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Abstract

Classical biological control is the most successful and promising way to replace chemical pesticides. The sub-
speciesisraelensisof Bacillus thuringiensis(Bti) is a safe and efficient agent to control mosquito larvae and
hence mosquito-borne diseases. One approach to overcome the low efficacy and short half-life in nature of current
formulations of Bti is by expressing the toxin genes in recombinant cyanobacteria as a delivery system. Attempts
to express Bti toxin in cyanoabcteria have been carried out during the last ten years. Toxicities of the transgenic
strains were however very low, even under regulation of strong promoters, too low to be effective in vivo. Two
Bti Cry proteins have recently been co-expressed in the filamentous nitrogen-fixing cyanobacteriumAnabaena
PCC 7120, resulting in clones with the highest toxicities and stabilities ever reached so far. However, to obtain
a long-lasting preparation, it would be useful to express Bti toxin genes in cyanobacterial strains isolated from
nature. This approach requires development of a system for effective transformation into such strains. Releasing
such recombinant strains to open environments is still a major obstacle in exploiting this biotechnology.

Abbreviation Bti – Bacillus thuringiensisssp.israelensis

Introduction

Research in applied phycology has achieved much
success (Richmond, 1986; Vonshak, 1997), but still
faces challenges. While mass culture relies on the
advantage of microalgae over other conventional ag-
ricultural products, it is limited to a number of natural
species (Apt & Behrens, 1999). Their commercial
potential largely depends on the reduction of produc-
tion costs, which is equivalent to improvement of the
quality of microalgal strains. Extensive screening of
novel strains with high biotechnological value have
been conducted worldwide over the decades with very
limited economic gains. Attempts to improve desired

characteristics of existing strains by chemical muta-
genesis were hindered due to the poor plasticity of
genetic traits and reduced stability of selected muta-
tions in microalgae. Various aspects of strain improve-
ment for commercial purposes have been achieved
in cyanobacteria with recombinant DNA techniques
(Tandeau de Marsac & Houmard, 1993; Elhai, 1994;
Vermaas, 1996). For example, herbicide resistance
was conferred to prevent annihilation of indigenous
species by heavy application of herbicides in rice
fields (Golden & Haselkorn, 1985; Haselkorn, 1992;
Windhovel et al., 1997). Use of genetically modified
cyanobacteria for degradation of residual pesticides
in water bodies, a potential serious hazard to pub-
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lic health, is another such example (Kuritz & Wolk,
1995).

Another attractive approach is to engineer cy-
anobacteria for mosquito control (Boussiba & Wu,
1995). Mosquitoes and blackflies are vectors of infec-
tious diseases such as malaria, filariasis, encephalitis,
dengue fever, yellow fever, hence they constitute a
threat to public health (Porter et al., 1993; Margalith
& Ben-Dov, 2000). Effective control and prevention
of such epidemic diseases, a persistent major public
concern, is achieved by reducing population sizes of
the transmitting vectors. Their impact on civil life has
been partially alleviated by the heavy use of pesticides.

Chemical insecticides used to control mosquitoes
cause ecological problems and enhance resistance de-
velopment of the pests. Biological control is thus
considered a permanent and environment-friendly al-
ternative. The subspeciesisraelensisof the bacterium
Bacillus thuringiensis(Bti) is a safe and efficient agent
to control mosquito larvae. One approach to overcome
the low efficacy and short half-life in nature of current
formulations of Bti is use of genetically engineered
microorganisms (Porter et al., 1993). Cyanobacteria
are likely candidates to be exploited as gene delivery
systems for heterogeneously expressing Bti toxins to
control mosquito borne diseases.

This review aims to summarize work carried out in
this topic. It describes the bacterium Bti and its toxins,
lists the advantages of cyanoabcteria as gene delivery
systems, and recites the investigations expressing Bti
toxins in cyanobacteria. In addition, it points out some
of the problems hampering this biotechnology such
as transformation of indigenous isolates and impact
to the environment of releasing genetically modified
microorganisms.

Bacillus thuringiensisssp.israelensis(Bti) as a
biopesticide against mosquitoes

Bti, the most valuable biological agent for con-
trolling mosquito and blackfly larvae (Lacey & Un-
deen, 1986), was discovered in the Negev region of Is-
rael over two decades ago (Margalit, 1990). It is highly
specific against water-dwelling dipteran species while
causing no harm to other organisms including predat-
ors of the vectors. Bti’s capacity to synthesize insect-
icidal crystal proteins (ICPs) has spurred intensified
research which led to a comprehensive understanding
of their structure and function, the encoding genes and
their expression (Margalith & Ben-Dov, 2000). This

knowledge, consequently, improved the efficiency of
biocontrol formulations, the construction of effective
toxins and delivery systems. The ICPs reside in a
crystal (δ-endotoxin) synthesized during sporulation,
which is composed of 4 major polypeptides (Cry4Aa,
Cry4Ba, Cry11Aa, Cyt1Aa) (Porter et al., 1993; Mar-
galith & Ben-Dov, 2000). Synergism exists between
combinations of the polypeptides (Angsuthanasom-
bat et al., 1992; Crickmore et al., 1995; Poncet et
al., 1995). All the genetic information responsible
for toxicity is located on a 137 kb plasmid (pBtoxis)
(Ben-Dov et al., 1996, 1999).

The use of Bti is limited by its low persistence
under field conditions, where it does not reproduce.
The major reasons for low efficacies of current Bti pre-
paration are sinking to the bottom of the water body,
absorption to silt particles and organic matters, inac-
tivation of its toxins by sunlight and consumption by
other organisms (Margalith & Ben-Dov, 2000).

Advantage of cyanobacteria as Bti toxin delivery
systems

Much effort has been expended around the world to
solve these problems. Improving the formulations of
Bti to enhance its persistence in natural habitats of dip-
teran larvae and isolating new mosquitocidal strains or
species are such examples. One high-tech approach is
cloning the genes responsible for toxicity for expres-
sion in other organisms that are ingested by the targets
(Porter et al., 1993; Yap et al., 1994; Thanabalu et
al., 1992; Liu et al., 1996; Khampang et al., 1999).
Among these are cyanobacteria, which are abundant
in nature (Thiery et al., 1991), resist a range of envir-
onmental conditions and some species of which.can
float in the upper layer of water bodies (Boussiba &
Wu, 1995). Shuttle vectors harboring cyanobacterial
replicons have been constructed and used in a number
of strains (Wolk et al., 1984; Porter, 1986).

Previous attempts to control mosquitoes by
recombinant cyanobacteria

The last decade saw some progress in expressing mos-
quitocidal toxin genes ofBacillussp. in cyanobacteria.
In a pioneering work, the binary toxin genes fromB.
sphaericus1593M were expressed inE. coli, B. sub-
tilis and the unicelluar cyanobacteriumSynechococ-
cus PCC 7942 (Tandeau de Marsac et al., 1987).
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All three transgenic organisms displayed reasonable
levels of larvicidal activity againstCulex pipienslar-
vae despite expression from their original promoter.
Soon afterwards,cry4Ba from Bti was expressed in
SynechococcusPCC 7002 through the shuttle vec-
tor pAQE19LPC1Sal under regulation of the cyano-
phycocyanin (CPC) promoter (Angsuthanasombat &
Panyim, 1989). The larvicidal activity againstAedes
aegyptiof the transgenic cells was very low due to
degradation of the product, Cry4Ba. The same gene
was later placed under control ofPpsbA, which origin-
ated from the chloroplastpsbAof Nicotiana tabacum
(Chungjatupornchai, 1990). The construct was direc-
ted and integrated into a specific chromosomal site of
SynechocystisPCC 6803. The transformed cells were
not toxic to mosquito larvae, but concentrated extrac-
ted proteins were, with comparable toxicity to that
expressed inE. coli (mean LC50 of 1.3 µg mL−1).
Western blot as well as ELISA analyses revealed that
the amount of 126 kDa protein was about 0.2% of
the total soluble protein. Similarly, cells of the same
Synechocystis(PCC 6803) transformed with the same
vector carryingcyt1Aashowed no toxicity at all; in
this case, however, the protein extract was also not
toxic. Intact mRNA ofcyt1Aawas detected by North-
ern hybridization, but its overall level was very low, at
least 5 times less than ofcry4Ba(Chungjatupornchai,
1990). The third cyanobacterial species to express
Cry4Ba wasSynechococcusPCC 7942 (Soltes-Rak et
al., 1993; 1995), with a similarly disappointing res-
ult even after replacement of the original regulatory
sequences of Bti with indigenous corresponding se-
quences ofpetF1 (Ferredoxin apoprotein). Detailed
analyses suggested that the low expression in this
case could have resulted from a significant bias in
codon usage, absence of a full-length transcript, in-
efficient translation or internal ribosomal binding site.
The inability of cyanobacterial lysates to degrade the
intact E. coli-expressed Cry4Ba has precluded the
possibility of in situ proteolysis; the apparent degrad-
ation has likely resulted from premature termination
of transcription or translation (Soltes-Rak et al., 1993,
1995).

Cyanobacteria, which proliferate in water bod-
ies such as rice fields (Boussiba, 1991), may thus
provide an alternative for prolonged delivery of Btiδ-
endotoxin to mosquito larvae that breed in the same
habitat. Toxicities of the transgenic unicellular cy-
anobacteria were however very low, even under the
regulation of strong promoters, too low to be effective
in vivo. Certain improvements have been reported by

Murphy & Stevens (1992), and Stevens et al. (1994).
The gene coding for Cry11Aa was fused in frame
with the first 6 codons ofcpcBand cloned into shuttle
vector pAQE191Sal for expression inA. quadrup-
licatumPR6 underPcpcB promoter. The fused protein
was stable inA. quadruplicatumPR6 cells, which
was readily ingested by the freshly hatchedC. pipiens
larvae, but toxicity was also low. It was the first genet-
ically engineered cyanobacterium that killed mosquito
larvae by feeding living cells.

In parallel to the use of unicellular cyanobacteria,
the filamentous nitrogen fixing cyanobacteriumAna-
baena PCC 7120 was used for expressing theB.
sphaericusbinary toxin genes (Xudong et al., 1993).
Transformed cells carrying the larvicidal toxin genes
(p51 andp42) from B. sphaericus2297 were bioact-
ive upon feeding mosquito larvae, with higher toxicity
againstC. pipiens than againstAnopheles sinensis.
The much higher toxicity in the latter study than in
Tandeau de Marsac’s (1987) can be attributed to the
multicellular character ofAnabaenacompared to the
unicellularA. nidulansoriginally used. It is conceiv-
able that a filament of many expressing cells inflicts
damage to ingesting larva that is more harmful; this
proposition is supported by the higher toxicity of Bti
when bioencapsulated in the ciliate protozoanTetrahy-
mena pyriformis(e.g. Manasherob et al., 1994).

Expression of Bticry genes inAnabaenaPCC 7120

The broader spectrum of toxicity against mosquito lar-
vae of Bti thanB. sphaericus(Skovmand & Sanogo,
1999) makes the former more useful. Three of the
Bti toxin genes (cry4Aa, cry11Aaandp20) had been
isolated and cloned in all seven possible combinations
for expression in two vectors ofE. coli (Ben-Dov et
al., 1995). The two most toxic clones (pHE4-ADR,
with all three genes, and pHE4-4AD, withoutp20)
were subcloned intoE. coli-Anabaenashuttle vector
for expression under control of the strong constitutive
promoterPpsbA(Elhai, 1993) or tandem promoters
PpsbA-PA1 (Wu et al., 1997). The final constructs,
under control of the tandem promoters, were desig-
nated pSBJ2 and pSBW2 (Wu et al., 1997). They were
introduced intoAnabaenaPCC 7120 by tri-parental
conjugal mating. Two clones with pSBJ2 and 4 with
pSBW2 were found toxic to larvae ofA. aegypti, and
then studied as described (Wu et al., 1997). This study
was the first to co-express several Bti Cry proteins
in this cyanobacterial species, and resulted in clones
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with the highest toxicities ever reached so far (LC50 of
about 0.3µg total soluble protein per mL−1). The high
toxicities remained surprisingly stable during 3 years
of constant cultivation, whether under drug selection
or not (to be published elsewhere). The possibility
to avoid the demand for antibiotic resistant genes
is crucial for field applicability of these transgenic
strains. Furthermore, a sensitive method for tracing the
transgenic cyanobacteria after release by gene ampli-
fication with several pairs of primers targeted uniquely
to each of the Bti toxin genes was developed (Ben-Dov
et al., 1997).

The expressed proteins in the transgenic organisms
were analyzed by SDS-PAGE and Western hybrid-
ization with antisera directed against each of them
or against Bti whole crystals. Cry11Aa was detected
in both strains, but in different quantities, as inE.
coli. In Anabaena, large amounts of Cry11Aa were
found in both the pellet and supernatant of cell crude
extracts, but only trace Cry4Aa was detected in the
pellet. The abundance of Cry11Aa and synergism with
trace amount of Cry4Aa seem to account for the high
toxicity. P20, that was readily detected in the 3E.
coli strains carryingp20, pHE4-ADR, pHE4-AR and
pHE4-DR, in mass ratios of 1:2:10, respectively, was
not found in the transgenicAnabaena.

Large differences in toxicities exist among the
clones expressing mosquitocidal toxin genes in cy-
anobacteria (Table 1, and Soltes-Rak et al., 1995;
Sangthongpitang et al., 1997), from non-toxic to very
toxic, by feeding with intact cells with LC50 as high as
105 cells mL−1. The bioassay conditions were varied
over a wide range from feeding newly hatched larvae
during 6 days, to 3rd instar larvae for 24 h (as in stand-
ard assays). These marked differences in bioactivity
and stability among the reported clones can be ex-
plained by various reasons as follows. Previous work
expressed a single or binary toxin, mostly in unicellu-
lar cyanobacteria. The very high bioactivity achieved
by Wu et al. (1997) can thus be due to co-expressing
in a filamentous strain two toxin genes that synergize
each other (Porter et al., 1993; Poncet et al., 1995).
Moreover, the codon usage of Bti’scry genes fortuit-
ously resembles that ofAnabaenaPCC7 120, rather
than all those unicellular strains (Wada et al., 1992;
Soltes-Rak et al., 1995). The poor expression of Btcry
genes in higher plants has been greatly improved by
modifying them to match the codon usage of the trans-
genic plants (Perlak et al., 1991, 1993; van der Salm et
al., 1994; van Aarssen et al., 1995). Such codon usage

bias may well account for the poor expression of Bti
cry gene in unicellular cyanobacteria.

Transformation of indigenous filamentous
cyanobacteria

Laboratory strains such asAnabaenasp. PCC 7120,
not adapted to natural environments, may be inferior
in nature because they are selected against (by com-
petition with indigenous species) too quickly to yield
the desired control efficacy. Reintroducing recombin-
ant indigenous species that express clonedcry genes
into their natural habitat would provide a solution to
this issue. Two major problems are often encountered
in establishing a transformation system for a newly
isolated strain, restriction endonuclease activities and
host range of shuttle plasmids (Elhai, 1994; Moser et
al., 1993; Soper & Reddy, 1994). Strong restriction
activities in the host often chop foreign incoming DNA
before it is established. To overcome this barrier, two
general approaches have been suggested, i.e. methyl-
ating DNA prior to transfer (Elhai et al., 1997) or using
restriction-minus mutants, such as the commonly used
E. coli strains showing very high transformation effi-
ciencies. Endogenous plasmids, found in many strains
of cyanobacteria (Houmard & Tandeau de Marsac,
1988), are often not suitable for replication in sev-
eral strains of high interest, such asSpirulina sp.
(Vachhani & Vonshak, 1997). New vectors should
therefore be constructed for transforming indigenous
strains. The cargo or incoming plasmids include two
types of widely used plasmids for genetic transform-
ation, replicative (shuttle) and integrative (suicide).
Shuttle vectors are either derivatives of an indigenous
plasmid of a recipient or a broad host range plasmid
RSF1010, which could propagate in a wide range of
microorganisms, including a limited number of uni-
cellular and filamentous cyanobacteria (Houmard &
Tandeau de Marsac, 1988; Mermet-Bouvier et al.,
1993). An example of an indigenous plasmid is pDU1
from Nostocsp. that has been used for constructing
a number of shuttle vectors for transformingAna-
baenasp. (Thiel, 1994). Both types of plasmid are
compatible for cyanobacterial transformation.

Integrative vectors, lacking a cyanobacterial rep-
licon, such as transposon-based plasmids (Mermet-
Bouvier et al., 1993) have also been used in trans-
formation of cyanobacteria. These are designed for
recombination between a cloned gene of interest or a
fragment of genomic DNA and a homologous region
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Table 1. List of larvicidal cyanobacteria carrying toxin genes

Cyanobacterial Toxin gene(s) Promoter(s) Mode of feeding Larval species Mortality Mortality Ref.

strain instar % in 24 h % in 48 h

(72 h)a

A. quadruplicatum cry4Ba PcpcB Sonicated cells Ae. aegypti2nd ND 45 Angsuthanasombat

PR-6 (10 mg protein mL−1) Panyim (1989)

A. quadruplicatum cry11Aa PcpcB 2·107 cells mL−1 C. pipiens1st 0 0 Murphy & Stevens

PR-6 in 12h intervals (10) (1992)

A. quadruplicatum cry11Aa PcpcB 2·107 cells mL−1 Ae. aegypti1st 45 75 Stevens et al. (1994)

PR-6 in 12-h intervals (95)

Synechococcus cry4Ba Plac-PBti 7.5·107 cells mL−1, C. restuans1st 0 20–90 Soltes-Rak et al.

PCC 7942 PBti or PpetF1 daily (50–95) (1993)

Synechococcus B. sphaericusoriginal One dose, sonicated C. pipiens2nd 45–50 100 Tandeau de Marsac et

PCC 7942 p42+p51 promoter cells (1µg mL−1) al. (1987)

Synechococcus B. sphaericus PrbcL One dose, C. quinque- – 50 Sangthongpitang et

PCC 6301 P42+p51 1.3–2.1·105 cells mL−1 fascitus2-day al. (1997)

old, 6-day old

Synechocystis cry4Baor PpsbA Soluble proteins Ae. aegypti3rd ND 30 Chungjatupornchai

PCC 6803 cyt1Aa (1 mg mL−1) (1990)

Anabaena B. sphaericus original One dose C. pipiens 2nd 92 100 Xudong et al. (1993)

PCC 7120 p42+ p51 promoter 4.1·105 cells mL−1

Anabaena cry4Aa PpsbA-PA1 One dose, Ae. aegypti3rd 100 100 Wu et al. (1997)

PCC 7120 +cry11Aa+ p20 5·105 cells mL−1

a: percent of mortality after 72 h exposure
ND: not determined.

on the chromosome. They are typically used either for
gene inactivation by targeted mutagenesis or for integ-
ration of a second copy of a gene into the chromosome
forming a merodiploid. In unicellular species, such as
Synechococcus, the replacement frequency of a chro-
mosomal gene by double crossover between plasmid
and chromosome is about 100–1000 fold higher than
single crossover (Thiel, 1994), by which plasmid is
added to the genome. In contrast, recombination fol-
lowing conjugation yields primarily merodiploids in
Anabaenasp., the result of single crossover (Thiel,
1994).

Concerns related to release of genetically-modified
microorganisms

Risks associated with release of recombinant microor-
ganisms into the environment are well discussed in the
literature (e.g. Porter et al., 1993; Gustaffson & Jans-
son, 1993; Stephenson & Warnes, 1996; Giddings,

1998). The major risks identified include uninten-
tional spread of transgenes into other organisms (i.e.
through horizontal gene transfer) and adverse ecolo-
gical impacts of the introduced strains. In the case of
insecticidal organisms, the development of resistance
among target species is to be seriously considered.

For a number of reasons, these risks are min-
imal concerning the application in nature of recom-
binant cyanobacterial strains carrying the Bti’s Cry
toxin genes. Firstly, a dried formulation with cells
killed during the process can be used. It can be ar-
gued that the transgenic organisms carry unaltered Bti
toxins, already shown to be highly specific against
larvae of mosquito and black flies, and harmless to
all non-target organisms tested so far, including other
insects, fish, frogs, crustaceans, and mammals, not
to mention humans (Margalith & Ben-Dov, 2000).
Moreover, Bti, hence its Cry toxins and their encod-
ing genes occur naturally in the environment. These
facts, coupled with the observations that no resistance
was developed in field populations of mosquitoes and
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no adverse effects on human or animal health have
been detected after more than 15 years of large-scale,
world-wide, and extensive field use of Bti (Margalith
& Ben-Dov, 2000), further argue for the safety of us-
ing recombinant cyanoabcterial strains as biocontrol
agents.

Acknowledgements

The investigations in our laboratories were partially
supported by grants from the Israel Ministry of Envir-
onment (No. 801-8) and from the United States-Israel
Binational Science Foundation (BSF), Jerusalem, Is-
rael (No. 97-00081).

References

Angsuthanasombat C, Panyim S (1989) Biosynthesis of 130-
kilodalton mosquito larvicide in the cyanobacteriumAgmenel-
lum quadruplicatumPR-6. Appl. environ. Microbiol. 55: 2428–
2430.

Angsuthanasombat C, Crickmore N, Ellar DJ (1992) Comparison
of Bacillus thuringiensissubsp.israelensisCryIVA and CryIVB
cloned toxins reveals synergismin vivo. FEMS Microbiol. Lett.
94: 63–68.

Apt KE, Behrens PW (1999) Commercial developments in mi-
croalgal biotechnology J. Phycol. 35: 215–226.

Ben-Dov E, Boussiba S, Zaritsky A (1995) Mosquito larvicidal
activity of Escherichia coliwith combinations of genes from
Bacillus thuringiensissubsp.israelensis. J. Bacteriol. 177: 2851–
2857.

Ben-Dov E, Einav M, Peleg N, Boussiba S, Zaritsky A (1996) Re-
striction map of the 125-kilobase ofBacillus thuringiensissubsp.
israelensiscarrying the genes that encode delta-endotoxins act-
ive against mosquito larvae. Appl. Environ. Microbiol. 62:
3140–3145.

Ben-Dov E, Nissan G, Peleg N, Manasherob R, Boussiba S, Zar-
itsky A (1999) Refined, circular restriction map of theBacillus
thuringiensissubsp.israelensisplasmid carrying the mosquito
larvicidal genes Plasmid 42: 186–191.

Ben-Dov E, Zaritsky A, Dahan E, Barak Z, Sinai R, Manasherob
R, Khamraev A, Troitskaya E, Dubitsky A, Berezina N, Mar-
galit Y (1997) Extended screening by PCR for seven cry-group
genes from field-collected strains ofBacillus thuringiensis.Appl.
Environ. Microbiol. 63: 4883–4890.

Boussiba S (1991) Nitrogen fixing cyanobacteria potential uses.
Plant Soil 137: 177–180.

Boussiba S, Wu XQ (1995) Genetically engineered cyanobacteria
as aBacillus thuringensissubsp.israelensistoxin genes delivery
system: a biotechnological approach to the control of mal-
aria mosquitoes. In Combating Malaria. Proc. UNESCO/WHO
meeting of experts. UNESCO, Paris: 49–64.

Chungjatupornchai W (1990) Expression of the mosquitocidal pro-
tein genes ofBacillus thuringiensissubsp.israelensisand the
herbicide-resistance gene bar inSynechocystisPCC 6803. Curr.
Microbiol. 21: 283–288.

Crickmore N, Bone EJ, Williams JA, Ellar DJ (1995) Contribu-
tion of the individual components of theδ-endotoxin crystal
to the mosquitocidal activity ofBacillus thuringiensissubsp.
israelensis.FEMS Microbiol. Lett. 131: 249–254.

Elhai J (1993) Strong and regulated promoters in the cyanobac-
terium AnabaenaPCC 7120. FEMS Microbiol. Lett. 114: 179–
184.

Elhai J (1994) Genetic techniques appropriate for the biotechnolo-
gical exploitation of cyanobacteria. J. appl. Phycol. 6: 177–186.

Elhai J, Vepritskiy A, Muro-Pastor AM, Flores E, Wolk CP (1997)
Reduction of conjugal transfer efficiency by three restriction
activities ofAnabaenasp. strain PCC 7120. J. Bacteriol. 179:
1998–2005.

Giddings G (1998) The release of genetically engineered micro-
organisms and viruses into the environment. New Phytologist
140: 173–184.

Golden S, Haselkorn R (1985) Mutation to herbicide resistance
maps within the psbA gene of Anacystis nidulans R2. Science
229: 1104–1107.

Gustafsson K, Jansson JK (1993) Ecological risk assessment of
the deliberate release of genetically-modified microorganisms.
Ambio 22: 236–242.

Haselkorn R (1992) Developmentally Regulated Gene Rearrange-
ments in Prokaryotes. Annu. Rev. Genet. 26: 111–128.

Houmard J, Tandeau de Marsac N (1988) Cyanobacterial genetic
tools: current status. Meth. Enzymol. 167: 808–847.

Khampang P, Chungjatupornchai W, Luxananil P, Panyim S (1999)
Efficient expression of mosquito-larvicidal proteins in a gram-
negative bacterium capable of recolonization in the guts of
Anopheles diruslarva. Appl. Microbiol. Biotechnol. 51: 79–84.

Kuritz T, Wolk C (1995) Use of filamentous cyanobacteria for bio-
degradation of organic pollutants. Appl. Environ. Microbiol. 61:
1169.

Lacey LA, Undeen AH (1986) Microbial control of blackflies and
mosquitoes. Annu. Rev. Entomol. 31: 265–296.

Liu JW, Yap WH, Thanabalu T, Porter AG (1996) Efficient synthesis
of mosquitocidal toxins inAsticcacaulis excentricusdemon-
strates potential of gram-negative bacteria in mosquito control.
Nat. Biotechnol. 14: 343–7.

Manasherob R, Ben-Dov E, Zaritsky A, Barak Z (1994) Protozoan-
enhanced toxicity ofBacillus thuringiensisvar. israelensisδ-
endotoxin againstAedes aegyptilarvae J. Invertebr. Pathol. 63:
244–248.

Margalit J (1990) Discovery ofBacillus thuringiensis israelensis.In
de Barjac H, Sutherland DJ (eds), Bacterial Control of Mosqui-
toes and Black Flies, Rutgers University Press, New Brunswick,
N.J., pp. 3–9.

Margalith J, Ben-Dov E (2000) Biological control byBacillus
thuringiensissubsp.israelensis. In Rechcigal JE, Rechcigl NA,
(eds), Insect Pest Management: Techniques for Environmental
Protection. Lewis Publishers, New York, NY, pp. 243–301.

Mermet-Bouvier P, Cassier-Chauvat C, Marraccini P, Chauvat F
(1993) Transfer and replication of RS1010-derived plasmids in
several cyanobacteria of the generaSynechocystisand Syne-
chococcus. Current Microbiol. 27: 323–327.

Moser DP, Zarka D, Kallas T (1993) Characterization of a Restric-
tion Barrier and Electrotransformation of the Cyanobacterium
NostocPCC-7121. Arch. Microbiol. 160: 229–237.

Murphy RC, Stevens SE Jr (1992) Cloning and expression of
the cryIVD gene of Bacillus thuringiensissubsp. israelensis
in the cyanobacteriumAgmenellum quadruplicatumPR-6 and
its resulting larvicidal activity. Appl. environ. Microbiol. 158:
1650–1655.

Perlak FJ, Fuchs RL, Dean DA, McPherson SL, Fischhoff DA
(1991) Modification of the coding sequence enhances plant ex-
pression of insect control protein genes. Proc. natl. Acad. Sci.
USA. 88: 3324–3328.



467

Perlak FJ, Stone TB, Muskopf YM, Petersen LJ, Parker GB, McPh-
erson SA, Wyman J, Love S, Reed G, Biever D, Fischhoff DA
(1993) Genetically improved potatoes: protection from damage
by Colorado potato beetles. Plant Mol. Biol. 22: 313–321.

Poncet S, Delécluse A, Klier A, Rapoport G (1995) Evaluation
of synergistic interactions among the CryIVA, CryIVB, and
CryIVD toxic components ofB. thuringiensissubsp.israelensis
crystals. J. Invertebr. Pathol. 66: 131–135.

Porter AG, Davidson EW, Liu JW (1993) Mosquitocidal toxins of
bacilli and their genetic manipulation for effective biological
control of mosquitoes. Microbiol. Rev. 57: 838–861.

Porter RD (1986) Transformation of cyanobacteria. CRC Crit. Rev.
Microbiol. 13: 111–132.

Richmond A (ed.) (1986) CRC Handbook of Microalgal Mass
Culture. CRC Press, Inc. Boca Raton, Florida.

Sangthongpitang K, Penfold RJ, Delaney SF, Rogers PL (1997)
Cloning and expression of theBacillus sphaericus2362 mos-
quitocidal genes in a non-toxic unicellular cyanobacteriumSyne-
chococcusPCC6301. Appl. Microbiol. Biotechnol. 47: 379–384.

Skovmand O, Sanogo E (1999) Experimental formulations ofBa-
cillus sphaericusandB. thuringiensis israelensisagainstCulex
quinquefasciatusandAnopheles gambiae(Diptera: Culicidae) in
Burkina Faso J. Med. Entomol. 36: 62–67.

Soltes-Rak E, Kushner DJ, Williams DD, Coleman JR (1993) Effect
of promoter modification on mosquitocidalcryIVB gene ex-
pression inSynechococcussp. strain PCC 7942. Appl. Environ.
Microbiol. 59: 2404–2410.

Soltes-Rak E, Kushner DJ, Williams DD, Coleman JR (1995)
Factors regulatingcryIVB expression in the cyanobacterium
SynechococcusPCC 7942. Mol. Gen. Genet. 246: 301–308.

Soper BW, Reddy KJ (1994) Identification of a nuclease and
host restriction-modification in the unicellular, aerobic nitrogen-
fixing cyanobacteriumCyanothecesp. J. Bact. 176: 5565–5570.

Stephenson JR, Warnes A (1996) Release of genetically modi-
fied micro-organisms into the environment. J. chem. Technol.
Biotechnol. 65: 5–14

Stevens SE, Jr, Murphy RC, Lamoreaux WJ, Coons LB (1994) A
genetically engineered mosquitocidal cyanobacterium. J. appl.
Phycol. 6: 187–197.

Tandeau de Marsac N, Houmard J (1993) Adaptation of Cyanobac-
teria to Environmental Stimuli – New Steps Towards Molecular
Mechanisms. FEMS Microbiol. Rev. 104: 119–189.

Tandeau de Marsac N, de la Torre F, Szulmajster J (1987) Ex-
pression of the larvicidal gene ofBacillus sphaericus159M in
the cyanobacteriumAnacystis nidulans. Mol. Gen. Genet. 209:
396–398.

Thanabalu T, Hindley J, Brenner S, Oel C, Berry C (1992) Ex-
pression of the mosquitocidal toxins ofBacillus sphaericusand
Bacillus thuringiensissubsp.israelensisby recombinantCau-
lobacter crescentus,a vehicle for biological control of aquatic
larvae. Appl. Environ. Microbiol. 58: 905–910.

Thiel T (1994) Genetic analysis of cyanobacteria. In Bryant DA
(ed.), The Molecular Biology of Cyanobacteria. Kluwer Aca-
demic Publishers, The Netherlands, pp. 581–611.

Thiery I, Nicolas L, Rippka R, Tandeau de Marsac N (1991) Se-
lection of cyanobacteria isolated from mosquito breeding sites
as a potential food source for mosquito larvae. Appl. environ.
Microbiol. 57: 1354–1359.

Vachhani A, Vonshak A (1997) Genetics ofSpirulina.In Vonshak A
(ed.),Spirulina platensis(Arthrospira): Physiology, Cell-biology
and Biotechnology. Taylor & Francis, London, pp. 67–77.

van Aarssen R, Soetaert RP, Stam M, Dockx J, Gossele V, Seur-
inck J, Reynaerts A, Cornelissen M (1995) cryIA(b) transcript
formation in tobacco is inefficient. Plant Mol. Biol. 28: 513–524.

van der Salm T, Bosch D, Honée G, Feng L, Munsterman E, Bakker
P, Stiekema WJ, Visser B (1994) Insect resistance of transgenic
plants that express modifiedBacillus thuringiensis cryIA(b)and
cryIC genes: a resistance management strategy. Plant Mol. Biol.
26: 51–59.

Vermaas W (1996) Molecular genetics of the cyanobacteriumSyn-
echocystissp. PCC 6803: Principles and possible biotechnology
applications. J. appl. Phycol. 8: 263–273.

Vonshak A (ed.) (1997) Spirulina platensis (Arthrospira):
Physiology, Cell-Biology and Biotechnology, Taylor &
Francis, London.

Wada K, Wada Y, Ishibashi F, Gojobori T, Ikemura T (1992) Codon
usage tabulated from the GeneBank genetic sequence data. Nucl.
Acids Res. 20: 2111–2118.

Windhoevel U, Sandmann G, Böger P (1997) Genetic engineering
of resistance to bleaching herbicides affecting phytoene desat-
urase and lycopene cyclase in cyanobacterial carotenogenesis.
Pestic Biochem. Physiol. 57: 68–78.

Wolk CP, Vonshak A, Kehoe P, Elhai J (1984) Construction of
shuttle vectors capable of conjugative transfer fromEscheri-
chia coli to nitrogen-fixing filamentous cyanobacteria. Proc. natl.
Acad. Sci. USA 81: 1561–1565.

Wu XQ, Vennison S, Huirong L, Ben-Dov E, Zaritsky A, Boussiba
S (1997) Mosquito larvicidal activity ofAnabaenasp. strain PCC
7120 with a combination of delta-endotoxin genes fromBacillus
thuringiensissubsp.israelensis. Appl. environ. Microbiol. 63:
4971–4975.

Xudong X, Renqiu K, Yuxiang H (1993) High larvicidal activity
of intact cyanobacteriumAnabaenasp. PCC 7120 expressing
gene 51 and gene 42 ofBacillus sphaericussp. 2297. FEMS
Microbiol. Lett. 107: 247–250.

Yap WH, Thanabalu T, Porter AG (1994) Expression of mosquito-
cidal toxin genes in a gas-vacuolated strain ofAncylobacter
aquaticus. Appl. environ. Microbiol. 60: 4199–202.




