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Abstract
Toxicity of lyophilized powders prepared prepared 16 combinations of four genes, cry4Aa, cry11Aa, cyt1Aa 
and p20 from Bacillus thuringiensis subsp.israelensis (Bti) expressed in Escherichia coli were examined 
against three mosquito vectors of diseases, Culex quinquefasciatus Say, Anopheles arabiensis Patton, and Aedes 
aegypti Linnaeus, followed by simulated studies using transgenic Anabaena PCC7120 expressing the most 
toxic combination of genes. The following clones were the most toxic to the three mosquito species: pVE4-
ADRC expressing all four genes (LC50s of 0.59, 3.2, and 0.68 μg ml-1); pVE4-ARC expressing cry4Aa, cyt1Aa, 
p20 (LC50s of 0.93, 6.2 and 0.87 μg ml-1), and pVE4-AD expressing cry4Aa and cry11Aa (LC50s of 1.51, 7.5 and 
1.3 μg ml-1). The clone pVE4-ADRC was undoubtedly the most effective. The role of appropriate promoter(s) 
in enhancing toxicity was demonstrated by comparing expression of the same gene combination under a 
strong E. coli promoter (PA1) either singly, in pVRE4-DRC or two (the second preceding cyt1Aa in pVE4-
DRC). The latter produced more Cyt1Aa, which is less toxic, at the expense of the more toxic Cry11Aa, thus 
reducing toxicity. On the other hand, the combination of toxins under pVRE4-DRC control had an enhanced 
toxicity. This observation implies that further toxicity fine-tuning could be reached by manipulating promoters 
to enhance toxicity in recombinant systems. In simulated semi-field experiments, transgenic Anabaena PCC 
7120 protected the toxins from premature degradation and better delivered the toxins to the larvae compared 
to commercial Bti preparations. 

Key words: recombinant Bti toxins, A. aegypti, An. arabiensis, C. quinquefasciatus, western blot, LC50

Baraton Interdisplinary Research Journal (2012) 2(1), 17 -32 ISSN 2079-4711



18

et al., 2006; Chayaratanasin et al., 2007). Lethality 
is believed to be due to destruction of the trans-
membrane potential, with the subsequent osmotic 
lysis of cells lining the midgut (Knowles & Ellar, 
1987).
 The toxicity of Bti resides in at least four 
major ICPs, of 134, 128, 72 and 27 kDa, encoded 
by the genes cry4Aa, cry4Ba, cry11Aa and cyt1Aa, 
respectively, all mapped on the 128 kb plasmid known 
as pBtoxis (Ben-Dov et al., 1999; Berry et al., 2002). 
These ICPs differ in toxicity levels and specificity 
against different species of mosquitoes (Margalith & 
Ben-Dov, 2000). Despite the low toxicity of Cyt1Aa 
against exposed larvae, this protein is highly synergistic 
with the Cry toxins and their combinations in vitro 
(Crickmore et al., 1995; Wirth et al., 1997; Wirth et 
al., 2007) due to different modes of action (Butko, 
2003). Cyt1 Aa has been found to restore toxicity of 
B. sphaericus against Culex quinquefasciatus (Wirth 
et al., 2000). Cyt1Aa synergizes the Cry toxins when 
expressed simultaneously in transgenic E. coli and 
Anabaena PCC 7120 (Khasdan et al., 2001 and 2003, 
respectively), and with the heterologous mosquito 
larvicidal binary toxin of B. sphaericus (Wirth et al., 
2000a; 2000b; 2005). Various combinations of Bti 
Cry toxins with Cyt1Aa may be necessary to avoid 
selection for resistance in the target mosquitoes 
(Georghiou & Wirth 1997; Wirth et al., 1997; 2007). 
Bti‘s limitations can compromise its efficacy in 
natural environments (Ohana et al., 1987). Expressing 
cry genes in other model systems may alleviate such 
limitations by effectively delivering the toxins in 
optimal combinations to the targets (Margalith & 
Ben-Dov, 2000).

Advantages and limitations of Bti in biocontrol of 
mosquitoes
 Biological control agents active against 
mosquito larvae include several species of fish, 
nematodes, fungi, protozoa, viruses and bacteria 
(Scholte et al., 2004; Floore, 2006; Lacey, 2007; 
Futami et al., 2011). Bti was the first subspecies of 
Bt found to be toxic to dipteran larvae, and is much 
more effective against many species of mosquito 
and black fly larvae than any previously known bio-
control agent. It is highly specific and hence safe to 
the environment (Murthy, 1997). No resistance has 
been detected to-date toward Bti in field populations 
of mosquitoes, despite over three decades of extensive 
field usage (Margalith & Ben-Dov, 2000). It has 
therefore been integrated into many vector control 

Introduction and Literature Review

 With the ever-emerging elusive mosquitoes 
resistant to chemical pesticides (Chandre et al., 
1999a; Martinez-Torres et al., 1998) and drug-
resistant Plasmodium spp. (Björkman & Bhattarai, 
2005; Lopes et al., 2002), coupled with emergence 
of arboviral infections (Gould & Higgs, 2009) and 
the growing fear of the inter-relation in transmission 
of various vector-borne diseases, increased efforts in 
emerging alternative technologies for integration in 
malaria control are desired. 
 A powerful environmentally friendly 
component of this approach is Bacillus thuringiensis 
subsp. israelensis (Bti) de Barjac, discovered by 
Goldberg and Margalit (1977). This soil inhabiting 
gram-positive bacterium produces a parasporal, 
proteinaceous crystal ( -endotoxin) during sporulation. 
The crystal dissolves upon ingestion by mosquito 
larvae and its components are cleaved into toxic 
polypeptides by specific proteases present in the 
basic larval mid-gut. The active toxins then bind to 
receptors in the gut epithelium of susceptible species 
and cause paralysis and death, depending on the 
concentration used.
 Toxin stability and delivery are limiting 
factors in Bti’s efficiency to control mosquitoes in 
field conditions. It has been demonstrated that the 
cyanobacterium (blue-green algae) Anabaena PCC 
7120 expressing the toxin genes is a novel way to 
simultaneously protect the insecticidal crystal proteins 
(ICPs) from sunlight inactivation (Manasherob et 
al., 2002) and from sinking into bottom sediments. 
Anabaena has been used to deliver the toxins to 
mosquito larvae in simulated semi-field experiments 
(Manasherob et al., 2003). This system must be field 
tested for effectivenes in natural mosquito habitats. It 
is anticipated that this toxin expression and delivery 
system will contribute to the reduction of mosquito 
populations and yield a long lasting solution to the 
prevalence of malaria in the tropics. 
 Other subspecies of Bacillus thuringiensis 
(Bt) (Bulla et al., 1980), have been characterized 
by the formation of a parasporal crystal protein 
(the δ-endotoxin) during sporulation (de Barjac & 
Sutherland, 1990). Susceptibility is based on the 
capacity of the target species to dissolve the crystal 
by specific proteases in the basic larval mid-gut of 
many species, thus exposing the toxins, which bind 
to specific receptors on the gut membrane (Yamagiwa 
et al., 2001; Boonserm et al., 2005, 2006; Fernandez 

Mosquito response to recombinant Bti toxins
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programs worldwide.
 Application of Bti for mosquito control 
is limited by short residual activity of current 
preparations under field conditions. The major 
reasons are: (a) sinking of the protoxin to the bottom 
of the water body (Manasherob et al., 2003); (b) 
adsorption onto silt particles and organic matter 
(Ohana et al., 1987); (c) consumption by non-target/
non-susceptible aquatic organisms; (d) inactivation 
by sunlight (Hoti & Balaraman, 1993; Liu et al., 
1993). Furthermore, the persistence of Bti elements 
in the environment may have the potential to induce 
resistance in mosquitoes (Tiquin et al., 2008; Paris 
et al., 2011). Efforts are being made to improve 
effectiveness of Bti by prolonging its activity, as 
well as by targeting delivery of the active ingredient 
in the larval feeding zone. These improvements are 
being facilitated by development of new formulations 
utilizing conventional and advanced tools in 
molecular biology and genetic engineering. It is also 
necessary to develope culture conditions for Bti that 
maintain the integrity of the protoxin when used in 
the conventional way for mosquito control (Otieno-
Ayayo et al., 1993). The strategy of transferring Bti's 
toxin genes for expression into alternative hosts 
that are eaten by mosquito larvae is much safer and 
more economical than chemical insecticides. These 
alternative hosts may also multiply in their habitats to 
prolong the effectiveness of the Bti application.

Activity of the Insecticidal Crystal Proteins (ICPs) 
from Bti

The polypeptides and their genes

 The larvicidal activity is produced by several 
ICPs organized in a parasporal, proteinaceous 
(δ-endotoxin) synthesized during sporulation 
(de Barjac & Sutherland, 1990). The specific 
mosquitocidal properties are attributed to complex, 
synergistic interactions between three proteins 
(Poncet et al., 1995), Cry4Aa (125 kDa), Cry4Ba 
(130kDa) and Cry11Aa (68-72 kDa) (Donovan et al., 
1988; Höfte & Whitley, 1989), and the non-specific 
Cyt1Aa, which is hemolytic and cytotoxic (Höfte & 
Whiteley, 1989; Tabashnik, 1992; Crickmore et al., 
1995; Poncet et al., 1995). At least one accessory 
protein, P20, involved in δ-endotoxin production 
(Visick & Whiteley, 1991; Xu et al., 2001; Shao & Yu, 
2004), seems to stabilize both Cyt1Aa and Cry11Aa 
in recombinant E. coli and Bt by a post-transcriptional 

mechanism, probably protection from proteolysis by 
interaction with Cyt1Aa while the latter is synthesized 
(Visick & Whiteley, 1991; Wu & Federici, 1995). 
In addition, it stimulates production of Cry4Aa in 
recombinant E. coli (Yoshisue et al., 1992). All genes 
involved with  δ-endotoxin production are located on 
the 128 kb (pBtoxis) plasmid (Ben-Dov et al., 1999; 
Berry et al., 2002), have been cloned and expressed, 
their sequences deciphered and toxicities examined 
(Margalith & Ben-Dov, 2000).

Mode of action of toxins
 The toxicity of the ICPs has been demonstrated 
through applications to the larval mid-gut (Gill et al., 
1992; Knowles & Dow, 1993). A two-step model 
was proposed for the action of Bt processed toxins 
(Knowles & Ellar, 1987): binding to midgut cell 
receptors (Van Rie et al., 1990; Yamagiwa et al., 
2001; Feldmann et al., 1995) and pore formation 
disrupting membrane permeability. Consequently, 
an uncontrolled efflux of ions, which disturbs the 
osmotic equilibrium, leading to colloid osmotic 
cytolysis (Knowles & Ellar, 1987). 

Synergistic interactions of toxic polypeptides
 The ICPs differ qualitatively and quantitatively 
in their toxicity levels and against different species of 
mosquitoes (Poncet et al., 1995). The crystal complex 
is much more toxic than each of the polypeptides 
alone. Various combinations of toxins are necessary 
to avoid selection for resistance in the targets (e.g., 
Wirth et al., 1997), and expression of such in other 
model systems is necessary to alleviate limitations in 
delivering the toxins to the targets. Synergism among 
Bti proteins has been demonstrated and widely 
studied (Wu and Chang, 1985; Poncet et al., 1994). 
All combinations of the three Cry proteins against 
three mosquito species had different synergy factors 
of between 2.5 - 15 (Crickmore et al., 1995; Poncet 
et al., 1995). The three Cry toxins were much more 
toxic than Cyt1Aa (Poncet et al., 1995; Delecluse et 
al., 1991), but Cyt1 Aa was the most synergistic to 
any of the three Cry proteins and their combinations 
(Tabashnik, 1992; Canton et al., 2011). The Cyt1Aa 
concentration-response curve was different from those 
of the Cry toxins, indicating different mechanisms 
of action (Crickmore et al., 1995). Synergism has 
also been demonstrated between Bti’s cyt1Ab and B. 
sphaericus toxins (Wirth et al., 2001a). This suggests 
that the host range of a selected model system can 
be expanded by the interaction of gene combinations 
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across species.
 A number of laboratory studies have shown 
levels of resistance to specific combinations of genes 
(Wirth & Georghiou, 1997; Wirth et al., 1997; Wirth 
et al., 1998). Information of this type is important in 
determining optical larvicidal gene combinations for 
vector management. According to Wirth et al. (2001b), 
cross-resistance does not exist between cry19 of B.t. 
subspecies jegathesan and single or multiple Bti toxin 
genes. 

Selecting alternative model systems
Escherichia coli, a molecular biology tool for 
recombinant protein production
 The Gram negative bacterium, E. coli, is one 
of the most widely used hosts for the production of 
heterologous proteins (Baneyx, 1999) because its 
genetics, biochemistry, and metabolic pathways 
are far better understood than those of any other 
microorganism (Terpe, 2006). E. coli is thus widely 
used for recombinant protein production for industrial 
and research applications. 

Anabaena PCC 7120
 The organisms considered for toxin delivery 
should multiply in mosquito-breeding habitats, 
produce the toxic proteins efficiently, protect them 
from degradation, and efficiently deliver them to the 
larvae. Photosynthetic cyanobacteria are attractive 
candidates for this purpose (Boussiba & Zaritsky, 
1992; Boussiba et al., 2000). They are ubiquitous, 
float in the upper water layer and resist adverse 
conditions (Porter et al., 1993). They are used as 
natural food sources for mosquito larvae (Merritt et 
al., 1992; Avissar et al., 1994) and can be genetically 
manipulated (Shestakov & Khyen, 1970; Wolk et al., 
1984). Strain PCC 7120 of Anabaena species, the 
delivery system used in this study, is non-toxic and 
does not produce toxic blooms (Rouhiainen et al., 
1995).
 The suitability of Anabaena PCC 7120 is 
due to the following advantages (from Margalith and 
Ben-Dov, 2000):
a) Multicellular organisms such as Anabaena more 

efficiently deliver toxicity than unicellular because 
larger amounts of toxin are carried in a single 
aggregate.

b) The high copy number of the Escherichia coli-
Anabaena shuttle plasmid raises the number of 
gene copies per cell. Tandem promoters—the 
transcription rate, and appropriate Ribosome 
Binding Site (RBS)—improve translation 

efficiency in the transgenic organism.
c) Codon usage of Anabaena sp. resembles that of  

Bti for the four cry genes.

Materials and Methods

Media
 All media used in this study were autoclaved 
20 min at 121oC, 1.5 Atm, and filter sterilized. 
Antibiotics were added after the media cooled to 
approx. 40oC when required. All liquid media were 
solidified with 1.5% bacteriological agar when 
required.

LB Medium
 This complex, undefined medium was used for 
Bti and E. coli and consisted of 1% Bacto Tryptone, 
0.5% Yeast Extract, 1% NaCl.

BG-11 Medium
 This defined medium for Anabaena PCC 7120 
consisted of the following (in mM): 17.65 NaNO3, 
0.18 K2HPO4, 0.3 MgSO4, 0.25 CaCl2, 0.19 Na2CO3, 
0.003 Na2Mg EDTA, 0.029 citric acid, and 0.03 ferric 
ammonium citrate, pH8, and the following trace 
minerals (in μM): 46 H3BO3, 0.17 Co(NO3)2, 0.32 
CSO4, 9.2 MnCl2, 1.6 Na2MoO4, and 0.77 ZnSO4. 

Pharma medium
 This is a cottonseed-derived protein nutrient 
from Southern Cotton Oil Company (POB 80367, 
Memphis, TN 38108, USA) used for rearing Ae. 
aegypti. Powder was suspended in distilled water at a 
concentration of 1.5g L-1 and autoclaved.

Microorganisms
Strains of (cyano)bacteria
 Plasmids and the cloned Bti genes are listed 
in Table 1. 
Bacterial storage conditions
 For routine use over short periods, bacteria 
were inoculated onto fresh LB agar plates, incubated 
at 37oC overnight and stored at 4oC. The bacteria were 
sub-cultured into fresh plates every two months. For 
extended storage, E. coli were cultured to mid-log 
phase in liquid LB medium and then stored in well-
mixed aliquots containing 20% glycerol (200 μl into 
400 μl freshly concentrated culture) at -86oC.

Mosquito response to recombinant Bti toxins
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Table 1 
Plasmids used in this study: List of transgenic E. coli clones used in this study. All the clones were trans-
formed to XL-Blue MRF’, a commercial clone from clone library.
 
Plasmid  Bti gene(s) cloned   Source/Reference

pHE4-A  cry4Aa     Ben-Dov et al., 1995
pVE4-AC  cry4Aa, cyt1Aa   Khasdan et al., 2001
pVE4-AD  cry4Aa, cry11Aa   Ben-Dov et al., 1995
pVE4-ADC  cry4Aa, cry11Aa, cyt1Aa  Khasdan et al., 2001
pVE4-ADR  cry4Aa, cry11Aa, p20   Ben-Dov et al., 1995
pVE4-ADRC  cry4Aa, cry11Aa, p20, cyt1Aa   Khasdan et al., 2001
pHE4-AR  cry4Aa, p20    Ben-Dov et al., 1995
pVE4-ARC  cry4Aa, p20, cyt1Aa   Khasdan et al., 2001
pRM4-C  cyt1Aa     Manasherob et al., 2001
pHE4-D  cry11Aa    Ben-Dov et al., 1995
pVE4-DC  cry11Aa, cyt1Aa   Khasdan et al., 2001
pHE4-DR  cry11Aa, p20    Ben-Dov et al., 1995
pVE4-DRC  cry11Aa, p20, cyt1Aa   Khasdan et al., 2001
pVRE4-DRC  cry11Aa, p20, cyt1Aa   Khasdan et al., 2001
pHE4-R  p20     Ben-Dov et al., 1995
pRM4-RC  p20, cyt1Aa    Manasherob et al., 2001
pUHE24   -    Deuschle et al., 1986 (via S.Leu)
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Storage as lyophilized powder
Bacteria grown for expression of larvicidal protein 
toxins were harvested by centrifugation, washed and 
overnight freeze dried in a LABCONCO 2.5 Plus 
FreeZone freeze-drier (LABCONCO Corporation, 
Kansas City, Missouri), operating at maxima of 0.009 
Torr, and -85oC (at the lower level).

Storage of competent cells
 Competent cells were stored in 0.1 M CaCl2 
buffer at 4oC for less than a month. Usually these cells 
were used after overnight storage or at least within a 
week. 

Bacterial growth conditions
E. coli plasmid isolation
 For plasmid DNA isolation and purification, E. 
coli cells were grown in 5 ml LB medium containing 
appropriate antibiotics) in test tubes incubated at 
37oC with shaking at 200 rpm in a shaker incubator. 
Bacteria were harvested after overnight culture and 
used for plasmid isolation.

Competent E. coli cells preparation
 Presumed host bacteria were cultured on 
LB agar (without antibiotics) overnight and a single 
colony was transferred to a starter tube containing 5 

ml LB medium. These tubes were cultured at 37oC, 
200 rpm to mid log phase and diluted 1:150 into a 
flask culture maintained in same conditions up to 
OD600 of 0.2-0.5 nm before harvesting and processing 
for competence.

Expression of Bti toxin genes in transgenic E. coli
 Media for recombinant E. coli strains were 
supplemented with 100 μg ml-1 Ampicillin (Amp), 10 
μg ml-1 Tetracyclin (Tet), 10 μg ml-1 Chloramphenicol 
(Cm) (when required). A colony was inoculated into a 
test tube containing 5 ml LB and incubated overnight 
in a shaker (250 rpm) at 37oC. The cultures were 
diluted (1:150) into 250 ml flasks containing 30 ml 
medium, brought to exponential growth phase after 
about 2h (determined by spectro-photometry), and 
diluted (1:150) into 2 liter flasks containing 600 ml 
medium. Induction with IsoPropyl-β-ThioGalactoside 
(IPTG) to a final concentration of 0.1 mM was done 
at the exponential stage. The bacteria were harvested 
by centrifugation after 12 hr and washed twice with 
double distilled water. The resultant paste was freeze-
dried overnight and ground into fine powder for 
bioassay.

Anabaena PCC 7120 and the recombinant strain
 Anabaena PCC 7120 and its recombinant 
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clone (pSBJ2 # 11; containing toxicity of 6 AA ITU 
mg-1) expressing cry4Aa, cry11Aa and p20 from Bti, 
were cultured as described by  Khasdan et al., (2003) 
and Manasherob et al., (2003). For bioassays, 2.5 L 
glass columns were used (30oC) under continuous 
illumination (85 μmol photon m-2 sec-1) and furnished 
with air containing 1.5% CO2.

 Microbial growth measurements
Bacteria
 Growth of E. coli and Bti was measured 
by introducing 1 ml of culture into a disposable 
micro-cuvette and measuring optical density using 
UVIKON 860, Software Version 8611 (from Kontron 
Instruments, supplied by Lumitron Electronic 
Instruments Ltd, Israel) at OD600 nm. Alternatively, a 
Klett-Summerson colorimeter was used to determine 
cell density in Klett Units.  

Cyanobacteria
 Cyanobacterial growth was determined by 
estimating chlorophyll-a (Mackinney, 1941). A blank 
reading was set with distilled water. 200 μl of sample 
was added to 800 μl methanol and mixed by hand 
before incubation at 70oC for 2 min. The mixture was 
then centrifuged at 13,000 rpm for 1 min. The optical 
density of the supernatant was determined at 665 
nm for chlorophyll-a. The chlorophyll-a content was 
calculated using the equation: C (μg ml-1) = OD665* 
Dilution factor * 13.9.

Recombinant DNA methods
 Standard molecular techniques (Sambrook et 
al., 1989) were applied in most procedures.
 
Preparation of competent cells
 Cells harvested from above mentioned culture 
conditions were cooled in ice for 10 minutes. They 
were then harvested by centrifugation at 350 rpm for 
5 minutes at 4oC, and washed twice in ice-cold 0.1 M 
CaCl2 before concentrating 50-100 times in the same 
solution. For increased competence, the cells were 
stored overnight at 4oC before use.

E. coli plasmid DNA isolation and purification
 E. coli plasmid DNA was isolated and 
purified from 5 ml of culture using QIAprep®Spin 
Mini prep kit (from QIAGEN, supplied by Westburg 
(Israel) Ltd) following the instructions from the 
supplier. Plasmid DNA concentration and purity was 
determined by capillary method using GeneQuant 

spectrophotometer from Amersham Biosciences. 
Procedures were according to the user manual.

 Transformation of E. coli cells by heat-shock 
method
 In a sterile Eppendorf tube, 1 μl of plasmid 
vector DNA was mixed with 50-100 μl of overnight 
competent cells and incubated on ice for 2 min. The 
cells were then heat shocked by transferring the 
tube to a 42oC heat system for 2 min followed by 
incubation on ice for 2 min. To the heat-shocked cells 
was added 1 ml of LB medium without antibiotic and 
the tube incubated for 1 hr at 37oC. 100 μl of the cells 
were plated on LB agar plates containing appropriate 
antibiotics and incubated at 37oC overnight.

Protein and biochemical methods
Purification of Bti Crystals
 Bti crystals were separated from spores and 
purified by the method of Otieno-Ayayo et al., (1993), 
modified from Pendleton and Morrison (1966). 
When large quantities were purified, the spore/crystal 
complex was processed in a blender rather than by 
vortexing.

Processing of recombinant E. coli strains for 
protein analysis
Culture and sonication of cells
 E. coli strains were cultured and induced as 
described earlier, harvested and washed. The biomass 
was concentrated 25-fold and disrupted by sonication 
(SONICS vibra cellTM from SONICS and Materials 
Inc. ) at 100% energy pulsing the cells for 2 min 30 
sec (with regimes of 5 pulses of 30 seconds each, 
alternating with 30 sec breaks between pulses).

Estimation of total protein and sample 
preparation
Total protein was estimated from the lysates at 
OD595 using Bradford’s method (Bradford, 1976). 
Calculated quantities of protein from the lysates 
were denatured in sample buffer (40% glycerol, 4% 
mercaptoethanol, 0.1% bromophenol blue and 8% 
SDS) by boiling for 5 minutes prior to loading onto 
the gel for electrophoresis using Laemmli’s method 
(Laemmli, 1970). 

Sources of insects for bioassays

 Source and rearing of Ae. aegypti larvae

Mosquito response to recombinant Bti toxins
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 Dry strips of paper bearing eggs of Ae. aegypti, 
received from the Centre for Biological Control of 
BGU (courtesy of the late Prof. Yoel Margalith), were 
submerged in 1 l sterile tap water supplemented with 
1.5 g of Pharmamedia and incubated at 28 ±0.5oC for 
hatching and larval growth (Khawaled et al., 1988) 
until the 3rd instar stage.

Source and rearing of An. arabiensis and C. 
quinquefasciatus larvae
 Anopheles arabiensis and Culex 
quinquefasciatus eggs were obtained from a 
laboratory colonies, courtesy of the National Institute 
of Health Sciences, Harare-Zimbabwe and University 
of Nairobi in Nairobi-Kenya. The eggs were hatched 
at 28oC and maintained on Tetramin Baby Fish Food, 
Tetra GmbH D-49304 Melle, Germany and supplied 
by Martons, P.O. Box 12711 Jacobs, 4026, Kwa Zulu 
Natal, South Africa, until the larvae were in the third 
instar.

Laboratory bioassays
 Bio-assays were performed in 125 ml 
disposable cups, each containing 100 ml of sterile 
distilled water. The test organism were suspended 
in sterile distilled water and serially diluted in the 
disposable cups. Twenty early third instar larvae 
of each mosquito species (Ae. aegypti and An. 
arabiensis) were introduced into each cup. Each test 
replicated at least thrice, on different days. Bioassays 
with C. quinquefasciatus were performed with the 
powders only. The test mosquitoes were deprived of 
any other food except Anabaena PCC 7120, either 
the transgenic (for test) or wild type (for control) and 
the respective Bti formulations as a known active 
control. The cups were incubated at 28oC for 24h 
and survival/mortality recorded before killing in hot 
water and discarding using environmentally sanitary 
procedures. Probit analysis was used to determine the 
concentration response.

Results
 All 16 possible combinations with cry4Aa, 
cry11Aa, cyt1Aa and p20 have been prepared in E. 
coli (Ben-Dov et al., 1995; Manasherob et al., 2003; 
Khasdan et al., 2001), and the most toxic clones were 
transformed into Anabaena PCC 7120 (Wu et al., 
1997; Khasdan et al., 2003). A battery of chaperonins 
accompanied production of the recombinant toxins 
by E. coli, albeit to a lesser extent than in protease 
deficient E. coli strains. 

Expression of Bti toxin genes in E. coli
 Production of the polypeptides varied from 
one combination to another (Khasdan et al., 2001) and 
depended on the promoter(s) used. For instance, great 
variation (and different patterns of cross-reacting 
polypeptides) in the turnover of Cry11Aa was observed 
in clones with different gene combinations (Figure 
1). The same gene combinations but with different 
promoter systems yielded different proportions of 
the Cry11Aa and Cyt1Aa proteins (Figure 2). It was 
evident that the integrity of the proteins produced 
by the recombinant E. coli, especially of Cry11Aa, 
i.e. in pVRE4-DRC and pVE4-DRC, varied greatly 
depending on whether the genes were regulated by a 
single strong E. coli promoter in the former or when 
cyt1Aa had in addition a second promoter in the 
latter.

Mosquito larvicidity of clones expressing all 
combinations of four genes
 Larvae of three different mosquito species, 
namely C. quinquefasciatus, Ae. aegypti and An. 
arabiensis, exhibited varying levels of susceptibility 
to E. coli expressing genes and combination of genes 
from Bti. The responses of C. quinquefasciatus and 
Ae. aegypti were however very close, and more 
pronounced than of An. arabiensis (Figure 3).

Figure 1 
Western blot analysis for the expression of Bti toxic 
proteins genes by E. coli. The protein bands reacted 
to antibodies developed against whole crystal, with 
primary detection using anti-rabbit anti-IGg: Lane 
1, pVE4-ADRC; L2, pVE4-ARC; L3, pVE4-AD; 
L4, pVE4-AC; L5, pUHE4-ADR; L6, pVE4-ADC; 
L7,pVE4-DRC; L8, pVRE4-DRC; L9, pUHE24; L10, 
MW markers. 

 Toxicities of this series of 16 clones were 
reported previously, in wet form against Ae. aegypti 
(Khasdan et al., 2001) and as dry powder against 
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C. quinquefasciatus (Wirth et al., 2007). The same 
set of powders was used here to evaluate relative 
toxicities of the whole series against Ae. aegypti 
and An. arabiensis as well. Recombinants pHE4-R, 
pRM4-C and pRM4-RC expressing p20, cyt1Aa and 
both, respectively, consistently failed to display any 
toxicity (even at 200 μg dry weight ml-1) towards 
susceptible larvae of all three mosquito species.

(a)

   

(b) 
Figure 2 
(a) Immunoblot analysis of E. coli clones pVE4-DRC 
and pVRE4-DRC expressing cry11Aa, cyt1Aa and 
p20 from Bti. Lane 1, pVE4-DRC; L2: pVRE-DRC, 
L3: MW markers; (b) Histogram of EZQuant-gel 
quantification of Cry11Aa and Cyt1Aa of blot (a).

 The clones expressing cry11Aa alone or 
in combination with p20 or with cyt1Aa (pHE4-D, 
pHE4-DR and pVE4-DC, respectively) displayed 
similar, moderate toxicities (LC50 of about 6.5 μg 
ml-1) against C. quinquefasciatus but not against An. 
arabiensis and Ae. aegypti. Disparity in toxicities was 
observed in two clones in which all three genes were 
combined, depending on the way of their construction: 
when cyt1Aa was added to pHE4-DR as the third gene 
without an additional promoter to form a single operon, 
the resultant clone pVRE4-DRC displayed similar 
toxicity against C. quinquefasciatus but much higher 
against Ae. aegypti. On the other hand, when p20 and 

cyt1Aa were added with a second, identical promoter 
PA1 to clone pHE4-D, the resultant pVE4-DRC was 
less toxic to both and not at all to An. arabiensis, as 
was pVRE4-DRC. Consistently, clone pVRE4-DRC 
produces lower levels of Cyt1Aa and higher levels 
of Cry11Aa than pVE4-DRC (compare lanes 2 and 1 
respectively, in Figure 2). This differential expression 
of these proteins demonstrated that higher expression 
of Cry11Aa and less of Cyt1Aa produced higher 
toxicity than vice versa.
 Toxicity of recombinant clones pHE4-A (and 
pHE4-AR) expressing cry4Aa (and p20) against all 
three susceptible mosquito larvae was low. Toxicity 
rose significantly upon addition of cyt1Aa (in pVE4-
AC) and even more so when p20 was included in 
pVE4-ARC. . 
 Recombinant clones, pHE4-ADR and pHE4-
AD expressing cry4Aa and cry11Aa with and without 
p20 respectively were moderately toxic against 
all three mosquito species. They had comparable 
toxicities against Ae. aegypti, but pHE4-AD was 1.5 
and 2.1 times more toxic against An. arabiensis and 
C. quinquefasciatus, respectively.
 Highest toxicity levels were achieved in 
pVE4-ADRC and pVE4-ARC producing Cry4Aa, 
Cyt1Aa and P20, with and without Cry11Aa, 
respectively. LC50 values of both clones against C. 
quinquefasciatus and Ae. aegypti were between 0.6 
– 0.9 μg ml-1, and between 3.2 – 6.2 μg ml-1 against 
An. arabiensis. The same constructs lacking p20 
(pVE4-ADC and pVE4-AC) were less toxic, most 
likely because cells expressing cyt1Aa lose viability 
(Douek et al., 1992) unless co-expressed with p20 
(Manasherob et al., 2001). The presence of the 
regulatory protein P20 is also important in increasing 
the production of Cry4Aa (Yoshisue et al., 1992) and 
of Cyt1Aa (Manasherob et al., 2001; Wu & Federici, 
1993). The significance of the Cyt1Aa contribution 
to toxicity of Cry4Aa and Cry11Aa against all three 
mosquito species was demonstrated by this series of 
bioassays: pVE4-ADRC was 1.9 - 2.5 more toxic than 
pVE4-AD and 2.7 - 5.3 more toxic than pVE4-ADR.
 The results demonstrate that mosquito 
larvicidal activity of the δ-endotoxin gene products 
of Bti in transgenic E. coli depends not only on the 
number of genes but also on the expression patterns 
and varies with target mosquito species larvae (Figure 
3). An analysis of variance to test the comparison of 
the contributions of combinations, concentrations 
and the interactions between them was highly, highly 
significant at α = 0.05

Mosquito response to recombinant Bti toxins
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Hierarchy of toxicities against several mosquito 
species
 In general, higher toxicities of the six most 
toxic clones were achieved against Ae. aegypti and 
C. quinquefasciatus. These clones were less toxic 
but in the same hierarchy against An. arabiensis. A 
comparison of the responses of the three mosquito 
species showed a lower performance against A. 
arabiensis (Figure 3).    
The results thus show that the concentration-
mortality curve patterns in all the three species were 
similar (Figure 3, a-c) irrespective of the individual 
LC50 values. In general, An. arabiensis was the least 
susceptible, while in general there were no differences 
in response of Aedes and Culex. Comparing the first 
four clones in order of hierarchy and response by 
different mosquito species under concentrations of 
toxic proteins ranging between 0.5 and 15μg ml-1,  
(Figure 3), pVE4-ADRC was the most toxic in all the 
three species, followed by pVE4-ARC and pHE4-AD 
in descending order. Clone pHE4-AC was third in An. 
arabiensis and in C. quinquefasciatus, in 
both cases followed by pHE4-ADR, while pHE4-
ADR was fourth in An. arabiensis.

 It was evident that as important as cry4Aa may 
be, it did not show significant toxicity to An. arabiensis 
on its own (LC50 23 μg ml-1 on average). It was even 
less toxic to Ae. aegypti and C. quinquefasciatus. The 
toxicity of Cyt1Aa with and without p20 (pRM4-RC 
and pRM4C, respectively) was not significant in all 
the three species (data not presented here)
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Figure 3 
Concentration-mortality toxicity curves against 
larvae of (a) Ae. aegypti; (b) C. quinquefasciatus; (c) 
An. arabiensis. 

Figure 4. 
Comparative mosquito response to (pVE4-ADRC) 
the most toxic combination of toxins.
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Toxicity of transgenic Anabaena PCC7120 to Ae. 
aegypti
 Initial studies were done using various batches 
of Anabaena, harvested at varying growth stages. 
This produced test materials with considerably 
varying toxicity. There was a sharp drop of toxicity at 
the end of the lag phase, after which toxicity (inverse 
of LC50) rose with culture age, together with protein 
and chlorophyll synthesis (Figure 5). There was 
significant increase in toxicity from the stationary 
phase to the harvest time (at ca. 13 days).

Comparative bioassays in controlled (outdoor) 
light conditions

 The recombinant Anabaena PCC 7120 
expressing cry4Aa, cry11Aa and p20 has shown 
high potency in the laboratory and relatively higher 
persistence in semi-field trials when compared 
to commercial Bti. The toxicity of the transgenic 
Anabaena’s persisted for 8 days, but considering the 
lower initial concentration of chlorophyll, it lasted for 
at least 12 days (Fig. 5). 

Discussion
 Lyophilized powders of recombinant E. coli 
strains expressing cry4Aa, cry11Aa, cyt1Aa and p20 
individually showed varying toxicity levels (moderate, 
low or none) against larvae of C. quinquefasciatus, Ae. 
aegypti and An. arabiensis (Figures 3 a-c). Cyt1Aa 
was the least toxic of the four ICPs of Bti, but was 
the most active synergist in combination with any 

of the other three and with their combinations (not 
p20) (Tabashnik, 1992; Wu et al., 1994; Crickmore 
et al., 1995; Wirth et al., 1997, 2007; Otieno-Ayayo 
et al., 2008), most likely due to different mechanisms 
of action (Butko, 2003). Furthermore, Cyt1Aa binds 
differently when used alone as in combination with 
the Cry’s: it is dispersed when applied separately, 
whereas together, it preferentially associates with 
the other toxins, which might explain the synergy 
between them. Binding of Cry11Aa to the membrane 
of midgut epithelial cells is enhanced by membrane-
embedded Cyt1Aa, just as it interacts with its natural 
receptor (Pérez et al., 2005). Cyt1Aa thus enhances 
Cry11Aa toxicity and suppresses resistance of the 
target organisms with mutations in the Cry11Aa 
receptor (Pérez et al., 2005). Enhancement of Cry11Aa 
toxicity by Cyt1Aa, e.g., moderate synergy against 
Ae. aegypti (Crickmore et al., 1995), was also found 
in this study. This nsynergism was demonstrated 
with pVRE4-DRC against C. quinquefasciatus and 
Ae. aegypti but not against An. arabiensis (Figures 3 
a-c). Consistently, toxicity of pure Cry11Aa has been 
similar against Ae. aegypti and C. pipiens and lower 
against An. stephensi (Poncet et al., 1995). Toxicity 
of Cry11Aa-free inclusions was similar to that of the 
wild-type crystals against An. stephensi but half as 
high as against C. pipiens and Ae. aegypti (Poncet et 
al., 1993). On the other hand, our clone pVE4-ARC 
expressing Cry4Aa, Cyt1Aa and P20 had higher and 
similar toxicities against C. quinquefasciatus and Ae. 
aegypti but only about half the toxicity against An. 
arabiensis than pVE4-ADRC expressing Cry11Aa in 
addition to the other three proteins. 
 The next challenge will be to design a releasable 
transgenic organism, which will satisfy the minimum 
toxicity demands in addition to demonstrating 
a mechanism for minimising the possibilities of 
resistance and horizontal gene transfer.

Role of promoter system on gene expression and 
subsequent toxicity
 It was interesting to note that two clones with 
the same gene combination had very different levels 
of toxicity. These clones, pVRE4-DRC and pVE4-
DRC expressed the same three genes (cry11Aa, p20, 
and cyt1Aa) but were derived differently. In pVRE4-
DRC, cyt1Aa was added as the third gene without an 
additional promoter to form a single operon, whereas 
in pVE4-DRC, p20 and cyt1Aa were added with the 
promoter PA1 to the original clone pHE4-D (Ben-
Dov et al., 1995) expressing Cry11Aa from another 
PA1 promoter (Khasdan et al., 2001). The clone 
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Figure 5 
Relationships between cholophyll and protein con-
centrations with toxicity of Anabaena PCC 7120 at 
different (column) culture stages.
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pVRE4-DRC produces a lower level of Cyt1Aa but a 
higher level of Cry11Aa in comparison to pVE4-DRC 
(compare lanes 2 and 1 in Figure 2). In western blot 
patterns quantified by EZQuant-Gel 2.11 (Figure 2 b), 
the density ratio of Cry11Aa in pVE4-DRC compared 
to pVRE4-DRC was 1:2 (with total value of 1:3). The 
Cyt1Aa ration of pVE4-DRC to pVRE4-DRC was 1:3 
(with total value of 1:4). This analysis only provided 
qualitative comparisons and may not be considered 
valid quantification of absolute densities because of 
exposure saturation in several lanes. Clone pVRE4-
DRC was much more toxic with an LC50 of about 
4.7 μg ml-1 and 4.2 μg ml-1, whereas pVE4-DRC 
had LC50s  of > 200 μg ml-1 and 15.5 μg ml-1 against 
C. quinquefasciatus and Ae. aegypti respectively. 
Both clones were not toxic against An. arabiensis. 
The different expression pattern had implications 
on toxicity, in that enhanced production of Cry11Aa 
and less Cyt1Aa resulted in higher toxicity than vice 
versa.
 This study concludes that: (a) The type, 
strength and tandem number of promoter used for gene 
expression was important for polypeptide pattern, 
intensity and subsequent toxicity of the desired 
products; (b) Of the 16 possible combinations, the 6 
most toxic clones displayed a consistent hierarchy in 
all the three mosquito spp. tested; (c) The combination 
clone with all four genes was consistently the most 
toxic; (d) Anabaena PCC 7120 is quite promising as 
a candidate for field release; and (e) Recombinant 
Anabaena performed better in simulated semi-field 
conditions than Bti.

Acknowledgements
 The following are sincerely thanked for their 
valuable contributions to the success of this study: 
Prof. R. W. Mukabana for mosquito raring facilities 
at the University of Nairobi; National Institutes of 
Health Sciences, Harare, for initial bioassay facilities 
in Zimbabwe; J. Yugi (UoN), M. Itsko and the 
late Prof. Y. Margalith (BGU), for assistance with 
mosquito rearing; M. Einav and S. Cohen for technical 
assistance. This work was partially supported by 
bursary from EAD/SID (to ZNO-A) and a scholarship 
from the Center for the University of Ariel in Judea 
and Samaria (to ZNO-A), and by two grants, one 
(number 2001-042) from the United States-Israel 
Binational Science Foundation (BSF), Jerusalem, 
Israel, and a seed grant from the Vice President for 
Research at Ben-Gurion University of the Negev and 
(both to AZ).

References
Andrews, R.E. Jr., Bibilos,  M.M. & Bulla L.A. Jr.   
 (1985). Protease activation of the entomocid  
 al protoxin of Bacillus thuringiensis subsp.   
 kurstaki. Appl. Environ. Microbiol. 50,   
 737-42.
Avissar, V.J., Margalith, Y. & Spielman,  A. (1994).   
 Incorporation of body components of diverse  
 microorganisms by larval mosquitoes.   
 J. Am. Mosq. Control Assoc. 10, 45-50.
Baneyx, F. (1999). Recombinant protein expression   
 in Escherichia coli. Curr. Op. Biotechnol. 10,  
 411-421.
Becker, N. & Ludwig, M. (1993). Investigations on   
 possible resistance in Aedes vexans    
 field populations after a 10-years application 
 of Bacillus thuringiensis israelensis.    
 J. Am. Mosq. Control Assoc. 9, 221-224.
Ben-Dov, E., Nissan, G., Peleg, N., Manasherob, R.,  
 Boussiba, S. & Zaritsky, A. (1999). Refined,   
 circular restriction map of the Bacillus   
 thuringiensis subsp. israelensis plasmid 
 carrying the mosquito larvicidal genes. 
 Plasmid. 42,186-191.
Ben-Dov, E., Boussiba, S. & Zaritsky, A.  (1995).   
 Mosquito larvicidal activity of Escherichia   
 coli with combinations of genes from   
 Bacillus thuringiensis  subsp. israelensis. J.   
 Bacteriol. 177, 2851-2857.
Berry, C., O’neil, S., Ben-Dov, E., Jones, A.F., Mur  
 phy, L., Quail, M.A., Holden, T.G., Zaritsky,   
 A. & Parkhill, J. (2002). Complete sequence  
 and organization of pBtoxis, the toxin-coding  
 plasmid of Bacillus thuringiensis subsp. 
 israelensis. Appl. Environ. Microbiol. 68,   
 5082-5095.
Björkman, A. & Bhattarai, A. (2005). Public health   
 impact of drug resistant Plasmodium   
 falciparum malaria Acta Tropica 94, 163-169.
Boonserm, P., Davis, P., Ellar,  D.J. & Li,  J. (2005).  
 Crystal structure of the mosquito-larvicidal   
 toxin Cry4Ba and its biological implications.  
 J. Mol. Biol. 348, 363–382.
Boonserm, P., Mo, M., Angsuthanasombat,  C. & J.   
 Lescar,  (2006). Structure of the func   
 tional form of the mosquito lar   
 vicidal  Cry4Aa toxin from Bacillus 
 thuringiensis at a 2.8 Angstrom resolution. J.  
 Bacteriol. 188, 3391–3401.

Baraton Interdisplinary Research Journal (2012) 2(1), 17 -32



28

Boussiba, S. (1993). Production of the nitrogen-fix  
 ing cyanobacterium Anabaena siamensis   
 in a closed tubular reactor for    
 rice farming. Microb. Releases 2, 35-39.
Boussiba, S. & Zaritsky, A. (1992). Mosquito 
 biocontrol by the δ-endotoxin genes of 
 Bacillus thuringiensis var. israelensis cloned 
 in an ammonium-excreting mutant of a 
 rice-field isolate of the nitrogen-fixing 
 cyanobacterium Anabaena siamensis, in 
 Advances in Gene Technology:  
 Feeding the World in the 21st Century, Whel  
 an, W.J., F. Ah mad, H. Bialy, S. Black, 
Boussiba, S., Wu, X., Ben-Dov, E. Zarka, 
 A. & Zaritsky,A. (2000). Nitrogen-fixing 
 cyanobacte ria as gene delivery system for   
 expressing mos quitocidal toxins of Bacillus 
 thuringiensis ssp. israelensis. J. Appl. Phycol.  
 12, 461-467.
Bradford, M.M. (1976). A rapid and sensitive 
 method for the quantitation of microgram 
 quantities of  protein utilizing the principle of  
 protein-dye binding. Analytical Biochemistry 
 72, 248-254.
Butko, P. (2003). Cytolytic toxin Cyt1A and its 
 mechanism of membrane damage: data and 
 hypotheses. Appl. Environ. Microbiol. 69,  
 2415–2422.
Canton, P.E., Reyes, E.Z., de Escudero, I.R., Bravo,   
 A.,& Soberon, M. (2011). Binding of   
 Bacillus thuringiensis subsp. israelensis   
 Cry4Ba to Cyt1Aa has an important    
 role in synergism. Peptides.,  32,595-600.
Chayaratanasin, P., Moonsom, S., Sakdee, S., 
 Chaisri, U., Katzenmeier, G. & C. 
 Angsuthanasombat, (2007). High level 
 of soluble expression in Escherichia coli and 
 characterisation of the cloned  
 Bacillus thuringiensis Cry4Ba Domain  
 III fragment. J. Biochem. Mol. Biol. 40, 58-64.
Crickmore, N., Bone, E.J., Williams, J.A. & Ellar, 
 D.J. (1995). Contribution of the individual 
 components of the δ-endotoxin crystal to 
 the mosqui tocidal activity of Bacillus 
 thuringiensis subsp. israelensis. FEMS 
 Microbiol. Letts. 131, 249- 254 .de Barjac, H. 
 & Sutherland, D.J. (Eds.) (1990). Bacterial 
 Control of Mosquitoes and Black Flies.   
 New Brunswick: Rutgers University Press.
Delécluse, A., Charles, J.F., Klier, A. & Rapoport,    
 G. (1991). Deletion by in vivo recom   

 bination shows that the 28-kilodal   
 ton cytolytic polypeptide from Bacillus   
 thuringiensis subsp. israelensis is not   
 essential for mosquitocidal activity. J.   
 Bacteriol. 173, 3374-3381.
Deuschle, U., Kammerer, W., Gentz, R. & Bujard,  H.  
 (1986). Promoters of Escherichia coli: a 
 hierarchy of in vivo strength indicates 
 alternate structures. EMBO J. 5, 2987-2994.
Donovan, W.P., Dankoesik, C. & Gilbert, M.P. (1988). 
 Molecular characterization of a 
 gene encoding a 72-kilodalton mosquito-toxic 
 crystal protein from Bacillus thuringiensis 
 subsp. israelensis. J. Bacteriol. 170, 4732-
 4738.
Douek, J., Einav,  M. & Zaritsky,  A. (1992). 
 Sensitiv ity of plating of Escherichia coli 
 cells expressing the cytA gene from Bacillus 
 thuringiensis subsp. israelensis. Mol. Gen. 
 Genet. 232, 162-165.
Federici, B.A. (1995) The future of microbial insecti 
 cides as vector control agents J. Am. Mosq.   
 Control Assoc. 11, 260-268.
Feldmann, F., Dullemans, A. & Waalwijk,  C. (1995). 
 Binding of the CryIVD toxin of Bacillus 
 thuringiensis subsp. israelensis to larval 
 dipteran midgut proteins. Appl. Environ. 
 Microbiol. 61, 2601-2605.
Fernandez, L.E., Aimanova, K.G., Gill, S.S., Brovo,  
 A. & Soberon,  M. (2006). A GPI-anchored 
 alkaline phosphatase is a functional midgut 
 receptor of Cry11Aa toxin in Aedes aegypti 
 larvae. Biochem. J. 394, 77–84.
Floore, T. G. (2006). Mosquito Larval Control 
 Practices: Past and Present, Journal of the 
 American Mosquito Control Association, 
 22(3), 527-533.
Futami, K., Kongere, J. O., Mwania, M. S., Lutiali, 
 P.A., Njenga, S. M. & Minakawa, N. (2011). 
 Effects of Bacillus thuringiensis israelensis 
 on Anopheles arabiensis, Journal of the 
 American Mosquito Control Association, 
 27(1), 81-83.
Georghiou, G.P. (1990). Resistance potential to 
 biopesticides and consideration of 
 countermeasures, in Pesticides and 
 Alternatives, Casida, J.E., Ed., New York, 
 NY: Elsevier Science Publishers,  pp. 409-420.
Goldberg, L. J. & Margalit, J. (1977). Bacterial 
 spore demonstrating rapid larvicidal 
 activity against Anopheles sergentii, 

Mosquito response to recombinant Bti toxins



29

 Uranotaenia unguiculata, Culex univitattus, 
 Aedes aegypti and Culex pipiens. Mosq News 
 37, 355–361.
Gould, E.A., & Higgs, S. (2009). Impact of climate   
 change and other factors on emerging arbovi  
 rus diseases. Transactions of the Royal Soci  
 ety of Tropical Medicine and Hygiene  103,   
 109—121.
Höfte, H. & Whiteley, H.R. (1989). Insecticidal crys  
 tal proteins of Bacillus thuringiensis.   
 Microbiol. Rev. 53, 242-255.
Hoti, S. L. & Balaraman,  K. (1993). Formation of  
 melanin pigment by a mutant of Bacillus 
 thuringiensis H-14. J. Gen. Microbiol. 139, 
 2365-2369.
Khasdan, V., Ben-Dov, E., Manasherob, R., Boussi 
 ba, S. & Zaritsky, A. (2001). Toxicity and 
 synergism in transgenic Escherichia coli 
 expressing four genes from Bacillus 
 thuringiensis subsp. israelensis. Environ. 
 Microbiol. 3, 798-806.
Khasdan, V., Ben-Dov, E., Manasherob, R., Boussi  
 ba, S. & Zaritsky, A. (2003). Mosquito lar  
 vicidal activity of transgenic Anabaena PCC  
 7120 expressing toxin genes fron Bacillus 
 thuringiensis subsp. israelensis. FEMS 
 Microbi ol. Lett. 227, 189-195.
Khawaled, K. Barak, Z. & Zaritsky, A. (1988). Feed  
 ing behavior of Aedes aegypti larvae and tox  
 icity of dispersed and of naturally encapsulat  
 ed Bacillus thuringiensis var. israelensis. J.   
 Invertebr. Pathol. 52, 419-426.
Knowles, B. & Ellar, D.J. (1987). Colloid-osmotic  
 lysis is a general feature of the mechanism 
 of action of Bacillus thuringiensis 
    -endotoxins with different insect specificities. 
 Biochim. Biophys. Acta, 924, 509-518.
Knowles, B.H. & Dow, J.A.T. (1993). The crystal   
 δ-endotoxins of Bacillus thuringiensis:   
 models for their mechanisms of    
 action on the insect gut. Bioassays 15,   
 469-476.
Lacey, L. A. (2007). Bacillus thuringiensis serovari  
 ety israelensis and Bacillus sphaericus   
 for mosquito control, Journal of the Ameri  
 can Mosquito Control Association,    
 23(sp2),133-163.
Lacey, L.A. & Goettel,  M.S. (1995). Current devel  
 opments in microbial control of insect   
 pests  and prospects for the early 21st   
 century. Entomophaga 40, 3-27.

Laemmli, U.K. (1970). Cleavage of structural pro  
 teins during the assembly of the head of 
 bacteriophage T4. Nature 277, 680-685.
Liu, Y.-T., Sui, M-J., Ji, D.-D., Wu, I.-H., Chou,   
 C.-C.  & Chen, C.-C. (1993). Protec   
 tion from ultraviolet iradiation by melanin of  
 mosquitocidal activity of Bacillus thuringi  
 ensis var. israelensis. J. Invertebr. Pathol.   
 62, 131-136.
Lopes, D., Rungsihirunrat, K., Nogueira, F.,    
 Seugorn, A., Gil, J.P., do Rosário, V.E. &   
 Cravo,  P. (2002). Molecular  characteri  
 sation of drug-resistant Plasmodium fal  
 ciparum from Thailand Malaria Journal,   
 1, 12 http://www.malariajournal.com/  
 content/1/1/12
Mackinney, G. (1941). Absorption of light by chlo  
 rophyll solutions. J. Biol. Chem. 140, 315-  
 322.
Manasherob, R., Zaritsky, A., Ben-Dov, E., Sax  
 ena, D., Barak, Z. & Einav, M. (2001). Ef  
 fect of accessory proteins P19 and P20 on   
 cytolytic activity of Cyt1Aa from Bacillus   
 thuringiensis subsp. israelensis in Escheri  
 chia coli. Curr. Microbiol. 43, 351-364.
Manasherob, R., Ben-Dov, E., Wu, X.-Q., Bous  
 siba, S. & Zaritsky, A. (2002). Protection 
 from UV-B damage of mosquito larvicidal  
 toxins from Bacillus thuringiensis subsp.  
 israelensis expressed in Anabaena PCC 7120.  
 Curr. Micro biol.  45, 217- 220.
Manasherob, R., Otieno-Ayayo, Z.N., Ben-Dov,   
 E., Miaskovsky, R., Boussiba, S. & 
 Zaritsky, A. (2003). Enduring toxicity of   
 transgenic Anabaena PCC 7120 expressing   
 mosquito larvicidal genes from Bacillus   
 thuringiensis ssp. israelensis. Environ. Mi  
 crobiol. 5, 997-1001.
Margalith, Y. & Ben-Dov, E. (2000). Biological   
 control by Bacillus thuringiensis subsp.   
 israelensis. In Rechcigal JE, Rechcigl NA,  
 (eds), Insect Pest Management:    
 Techniques for Environmental Protection,   
 New  York, N.Y: Lewis Publishers, pp. 243-  
 301.
Merritt, R.W., Dadd, R.H. & Walker, E.D. (1992).   
 Feeding behavior, natural food, and nutritional 
 relationships of larval mosquitoes.   
 Ann. Rev. Entomol. 37, 349-376.
Murthy, P.S.R. (1997). Mucous membrane irritancy  
 study of Bacillus sphaericus (1593) and   

Baraton Interdisplinary Research Journal (2012) 2(1), 17 -32



30

 B. thuringiensis (H-14) formulations in rabbit  
 bit. Biol. Memoirs 23, 11-13.
Ohana, B., Margalith, Y. & Barak, Z. (1987). Fate   
 of Bacillus thuringiensis subsp. israelensis   
 under simulated field conditions. Appl. Environ. 
 Microbiol. 53, 828-831.
Otieno-Ayayo, Z.N., Chipman, D.M., Khawaled, K. 
 & Zaritsky, A. (1993). Integrity of the 130   
 kDa polypetide of Bacillus thringiensis var   
 israelensis in K-S defined (sporulation) 
 medium. Insect. Sci. Applic. 14, 377-381.
Otieno-Ayayo, Z. N.,  Zaritsky, A., Wirth, M. C., 
 Manasherob, R., Khasdan, V., Cahan, 
 R. & Ben-Dov, E. (2008). Variations in the 
 mosquito larvicidal activities of toxins from 
 Bacillus thuringiensis ssp. israelensis, 
 Environmental Microbiology  10(9), 2191–
 2199.
Paris, M., Tetreau, G., Laurent, F., Lelu, M., 
 Despres, L. & David, J.-P. (2011). Persistence  
 of Bacillus thuringiensis israelensis (Bti) in  
 the environment induces resistance to multiple  
 Bti toxins in mosquitoes. Pest Manag Sci  67, 
 122–128
Pendleton, I.R. & Morrison, R.B. (1966). Separation  
 of the spores and crystals of Bacillus
 thuringi ensis. Nature 212, 728-729.
Poncet, S., Delécluse, A., Klier, A. & Rapoport,  G.   
 (1994). Evaluation of synergistic interactions 
 among CryIVA, CryIVB and  CryIVD toxic 
 components of Bacillus thuringiensis subsp. 
 israelensis crystals. J. Invertebr. Pathol. 66, 
 131-135.
Poncet, S., Delécluse, A., Klier, A. & Rapoport, G.   
 (1995). Evaluation of synergistic interactions  
 among the CryIVA, CryIVB, and CryIVD  
 toxic components of B. thuringiensis subsp.  
 israelensis crystals. J. Invertebr. Pathol. 66,   
 131-135.
Porter, A.G., Davidson, E.W. & Liu, J.-W. (1993).   
 Mosquitocidal toxins of bacilli and their   
 genetic manipulation for effective biological  
  control of mosquitoes. Microbiol. Rev.   
 57, 838-861.
Ravoahangimalala, O. & Charles, J.-F. (1995). In   
 vitro binding of Bacillus thuringiensis var. 
 israelensis individual toxins to midgut cells of   
 Anopheles gambiae larvae (Diptera- Culicidae).  
 FEBS Lett. 362, 111-115.
Ravoahangimalala, O., Charles, J.-F. & Schoelle-
 Raccaud, J. (1993). Immunological   

 localization of Bacillus thuringiensis serovar 
 israelensis toxins in midgut cells of intoxicated 
 Anopheles gambiae larvae (Diptera: Culicidae). 
 Res. Microbiol. 144, 271-278.
Revina, L. P., Kostina, L.I., Ganushkina, L.A.,   
 Mikhailova, A.L.,  Zalunin,  I.A. &    
 Chestukhina,  G.G. (2004).     
 Reconstruction of Bacillus thuringiensis ssp.  
 israelensis Cry11A endotoxin from fragments  
 corresponding to its N-and C-moieties 
 restores its original biological activity. 
 Biochemistry(Moscow) 69, 181-187.
Rouhiainen, L., Sivonen, K., Buikema, W.J. &   
 Haselkorn, R. (1995). Characterization of   
 toxin-producing cyanobacteria by using an
 oligonucleotide probe containing a tandemly 
 repeated heptamer. J. Bacteriol. 177, 6021-
 6026.
Sambrook, J., Fritsch, E.F. & Maniatis, T.M. (1989).  
 Molecular cloning: a laboratory manual, 
 2nd ed.Cold Spring Harbor, N.Y: Cold Spring 
 harbor Laboratories Press.
Scholte, E.-J., Knols, B. G. J., Samson, R. A. & 
 Takken, W. (2004). Entomopathogenic fungi 
 for mosquito control: A review, Journal of   
 Insect Science, 4(19), 1-24. 
Shao, Z. & Yu,  Z. (2004). Enhanced expression of   
 insecticidal crystal proteins in wild Bacillus 
 thuringiensis strains by a heterogeneous 
 protein P20. Curr. Microbiol. 48, 321-326.
Shestakov, S.V. & Khyen, N.T. (1970). Evidence for  
 genetic transformation in blue-green alga 
 Ana cystis nidulns. Mol. Gen. Genet.    
 107, 372-375.
Tabashnik, B.E. (1992). Evaluation of synergism
 among Bacillus thuringiensis toxins. 
 Appl. Environ. Microbiol. 58, 3343-3346.
Terpe, K. (2006). Overview of bacterial expression  
 systems for heterologous protein production: 
 from molecular and biochemical fundamentals 
 of commercial systems Appl. Microbiol.
 Biotechnol. 72, 211-222.
Tilquin, M., Paris, M., Reynaud, S., Despres, L., Ra  
 vanel, P., Geremia, R. A., et al. (2008).   
 Long lasting persistence of Bacillus
 thuringiensis subsp israelensis (Bti) in   
 mosquito 
 natural habitats. Plos One, 3(10).
Van Rie, J., Jansens, S., Höfte, H., Degheele,  D. &   
 Van Mellaert, H. (1990). Receptors on   
 the brush border membranes of the insect 

Mosquito response to recombinant Bti toxins



31

 midgut as determinants of the specificity of 
 Bacillus thuringiensis delta-endo toxins. 
 Appl. Environ. Microbiol. 56, 1378-1385.
Visick, J.E. & Whiteley,  H.R. (1991). Effect of a 20- 
 kilodalton protein from Bacillus thuringiensis  
 subsp. israelensis on production of the CytA  
 protein by Escherichia coli. J. Bacteriol. 173,  
 1748-1756.
Wirth, M.C. & Georghiou, G.P. (1997). Cross-resis  
 tance among CryIV toxins of Bacillus 
 thuringiensis subsp. israelensis in Culex 
 quinquefasciatus (Diptera: Culicidae). J. Econ. 
 Entomol. 90, 1471-1477.
Wirth, M.C., Delecluse, A. & Walton,  W.E. (2001a).  
 Cyt1Ab1 and cyt2Ba1 from Bacillus thuringiensis 
 subsp. medellin and B. thuringiensis    
 subsp.  israelensis synergize Bacillus
 sphaericus against Aedes aegypti and resistant 
 Culex quinquefasciatus (Diptera: Culicidae)   
 Appl. En viron. Microbiol 67, 3280-3284.
Wirth, M.C., Delecluse,  A. & Walton,  W.E. (2001b).  
 Lack of cross-resistance of cry19A from Bacillus 
 thuringiensis subsp. jegathesan in Culex   
 quinquefasciatus (Diptera: Culicidae) resistant  
 to cry toxins from Bacillus thuringiensis 
 subsp. israelensis Appl. Environ. Microbiol.   
 67, 1956-1958.
Wirth, M.C., Delecluse, A., Federici,  B.A. & Walton,   
 W.E. (1998). Variable cross-resistance to Cry  
 11B from Bacillus thuringiensis subsp. 
 jegathesan in Culex quinquefasciatus (Diptera: 
 Culicidae) resistant to single or multiple toxins 
 of Bacillus thuringiensis subsp. israelensis.  
 Appl.Environ. Microbiol. 64, 4174-4179.
Wirth, M.C., Federici, B.A. & Walton, W.E. (2000b).  
 Cyt1Aa from Bacillus thuringiensis synergizes  
 activity of Bacillus sphaericus against Aedes  
 aegypti (Diptera: Culicidae). Appl. Environ.   
 Microbiol.   66, 1093-1097.
Wirth, M.C., Georghiou, G.P. & Federici, B.A. (1997).  
 CytA enables CryIV endotoxins of Bacillus
 thuringiensis to overcome high levels of 
 CryIV resistance in the mosquito, Culex 
 quinquefasciatus. Proc. Natl. Acad. Sci. USA 
 94, 10536-10540.
Wirth, M.C., Jiannino, J.A., Federici, B.A. & Walton,  
 W.E. (2005). Evolution of resistance to  
 ward Bacillus sphaericus or a mixture   
 of B. sphaericus + Cyt1A from Bacillus   
 thuringiensis, in the mosquito, Culex   
 quinque fasciatus (Diptera: Culicidae). 

 J. Invertebr. Pathol. 88, 154-162.
Wirth, M.C., Walton, W.E. & Federici, B.A. (2000a).  
 Cyt1Aa from Bacillus thuringiensis restores   
 toxicity of Bacillus sphaericus against resistant  
 Culex quinquefasciatus (Diptera: Culicidae). J.  
 Med. Entomol. 37, 401-407.
Wirth, M.C., Zaritsky, A., Ben-Dov, E., Manasherob,  
 R., Khasdan, V., Boussiba, S. & Walton, W.E.  
 (2007). Cross-resistance spectra of Culex 
 quinquefasciatus resistant to mosquitocidal   
 toxins  of Bacillus thuringiensis toward   
 recombinant Escherichia coli expressing genes  
 from B. thuringiensis ssp. israelensis. Environ.  
 Microbiol. 9, 1393-1401.
Wolk, C.P., Vonshak, A., Kehoe, P. & Elhai,  J. (1984).  
 Construction of shuttle vectors capable of 
 conjugative transfer from Escherichia coli to  
 nitrogen-fixing filamentous cyanobacteria. 
 Proc. Natl. Acad. Sci. USA 81, 1561-1565.
Wu, D. & Federici, B.A. (1993). A 20-kilodalton pro 
 tein preserves cell viability and promotes CytA  
 crystal formation during sporulation in Bacil  
 lus thuringiensis. J. Bacteriol. 175, 5276-5280.
Wu, D. & Federici, B.A. (1995). Improved production  
 of the insecticidal CryIVD protein in Bacillus  
 thuringiensis using cryIA(c) promoters to
 express the gene for an associated 20-kDa 
 protein Appl. Microbiol. Biotechnol. 45, 697-702.
Wu, D. & Chang,  F.N. (1985). Synergism in 
 mosquitocidal activity of 26 and 65 kDa proteins 
 from Bacillus thuringiensis subsp. israelensis 
 crystals. FEBS Lett. 190, 232-236.
Wu, X., Vennison, S.J., Liu, H., Ben-Dov, E., Zaritsky,   
 A. & Boussiba,  S. (1997). Mosquito larvicidal  
 activity of transgenic Anabaena strain PCC   
 7120 expressing combinations of genes   
 from Bacillus thuringiensis subsp. israelensis.  
 Appl. Environ. Microbiol. 63, 1533- 1537.
Xu, Y., Nagai, M., Bagdasarian, M., Smith, T.W. &   
 Walker, E.D. (2001). Expression of the   
 P20 gene from Bacillus thuringiensis H-14
 in creases Cry11A toxin production and 
 enhances mosquito-larvicidal activity in 
 recombinant Gram-negative bacteria. Appl. 
 Environ. Microbiol. 67, 3010-3015.
Yamagiwa, M., Kamauchi, S., Okegawa, T., Esaki, M.,  
 Otake, K., Amachi, T., Komano, T. & Sakai,   
 H. (2001). Binding properties of Bacillus
 thuringiensis Cry4A toxin to the apical 
 microvilli of larval midgut of Culex pipiens. 
 Biosci. Biotechnol. Biochem., 65, 2419-2427.

Baraton Interdisplinary Research Journal (2012) 2(1), 17 -32



32

Yoshisue, H., Yoshida, K.-I., Sen, K., Sakai,  H. & 
 Ko mano, T. (1992). Effects of Bacillus 
 thuringiensis var. israelensis 20-kDa protein on 
 produc tion of the Bti 130-kDa crystal protein  
 in Escherichia coli. Biosc. Biotechnol.   
 Biochem. 56, 1429-1433.

Mosquito response to recombinant Bti toxins

View publication statsView publication stats

https://www.researchgate.net/publication/225066486

