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Introduction

The tomato leaf miner Tuta absoluta is a small lepidopteron

moth, belonging to the family Gelechiidae, which includes

the serious insect pests angoumois grain moth Sitotroga

cerealella, the pink bollworm Pectinophora gossypiella, and

the potato tuber moth Phthorimaea operculella. The main

host for T. absoluta was thought to be tomato; however, it

has been reported that it also feeds on eggplant, pepper,

and potato leaves as well as various other plants [12]. This

pest has a high reproductive potential and its damage

occurrs throughout the entire growing cycle of tomatoes,

reaching up to 100% in cultivations [31]. After devastating

the tomato production in South America, T. absoluta was

introduced accidently to Spain in 2006. Its spread across

boarders has been phenomenal, reaching the entire shores

of the Mediterranean [9]. It was in the EPPO A2 list of pests

recommended for regulation as quarantine pest [32].

The problem associated with T. absoluta is the difficulty to

achieve an effective control through application of

chemical insecticides. In fact, the larvae has the ability to

rapidly evolve strains with reduced susceptibility to

chemical insecticides, like the reported cases of resistance

in Brazil, Argentina, and Chile [29, 41-43]. However,

potential biocontrol agents are under development, including

predatory bugs such as Macrolophus and egg parasitoids

like Trichogramma. The pheromone trap was used for the

early detection and control of T. absoluta. Moreover, the

entomopathogenic bacterium Bacillus thuringiensis was

considered a successful biopesticide against several pests.

It produced crystalline inclusion bodies during sporulation,

constituted of insecticidal proteins named Cry and classified
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Tuta absoluta (Povolny, 1994) is a devastating moth to the Solanaceae plants. It is a challenging

pest to control, especially on tomatoes. In this work, we studied the entomopathogenic activity

of the Cry-forming δ-endotoxins produced by Bacillus thuringiensis strain KS and B. thuringiensis

kurstaki reference strain HD1 against T. absoluta. These strains carried the cry2, cry1Ab, cry1Aa /

cry1Ac, and cry1I genes, and KS also carried a cry1C gene. The δ-endotoxins of KS were

approximately twofold more toxic against the third instar larvae than those of HD1, as they

showed lower 50% and 90% lethal concentrations (0.80 and 2.70 µg/cm² (δ-endotoxins/tomato

leaf)) compared with those of HD1 (1.70 and 4.50 µg/cm²) (p < 0.05). Additionally, the larvae

protease extract showed at least six caseinolytic activities, which activated the KS and HD1 δ-

endotoxins, yielding the active toxins of about 65 kDa and the protease-resistant core of about

58 kDa. Moreover, the histopathological effects of KS and HD1 δ-endotoxins on the larvae

midgut consisted of an apical columnar cell vacuolization, microvillus damage, and epithelial

cell disruption. These results showed that the KS strain could be a candidate for T. absoluta

control.
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into 70 groups according to their similarity of amino acid

sequences [8, 40]. The Cry1 protoxins were activated by

proteolysis into toxins upon ingestion by susceptible

larvae, and then bound to specific receptors on the brush

border membrane of the midgut epithelial cells, causing

pore formation and cell lyses [20-22, 33-35]. The toxicity

of B. thuringiensis sprayable formulations, largely due to

Cry toxins, are considered highly effective, selective, and

safe [10]. Transgenic crops producing B. thuringiensis toxins

kill some major insect pests. Hence, genetically modified

cotton-producing Cry1Ac resisted for several years to

Pectinophora gossypiella [45, 46], and expression of the Cry9Aa2

N-terminal region gene in tobacco leaves conferred resistance

to Phthorimaea operculella [5]. 

Owing to the hazards of T. absoluta on the future of

tomato production, and given the scarcity of information

about the relationship between the Cry proteins and the

larvae midgut of this insect, we firstly evaluated its

susceptibility to the δ-endotoxins produced by our B.

thuringiensis strain KS by comparing with those of B.

thuringiensis kurstaki strain HD1. We also examined the

capability of T. absoluta to activate the B. thuringiensis

protoxins and its midgut histopathological aspect after

being exposed to the δ-endotoxins. The possibility of using

the KS strain will be discussed to formulate a biological

control agent of T. absoluta.

Materials and Methods

Bacterial Strains and Growth Conditions

B. thuringiensis strain KS was newly isolated from soil samples,

and B. thuringiensis ssp. kurstaki strain HD1 was used as the reference

strain [4]. Luria-Bertani (LB) medium was used for culturing the

B. thuringiensis strains [39] and solid T3 medium [51] was used to

produce the crystal inclusion bodies during the sporulation growth

phase. Additionally, the liquid medium described by Ghribi et al.

[15] was used in order to produce the parasporal crystals during

growth. Flasks containing 50 ml of culture medium were incubated

4 days at 30oC and 200 rpm in a rotary shaker.

DNA Extraction and PCR Analysis

B. thuringiensis plasmid DNA was extracted by the alkaline

lyses procedure including lysozyme treatment [39], and chromosomal

DNA was extracted as described by Geiser et al. [14]. PCR assays

were realized in a reaction mixture including 50 mM KCl, 10 mM

Tris-HCl, 2.5 mM MgCl2, 200 µM of each dNTP, 1 µM of each

primer, 0.5 µg of DNA, and 1.25 U Taq DNA polymerase. Thermal

cycler conditions consisted of a denaturing step at 94oC for 2 min,

followed by 28 cycles constituted of denaturing at 94oC for 50 sec,

annealing at 48oC for 45 sec, and extension at 72oC for 90 sec.

Specific primer pairs were used for the detection of the cry1Aa/

cry1Ac and cry1Ab genes [14], as well as cry1B, cry1C, cry1D, cry1E,

cry1F, cry1G, cry1H, cry1I, cry9 [48], and cry2 [49]. An approximately

1.50 kb fragment sequence of the 16S rRNA gene was amplified by the

primers Fd1-court (AGAGTTTGATCCTGGCTCAG) and Rd1-court

(AAGGAGGTGATCCAGCC) and then sequenced by the primers

Fd1-court, Rd1-court, BK1F (TCACCAAGGCAACGATGCG), and

Fd2 (CAGGATTAGATACCCTGGTAG). An approximately 0.30 kb

fragment sequence of the gyrB gene was amplified and sequenced

using the primers BCFW1 (GTTTCTGGTGGTTTACATGG) and

BCRW1 (CAACGTATGATTTAATTCCACC) [23, 30]. The partial

sequences of the 16S rRNA and gyrB genes of the KS strain were

deposited in the GenBank database under the accession numbers

KC737848 and KC737849, respectively.

Preparation of the Larvae Protease Extract and Zymogram

Analysis

T. absoluta larvae (5-6 mm in length) were chilled on ice for

30 min. After that, they were collected in MET buffer (Mannitol,

300 mM; EGTA, 5 mM; Tris, 20 mM; pH 7.2) at 4oC. They were

disrupted in a blender and centrifuged for 10 min at 13,000 ×g.

The supernatant was recovered (larvae protease extract) and the

protein content was determined by using the Bio-Rad Protein

Assay (Germany) according to the method of Bradford [1].

For zymogram analysis, an aliquot of the larvae protease extract

(10 µg) was mixed with Laemmli sample buffer and separated by

sodium dodecyl sulfate 13% Tris-glycine polyacrylamide gel

electrophoresis. The gel was washed in 50 mM sodium carbonate

buffer (pH 9.6) for 30 min and then incubated in sodium carbonate

buffer (pH 9.6) containing 2% casein, at 37oC for 3 h. After

Coomassie blue staining, clear bands of protease activities were

visible against a dark background [13].

δ-Endotoxins Preparation and Proteolysis Assay

The crystal inclusion bodies were prepared from B. thuringiensis

as described by Lee et al. [26]. Briefly, fresh cultures of the B.

thuringiensis strains were plated on solid T3 medium [51] and

incubated at 30oC for 3 days. The bacteria were collected from the

plates and then washed twice with 1 M NaCl and twice with

distilled water. The pellets were solubilized with 0.05 M NaOH, at

30oC for 2 h, centrifuged for 10 min at 13,000 ×g, and then the

protein concentrations of the soluble fractions were determined

according to the method of Bradford [1]. The soluble Cry proteins

were mixed with the T. absoluta larvae protease extract at a ratio of

20/1 (v/v) or by using commercial trypsin at a Cry proteins/

protease ratio of 20/1 (µg/µg). The mixtures were incubated at

37oC with constant agitation for diverse incubation times. Protein

extracts suspended in Laemmli sample buffer (3×) were boiled for

5 min, analyzed by SDS-PAGE (9%), and stained using Coomassie

blue [25].

Insecticidal Bioassays

The development of the T. absoluta larva needs four instars to

reach the chrysalides and then the moth. Hence, the toxicity assays
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against T. absoluta third instar larvae were done by displaying the

spore-crystal mixtures on tomato leaf surface at various concentrations

(δ-endotoxins/leaf surface (µg/cm²): 0.2, 0.5, 1, 2, 4, 6, and 8) in

order to establish the 50% and 90% lethal concentrations (LC50 and

LC90) after 2 days. One tomato leaf and 10 larvae were placed in

each Petri plate. They were kept in the insect culture room at 26-

28oC and under a photoperiod of approximately 14 h light and 10 h

dark. The experiment was repeated three times and the LC50 and

LC90 of the δ-endotoxins were calculated from pooled raw data by

probit analysis using programs written in the R. language [52].

Preparation and Sectioning of the Insect Tissues

T. absoluta larvae were alimented with tomato leaves containing

the KS or HD1 δ-endotoxins. After 24 to 36 h, the larva guts were

excised and collected in 10% formol. They were dehydrated via

ethanol solutions with increasing concentrations, washed in 100%

toluene, and fixed in paraffin wax. Four micrometer sections were

obtained and placed in carriers loaded with a mix of 1.5% egg

albumin and 3% glycerol in distilled water. For histopathological

location of the δ-endotoxin effects, the sections already de-

paraffinated in 100% toluene were stained with hematoxylin-

eosin (HE) as reported by Ruiz et al. [36].

Results

Identification, cry Genes Content, and δ-Endotoxins

Production of B. thuringiensis Strain KS 

The sequencing of the PCR-amplified DNA corresponding

to the partial 16S rRNA and gyrB genes showed 100%

sequence similarity of the KS strain with the B. thuringiensis

species, which are characterized by the presence of several

plasmids in their genomes. Concordantly, we showed that

KS harbored numerous plasmids and presented distinguished

plasmids pattern when compared with that of B. thuringiensis

kurstaki reference strain HD1 (Fig. 1). The PCR analysis

revealed that besides the cry2, cry1I, cry1Aa / cry1Ac, and

cry1Ab genes contained in HD1, KS harbored a cry1C-type

gene. Additionally, the examination of the crystal forms

showed that the KS and HD1 strains produced bipyramidal

and cubic crystals. These strains, grown in liquid medium

[15] in order to produce the crystal inclusions during

growth, showed δ-endotoxin amounts for KS and HD1

of about 1,196 ± 78 and 1,577 ± 72 µg δ-endotoxins/ml,

respectively.

Oral Toxicity of the Bacillus thuringiensis δ-Endotoxins

Against T. absoluta

Several concentrations of the B. thuringiensis strains KS

and HD1 δ-endotoxins were tested against T. absoluta third

instar larvae. After 2 days, control larvae fed diet without δ-

endotoxins developed fully, but several intoxicated larvae

fed diet with δ-endotoxins died during the test. The determined

LC50 was about 0.80 and 1.70 µg/cm2 (toxin / tomato leaf)

and the LC90 was about 2.70 and 4.50 µg/cm2 for KS and

HD1, respectively. Additionally, the confidence limits

indicated that the lethal concentrations of the KS and HD1

δ-endotoxins were significantly different. Hence, the KS δ-

endotoxins were approximately 2-fold more toxic than

those of HD1 (Table 1). Concordantly, the bioassays conducted

on T. absoluta larvae at the beginning of the fourth instar

Fig. 1. Comparison of the native plasmid patterns of B.

thuringiensis strains KS and HD1.

Table 1. Toxicity of the δ-endotoxins of B. thuringiensis strains KS and HD1 against T. absoluta third-instar larvae after 2 days.

Strain
Tuta absoluta (L3)

δ-endotoxin/tomato leaf surface (µg/cm²)

LC50 95% Confidence limit LC90 95% Confidence limit

HD1 1.70 1.35-2.05 4.50 3.95-5.05

KS 0.80 0.60-1.00 2.70 2.20-3.20
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confirmed that KS δ-endotoxins were significantly more

toxic than those of HD1 (data not shown).

Zymogram Analysis of the Larvae Proteases

The number and molecular masses of the proteases

recovered in the larvae protease extract were examined

using zymogram analysis with casein as a universal

substrate. Thus, the zymogram analysis indicated at least

six discernable caseinolytic activities (P1-P6) comprised

between 97 and 50 kDa. The bands corresponding to P1, P2,

P3, and P6 had relatively delimited forms and high

intensities, suggesting that each band corresponded to one

or more proteases having similar molecular masses.

Furthermore, the P4 and P5 bands were clearly large,

vague and diffused, suggesting that each one resulted from

various proteases running in close proximity (Fig. 2).

δ-Endotoxin Activation by Proteases

In order to determine if each step of the action mode was

involved in the higher activity of KS against T. absoluta, the

protoxin activation process was studied [24]. For such

purpose, the KS and HD1 crystals were solubilized, and the

obtained protoxins were activated by means of T. absoluta

larvae protease extract or commercial trypsin at different

times of incubation. Subsequent to SDS-PAGE analysis, we

found that there was no major difference between the

proteolysis patterns of KS and HD1 in the two cases. The

control samples incubated without any added proteases

showed two major bands. The first band (130 kDa)

corresponded to Cry1 protoxins, which remained relatively

stable during the incubation. The second band (approximately

65 kDa) corresponded to the Cry2 and/or Cry1 toxins after

protoxins activation. Proteolysis activation of both the KS

and HD1 protoxins (130 kDa) to an approximately 65 kDa

toxin occurred rapidly via the larvae protease extract or

trypsin, as we did not find detectable protoxins after 3 min.

Moreover, the 65 kDa toxins were themselves resisted

progressive proteolysis during the 80 min reaction time,

producing the protease-resistant core of 58 kDa (Fig. 3).

Furthermore, the trypsin proteolysis profile showed that

the stable toxin band was observed very early (3 min),

suggesting that the trypsin was very active on both toxin

mixtures. The pattern similarity observed with the larvae

protease extract or the trypsin indicated the presence of

high trypsin-like activity in the midgut of T. absoluta larvae,

as was described in several insects [3, 7]. Consequently, the

involvement of the protoxin activation process in the

enhancement of KS toxicity compared with that of HD1

was discarded.

Fig. 2. Zymogram analysis of T. absoluta larvae proteases. 

The larvae protease extract (10 µg) was separated in SDS-PAGE, and

the proteolysis activities were revealed using casein as the substrate.

Fig. 3. Proteolysis of the KS and HD1 δ-endotoxins. 

SDS-PAGE analysis of the protoxins digestion with T. absoluta larvae

protease extract or the commercial trypsin for 3, 10, 30, and 80 min.

Lanes: M, molecular mass markers. The control corresponded to the

δ-endotoxins incubated without proteases. *, Larvae protease extract

without δ-endotoxins.
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Histopathological Effects of KS δ-Endotoxins on T.

absoluta Larvae

Histopathological observations of the effects of the KS

and HD1 δ-endotoxins on T. absoluta were conducted on

the early stage of the fourth instar larvae. As T. absoluta is a

lepidopteron, the gut cross-sections of the untreated larvae

showed a midgut wall composed of a peritrophic membrane

and a midgut epithelium. The peritrophic membrane was

composed of chitin and proteins that delimited the midgut

lumen in the ectoperitrophic and endoperitrophic spaces

[28, 37, 47]. The midgut epithelium was lined with columnar

cells, which contained numerous microvilli forming the

apical membrane (brush border membrane), and goblet

cells that were intercalated with the columnar cells. The

midgut epithelial cells of the control larvae were closely

associated with one another, presenting a typical morphology

and showing no evidence of damage (Figs. 4A and 4D).

Furthermore, extensive damages to the midgut epithelium

were induced by the KS and HD1 δ-endotoxins. Mostly,

histopathological changes included hypertrophy of the

epithelial cells and their nucleus, dilation of the intercellular

spaces, and degeneration of the epithelium columnar cells,

so the lumen was filled with debris of disrupted cells. Brush

border membrane alteration allowed for cell cytoplasmic

vacuolization and vesicle formation in the apical region

toward the midgut lumen (Figs. 4B, 4C, 4E, and 4F).

Discussion 

T. absoluta attacks the Solanaceae major crops and principally

the tomato crops in South America and Mediterranean

countries. Here, we reported a particular emphasis on the

δ-endotoxins effect of our isolated B. thuringiensis strain KS

and the B. thuringiensis ssp. kurstaki reference strain HD1

on T. absoluta larvae. The symptoms developed upon δ-

endotoxins ingestion were typical, consisting of the cessation

of feeding, loss of gut peristalsis, body retraction, overall

paralysis, and then death of the insect. Quantitatively,

insecticidal bioassays against third instar larvae revealed

that the KS δ-endotoxins were approximately 2-fold toxic

than those of HD1 because of their lower LC50 and LC90. KS

and HD1 bipyramidal crystals should contain Cry1Aa /

Cry1Ac and Cry1Ab, and a supplementary Cry1C protoxin

for KS. They also produced the Cry2 toxin (65-70 kDa),

forming the cubic crystal, and the secreted Cry1I toxin,

which did not integrate the δ-endotoxin crystals.

Fig. 4. Effects of the KS and HD1 δ-endotoxins on T. absoluta midgut. 

(A), (B), (C) General aspects; and (D), (E), (F) histopathological effects of sections through the midgut epithelium. (A), (D) Larvae not exposed to toxins;

(B), (E) larvae fed diet containing KS δ-endotoxins; (C), (F) larvae fed diet containing HD1 δ-endotoxins. In (E), (F), black arrows indicate lyses of

columnar cells and head arrows show vacuolization of columnar cells and vesicle formation in the apical region of cells. Me, midgut epithelium;

Cc, columnar cell; N, nucleus; Gc, goblet cell; Am, apical membrane = (Bb) brush border membrane; Bm, basement membrane; L, lumen; Pm,

peritrophic membrane; Ec, ectoperitrophic space; Ed, endoperitrophic space. (A), (B), (C) Magnification 40×; (D), (E), (F) magnification 100x.
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Numerous studies on the action mode of the δ-endotoxins

described the solubilization of the crystal inclusion bodies

and the proteolysis processing of the Cry proteins in the

insect alkaline midgut environment. For T. absoluta, the

zymogram analysis revealed at least six protease activities.

Additionally, proteolysis pattern similarity was revealed

when the KS and HD1 protoxins (130 kDa) were activated

by larvae protease extract or trypsin, producing the toxins

(65 kDa) and the proteolysis-resistant core (58 kDa). In fact,

to be active, a Cry1 protoxin must first be deleted from its

C-terminal moiety, necessary for its crystallization inside

B. thuringiensis with midgut trypsin and/or chymotrypsin-

like proteases, followed by the deletion of several N-

terminal amino acids depending on the Cry sequences [24,

27]. After that, active Cry toxins interact specifically and

sequentially with multiple receptors on the surface of the

midgut brush border membrane of the target insects. These

interactions trigger oligomerization of the toxin and its

insertion into the membrane to form ion channels, leading

to colloid osmotic lyses [2, 16, 44]. For illustration, by using

brush border membrane vesicles (BBMV) from the midgut

tissues of Phthorimaea operculella (Lepidoptera: Gelechiidae),

Mamestra brassicae, and Spodoptera exigua (Lepidoptera:

Noctidae), binding of the three structurally related insecticidal

crystal proteins CryIAa, CryIAb, and CryIAc showed a

common receptor [11]. Here, we had clearly observed the

damage caused by the KS and HD1 δ-endotoxins on the T.

absoluta midgut, consisting essentially of the disintegration

of the epithelial cells and the vacuolization of the apical

membrane, conducting to larvae death. Hence, it will be

interesting to identify the binding specificities of the Cry

proteins to their receptor (s) in the midgut epithelium cells

of T. absoluta.

Several explanations for the KS enhanced toxicity were

possible, like the presence of the cry1C gene. In such case, it

is possible that the Cry1C effect was due to its higher

toxicity against T. absoluta by comparing with other KS Cry

types or due to a cumulative or a synergistic effect between

the Cry proteins. Such synergistic effect was previously

demonstrated for the B. thuringiensis Cry1Aa and Cry1Ia

[50]. Other possible reasons were the sequences of the KS Cry1

and Cry2 proteins, which could specify their susceptibilities

to midgut proteases and their interactions with their specific

receptors in the larva midgut brush border membranes [11,

19]. For example, the binding sites for B. thuringiensis

Cry2Ae toxin on Heliothine brush border membrane

vesicles are not shared with Cry1A, Cry1F, or Vip3A toxin

[17]. Additionally, a high copy number or expression level

of one/several cry genes could modify the Cry protein

proportion in the crystal, and consequently improve or decrease

its toxicity. In fact, Chang et al. [6] described variability in

the transcription and translation of the cry1Ab3, cry1Ca1,

and cry1Da1 genes by B. thuringiensis aizawai, leading to a

proportion modification of the corresponding Cry proteins

forming the crystal. Additionally, Saadaoui et al. [38]

demonstrated that the cry1A copy number of the B.

thuringiensis BLB1 was significantly higher than that of the

B. thuringiensis HD1 strain, which could be one of the

factors responsible of its hypertoxicity. Furthermore, the

genetic background may be influential, like the presence of

the proteases or any other insecticidal factor. For example,

the three selected B. thuringiensis isolates conferring better

or equal protection to the tubers than the reference strain B.

thuringiensis HD1 against Phthorimaea operculella belonged

to the subspaces kurstaki and morrisoni and carried combinations

of cry1 (cry1Ab, cry1Ac, cry1D, cry1E, cry1F, cry1Ia), cry2,

and cry4 [18].

The fermentation process could be optimized in order

to increase the KS toxicity and to make it a candidate for an

integrated pest management of T. absoluta. Additionally,

we propose to use this strain against the Tuta absoluta

closely related pests Phthorimaea operculella and Keiferia

lycopersicella (Lepidoptera: Gelechiidae), which also damage

several Solanaceae, where P. operculella is particularly

dangerous to potato production worldwide in both field

crops and storage (leaves, stems, exposed tubers), whereas

the main host of K. lycopersicella is tomato.

In conclusion, the B. thuringiensis KS is a promising

strain that produced more efficient δ-endotoxins against T.

absoluta than the reference strain HD1 already largely used

in biological control. Several reasons for its efficiency are

possible, like the presence of the cry1C gene. Its Cry

protoxins are activated by the proteases of the larvae

protease extract into 65 kDa and then 58 kDa toxins, which

cause the midgut epithelium damage and larvae death.

Acknowledgments

This study was supported by a grant from the Tunisian

Ministère de l’Enseignement Supérieur et de la Recherche

Scientifique (MESRS). We wish to thank Mrs Zineb Amri,

an English professor, and Dr. Sofien Ghorbel for having

proofread this paper.

References

1. Bradford MM. 1976. A rapid and sensitive method for the

quantification of microgram quantities of protein utilising



T. absoluta Susceptibility to Cry Proteins 1105

August 2013⎪Vol. 23⎪No. 8

the principle of protein-dye binding. Anal. Biochem. 72: 248-

254.

2. Bravo A, Gill SS, Soberón M. 2007. Mode of action of

Bacillus thuringiensis Cry and Cyt toxins and their potential

for insect control. Toxicon 49: 423-435.

3. Bulushova NV, Elpidina EN, Zhuzhikov DP, Lyutikova LI,

Ortego F, Kirillova NE, et al. 2011. Complex of digestive

proteinases of Galleria mellonella caterpillars: Composition,

properties, and limited proteolysis of Bacillus thuringiensis

endotoxins. Biochemistry (Mosc) 76: 581-589.

4. Carozzi NB, Karmer VC, Warren GW, Evola S, Koziel MG.

1991. Prediction of insecticidal activity of Bacillus thuringiensis

strains by polymerase chain reaction product profiles. Appl.

Environ. Microbiol. 57: 3057-3061.

5. Chakrabarti SK, Lutz KA, Lertwiriyawong B, Svab Z,

Maliga P. 2006. Expression of the cry9Aa2 B.t. gene in

tobacco chloroplasts confers resistance to potato tuber moth.

Transgenic Res. 15: 481-488.

6. Chang L, Grant R, Aronson A. 2001. Regulation of the

packaging of Bacillus thuringiensis δ-endotoxins into inclusions.

Appl. Environ. Microbiol. 67: 5032-5036.

7. Chougule NP, Doyle E, Fitches E, Gatehouse JA. 2008.

Biochemical characterization of midgut digestive proteases

from Mamestra brassicae (cabbage moth; Lepidoptera: Noctuidae)

and effect of soybean Kunitz inhibitor (SKTI) in feeding

assays. J. Insect. Physiol. 54: 563-572.

8. Crickmore N, Zeigler DR, Schnepf E, Van Rie J, Lereclus D,

Baum J, et al. 2012. Bacillus thuringiensis toxin nomenclature.

Accessible at http://www.lifesci.sussex.ac.uk/home/Neil_

Crickmore/Bt/toxins2.html.

9. Desneux N, Wajnberg E, Wyckhuys KAG, Burgio G, Arpaia

S, Narváez-Vasquez CA, et al. 2010. Biological invasion of

European tomato crops by Tuta absoluta: Ecology, geographic

expansion and prospects for biological control. J. Pest Sci.

83: 197-215.

10. Entwistle P, Bailey MJ, Cory J, Higgs S. 1993. Bacillus

thuringiensis: An Environmental Pesticide, Theory and Practice.

JohnWiley & Sons, Inc., New York, NY

11. Escriche B, Ferré J, Silva FJ. 1997. Occurrence of a common

binding site in Mamestra brassicae, Phthorimaea operculella,

and Spodoptera exigua for the insecticidal crystal proteins

CrylA from Bacillus thuringiensis. Insect. Biochem. Mol. Biol.

27: 651-656.

12. Galarza J. 1984. Laboratory assessment of some solanaceous

plants as possible food plants of the tomato moth Scrobipalpula

absoluta (Meyr.) (Lepidoptera: Gelechiidae). IDIA 421/424:

30-32.

13. Garcia-Carreño F, Dimes L, Haard N. 1993. Substrate gel

electrophoresis for composition and molecular weight of

proteinases or proteinaceous proteinase inhibitors. Anal.

Biochem. 214: 65-69.

14. Geiser M, Schweitzer S, Grimm C. 1986. The hypervariable

region in the genes coding for entomopathogenic crystal

proteins of Bacillus thuringiensis: Nucleotide sequence of the

kur Hdl gene of subsp kurstaki HD-1. Gene 48: 109-118.

15. Ghribi D, Zouari N, Trigui W, Jaoua S. 2007. Use of sea

water as salts source in starch and soya bean based media,

for the production of Bacillus thuringiensis bioinsecticides.

Process Biochem. 42: 374-378.

16. Gómez I, Pardo-López L, Mu oz-Garay C, Fernandez LE,

Pérez C, Sánchez J, et al. 2007. Role of receptor interaction

in the mode of action of insecticidal Cry and Cyt toxins

produced by Bacillus thuringiensis. Peptides 28: 169-173.

17. Gouffon C, Van Vliet A, Van Rie J, Jansens S, Jurat-Fuentes

JL. 2011. Binding sites for Bacillus thuringiensis Cry2Ae toxin

on Heliothine brush border membrane vesicles are not

shared with Cry1A, Cry1F, or Vip3A toxin. Appl. Environ.

Microbiol. 77: 3182-3188.

18. Hernández CS, Andrew R, Bel Y, Ferré J. 2005. Isolation and

toxicity of Bacillus thuringiensis from potato-growing areas

in Bolivia. J. Invertebr. Pathol. 88: 8-16.

19. Herrero S, González-Cabrera J, Tabashnik BE, Ferré J. 2001.

Shared binding sites in Lepidoptera for Bacillus thuringiensis

Cry1Ja and Cry1A toxins. Appl. Environ. Microbiol. 67: 5729-

5734.

20. Ingle SS, Trivedi N, Prasad R, Kuruvilla J, Rao KK, Chatpar

HS. 2001. Aminopeptidase-N from the Helicoverpa armigera

(Hubner) brush border membrane vesicles as a receptor of

Bacillus thuringiensis Cry1Ac δ-endotoxin. Curr. Microbiol. 43:

255-259.

21. Janete ADS, Hernández-Rodríguez CS, Ferré J. 2009. Interaction

of Bacillus thuringiensis Cry1 and Vip3A proteins with Spodoptera

frugiperda midgut binding sites. Appl. Environ. Microbiol. 75:

2236-2237.

22. Jenkins JL, Dean DH. 2001. Binding specificity of Bacillus

thuringiensis Cry1Aa for purified, native Bombyx mori

aminopeptidase N and cadherin-like receptors. BMC Biochem.

2: 12.

23. Kallassy-Awad M, Saadaoui I, Rouis S, Tounsi S, Jaoua S.

2007. Differentiation between Bacillus thuringiensis strains by

gyrB PCR-Sau3AI fingerprinting. Mol. Biotechnol. 35: 171-177.

24. Karumbaiah L, Oppert B, Jurat-Fuentes JL, Adang MJ. 2007.

Analysis of midgut proteinases from Bacillus thuringiensis-

susceptible and -resistant Heliothis virescens (Lepidoptera:

Noctuidae). Comp. Biochem. Phys. B 146: 139-146.

25. Laemmli UK. 1970. Cleavage of structural proteins during the

assembly of the head of bacteriophage T4. Nature 227: 680-685.

26. Lee IH, Je YH, Chang JH. 2001. Isolation and characterization

of a Bacillus thuringiensis ssp. kurstaki strain toxic to Spodoptera

exigua and Culex pipiens. Curr. Microbiol. 43: 284-287.

27. Lee MK, Walters FS, Hart H, Palekar N, Chen JS. 2003. The

mode of action of the Bacillus thuringiensis vegetative

insecticidal protein VIP3A differs from that of Cry1Ab δ-

endotoxin. Appl. Environ. Microbiol. 69: 4648-4657.

28. Lehane MJ. 1997. Peritrophic matrix structure and function.

Annu. Rev. Entomol. 42: 525-550.

n

ê



1106 Jamoussi et al.

J. Microbiol. Biotechnol.

29. Lietti MMM, Botto E, Alzogaray RA. 2005. Insecticide

resistance in Argentine populations of Tuta absoluta (Lep.:

Gelechiidae). Neotrop. Entomol. 34: 113-119.

30. Manzano M, Cocolin L, Cantoni C, Comi G. 2003. Bacillus

cereus, Bacillus thuringiensis and Bacillus mycoides differentiation

using a PCR-RE technique. Int. J. Food Microbiol. 81: 249-254.

31. OEPP/EPPO. 2005. Data sheets on quarantine pests: Tuta

absoluta. EPPO Bulletin 35: 434-435.

32. OEPP/EPPO. 2011. EPPO alert list. Accessible at http://

www.eppo.org/QUARANTINE/quarantine.htm.

33. Peng D, Xu X, Ye W, Yu Z, Sun M. 2010. Helicoverpa

armigera cadherin fragment enhances Cry1Ac insecticidal

activity by facilitating toxin-oligomer formation. Appl. Microbiol.

Biotechnol. 85: 1033-1040.

34. Peyronnet O, Noulin JF, Laprade R, Schwartz JL. 2004.

Patch-clamp study of the apical membrane of the midgut of

Manduca sexta larvae: Direct demonstration of endogenous

channels and effect of a Bacillus thuringiensis toxin. J. Insect

Physiol. 50: 791-803.

35. Peyronnet O, Vachon V, Schwartz JL, Laprade R. 2001. Ion

channels induced in planar lipid bilayers by the Bacillus

thuringiensis toxin Cry1Aa in the presence of Gypsy moth

(Lymantria dispar) brush border membrane. J. Membrane Biol.

184: 45-54.

36. Ruiz LM, Segura C, Trujillo J, Orduz S. 2004. In vivo binding

of the Cry11Bb toxin of Bacillus thuringiensis subsp. medellin

to the midgut of mosquito larvae (Diptera: Culicidae). Mem.

Inst. Oswaldo Cruz 99: 73-79.

37. Ryerse JS, Purcell JP, Summers RD, Lavrik PB. 1992.

Peritrophic membrane structure and formation in the larva

of a moth, Heliothis. Tissue Cell 24: 751-771.

38. Saadaoui I, Rouis S, Jaoua S. 2009. A new Tunisian strain of

Bacillus thuringiensis kurstaki having high insecticidal activity

and δ-endotoxin yield. Arch. Microbiol. 191: 341-348.

39. Sambrook J, Frisch EF, Maniatis T. 1989. Molecular Cloning:

A Laboratory Manual, 2nd Ed. Cold Spring Harbor

Laboratory Press, Cold Spring Harbor, NY.

40. Schnepf E, Crickmore N, Van Rie J, Lereclus D, Baum J,

Feitelson J, et al. 1998. Bacillus thuringiensis and its pesticidal

crystal proteins. Microbiol. Mol. Biol. Rev. 62: 775-806.

41. Silva GA, Picanço MC, Bacci L, Crespo AL, Rosado JF,

Guedes RN. 2011. Control failure likelihood and spatial

dependence of insecticide resistance in the tomato pinworm,

Tuta absoluta. Pest Manag. Sci. 67: 913-920.

42. Siqueira HAA, Guedes RNC, Fragoso DB, Magalha LC.

2001. Abamectin resistance and synergism in Brazilian

populations of Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae).

Int. J. Pest Manag. 47: 247-251.

43. Siqueira HAA, Guedes RNC, Picanco MC. 2000. Insecticide

resistance in populations of Tuta absoluta (Lep.: Gelechiidae).

Agr. Forest Entomol. 2: 147-153.

44. Soberón M, Pardo L, Muñóz-Garay C, Sánchez J, Gómez I,

Porta H, et al. 2010. Pore formation by Cry toxins. Adv. Exp.

Med. Biol. 677: 127-142.

45. Tabashnik BE, Morin S, Unnithan GC, Yelich AJ, Ellers-Kirk

C. 2012. Sustained susceptibility of pink bollworm to Bt

cotton in the United States. GM Crops 3. Accessible at http://

www.landesbioscience.com/journals/gmcrops/toc/volume/

3/issue/3/.

46. Tabashnik BE, Sisterson MS, Ellsworth PC, Dennehy TJ,

Antilla L, Liesner L, et al. 2010. Suppressing resistance to Bt

cotton with sterile insect releases. Nat. Biotechnol. 28: 1304-

1307.

47. Tellam RL, Wijffels G, Willadsen P. 1999. Peritrophic matrix

proteins. Insect Biochem. Mol. Biol. 29: 87-101.

48. Thammasittirong A, Attathom T. 2008. PCR-based method

for the detection of cry genes in local isolates of Bacillus

thuringiensis from Thailand. J. Invertebr. Pathol. 98: 121-126.

49. Theunis W, Aguda RM, Cruz WT, Decock C, Peferoen M,

Lambert B, et al. 1998. Bacillus thuringiensis isolates from the

Philippines: Habitat distribution, delta-endotoxin diversity,

and toxicity to rice stem borers (Lepidoptera: Pyralidae).

Bull. Entomol. Res. 88: 335-342.

50. Tounsi S, Aoun AE, Blight M, Rebaî A, Jaoua S. 2006.

Evidence of oral toxicity of Photorhabdus temperata strain

K122 against Prays oleae and its improvement by heterologous

expression of Bacillus thuringiensis cry1Aa and cry1Ia genes.

J. Invertebr. Pathol. 91: 131-135.

51. Travers RS, Martin P, Reichelderfer CF. 1987. Selective

process for efficient isolation of soil Bacillus species. Appl.

Environ. Microbiol. 53: 1263-1266.

52. Venables WN, Smith DM. 2004. The R. development core

team. An introduction to R. version 1.9.1. Accessible at

http://www.r-project.org/.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


