W-1K 

strains of C. capitata  

 

The expression of genes from the CYP4, CYP6, CYP9 and CYP12 families in adults flies 

from the W-1K strain were analyzed by qPCR and compared with the expression in the C 

strain (Table 2.8). For those genes where two or three different pairs of primers were used, 

similar relative expression levels were obtained, indicating the consistency of the results. 

Of the 53 CYP genes tested, only two genes of the CYP6A subfamily with GenBank 

Accession numbers XM_004534804 (13- to 18.3-fold depending on the pair of primers 

used) and XM_004534802 (2.6-fold) showed significantly higher expression levels in the 

W-1K  strain. The first of these two genes has been designated as CYP6A51 gene by 

David R. Nelson (http://drnelson.uthsc.edu/biblioB.html#6A). 

 

http://drnelson.uthsc.edu/biblioB.html#6A
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Table 2.8. Relative expression of CYP4, CYP6, CYP9 and CYP12 genes in adult flies from C and W-1K strains of C. capitata using 

qPCR 

 

C. capitata CYP genes Mean expression ± S.E. 

CYP 

Family 

GenBank Accession 

number 

Closer gene in 

D. melanogaster 

C W-1K P-value 

CYP4 XM_004520608 Cyp4aa1 1.420 ± 0.392 1 ± 0.290 0.41 

 XM_004536131 Cyp4ac1  1.096 ± 0.368 1 ± 0.276 0.86 

 XM_004534556 Cyp4ad1  1 ± 0.294 1.289 ± 0.191 0.38 

 XM_004521289 Cyp4c3  1 ± 0.417 1.073 ± 0.201 0.67 

 XM_004518404 Cyp4d1  1.029 ± 0.445 1 ± 0.201 0.80 

 XM_004518377 Cyp4d1  1.014 ± 0.375 1 ± 0.236 0.91 

 XM_004518376 Cyp4d2  1.124 ± 0.386 1 ± 0.080 0.97 

 XM_004534558 Cyp4e1 1 ± 0.487 1.939 ± 0.287 0.15 

 XM_004534809 Cyp4e2  1 ± 0.199 1.284 ± 0.102 0.28 

 XM_004518403
#
 Cyp4g1 1.426 ± 0.402 1 ± 0.181 0.37 

   1.426 ± 0.402 1 ± 0.181 0.37 

 XM_004521003 Cyp4g1  1.201 ± 0.399 1 ± 0.217 0.75 

 XM_004521002 Cyp4g1  2.145 ± 0.591 1 ± 0.251 0.12 

 XM_004529469 Cyp4g15  1 ± 0.324 1.459 ± 0.105 0.29 

 XM_004526004 Cyp4p1  1 ± 0.526 1.142 ± 0.296 0.61 

 XM_004526003 Cyp4p1  1 ± 0.583 1.248 ± 0.269 0.45 

CYP6 XM_004520247 Cyp6a2  1 ± 0.187 1.637 ± 0.301 0.12 

 XM_004534543 Cyp6a8  1 ± 0.294 1.247 ± 0.184 0.42 

 XM_004534542 Cyp6a9  1 ± 0.369 1.225 ± 0.181 0.46 

 XM_004534544
#
 Cyp6a9  1 ± 0.467 1.493 ± 0.221 0.27 

   1 ± 0.407 1.661 ± 0.246 0.19 

   1 ± 0.329 2.104 ± 0.311 0.13 

 XM_004534798 Cyp6a9 1 ± 0.488 1.640 ± 0.243 0.24 

 XM_004534800 Cyp6a9  1 ± 0.417 1.687 ± 0.408 0.32 

http://www.ncbi.nlm.nih.gov/nucleotide/498937506?report=genbank&log$=nucltop&blast_rank=1&RID=URG221EU01R
http://www.ncbi.nlm.nih.gov/nucleotide/499007916?report=genbank&log$=nucltop&blast_rank=1&RID=UUFPFBUK01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499007916
http://www.ncbi.nlm.nih.gov/nucleotide/499001521?report=genbank&log$=nucltop&blast_rank=1&RID=UD008E0X01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001521
http://www.ncbi.nlm.nih.gov/nucleotide/498940101?report=genbank&log$=nucltop&blast_rank=1&RID=UCW52V7F015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498940101
http://www.ncbi.nlm.nih.gov/nucleotide/498928675?report=genbank&log$=nucltop&blast_rank=1&RID=UD0F3PY301R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498928675
http://www.ncbi.nlm.nih.gov/nucleotide/498928571?report=genbank&log$=nucltop&blast_rank=1&RID=UE8GBWWH01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498928571
http://www.ncbi.nlm.nih.gov/nucleotide/498928569?report=genbank&log$=nucltop&blast_rank=1&RID=UD0R1SK9015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498928569
http://www.ncbi.nlm.nih.gov/nucleotide/499001529?report=genbank&log$=nucltop&blast_rank=2&RID=UCZPMVA601R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001529
http://www.ncbi.nlm.nih.gov/nucleotide/499002550?report=genbank&log$=nucltop&blast_rank=1&RID=UD05EFK0015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002550
http://www.ncbi.nlm.nih.gov/nucleotide/498938945?report=genbank&log$=nucltop&blast_rank=1&RID=UD28BZ3801R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498938945
http://www.ncbi.nlm.nih.gov/nucleotide/498938945?report=genbank&log$=nucltop&blast_rank=1&RID=UD28BZ3801R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498938945
http://www.ncbi.nlm.nih.gov/nucleotide/498981112?report=genbank&log$=nucltop&blast_rank=1&RID=UU8T170401R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498981112
http://www.ncbi.nlm.nih.gov/nucleotide/498967428?report=genbank&log$=nucltop&blast_rank=1&RID=UU8E455E01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498967428
http://www.ncbi.nlm.nih.gov/nucleotide/498967426?report=genbank&log$=nucltop&blast_rank=1&RID=UUE5T9TV01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498967426
http://www.ncbi.nlm.nih.gov/nucleotide/498936094?report=genbank&log$=nucltop&blast_rank=1&RID=UE7RVTPF01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498936094
http://www.ncbi.nlm.nih.gov/nucleotide/499001469?report=genbank&log$=nucltop&blast_rank=1&RID=UCY5UV9Y014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001469
http://www.ncbi.nlm.nih.gov/nucleotide/499001465?report=genbank&log$=nucltop&blast_rank=1&RID=UCXM7MJJ015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001465
http://www.ncbi.nlm.nih.gov/nucleotide/499001473?report=genbank&log$=nucltop&blast_rank=1&RID=UCXXM8AD01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001473
http://www.ncbi.nlm.nih.gov/nucleotide/499002506?report=genbank&log$=nucltop&blast_rank=1&RID=UE62X49W014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002506
http://www.ncbi.nlm.nih.gov/nucleotide/499002514?report=genbank&log$=nucltop&blast_rank=1&RID=UE7G4KUF014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002514
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 XM_004534796 Cyp6a13  1 ± 0.646 1.640 ± 0.243 0.24 

 XM_004534549 Cyp6a13 1 ± 0.523 1.553 ± 0.230 0.26 

 XM_004519454
#
 Cyp6a14  1 ± 0.297 1.066 ± 0.158 0.71 

   1 ± 0.197 1.448 ± 0.238 0.22 

 XM_004534803 Cyp6a14  1.197 ± 0.356 1 ± 0.281 0.67 

 XM_004534802 Cyp6a17  1 ± 0.318 2.578 ± 0.381 0.04* 

 XM_004534545 Cyp6a21  1 ± 0.527 1.263 ± 0.187 0.41 

 XM_004534799 Cyp6a21 1 ± 0.468 2.039 ± 0.182 0.24 

 XM_004534548 Cyp6a22  1.019 ± 0.312 1 ± 0.159 0.90 

 XM_004534546 Cyp6a23 1.268 ± 0.626 1 ± 0.518 0.83 

 XM_004534547 Cyp6a23  1.171 ± 0.585 1 ± 0.512 0.78 

 XM_004534804
a#

 Cyp6a23  1 ± 0.377 18.301 ±2.70 0.001* 

   1± 0.218 13.047±1.611 0.008* 

   1± 0.383 13.833±1.709 0.003* 

 XM_004537716 Cyp6d3  1 ± 0.288 1.973 ± 0.222 0.06 

 XM_004523207 Cyp6d3  1.294 ± 0.458 1 ± 0.199 0.68 

 XM_004536996 Cyp6d4  1 ± 0.382 1.043 ± 0.101 0.67 

 XM_004535568 Cyp6d5  1 ± 0.403 1.046 ± 0.159 0.68 

 XM_004535606 Cyp6d5  1 ± 0.297 1.122 ± 0.166 0.61 

 XM_004522908 Cyp6g1  1.168 ± 0.415 1 ± 0.240 0.82 

 XM_004522819
#
 Cyp6g2  1.194 ± 0.411 1 ± 0.296 0.74 

   1.766 ± 0.487 1 ± 0.080 0.13 

 XM_004522816 Cyp6g2  1 ± 0.441 1.145 ± 0.180 0.54 

CYP 9 XM_004526336 Cyp9b2  1.118 ± 0.382 1 ± 0.209 0.90 

 XM_004526487 Cyp9b2  1 ± 0.307 1.267 ± 0.187 0.40 

 XM_004526337 Cyp9b2  1 ± 0.447 1.082 ± 0.245 0.69 

 XM_004526488 Cyp9h1  1.009 ± 0.414 1 ± 0.283 0.93 

CYP 12 XM_004521275 Cyp12a2 1 ± 0.526 1.130 ± 0.305 0.64 

 XM_004521276 Cyp12a2  1 ±0.562 2.522 ± 0.373 0.11 

 XM_004521170
#
 Cyp12a2  1.092 ± 0.374 1 ± 0.258 0.90 

   1.003 ± 0.372 1 ± 0.109 0.76 

 XM_004536491
#
 Cyp12a4 1 ± 0.430 1.291 ± 0.191 0.41 

http://www.ncbi.nlm.nih.gov/nucleotide/499002498?report=genbank&log$=nucltop&blast_rank=1&RID=UU058CPR01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002498
http://www.ncbi.nlm.nih.gov/nucleotide/499001493?report=genbank&log$=nucltop&blast_rank=1&RID=UCZ9J8FV014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001493
http://www.ncbi.nlm.nih.gov/nucleotide/498932958?report=genbank&log$=nucltop&blast_rank=1&RID=UU442V2W01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498932958
http://www.ncbi.nlm.nih.gov/nucleotide/499002526?report=genbank&log$=nucltop&blast_rank=1&RID=UCZ3GWFW01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002526
http://www.ncbi.nlm.nih.gov/nucleotide/499002522?report=genbank&log$=nucltop&blast_rank=1&RID=UCTD5M1M015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002522
http://www.ncbi.nlm.nih.gov/nucleotide/499001477?report=genbank&log$=nucltop&blast_rank=1&RID=UE7MDS8C015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001477
http://www.ncbi.nlm.nih.gov/nucleotide/499002510?report=genbank&log$=nucltop&blast_rank=1&RID=UE7BNFKZ01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002510
http://www.ncbi.nlm.nih.gov/nucleotide/499001489?report=genbank&log$=nucltop&blast_rank=1&RID=UCYXHF24015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001489
http://www.ncbi.nlm.nih.gov/nucleotide/499001481?report=genbank&log$=nucltop&blast_rank=1&RID=UCYSB0R2014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001481
http://www.ncbi.nlm.nih.gov/nucleotide/499001485?report=genbank&log$=nucltop&blast_rank=1&RID=UCYMDRJ701R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499001485
http://www.ncbi.nlm.nih.gov/nucleotide/499002530?report=genbank&log$=nucltop&blast_rank=1&RID=UCTJYW8F015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499002530
http://www.ncbi.nlm.nih.gov/nucleotide/499014394?report=genbank&log$=nucltop&blast_rank=1&RID=UCWY12K401R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499014394
http://www.ncbi.nlm.nih.gov/nucleotide/498951978?report=genbank&log$=nucltop&blast_rank=1&RID=UU54JKJ601R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498951978
http://www.ncbi.nlm.nih.gov/nucleotide/499011455?report=genbank&log$=nucltop&blast_rank=1&RID=UE74BNE5014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499011455
http://www.ncbi.nlm.nih.gov/nucleotide/499005625?report=genbank&log$=nucltop&blast_rank=1&RID=UCVGMM8A01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499005625
http://www.ncbi.nlm.nih.gov/nucleotide/499005783?report=genbank&log$=nucltop&blast_rank=1&RID=UCV1MMP901R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499005783
http://www.ncbi.nlm.nih.gov/nucleotide/498950127?report=genbank&log$=nucltop&blast_rank=1&RID=UUKYVF5T015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498950127
http://www.ncbi.nlm.nih.gov/nucleotide/498949583?report=genbank&log$=nucltop&blast_rank=1&RID=UCZJ2TH0015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498949583
http://www.ncbi.nlm.nih.gov/nucleotide/498949565?report=genbank&log$=nucltop&blast_rank=1&RID=UUMH5VCM014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498949565
http://www.ncbi.nlm.nih.gov/nucleotide/498968756?report=genbank&log$=nucltop&blast_rank=1&RID=UCVS6DNV01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498968756
http://www.ncbi.nlm.nih.gov/nucleotide/498969371?report=genbank&log$=nucltop&blast_rank=1&RID=UCVW3JV1015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498969371
http://www.ncbi.nlm.nih.gov/nucleotide/498968760?report=genbank&log$=nucltop&blast_rank=1&RID=UCX402UY01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498968760
http://www.ncbi.nlm.nih.gov/nucleotide/498969375?report=genbank&log$=nucltop&blast_rank=1&RID=UE7VN86G01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498969375
http://www.ncbi.nlm.nih.gov/nucleotide/498940014?report=genbank&log$=nucltop&blast_rank=1&RID=UU22UD3R015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498940014
http://www.ncbi.nlm.nih.gov/nucleotide/498940032?report=genbank&log$=nucltop&blast_rank=1&RID=UCUUNFZA015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498939580
http://www.ncbi.nlm.nih.gov/nucleotide/498939580?report=genbank&log$=nucltop&blast_rank=1&RID=UCUA6YDT014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498939580
http://www.ncbi.nlm.nih.gov/nucleotide/499009366?report=genbank&log$=nucltop&blast_rank=1&RID=UU0PT4XG014
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_499009366
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   1 ± 0.566 1.195 ± 0.301 0.53 

 XM_004520781 Cyp12b1 1 ± 0.353 1.600 ± 0.125 0.26 

 XM_004520782 Cyp12b2 1 ± 0.438 2.022 ± 0.299 0.11 

 XM_004520689
#
 Cyp12b2 1.068 ± 0.403 1 ± 0.258 0.99 

   1.062 ± 0.467 1 ± 0.369 0.20 

   1 ± 0.108 1.340 ± 0.204 0.99 

 XM_004520677 Cyp12c1 1.163 ± 0.347 1 ± 0.269 0.92 

 XM_004521171 Cyp12e1 1 ± 0.329 1.675 ± 0.248 0.15 
a
 This gene has been designated as CYP6A51 by David R. Nelson (http://drnelson.uthsc.edu/biblioB.html#6A). 

#
 Two or three different pairs of primers were used for these genes. The order in the Table is the same than in Table 2. 

 * Significantly different from C (Sign test, p0.05) 

 
 
 
 

 

http://www.ncbi.nlm.nih.gov/nucleotide/498938184?report=genbank&log$=nucltop&blast_rank=1&RID=UU2NKHCK01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498938184
http://www.ncbi.nlm.nih.gov/nucleotide/498938188?report=genbank&log$=nucltop&blast_rank=1&RID=UU2UU50V01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498938188
http://www.ncbi.nlm.nih.gov/nucleotide/498937801?report=genbank&log$=nucltop&blast_rank=1&RID=UUGNWCXR015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498937801
http://www.ncbi.nlm.nih.gov/nucleotide/498937755?report=genbank&log$=nucltop&blast_rank=1&RID=UE6H67NP01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498937755
http://www.ncbi.nlm.nih.gov/nucleotide/498939584?report=genbank&log$=nucltop&blast_rank=1&RID=UE5CDTP001R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_498939584
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The expression of the CYP6A51 gene was further analyzed by exposing adults of the C and 

W-1K strains to a diet containing 20 or 4,000 ppm of lambda-cyhalothrin, respectively. 

The CYP6A51 expression level of surviving individuals was analyzed by qPCR and 

compared with the level of expression of non-treated individuals (Figure 2.3). The forward 

primer used in this assay contains a mismatch C/T at base 18, which appears not to 

compromise the specificity and efficiency of the qPCR reaction (Tables 2.2 and 2.8). 

Differences were again detected in CYP6A51 expression levels between W-1K and C 

strains (11.63-fold). In addition, the expression levels of the CYP6A51 gene in treated 

insects of the W-1K and C strains was 18.68- and 2.71-fold, respectively, when compared 

to non-treated insects of the C strain. The relative expression of treated versus untreated W-

1K flies was 1.6-fold. 

 

Figure 2.3. Relative expression of CYP6A51 gene in treated (with lambda-cyhalothrin) and 

untreated adults of susceptible (C) and resistant (W-1K) strains of C. capitata 
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* Significantly different from C (Sign test, p0.05). Error bars account for standard errors. 
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2.3.7 Sequence of the 5´UTR region of the CYP6A51 gene 

 

The 5´UTR region of the CYP6A51 gene of 14 adult flies of the resistant W-1K  strain and 

12 adults of the susceptible C strain were sequenced (Figure 2.4). Two different sequences 

were obtained that represent two allelic variants: allele 1 (GenBank Accession number 

KF305738) and allele 2 (GenBank Accession number KF305739). However, there was not 

a differential distribution of these two alleles in resistant and susceptible individuals 

(P<0.05, Chi-squared test). From 14 individuals of the W-1K  strain analyzed, four were 

homozygous for allele 1, one was homozygous for allele 2, and nine were heterozygous. 

From the 12 individuals of the C strain analyzed, two were homozygous for allele 1, five 

were homozygous for allele 2, and five were heterozygous. 

 

Figure 2.4. Alignment of the two alleles found for the 5´UTR region of the CYP6A51 gene 

of C. capitata. 

 
Allele 1 CTGAAGTCCAGCACTCGTAATGGTGATACTTCAAAAAATGTAAATATAATGTATTCATTG 60 

Allele 2 CTGAAGTCCAGCACTCGTAATGGTGATACTTCAAAAAATGTAAATATAATGTATTCACTG 60 

         ********************************************************* ** 

 

Allele 1 ATATTTACATTTTATTATTTTTTATAAAGACCGCCCAAAGTACGACGGAAATTTGTTTAC 120 

Allele 2 ATATTTACATTTTATTATTTTTTATAAAGACCGCCCAAAGTACGACGGAAATTTGTTTAC 120 

         ************************************************************ 

 

Allele 1 TAGCTCATAATATGAAAGAAATATGTATACTTGTATTATAGTGTCTGAGCTGTTTTCTGC 180 

Allele 2 TAGCTCATAATATGAAAGAAATATGTATACTTGTATTATAGTGTCTGAGCTGTTTTCTGC 180 

         ************************************************************ 

 

Allele 1 TGAATCATTCGCTGAGAGAAATAACACCATGAACATAAAAAAATTTAAAAAGCACAAAAC 240 

Allele 2 TGAATCATTCGCTGAGAGAAATAACACCACGAACACAAAAAAATTTAAAAAGCACAAAAC 240 

         ***************************** ***** ************************ 

 

Allele 1 ATATAACTCGTACATATCTATAAGAAGCAGACAAAACCAATGCGATAACATTTTGACAAT 300 

Allele 2 ATATAACTCGTACATATTTATAAGAAGCAGACAAAACCAATGCGATAACATTTTGACAAT 300 

         ***************** ****************************************** 

 

Allele 1 GACTTGAAGAGTTCGCTAGACAACAGAGAGCCTGTTCTTTTCTACAAGAAATTCGCCTAT 360 

Allele 2 GACTTGAAGAGTTCGCTAGACAGCAGAGAGCCTGTTCTTTTCTACAAGAAATTCGCCTAT 360 

         ********************** ************************************* 
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Allele 1 AAGTAGCACACAAATCGATGGGTAGATTGTAGTTATATATTTTTAGCGTTTACAAGAGGT 420 

Allele 2 AAGTAGCATACAATTCGATGGGTAGATTGTAGTTATATTTTTTTAGCGTTTACAAGAGGT 420 

         ******** **** ************************ ********************* 

 

Allele 1 TTAGAATTCTAAGTAAAGAGATTTTCTTCGAATAAATATAAGCAATGAGCGTGTTTCTGG 480 

Allele 2 TTAGAATTCTAAGTAAAGAGATTTTCTTCGAATAAATATAAGCAATGAGCGTGTTTCTGG 480 

         ************************************************************ 

 

Allele 1 CTTTGCTCGTGCTCAGTGTTACGATCTTTGGGTTATTCCTCAAGTACCGTCATGGTTTTT 540 

Allele 2 CTTTGCTCGTGCTCAGTGTTACGATCTTTGGGTTATTCCTCAAGTACCGTCATGGTTTTT 540 

         ************************************************************ 

 

Allele 1 GGCAACGACGCGGCATACCACATGAAGTCCCCAGCTTTCCCATGGGCGATTTTAAGGAAT 600 

Allele 2 GGCAACGACGCGGCATACCACATGAAGTCCCCAGCTTTCCCATGGGCGATTTTAAGGAAT 600 

         ************************************************************ 

 

Allele 1 CATCCCCATTTGCCGGCATGTTTCTAGTCGGCGCACTACAAAGGGGTTCTTTGAGATAAT 660 

Allele 2 CAGCCCCATTTGCCGGCATGTTTCTAGTCGGCGCACTACAAAGGGGTTCTTTGAGATAAT 660 

         ** ********************************************************* 

 

Allele 1 CGGGCCTATATATAAGAAATACAAGGGCA 689 

Allele 2 CGGGCCTATATATAAGAAATACAAGGGCA 689 

         ***************************** 

 

Sequence alignment using ClustalW2 (EMBL). Allele 1 (GenBank Accession number KF305738), Allele 2 

(GenBank Accession number KF305739). Asterisks represent identities between the two alleles. ATG 

indicates the start codon of the CYP6A51 gene.  

 

2.4 Discussion 

 

Our results indicate that Spanish field populations of C. capitata have already developed 

resistance to lambda-cyhalothrin, being the concentration of lambda-cyhalothrin 

recommended for field treatments (125 ppm) lower than the LC50 values obtained (between 

129 y 287 ppm) for populations from different geographical areas. These results contrast 

with those obtained with three different Tunisian field populations, whose susceptibility 

was similar to that of the laboratory strain. Resistance to pyrethroids in field populations 
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has also been reported for other species of tephritids, such as: Bactrocera dorsalis from 

Taiwan to fenvelerate, cyfluthrin and cypermethrin (Hsu and Feng, 2002); B. oleae from 

Greece to cypermethrin (Margaritopoulos et al., 2008); B. cucurbitae from Taiwan to 

cyfluthrin (Hsu and Feng, 2002); and B. zonata from Pakistan to lambda-cyhalothrin 

(Ahmad et al., 2010; Nadeem et al., 2012) [see also Vontas et al., 2011 for a review]. 

Besides, permethrin resistance was obtained by laboratory selection of a C. capitata strain 

from Israel (Busch-Petersen and Wood., 1983). It is worthy to note that this is the first case 

of field resistance to a pyrethroid in C. capitata, and that it should be added to the 

previously reported case of resistance to malathion and other OPs in field populations for 

this species (Magaña et al., 2007; Couso-Ferrer et al., 2011). These findings are of great 

concern due to the limited number of insecticides currently available for the control of this 

pest. 

 

The level of resistance to lambda-cyhalothrin found in the field populations overpass the 

cross-resistance to this insecticide showed by the field-derived malathion-resistant strain 

W-4Km (LC50 = 60 ppm), but was lower than that achieved by the lambda-cyhalothrin 

resistant strain W-1K (LC50 = 759 ppm) obtained by selecting W-4Km with lambda-

cyhalothrin for 12 generations (Couso-Ferrer et al., 2011). This strain was further selected 

increasing its level of resistance from 35- to 205-fold after 24 more generations of selection 

pressure.  The LC50 value of this strain for lambda-cyhalothrin (4,224 ppm) is 30 times 

higher than the recommended dose in the field, and similar to the high levels of pyrethroids 

resistance (131-fold for fenvalerate and 125-fold for alphamethrin) obtained by selection of 

laboratory strains of B. dorsalis (Hsu et al., 2004; Pan et al., 2008).  

 

Other insecticides currently approved for C. capitata control in citrus crops in Spain are 

etofenprox, methyl-clorpyrifos, lufenuron and spinosad. We have tested the susceptibility 

of the W-1K strain to these insecticides, to deltamethrin used against C. capitata in other 

crops, and to malathion that was used in the past for the control of this species. The strain 

W-1K  showed high levels of cross-resistance to the pyrethroids deltamethrin (150-fold) 

and etofenprox (243-fold). Resistance to lambda-cyhalothrin has been shown to confer 

cross-resistance to other pyrethroids in different insects, including dipteran species 
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(Sheppard and Joyce, 1992; Liu and Yue, 2000). On the contrary, low levels of cross-

resistance (3-6-fold) were detected to OPs (methyl-chloropyrifos and malathion), spinosad 

and lufenuron. Our results indicate that the development of resistance to lambda-

cyhalothrin in field populations may compromise the effectiveness of other pyrethroids for 

the control of this species. Thus, the use of insecticides that do not show cross-resistance 

with lambda-cyhalothrin, such as spinosad, appears more appropriate for those areas where 

resistance to lambda-cyhalothrin is detected, to avoid failures in controlling C. capitata. 

Nevertheless, it has also been demonstrated the capacity of this species to develop 

resistance to spinosad by laboratory selection (Couso-Ferrer, 2012). 

 

Three major mechanisms have been involved in resistance to pyrethroids: target site 

insensitivity, metabolic detoxification, and decreased cuticular penetration of insecticides 

(Hemingway et al., 2004; Li et al., 2007). Target site resistance is due to a change in the 

affinity between the insecticide and the binding site on the voltage-gated sodium channel, 

caused by a single or multiple amino acid substitutions (Soderlund and Knipple, 2003; 

Davies et al., 2008; Soderlund, 2008). Mutations in this gene have been linked to knock-

down resistance, often referred as “kdr”, in which resistant insects rapidly recover from the 

paralysis produced by pyrethroid insecticides and DDT. Both, susceptible C and resistant 

W-1K  flies were knocked down after lambda-cyhalothrin treatment by topical 

application. Adults of the W-1K  strain started to recover faster than the C strain, but the 

recovery was not complete until 24 h, suggesting that kdr resistance mediated by alterations 

of the target site is not playing a major role in resistance. Metabolic resistance to 

pyrethroids can be mediated by P450 (Liu et al., 2011; Feyereisen, 2012; Riveron et al., 

2013), esterases (Dai and Sun, 1984; Gunning et al., 1997), and glutathione-S-transferases 

(Vontas et al., 2001; Fragoso et al., 2003). We have shown that resistance of the W-1K  to 

lambda-cyhalothrin was almost completely suppressed by PBO, indicating that P450 play a 

very important role in resistance to this insecticide. Metabolic resistance to pyrethroids 

have been associated with P450 in many different species, including the tephritids B. oleae 

(Margaritopoulos et al., 2008) and B. dorsalis (Hsu et al., 2004). We also found that the 

esterase inhibitor DEF partially suppressed the toxicity of lambda-cyhalothrin, as already 

reported by Couso-Ferrer et al. (2011), who suggested that the esterases that confer 
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resistance to malathion (Magaña et al., 2008), may also confer cross-resistance to lambda-

cyhalothrin and other insecticides. Several cases of cross-resistance between malathion and 

pyrethroids have been associated with increased esterase activity (Chen and Sun, 1994, 

Bisset et al., 1997; Heidari et al., 2005). However, the increase in the resistance to lambda-

cyhalothrin of the W-1K strain was accompanied with a decline in the resistance to 

malathion, from 96-fold with respect to C after 12 generations of selection (Couso-Ferrer et 

al., 2011) to only 6.1-fold in this study, suggesting two independent resistance mechanisms. 

One mediated by esterases which would contribute to the resistance to malathion and 

lambda-cyhalothrin (see Chapter 4 in this Thesis) and another mediated by P450 affecting 

only to lambda-cyhalothrin resistance. Moreover, the cross-resistance of the W-1K to 

methyl-chloropyrifos, spinosad and lufenuron, similar to that previously obtained with W-

4Km (Couso-Ferrer et al., 2011) from it was derived, is also probably mediated by 

esterases. Besides, we can not discard that the reduction of resistance to malathion in the 

W-1K strain may be related to the activation of malathion to malaoxon by P450 enzymes 

(Eto, 1974), which may be occurring faster in the W-1K strain. Decreased penetration of 

pyrethroid insecticides has been found in a number of insect species, such as B. dorsalis 

(Lin et al., 2012), Musca domestica (DeVries and Georghiou, 1981), Spodoptera exigua 

(Liu and Shen, 2003) and Blatella germanica (Valles et al., 2000). Selection of the resistant 

strain W-1K  and susceptibility bioassays were performed by ingestion of the insecticide, 

though occasional contact of the flies with the treated diet may also occur. However, the 

W-1K strain was only 4.9-fold more resistant by topical application, compared with high 

level of resistance by ingestion (205-fold), suggesting that a decrease in the rate of 

penetration may not be involved in pyrethroid resistance. Taken together, our results 

suggest that P450-based resistance is probably the principal mechanism conferring 

resistance to lambda-cyhalothrin in the W-1K strain. Besides, the high levels of cross-

resistance to deltamethrin and etofenprox may then be related with the similarity of their 

molecular structures, since target site resistance appears not to be involved in the resistance 

to lambda-cyhalothrin. 

 

Overexpression of P450 genes has been associated with insecticide resistance in different 

insect species (Li et al., 2007; Feyereisen, 2012). P450 genes linked to pyrethroid resistance 
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mostly belong to the CYP4, CYP6 and CYP9 families (Yang et al, 2006; Komagata et al., 

2010; Brun-Barale et al., 2010), though other CYP genes such as CYP325A3 in Anopheles 

gambiae may also be involved in resistance (David et al., 2005). Besides, the up-regulation 

of genes of the CYP12 family has been shown to confer resistance to DDT (Brandt et al., 

2002) and lufenuron (Bogwitz et al., 2005). We have analyzed by qPCR fifty three P450 

genes belonging to the CYP4, CYP6, CYP9 and CYP12 families in C. capitata. They 

represent the 72% (53 of 74) of the C. capitata CYP genes from these families currently 

annotated in Genbank, after the release of the genome of C. capitata. Our results showed 

that CYP6A51 (GenBank accession number XM_004534804) was overexpressed in the W-

1K strain (13-18-fold) when compared to the C strain. Moreover, the expression of 

CYP6A51 was induced (1.6-fold respect to the untreated resistant flies) when adults of the 

W-1K strain were treated with a concentration of 4,000 ppm of lambda-cyhalothrin, 

equivalent to the LC50 for this strain, a characteristic of some P450 genes involved in 

insecticide resistance (Festucci-Buselli et al., 2005; Zhu et al., 2008a; Liu et al., 2011). We 

have found that CYP6A51 was also induced in the susceptible C strain when treated with 20 

ppm of lambda-cyhalothrin (the LC50 for this strain), a common feature of other P450 

involved in resistance that were also induced in susceptible strains after exposure to 

phenobarbital (Brun et al., 1996; Kasai and Scott, 2001) or insecticides (Bautista et al., 

2007; Huang et al., 2013). However, the relative expression of this gene in the C strain after 

induction (2.7-fold respect to untreated C flies) is still less than for untreated (11.6-fold) or 

treated (18.7-fold) resistant W-1K flies. Therefore we hypothesize that CYP6A51 gene 

may play a relevant role in the resistance of the W-1K strain to lambda-cyhalothrin by 

overexpression of a lambda-cyhalothrin-inducible gene. Other members of the CYP6A 

subfamily have been reported to be involved in pyrethroid resistance, such as CYP6A5v2, 

CYP6A24, CYP6A36 and CYP6A38 in M. domestica (Kamiya et al., 2001; Zhu and Liu, 

2008; Zhu et al., 2008a,b), CYP6AA7 in Culex quinquefasciatus (Liu et al., 2011), 

CYP6AK1 in A. gambiae (Müller et al., 2008), CYP6AE11 in Helicoverpa armigera (Brun-

Barale et al., 2010), and CYP6AA3 in A. minimus (Rongnoparut et al., 2003). Besides, 

CYP6A1 is overexpressed in M. domestica strains resistant to OPs (Feyereisen et al., 1989), 

and Cyp6a2 and Cyp6a8 in DDT- and malathion-resistant strains of D. melanogaster 

(Maitra et al., 2000). 
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We have found that another gene of the CYP6A subfamily (GenBank accession number 

XM_004534802) also showed a significant overexpression in the W-1K strain (2.6-fold) 

when compared to the C strain. It is well known that insects display an enormous plasticity 

in their response to insecticide selection, and resistance mediated by P450 can evolve by 

overexpression of different CYP genes (ffrench-Constant et al., 2004; Scott and Kasai, 

2004). In fact, several P450 genes can be overexpressed in resistant strains in response to 

an insecticide, such as CYP4H34, CYP6Z10 and CYP9M10 in a permethrin resistant strain 

of C. quinquefasciatus (Komagata et al., 2010). However, the overexpression of a particular 

P450 does not necessarily need to correlate with insecticide resistance (Komagata et al., 

2010), being necessary further work to demonstrate unequivocally the role of CYP6A51 and 

the other CYP gene (GenBank accession number XM_004534802) in resistance to lambda-

cyhalothrin. Finally, we cannot discard the possibility that some of the CYP genes of C. 

capitata not included in this study may also be involved in the resistance mechanisms. 

 

Overexpression of P450 genes in resistant insects may be achieved throught increased 

transcription by mutations/insertions/deletions in cis-acting promoter sequences or trans-

acting regulatory loci, and/or gene amplification mechanisms (Feyereisen, 2012). Scott et al 

(1999) reported the insertion of a 15 bp fragment, close to the transcription start site (-15 to 

-29), in the 5´flanking region of CYP6D1 gene in permethrin resistant strains of M. 

domestica, which was absent in susceptible strains. Likewise, the insertion of transposable 

elements into the 5´flanking region of the Cyp6g1 gene has been correlated with increased 

transcript abundance of this gene in DDT resistant strains of D. melanogaster (Daborn et 

al., 2002; Chung et al., 2007) and D. simulans (Schlenke and Begun, 2004). We have 

sequenced the 5´UTR region of the CYP6A51 gene of C. capitata and found two different 

alleles, but there was not a differential distribution of these two alleles in resistant and 

susceptible individuals, suggesting that modifications in the promoter region sequenced (-

500 bp from translation start) was not responsible for overexpression of CYP6A51 gene. 

Other regulatory mechanisms might then be involved in the overexpression of CYP6A51, 

being necessary further investigations on this issue. 
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Increased P450 content and activity, as well as increase in the metabolism of the insecticide 

itself, are other approaches used to show P450 involvement in insecticide resistance 

(Feyereisen, 2012). However, no significant differences were obtained for P450 content and 

NADPH-cytochrome c reductase activity when susceptible C and resistant W-1K strains 

were compared. Moreover, we failed to correlate the metabolism of deltamethrin by 

microsomal fractions of W-1K strain with the resistance level against pyrethroids 

observed in bioassays. It should be considered that the complete P450 gene complement 

(CYPome) of a species is contributing to the P450 levels and activity, but only two of the 

fifty three CYP genes tested were overexpressed in the  W-1K strain, which may not be 

enough to see differences at the biochemical level. A study conducted with Meligethes 

aeneus found no obvious correlation of their in vitro results with the model substrate 7-

ethoxycoumarin and the observed levels of cypermethrin resistance mediated by oxidative 

metabolism based in synergist bioassays conducted in vivo (Philippou et al., 2011). With 

respect to the metabolic degradation of the insecticide, some studies have been able to 

correlate it with resistance by incubation with microsomal fractions (Wheelock and Scott, 

1992; Yang et al., 2004; Zimmer and Neuen, 2011). However, in other cases it has been 

necessary to express P450 genes in heterologous systems to confirm that they were able to 

metabolize pyrethroid insecticides (Duangkaew et al., 2011a; Riveron et al., 2013). Another 

factor that may contribute to explain the apparent discrepancy between our biochemical and 

molecular data is that we have used whole bodies to verify the expression of CYP genes, 

whereas extracts from abdomens were used for the study of deltamethrin metabolism and 

enzymatic assays. P450 genes are known to be overexpressed in specific tissues in response 

to insecticides (Yang et al., 2006; Poupardin et al., 2010), and a brain-specific P450 gene 

has been demonstrated to be responsible for deltamethrin resistance in Tribolium 

castaneum (Zhu et al., 2010).  

 

In conclusion, resistance to lambda-cyhalothrin has been found for the first time in field 

populations of C. capitata. Metabolic resistance mediated by P450 appears to be the main 

resistant mechanism, and the results obtained in the study demonstrate that the CYP6A51 

gene is overexpressed in the resistant strain W-1K. Nevertheless, further work is 

necessary to fully understand the role of the CYP6A51 gene in resistance to lambda-
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cyhalothrin. On the contrary, our results suggest that kdr resistance is not playing a major 

role. Thus, although used as bait sprays, and then acting mostly by ingestion, lambda-

cyhalothrin may interfere with the capability of the adult females to reach the fruits and 

oviposit under field conditions (Urbaneja et al., 2009). Moreover, it has been reported that 

feeding and oviposition behaviour may be impaired in insects by sublethal doses of 

lambda-cyhalothrin (Desneux et al., 2004; Rose et al., 2006). We have also found that 

resistance to lambda-cyhalothrin confers high levels of cross-resistance to other pyrethroids 

currently approved against C. capitata in citrus (etofenprox) or other (deltamethrin) crops. 

These findings come on top of the previously reported case of resistance to malathion 

(Magaña et al., 2007, 2008), that was shown to confer moderate levels of cross-resistance to 

other OPs (Couso-Ferrer et al., 2011), reducing further the number of insecticides that can 

be effectively used for the control of C. capitata. Appropriate resistance management 

strategies based on the alternation of insecticides with different modes of action, and their 

combination with other control methods, must then be implemented to avoid the 

maintenance of positive selection favoring the evolution of resistance in the field.  
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Chapter 3 

Inheritance, fitness cost and stability of 

resistance to malathion in Ceratitis capitata 

 

 

 

 

 



 

59 
 

3.1 Introduction  

 

Over 600 species of insects have been reported showing resistance to one or more pesticide 

active ingredients (Whalon et al., 2013), being a major impediment for the effective control 

of a number of agricultural pest species. After intensive applications of malathion to control 

the Mediterranean fruit fly, Ceratitis capitata (Wiedemann, 1824) (Diptera: Tephritidae), 

development of resistance to this insecticide has been reported in Spanish field populations 

(Magaña et al., 2007). Three mechanisms of malathion resistance in C. capitata have been 

identified: a mutation G328A in the target acetylcholinesterase (AChE) that confers 

insensitivity to malaoxon (active form of malathion); a duplication of the Ccace2 gene 

coding for AChE (one of the copies bearing the mutation G328A); and metabolic resistance 

mediated by esterases (Magaña et al., 2008; Couso-Ferrer, 2012).  

 

Knowledge of the genetics of resistance to insecticides provides essential information for 

devising proactive resistance management strategies that would prevent or retard the rate of 

resistance development (Gassmann et al., 2009). The inheritance of malathion resistance 

has been investigated in dipteran species (Nguy and Busvine, 1960; Plapp et al., 1961; 

Singh and Morton, 1981; Herath and Davidson, 1981; Raftos and Hughes, 1986; Takahashi 

and Yasutomi, 1987) and other insect pests (Cochran, 1973; Beeman and Schmidt, 1982; 

White and Bell, 1988, 1990; Wool et al., 1992; Baker et al., 1997; Bourguet and Raymond, 

1998; Wool and Front, 2002; Assie et al., 2007; Latif et al., 2010). In most of these cases, 

resistance to malathion was reported to be inherited as a single, autosomal and semi-

dominant or dominant trait. However, there are a few examples of resistance to malathion 

being polygenic (Singh and Morton, 1981; Herath and Davidson, 1981; Wool et al., 1982). 

Genetic changes that confer resistance may compromise vital functions for the insect or 

require additional energy and/or resources allocation, placing a fitness cost in resistant 

individuals in natural populations in the absence of selection pressure (Rivero et al., 2011; 

Kliot and Ghanim, 2012). Examples of fitness costs associated with resistance to OPs have 

been identified in dipteran species such as Bactrocera dorsalis (Fang et al., 2011; Okuyama 

and Hsu, 2013), Culex pipiens (Berticat et al., 2002, 2004; Bourguet  et al 2004), C. 

quinquefasiatus  (Ferrari and Georghiou, 1981) and Lucilia cuprina (McKenzie et al., 
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1982). As a consequence of fitness costs, the frequency of resistance alleles has been 

reported to decline when the populations are no longer exposed to the insecticide 

(Raymond et al., 1993; Lenormand et al., 1999; Osta et al., 2012). However, compensatory 

genetic changes may occur during resistance development that minimizes the deleterious 

effects caused by the resistance alleles (Roush and McKenzie, 1987; Mckenzie, 1993). 

Besides, resistance alleles that impose a physiological disadvantage might be replaced by 

other resistance alleles with a lower resistance fitness cost (Guillemaud et al. 1998; 

Raymond et al., 2001). Resistance may even become fixed in the populations, such as in L. 

cuprina after intensive use of diazinon in Australia (McKenzie et al., 1980). 

 

Couso-Ferrer (2012) reported that individuals homozygous or heterozygous for the 

mutation G328A and the duplication of the Ccace2 gene, including individuals bearing 

both the mutation and the duplication, were present in field populations of C. capitata 

collected in Spain. However, when a malathion-resistant field-derived population was 

subjected to laboratory selection, a quick decrease was observed in the frequency of 

individuals only carrying the mutation G328A, and after 52 generations of selection all 

individuals carried the duplication (Couso-Ferrer, 2012). Resistance to OPs mediated by a 

duplication of the AChE gene that resulted in one susceptible and one resistant copy has 

also been demonstrated in the mosquitoes Culex pipiens (Bourguet et al., 1996; Labbé et 

al., 2007a; Alout et al., 2009) and Anopheles gambiae (Djogbénou et al., 2008a). In both 

cases, the duplicated gene is replacing the corresponding mutation resistance allele in field 

populations (Lenormand et al., 1998; Labbé et al., 2007b; Djogbénou et al., 2008b), 

suggesting that the duplication is more advantageous by maintaining resistance while 

restoring part of the fitness cost associated to mutations in the AChE (Raymond et al., 

2001). 

 

This study was carried out to determine the inheritance and fitness cost of resistance to 

malathion associated with the mutation G328A and the duplication of the Ccace2 gene in 

C. capitata, and to asses their stability in the absence of insecticide selection pressure in 

laboratory and field populations. 
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3.2 Materials and methods 

 

3.2.1 Insect strains and isolines 

 

The isolines (progeny from one female and one male) 267Y (previously named as R/R by 

Couso-Ferrer, 2012) and 306TY were obtained, respectively, from the malathion resistant 

strains W-4Km and W-10Km (Couso-Ferrer et al., 2011; Couso-Ferrer, 2012), which are 

both derived from the resistant strain W (Magaña et al., 2008) (Annex I). For the 

generation of the isolines, males and females were placed separately into ventilated plastic 

dishes, immediately after adult emergence, and fed with water and rearing diet. After 5 d, 

about 100 males and 100 females were placed together to allow mating, being steadily 

observed until couples were established. Coupled pairs were placed independently into a 

ventilated plastic dish (89 mm in diameter, 23 mm in height) and fed with water and rearing 

diet. The eggs from each couple were collected and seeded every day. The progeny was 

kept if both parents had the genotype of interest. The process was repeated in successive 

generations until only one of the genotypes of interest was present. Following this 

procedure, the 267Y isoline was established from a couple bearing the mutation G328A in 

homozygosis (genotype R/R), and the 306TY isoline from a couple being homozygous for 

the duplication of the Ccace2 gene (with one of the copies bearing the mutation G328A) 

(genotype RS/RS) (Table 3.1). The individuals of the 267Y and 306TY isolines are also 

homozygous for the mutation L267Y and the double mutation R306T-N307Y, respectively, 

in the aliesterase CcE7, but these two mutations appear not to be involved in malathion 

resistance in this species (see chapter 4 for a discussion of this issue). The two isolines were 

maintained in our laboratory without exposure to insecticides for more than 20 generations 

as previously described in Section 2.2.2. 

 

A malathion susceptible strain of C. capitata (C strain) has also been maintained in our 

laboratory (see Section 2.2.2). The sequences for Ccace2 obtained from individuals of the 

C strain were identical at the nucleotide level (Magaña et al., 2008) and do not carry the 

G328A mutation (genotype S/S) (Table 3.1). 

 



 

62 
 

Table 3.1. Genotypes for AChE of strains, isolines and F1 crosses of C. capitata used in 

this study. 

 

Strains/isolines/F1 crosses Genotype 
a
 

C strain S/S
 

267Y
 
isoline

 
R/R

 

306TY
 
isoline

 
RS/RS

 

C x 267Y
 

S/R
 

C x 306TY
 

S/RS
 

267Y
 
x 306TY

 
R/RS

 

a
 Each letter represents: S = the G328A mutation is not found in the AChE; R = mutation G328A in the 

AChE; and RS = duplication of the Ccace2 gene with one of the copies bearing the mutation G328A. 

 

3.2.2 Chromosome preparations and in situ hybridization 
 

Polytene chromosomes preparations for in situ hybridization were obtained from larval 

salivary glands of third instar larvae of C. capitata, as described in Zacharopoulou et al. 

(1992). Larvae were dissected in 45% glacial acetic acid and the salivary glands were 

placed on a siliconized cover-slip containing glacial acetic acid:water:lactic acid (3:2:1) for 

about 5 min (until being transparent). The cover-slip was picked up with a clean slide, and 

the preparation squashed between paper towels with thumb pressure. The quality of the 

preparations was checked by phase contrast microscopy (16x magnification) (Leitz, 

Wetzlar, Germany). The preparations were kept overnight at -20ºC and then dipped into 

liquid nitrogen until the bubbling stops. The cover-slip was immediately flicked off with a 

razor blade and the slides were dehydrated in 95% ethanol for 30 min, air dried, and stored 

at -20ºC.  

 

To assist in the localization of the hybridization signal, polytene chromosomes preparations 

were made as described in Zacharopoulou (1990). Larvae were dissected as above and the 

salivary glands placed on a depressed slide containing 3 N HCl for 1 min, fixed with glacial 

acetic acid:water:lactic acid (3:2:1) for about 5 min (until being transparent), and then 
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stained with lacto-acetic orcein for 5-7 min. The excess stain was removed by washing the 

glands with glacial acetic acid:water:lactic acid (3:2:1). The glands were covered with a 

cover-slip and squashed between paper towels with thumb pressure. Chromosome slides 

were visualized by phase contrast microscopy (100x magnification). 

 

A fragment of the Ccace2 gene covering a partial sequence of intron 2, exon III, intron 3, 

exon IV and a partial sequence of intron 4 was amplified by PCR using the specific 

primers: F-GTATTCCCTTTTCGTGCGTTCACCTACAG and R-TTGCAAAATATGCA 

CACCCACTTACCGCC (Couso-Ferrer, 2012). The PCR product (1µg DNA in 16 µl of 

sterile double distilled water) was denatured by heating in boiling water for 10 min and 

chilling quickly in ice, and labelled by incubation overnight at 37ºC with 4 µl of Biotin-

High Prime (Roche Applied Science). The reaction was stopped by the addition of 2 µl of 

0.2 M EDTA (pH 8). Then, 5 µl dH2O, 25 µl of saline sodium citrate buffer (20x SSC) (3 

M NaCl, 0.3 M sodium citrate, pH 7), and 50 µl formamide were added to the DNA probe 

and stored at -20ºC. 

 

Before hybridization, stored polytene chromosomes preparations were dehydrated by 

dipping the slides in ethanol series (2 min each in 30%, 50%, 70% and 90%), washed in 2x 

SSC for 2 min, incubated at 65ºC in 2x SSC for 30 min, air dried, washed again in 2x SSC 

for 2 min, denatured in 0.07 M NaOH for 2 min, washed in 2x SSC for 5 min, dehydrated 

as previously and air dried. Hybridization was performed on the same day by adding 10 µl 

of denatured probe (boiled for 5 min and ice-chilled). The slide was covered with a 

siliconized cover-slip, sealed with rubber cement and incubated at 45ºC overnight in a 

humid box with paper towels soaked in 2x SSC. After incubation the cover-slip was 

removed and the slide was washed three times in 2x SSC for 20 min at 53ºC, two times in 

phosphate buffered saline (PBS) (130 mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4,  pH 

7.4) for 5 min, once in PBS plus 0.1% triton X-100 for 2 min, and rinsed in PBS. The slide 

was then treated with 100 µl of Vectastain Elite ABC reagent (Vector Laboratories Inc, 

USA), prepared by adding 1.6 µl of reagent A (Avidin DH solution) and 1.6 µl of reagent B 

(biotinylated enzyme) to 96.8 µl of PBS. The slide was covered by a cover-slip and 

incubated for 1 h at room temperature. The cover-slip was removed and the slide was 
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washed as before in PBS and PBS plus triton X-100. The color was developed by addition 

of 100 µl of 0.5 mg/ml of dimethylamino-azobenzene (DAB) (Isopac, Sigma), containing 2 

µl of 1% H2O2. The slide was covered with a cover-slip and incubated for 30 min in the 

dark at room temperature. After removal of the DAB solution by rinsing twice in water and 

twice in PBS, the slide was stained for 1 min in 5% of Giemsa solution. Hybridization sites 

were analyzed by phase contrast microscope (100x magnification), photographed using a 

CCD camera (Prog-Res CF
cool

, Jenoptik Jena Optical Systems, Jena, Germany) and 

identified with reference to the salivary gland chromosome map of Zacharopoulou (1990). 

 

3.2.3 F1 crosses and back-crosses 

 

To perform mating crosses, pupae of the C strain (genotype S/S), 267Y isoline (R/R) and 

306TY isoline (RS/RS) were collected and placed into ventilated plastic dishes (90 mm in 

diameter, 25 mm in height). Sex was determined immediately after adult emergence and 

200 males and 200 females from each strain/isoline were placed separately into ventilated 

plastic dishes and maintained with water and rearing diet for 5 d. Crosses performed in this 

study were: 100 virgin males (S/S) x 100 virgin females (R/R) to obtain F1 (S/R); 100 

virgin females (S/S) x 100 virgin males (RS/RS) to obtain F1 (S/RS); and 100 virgin males 

(R/R) x 100 virgin females (RS/RS) to obtain F1 (R/RS); (Table 3.1 and Figure 3.1a). No 

reciprocal crosses [e.g. female (S/S) x males (R/R)] were performed, since previous studies 

demonstrated that malathion-resistance was inherited as an autosomal trait in the resistant 

strain W, from which the 267Y and 306TY isolines were derived (Beroiz et al., 2007). F1 

(S/R and S/RS) progenies were back-crossed to each of their parents (P) separately to 

obtain the back-cross progenies: F1 (S/R) x P (S/S), F1 (S/R) x P (R/R), F1 (S/RS) x P 

(S/S), F1 (S/RS) x P (RS/RS) (Figure 3.1b). The progeny of the back-crosses S/RS x 

RS/RS and S/R x R/R were maintained for 10 generations in the absence of any selection 

pressure at standard conditions as mentioned above. 
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Figure 3.1. a) Crosses between different parental (P) genotypes of C. capitata, and b) back-

crosses of the F1 with their respective parents to obtain the back-cross generation (Bc). 

 
a) 

 

b) 
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3.2.4 Mortality bioassays  

 

Feeding bioassays were carried out with malathion (Agromalathion, 500 g liter 
-1

 EC, 

Agrofit S. Coop., Valencia, Spain) on the parents, F1 and back-cross progenies, using the 

methodology described in Section 2.2.4. Four replicates of ten to fifteen flies per replicate 

were performed at each concentration tested (five to seven) and mortality was recorded 

after 48 h. Flies were considered dead if they were ataxic.  

 

3.2.5 Inheritance of resistance and number of loci 

 

The degree of dominance (D) and the dominance (DLC) were calculated using the methods 

described by Stone (1968) and Bourguet et al. (2000), respectively: 

D= (2W3-W2-W1)/(W2-W1) 

DLC= (D+1)/2 

where W1, W2, W3 are the logarithms of the LC50 values for susceptible (S/S), resistant 

(R/R or RS/RS), and F1 (S/R, S/RS or R/RS) genotypes, respectively. D values range from 

-1 (completely recessive resistance) to +1 (completely dominant resistance). DLC values 

range from 0 (completely recessive resistance) to 1 (completely dominant resistance).  

 

For direct testing of monogenic inheritance, the observed and expected mortalities from the 

back-crosses were compared at each concentration tested (i), as described by Tabashnik 

(1991) and Tabashnik et al. (1992). The expected number of deaths were calculated as niMi 

where ni = number of flies tested at concentration (i) and Mi (estimated response probability 

under monogenic model) = 0.5 PiF1 + 0.5 Pi (Parent), being Pi = Mortality probability 

estimate at concentration (i) for F1 and parental lines. 

For statistical comparison between observed and expected number of deaths in the back-

crosses, a 
2
 value was calculated for each concentration, following Preisler et al (1990): 


2
 = (ri – niMi)

2
/[niMi(1-Mi)] 

where ri= the observed number of death at concentration (i) in back-crosses and niMi was 

calculated as described above. The test statistic i
2
 were compared with a Chi-square 

distribution with one degree of freedom (df). In addition, a i
2
 was calculated for each 
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back-cross (df= n-1, where n is the number of concentrations tested). The null hypothesis 

was rejected if these tests indicate P<0.05. 

 

Following methods described by Lande (1981) and adapted by Tabashnik et al. (1992), the 

minimum number of effective genes was calculated as:  

nE = (W2-W1)
2
 /8

2
S 

where W1 and W2 are the logarithms of LC50 values for susceptible (S/S) and resistant 

(R/R or RS/RS) parents, respectively, and 
2

S is estimated as: 


2

S = 
2

Bc1 + 
2

Bc2 – (
2

F1 + 0.5
2

P1 + 0.5
2

P2) 

where 
2

Bc1, 
2

Bc2, 
2

F1, 
2

P1, and 
2

P2 are the phenotypic variances of the back-crosses (F1 

x susceptible parent and F1 x resistant parent), F1, and susceptible and resistant parents, 

respectively, estimated as the inverse of the slope squared (1/slope
2
). 

 

3.2.6 Development and longevity evaluation assays 

 

The developmental time from egg to pupa and from pupa to adult, as well as pupal weight 

and adult longevity were determined for insects from the susceptible C strain (genotype 

S/S) and the resistant 267Y (R/R) and 306TY (RS/RS) isolines. Eggs (corresponding to a 

volume of 0.05 ml) were seeded in a container (120x50 x20 mm) with rearing diet, covered 

with aluminum paper to avoid desiccation. The container was placed inside a 2 liter 

ventilated plastic box, with paper on the bottom, to allow third instars larvae to jump from 

the food medium and pupate. The pupae were counted daily and removed from the cage. 

Seventy five pupae, randomly selected from the day of maximum pupation from each 

container, were weighted and placed in a ventilated plastic dish (as described above). 

Newly emerged adults were counted daily, and thirty of them (15 males and 15 females), 

randomly selected, placed in a ventilated plastic dish, fed with water and rearing diet 

(4:1:0.1, glass sucrose:hydrolyzed yeast:water) to measure daily survival. Three replicates 

were performed for each genotype. 
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3.2.7 Detection of the mutation G328A and the duplication of the Ccace2 

gene in laboratory and field populations 

 

Individuals carrying the mutation G328A and/or the duplication of the Ccace2 gene were 

determined in the back-crosses S/RS x RS/RS and S/R x R/R, and in their progeny after 5 

and 10 generations in the absence of selection pressure. Forty randomly selected adults 

were analyzed per back-cross and generation.  

 

The presence of the mutation and the duplication was also analyzed in field populations of 

C. capitata. Adult flies were collected in 2004-2007 (Magaña et al., 2007; Couso-Ferrer, 

2012), when malathion was still in use, and in 2010, one year after the withdrawal of 

malathion, in the same fields at six different localities in the Comunidad Valenciana: 

Burriana (Castellón), Carlet, Serra and Alcudia (Valencia), and Orihuela and Xàbia 

(Alicante). Twenty adults were analyzed per field population. 

 

DNA was extracted from the head of adult flies using the DNA easy blood and tissue kit 

(Qiagen), as detailed in Section 2.2.8. The mutation G328A and the duplication of the 

Ccace2 gene were identified by PCR-RFLP as described by Couso-Ferrer (2012), and 

confirmed when needed by qPCR with genomic DNA (Couso-Ferrer, 2012). With the 

combination of these two methods it was possible to differentiate all the genotypes 

described in Table 1. 

 

3.2.8 Data analysis 

 

Lethal concentrations (LC50) and ratios (LCR) were calculated as described in Section 

2.2.13. A repeated measures ANOVA was used to analyze developmental time. Differences 

in pupal weight were evaluated by one way ANOVA followed by Student-Newman-Keuls 

multiple comparison test.
  
The Kaplan-Meier method was used to analyze adult survival and 

their distributions compared by Mantel log-rank test. Allelic and genotypic frequencies 

were compared using the Chi-squared test. 
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3.3 Results 

 

3.3.1 Localization of the Ccace2 locus on C. capitata chromosomes 

 

The localization of Ccace2 was identified by in situ hybridization to polytene 

chromosomes, using the PCR product of a fragment of the Ccace2 gene covering from 

intron 2 to intron 4 as probe (Figure 3.2). The five autosomal chromosomes of C. capitata 

were identified (Figure 3.2a), with reference to the salivary gland chromosome map of 

Zacharopoulou (1990). Results of in situ hybridization showed only one signal in the 

autosomal chromosome 2 (2L arm) very close to the centromere corresponding to the 

Ccace2 gene for individuals from the susceptible C strain and the resistant 267Y and 

306TY isolines. (Figure 3.2b, c and d), 

 

Figure 3.2. Polytene chromosomes of C. capitata and in situ hybridization of Ccace2 gene. 

Panel (a) shows the five autosomal chromosomes (2, 3, 4, 5 and 6) of C. capitata. Panels 

(b, c and d) show the hybridization signal of the Ccace2 gene in the autosomal chromosome 

2 (2L arm) of individuals from the susceptible C (S/S) strain and the resistant 267Y (R/R) 

and 306TY (RS/RS) isolines, respectively.  
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3.3.2 Inheritance of resistance and number of loci 

 

Mortality responses to malathion of susceptible (S/S), resistant (R/R) and resistant with 

duplication (RS/RS) genotypes, F1 (S/R, S/RS, and R/RS), and the back-crosses of F1 with 

their parents were obtained (Figure 3.3 and Table 3.2). Dominance levels for two of the F1 

crosses (S/S x R/R and S/S x RS/RS) were identical (DLC = 0.40 and D = -0.21), whereas 

the values obtained for the F1 cross (R/R x RS/RS) were slightly higher (DLC = 0.56 and D 

= 0.12) (Table 3.2), indicating that resistance was inherited as a semi-dominant trait.  

 

To test the hypothesis that resistance of C. capitata to malathion was caused by a single 

locus, direct test for monogenic inheritance was performed (Table 3.3). Four of the nine 

concentrations evaluated for the back-crosses of S/R with their respective parents (S/S and 

R/R) were deviated from the monogenic model prediction, whereas these deviations only 

occurred in two from the 10 concentrations evaluated for the back-cross of S/RS with their 

respective parents (S/S and RS/RS) (Table 3.3). However, when 
2
 was used, the 

monogenic hypothesis was rejected for three of the back-crosses (S/R x SS, S/R x R/R and 

S/RS x S/S). Moreover, the values obtained for the minimum number of effective genes 

implicated in resistance (nE) were 0.9 for S/RS x S/S and 1.4 for S/R x S/S (Table 3.2). 
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Figure 3.3. Mortality responses to malathion of a) susceptible (S/S) and resistant (R/R) 

genotypes, F1 (S/S x R/R = S/R) and back-crosses (S/R x S/S and S/R x R/R); b) 

susceptible (S/S) and resistant with duplication (RS/RS) genotypes, F1(S/S x RS/RS = 

S/RS) and back-crosses (S/RS x RS/RS and S/RS x S/S); and c) resistant (R/R) and 

resistant with duplication (RS/RS ) genotypes and F1 (R/R x RS/RS = R/RS). Regression 

lines were estimated from POLO probit analysis. 
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Table 3.2. Inheritance of resistance to malathion in C. capitata and minimum number of effective genes. 

 

 n Slope ± S.E. LC50
 a

 (95% FL) 
2
 d.f. D 

b
 DLC 

c
 nE

d
 

Parents         

S/S 
e
 363 3.07 ± 0.45 19 (15 -22) 11.9

#
 22    

R/R 414 1.49 ± 0.14 458 (375 -561) 14.9
#
 26    

RS/RS 358 1.51 ± 0.18 762 (612 -946) 10.5
#
 22    

F1 crosses         

F1 (S/SxR/R = S/R) 296 2.22 ± 0.24 66 (55 -78) 17.6
#
 18 -0.21 0.40  

F1 (S/SxRS/RS = S/RS) 294 2.05 ± 0.23 82 (438 -826) 14.3
#
 18 -0.21 0.40  

F1 (R/RxRS/RS = R/RS) 458 1.01 ± 0.11 609 (438 -826) 13.6
#
 30 0.12 0.56  

Back-crosses         

Bc (S/RxS/S) 260 1.53 ± 0.33 22 (17 -28) 4.3
#
 14   1.4 

Bc (S/RxR/R) 308 2.07 ± 0.22 92 (77 -109) 9.4
#
 18    

Bc (S/RSxS/S) 372 1.62 ± 0.26 27 (21 -34) 4.5
#
 18   0.9 

Bc (S/RSxRS/RS) 309 1.45 ± 0.19 207 (165 -259) 5.8
#
 18    

a 
Lethal concentration (LC50) expressed in ppm of malathion in the diet.  

b
 Degree of dominance (D), with -1 for completely recessive, 1 for completely dominant.  

c 
Dominance(DLC ) = (D+1)/2, with 0 for completely recessive and 1 for completely dominant.  

d
 Minimum number of effective genes (nE) 

e
 Results from a bioassay also showed in Table 2.5 

# Good fit of data to the probit model (P>0.05). 
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Table 3.3. Direct test of monogenic inheritance of resistance to malathion in C. capitata 

by comparing expected and observed mortality of the back-crosses of the S/R and S/RS 

genotypes with their corresponding parents. 
 

Back-cross
 

Concentration
 

n
a 

Observed n.  

of death
 

Expected n  

of death
b 


2
   

(d.f=1)
 


2 

 

 

S/R x S/S
 

10 52 16 6.8 14.51* 
 

17 52 22 14.2 5.90* 
 

30 52 30 25.0 1.93 
 

54 52 38 35.0 0.80 
 

 
23.14* 

(d.f=3)
 

 

 

S/R x R/R
 

20 52 6 3.8 1.38 
 

50 50 12 11.7 0.008 
 

100 51 26 20.9 2.14 
 

200 51 40 29.4 9.06* 
 

500 50 47 37.4 9.77* 
 

 
22.36* 

(d.f=4)
 

 

 

S/RS x S/S
 

10 52 15 6.0 15.08* 
 

17 52 21 13.8 5.14* 
 

30 52 27 23.7 0.72 
 

54 52 34 33.2 0.05 
 

100 52 45 40.6 2.16 
 

 
23.15* 

(d.f=4)
 

 

 

S/RS x RS/RS
 

50 50 7 9.2 0.61 
 

100 52 20 17.2 0.67 
 

200 51 25 24.9 0.001 
 

500 52 37 34.8 0.42 
 

1,000 52 43 40.5 0.69 
 

 
2.34 

(d.f=4)
 

a
 number of flies tested (n) in back-cross 

b 
Expected number of death at each concentration was calculated as the average mortality probability of 

the F1 and the corresponding parental line (monogenic model)
 

*Significant differences between expected and observed mortality (P < 0.05) 
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3.3.3 Fitness cost of resistance 

 

Individuals from the malathion-resistant 267Y isoline (genotype R/R) showed a reduced 

fitness in terms of developmental time from egg to pupa (delay of 2 days), pupal weight 

(9.5% reduction) and adult longevity (started to die 5 days before), when compared to 

susceptible individuals from the C strain (genotype S/S) (Figure 3.4). Individuals from 

the 306TY isoline (genotype RS/RS) have a pupal weight similar to that of individuals 

S/S, the longevity of adults was similar to that of individuals R/R, and the 

developmental time from egg to pupa was intermediate between those of R/R and S/S. 

For the duration from pupa to the adult stage, there was not significant delay and the 

adults of the three genotypes emerged over the same period of time. Thus, a more 

pronounced reduction in the fitness appears to be associated with resistant individuals 

bearing the G328A mutation (genotype R/R) than those carrying the duplication of the 

Ccace2 gene (genotype RS/RS). 
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Figure 3.4. Developmental time from egg to pupa (a) and from pupa to adult (b), weight 

of pupae (c), and adult longevity (d) of individuals from the malathion-resistant 267Y 

(R/R) and 306TY (RS/RS) isolines and the susceptible C (S/S) strain of C. capitata. 
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Error bars account for standard errors.  

Different letters indicate significant differences: one way ANOVA followed by Student-Newman-Keuls 

(c) and Kaplan-Meier survival curves compared using the Mantel log-Rank test (d) (P<0.05) 
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3.3.4 Stability of resistance 

 

The stability of malathion resistance associated with the mutation G328A and the 

duplication of the Ccace2 gene was analyzed by following these resistant traits in the 

progeny of the back-crosses S/R x R/R and S/RS x RS/RS over consecutive generations 

in the absence of insecticide selection pressure (Table 3.4). The progeny of the back-

cross (S/R x R/R) had higher levels of resistance to malathion (LC50 = 92 ppm) than the 

control C strain (genotype S/S) (LC50 = 19 ppm), but decreased rapidly being no 

significantly different from C after five (LC50= 36 ppm) and ten (LC50 = 15 ppm) 

generations without selection pressure. This change in the susceptibility to malathion 

was accompanied with a rapid decline in the frequency of the allele bearing the G328A 

mutation from 67.5% at G0 (the predicted frequency was 75%, assuming Mendelian 

segregation, and that there are only two alleles: one mutated and the other non-mutated) 

to 26.25% after 5 generations and to only 11.25% after 10 generations. The levels of 

resistance to malathion of the progeny of the back-cross (S/RS x RS/RS) also decreased 

from 207 ppm at G0 to 21 ppm in the 10
th

 generation, but in this case the susceptibility 

after 5 generations (LC50 = 56 ppm) was still significantly different from that of the 

control. A shift in the frequency of the Ccace2
 
duplication was also obtained, but the 

decrease was slower from 75% at G0 (the predicted frequency was also 75%, assuming 

Mendelian segregation and that the duplication segregates as a unique allele) to 56.25 

and 48.75% in the 5
th

 and 10
th

 generations, respectively. Thus, the duplication of the 

Ccace2 gene was more stable than the G328 mutation under laboratory conditions in 

absence of selection with insecticides. 

 

The frequency of the different possible genotypes resulting from the combination of the 

mutation G328A, the duplication of the Ccace2 gene and the non-mutated AChE was 

determined in field populations (Table 3.5). Similar trends for the six populations 

analyzed were obtained, being the distribution (pooled data) of genotypic frequencies in 

2010, one year after the withdrawal of malathion, significantly different from that in 

2004-2007 when malathion was still in use. The average frequency of the susceptible 

genotype (S/S) increased from 55.9% in the period 2004-2007 to 70.8% in 2010, 

whereas the frequency of those genotypes carrying the mutation G328A in homozygosis 

or heterozygosis (R/R and S/R) declined from 30.4 to 9.2%, those carrying the 

duplication of the Ccace2 gene in homozygosis or heterozygosis (RS/RS and S/RS) 
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increased slightly from 12.8 to 13.3%, and those carrying both the mutation and the 

duplication (R/RS) increased from 1 to 6.7%.  

 

Table 3.4. Susceptibility to malathion and frequency of the allele bearing the G328A 

mutation and of the duplication of the Ccace2 gene (with one of the copies bearing the 

mutation G328A) in the progeny of the back-crosses S/R x R/R and S/RS x RS/RS. 

 

 
a
 Progeny of the back-crosses (G0) and after 5 (G5) and 10 (G10) generations without selection pressure. 

b 
Lethal concentration (LC50) expressed in ppm of malathion in the diet.  

c 
Lethal concentration ratio (LCR) at LC50 level with respect to the laboratory C strain (LC50 = 19 (15-22)). 

d 
The G328A mutation and the duplication of the Ccace2 gene were determined by PCR-RFLP. Forty 

adults were analyzed per back-cross and generation. 
e
 Results from bioassays also showed in Table 3.2 

 * LCR is significant (P<0.05) if 95% fiducial limits does not include 1. 
# 

P<0.05;
 ##

 P<0.01;
 ###

 P<0.001 (Chi squared goodness of fit test). Significantly different from the 

expected proportion of the allele bearing the G328A mutation and of the Ccace2 duplication (the 

predicted frequency is 75% in both cases).  

 
 

Back-cross Generation 
a
     LC50

 b
 (95% FL) LCR 

c
 Frequency (%) 

d
 

S/R x R/R    G328A mutation 

 G0 
 e
 92(77-109) 4.9 (3.8-6.5)* 67.50 

 G5 36(30-44) 1.9 (1.0-3.8) 26.25 
### 

 G10 15(12-17) 0.8 (0.6-1.0) 11.25 
###

 

S/RS x RS/RS    Ccace2 duplication 

 G0 
 e
 207(165-259) 11 (8-16)* 75.00

 

 G5 56(45-68) 3.0 (2.2-4.1)* 56.25 
# 

 G10 21(16-26) 1.1 (0.8-1.2) 48.75 
##
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Table 3.5. Genotypic frequencies for Ccace2 gene in field populations of C. capitata sampled in the same fields at six localities in the 

period 2004-2007 and in 2010. 
 

Field 

population 

 

Genotypic frequency (%) 
a 

S/S R/R RS/RS S/R S/RS R/RS 

2004-2007 2010 2004-2007 2010 2004-2007 2010 2004-2007 2010 2004-2007 2010 2004-2007 2010 

Burriana 55 65 10 5 5  0 25  5 5 10 0 15 

Carlet 80 80 0 0 0 0  15  15 5 5 0 0 

Serra 40 50 5 10 0 0 25 10 25 25 5 5 

Alcudia 58 70 0 0 0 0  25 0  17 25 0 5 

Orihuela 55 90 5 0 0 0  40 10  0 0 0 0 

Xàbia 40 70 20 0 0 0  10  0 30 15 0 15 

 Average 55.9 70.8 5.9 2.5 1  0 24.5 6.7  11.8 13.3 1 6.7 

a
 The genotypes S/S, R/R, S/RS and R/RS corresponding to the six populations collected in the period 2004-2007, as well as the genotypes RS/RS and S/R for the 

population from Orihuela collected in the same period, were determined in Couso-Ferrer (2012). The genotypes RS/RS and S/R corresponding to the other five 

populations collected in 2004-2007 were determined by qPCR. Twenty adults were analyzed (PCR-RFLP and qPCR when needed) per field population in 2010. 
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3.4 Discussion 

 

The inheritance of resistance conferred by insensitive AChE to malathion and/or other 

OPs is expected to be semi-dominant, since heterozygous individuals possess only half 

the quantity of insensitive AChE present in homozygous resistant individuals (Bourguet 

and Raymond, 1998). However, some insect species may produce AChE in excess of 

that necessary, allowing a decrease by inhibition in the activity of heterozygous without 

affecting the phenotype and in this case the resistance may vary from semi-recessivity 

to dominance. When five OPs resistant strains of C. pipiens with insensitive AChE were 

compared, a correlation was found between AChE activity and dominance level, 

suggesting that mechanisms that increase AChE activity favour the survival of 

heterozygous (Bourguet et al., 1997). Thus, the level of dominance in the resistant strain 

carrying the duplication of the Ccace2 gene (with one of the copies bearing the mutation 

G328A) should be higher than in the strain with only the G328A mutation, since it has 

been demonstrated that the activity of the mutated AChE was reduced (Magaña et al., 

2008), whereas the activity of the duplication was even higher than that of the 

susceptible strain (Couso-Ferrer, 2012). However, our results show that both malathion 

resistance mediated by a mutation in the AChE and by a duplication of the Ccace2 gene 

were inherited as semi-dominant traits with identical dominance value (DLC= 0.40). This 

may be explained because final dominance can also be modified by other genetic, 

physiological or environmental parameters (Bourguet et al., 1996), or by the interaction 

of the insensitive AChE with other resistant mechanisms that may be present in these 

resistant strains. In fact, when the two resistant strains were crossed, the susceptibility to 

malathion was about the average (DLC= 0.56), corroborating that both resistance 

mechanisms have the same dominance level. 

 

Reciprocal crosses between the susceptible C strain and the malathion resistant strain 

W, from which both the 267Y and 306TY isolines were derived, showed that malathion 

resistance was inherited as an autosomal trait (Beroiz et al., 2007). This result is 

consistent with the autosomal localization of the Ccace2 gene in the position 11C in the 

left arm of chromosome 2 (2L) of C. capitata (Gariou-Papalexiou et al., 2002). We have 

shown by in situ hibridization that this location was the same in the three strains tested. 

More importantly, only one signal was visualized in individuals of the 306TY isoline 
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that carry a duplication of the Ccace2 gene, suggesting that both copies of the gene 

might be located very close in the same chromosome. This means that the two copies of 

the gene are probably closely linked and individuals can attain “permanent 

heterozygosity”, avoiding segregation (Hahn, 2009).  

 

The isolines 267Y and 306TY represent unique genotypes for the two target-site 

resistance mechanisms identified, the mutation G328A and the duplication of the 

Ccace2 gene (with one of the copies bearing the mutation G328A), respectively. 

However, our results were not conclusive about the monogenic nature of the resistance 

to malathion in these isolines. The estimates of the number of effective genes (0.9 for 

306TY
 
and 1.4 for 267Y) suggest that only one or a reduced number of genes are 

involved, but direct tests for monogenic inheritance do not fit completely with a 

monogenic model, particularly in the case of the 267Y isoline. In this regard, Magaña et 

al (2008) showed that in addition to insensitive AChE, an esterase mediated mechanism 

was also present in the malathion resistant strain from which 267Y and 306TY were 

derived. In fact, the 267Y and 306TY isolines are composed by individuals homozygous 

for the mutations L267Y and R306T-N307Y in the aliesterase CcE7, respectively. 

However, none of these two mutations appear to be related with the esterase-mediated 

malathion resistance mechanism identified in this species (see chapter 4 for a discussion 

of this issue). Nevertheless, we can not discard that other genes contributing to 

resistance may have been selected during the selection process of 267Y and 306TY. 

 

Resistance associated to mutations in AChE often correlates with a decrease in AChE 

activity, which can lead to a reduction in the fitness of resistant phenotypes (Fournier 

and Mutero, 1994; Shi et al., 2004; Berticat et al., 2008). However, compensatory 

genetic changes, selection of less costly mutations, and/or combination of mutations 

might reduce the fitness cost (Shi et al., 2004; Kliot and Ghanim, 2012). Besides, 

duplications of the AChE gene (with one copy mutated and the other copy non-mutated) 

in C. pipiens and A. gambiae (Labbé et al., 2007a; Djogbénou et al., 2008a) and 

amplifications of mutated AChE gene copy number in Tetranychus urticae and T. 

evansi (Kwon et al., 2010; Carvalho et al., 2012) may have been selected to overcome 

some of the fitness cost associated with the mutated alleles (Labbé et al., 2007a; 

Djogbénou et al., 2008a; Kwon et al., 2012). Our results have shown that C. capitata 

individuals carrying the G328A mutation in homozygosis (genotype R/R) have a 
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reduced fitness in terms of developmental time from egg to pupa, pupal weight and 

adult longevity when compared to susceptible individuals (genotype S/S), which may be 

related to their reduced AChE catalytic activity (Magaña et al., 2008). Interestingly, the 

fitness of individuals homozygous for the duplication of the Ccace2 gene (genotype 

RS/RS) was intermediate between those of individuals with genotype R/R and S/S. It 

has been shown that this duplication restores and even augments the levels of AChE 

activity found in susceptible individuals (Couso-Ferrer, 2012), which may allow to 

overcome much of the fitness cost associated with the G328A mutation. However, 

higher levels of AChE activity may lead to a deficit of acetylcholine in the synapses, 

being probably responsible for the lasting fitness cost associated with the RS/RS 

genotype, as already suggested in C. pipiens (Bourguet et al., 2004; Labbé et al., 

2007a,b). Nevertheless, these differences in fitness, while associated with changes in the 

activity of the AChE, may also be influenced by other resistant mechanisms potentially 

present in the malathion resistant strain from which the 267Y (genotype R/R) isoline 

and the 306TY
 
(genotype RS/RS) strain were derived. More importantly, in cases of 

multiple resistance, as is likely the case of Spanish field populations of C. capitata, the 

resulting fitness cost will depend on how the different resistant mechanisms interact 

with each other. 

 

The results obtained when field populations were analyzed are also consistent with the 

duplication of the Ccace2 gene being more advantageous than the G328A mutation by 

maintaining resistance while restoring part of the fitness. Both, the mutation and the 

duplication coexisted in the presence of malathion treatments (Couso-Ferrer, 2012), but 

the switch to other insecticides favored the decline of the genotypes carrying only the 

G328A mutation in homozygosis or heterozygosis (R/R and S/R). On the contrary, 

those genotypes carrying the duplication (RS/RS, S/RS and R/RS) were maintained or 

slightly increased. We have also tested the stability of malathion resistance associated 

with the mutation G328A and the duplication of the Ccace2 gene under laboratory 

conditions by crossing known genotypes to obtain two laboratory lines: S/R x R/R with 

a predicted initial frequency for the allele bearing the G328A mutation of 75% 

(assuming that there are only two alleles: one mutated and the other non-mutated); and 

S/RS x RS/RS with a predicted initial frequency for the duplication of the Ccace2 gene 

of 75% (assuming that the duplication segregates as an unique allele). Our results shown 

that there was a consistent decline in the frequency of the allele bearing the G328A 
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mutation from 67.5% to 12% after 10 generations in the absence of insecticide selection 

pressure, whereas that of the duplication of the Ccace2 gene only declined from 75% to 

50% in the same period. This was accompanied in both cases with a reduction in the 

levels of resistance, but it was more remarkable for S/R x R/R. Taken together these 

results suggest that the replacement of the G328A mutation by the duplication of the 

Ccace2 gene (with one of the copies bearing the mutation G328A) may allow the 

persistence of resistant genotypes in an insecticide-free environment. Nevertheless, 

other factors such as migration and genetic drift may play an important role in the fate 

of resistance alleles in natural populations. Studies on C. pipiens have shown that the 

resistance ace-1R allele (mutation G119S in AChE) displayed a frequency cline 

between treated and non-treated areas in Montpellier area (France) and that this allele 

has also been progressively replaced by the duplication ace-1D (with one mutated and 

one non-mutated copy) (Lenormand et al. 1998; Raymond et al., 2001; Labbé et al., 

2007b). Likewise, a high frequency of both G119S and F209V mutants in AChE from 

C. pipiens were reported in Lebanon areas with a heavy usage of OPs (Alout et al., 

2009), but the frequencies of both mutants were dramatically reduced after mosquito 

control was switched to pyrethroids, being only present the duplication for the G119S 

allele (Osta et al., 2012). 

 

In conclusion, our study indicates that resistance to malathion in C. capitata mediated 

by the G328A mutation or by the duplication of the Ccace2 gene are inherited as semi-

dominant traits. This mode of inheritance has implications for resistance management, 

since heterozygous insects have some degree of resistance and then can be selected 

rapidly. Besides, multiple resistance involving coexisting resistance mechanisms may 

favored different cross-resistance patterns (Roush and McKenzie, 1987; Denholm and 

Rowland, 1992). This is especially relevant, since some of the insecticides used after the 

withdrawal of malathion in the EU in 2009 have shown moderate levels of cross-

resistance with malathion (Couso-Ferrer et al., 2011). In fact, we have obtained a 

lambda-cyhalothrin resistant strain by selecting a field-derived malathion resistant strain 

with lambda-cyhalothrin (Couso-Ferrer et al., 2011), and demonstrated that resistance to 

lambda-cyhalothrin has already evolved in Spanish field populations (Chapter 2 of this 

Thesis). Moreover, we have shown that resistant insects carrying the duplication of the 

Ccace2 gene (with one of the copies bearing the mutation G328A) are fitter and exhibit 

a higher stability than those with only the G328A mutation, in the absence of insecticide 
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pressure. This represents a scenario where genotypes with the duplication will remain in 

the field at low to moderate frequencies, but could be rapidly selected if malathion or 

other insecticides showing cross-resistance are used. Special attention should be given 

to those OPs currently approved for C. capitata control in citrus (methyl-chlorpyrifos) 

or other crops (phosmet), which showed some degree of cross-resistance with malathion 

(Couso-Ferrer et al., 2011). Other OPs such as chlorpyrifos, the most widespread 

pesticide used in Spanish citrus growing areas against the California red scale 

Aonidiella aurantii, should also be considered, since formulations of this insecticide at 

authorized concentrations have shown residual toxicity against C. capitata for up to 

three weeks (Juan-Blasco et al., 2013). These findings have important implications for 

resistance management programs, as the repertoire of effective insecticides for Medfly 

control is becoming very limited. 
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Chapter 4 

 

Esterase-mediated malathion resistance in 

Ceratitis capitata: potential role of mutations 

in the aliesterase CcE7 
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4.1 Introduction  

 

Metabolic resistance to malathion and other organophosphates (OPs) mediated by 

esterases can be due to gene amplification and/or overexpression that increase activity 

or to mutations that increase the affinity of the enzyme for the insecticide (Li et al., 

2007; Hotelier et al., 2010; Bass and Fied, 2011). Oppenoorth and van Asperen (1960) 

first proposed that malathion specific resistance arises by a mutation at an aliesterase 

gene locus, resulting in the biosynthesis of a mutant aliesterase with enhanced activity 

toward malathion, but decreased aliesterase activity defined as the hydrolysis of 

aliphatic esters such as methyl butyrate. Resistance to malathion is caused by a single 

W251L substitution (Drosophila melanogaster numbering) first identified in the 

aliesterase LcE7 (also called E3) of Lucilia cuprina encoded by the LcE7 gene 

(Campbell et al., 1998), and also found in L. sericata (Hartley et al., 2006) and 

Cochliomya hominivorax (Carvalho et al., 2006, 2009). The variant W251S has also 

been associated with malathion resistance in L. cuprina (Heidari et al., 2005; Hartley et 

al., 2006) and Musca domestica (Taskin and Kence, 2004), and the variant W251G in 

Anisopteromalus calandrae (Zhu et al., 1999). A second G137D substitucion in this 

enzyme confers resistance to diazinon and a range of OPs in L. cuprina (Newcomb et 

al., 1997; Campbell et al., 1998), L. sericata (Hartley et al., 2006), M. domestica 

(Claudianos et al., 1999) and C. hominivorax (Carvalho et al., 2006, 2009). Resistance 

to both malathion and diazinon can also occur and has been associated to a duplication 

of the region containing the LcE7 locus (Smyth et al., 2000; Newcomb et al., 2005). 

 

The Mediterranean fruit fly, Ceratitis capitata (Wiedemann, 1824) (Diptera: 

Tephritidae) has developed resistance to malathion in some areas of Spain (Magaña et 

al., 2007). This resistance has been associated to a mutation and a duplication of the 

target acetylcholinesterase (AChE) (Magaña et al., 2008; Couso-Ferrer, 2012). Besides, 

resistance to malathion was partially suppressed by the esterase inhibitors DEF and 

TPP, suggesting that metabolic resistance mediated by esterases was also involved 

(Magaña et al., 2007). Individuals from the malathion resistant W strain of C. capitata 

also showed a reduction in the aliesterase activity (Magaña et al., 2008), which has been 

associated with malathion-specific resistance (Devonshire et al., 2003; Newcomb et al., 

2005). However, when the aliesterase CcE7 gene was sequenced in individuals from 
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this strain, none of the known G137D and/or W251L/S/G mutations were found 

(Magaña et al., 2008). Other mutations (A30T, N52D, P54L, V96L, L267Y 

[misnumbered as L259Y in Magaña et al., 2008], S401A, F413L and N463S) were 

found in some individuals of the resistant strain (Magaña et al., 2008), but their 

association with resistance was not proved. Alignment of the CcE7 sequence with that 

of the related AChE from D. melanogaster, from which the three-dimensional structure 

has been solved (Harel et al., 2000), predicts that two of these mutations (V96L and 

L267Y) are located, respectively, in a loop and an -helix close to the upper part of the 

active site gorge of the enzyme (Cervera et al., 2011) (Figure 4.1). Besides, during the 

generation of the W-4Km strain by further laboratory selection of the W strain, an 

additional double mutation R306T-N307Y was detected, also putatively located in the 

proximity of the active site region of CcE7 (Figure 4.1).  

 

Figure 4.1. Putative location of aliesterase CcαE7 mutations in C. capitata, as predicted 

using D. melanogaster AChE 1QO9 structure. The catalytic triad indicated by red color. 

The three CcαE7 mutations of interest in C. capitata in yellow. The blue color 

represents the mutations linked to malathion resistance in L. cuprina. 
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In this chapter, we have studied the association of the mutations V96L, L267Y and 

R306T-N307Y in CcE7 with the resistance to malathion in C. capitata, performed by 

generating isolines bearing these specific mutations. 

 

4.2 Materials and methods 

 

4.2.1 Insect strains and isolines 

 

Three isolines bearing specific mutations in the aliesterase CcE7 were used in this 

study (Table 4.1). The obtention of the isolines 267Y (individuals are homozygous for 

the mutation L267Y) and 306TY (individuals are homozygous for the double mutation 

R306T-N307Y) is detailed in Section 3.2.1. The isoline Sm2 was established, following 

the same methodology, from a female heterozigous for the mutation V96L in the 

aliesterase CcE7 and a male homozygous for the non-mutated allele (Annex I). The 

individuals of the 267Y isoline are also homozygous for the mutation G328A in the 

AChE, and those of the Sm2 and 306TY isolines homozygous the duplication of the 

Ccace2 gene (with one of the copies bearing the mutation G328A) (Table 4.1). The 

three isolines were maintained in our laboratory without exposure to insecticides for 

more than 20 generations, as described in Section 2.2.2. The malathion resistant strain 

W-4Km, from which the Sm2 and 267Y isolines were derived, has been maintained 

under selection pressure by exposing adults each generation to 4,000 ppm of malathion 

in the diet during 48 h (Couso-Ferrer et al., 2011). A malathion susceptible strain of C. 

capitata (C strain) has also been maintained in our laboratory (see Section 2.2.2). 

 

Table 4.1. Mutations for CcE7 and genotypes for AChE found in the isolines of C. 

capitata used in this study 
 

Isolines Mutations for CcE7 
a
 Genotype for AChE

 b
 

Sm2 Individuals homozygous and heterozygous for the mutation 

V96L, and homozygous for the non-mutated allele 

RS/RS 

267Y Individuals homozygous for the mutation L267Y R/R 

306TY Individuals homozygous for the double mutation R306T-

N307Y 

RS/RS 

a
 Drosophila numbering 

b
 Each letter represents: S = the G328A mutation is not found in the AChE; R = mutation G328A in the 

AChE; and RS = duplication of the Ccace2 gene with one of the copies bearing the mutation G328A. 
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4.2.2 Mortality bioassays 

 

Feeding bioassays were carried out to assess the susceptibility of the three isolines 

(Sm2, 267Y and 306TY) and the two strains (C and W-4Km) to malathion 

(Agromalathion, 500 g liter
-1

 EC, Agrofit S. Coop., Valencia, Spain), using the 

methodology described in Section 2.2.4. Four replicates of ten to fifteen flies per 

replicate were performed at each concentration tested (five to seven) and mortality was 

recorded after 48 h. Flies were considered dead if they were ataxic 

 

For the assays with synergists, a 0.5 l drop of synergist solution (0.5g PBO, 1g DEF 

or 5g of TPP in acetone) or acetone alone (used as control) was applied topically on 

adult flies, as described in Sections 2.2.3 and 2.2.4. After 2 h, the flies were treated with 

malathion as described in the feeding bioassay.  

 

To determine the relation between susceptibility to malathion and the presence of the 

mutation V96L in the aliesterase CcE7, adults of the Sm2 isoline were treated with a 

discriminating concentration of 5,000 ppm of malathion (20 replicates of 12 flies, 6 

males and 6 females). Ten alive and ten dead adults from each sex were randomly 

selected to determine the presence of the mutation. 

 

4.2.3 Enzymatic assays 

 

Adult flies 3–4 d old were dissected and abdomens and heads stored individually at -

80ºC for enzyme activity assays and DNA extraction, respectively. Abdomens were 

thawed on ice and homogenized individually in 20 µl of 0.1 M sodium phosphate 

buffer, 0.5% (vol:vol) Triton X-100, pH 7.5, with a hand-held pestle. After adding 480 

µl of the same buffer without Triton to each sample, the homogenates were centrifuged 

for 10 min at 20,000 g and 4ºC. Two hundred microliters of the supernatant were 

transferred to a fresh tube and used immediately for enzyme activity and total protein 

determination. In total, 30 males and 30 females of each strain or isoline were analyzed. 

 

Esterase activity toward α-naphthyl acetate (α-NA) was measured according to the end-

point method of van Asperen (1962), with some modifications. Five microliters of 
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diluted supernatant (1:1 in 0.1 M sodium phosphate buffer, pH 8.0) was added to 45 µl 

of reaction mixture in a 96-well microtiter plate to give a final concentration of 2 mM α-

NA. The mixture was incubated for 5 min at 30ºC, and the reaction was stopped by 

adding 50 µl of 0.12% (wt:vol) o-dianisidine bis (diazotized) zinc double salt (Fast Blue 

B Salt) and 2% (wt:vol) sodium dodecyl sulfate in 50 mM sodium phosphate buffer, pH 

8.0. The color was allowed to develop for 5 min before the absorbance was measured at 

597 nm in a VERSAmax microplate reader (Molecular Devices, Sunnyvale, CA,) with 

SoftMax Pro version 5 software. To transform absorbance units to concentration, a 

molecular extinction coefficient ε597 = 4.833 ± 0.199 mM–1 (100 µl, 0.3125-cm optic 

path; three separate experiments) was calculated by constructing an α-naphthol standard 

curve in the same conditions as those of the α-NA assay. Esterase activity toward 

methylthiobutyrate (MTB) was measured following the kinetic assay reported by Kao et 

al. (1985), with some modifications. The reaction mixture contained 0.1 M sodium 

phosphate buffer, pH 7.5, 30 mM MTB, 1 mM 5,5-dithiobis(2-nitrobenzoic acid), and 

10 µl (females) or 20 µl (males) of supernatant in a 100-µl total volume. The reaction 

was followed at 412 nm for 2 min at 30ºC in the VERSAmax microplate reader (ε412 = 

4.25 mM_1, 100µl, 0.3125-cm optic path, adapted from Ellman (1959). Substrates were 

purchased from Sigma (St. Louis, MO). Activity measurements were carried out in 

triplicate for each insect, and blanks containing all the reagents but no sample were 

prepared to correct for the non-enzymatic breakdown of the substrate. The activity is 

expressed in moles of substrate transformed per min per milligram of protein. The 

total protein content in abdomen homogenates was determined using the DC Protein 

Assay (Bio-Rad Laboratories, Hercules, CA), with bovine serum albumin as the protein 

standard. 

 

From the 30 males and 30 females of the Sm2 isoline used in the enzymatic assay, the 

ten individuals with the highest and lowest MTB activity per sex were selected to 

determine the presence of the mutation V96L in the aliesterase CcE7. 
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4.2.4 DNA extraction and sequencing of exons II and IV of the CcE7 

gene 

 

DNA was extracted from the head of sexed adult flies using the DNA easy blood and 

tissue kit (Qiagen), as detailed in Section 2.2.8. The exons II and IV of CcE7 gene 

were amplified by PCR. The PCR reaction mixture contained 2 µl of DNA template 

(about 50 ng of DNA), 0.4 µM of each primer (Table 4.2), 2 mM MgCl2, 0.2 mM of 

each dNTP, 4 units of Amplitaq Gold® (Roche Molecular Systems, Inc., New Jersey, 

USA) and 2.5 µl of buffer II (Roche Molecular Systems, Inc.) for a total volume of 25 

µl. The PCR conditions were as follows: an initial denaturation at 95ºC for 10 min; 

followed by 35 cycles consisting of 30 s at 95ºC, 30s at 50ºC and 45 s at 72ºC; followed 

by 7 min at 72ºC; and a final step of 30 min at 4ºC. 

 

Table 4.2. Primers used to amplify the exons II and IV of the CcαE7 gene of C. 

capitata.  

 

Exon (pb) Product pb Primers
a
 Nucleotide sequences 5´- 3´ 

Exon II (313) 364 Fin1Ex2_E7 CTCATACCTTTCTTCCGTTCTTAG 

  Rin2Ex2_E7.1    GGTACATAAATTTATATATATACTCAC 

Exon IV (561) 584 Fin3Ex4_E7 AAACAGGCTTCCTTTCGCT 

  Rin4Ex4_E7 ATGCCAGTAGTTCTCACCTTGC 

a
 Designed by Couso-Ferrer (2012).   

 

DNA sequencing was performed at Secugen S.L. (Madrid, Spain). The chromatograms 

were visualized using the Chromas V1.45 program (Griffith University, Queensland, 

Australia), and the sequences of CcE7 from adult flies of the different isolines aligned 

and compared with the sequence of the control C strain using ClustalW2 (EMBL). 

Three alleles specifically bearing the mutations V96L, L267Y or R306T-N307Y and an 

allele that does not carry any of these mutations were identified (Table 4.3). Only one 

of these alleles was present in the isolines 267Y (allele 267Y) and 306TY (allele 

306TY), whereas two different alleles were present in the Sm2 isoline: one containing 

the mutation V96L (allele 96L) and other that was identical to that of the individuals 

from the control strain (allele 96V). These alleles could be determined by unique 

substitutions at the exon IV sequence using primers Fin3Ex4_αE7 and Rin4Ex4_αE7 
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(see Table 4.3). However, it was noticed that direct sequencing of exon II using primers 

Fin1Ex2_αE7 and Rin2Ex2_αE7.1 was poorly reliable to identify individuals bearing 

the mutation V96L (at this exon) in heterozygosis, most probably due to the lower 

efficiency of the primers to amplify the allele coding for the mutation V96L. Thus, it 

was decided to determine the presence of all the mutations studied by direct sequencing 

of exon IV, using silent and non-silent substitutions in the sequence of this exon as 

shown in Table 4.3. As an example, the sequence cATAACTGTgTTCGGT 

GAAAGTGCTGGTGCGACg (silent substitutions in lower case) in exon IV 

unequivocally identified the presence of the mutation V96L in exon II. 

 

4.2.5 Data analysis 

 

Lethal concentrations (LC50), lethal concentration ratios (LCR) and synergistic ratios 

(SR) were calculated as described in Section 2.2.13. Enzyme activities were analyzed 

with Welche’s Robust one-way ANOVA, followed by Tamhane’s T2 test to separate 

the means (IBM SPSS Statistics version 19 software package, SPSS, Chicago, IL). 

Homogeneity of variance was checked with Levene’s test. Differences between means 

were considered significant at the P< 0.05 level. The presence of the mutation V96L in 

the aliesterase CcE7 in adult flies (males and females) with high and low MTB 

activity, and in dead and alive flies when exposed to a discriminating concentration of 

malathion, was compared by a Chi-squared test. 
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Table 4.3. Fragments of DNA sequences of exons II and IV of the CcE7 gene containing the base substitutions found in each of the alleles 

identified in the isolines of C. capitata used in this study. 
 

                                                                                                      Exon II 
a
 

Mutations in the aa sequence         A30T    N52D     P54L                                                                   V96L 

Isoline Allele  CCACYRCA RACATTCYTTACTACAGCTTCGAGGGYTACCTTA ATGGCGS CATATYATAACT 

Sm2 96V      TG A      C                  T       G      C 

 96L      TG G      C                  C       C      T 

267Y 267Y      CA G      T                  T       G      C 

306TY 306TY      CA G      T                  T       G      C 

 

                                                                                                       Exon IV 
a
 

Mutations in the aa sequence                                                                                                                                   L267Y                                                R306T-N307Y 

Isoline Allele TGTGCR YATAACTGTRTTCGGTGAAAGTGCTGGTGCGACR TCGGGTACGGCGY GCAAAATWM AAAGCGAAAGATTTAATW CGTGCAMSWW 

Sm2 96V      G C        G                       G             C        TA                  T       CGTA 

 96L      G T        G                       A             C        TA                  T       CGTA 

267Y 267Y      A C        A                       G             T        AC                  T       CGTA 

306TY 306TY      A C        A                       G             T        TA                  A       ACAT 

a
 Gene structure of CcE7 in Couso-Ferrer (2012). DNA Consensus sequence (IUB code used for degenerated bases). 

Bases marked in: red) substitutions that result in one of the amino acid mutations of interest; blue) substitutions that result in other amino acid mutations; green) substitutions 

that do not result in a change in the amino acid sequence. 
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4.3 Results 

 

4.3.1 Susceptibility to malathion of isolines and strains 

 

The susceptibility to malathion of three isolines (Sm2, 267Y and 306TY) carrying 

specific mutations in the aliesterase CcE7 was monitored at different generations 

maintained without pressure of selection (Table 4.4). The results showed that malathion 

resistance in the Sm2 isoline was kept at level of the resistant W-4Km strain (LCR 

between 0.64 and 1.16) for 17 generations, and only slightly reduced (LCR about 0.5) 

up to generation 30, being in all cases significantly different from the control C strain 

(LCR between 157- and 365-fold). On the contrary, the level of resistance to malathion 

of the 267Y and 306TY isolines was significantly lower than in the resistant W-4Km 

strain in all generations tested (LCR between 0.08- and 0.19-fold). Nevertheless, the 

resistance to malathion of 267Y and 306TY was still statistically higher when compared 

to the susceptibility of the control strain (LCR between 25- and 61-fold). 

 

The pre-treatment of adults of the Sm2 isoline with the esterase inhibitor DEF reduced 

the LC50 for malathion from 2940 to only 778 ppm, which represents a synergistic ratio 

(SR) of 3.77 (Table 4.5). Interestingly, malathion resistance was also reduced by the 

specific inhibitor of aliesterases TPP (SR =2.36), whereas there was not a significant 

effect with the P450 inhibitor PBO (0.69-fold). In the C strain, neither PBO (SR = 0.95) 

nor TPP (SR = 1.36) had any effect on the toxicity of malathion. 
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Table 4.4. Susceptibility to malathion of strains and isolines of C. capitata with different mutations in the aliesterase CcE7. 
 

Isolines/strains Generation n Slope ± S.E. LC50
a 

 (95% FL) 
2
 d.f 

LCR (LC50)
 b 

(95% FL) 

C W-4Km 

Sm2 10 335 1.08 ± 0.16 4971 (3509-8013) 26.1
#
 22 266 (162-436)* 0.85 (0.50-1.45) 

 11 273 3.48 ± 0.75 3459 (2861-4486) 13.8
#
 18 201 (143-284)* 0.64 (0.43-1.00) 

 13 359 1.84 ± 0.31 6825 (5191-8639) 5.7
#
 26 365 (252-529)* 1.16 (0.76-1.78) 

 17 417 1.13 ± 0.15 4197 (3104-6263) 7.4
#
 26 225 (149-338)* 0.72 (0.45-1.13) 

 26 358 1.26 ± 0.23 3218(2061-4825) 9.7
#
 22 172 (107-278)* 0.55 (0.33-0.93)* 

 30 289 0.97 ± 024 2940(1992-5714) 5.6
#
 18 157 (92-269)* 0.50 (0.29-0.90)* 

267Y 2 284 1.54 ± 0.26 628 (467-793) 8.9
#
 18 34 (23-49)* 0.11 (0.07-0.17)* 

 4 353 1.03 ± 0.17 783 (477-1125) 9.7
#
 26 41 (24-74)* 0.13 (0.07-0.25)* 

 7 
c
 414 1.49 ± 0.14 458 (375 -561) 14.9

#
 26 25 (18-34)* 0.08 (0.05-0.11)* 

306TY 8 321 0.70 ± 0.15 1136 (513-2038) 22.1
#
 22 61 (30-122)* 0.19 (0.09-0.40)* 

 16 
c
 358 1.51 ± 0.18 762 (612 -946) 10.5

#
 22 41 (29-57)* 0.13 (0.09-0.19)* 

W-4Km  365 1.63 ± 0.30 5861 (3649-8369) 35.9 18 314 (223-441)* 1 

C 
d
  363 3.07 ± 0.45 19 (15-22) 11.9

#
 22 1  

a
 Lethal concentration (LC50) expressed in ppm of malathion in the diet 

b
 Lethal concentration ratio (LCR) at LC50 level of each isoline/generation with respect to the susceptible (C) and the malathion resistant (W-4Km) strains 

c
 Results from bioassays also showed in Table 3.2 

d
 Results from a bioassay also showed in Tables 2.5 and 3.2. 

 # 
Good fit of the data to the probit model (P>0.05). 

* LCR is significant (P<0.05) if 95% fiducial limits do not include 1. 
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Table 4.5. Effect of synergists on the toxicity of malathion to the susceptible C strain and the Sm2 isoline of C. capitata. 

 

Strain/isoline Insecticide Synergist n Slope ± SE LC50
a 

 (95% FL) 
2
 d.f. SR

b 
(95% FL) 

C Malathion - 
c
 363 3.07 ± 0.45 19 (15-22) 11.9

#
 22  

  +PBO 241 2.85 ± 0.51 20 (13-25) 18.3
#
 14 0.95 (0.69-1.31) 

  +TPP 296 2.21 ± 0.41 14 (10-18) 12.2
#
 18    1.36 (0.96-1.93) 

Sm2 Malathion - 
d
 289 0.97 ± 0.24 2940 (1992-5714) 5.6

#
 18  

  +PBO 387 1.98 ± 0.22 4242 (3000-5470) 20.7
#
 26 0.69 (0.37-1.29) 

  +DEF 287 1.34 ± 0.27 778 (396-1130) 8.5
#
 18 3.77 (1.75-8.12)* 

  +TPP 288 1.66 ± 0.28 1247 (832-1671) 14.9
#
 18 2.36 (1.22-4.52)* 

a
 Concentrations expressed in ppm of insecticide in the diet.  

b
 Synergistic ratio (SR) at LC50 of malathion with respect to malathion plus the synergist in the same strain. The fiducial limits were calculated according to Robertson et al. 

(2007). 
c
 Results from a bioassay also showed in Tables 2.5, 3.2 and 4.4. 

d
 Results from a bioassay also showed in Table 4.4. 

# 
Good fit of the data to the probit model (P>0.05). 

* SR is significant (P<0.05) if 95% fiducial limits do not include 1 
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4.3.2 Esterase activity in isolines and strains 

 

Males and females were analyzed separately, since significant differences in esterase 

activity were found between sexes (ANOVA, P<0.05) when using both -NA and MTB 

as substrates (Table 4.6). Females from the Sm2 isoline showed levels of -NA activity 

similar to that in the control C strain but significantly lower than in 267Y, 306TY and 

W-4Km. In the case of males, the -NA activity of Sm2 was similar to that of 267Y, 

306TY and the C strain, but significantly lower when compared to W-4Km. 

Interestingly, a decrease in the MTB activity was found in both males and females of 

the Sm2 isoline when compared with all the other isolines and strains tested. 

 

Table 4.6. Esterase activity of strains and isolines of C. capitata with different 

mutations in the aliesterase CcE7. 
 

Isoline/strain        -NA specific activity
a
         MTB specific activity

a
 

Males Females Males Females 

C 0.270± 0.041 ab 0.353± 0.070 a 0.105± 0.023 b 0.209± 0.053 b 

Sm2 0.254± 0.037  a 0.321± 0.054 a 0.083± 0.018 a 0.154± 0.050 a 

306TY 0.299± 0.036  ab 0.477± 0.101 b 0.119± 0.024 b 0.270± 0.055 c 

267Y 0.275± 0.064 abc 0.467± 0.098 b 0.126± 0.038 b 0.281± 0.105 bc 

W-4Km 0.324± 0.060  c 0.429± 0.088 b 0.161± 0.049 c 0.277± 0.075 c 

a 
Values are mean of the specific activity ± standard error of 30 adults per strain and sex. Specific activity 

was measured as mol of substrate transformed·min-1·mg protein
-1

.   

Different letters within columns indicate significant differences (T2 Tamhane test, P<0.05) 

 

4.3.3 Association of MTB activity and susceptibility to malathion with 

the V96L mutation   

 

An association between MTB activity and the presence of the mutation V96L in 

individuals of the Sm2 isoline was established by analyzing the 10 males and the 10 

females with the highest and the lowest MTB activity from Section 4.3.2. For both, 

males and females, almost all individuals with low MTB activity presented the mutation 

V96L in homozygosis or heterozygosis (19 of 20 analyzed), whereas the majority of 
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individuals with high MTB activity do not carry the mutation, being this distribution 

significantly different (Chi-squared test, P<0.05).  

 

Table 4.7. Relation between MTB activity and the presence of the mutation V96L in the 

aliesterase CcE7 in individuals of the Sm2 isoline of C. capitata. 

 

 

Isoline 

Sm2 

 

MTB activity
a
 

Number of individuals 

Mutation V96L 

in homozygosis 

Mutation V96L 

in heterozygosis 

Without the 

mutation 

Female High (0.162-0.353) 0 2 8 

Low (0.089-0.134) 0 10 0 

Male High (0.093-0.130) 0 2 8 

Low (0.060-0.071) 4 5 1 

a 
Values within brackets indicate the range of specific activities (nmol of substrate transformed·min-1·mg 

protein
-1

) for the 10 adults with the highest and lowest MTB activity per sex (data obtained from Table 

4.6).  

 

An association was also found between survival to a discriminating concentration of 

5,000 ppm of malathion an the presence of the mutation V96L (Table 4.8). 

Interestingly, none of the dead males and females analyzed presented this mutation. On 

the contrary, more than half of the alive adults carried the mutation (13 of 20 analyzed). 

For both, males and females, there were significant differences in the distribution of the 

presence of the mutation between dead and alive flies (Chi-squared test, P<0.05). 

 

Table 4.8. Relation between susceptibility to malathion and the presence of the 

mutation V96L in the aliesterase CcE7 in individuals of the Sm2 isoline of C. capitata 
 

Isoline 

Sm2 

Response to 

malathion 

treatment 
a
 

Number of individuals 

Mutation V96L 

in homozygosis 

Mutation V96L 

in heterozygosis 

Without the 

mutation 

Females Alive 0 6 4 

Dead 0 0 10 

Males Alive 4 3 3 

Dead 0 0 10 

a
 A concentration of 5,000 ppm was tested (20 replicates of 12 flies, 6 males and 6 females). Ten alive 

and ten dead adults from each sex were randomly selected to determine the presence of the mutation. 
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4.4 Discussion  

 

Three different mechanisms have been associated with malathion resistance in C. 

capitata: a mutation and a duplication in the AChE and metabolic resistance mediated 

by esterases (Magaña et al., 2008; Couso-Ferrer, 2012). In order to investigate further 

the role of esterases, we have generated three isolines bearing specific mutations (V96L, 

L267Y and R306T-N307Y) previously found in the aliesterase CcE7 (Magaña et al., 

2008) and selected by their putative location near the upper part of the active site gorge 

of the enzyme (Cervera et al., 2011). Our results indicate that, among the mutations 

considered, V96L may play some role in malathion resistance, whereas the other two 

mutations analyzed (L267Y and R306T-N307Y) are apparently not contributing to this 

resistance. First of all, Sm2 (bearing the mutation V96L) was the only isoline that kept 

the levels of resistance to malathion comparable to that of the original resistant strain 

W-4Km, even after 30 generations without selection pressure. On the contrary, the 

isolines 267Y (mutation L267Y) and 306TY (double mutation R306T-N307Y) showed 

a significant reduction in the levels of resistance when compared to W-4Km. We have 

also found that there was a reduction in MTB activity in males and females of the Sm2 

isoline when compared to those of the other isolines and strains tested. This reduced 

activity toward aliphatic esters has been associated with malathion resistance mediated 

by point mutations in aliesterase E7 genes in several insect species (Oppenoorth and 

van Asperen, 1960; Campbell et al., 1997; Devonshire et al., 2003). Besides, the 

resistance to malathion of the Sm2 isoline was partially reverted by DEF and TPP, as 

reported for other species showing malathion-specific resistance mediated by 

aliesterases (Hughes et al., 1984; Oakeshott et al., 2005). Magaña et al. (2008) also 

found a reversion in the resistance to malathion of the W strain by DEF and TPP, and a 

reduction in MTB activity in the resistant W strain when compared to the susceptible C 

strain. However, our results with W-4Km (derived from W and used to obtain Sm2, see 

Annex I) showed higher MTB activity than the C strain. The differences may be due to 

changes in the esterase composition during the sequential generation of W, W-4Km and 

Sm2; or to methodological differences between both studies, since Magaña et al. (2008) 

analyzed both sexes together, whereas MTB activity was measured for each sex 

separately in this study. Finally, it was possible to associate the presence of the mutation 

V96L in individuals from the Sm2 isoline with resistance to malathion. Two different 
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alleles were present in this isoline, the allele 96L that contains the V96L mutation and 

the allele 96V that was identical to that of the individuals from the C strain. We found 

that when males and females of the Sm2 strain were exposed to a discriminating 

concentration of malathion (5,000 ppm), more than half of the survivors carried the 

mutation V96L in homozygosis or heterozygosis, whereas none of the dead adults tested 

presented this mutation. Besides, when individuals from the Sm2 isoline with the higher 

and lower MTB activity were analyzed, it was also possible to associate the presence of 

the mutation V96L with low MTB activity. 

 

The mutation V96L is putatively located, as predicted using D. melanogaster AChE 

1QO9 structure (Harel et al., 2000), in a loop in the upper part of the active site gorge of 

the enzyme (Cervera et al., 2011), and may then influence the catalytic specificity of the 

enzyme. However, this location is different from that of the W251L/S/G and G137D 

mutations identified in other species, which are located in the oxyanion hole and the 

acyl-binding pocket in the active site region of the enzyme (Newcomb et al., 1997; 

Campbell et al., 1998), and whose acquired ability for hydrolysing OPs has been 

demonstrated (Campbell et al., 1997; Devonshire et al., 2003). Our results point out to a 

possible association between the mutation V96L in the aliesterase CcE7 and resistance 

to malathion, though further work is needed to establish a causal relationship between 

the presence of the mutation and the hydrolysis of malathion. Besides, we can not 

discard that other esterases and/or resistance mechanisms not considered in this study 

may be linked with the 96L allele that contains the V96L mutation, contributing to 

malathion resistance in the Sm2 isoline. 

 

The three mechanisms associated with malathion resistance in C. capitata have been 

identified in the resistant strains W and W-4Km, where all of them are apparently 

contributing to resistance (Magaña et al., 2008; Couso-Ferrer, 2012). However, the 

isolines Sm2, 267Y and 306TY generated in this study preserve only some of the three 

mechanisms, making possible to estimate the potential contribution of each mechanism 

in malathion resistance. Remarkably, the level of resistance to malathion of the W-4Km 

strain (314-fold when compared with the susceptible C strain) was only maintained in 

the Sm2 isoline (157- to 365-fold), in which both the duplication of the Ccace2 gene 

(one of the copies bearing the mutation G328A) and the mutation V96L in CcE7 are 

present. On the contrary, the resistance to malathion in the isoline 306TY, composed by 
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individuals homozygous for the duplication of the Ccace2 gene but that lack the V96L 

mutation in CcE7, was reduced to 41-61-fold. Likewise, the level of resistance to 

malathion of the 267Y isoline, composed by individuals homozygous for the mutation 

G328A in the AChE and that also lack the mutation V96L in CcE7, was also reduced 

to 25-41-fold. Besides, we have shown that the resistance of the Sm2 isoline to 

malathion was reverted by DEF and TPP to levels comparable to that of 267Y and 

306TY. All together, these results indicate that altered target site AChE appears to be 

responsible for a certain level of resistance to malathion in C. capitata, that can be 

estimated as about 25-40-fold for the G328A mutation and 40-60-fold for the 

duplication; whereas metabolic resistance mediated by esterases and associated in this 

study with the mutation V96L in CcE7 may confer a multiplicative effect (by a factor 

of 5 to10) increasing malathion resistance to 200-400-fold.  

 

In conclusion, the results of this study provide further evidences for the contribution of 

esterases in the resistance to malathion in C. capitata. Our results indicate also that the 

mutation V96L in the aliesterase CcE7 appears to be associated with resistance to 

malathion mediated by esterases, though other esterases and/or resistance mechanisms 

linked with the 96L allele that contains the V96L mutation may be also contributing to 

this resistance. Target site resistance due to a mutation and/or a duplication in the AChE 

have been shown to be widely distributed in Spanish field populations (Couso-Ferrer, 

2012), but evidences of malathion resistance mediated by esterases in field populations 

have not been found so far. This is especially relevant, since the interactions between 

multiple insecticide resistance mechanisms (synergistic, antagonistic or additive) will 

determine the malathion resistance status of field populations. In addition, the evolution 

and/or maintenance of multiple resistance mechanisms in the field provide the potential 

to develop resistance to other available insecticides for the control of this pest, as has 

been proven for lambda-cyhalothrin (Couso-Ferrer et al., 2011, see also Chapter 2 of 

this Thesis). 
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Conclusions 

 

1) Resistance to lambda-cyhalothrin has been found for the first time in Spanish 

field populations of C. capitata. 

 

2) A lambda-cyhalothrin resistant strain (W-1K), originating from a malathion 

resistant strain (W-4Km), has been further selected with lambda-cyhalothrin 

increasing its level of resistance from 35- to 205-fold. 

 

3) Metabolic resistance mediated by P450 appears to be the main resistance 

mechanism in W-1K, and an overexpression of the P450 gene CYP6A51 has 

been found in this strain. 

  

4) The W-1K strain shows cross-resistance to etofenprox and deltamethrin, 

currently approved against C. capitata. 

 

5) Resistance to malathion in C. capitata mediated by a G328A mutation in the 

acetylcholinesterase or by a duplication of the acetylcholinesterase gene (one of 

the copies bearing the mutation G328A) are inherited as semi-dominant traits. 

 

6) The mutation G328A in the acetylcholinesterase imposes a fitness cost, which is 

partially compensated in individuals bearing the duplication of the 

acetylcholinesterase gene. 

 

7) The resistance mediated by the duplication of the acetylcholinesterase gene 

exhibits a higher stability than the mutation G328A in the laboratory and in the 

field, favoring its persistence under the current scenario of no malathion 

treatments. 

 

8) The contribution to malathion resistance can be estimated as about 25-40-fold 

for the mutation G328A and 40-60-fold for the duplication of the 

acetylcholinesterase, whereas metabolic resistance mediated by esterases may 
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confer a multiplicative effect (by a factor of 5 to 10) increasing malathion 

resistance to 200-400-fold. 

 

9)  The mutation V96L in the aliesterase CcE7 appears to be associated with 

resistance to malathion mediated by esterases in C. capitata, though further 

evidences are needed to establish a direct connection between resistance and the 

mutated enzyme. 

 

10)  Appropriate resistance management strategies must be implemented to prevent 

further development and spread of the multiple resistance mechanisms 

coexisting in field populations of C. capitata. 

 



 

104 
 

 

 

 

 

 

References 

 

 

 

 



 

105 
 

Ahmad, M., and Hollingworth, R. M., 2004. Synergism of insecticides provides 

evidence of metabolic mechanisms of resistance in the obliquebanded leafroller 

Choristoneura rosaceana (Lepidoptera: Tortricidae). Pest Manag. Sci. 60: 465-

473. 

 

Ahmad, S. F., Ahmed, S., Khan, R. R., and Nadeem, M. K., 2010. Evaluation of 

insecticide resistance in two strains of fruit fly, Bactrocera zonata (Saunders) 

(Tephritidae: Diptera), with fruit dip method. Pak. Ent. 32: 163-167. 

 

Alout, H., Labbe, P., Berthomieu, A., Pasteur, N., and Weill, M., 2009. Multiple 

duplications of the rare ace-1 mutation F290V in Culex pipiens natural 

populations. Insect Biochem. Molec. Biol. 39: 884-891. 

 

Aluja, M., 1993. Manejo integrado de la mosca de la fruta. Ed. Trillas. México D. F. 

251 pp. 

 

Arensburger, P., Megy, K., Waterhouse, R. M., Abrudan, J., Amedeo, P., Antelo, 

B., Bartholomay, L., Bidwell, S., Caler, E., Camara, F., Campbell, C. L., 

Campbell, K. S., Casola, C., Castro, M. T., Chandramouliswaran, I., 

Chapman, S. B., Christley, S., Costas, J., Eisenstadt, E., Feschotte, C., 

Fraser-Liggett, C., Guigo R., Haas, B., Hammond, M., Hansson, B. S., 

Hemingway, J., Hill, S. R., Howarth, C., Ignell, R., Kennedy, R. C., Kodira, 

C. D., Lobo, N. F., Mao, C., Mayhew, G., Michel, K., Mori, A., Liu, N., 

Naveira, H., Nene, V., Nguyen, N., Pearson, M. D., Pritham, N. J., Puiu, D., 

Qi, Y., Ranson, H., Ribeiro, J. M. C., Roberston, H. M., Severson, D. W., 

Shumway, M., Stanke, M., Strausberg, R. L., Sun, C., Sutton, G., (Jake) Tu, 

Z., Tubio, J. M. C., Unger, M. F., Vanlandingham, D. L., Vilella, A. J., 

White, O., White, J. R., Wondji, C. S., Wortman, J., Zdobnov, E. M., 

Birren, B., Christensen, B. M., Collins, F. H., Cornel, A., Dimopoulos, G., 

Hannick, L. I., Higgs, S., Lanzaro, G. C., Lawson, D., Lee, N. H., 

Muskavitch, M. A. T., Raikhel, A. S., and Atkinson, P. W., 2010. Sequencing 

of Culex quinquefasciatus establishes a platform for mosquito comparative 

genomics. Science 330: 86-88. 

 



 

106 
 

Argilés, R., and Tejedo, V., 2007. La lucha contra la mosca de la fruta mediante la 

técnica del insecto estéril en la Comunitat Valenciana. Levante Agricola 385: 

157-162. 

 

Assie, L. K., Francis, F., Gengler, N., and Haubruge, E., 2007. Response and genetic 

analysis of malathion-specific resistant Tribolium castaneum (Herbst) in relation 

to population density. J. Stored Prod. Res. 43: 33-44. 

 

Bachrouch, O., Mediouni-Ben, J., Alimi, E., Skillman, S., Kabadou, T., and 

Kerber, E., 2008. Efficacy of the lufenuron bait station technique to control 

Mediterranean Fruit Fly (Medfly) Ceratitis capitata in citrus orchards in 

Northern Tunisia. Tun. J. Plant Prot. 3: 35-45. 

 

Baker, J. E., Perez-Mendoza, J., and Beeman, R. W., 1997. Inheritance of malathion 

resistance in the parasitoid Anisopteromalus calandrae (Hymenoptera: 

Pteromalidae). J. Econ. Entomol. 90: 304-308. 

 

Bariami, V., Jones, C. M., Poupardin, R., Vontas, J., and Ranson, H., 2012. Gene 

amplification, ABC transporters and cytochrome P450s: Unraveling the 

molecular basis of pyrethroid resistance in the dengue vector, Aedes aegypti. 

PLoS Negl. Trop. Dis. 6: e1692. 

 

Bass, G., and Field, L., 2011. Gene amplification and insecticide resistance. Pest 

Manag. Sci. 67: 886-890  

 

Bateman, M. A., 1972. The ecology of fruit flies. Ann. Rev. Entomol. 17: 493-518. 

 

Bautista, M. A., Tanaka, T., and Miyata, T., 2007. Identification of permethrin-

inducible cytochrome P450s from the diamondback moth, Plutella xylostella 

(L.), and the possibility of involvement in permethrin resistance. Pest. Biochem. 

Physiol. 87: 85-93. 

 

Bautista, M. A., Miyata, T., Miura, K., and Tanaka, T., 2009. RNA interference-

mediated knockdown of a cytochrome P450, CYP6BG1, from the diamondback 



 

107 
 

moth, Plutella xylostella, reduces larval resistance to permethrin. Insect 

Biochem. Molec. Biol. 39: 38-46. 

 

Beeman, R. W., and Schmidt, B. A., 1982. Biochemical and genetic aspects of 

malathion-specific resistance in the indianmeal moth (Lepidoptera: Pyralidae). J. 

Econ. Entomol. 75: 945-949. 

 

Bernard, C. B., and Philogene, B. J., 1993. Insecticide synergists: role, importance, 

and perspectives. J. Toxicol. Environ. Health 38: 199-223. 

 

Beroiz, B., Couso-Ferrer, F., Castañera, P., Hernández-Crespo, P., and Ortego, F. 

2007. Herencia de la resistencia al malatión en la mosca mediterránea de la fruta 

Ceratitis capitata (Wiedemann). V Congreso Nacional de Entomología Aplicada. 

Cartagena, 22-26 octubre 2007. 

 

Beroiz, B., Ortego, F., Callejas, C., Hernández-Crespo, P., Castañera P., and 

Ochando, M. D., 2012. Genetic structure of Spanish populations of Ceratitis 

capitata revealed by RAPD and ISSR markers: implications for resistance 

management. Span. J. Agric. Res. 10: 815-825. 

 

Berticat, C., Boquien, G., Raymond, M., and Chevillon, C., 2002. Insecticide 

resistance genes induce a mating competititon cost in Culex pipiens mosquitoes. 

Genet. Res. Camb. 79: 41-47. 

 

Berticat, C., Duron, O., Heyse, D., and Raymond, M., 2004. Insecticide resistance 

genes confer a predation cost on mosquitoes, Culex pipiens. Genet. Res. 83: 189-

196. 

 

Berticat, C., Bonnet, J., Duchon, S., Agnew, P., Weill, M., and Corbel, V., 2008. 

Costs and benefits of multiple resistance to insecticides for Culex 

quinquefasciatus mosquitoes. BMC. Evol. Biol. 8: 104. 

 



 

108 
 

Bisset, J., Rodriguez, M., Soca, A., Pasteur, N., and Raymond, M., 1997. Cross-

resistance to pyrethroid and organophosphorus insecticides in the southern house 

mosquito (Diptera:Culicidae) from Cuba. J. Med. Ent. 34: 244-246. 

 

Bogwitz, M. R., Chung, H., Magoc, L., Rigby, S., Wong, W., O’Keefe, M., 

McKenzie, J. A., Batterham, P., and Daborn, P. J., 2005. Cyp12a4 confers 

lufenuron resistance in a natural population of Drosophila melanogaster. Proc. 

Natl. Acad. Sci. U.S.A. 102: 12807-12812. 

 

Bourguet, D., and Raymond, M., 1998. The molecular basis of dominance 

relationships: the case of some recent adaptive genes. J. Evol. Biol. 11: 103-122. 

 

Bourguet, D., Raymond, M., Bisset, J., Pasteur, N., and Arpagaus, M., 1996. 

Duplication of the Ace.1 locus in Culex pipiens mosquitoes from the Caribbean. 

Biochem. Genet. 34: 351-362. 

 

Bourguet, D., Lenormand, T., Guillemaud, T., Marcel, V., and Raymond, M., 1997. 

Variation of dominance of newly arisen adaptive genes. Genetics. 147: 1225-

1234. 

 

Bourguet, D., Genissel, A., and Raymond, M., 2000. Insecticide resistance and 

dominance levels. J. Econ. Entomol. 93: 1588-1595. 

 

Bourguet, D., Guillemaud, C., Chevilon, C., and Raymond, M., 2004. Fitness costs 

of insecticide resistance in natural breeding sites of the mosquito Culex pipiens. 

Evolution. 58: 128-135. 

 

Bradford, M. M., 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. 

 

Brandt, A., Scharf, M. E., Pedra, J. H. F., Holmes, G., Dean, A., Kreitman, M., and 

Pittendrigh, B. R., 2002. Differential expression and induction of two 



 

109 
 

Drosophila cytochrome P450 genes near the Rst(2)DDT locus. Insect Mol. Biol. 

11: 337-341. 

 

Brun, A., Cuany, A., Le Mouel, T., Berge, J. B., and Amichot, M., 1996. Inducibility 

of the Drosophila melanogaster cytochrome P450 gene, CYP6A2, by 

phenobarbital in insecticide susceptible or resistant strains. Insect Biochem. 

Molec. Biol. 26: 697-703. 

 

Brun-Barale, A., Héma, O., Martin, T., Suraporn, S. Audant, P., Sezutsudand, H., 

and Feyereisen, R., 2010. Multiple P450 genes overexpressed in deltamethrin-

resistant strains of Helicoverpa armigera. Pest Manag. Sci. 66: 900-909. 

 

Busch-Petersen, E., and Wood, R. J., 1983. Insecticide resistance as a prospective 

candidate for the genetic sexing of the Mediterranean fruit fly, Ceratitis capitata 

(Wied.), In: R. Cavalloro, [Ed.], Fruit Flies of Economic Importance, Balkema, 

Rotterdam, pp. 182-189. 

 

Busch-Petersen, E., and Wood, R. J., 1986. The isolation and inheritance of dieldrin 

resistance in the Mediterranean fruit fly, Ceratitis capitata (Wiedemann) 

(Diptera: Tephritidae). Bull. Ent. Res. 76: 567-581. 

 

Campbell, P. M., Trott, J. T., Claudianos, C., Smyth, K. A., Russell, R. J., and 

Oakeshott, J. G., 1997. Biochemistry of esterases associated with 

organophosphate resistance in Lucilia cuprina with comparisons to putative 

orthologues in other Diptera. Biochem. Genet. 35: 17-40. 

 

Campbell, P. M., Newcomb, R. D., Rusell, R. J., and Oakeshott, J. G., 1998. Two 

different amino acid substitutions in the ali-esterase, E3, confer alternative types 

of organophosphorus insecticide resistance in the sheep blowfly, Lucilia 

cuprina. Insect Biochem. Molec. Biol. 28: 139-150. 

 

Carvalho, R. A., Torres, T. T., and de Azeredo-Espin, A. M. L., 2006. A survey of 

mutations in the Cochliomyia hominivorax (Diptera: Calliphoridae) esterase E3 



 

110 
 

gene associated with organophosphate resistance and the molecular 

identification of mutant alleles. Vet. Paras. 140: 344-351. 

 

Carvalho, R. A., Torres, T. T., Paniago, M. G., and Azeredo-Espin, A.M.L., 2009. 

Molecular characterization of esterase E3 gene associated with 

organophosphorus insecticide resistance in the New World screwworm fly, 

Cochliomyia hominivorax. Med. Vet. Entomol. 23: 86-91. 

 

Carvalho, R., Yang, Y., Field, L. M., Gorman, K., Moores, G. D., Williamson, 

M.S., and Bass, C., 2012. Chlorpyrifos resistance is associated with mutation 

and amplification of the acetylcholinesterase-1 gene in the tomato red spider 

mite, Tetranychus evansi. Pest. Biochem. Physiol. 104: 143-149. 

 

Casaña-Giner, V., Gandia-Balaguer, A., Mengod-Puerta, C., Primo-Millo, J., and 

Primo-Yufera, E., 1999. Insect growth regulators as chemosterilants for 

Ceratitis capitata (Diptera : Tephritidae). J. Econ. Entomol 92: 303-308. 

 

Castañera, P., 2003. Control integrado de la mosca mediterránea de la fruta, Ceratitis 

capitata (Wiedmann) (Diptera: Tephritidae) en cítricos. Phytoma. 153: 131-133. 

 

Castañera, P., 2007. La unidad asociada de entomología IVIA-CIB y su papel en el 

control de Ceratitis capitata. Levante Agrícola 385: 89-90 

 

Cervera, A., Arouri, R., Castañera, P., Hernández-Crespo, P., and Ortego, F., 

2011. Esterase-mediated insecticide resistance in the Mediterranean fruit fly, 

Ceratitis capitata. Resistance 2011. Rothamsted Research, UK. 5-7 septiembre 

2011. 

 

Chen, W. L., and Sun, C. N., 1994. Purification and characterization of 

carboxylesterases of a rice brown plant hopper, Nilaparvata lugens Stal. Insect 

Biochem. Molec. Biol. 24: 347-355. 

 

Chou, M. Y., Haymer, D. S., Feng, H. T., Mau, R. F. L., and Hsu, J. C., 2010. 

Potential for insecticide resistance in populations of Bactrocera dorsalis in 



 

111 
 

Hawaii: spinosad susceptibility and molecular characterization of a gene 

associated with organophosphate resistance. Ent. Exp. Appl. 134: 296-303. 

 

Christenson, L. D., and Foote,. R. H., 1960. Biology of fruit flies. Ann. Rev. Entomol. 

5: 171-192. 

 

Chueca, P., 2007. Mecanización de métodos de control de Ceratitis capitata 

(Wiedemann) en cítricos. Tesis Doctoral. Unversidad Politécnica de Valencia, 

Valencia,  pp. 246. 

 

Chung, H., Bogwitz, M. R., McCart, C., Andrianopoulos, A., ffrench-Constant, R. 

H., Batterham, P., and Daborn, P. J., 2007. Cis-regulatory elements in the 

Accord retro transposon result in tissue-specific expression of the Drosophila 

melanogaster insecticide resistance gene Cyp6g1. Genetics. 175: 1071-1077. 

 

Claudianos, C., Russell, R. J., and Oakeshott, J. G., 1999. The same amino acid 

substitution in orthologous esterases confers organophosphate resistance on the 

house fly and a blowfly. Insect Biochem. Molec. Biol. 29: 675-686. 

 

Cochran, D. G., 1973. Inheritance of malathion resistance in the German cockroach. 

Ent. Exp. Appl. 16: 83-90. 

 

Couso-Ferrer, F., Arouri, R., Beroiz, B., Perera, N., Cervera, A., Navarro-Llopis, 

V., Castañera, P., Hernández-Crespo, P., and Ortego., F., 2011. Cross-

resistance to insecticides in a malathion-resistant strain of Ceratitis capitata 

(Diptera: Tephritidae). J. Econ. Entomol. 104: 1349-1356. 

 

Couso-Ferrer, F. 2012. Bases moleculares de la resistencia a insecticidas en la mosca 

mediterránea de la fruta Ceratitis capitata (Wiedemann). Tesis Doctoral. 

Universidad Politécnica de Madrid. pp. 224. 

 

Daborn, P. J., Yen, J. L., Bogwitz, M. R., Le Goff, G., Feil, E., Jeffers, S., Tijet, N., 

Perry, T., Heckel, D., and Batterhaml, P., 2002. A single P450 allele 

associated with insecticide resistance in Drosophila. Science. 297: 2253-2256.   



 

112 
 

 

Dai, S. M. and Sun, C. N., 1984. Pyrethroid resistance and synergism in Nilaparvata 

lugens Stal (Homoptera: Delphacidae) in Taiwan. J. Econ. Entomol. 77: 891-

897. 

 

David, J. P., Strode, C., Vontas, J., Nikou, D., Vaughan, A., Pignatelli, P. M., Louis, 

C., Hemingway, J., and Ranson, H., 2005. The Anopheles gambiae 

detoxification chip: a highly specific microarray to study metabolic-based 

insecticide resistance in malaria vectors. Proc. Natl. Acad. Sci. U S A. 102: 

4080-4084. 

 

Davies, T. G. E., O’Reilly, A., Field, L. M., Wallace, B.A., and Williamson, M. S., 

2008. Knockdown resistance to DDT and pyrethroids: from target-site mutations 

to molecular modeling. Pest Manag. Sci. 64: 1126-1130. 

 

Denholm, I., and Rowland, M. W., 1992.  Tactics for managing pesticide resistance in 

arthropods: theory and practice. Annu. Rev. Entomol. 37: 91-112. 

 

Desneux, N., Pham-Delegue, M. H., and Kaiser, L., 2004. Effects of sub-lethal and 

lethal doses of lambda-cyhalothrin on oviposition experience and host-searching 

behaviour of a parasitic wasp, Aphidius ervi. Pest Manag. Sci. 60: 381-389. 

 

Devonshire, A. L., Heidari, R., Bell, K. L., Campbell, P. M., Campbell, B. E., 

Odgers, W. A., Oakeshott, J. G., and Russell, R. J., 2003. Kinetic efficiency 

of mutant carboxylesterases implicated in organophosphate insecticide 

resistance. Pest. Biochem. Physiol. 76: 1-13. 

 

Devonshire, A. L., Heidari, R., Huang, H. Z., Hammock, B. D., Russell, R. J., and 

Oakeshott, J. G., 2007. Hydrolysis of individual isomers of fluorogenic 

pyrethroid analogs by mutant carboxylesterases from Lucilia cuprina. Insect 

Biochem. Molec. Biol. 37: 891-902. 

 

DeVries, D. H., and Georghiou, G. P., 1981. Decreased nerve sensitivity and 

decreased cuticular penetration as mechanisms of resistance to pyrethroids in 



 

113 
 

(1R)-trans-permethrin selected strain of thew house fly. Pest. Biochem. Physiol. 

15: 234-241. 

 

Djogbénou, L., Chandre, F., Berthomieu, A., Dabiré, R., Koffi, A., Alout, H., and 

Weill, M., 2008a. Evidence of introgression of the ace-1R mutation and of the 

ace-1 duplication in West African Anopheles gambiae s.s. Plos One 3: e2172. 

 

Djogbénou, L., Dabiré, R., Diabaté, A., Kengne, P., Akogbeto, M., Hougard, J. M., 

and Chandre, F., 2008b. Identification and geographic distribution of the ACE-

1R mutation in the malaria vector Anopheles gambiae in south-western Burkina 

Faso, West Africa. Am. J. Trop. Med. Hyg. 78: 298-302 

 

Duangkaew, P., Kaewpa, D., and Rongnoparut, P., 2011a. Protective efficacy of 

Anopheles minimus CYP6P7 and CYP6AA3 against cytotoxicity of pyrethroid 

insecticides in Spodoptera frugiperda (Sf9) insect cells. Trop Biomed 28: 293-

301. 

 

Duangkaew, P., Pethuan, S., Kaewpa, D., Boonsuepsakul, S., Sarapusit, S., and 

Rongnoparut, P., 2011b. Characterization of mosquito CYP6P7 and CYP6AA3: 

differences in substrate preference and kinetic properties. Arch.  Insec. Biochem. 

Physiol. 76: 236-248. 

 

Ellman, G. L. 1959. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82: 70-77. 

 

Enayati, A. A., Ranson, H. and Hemingway, J., 2005. Insect glutathione transferases 

and insecticide resistance. Insect Mol. Biol. 14: 3-8. 

 

EPPO [European and Mediterranean Plant Protection Organization], 2013. PQR-

EPPO database on quarantine pests.  

http://www.eppo.int/DATABASES/pqr/pqr.htm. Accessed June 2013. 

 

Espinosa, P. J., Contreras, J., Quinto, V., Gravalos, C., Fernandez, E., and. Bielza, 

P., 2005. Metabolic mechanisms of insecticide resistance in the western flower 

thrips, Frankliniella occidentalis (Pergande). Pest Manag. Sci. 61: 1009-1015. 

http://www.eppo.int/DATABASES/pqr/pqr.htm


 

114 
 

 

Eto, M., 1974. Organophosphorus Pesticides: Organic and Biological Chemistry. CRC 

Press, Cleveland. 

 

Fang, C. C., Okuyama, T., Wu, W. J., Feng, H. T., and Hsu, J. C., 2011. Fitness 

costs of an insecticide resistance and their population dynamical consequences 

in the Oriental fruit fly. J. Econ. Entomol. 104: 2039-2045 

 

FAO [Food and Agriculture Organization of the United Nations], 2013. FAO 

Statistical Yearbooks World food and agriculture. 

 http://www.fao.org/economic/ess/ess-publications/ess-yearbook/en/#.UdweOTu8Afg. 

Accessed July 2013. 

 

Ferrari, J. A., and Georghiou, G. P., 1981. Effects on insecticidal selection and 

treatment on reproductive potential of resistant, susceptible, and heterozygous 

strains of the southern house mosquito. J. Econ. Entomol. 74: 323-327. 

 

Festucci-Buselli, R. A., Carvalho-Dias, A. S., de Oliveira-Andrade, M., Caixeta-

Nunes, C., Li, H. M., Stuart, J. J., Muir, W., Scharf, M. E., and Pittendrigh, 

B. R., 2005. Expression of Cyp6g1 and Cyp12d1 in DDT resistant and 

susceptible strains of Drosophila melanogaster. Insect Mol. Biol. 14: 69-77. 

 

Feyereisen, R., 2012. Insect CYP genes and P450 enzymes. In: Gilbert, L.I. [Eds], 

Insect Molecular Biology and Biochemistry. Elsevier, Oxford, pp. 236-316. 

 

Feyereisen, R., Koener, J. F., Farnsworth, D. E., and Nebert, D. W., 1989. Isolation 

and sequence of cDNA encoding a cytochrome P-450 from an insecticide-

resistant strain of the house fly, Musca domestica. Proc. Natl. Acad. Sci. USA 

86: 1465-1469. 

 

ffrench-Constant, R. H., 1999. Target site mediated insecticide resistance: What 

questions remain? Insect Biochem. Molec. Biol. 29: 397-403. 

 

http://www.fao.org/economic/ess/ess-publications/ess-yearbook/en/#.UdweOTu8Afg


 

115 
 

ffrench-Constant, R. H., Daborn, P. J., and Le Goff, G., 2004. The genetics and 

genomics of insecticide resistance. Trends Genet. 20: 163-170. 

 

Field, L. M., 2000. Methylation and expression of amplified esterase genes in the aphid 

Myzus persicae (Sulzer). Biochem. J. 349: 863-868. 

 

Field, L. M., Blackman, R. L., Tyler-Smith, C., and Devonshire, A. L.,1999. 

Relationship between amount of esterase and gene copy number in insecticide-

resistant Myzus persicae (Sulzer). Biochem. J. 399: 737.742. 

 

Field, S. A., Kaspi, R., and Yuval, B., 2002. Why do calling medflies (Diptera : 

Tephritidae) cluster? Assessing the empirical evidence for models of Medfly lek 

evolution. Fla. Entomol. 85: 63-72. 

 

Fimiani, P., 1989. Mediterranean region, In A. S. Robinson and G. Hoorper [eds.], 

World Crop Pests. Vol. 3A. Fruit flies. Their Biology, Natural Enemies and 

Control. Elsevier, Amsterdam, The Netherlands. pp. 39-50. 

 

Fischer-Colbrie, P. and Busch-Petersen, E., 1989. Temperate Europe and west Asia, 

In A. S. Robinson and G. Hooper [eds.], World Crop Pests. Vol. 3A. Fruit flies. 

Their Biology, Natural Enemies and Control. Elsevier, Amsterdam, The 

Netherlands. pp. 91-99. 

 

Fletcher, B. S., 1989. Movements of tephritid fruit flies, In A. S. Robinson and G. 

Hooper [eds.], World Crop Pests. Vol. 3B. Fruit flies. Their Biology, Natural 

Enemies and Control. Elsevier, Amsterdam, The Netherlands. pp. 209-217. 

 

Fournier, D., and Mutero, A., 1994. Modification of acetylcholinesterase as a 

mechanism of resistance to insecticides. Comp. Biochem. Physiol. 108C: 19-31 

 

Fournier, D., Karch, F., Bride, J. M., Hall, L. M. C., Bergé, J. B., and Spierer, P., 

1989. Drosophila melanogaster acetylcholinesterase gene, structure, evolution 

and mutations. J. Mol. Biol. 210: 15-22. 

 



 

116 
 

Fragoso, D. B., Guedes, R. N. C., and Rezende, S. T., 2003. Glutathione-S-transferase 

detoxification as a potential pyrethroid resistance mechanism in the maize 

weevil, Sitophilus zeamais. Ent. Exp. Appl. 109: 21-29. 

 

Gariou-Papalexiou, A., Gourzi, P., Delprat, A., Kritikou, D., Rapti, K., 

Chrysanthakopoulou, B., Mintzas , A., and Zacharopoulou, A., 2002. 

Polytene chromosomes as tools in the genetic analysis of the Mediterranean fruit 

fly, Ceratitis capitata. Genetica 116: 59-71. 

 

Gassmann, A. J., Onstad, D. W., and Pittendrigh, B. R., 2009. Evolutionary analysis 

of herbivorous insects in natural and agricultural environments. Pest Manag. Sci. 

65: 1174-1181. 

 

Grant, D. F., and Matsumura, F., 1989. Glutathion S-tranferase 1 and 2 in susceptible 

and insecticide resistant Aedes aegypti. Pest. Biochem. Phisiol. 33: 132-143. 

 

Guengerich, F. P., 2001. Common and uncommon cytochrome P450 reactions related 

to metabolism and chemical toxicity. Chem. Res. Toxicol. 14: 611-650. 

 

Guillemaud, T., Makate, N., Raymond, M., Hirst, B., and Callaghan, A., 1997. 

Esterase gene amplification in Culex pipiens. Insect Mol. Biol. 6: 319-327. 

 

Guillemaud, T., Lenormand, T., Bourguet, D., Chevillon, C., Raymond, M. and 

Pasteur, N., 1998. Evolution of resistance in Culex pipiens: allele replacement 

and changing environment. Evolution. 52: 443-453. 

 

Gunning, R. V., Moores, G. D., and Devonshire, A. L., 1997. Esterases and 

fenvalerate resistance in a field population of Helicoverpa punctigera 

(Lepidoptera: Noctuidae) in Australia. Pest. Biochem. Physiol. 58: 155-162. 

 

Hahn, M. W., 2009. Distinguishing among evolutionary models for the maintenance of 

gene duplicates. J. Heredity 100: 605-617. 

 



 

117 
 

Harel, M., Kryger, G., Rosenberry, T.L., Mallender, W.D., Lewis, T., Fletcher, 

R.J., Guss, J.M., Silman, I., and Sussman, J.L., 2000. Three-dimensional 

structures of Drosophila melanogaster acetylcholinesterase and its complexes 

with two potent inhibitors. Prot. Sci. 9: 1063-1072. 

 

Hartley, C. J., Newcomb, R. D., Russell, R. J., Yong, C. G., Stevens, J. T., Yeates, 

D. K., La Salle, J. and Oakeshott, J. G., 2006. Amplification of DNA from 

preserved specimens shows blowflies were preadapted for the rapid evolution of 

insecticide resistance Proc. Natl. Acad. Sci. USA. 103: 8757-8762. 

 

Hawkes, N.J., and Hemingway, J., 2002. Analysis of the promoters for the β-esterase 

genes associated with insecticide resistance in the mosquito Culex 

quinquefasciatus. Biochim. Biophys. Acta. 1574: 51-62. 

 

Hawkes, J. N., Hemingway, W. R., and Vontas, J., 2005. Detection of resistance-

associated point mutations of organophosphateinsensitive acetylcholinesterase in 

the olive fruit fly, Bactrocera oleae (Gmelin) Pest. Biochem. Physiol. 81: 154-

163. 

 

Healy, M. J., Dumancic, M. M., and Oakeshott, J. G., 1991. Biochemical and 

physiological studies of soluble esterases from Drosophila melanogaster. 

Biochem. Genet. 29: 365-388. 

 

Heidari, R., Devonshire, A. L., Campbell, B. E., Dorrian, S. J. Oakeshott, J. G., 

and Russell, R. J., 2005. Hydrolysis of pyrethroids by carboxylesterases from 

Lucilia cuprina and Drosophila melanogaster with active sites modified by in 

vitro mutagenesis. Insect Biochem. Molec. Biol. 35: 597-609. 

 

Hemingway, J., Dunbar, S.J., Monro, A.G., and Small, G.J., 1993. Pyrethroid 

resistance in German cockroaches (Dictyoptera Blattelidae): resistance levels 

and underlying mechanisms. J. Econ. Entomol. 86: 1631-1638. 

 



 

118 
 

Hemingway, J., Hawkes, N. J., McCarroll, L., and Ranson, H., 2004. The molecular 

basis of insecticide resistance in mosquitoes. Insect Biochem. Molec. Biol. 34: 

653-665. 

 

Hendrichs, J., Robinson, A. S., Cayol, J. P., and Enkerlin, W., 2002. Medfly area 

wide sterile insect technique programmes for prevention, suppression or 

eradication: The importance of mating behavior studies. Fla. Entomol. 85: 1-13. 

 

Herath, P. R. J., and Davidson, G., 1981. The nature of malathion resistance in a 

population of Anopheles culicifacies Giles. Bull. World Health Organ. 59: 383-

386. 

 

Holmes, R. S., and Masters, C. J., 1967. The developmental multiplicity and 

isoenzyme status of rat esterases.  Biochim. Biophys. Acta. 146: 138-150. 

 

Hotelier, T., Nègre, V, Marchot, P., and Chatonnet, A., 2010. Insecticide resistance 

through mutations in cholinesterases or carboxylesterases: data mining in the 

ESTHER database. J. Pest. Sci. 35: 315-320. 

 

Huang, Y., Shen, G.-M., Jiang, H.-B., Jiang, X.-Z., Dou, W., and Wang, J.-J., 2013. 

Multiple P450 genes: Identification, tissue-specific expression and their 

responses to insecticide treatments in the oriental fruit fly, Bactrocera dorsalis 

(Hendel) (Diptera: Tephritidea). Pest. Biochem. Physiol. 106: 1-7. 

 

Huchard, E., Martinez, M., Alout, H., Douzery, E. J. P., Lutfalla, G., Berthomieu, 

A., Berticat, C., Raymond, M., and Weill, M., 2006. Acetylcholinesterase 

genes within the Diptera: takeover and loss in true flies. Proc. Roy. Soc. B. Biol. 

Sci. 273: 2595-2604. 

 

Hughes, P.B., Green, P.E., and Reichmann, K.G., 1984. Specific resistance to 

malathion in laboratory and field populations of the Australian sheep blowfly, 

Lucilia cuprina (Diptera: Calliphoridae). J. Econ. Entomol. 77: 1400-1404. 

 



 

119 
 

Hsu, J. C., and Feng, H. T., 2000. Insecticide susceptibility of the Oriental Fruit Fly 

(Bactrocera dorsalis (Hendel)) (Diptera: Tephritidae) in Taiwan. Chinese J. 

Entomol. 20: 109-118. 

 

Hsu, J. C., and Feng, H. T., 2002. Susceptibility of melon fly (Bactrocera cucurbitae) 

oriental fruit fly (B. dorsalis) to insecticides in Taiwan, Plant Prot. Bull. 44: 303-

315. 

 

Hsu, J. C., and Feng, H. T., 2006. Development of resistance to spinosad in oriental 

fruit fly (Diptera: Tephritidae) in laboratory selection and cross-resistance. J. 

Econ. Entomol. 99: 931-936. 

 

Hsu, J. C., Feng, H. T., and Wu, W. J., 2004. Resistance and synergistic effects of 

insecticides in  Bactrocera dorsalis (Diptera: Tephritidae) in Taiwan, J. Econ. 

Entomol. 97: 1682-1688. 

 

Hsu, J. C., Haymer, D. S., Wu, W. J., and Feng, H. T., 2006. Mutations in the 

acetylcholinesterase gene of Bactrocera dorsalis associated with resistance to 

organophosphorus insecticides. Insect Biochem. Molec. Biol. 36: 396-402. 

 

Hsu, J. C., Wu, W. J., Haymer, D. S., Liao, H. Y., and Feng, H. T., 2008., 

Alterations of the acetylcholinesterase enzyme in the oriental fruit fly 

Bactrocera dorsalis are correlated with resistance to the organophosphate 

insecticide fenitrothion. Insect Biochem. Molec. Biol. 38: 146-154. 

 

Hsu, J. C., Haymer, D. S., Chou, M. Y., Feng, H. T., Chen, H. H., Huang, Y. B. and 

Mau, F. L. R., 2012. Monitoring resistance to spinosad in the melon fly 

(Bactrocera cucurbitae) in Hawaii and Taiwan. The Scientific World Journal, 

vol. 2012. Article ID 750576. 

 

IRAC [Insecticide Resistance Action Committee], 2013: http://www.irac-online.org/ 

Accessed June, 2013. 

 

http://www.irac-online.org/


 

120 
 

Itokawa, K., Komagata, O., Kasai, S., Masada, M., and Tomita, T., 2011. Cis-acting 

mutation and duplication: History of molecular evolution in a P450 haplotype 

responsible for insecticide resistance in Culex quinquefasciatus. Insect Biochem. 

Molec. Biol. 41: 503-512. 

 

Jacas, J. A. and Urbaneja, A., 2010. Biological control in citrus in Spain: From 

classical to conservation biological control. In: Integrated Management of 

Arthropods Pests and Insect Borne Diseases. A. Ciancio and K.G, [eds.] 

Mukerji, Springer, Dordrecht. The Netherlands. 

 

Jacas, J. A., Urbaneja, A., and Viñuela, E., 2006. History and future of introduction 

of exotic arthropod biological control agents in Spain: a dilemma? BioControl. 

51: 1-30. 

 

Jonsson, M., Wratten, S. D., Landis, D. A., and Gurr, G. M., 2008. Recent advances 

in conservation biological control of arthropods by arthropods. Biol. Control. 45: 

172-175. 

 

Juan-Blasco, M., Sabater-Muñoz, B., Argilés, R., Jacas, J.A., Ortego, F., and 

Urbaneja, A., 2013. Effects of pesticides used on citrus grown in Spain on the 

mortality of Ceratitis capitata (Diptera: Tephritidae) Vienna-8 strain sterile 

males. J. Econ. Entomol. 106: 1226-1233. 

 

Kakani, E. G., Ioannides, I. M., Margaritopoulos, J. T., Seraphides, N. A., Skouras, 

P. J., Tsitsipis, J. A., and Mathiopoulos, K. D., 2008. A small deletion in the 

olive fly acetylcholinesterase gene associated with high levels of 

organophosphate resistance. Insect  Biochem. Molec. Biol. 38: 781-787. 

 

Kakani, E. G., Zygouridis, N. E., Tsoumani, K. T., Seraphides, N., Zalom, F. G., 

and  Mathiopoulos, K. D., 2010. Spinosad resistance development in wild olive 

fruit fly Bactrocera oleae (Diptera: Tephritidae) populations in California. Pest. 

Manag. Sci. 66: 447-453. 

 



 

121 
 

Kamiya, E., Yamakawa, M., Shono, T., and Kono, Y., 2001. Molecular cloning, 

nucleotide sequences and gene expression of new cytochrome P450s (CYP6A24, 

CYP6D3v2) from the pyrethroid resistant housefly, Musca domestica L. 

(Diptera: Muscidae). Appl. Ent. Zool. 36: 225-229. 

 

Kao, L.R., Motoyama, N., and Dauterman, W.C., 1985. The purification and 

characterization of esterases from insecticide and susceptible houseflies. Pestic. 

Biochem. Physiol. 23: 228-239. 

 

Karunaratne, S. H., and Hemingway, J. 2001. Malathion resistance and prevalence of 

the malathion carboxylesterase mechanism in populations of mosquito vectors  

of desease in Sri Lanka. Bull. World Health Organ. 79: 1060-1064. 

 

Kasai, S., and Scott, J. G., 2001. Expression and regulation of CYP6D3 in the house 

fly, Musca domestica (L.). Insect Biochem. Molec. Biol. 32: 1-8. 

 

Keiser, I., 1989. Insecticide resistance status, In: A. Robinson, G. Hooper, [Eds.], 

World Crop Pests Vol. 3B Fruit Flies, Their Biology, Natural Enemies and 

Control. Elsevier Science Publishers, Amsterdam, Holland. pp. 337-344. 

 

Kim, Y. H., Choi, J. Y., Je, Y. H., Koh, Y. H., and Lee, S. H., 2010. Functional 

analysis and molecular characterization of two acetylcholinesterases from the 

German cockroach, Blattella germanica. Insec. Mol. Biol. 19: 765-776. 

 

Kliot, A., and Ghanim, M., 2012. Fitness costs associated with insecticide resistance. 

Pest. Manag. Sci. 68: 1431-1437. 

 

Komagata, O., Kasai, S., and Tomita, T., 2010. Overexpression of cytochrome P450 

genes in pyrethroid-resistant Culex quinquefasciatus. Insect Biochem. 

Molec.Biol. 40: 146-152. 

 

Kristensen, M., 2005. Glutathione S-transferase and insecticide resistance in laboratory 

strains and field populations of Musca domestica. J. Econ. Entomol. 198: 1341-

1348. 



 

122 
 

 

Kwon, D. H., Clark, J. M., and Lee, S. H., 2010. Extensive gene duplication of 

acetylcholinesterase associated with organophosphate resistance in the two-

spotted spider mite. Insect Mol. Biol. 19: 195-204. 

 

Kwon, D. H., Choi, J. Y., Je, Y. H., and Lee, S. H., 2012. The overexpression of 

acetylcholinesterase compensates for the reduced catalytic activity caused by 

resistance-conferring mutations in Tetranychus urticae. Insect Biochem. Molec. 

Biol. 42: 212-219. 

 

Labbé, P., Berthomieu, A., Berticat, C., Alout, H., Raymond, M., Lenormand, T., 

and Weill, M., 2007a. Independent duplications of the acetylcholinesterase gene 

conferring insecticide resistance in the mosquito Culex pipiens. Mol. Biol. Evol. 

24: 1056-1067. 

 

Labbé, P., Berticat, C., Berthomieu, A., Unal, S., Bernard, C., Weill, M., and 

Lenormand, T., 2007b. Forty years of erratic insecticide resistance evolution in 

the mosquito Culex pipiens. PLoS Genetics 3: e205. 

 

Lance, D. R. and McInnis, D. O., 2005. Biological basis of the sterile insect technique. 

In: Sterile Insect Technique. Principles and Practice in Area-Wide Integrated 

Pest Management. V.A, Dyck., J. Hendrichs, and A.S. Robinson. [eds] Springer, 

Dordrecht, The Netherlands. 

 

Lande, R., 1981. The minimum number of genes contributing to quantitative variation 

between and within populations. Genetics. 99: 541-553. 

  

Latif, M. A., Omar, M. Y., Tan, S. G., Siraj, S. S., and Ismail, A. R., 2010. 

Biochemical studies on malathion resistance, inheritance and association of 

carboxylesterase activity in brown planthopper, Nilaparvata lugens complex in 

Peninsular Malaysia. Insect Science. 17: 517-526. 

 

Lee, S. H., Kang, J. S., Min, J. S., Yoon, K. S., Strycharz, J. P., Jonson, R., 

Mittapalli, O., Margam, V. M., Sun, W., Li, H. M., Xie, J., Wu, J., Kirkness, 



 

123 
 

E. F., Berenbaum, M. R., Pittendrigh, B. R., and Clark, J. M., 2010. 

Decreased detoxification genes and genome size make the human body louse an 

efficient model to study xenobiotic metabolism. Insect Mol. Biol. 19: 599-615. 

 

Lenormand, T., Guillemaud, T., Bourguet, D., and Raymond, M., 1998. Appearance 

and sweep of a gene duplication: adaptive response and potential for new 

functions in the mosquito Culex pipiens. Evolution. 52: 1705-1712. 

 

Lenormand, T., Bourguet, D., Guillemaud, T., and Raymond, M., 1999. Tracking 

the evolution of insecticide resistance in the mosquito Culex pipiens. Nature 

400: 861-864. 

 

LeOra Software, 1987. POLO-PC, User’s Guide to Probit or Logit Analysis. LeOra, 

Berkeley, CA. 

 

Li, X., Schuler, M. A., and Berenbaum, M. R., 2007. Molecular mechanisms of 

metabolic resistance to synthetic and natural xenobiotics. Annu. Rev. Entomol. 

52: 231-253. 

 

Li, C.X., Dong, Y.D., Song, F.L., Zhang, X.L., Gu, W.D., and Zhao, T.Y., 2009. 

Company amplification of estalpha2/estbeta2 and correlation between esterase 

gene copy number and resistance to insecticides in the field Culex pipiens 

pallens strains collected from Beijing, China. J. Med. Entomol. 46: 539-545. 

 

Lin, Y., Jin, T., Ling Zeng, L., and Lu, Y., 2012. Cuticular penetration of -

cypermethrin in insecticide-susceptible and resistant strains of Bactrocera 

dorsalis. Pest. Biochem. Physiol. 103: 189-193. 

 

Liquido, N. J., Shinoda, L. A., and Cunningham, R. T., 1991. Host plants of the 

Mediterranean fruit fly, Ceratitis capitata (Wiedemann) (Diptera: Tephritidae): 

an annotated world review. Misc. Publ. Entomol. Soc. Am. 77: 1-52. 

 

Liu, N., and Yue, X., 2000. Insecticide resistance and cross-resistance in the house fly 

(Diptera: Muscidae). J. Econ. Entomol. 93: 1269-1275. 



 

124 
 

 

Liu, Y. J., and Shen, J. L., 2003. Cuticular penetration mechanism of resistance to 

lambda-cyhalothrin in Spodoptera exigua (Hubner). Acta Entomol. Sin. 46: 288-

291. 

 

Liu, N. N., Zhu, F., Xu, Q., Julia, W. P., and GAO, X. W., 2006. Behavioral change, 

physiological modification and metabolic detoxification: mechanisms of 

insecticide resistance. Acta. Entomol. Sin. 49: 671-679. 

 

Liu, N., Li, T., Reid, W. R., Yang, T., and  Zhang, L., 2011. Multiple cytochrome 

P450 genes: their constitutive overexpression and permethrin induction in 

insecticide resistant mosquitoes, Culex quinquefasciatus. PlosOne 6: e23403. 

 

Lockwood, J. A., Byford, R. L., Story, R. N., Sparks, T. C., and Quisenberry, S. S., 

1985. Behavioral resistnace to the pyrethroids in the horn fly, Haematobia 

irritans (Diptera: Muscidae). Environ. Entomol. 38: 531-536. 

 

Magaña, C., Hernandez-Crespo, P., Ortego, F., and Castañera, P., 2007. Resistance 

to malathion in field populations of Ceratitis capitata. J. Econ. Entomol. 100: 

1836-1843. 

 

Magaña, C., Hernández-Crespo, P., Brun-Barale, A., Couso-Ferrer, F., Bride, J. 

M., Castañera, P., Feyereisen, R., and Ortego, F., 2008. Mechanisms of 

resistance to malathion. Insect Biochem. Molec. Biol. 38: 756-762. 

 

MAGRAMA [Ministerio de Agricultura, Alimentación y Medio Ambiente], 2013. 

Registro de Productos Fitosanitarios, http: //www. magrama.gob.es /es/ 

agricultura/temas/medios-de-produccion/productos-fitosanitarios/fitos.asp. 

Accessed June, 2013. 

 

Maklakov, A., Ishaaya, I., Freidberg, A., Yawetz, A., Horowitz, A. R., and Yarom, 

I., 2001. Toxicological studies of organophosphate and pyrethroid insecticides 

for controlling the fruit fly Dacus ciliatus (Diptera: Tephritidae). J. Econ. 

Entomol. 95: 1059-1066. 

http://www.magrama.gob.es/es/agricultura/temas/medios-de-produccion/productos-fitosanitarios/fitos.asp
http://www.magrama.gob.es/es/agricultura/temas/medios-de-produccion/productos-fitosanitarios/fitos.asp


 

125 
 

 

Maitra, S., Dombrowski, S. M., Basu, M., Raustol, O., Waters, L. C., and Ganguly, 

R., 2000. Factors on the third chromosome affect the level of Cyp6a2 and 

Cyp6a8 expression in Drosophila melanogaster. Gene. 248: 147-156. 

 

Mansuy, D.,1998. The great diversity of reactions catalyzed by cytochrome P450. 

Comp. Biochem. Physiol. 121C: 5-14. 

 

Margaritopoulos, J. T., Skavdis,  G., Kalogiannis, N., Nikou, D., Morou, E., 

Skouras, P. J.,Tsitsipis, J. A., and  Vontas, J., 2008. Efficacy of the pyrethroid 

alpha-cypermethrin against Bactrocera oleae populations from Greece and 

improved diagnostic for an AChE mutation. Pest. Manag. Sci. 64: 900-908. 

 

Martínez-Ferrer, M. T., Alonso, A., Campos, J. M., Fibla, I. M. and García-Marí, 

F., 2007. Dinámica poblacional de la mosca de la fruta Ceratitis capitata en tres 

zonas citrícolas mediterráneas. Levante Agricola 385: 92-98. 

 

McKenzie, J. A., 1993. Measuring fitness and intergenic interactions: the evolution of 

resistance to diazinon in Lucilia cuprina. Genetica. 90: 227-237. 

 

McKenzie, J. A., Dearn, J. M., and Whitten, M. J., 1980. Genetic basis of resistance 

to diazinon in Victorian populations of the Australian sheep blowfly, Lucilia 

cuprina. Aust. J. Biol. Sci. 33: 85-95. 

 

McKenzie, J. A., Whitten, M. J., and Adena, M. A., 1982. The effect of genetic 

background on the fitness of diazinon resistance genotypes of the Australian 

sheep blowfly, Lucilia cuprina. Heredity. 49: 1-9. 

 

McDonald, P. T., and McInnis, D. O., 1985. Ceratitis capitata: Effect of host fruit 

size on the number of eggs per clutch. Ent. Exp. Appl. 37: 207-211. 

 

Montella, I.R., Schama, R., and Valle, D., 2012. The classification of esterases: an 

important gene family involved in insecticide resistance - A Review. Mem. Inst. 

Oswaldo Cruz, Rio de Janeiro. 107: 437-449. 



 

126 
 

 

Monzó, C., Sabater-Muñoz, C., Urbaneja, A., and Castañera, P., 2010. Tracking 

medfly predation by the wolf spider, Pardosa cribata Simon, in citrus orchards 

using PCR-based gut-content analysis. Bull. Entomol. Res. 100: 145-152 

 

Monzó, C., Sabater-Muñoz, B., Urbaneja, A., and Castañera, P., 2011. The ground 

beetle Pseudophonus rufipes reveals as predator of Ceratitis capitata in citrus 

orchards. Biol. Control. 56: 17-21. 

 

M'Saad Guerfali, M., and Loussaief, F., 2008. The Sterile Insect Technique for the 

control of Ceratitis capitata (Wiedemann) in oranges orchards in Beni Khalled, 

Tunisia. First Meeting of TEAM, Palma de Mallorca 7-8 April, 2008, pp. 78. 

 

Mulder, G. J., and Ouwerkerk-Mahadevan, S., 1997. Modulation of glutathione 

conjugation in vivo: how to decrease glutathione conjugation in vivo or in intact 

cellular systems in vitro. Chem. Biol. Interact. 105: 17-34. 

 

Müller, P., Warr, E., Stevenson, B. J., Pignatelli, P. M., Morgan, J. C., Steven, A., 

Yawson, A. E., Mitchell, S. N., Ranson, H., Hemingway, J., Paine, M. J. I., 

and Donnelly, M. J., 2008. Field caught permethrin-resistant Anopheles 

gambiae overexpress CYP6P3, a P450 that metabolises pyrethroids. PLoS 

Genet. 4: e1000286. 

 

Muñiz, M., and Gil., A., 1984. Desarrollo y reproducción de Ceratitis capitata Wied. 

en condiciones artificiales. Bol. Serv. defensas contra plagas e inspección 

fitopatológica. 2: 140. 

 

Nadeem, M. K., Ahmed, S., Ashfaq, M., and Sahi, S. T., 2012. Evaluation of 

resistance to different insecticides against field populations of Bactrocera zonata 

(Saunders) (Diptera: Tephritidae) in Multan, Pakistan. Pak. J. Zool. 44: 495-501. 

 

Navarro-Llopis, V. N., Sanchis-Cabanes, J., Ayala, I., Casana-Giner, V. and 

Primo-Yufera, E., 2004. Efficacy of lufenuron as chemosterilant against 

Ceratitis capitata in field trials. Pest. Manag. Sci. 60: 914-920. 



 

127 
 

 

Navarro-Llopis, V., Domínguez, J., Sanchís, J., and Primo, J., 2007. Aplicación del 

método quimioesterilizantes para el control de Ceratitis capitata (Wiedemann). 

Levante Agrícola. 385: 177-180. 

 

Navarro-Llopis, V., Alfaro, F., Domínguez, J. Sanchís, J. and Primo, J., 2008. 

Evaluation of traps and lures for mass trapping of Mediterranean fruit fly in 

citrus groves. J. Econ. Entomol. 101: 126-131. 

 

Navarro-Llopis, V., Domínguez-Ruiz, J., Zarzo, M., Alfaro, C. and Primo, J., 2010. 

Mediterranean fruit suppression using chemosterilants for area-wide integrated 

pest management. Pest Manag. Sci. 66: 511-519 

 

Navarro-Llopis V., Vacas, S., Sanchis, J., Primo, J. and Alfaro, C., 2011. 

Chemosterillant bait stations coupled with sterile insect technique: An integrated 

strategy to control the Mediterranean fruit fly (Diptera: Tephritidae). J. Econ. 

Entomol. 104: 1647-1655. 

 

Nelson, D. R., 2009. The Cytochrome P450 Homepage. Human Genomics. 4: 59-65. 

 

Nelson, D. R., Koymans, L., Kamataki, T., Stegeman, J. J., Feyereisen, R., 

Waxman, D.J., Waterman, M.R., Gotoh, O., Coon, M.J., Estabrook, R.W., 

Gunsalus, I.C., and Nebert, D.W., 1996. P450 superfamily: Update on new 

sequences, gene mapping, accession numbers and nomenclature. 

Pharmacogenetics 6: 1-42.  

 

Newcomb, R. D., Campbell, P. M., Ollis, D. L., Cheah, E., Russell, R. J., and 

Oakeshott., J. G., 1997. A single amino acid substitution converts a 

carboxylesterase to an organophosphorus hydrolase and confers insecticide 

resistance on a blowfly. Proc. Natl. Acad. Sci. USA 94: 7464-7468. 

 

Newcomb, R. D., Gleeson, D. M., Yong, C. G., Russell, R. J., and Oakeshott, J. G., 

2005. Multiple mutations and gene duplications conferring organophosphorus 



 

128 
 

insecticide resistance have been selected at the Rop-1 locus of the sheep blowfly, 

Lucilia cuprina. J. Mol. Evol. 60: 207-220. 

 

Nguy, V. D., and Busvine, J. R., 1960. Studies on the genetics of resistance to 

parathion and malathion in the house fly. Bull. World Health Org. 22: 531-542. 

 

Oakeshott, J. G., van Papenrecht, E. A., Boyce, T. M., Healy, M. J., and Russell, R. 

J., 1993. Evolutionary genetics of Drosophila esterases. Genetica 90: 239-268. 

 

Oakeshott, J. G., Claudianos, C., Campbell, P.M., Newcomb, R., and Russell, R. J., 

2005. Biochemical genetics and genomics of insect esterases. In L. I. Gilbert, K. 

Iatrou and S. S. Gill [eds.], Comprehensive Insect Biochemistry, Physiology and 

Pharmacology. Elsevier, Oxford. pp. 309-381. 

 

Okuyama, T., and Hsu, J. C., 2013. Larval competition within and between 

insecticide resistant and susceptible individuals in the oriental fruit fly, 

Bactrocera dorsalis. J. Appl. Entomol. 137: 289-295. 

 

Omura, T., and Sato, R., 1964. The carbon monoxide-binding pigment of liver 

microsomes I. Evidence for its hemoprotein nature. J. Biol. Chem. 239: 2370-

2378. 

 

Oppenoorth, F.J., and van Asperen, K., 1960. Allelic genes in the housefly producing 

modified enzymes that cause organophosphate resistance. Science 132: 298-299. 

 

Orphanidis, P. S., Kalmoukos, P., Betzios, B., and Kapetanakis, E., 1980. 

Development of resistance in Ceratitis capitata Wied. in laboratory under 

intermittent pressure of organophosphorous and chlorinated insecticides. Annls. 

Inst. Phytopath. Benaki 12: 198-207. 

 

Osta, M. A., Rizk, Z. J., Labbé, P., Weill, M., and Knio, K., 2012. Insecticide 

resistance to organophosphates in Culex pipiens complex from Lebanon. Parasit. 

Vect. 5: 132. 

 



 

129 
 

Pan, Z. P., Lu, Y. Y., Zeng, L., and Zeng, X. N., 2008. Development of resistance to 

trichlorophon, alphamethrin, and abamectin in laboratory populations of the 

oriental fruit fly, Bactrocera dorsalis (Hendel) (Diptera:Tephritidae). Acta 

Entomol. Sin. 51: 609-617. 

 

Pfaffl, M. W., 2001.  A new mathematical model for relative quantification in real-time 

RT-PCR. Nucl. Acids. Res. 29: 2002-2007. 

 

Philipou, D., Field, L. M., Wegorek, P., Zamojska,  J., Andrews, M., Slater, R., and 

Moores, G. D., 2011. Characterising metabolic resistance in pyrethroid-

insensitive pollen beetle (Meligethes aeneus F.) from Poland and Switzerland. 

Pest Manag. Sci. 67: 239-243. 

 

Plapp, F. W., Borgard, D. E., Darrow, D. J., and Eddy, G. W., 1961. Studies on the 

inheritance of resistance to DDT and to malathion in the mosquito, Culex 

tarsalis. Mosq. News. 21: 316-319. 

 

Poupardin, R., Riaz, M. A., Vontas, J., David, J. P., and Reynaud, S., 2010. 

Transcription profiling of eleven cytochrome P450s potentially involved in 

xenobiotic metabolism in the mosquito Aedes aegypti. Insect Mol. Biol. 19: 185-

193. 

 

Preisler, H. K., Hoy, M. A., and Robertson, J. L., 1990. Statistical analysis of modes 

of inheritance for pesticide resistance. J. Econ. Entomol. 83: 1649-1655. 

 

Purcell, M. F., 1998. Contribution of biological control to integrated pest mangment of 

tephritidae fruit flies in the tropic and subtropics. Int. Pest. Manag. Rev. 3: 63-

83. 

 

Raftos, D. A., 1986. The biochemical basis of malathion resistance in the sheep 

blowfly, Lucilia cuprina. Pestic. Biochem. Physiol. 26: 302-309. 

 



 

130 
 

Raftos, D. A., and Hughes, P. B., 1986. The genetic basis of a specific resistance to 

malathion in the sheep blowfly, Lucilia cuprina (Diptera: Calliphoridae). J. 

Econ. Entomol. 79: 553-557. 

 

Ranson, H., and Hemingway, J., 2005. Glutathione transferases, In L. I. Gilbert, K. 

Iatrou and S. S. Gill [eds.], Comprehensive Insect Biochemistry, and 

Pharmacology. Elsevier, Oxford. pp. 383-398 

 

Raymond, M., Poulin, E., Boiroux, V., Dupont, E., and Pasteur, N., 1993. Stability 

of insecticide resistance due to amplification of esterase genes in Culex pipiens. 

Heredity. 70: 301-307. 

 

Raymond, M., Berticat, C., Weill, M., Pasteur, N., and Chevillon, C., 2001. 

Insecticide resistance in the mosquito Culex pipiens: what have we learned about 

adaptation? Genetica 112/113: 287-296. 

 

Revuelta, L., Piulachs, M. D., Bellés, X., Castañera, P., Ortego, F., Díaz-Ruíz, J. R., 

Hernández-Crespo, P., and Tenllado, F., 2009. RNAi of ace1 and ace2 in 

Blattella germanica reveals their differential contribution to acetylcholinesterase 

activity and sensitivity to insecticides. Insect Biochem. Molec. Biol. 39: 913-

919. 

 

Revuelta, L., Ortego, F., Díaz-Ruíz, J. R., Castañera, P., Tenllado, F., and 

Hernández-Crespo, P., 2011. Contribution of Ldace1 gene to 

acetylcholinesterase activity in Colorado potato beetle. Insect Biochem. 

Molec.Biol. 41: 795-803. 

 

Richards, O. W, and Davies, R. G., 1984. Tratado de entomología Imms vol II. 

Clasificación y Biología. Ed.Omega S.A., Barcelona. 998 pp. 

 

Rivero, A., Magaud, A., Nicot, A., and Vezilier, J., 2011. Energetic cost of insecticide 

resistance in Culex pipiens mosquitoes. J. Med. Entomol. 48: 694-700. 

 



 

131 
 

Riveron, J. M., Irving, H., Ndula, M., Barnes, K. G., Ibrahim, S. S., Paine, M. J. I., 

and Wondji, C. S., 2013. Directionally selected cytochrome P450 alleles are 

driving the spread of pyrethroid resistance in the major malaria vector Anopheles 

funestus. Proc. Natl. Acad. Sci. USA 110: 252-257. 

 

Robertson, J. L., Russell, R. M., Preisler, H. K., and Savin, N. E., 2007. Pesticide 

Bioassays with Arthropods, Second ed. CRC Press, Boca Raton, FL. 

 

Rongnoparut, P., Boonsuepsakul, S., Chareonviriyaphap, T., and Thanomsing, N., 

2003. Cloning of cytochrome P450, CYP6P5, and CYP6AA2 from Anopheles 

minimus resistant to deltamethrin.  J. Vect. Ecol. 28: 150-158. 

 

Rose, D., Matthews, G. A., and Leather, S. R., 2006. Sub-lethal responses of 

Thelargepine weevil, Hylobius abietis, to the pyrethroid insecticide lambda-

cyhalothrin. Physiol. Entomol. 31: 316-327. 

 

Ross, M. H., 1997. Evolution of behavioral resistance in German cockroaches 

(Dictyoptera: Blatellidae). J. Econ. Entomol. 90: 1482-1485. 

 

Roush, R. T., and McKenzie, J. A., 1987. Ecological genetics of insecticide and 

acaricide resistance. Annu. Rev. Entomol. 32: 361-380. 

 

Sacca, G.,1947. Sull'esistenza di mosche domestiche resistenti al DDT. Riv. Parassitol. 

8: 127-128 

 

Salgado, V. L., 1998. Studies on the mode of action of spinosad: Insect symptoms and 

physiological correlates. Pestic. Biochem. Physiol. 60: 91-102. 

 

Salgado, V.L., and Sparks, T.C., 2005. The spinosyns: chemistry, biochemistry, mode 

of action, and resistance, In L.I. Gilbert, K. Iatrou and S.S. Gill [Eds.], 

Comprehensive Molecular Insect Science. Elsevier, Oxford, United Kingdom. 

pp. 137-173. 

 



 

132 
 

Schlenke, T. A., and Begun, D. J., 2004. Strong selective sweep associated with a 

transposon insertion in Drosophila simulans. Proc. Natl Acad. Sci. USA 101: 

1626-1631. 

 

Scott, J. G. and Georghiou, G. P., 1986. Mechanisms responsible for high levels of 

permethrin resistance in the house fly. Pestic. Sci. 17: 195-206. 

 

Scott, J.G., and Kasai, S., 2004. Evolutionary plasticity of monooxygenase-mediated 

resistance. Pestic. Biochem. Physiol. 78: 171-178. 

 

Scott, J. G., Liu, N., Wen, Z., Smith, F. F., Kasai, S., and Horak, C. E., 1999. House 

fly cytochrome P450 CYP6D1: 5 prime flanking sequences and comparison of 

alleles. Gene 226: 347-353. 

 

Sheppard, D. C., and Joyce, J. A., 1992. High levels of pyrethroid resistance in horn 

flies (Diptera: Muscidae) selected with cyhalothrin. J. Econ. Entomol. 85: 1587-

1593. 

 

Shi, M. A., Lougarre, A., Alies, C., Fremaux, I., Tang, Z. H., Stojan, J., and 

Fournier, D., 2004. Acetylcholinesterase alterations reveal the fitness cost of 

mutations conferring insecticide resistance. BMC Evol. Biol. 4: 5. 

 

Singh, R. S., and Morton, R. A., 1981. Selection for malathion resistance in 

Drosophila melanogaster. Can. J. Genet. Cytol. 23: 355-369.  

 

Skouras, P. J., Margaritopoulos, J. T., Seraphides, N. A., Ioannides, I. M., Kakani, 

E. G., Mathiopoulos, K. D., and Tsitsipis, J. A., 2007. Organophosphate 

resistance in olive fruit fly, Bactrocera oleae, populations in Greece and Cyprus. 

Pest. Manag. Sci 63: 42-48. 

 

Small, G. J., and Hemingway, J., 2000. Molecular characterization of the amplified 

carboxylesterase gene associated with organophosphorus insecticide resistance 

in the brown planthopper Nilaparvata lugens. Insect Mol. Biol. 9: 647-653. 

 



 

133 
 

Smyth, K.A., Boyce, T.M., Russell, R.J., and Oakeshott, J.G., 2000. MCE activities 

and malathion resistances in field populations of the Australian sheep blowfly 

(Lucilia cuprina). Heredity. 84: 63-72. 

 

Soderlund, D. M., 2005. Sodium channels. In: Comprehensive Molecular Insect 

Science. L. I. Gilbert, K. Iatrou and S.S. Gill. Elsevier Ltd. Oxford. Vol. 5: pp. 

1-24 

 

Soderlund, D.M., 2008. Pyrethroids, knockdown resistance and sodium channels. Pest. 

Manag. Sci 64: 610-616. 

 

Soderlund, D. M., and Knipple, D. C., 2003. The molecular biology of knockdown 

resistance to pyrethroid insecticides. Insect Biochem. Molec. Biol. 33: 563-577. 

 

Sogorb, M.A., and Vilanova, E., 2002. Enzymes involved in the detoxification of 

organophosphorous, carbamate and pyrethroid insecticides through hydrolysis 

Toxicol. Lett. 128: 215-228. 

 

Sparks, T. C., Lockwood, J. A., Byford, R. L., Graves, J. B. and Leonard, R. 

B.,1989. The role of behavior in insecticide resistance. Pestic. Sci. 26: 383-399. 

 

Stone, B. F., 1968. A formula for determining the degree of dominance in cases of 

monofactorial inheritance of resistance to chemicals. Bull. World Health Organ. 

38: 325-326. 

 

Tabashnik, B. E., 1991. Determining the mode of inheritance of pesticide resistance 

with backcross experiments. J. Econ. Entomol. 81: 703-712. 

 

Tabashnik, B., Schwartz, J., Finson, N., and Johnson, M., 1992. Inheritance of 

resistance to Bacillus thuringiensis in diamondback moth (Lepidoptera: 

Plutellidae). J. Econ. Entomol. 85: 1046-1055. 

 



 

134 
 

Takahashi, M., and Yasutomi, K., 1987. Insecticidal resistance of Culex 

tritaeniorhynchus (Diptera: Culicidae) in Japan: genetics and mechanisms of 

resistance to organophosphorous insecticides. J. Med. Entomol. 24: 595-603. 

 

Taskin, V., and Kence, M., 2004. The genetic basis of malathion resistance in housefly 

(Musca domestica L.) strains from Turkey. Russ. J. Genet. 40: 1215-1222. 

 

Urbaneja, A., Mari, F. G., Tortosa, D., Navarro, C., Vanaclocha, P., Bargues, L. 

and Castanera, P., 2006. Influence of ground predators on the survival of the 

Mediterranean fruit fly pupae, Ceratitis capitata, in Spanish citrus orchards. 

BioControl 51: 611-626. 

 

Urbaneja, A., Chueca, P., Monton, H., Pascual-Ruiz, S., Dembilio, O., Vanaclocha, 

P., Abad-Moyano, R., Pina, T., and Castañera, P., 2009. Chemical 

alternatives to malathion for controlling Ceratitis capitata (Diptera: 

Tephritidae), and their side effects on natural enemies in Spanish citrusorchards. 

J. Econ. Entomol. 102: 144-151. 

 

Valles, S. M., Dong, K., and Brenner, R. J., 2000. Mechanisms responsible for 

cypermethrin resistance in a strain of German cockroach, Blattella germanica. 

Pestic. Biochem. Physiol. 66: 195-205. 

 

van Asperen, K., 1962. A study of house fly esterases by means of a sensitive 

colorimetric method. J. Insect Physiol. 8: 401-416. 

 

Viñuela, E., 1998. La resistencia a insecticidas en España. Bol. San. Veg. Plagas. 24: 

487-496.  

 

Vontas, J. G., Small, G. J., and Hemingway, J., 2001. Glutathione S-transferases as 

antioxidant defence agents confer pyrethroid resistance in Nilaparvata lugens. 

Biochem. J. 357: 65-72. 

 

Vontas, J. G., Hejazi, M. J., Hawkes, N. J., Cosmidis, N., Loukas, M., and 

Hemingway, J., 2002. Resistance-associated point mutations of 



 

135 
 

organophosphate insensitive acetylcholinesterase in the olive fruit fly 

Bactrocera oleae. Insect Mol. Biol. 11: 329-336. 

 

Vontas, J., David, J. P., Nikou, D., Hemingway, J., Christophides, G. K., Louis, C., 

Ranson, H., 2007. Transcriptional analysis of insecticide resistance in 

Anopheles stephensi using cross-species microarray hybridization. Insect Mol. 

Biol. 16: 315-324. 

 

Vontas, J., Hernández-Crespo, P., Margaritopoulos, J. T, Ortego, F., Feng, H. T, 

Mathiopoulos, K. D., and Hsu, J. C., 2011. Insecticide resistance in Tephritid 

flies. Pestic. Biochem. Physiol. 100: 199-205. 

 

Watson, G. B., Chouinard, S. W., Cook, K. R., Geng, C., Gifford, J. M., Gustafson, 

G. D., Hasler, J. M., Larrinua, I. M., Letherer, T. J., Mitchell, J. C., Pak, 

W. L., Salgado, V. L., Sparks, T. C., and Stilwell, G. E., 2010. A spinosyn-

sensitive Drosophila melanogaster nicotinic acetylcholine receptor identified 

through chemically induced target site resistance, resistance gene identification, 

and heterologous expresión. Insect Biochem. Molec. Biol. 40: 376-384. 

 

Wei, S. H., Clark, A. G., and Syvanen, M., 2001. Identification and cloning of a key 

insecticide-metabolizing glutathione S-transferase (MdGST-6A) from a hyper 

insecticide-resistant strain of the housefly Musca domestica. Insect Biochem. 

Molec. Biol. 31: 1145-1153. 

 

Weill, M., Fort, P., Berthomieu, A., Dubois, M. P., Pasteur, N., and Raymond, M., 

2002. A novel acetylcholinesterase gene in mosquitoes codes for the insecticide 

target and is non-homologous to the ace gene in Drosophila. Proc. Roy. Soc. 

London B. 269: 2007-2016. 

 

Welling, A. W., DeVries, A. W., and Voerman, S., 1974. Oxidative cleavage of a 

carboxyester bond as a mechanism of resistance to malaoxon in house-flies. 

Pestic. Biochem. Physiol. 4: 31-43. 

 



 

136 
 

Werck-Reichhart, D., and Feyereisen, R., 2000. Cytochromes P450: A success story. 

Genome Biology 1: reviews 3003.1–3003.9 

 

Whalon, M. E., Mota-Sanchez, D. and Hollingworth, R. M., 2013. Arthropod 

Pesticide Resistance Database. http://www.pesticideresistance.com/.  Accessed 

July 2013. 

 

Wharton, R. A.,1989. Classical biological control of fruit-infesting tephritidae., In A. 

S. Robinson and G. Harper [eds.], World Crop Pests. Vol. 3B. Fruit flies. Their 

Biology, Natural Enemies and Control. Elsevier, Amsterdam, The Netherlands. 

pp 303-313. 

 

Wheelock, G. D., and Scott, J. G., 1992. The role of cytochrome P450lpr in 

deltamethrin metabolism by pyrethroid-resistant and susceptible strains of house 

flies. Pestic. Biochem. 43: 67-77. 

 

White, N. D. G., and Bell, R. J., 1988. Inheritance of malathion resistance in a strain of 

Tribolium castaneum (Coleoptera: Tenebrionidae) and effects of resistance 

genotypes on fecundity and larval survival in malathion-treated wheat. J. Econ. 

Entomol. 81: 381-386. 

 

White, N. D. G., and Bell, R. J., 1990. Relative fitness of a malathion-resistant strain 

of Cryptolestes ferrugineus (Coleoptera: Cucujidae) when development and 

oviposition occur in malathion-treated and untreated wheat kernels. J. Stored 

Prod. Res. 26: 23-37. 

 

White, I. M., and Elson-Harris, M. M., 1992. Fruit flies of economic significance: 

Their identification and bionomics. Wallingford, Oxon, CAB International. 

 

Wong, T. T. Y., Ramadan, M. M., McInnis, D. O., Mochizuki, N., Nishimoto, J. I. 

and Herre, J. C.,1991. Augmentative releases of Diachasmimorpha tryoni 

(Hymenoptera: Braconidae) to suppress a Mediterranean fruit fly (Diptera: 

Tephritidae) population in Kula, Maui, Hawaii. Biol. Control. 1: 2-7. 

 



 

137 
 

Wool, D., and Front, L., 2002. Esterase variation in Tribolium confusum (Coleoptera : 

Tenebrionidae): genetic analysis of interstrain crosses in relation to malathion 

resistance. J. Stored Prod. Res. 39: 237-249. 

 

Wool, D., Noiman, S., Manheim, O., and Cohen, E., 1982. Malathion resistance in 

Tribolium strains and their hybrids: inheritance patterns and possible enzymatic 

mechanisms (Coleoptera: Tenebrionidae). Biochem. Genet. 20: 621-636. 

 

Wool, D., Brower, J. H., and Kaminbelsky, N., 1992. Reduction of malathion 

resistance in caged almond moth, Cadra cautella (Walker) (Lepidoptera, 

Pyralidae), populations by the introduction of susceptible males. J. Stored Prod. 

Res. 28: 59-65. 

 

Wu, D., Scharf, M. E., Neal, J. J., Suiter, D. R. and Bennett, G. W., 1998. 

Mechanisms of fenvalerate resistance in the German cockroach, Blattella 

germanica (L.). Pestic. Biochem. Physiol. 61: 53-62. 

 

Yang, Y., Wu, Y., Chen, S., Devine, G. J., Denholm, I., Jewess, P., and Moores, G. 

D., 2004. The involvement of microsomal oxidases in pyrethroid resistance in 

Helicoverpa armigera from Asia. Insect Biochem. Molec. Biol. 34: 763-773. 

 

Yang, Y., Chen, S., Wu, S., Yue, L., and Wu, Y., 2006. Constitutive overexpression 

of multiple cytochrome P450 genes associated with pyrethroid resistance in 

Helicoverpa armigera. J. Econ. Entomol. 99: 1784-1789. 

 

Zacharopoulou,A. 1990. Polytene chromosome maps in the Med fly Ceratitis capitata. 

Genome. 33: 184-197. 

 

Zacharopoulou, A., Frisardi, M., Savakis, C., Robinson, A. S., Tolias, P., 

Konsolaki, M., Komitopoulou, K., and Kafatos, F. C., 1992. The genome of 

the Mediterranean fruit fly, Ceratitis capitata: localization of molecular markers 

by in situ hybridization to salivary gland polytene chromosomes. Chromosoma 

101: 448-455. 

 



 

138 
 

Zhang, Y. P., Zeng, L., Lu, Y. Y., and Liang, G. W., 2007. Monitoring of insecticide 

resistance of Bactrocera dorsalis adults in South China. Journal of South China 

Agricultural University. 28: 21-23. 

 

Zhang, Y. P., Zeng, L., Lu, Y. Y., and Liang, G. W., 2008. Monitoring of insecticides 

resistance of oriental fruit fly field populations in South China. Journal of 

Huazhong Agricultural University. 27: 456-459. 

 

Zhu, F., and Liu, N., 2008. Differential expression of CYP6A5 and CYP6A5v2 in 

pyrethroid-resistant house flies, Musca domestica. Arch. Insect Biochem. 

Physiol. 67: 107-119. 

 

Zhu, Y. C., Dowdy, A. K., and Baker, J. E., 1999. Detection of single-base 

substitution in an esterase gene and its linkage to malathion resistance in the 

parasitoid Anisopteromalus calandrae (Hymenoptera: Pteromalidae). Pestic. Sci. 

55: 398-404. 

 

Zhu, F., Li, T., Zhang, L., and Liu, N., 2008a. Co-up-regulation of three P450 genes 

in response to permethrin exposure in permethrin resistant house flies, Musca 

domestica. BMC Physiol. 8: 18. 

 

Zhu, F., Feng, J. N., Zhang, L., and Liu, N., 2008b. Characterization of two novel 

cytochrome P450 genes in insecticide-resistant house-flies. Insect Mol. Biol. 17: 

27-37. 

 

Zhu, F., Parthasarathy, R., Baia, H., Woithe, K., Kaussmann, M., Nauen, R., 

Douglas, A., and Subba, R., 2010. A brain-specific cytochrome P450 

responsible for the majority of deltamethrin resistance in the QTC279 strain of 

Tribolium castaneum. Proc. Natl. Acad. Sci. USA 107: 8557-8562. 

 

Zimmer, C.T., and Nauen, R., 2011. Cytochrome P450 mediated pyrethroid resistance 

in European populations of Meligethes aeneus (Coleoptera: Nitidulidae). Pestic. 

Biochem. Physiol. 100: 264-272. 

 



 

139 
 

 

 

 

 

 

Annex 

 

 

 

 

 

 

 

 

 

 

 

 



 

140 
 

Annex I: The origin of the strains and isolines of C. capitata used in this Thesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Field population from Castellón (2004) 

resistant to malathion (120-fold) 
(Magaña et al., 2007) 

W strain 

resistant to malathion (79-fold) 
(Magaña et al., 2007; 2008) 

Selected with malathion  

(1000 to 3000 ppm) for 13 generations 

Adapted to lay eggs in gauze 

without selection F13 to F23 

Selected with malathion  (2000 to 4000 ppm) 

from F24 to F30 

Selected with malathion 

(4000 ppm) from F31 

Selected with malathion  

(4000 to 10000 ppm)  from F31 to F40 

Selected with malathion (10000ppm) from F40 

W-4Km strain 

resistant to malathion (178-fold) 
(Couso-Ferrer  et  al., 2011; Couso-Ferrer, 2012) 

 
 

W-1Kλ strain 

resistant to lambda-

cyhalothrin (35-fold) 
(Couso-Ferrer et al., 2011) 

306TY isoline 
Sm2 isoline 267Y isoline 

W-10Km strain 

resistant to malathion (403-fold) 
(Couso-Ferrer, 2012) 

 
 Selected with lambda cyhalothrin 

(600 to 1000 ppm) for 12 generations  

Isofemale lines 

without selection for at least 

20 generations  

  

IVIA strain (2001) 

collected from non-treated fields from 

the Comunidad Valenciana in 2001 

(Magaña et al., 2007) 

C strain 

maintained in the CIB since 2004 
(Magaña et al., 2007, 2008; Couso-

Ferrer  et  al., 2011; Couso-Ferrer, 2012) 
 

Non-treated  
  

Isofemale line without 

selection for at least 20 

generations  

  

 


