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Transfer of Toxin Genes to Alternate Bacterial Hosts for
Mosquito Control
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Mosquitoes are vector of serious human and animal diseases, such as malaria, dengue, yellow
fever, among others. The use of biological control agents has provide an environmentally safe and
highly specific alternative to the use of chemical insecticides in the control of vector borne diseases.
Bacillus thuringiensis and B. sphaericus produce toxic proteins to mosquito larvae. Great progress has
been made on the biochemical and molecular characterization of such proteins and the genes
encoding them. Nevertheless, the low residuality of these biological insecticides is one of the major
drawbacks. This article present some interesting aspects of the mosquito larvae feeding habits and
review the attempts that have been made 1o genetically engineer microorganisms rthat while are used
by mosquito larvae as a food source should express the Bacillus roxin genes in order to improve the
residuality and stability in the mosquito breeding ponds.
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From the medical point of view, mosquitoes
are among the most important insects due to their
capacity to transmit human and animal diseases.
As vectors of debilitating and sometimes lethal
diseases, they represent a threat to near 3,000
million people in the tropical and subtropical
world (Becker & Margalit 1993). The importance
of anophelines in transmitting malaria is widely
recognized, while genera such as Culex, and
Aedes are important vectors of filariosis and other
diseases caused by viruses, Despite concerted ef-
forts to reduce vector born diseases in high risk
areas, diseases transmitted by mosquitoes still
represent an important public health problem.
During the past 30 years, the main vector control
strategy was based on the use of chemical insecti-
cides which produced benefits to the human
health. However development of vector resis-
tance to insecticides and the increased environ-
mental concern due to the poor specificity dem-
onstrated by these insecticides, specially those
with recalcitrant molecules, were the reasons for
their elimination from many of the mosquito con-
trol programs worldwide.

Mosquito larvae have several natural enemies,
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and amongst those, the most relevant are bacteria
belonging to the genus Bacillus. Bacterial strains
that produce toxins to mosquito larvae belong to
the subspecies israelensis of B. thuringiensis,
strain PG-14 of B. thuringiensis subsp. morrisoni,
B. thuringiensis subsp. medellin, a few strains in
other B. rhuringiensis serotypes, and several
serotypes of B. sphaericus. They produce differ-
ent proteic toxins to mosquito larvae which are
packed In the parasporal crystal as protoxins.

B. thuringiensis subsp. israelensis and B

sphaericus are currently used to control mosquito
larvae populations (Becker & Margalit 1993),
and several of the most promising strains of B,
sphaericus are actually being tested under field
conditions in Cameroon, Colombia, France, and
Germany. However, the main limitation of these
bacteria for their use in mosquito control pro-
grams 1s their short residuality caused by the
rapid sedimentation of the spore-crystal complex
in the ponds, and therefore requiring frequent ap-
plications during the mosquito season in temper-
ate regions and all year round applications in the
tropics (Silapanuntakul et al. 1983, Davidson et
al. 1984, Ohana et al. 1987). In this paper we will
review the mosquito larvae feeding habits as well
as briefly summarize the attempts that have been
made to genetically engineer larval food with the
Bacillus toxin genes in order to improve the effi-
cacy of these mosquito larvae active toxins and
finally we outline some recommendations to have
in mind to select alternative host for the Bacillus
toxin genes.
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PROPERTIES OF MOSQUITOCIDAL BACILLUS
TOXINS AND GENES

Properties of B. thuringiensis mosquitocidal
proteins and toxin encoding genes - The diversity
of crystal toxins of B. thuringiensis has resuited
in thousand of 1solates and multiple efforts to ob-
tain new strains with a wider host range and po-
tency. Several thousand of i1solates have been ob-
tained and are classified in 45 subspecies accord-
ing to their flagellar antigen. Nevertheless, their
serovar status does not reflect their pathogenic
characteristics, that are ultimately defined by the
crystal protein composition. Most B. rthuringien-
sis strains produce more than one crystal protein,
and this composition s reflected 1n some way in
crystal morphology (Lereclus et al. 1993). There-
fore microscopic examination of the B
thuringiensis crystal could suggest insect speci-
ficity. The type of protein within the parasporal
crystal also provides information on the possible
msect target, if it is known. The size of the pro-
teins deposited 1n B. thuringiensis crystals vary
between 150 and 14 kDa. Hofte and Whitely
(198Y) proposed a classification system of the
delta-endotoxins based on their insecticidal prop-
erfies and molecular relationships., To date seven
mayor classes of delta-endotoxins (Cryl to VI)
and cytolysins (Cyt) are known. The Cryl type is
generally active against Lepidoptera, the Cryll
type 1s active agatnst Lepidoptera or Diptera,
Crylll produce mortality in coleopteran insccts,
and CryIV type 1s lethal to mosqguitoes. A contro-

versial activity for CryV proteins towards col-
eopteran and lepidopteran insects has been re-
ported (Gleave et al. 1993). The Cyt type, which
has been found exclusively in mosquito active B.
thuringiensis strains is also cytolytic to mamma-
lian cells. We have recently identified a new sub-
species of B.t. with activity to mosquito larvae
(Orduz et al. 1992a). Its major crystal proteins in-
vestigated, and found in the range of 100, 68, 42,
and 30 kDa. Immunoblot analysis of these pro-
teins with purified antibodies against the major
component ot the B. rhuringiensis susbp.
Israelensis crystal revealed that the anti 28 kDa
recognized a 30 kDa c¢rystal protein in B.
thuringiensis subsp. medellin, opening the possi-
bility that at least the 68 and 94 kDa proteins
could correspond to new Cry proteins (Orduz et
al. 1994). A list of the major genes active against
mosquito larvae can be found in Table 1.

Recent screening programs have obtained nu-
merous B. thuringiensis and strains producing
atypical delta-endotoxins, which probably have
not been described in the Cry-Cyt classification
system. In addition to the large vanety of delta-
endotoxins, some B. thuringiensis strains produce
heat stable toxins that are named beta-exotoxins
(Lecadet & de Barjac 1981). These compounds
are nucleotide analogues, and their insecticidal
activity 1s due to inhibition of RNA polymerase
by competition with ATP. Although these com-
pounds are not msect specific, they may contrib-
ute to the overall insect mortality.

TABILEI

Insecticidal genes of Baciflus for mosquito larvae control

Type of No. of

FeTe Host ° armino-
acids

cryllA 1./D 633
cryl VA D 1. 180
crvIVR 1D 1.136
erylV( D 675
cryIVD D 643
cry”? D 7
cry? D ?
cytA Dfcytol 248
cytB Dfcytol 259
51kDa D 448
42KkIa D 370
100KDa D 879

“: specificity of host range: L., Lepideptera; C, Coleoptera; D, Diptera; N, Nematode cytol. cytolytic

Moleailar

weight Reference
(kDa)

70.9 Donovan el al. 1980
134.4 Ward & Ellar 1987
127.8 Chunjatupornchai et al. 1988
77.8 Thome et al. 1986

724 Donovan et al. 1988

100 Orduz et al. unpublished

68 Orduz et al. unpublished
27.4 Waalwijck et al. 1985
29.2 Koni & Ellar 1993

514 Bautmann et al. 1988
41.9 Hindley & Berry 1987

100 Thanabalu et al. 1991
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Most of B. thuringiensis strains contain plas-
mids of different size (1.4 to 180 MDa), their
copy number and size is particular to each strain,
and is not related to serotype or pathotype. De-
spite the genes they contain and their size, the
plasmids are stably inherited, suggesting that
maintenance and replication functions are very
important. Most of the plasmids in B. thuringien-
sis are cryptic and the main function known is the
production of the entomocidal crystal proteins.
Evidence for the role of this type of plasmids
came from cloning the structural genes, which
were then used for localization of the genes in
many of the known strains, and were found nor-
mally in plasmids of 40 to 150 MDa (Whiteley &
Schnepf 1986, Lereclus et al. 1989). It is possible
that some of the crystal protein genes could be lo-
cated in the chromosome, but the difficulty to dif-
ferentiate between chromosomal genes and genes
encoded by large plasmids (150 MDa) make this
possibility difficult to be probed. It has been es-
tablished that several plasmid genes encoding
delta endotoxins are part of complex structures
that 1nclude mobile genetic elements. Some of
these genes are flanked by insertion sequence ele-
ments and by transposons (Iereclus et al. 1993).

Properties of B. sphaericus mosquirocidal
proteins and toxin encoding genes - The toxicity
produced by B. sphaericus in mosquito larvae is
assoclated with the assembling of parasporal
crystals proteins at the time of sporulation
(Yousten & Davidson 1982, Kalfon et al. 1984).
The toxic proteins of the most potent B, sphaeri-
cies strains (2362, 2297, 1593, and IAB 59) have
been characterized and their molecular weight
determinated (51.4, known as 51 kDa and 41.9,
known as 42 kIDa) (Table I). These proteins does
not have to be synthesized as parasporal inclusion
to produce their lethal effect on mosquito larvae,
and their toxicity can be observed from the 12th
hr of growth, although in minor degree than when
the cultures are fully sporulated. A recent finding
suggests that contrary to what was believed, the
42 kDa protein produced as a recombinant pro-
tein was toxic to C. pipiens larvae by itself (LCso,
300 ng/ml), and the recombinant 51 kDa protein
was not toxic (Nicolas et al. 1993). B. sphaericus
strain SSII-1 another mosquito active strain pro-
duces a 100 kDa protein {Thanabalu et al. 1991)
which is 1000 times less toxic than the binary
toxin produced by strains 2362, 2297 and 1593
The 100 kDa protein of strain SSII-1 is labile to
treatments such as cell disruption methods, heat,
freezing and thawing (Myers & Yousten 1978,
Myers et al. 1979). All three genes have been
cloned and sequenced, however the location of
these genes has been a matter of debate. Singer
(1987), have demonstrated the presence of large
and small plasmids in most of the larvicidal and
nonlarvicidal strains of B. sphaericus, but in the

case of strain 1691, the presence of plasmids was
not observed, suggesting that at least in this
strain, the genes for the binary toxin (51-42 kDa)
could be located in the chromosome. Recently
Liu et al. (1993) have reported new
mosquitocidal strains of B. sphaericus from Sin-
gapore which do not contain the 100 kDa toxin
gene, and Orduz et al. (1992b, 1993) have re-
ported very potent strains isolated from Nigeria
and Colombia,

POTENTIAL HOST FOR THE BACILLUS TOXIN
GENES

Mosqguire larvae feeding habits - In order to
sclect potential host for the Bacillus toxin genes,
it is important to understand the mosquito larval
teeding behavior. During the first part of the cen-
tury and before the discovery and use of chemical
Insecticides, a large body of information regard-
ing mosquito larvae food and feeding habits was
collected (Atkin & Bacot 1917, Coggeshall 1925,
Hinman 1930, Howland 1930, Rozeboom 1934).
In recent years, a new interest in bacteria inhabit-
ing mosquito larvae breeding ponds has ap-
pcared, and this intercst is growing mainly due to
its possible use them as potential hosts for the
Bacillus toxin genes in order to improve the effi-
cacy of the entomopathogenic Baciflus in the
mosquito control programs (Ameen & Iversen
1978, Walker et al. 1988, Thiéry et al. 1991,
1993, Merritt et al. 1992),

Based on studies of mosquito larvae feeding
behaviour, Merritt et al. (1992) have proposed
four types of feeding modes 1. collecting-filter-
ing, 2. collecting-gathering, 3. scraping, and 4.
shredding. The Anopheles, Culiseta, Culex,
Mansonia, Coquilletidia, and some Aedes species
are collect-filtering. The feeding zone of these
collecting-filtering species varies vertically from
the plant root surfaces in Coquilletidia and
Mansonia to the water column in Culex and
Culiseta, and at the top water-air interface where
most of the Anopheles species feed (for a com-
plete description of all the categories see Merritt
et al. 1992).

Microorganisms from the mosquito larvae
breeding ponds - There are several bacterial spe-
cies that colonize the upper layers of water bod-
les that could be potential hosts for mosquito lar-
vae toxins. As indicated by Merritt et al. (1992)
the principal components of the mosquito larvae
diet are microorganisms and detritus. The micro-
organisms that have been identified as part of the
diet of the collecting-filtering mosquito larvae
species vary with the type of pond, the methods
used to collect the water samiples, the methods
used to 1solate them as well as with the type of
intestinal content analysis. Although literature re-
ports indicate that most of the mosquito species



100 Tranfer of Toxin Genes * Sergio Orduz et al.

does not have particular preferences for the kind
of food they ingest, it has been observed that the
size of the particles is a limiting factor (Dadd
1971, Wallace & Merritt 1980). It has been ob-
served 1n many studies that cyanobacteria, cocci,
rods, spirochetes, unicellular and filamentous
algae, protozoans, small metazoans, rotifers,
crustaceans and detnitus, have been found in the
gut content analysis of several mosquito species
(Hinman 1930, Howland 1930, Laird 1988,
Walker et al. 1988). In order to quantitate the
amount ot bacteria ingested by mosquito larvae,
DNA binding fluorochromes in combination with
epifluorescence microscopy was used by Walker
et al. (1988) and found that the larval food bolous
of A. triseriatus, A. quadrimaculatus and F per-
Iurbnns contained an average of 2.2 x 10 2 X
10° and 0.9 x 10° bacteria respﬁ:ctwe]y Al-
though, Thiéry et al. (1993) have indirectly dem-
onstrated that in the case of cyanobacteria, fourth
instar C. pipiens larvae can digest up to 95% of
Ingested cells, and 100% in the case of A
gambiae fourth instar larvae, direct demonstra-
tion of the ability of the mosquito larvae to use
the bacteria as a nutrient source is required. A
problem derived from the gut content analysis, as
reported by Laird (1988), is that undigested mate-
rial could be more easily found in the gut content
than the more fragile protists that are readily di-
gested and enter to form the amorphous type of
material usually found i the larval gut. Experi-
ments growing mosquito larvae using microorga-
nisms obtained from the natural breeding ponds
have demonstrated that larval mmrta]lty was not
observed, when larvae were reared in water from
the pcu:rl and bottom substrate containing
dinoflagelates and Chiamvdomonas were added
(Ameen & [versen 1978). Recent studies indicate
that cyanobacteria, one of the leading hosts can-
didates for the mosquito larvae toxin genes, can
change 1ts location in the water ponds (Howard
1993), and 1t is suggested that changes in vertical
position could be related to changes in the
amount of carbohydrate ballast stored in the cells,
and this cell ballast mechanism is controlled by
the photosynthetic rate of the cyanobacteria
(Kromkamp & Mur 1984); therefore, vertical
movements of these bacteria locate them in and
out of the anopheline feeding zone which is also
an important consideration for the selection of the
potential hosts for the Bacillus toxin genes.
Literature on the bacterial composition of the
tropical pond ecosystems is scarce. In temperate
areas, bactenal composition of lakes and small
water bodies has been reported. Wolters and
Schwartz (1956) described the bacterial inhabi-
tants of oligotrophic water bodies in which Pseu-
domonas spp., Alcaligenes spp., and Azotobacter
spp., were the main genera found. Caulobacter
spp., and Galionella spp., were also reported at

lower frequency. In eutrophicated ecosystems
they observed mainly Pseudomonas fluorescens,
and species belonging to the Bacillaceae family
and gram negative enterobacteries. In 1980,
Konda and Yasuhito studying the water surface
bacterial population of the Motosu-ko lake found
that 84.1% was gram negative bacteria, and the
main genera were Flavobacterium, Pseudomo-
nas, and Moraxella, and when studying the sedi-
ments found that 73 9% of the bacterial popula-
tion was gram positive Bacillus. Between 1990
and 1991, we have conducted an inventory of
bactena living In the water-air interface in 27
mosquito larvae breeding ponds in nine localities
of northwestern Colombia, and have found 33
bactenal species. We have studied the bacterial
distnbution of these species and have observed
that the most frequent bacterial species isolated
were B. mycoides, Aeromona hydrophyla, En-
terobacter agglomerans, B. cereus and B
thuringiensis as shown in Table II. The relation-
ship between each one of the study areas, accord-
ing to the bactenal species composition found is
shown in Figure.

Richness index of Margaleff (1958) was used
to study the bactenal populations of the mosquito
breeding ponds, and indicates that the most di-
verse areas 1n this study were Choco 3.49, Cor-
doba 3.45, Turbaco 3.27, and Uraba 2.68.

Quality of nutrients - Atkin and Bacot (1917),
Hinman (1930), and Rozeboom (1934) could ob-
tain adults from mosquito larvae reared in water
containing bacteria and algae from the mosquito
breeding ponds. From the bacteria found in the
mosquito breeding ponds in Colombia, we se-
lected five bacterial species in order to conduct
the feeding and assimilation experiments. When
tested with C. quinquefasciaius, 22% and 35.4%
survived from second to lhlrd instar when grown
with suspensions of 5x10° cells/ml of cultures of
B. mycoides and Citrobacter freundii respec-
tively, while when grown with cultures of B.
megaterium, B. pumilus, and E. agglomerans,
less than 10% survived to six days, and none
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Main bacterial species found in 27 mosquito breeding
ponds in nine zones of northwestern Colombia

Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 90 (1}: jJan./feb. 1995 101

Bacterial species Positive  Positive

ponds”  zones”
Bacillus mycoides 15(55.5) 8&(88.9)
Aeromona hydrophila 14(51.8) 7(77.8)
Enterobacter agglomerans 13(48.1)  6(99.7)
Bacillus cereus 12(44.4) 5(55.6)
Ciram positive coccl 7(25.9) 4(44.4)
Bacillus thuringiensis 318.5) 4(44.4)
Acinetobacter anitratis S(18.5)  3(33.3)
Bacit{us pumilus 4{14.8) 3(33.3)
Citrobacter freundii 4(14.8)  3(33.3)
Chromobacterium violacenum 4(14.8)  3(33.3)
Acinetobacter hwoffi 4(14.8)  3(33.3)
Enterobacter cloacae 4(14.8)  2(22.2)
Pseudomona paucimobilis (111 1D
Pseudomona cepacea (1.1 3(33.3)
Psewdomona pitida (111 3(33.3)
Sarcinas 311.1) 2(22.2)
Serratica marcescens 2(7.4) [{11.1)
Klebsiella oxvioca 2(7.4) 1{11.1)
Eunterobacter aerogenes 2(7.4) i(11.1n
Pseudomona maitophila 2(7.4) [(1i.1)
Pseudomona vesiculare 2(7.4) 2(22.2)
Klebsielia ozonae 2(7.4 I{11.1)
Pseundomona fluorescens 2{7.4) 1(11.1)
Pleisomona shigelloide 2(7.4) [(11.1)
Klebsielia prieimoniae 1(3.7) [{11.1)
Psendomenaaeriuginosa 1(3.7) {11.1)
Serratia liquefasciens 1(3.7) 1{(11.1)
Pseudomona putrefasciens i(3.7) (L1 1)
Bactilus sphaericus 1(3.7) i(11.)
Hyphomicrobivmvulgare 1(3.7) I(11.1)
Bacillus macerans 1(3.7) 1{11.1)
Pseudomona sp. 7{(25.9) 4(44 4)
Bacillus sp. F33.3)  5(55.6)
Shigella sp. 1(3.7) 1(11.1)
Sahmonella sp. 1(3.7) 1(11.1)
Flavebacterium sp. 2(7.4) 1(11.1}
Moraxella sp.

4(14.8)

2(22.2)

: numbers in braquets represent percent of occurence

reached the third instar. In the case of A. al-
bimanus, survivorship was limited to 4-5 days
with a 6.8, 32, and 50.4% when grown on cells of
B. mycoides, C. freundii and B. thuringiensis
4Q2-81 a cry strain, and similarly, mosquito lar-

vae changes in this period of time from 2nd to
3rd mnstar.

CLONING THE BACILLUS TOXIN GENES

Genetic improvement of the insecticidal ac-
tivity has been approached in two different ways:
(1) transter of the toxin genes in to non-homolo-
gous 1solates to combine expression of toxic pro-
teins to produce additive or synergistic effects,
and (2) transfer the toxin genes in to baculovirus
in order to improve B. thuringiensis activity on
host and age.

Recombinant Escherichia coli with B.
thuringiensis genes - Haider et al. (1987) cloned
the cryll gene from B. thuringiensis subsp.
aizawai 1n E. coli TGl, and the recombinants
were able to produce and crystallized the Cryll
protein, and toxicity, was observed as expected in
lepidopteran and dipteran larvae.

The cryfVA, crylVB, crviVC, crylVD, and
cylA genes from B. thuringiensis subsp. israelen-
sis have been expressed in E. coli, and the differ-
ent protein yield and toxicity were probably
caused by differences in host strains, vectors, bio-
assays, protein stability, andfor a variation in the
promoter and ribosome binding site efficacy
(Waalwijck et al. 1985, Thome et al. 1986, Ward
et al. 1986, Angsuthanasombat et al. 1987, 1992,
Chungjatupomchai et al. 1988, Delécluse et al.
1988, Ward & Ellar, 1988). The 128 kDa
(CryIVB) toxin expressed in E. coli IM107, and pu-
rifted was highly toxic (LCso 43 ng ml) to third-in-
star larvae of A. aegypti (Chungjatupornchai et al.
1988). Recently, Koni and Ellar (1993) have
cloned in E. coli the new ¢yrB protein gene of 29
kDa of B. thuringiensis subsp. kyushuensis CytB
has shown to have 39% identity and 70% similar-
ity with the CytA proteins. Unlike cy1A, cloned
cytB when expressed in E. coli was assembled in
amorphous cytoplasmic incliusions without the in-
tervention of helper proteins. We have recently
cloned and expressed the 100 kDa crystal protein
gene of B. thuringiensis subsp. medellin reported
by Orduz et al. (1994) in E. coli SOLR. Expres-
sion of this probably novel cry gene produced
significant mortality when whole cells were
given to third instar C. quinquefasciatus larvae.

Recombinant Bacilli with B. thuringiensis
genes - All the major crystal proteins of B.
thuringiensis have been cloned and expressed in
bacilli. Expression of the 128 kDa protein corre-
sponding to the crylVB gene of B. thuringiensis
subsp. israelensis in B. sphaericus 2362 and
1593, produced an increased activity against A.
aegyptt larvae, which was comparable to the nor-
mal toxicity of B. thuringiensis subsp. israelensis
(Trisrisook et al. 1990). In contrast, cloning of
the cryIVD and cytA in B. sphaericus produced
only a 10 fold increase in activity to A. aegypri
larvae (Bar et al. 1991). Delecluse et al. (1993)
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obtained expression of crylVA and crylVB genes
in an acrytalliferous B. thuringiensis strain. Mor-
tality was observed in A. aegypti, A. stephensi,
and C. pipiens when the transformants containing
the CryIVA protein were used in the bioassays.
Mortality range was reduced to A. aegypti and A.
stephensi when these mosquito species were
challenged with recombinants expressing the
CryIVB protein.

The crylVD crystal gene of B. thuringiensis
subsp. israelensis cloned in B. megaterium, pro-
duced the corresponding 70 kDa protein, and
transformants were toxic to A. aegypii larvae; al-
though toxicity was not equivalent to that caused
by B. thuringiensis subsp. israelensis (Donovan
et al. 1988). When the crylVD gene from B.
thuringiensis subsp. morrisoni PG-14 was cloned
in B. thuringiensis subsp. kurstaki, recombinants
produced comparable toxicity to that ot the donor
strain (Chang et al. 1992).

The cytA gene ot B. thuringiensis subsp.
israelensis has been cloned and expression of the
27 kDa crystal protein has been observed 1n Ba-
ctifus subtilis (Thome et al. 1986, Ward et al.
1986, 1988, Ward & Ellar 1988). Expression of
B. thuringiensis subsp. israelensis toxins in B.
sphaericus have also been obtained (Trisrisook et
al. 1990, Bar et al. 1991). The cytA and cryiVD
toxins genes have been cloned and expressed in
B. subrilis and in B. sphaericus strain 2362 (Bar
et al. 1991). The expression of the CytA and
CryIVD proteins of B. thuringiensis subsp.
israelensis in a recombinant B. sphaericus 2362
produced an increase of toxicity toward A
aegypti compared to that produced by the paren-
tal strain 2362, but lower than that of B.
thuringiensis subsp. israelensis (Bar et al. 1991).

Recombinant E. coli wirh B. sphaenicus
genes - E. coli has been used as hosts for the
mosquitocidal toxin genes of B. sphaericus
(Baumann et al. 1987, 1988, Baumann &
Baumann 1989, de 1a Torre et al. 1989, Davidson
et al. 1990, Oei et al. 1990, Thanabalu et al.
1991). Expression of the 51 and 42 kDa toxin
genes from strain 2362 1 E. coli was observed,
but its toxicity was lower than any of the high
toxicity strains. However, Sebo et al. (1990) ob-
served that £. cofi GM2199 harboring the same
binary toxin gene from B. sphaericus 1593M had
an LCsp of 10 ng ml against C. pipiens, similar to
the values obtained tor either the spore-crystal
complex of B. sphaericus 2362 or the puntied
mixture of 51 and 42 kDa proteins (Baumann et
al. 1991).

Recombinant Bacilli with B. sphaericus
genes - Expression of the binary toxin gene in
bacilli has been evaluated. Recombinant non-
toxic B. sphaericus 718 harboring the binary
toxin genes, produced crystalline inclusions dur-
ing sporulation, and toxicity to C. pipiens was as

high as toxicity caused by strain 2362. B
sphaericus SSII-1 transformed with the binary
toxin genes also produced inclusions but 1t was
not as toxic as recombinant B. sphaericus, and
the spores of the recombinant strain B. subtilis
DB104 contained amorphous inclusions and
were three times more toxic to C. pipiens larvae
than was B. sphaericus 2362 (Baumann et al.
1985, 1991, Broadwell et al. 1990a, b).

The binary toxin of B. sphaericus has also
been expressed from its own promoter using the
shuttle vector (pGSP10) in B. rthuringiensis
subsp. israelensis 4Q2-72 and a crystal minus
strain of B. thuringiensis subsp. israelensis (4QQ2-
81) (Bourgouin et al. 1990). Crystals of B.
sphaericus toxins were deposited with the spores
of both strains. Unexpectedly, the crystal minus
strain expressing only the B. sphaericus toxins
was equally toxic to A. stephensi and A. aegypli
larvae, in contrast to the parcmtal B. sphaericus,
which was about 25 times less active against A.
aegypti than against A. stephensi. In the recombi-
nant B. thuringiensis subsp. israelensis 4Q2-
72(p(GSP10) there was no detectable additive or
synergistic effect when expressing both classes of
toxins in one cell compared with wild type B.
thuringiensis subsp. israelensis (Bourgouin et al.
1990).

B. sphaericus SSII-1 produces a 100 kDa pro-
tein that i1s responsible for the low toxicity to
mosquito larvae. Its gene has been cloned and ex-
pressed in £ coli under the control of its own
promoter, and toxicity of the recombinant E. coli
was lower to A. aegypti and C. quinquefasciatus
larvae than B. sphaericus SSII-1 (Thanabalu et al.
1991). More recently, a truncated version of the
100 kDa toxin lacking the N-terminal signal se-
quence has been produced in E. coli (Thanabalu
et al. 1992a). Its LCso determined against (.
quinguefasciarus larvae was similar to the value
obtained for the 51 and 42 kDa toxins from B.
sphaericus 2362 expressed in B. subtilis
(Baumann et al. 1991), indicating that specificity
of the 100 kDa toxin was not the limiting ftactor
found by Thanabalu et al. (1991).

EXPRESSION OF TOXIN GENES IN AQUATIC MI-
CROORGANISM

The mosquitocidal toxin genes of B
thuringiensis and B. sphaericus have been intro-
duced in several species of aquatic bactera such
as Caulobacter species that occur in virtually
every aquatic habitat and are found predomi-
nantly in regions where several species of mos-
quito feed (Pointdexter 1981, Mentt et al. 1992)
and in cyanobacteria (Table 1II).

Thanabalu et al. (1992b) cloned separately the
binary toxin genes from B. sphaericus 2297, the
100-kDa toxin gene from B. sphaericus SSII-|,
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TABLE III

Recombinant aquatic bacteria with mosquitocidal genes from Bacillus thuringienensis subsp.
israelensis and Bacillus sphaericus

Bactenal species

Toxin genes

Toxicity

Caulobacter crescentus binary low in C. quinquefasciatus
100kDa low in C. guinguefasciatus
crylVB low in A. aegypti

Agmenelum quadruplicatum crylVA low in A. aegypti
crylVD low in C. pipiens

Anabaena sp. binary low in C. pipiens
binary low in A. sinensis

Anacystis nidulans binary lowin C. pipiens

Synechococcus sp. crylVB low in A. aegypti

and the 128 kDa cry{VB gene from B. thuringien-
sis subsp. israelensis in Caulobacter crescentus.
All recombinants displayed toxicity to mosquito
larvae, and the most toxic constructs of the binary
toxin gene were lethal to C. quinquefasciatus,
with LCs0’s of about 2 x 107 celis per ml, which
1s similar to the toxicity of the natural strain, B.
sphaericus SSII-l, from which the 100 kDa toxin
gene was orniginally cloned (Thanabalu et al.
1991, 1992b). E. coli IM109 cells transformed
with the same plasmid were about 1,000 fold less
toxic, but the reason for this difference was not
investigated. Caulobacter cells containing either
the B. sphaericus 100-kDa toxin gene or the B.
thuringiensis subsp. israelensis 128-kDa toxin
gene were weakly toxic to C. quinquefasciatus
and A. aegypti larvae, respectively. Protein levels
were not guantitated but were believed to be low
{Thanabalu et al. 1992b).

Various species of cyanobacteria have been
investigated as vehicles for prolonged delivery of
insecticidal toxins to the larval feeding zone (de
Marsac et al. 1987, Angsuthanasombat & Panyim
1989, Chungjatupornchai 1990, Murphy & Ste-
phens 1992). Like Caulobacter species, the ubig-
uitous photosynthetic cyanobacteria exist at or
near the water surface. These photoautotrophic
bacteria are adaptable to both freshwater and salt-
water environments. They have a wide tempera-
ture tolerance and limited nutritional require-
ments (Rippka et al. 1979).

Toxin genes from B. thuringiensis subsp.
israelensis or B. sphaericus were cloned in
cyanobacteria, but in all cases expression levels

and toxicity were very low (de Marsac et al. 1987,
Angsuthanasombat & Panyim 1989, Chungja-
tupornchai 1990). Agmenelum quadruplicatum
(Synechococcus sp. strain PCC 7002) cells were
transformed with the 134 kDa toxin gene from B.
thuringiensis subsp. israelensis, cell extracts
were weakly toxic to A. aegypri larvae (An-
gsuthanasombat & Panyim 1989).

The 128 kDa CrylVB protein of B. thuringiensis
subsp. israelensis has been expressed in Syn-
echococcus sp. strain PCC 6803 after its integration
nto the chromosome. Cell extracts but not live cells
were weakly toxic to 20 to 30% of A. aegypti lar-
vae, equivalent to 1 to 2 pug of toxin protein per ml
(Chungjatupornchai 1990). Live cells of the
cyanobacterium A. quadruplicatum PR-6 which
had been transformed with the cry/VD gene from
B. thuringiensis subsp. israelensis, were reported
to be toxic to mosquito larvae (Murphy & Ste-
phens 1992). The crylVD gene was sufficiently
well expressed to form phase-bright inclusions
and there was a delay in the onset of toxicity of
the recombinant A. quadruplicatum cells from 1
to 3 days, and 100% mortality occurred 5.5 days
after the cells were first fed to the larvae (Murphy
& Stephens 1992).

The binary toxin gene of B. sphaericus was
used to transform Arnacystis nidulans R2 (also
called Synechococcus sp. strain R2) (de Marsac
et al. 1987). Cell extracts produced low mortality
against C. pipiens larvae. Recently, Xudong et al.
(1993) cloned the binary toxin gene of B
sphaericus 2297 in the cyanobacteria Anabaena
sp. PCC 7120. Mortality of C. pipiens by the re-



104 Tranfer of Toxin Genes » Sergio Orduz et al.

combinant cya:gnbacteria was 94% at a concen-
tration of 5x10° cells/ml, ﬂ%]d 2% 1n A. sinensis
at a concentration of 7x10” cells/ml. Expression

of the binary toxin was also observed after 30
generations under nonselective conditions.

The cryfVD gene from B. thuringiensis subsp.
morrisoni PG-14 has been inserted in a bac-
ulovirus vector, and recombinant viral particles
produced infection in Spodoptera frugiperda
cells and Trichoplusia ni larvae; synthesized
polyhedrnin-CryIVD protoxin fusion protein crys-
tallized as cuboidal inclusions in the cytoplasm
(Pang et al. 1992). The infected cells and purified
inclusions were toxic to mosquito larvae (LL.Csp
was close to 250 ng ml) (Pang et al. 1992).

Increasing host range - By using electropora-
tion, Crickmore et al. (1990), introduced a plas-
mid containing the crylliA gene of B. thuringien-
sis subsp. morrisoni pathotype tenebrionis nto
B. thuringiensis subsp. israelensis, and the result-
Ing transgenic bacterium demonstrated activity
against coleopteran and dipterans, and surpris-
ingly also showed activity against the lepidop-
teran Pieris brassicae. Similarly, when the
crylA(b) gene was introduced 1n to a coleopteran
active strain, toxicity was observed not only in
coleopteran and lepidopteran insects, but also in
mosquitoes, introducing the new and revolution-
ary concept that the B. thuringiensis toxins can
interact synergistically to expand the host range.

Therefore one of the critical points is to select
the adequate microorganism in which several of
the following parameters should be observed: (1)
persistence 1n the mosquito larvae feeding zone,
which is particular for the mosquito species, (2)
to be ingestible and digestible by the mosquito
larvae in order to uncover the hidden toxic pro-
teins expressed and deposited in the cytoplasm of
the recombinant organism, and make them avail-
able for activation and binding to the larval mid-
gut receptors, (3) non toxic to mammals, (4) to be
widely distributed (ubiquitous), (5) to be compat-
ible with other larvicides, specially with chemi-
cals, and finally (6) to be able to express the re-
combinant proteins at the required levels to sup-
press the mosquito larvae population.

In order to avoid recombination regulations it
has been proposed to “encapsulate” the spore-
crystal complex i Tetrahymena pyriformis, an
unicellular protozoan. The protozoan normally
ingest particulated matenal they find. Under field
simulated conditions, T. pyriformis fed with B.
thuringiensis spore-crystal complex increases the
activity of the B. thuringiensis subps. israelerisis
toxins from 24 to 71 hr (Zanitsky et al. 1991),

The genetic stability of a cloned toxin gene in
a recombinant microorganism has a paramount
importance due to the high cost and effort in-
volved in the design of a genetic engineer organ-
ism. Plasmid instability could be due to

segregational and structural phenomena, and is
also caused by incompatibility with other plas-
mids (Novick 1987, Bron 1990). The variable
levels of expression obtained in most of the re-
combinant events performed with the Bacillus
toxin genes are due to problems with the pro-
moter, the rnbosome binding site, the transcrip-
tional terminator signals, codon usage and the
stability of the plasmids used to transform the
host cells (Porter et al. 1993). With different de-
grees of difficulty, most of these factors can be
solved, however, the design of stable plasmids is
perhaps the most laborious tasks to be undertaken
by the scientist. An alternative for the design of
stable plasmids for recombinant mosquito larvae
food, 1s chromosome integration of the Bacillus
toxin genes (Youngman 1990, Hoch 1991),
where the recombination events are approxi-
mately 1,000 times less frequent than in plasmids
(Niaudet et al 1984, Janniere et al. 1990). For a
complete review of the attempts that have been
made to improve the genetic stability of recombi-
nant bactena see Porter et al. (1993).
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