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MICROBIOLOGY
(Abstract)

The ability of spores to germinate, vegetatively
multiply and produce new spores and toxin in the larval
cadaver is known as recycling. The ability to recycle is an
important characteristic since it may enhance effectiveness
and persistence of the microbial insecticides in the larval
habitat.

The ability of Bacillus sphaericus to recycle has only
been examined in the low toxicity strain SSII-1 and in the
two highly toxic strains 2362 and 1593, both belonging to
serotype 5a5ab. This study was expanded and the ability to
germinate and recycle of several B. sphaericus strains was
investigated. Strains tested represented different
serological and DNA homology groups, and expressed either or
both toxins (the binary toxin, proteins of 51 and 42 kDa or
the 100-kDa toxin). Nontoxic strains were also tested as
recombinants expressing the toxin genes or with soluble
binary toxin.

Results of this study showed that only spores of the

highly toxic B. sphaericus strains, which normally produce



both, the binary toxin and the 100-Kda toxins, were able to
germinate in high percentage and to recycle.

The ability of conjugal transfer of plasmids from B.
sphaericus to other bacteria was also investigated. The most
likely place for conjugation to occur is in the larval
cadaver. where spores of B. sphaericus germinate and grow
vegetatively and interact with bacteria present in the
larval cadaver. Bacillus sphaericus 2362 carrying the broad
host range plasmid pAMB1l, was used as donor in filter mating
experiments with other B. sphaericus strains, a
restrictionless B. subtilis strain and bacteria isolated
from field collected larvae. Conjugal transfer of pAMBl was
observed with strains of the same serotype as the donor and
two other serotypes.

The possibility that the large cryptic plasmid present
in B. sphaericus 2362 (180 kb), could promote its own
transfer and mobilize the small nonconjugative plasmids
pUB110 to other B. sphaericus strains was also tested. No
transfer was detected.

Conjugation experiments in vivo (the larval cadaver)
were done by feeding Culex quinguefasciatus larvae the
spores of donor 2362 (pAMBl) along with spores of the
recipient strains, 2362a or 1593-P51. No transconjugants

were detected in cadavers 72 hours after feeding the spores.
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INTRODUCTION

Bacillus sphaericus is a heterogeneous species that
is divided into at least 5 DNA homology groups. The
pathogenic strains belong to group IIA and produce either
one or two toxins. The first is a binary toxin consisting
of two distintive proteins (51.4 and 41.9 kDa), and it is
found in a parasporal body and produced during
sporulation. The second is a 100-kDa toxin is produced by
vegetative cells, and its exact location in the cell is
unclear. Strains producing the binary toxin (alone or in
combination with the 100-kDa toxin) are considered highly
toxic strains, and strains producing only the 100-kDa
toxin are among the low toxicity strains.

In the field, B. sphaericus has been reported to
persist and provide control of mosquito larvae for extended
periods of time. Although many factors may influence
persistence and effectiveness of this bacterium in the
mosquito habitat, the ability to recycle in the larval
cadaver is considered an important characteristic of this
mosquito pathogen.

Recycling is the ability of spores to germinate,
multiply vegetatively and resporulate in the larval cadaver.
Recycling allows production of new spores and toxin that
will be available to control new generations of mosquito
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larvae.

The recycling ability of B. sphaericus has only been
studied with the low toxicity strain SSII-1 (of serotype 2)
and with the highly toxic strains 2362 and 1593 (of serotype
5a5b). However, no information was available about the
recycling ability of strains belonging to other serotypes or
DNA homology groups.

Despite the availability of highly toxic B. sphaericus
strains, efforts are being made to expand the spectrum of
larval toxicity or growth efficiency for commercial
production. Expression of new traits are commonly achieved
by introducing a gene on a plasmid which generally carries
an antibiotic resistance marker.

It is possible that gene exchange in the environment is
relatively common. It has led to the spread of antibiotic
resistance among bacteria and probably leads to extensive
reorganization of the genotypic structure of bacterial
populations. Conjugation is suggested to be the most
prevailing mechanism for dissemination of plasmids in the
natural environment.

Bacterial conjugation is the transmission of genetic
material between bacteria, and it requires cell to cell
contact. DNA transfer is generally mediated by plasmids
which may encode all functions specific for transfer.

Large self-transmissible plasmids can mobilize small
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nonconjugative plasmids.

If recombinant strains of mosquito pathogens are able
to transfer genetic information, the most likely place for
this exchange to occur is in the larval cadaver where these
recombinants are in close proximity with larval flora. Here,
germinated spores of the invading pathogen interact with
vegetative bacteria present in the larval cadaver increasing
the probability of DNA transfer.

The specific objectives of this research were:

1) To determine the ability to recycle of B. sphaericus
strains expressing different toxins, presenting different
range of larvicidal activity and representing different
serological and DNA homology groups.

2) To investigate the possibility of conjugal transfer
of plasmids from B. sphaericus to other bacteria.

3) To determine if B. sphaericus exchange genetic
information by conjugation mechanism, in vivo, in the larval

cadaver.



LITERATURE REVIEW

Bacterial insecticides

Bacterial insecticides are important as alternatives to
chemical pesticides. Among their advantages are that they
are effective in controlling insect pests and are safe to
non-target organisms. Furthermore, they do not produce the
adverse effects on the environment that chemical
insecticides like DDT produce (99, 35, 98). Among the spore
forming bacteria, Bacillus sphaericus and B. thuringiensis
have already been shown to be effective microbial
insecticides (108) and the latter is widely used in many
countries (116).

Early attempts to develop B. sphaericus as a microbial
pesticide included the search for strains with increased
pathogenicity. This was followed by their characterization
and study of their physiology and their nutritional
requirements. More recently, molecular and cloning
techniques have been used to understand the mechanism of
toxin action and toxin specificity.

Bacillus sphaericus

Bacillus sphaericus is aerobic, rod-shaped and forms
round, terminal spores. This bacterium has a worldwide
distribution and is commonly found in soil and aquatic
habitats (34). Some strains are pathogenic to mosquito
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larvae (99). Bacillus sphaericus is a heterogeneous species
(5, 6, 119), typically producing negative reactions in the
traditional phenotypic tests (1, 121). Strains of B.
sphaericus were found to be naturally resistant to
streptomycin and chloramphenicol (1, 24, 60). The
susceptibility of mosquito larvae to the insecticidal
strains varies. Larvae of Culex and Anopheles species are
more susceptible to the action of B. sphaericus than those
of Aedes (3). Larvae of Psorophora and Mansonia have also
been shown to be highly sensitive. It is not toxic to black
fly larvae (34, 35). Its safety to nontarget animals is well
docummented (35, 99).

Taxonomy

Using the classical biochemical methods, it has not
been possible to distinguish between the insecticidal and
non-insecticidal strains of B. sphaericus (39, 100).

The B. sphaericus strains are divided into six DNA
homology groups (65). All toxic strains are grouped into the
DNA homology subgroup IIA, and homology group I contains the
type strain of the species, B. sphaericus ATCC 14577 (65).
Studies on numerical classification of phenotypic features
(1, 25), ribosomal RNA restriction patterns (5, 6),
multilocus enzyme electrophoretic patterns (100, 115) and
random amplified polymorphic DNA (RAPD) fingerprinting (119)
are in agreement with the DNA homology grouping.
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According to phage sensitivity, B. sphaericus
pathogenic strains are placed in bacteriophage groups 1, 2,
3, 4 and 8 (121).

B. sphaericus strains are also classified according to
their H (flagellar) antigens. The mosquito pathogenic
strains were distributed in flagellar serotypes Hl1l, H2a2b,
H3, H5a5b, H6, H25 and H48 (39, 40, 110).

Woodburn et al. (119) were able to identify individual
serotypes among the pathogenic strains by random amplified
polymorphic DNA (RAPD) fingerprinting. The RAPD data also
correlated with bacteriophage type, flagellar serotypes, and
the type of toxin produced (binary or 100 kDa).

Singer (100), using multilocus enzyme electrophoresis
and vertical polyacrylamide gel electrophoresis (PAGE),
found no relationship with the bacteriophage groups of
Yousten (121) nor the serogroups of De Barjac et al. (39)
and the multilocus enzyme groups. However, the
electrophoretic data agreed with the DNA homology groups of
Krych et al. (65).

Recently, Frachon et al. (44) and Nicolas et al. (79)
used gas-liquid chromatography of bacterial fatty acid
methyl esters (FAME) to classify B. sphaericus strains and
predict mosquitocidal activity. They found that the
mosquito pathogens were grouped into two clusters.

Liu et al. (71) isolated five new high toxicity strains
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of B. sphaericus in Singapore. The interesting feature
about these strains is that, although in many aspects they
resemble the high toxicity strains e.g they belong to DNA
homology group IIA and have the binary toxin genes, they
differ from them in that they lack the 100-kDa toxin gene.
Also, they were classified as members of phage group 8,
where only low toxicity strains have been reported.

The toxins

Among the pathogenic B. sphaericus strains, great
variation in toxicity is observed. However, investigators
often speak of the strains in two groups, the high toxicity
strains and the low toxicity strains. Among the high
toxicity strains, two types of toxin have been
characterized. A binary toxin containing proteins of 51.4
and 41.9 kDa (14, 20, 21, 36) is found in a parasporal body
sometimes called a "crystal". It is toxic following
ingestion by mosquito larvae (36, 53, 59, 124). A second
toxin of 100 kDa is cell-associated but its exact location
is not known (109).

The parasporal crystal (binary toxin) appears during
stage III of sporulation and is partially enclosed by the
exosporium. The interior of the crystal shows a crystalline
lattice structure. It is surrounded by an envelope that is
retained after dissolution of the matrix in the larval gut
or treatment with alkali (124). Yousten and Davidson (124)

7



first suggested that the parasporal crystal could be the
source of toxin. Davidson (33) and Tinelli and Bourgouin,
(111) extracted the toxin from spore and crystal mixtures.

The toxin crystal from B. sphaericus 2362 was studied
by Broadwell and Baumann (22). It contained four proteins
having a mass of 125, 110, 63 and 43 kDa, as determined by
SDS-PAGE. The two higher molecular weight proteins appeared
to be precursors of the 63 and 43 kDa proteins. However,
Hindley and Berry, (53) analyzed the nucleotide sequence
representing the 43-kDa protein and concluded that it does
not arise from a higher-molecular-weight precursor. Bowditch
et al. (19) found later that the 122 and 110 kDa proteins
were contaminants originating from the S-layer protein that
covers the vegetative cell.

Cloning studies also helped elucidate the nature of the
genetic determinants involved in B. sphaericus toxicity. The
genes for the binary toxin and the 100-kDa toxin have been
characterized (7, 12, 14, 15, 17, 53, 109) and cloned into
Escherichia coli (14, 16, 21, 36, 45, 103, 109), Bacillus
subtilis (13, 20, 26, 103), and both non-pathogenic and low
toxicity B. sphaericus (20, 21, 26), Bacillus thuringiensis
(18, 82), Caulobacter crescentus (108) and the blue green
bacterium Anacystis nidulans (41). It is now known that each
protein plays a different role in toxicity. Berry et al.
(16) demonstrated that the 41.9 kDa protein was resprisible
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for host range, however both the 42 and 51 kDa proteins are
required for toxicity to Culex larvae (14, 20, 36).

Plasmid hybridization experiments with the cloned toxin
genes suggested that the genes for the binary toxin are
located in the chromosome rather than on plasmids (5).

A typical representative of the low toxicity strains is
B. sphaericus SSII-1. The 100-kDa toxin in this strain is
not present as a parasporal crystal but associated with the
vegetative cell (32). The genes encoding the binary toxin
are not present in the low toxicity strains (12). The gene
for the 100-kDa toxin has been isolated and characterized.
It is widely distributed among both high and low toxicity
strains (109). All highly toxic strains tested by Thanabalu
et al. (109), contained the 100-kDa gene in addition to the
genes for the 51.4 and 41.9 kDa toxins. This gene has been
cloned and its sequence showed that the N terminus had
significant homology to bacterial toxins which act by ADP-
ribosylation of G proteins (106, 107 and 109). A domain in
the C-terminal region was sufficient for toxicity to
cultured Culex cells, however both regions were necessary
for toxicity to mosquito larvae (106).

The mechanism of action of the binary toxin is not
completely known ( 124). Several studies have been carried
out to understand the mechanism of action and specificity of
the B. sphaericus toxins. Susceptibility of different
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species of mosquito larvae to the 43-kDa toxin is not due to
differential activation by gut proteases (3, 23, 80).

Studies of the histopathology caused by B. sphaericus
toxins in mosquito larvae showed that the primary site of
action is gastric caecum cells and posterior midgut (32,
36). After ingestion of toxin, the epithelium was distended,
the gut was paralysed, cytolisosomes were increased in
number and size producing epithelial cell lysis, epithelial
cells were separated from one another, followed by larval
death (32, 34). Recently, the presence of specific receptors
for purified binary toxin on brush border membrane fractions
from C. pipiens larvae was demonstrated by in vitro binding
assays (81).
Persistence and Recycling

Persistence is defined as the presence in the
environment of spores and/or vegetative bacteria. Recycling
is spore germination, followed by replication of resulting
vegetative cells and production of new spores and toxin in
larval cadavers (120). Therefore, recycling of B. sphaericus
in cadavers may extend larvicidal activity, because more
toxin is produced in larval cadavers to control subsequent
populations of larvae.

B. sphaericus is able to recycle and persist in the
aquatic environment for longer periods of time than Bacillus
thuringiensis serovar. 1sraelensis (Bti). Hertlein et al.
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(52) recovered infective spores from a roadside ditch up to
9 months after application. Singer (99) reisolated B.
sphaericus from water and larval cadavers from treeholes 7
months after treatment. Hornby et al. (54) reported
persistence of spores for several months in sewage and for
30 to 50 days in fresh water. DesRoches and Garcia (42)
demonstrated that B. sphaericus persisted and was toxic in
sewer and spring water for up to 30 days, and the presence
of larvae increased persistence even longer.

Several studies demonstrated the ability of B.
sphaericus to recycle in larval cadavers (27, 37, 38, 90,
95) . Recycling was also demonstrated under field conditions
(38) . These studies showed that, during B. sphaericus
recycling in larvae, there was a decrease in the number of
spores during the first 12 to 24 h. During the next 48 h,
the spore count increased to 10° or 10° per larva. The final
number of spores, after the 72 h, was at least 100 times the
lowest concentration observed, an indication of new spore
formation.

Aly et al. (2) demonstrated that the entomocidal
bacterium B. thuringiensis israelensis recycled in mosquito
larvae of A. aegypti and Anopheles albimanus. However Bti
exhibits shorter persistence in the field. This indicates
that other factors in the environment may also play a role
in the persistence of entomocidal bacteria in the field.
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Karch et al. (61) observed a four-year persistence of B.
sphaericus in a natural pond and suggested that associated
nontarget species could influence the maintenance of B.
sphaericus. The role of nontarget arthropod species found in
association with Culex sp. in natural breeding sites, was
studied. Nontarget species contributed to the action of the
bacterium by their predator activity or by redistributing
the bacterium in the water column.

Yousten et al. (122) tried to determine the fate of the
spore-toxin complex after ingestion by nontarget
invertebrates, i.e. midge larvae, snails and oysters. They
found differences in the elimination rate of spores by the
three invertebrate organisms studied that could be related
to the complexity of their guts. There was no indication of
spore recycling in the animals, and complete or partial
detoxification of the toxin could occur after gut passage,
depending on the animal. Results indicated that unaffected
but exposed nontarget organisms might transport microbial
control agents to untreated sites. The information
available about the fate of B. sphaericus following its
delivery into the aquatic environment is still very limited.
To gather more of such information, Yousten et al. (123)
studied spore interactions with three larvae of aquatic
insects. The predatory stonefly, Paragnetina media, the
leaf shredding stonefly, Pteronarcys proteus and the
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cranefly, Tipula abdominalis. They found that both stonefly
larvae eliminated the spores after spore feeding was
stopped. The cranefly larvae retained one fifth of the
spores for up to five weeks. Although spores recovered in
cranefly faecal material were detoxified by gut passage.

Other factors may influence the greater persistence of
B. sphaericus in the field compared to Bti. Yousten et al.
(126) reported on the greater tendency of Bti spores and
paraspores to adhere to and settle with suspended sediment
and fine particulates compared to paraspores of B.
sphaericus. Once resuspended by turbulence in water, toxin
adhering to particles will sink more rapidly and will be
less accessible to larvae.

Ohana et al. (82) followed the fate of an antibiotic
resistant Bti under laboratory-simulated field conditions.
They also found loss of larvicidal activity due to the
masking of the toxin caused by the adsorption of the spores
or/and toxin on the mud.

Surface Layer

Many gram positive and gram negative bacteria posses a
surface layer (S layer) composed of protein or glycoprotein.
The function of the S layer is not well understood, but
because of its location at the cell surface, several
functions have been proposed. These include maintenance of
the cell shape, a barrier against internal or external
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factors or even as a channel for conjugal gene transfer
between bacteria which lack pili. Wiwat et al. (117, 118)
cloned the Bti S-layer protein gene and found that antibody
against the S-layer protein inhibited plasmid transfer by
conjugation in this bacterium (117). In the case of
B.sphaericus, the S layer consists of a linear array of
glycoproteins (70), and it functions as a site of
bacteriophage attachment (69). Bowditch et al. (19) cloned
and sequenced the gene that encodes a 125-kDa precursor of
the 122-kDa S-layer protein of strain 2362.
Spore Germination

Most gram-positive, endospore-forming bacteria are soil
organisms which predominate as spores under poor nutrient
conditions or as vegetative forms when enough nutrients are
present (76). Spores are important for maintenance and
dispersal of the organisms. The spore can resist
considerable environmental extremes and is still able to

respond to low concentrations of germinant substances in the
medium. The conversion of a spore into a vegetative cell
occurs in two stages. First, the germination process
involves the breakage of dormancy, loss of spore resistance
properties and resumption of metabolic activity. During the
outgrowth stage, the spore protoplast resumes growth and
emerges from the coat remnants. During this second stage,
there is onset of RNA, protein and DNA synthesis. The cell
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mass increases, causing the germinated spore protoplast to
swell, following DNA replication and cell division.

Several events take place during germination in
Bacillus. Activation or pretreatment of spores before
exposure to germinants, generally increases the subsequent
germination response. Sublethal heating at 70 or 80°C or
prolonged storage at 4°C are activation factors. The
mechanism of activation is not understood, but it probably
involves an alteration in the permeability properties of the
spore. Commitment is the time that a spore suspension must
be exposed to germinant to allow the progress of germination
events. The germination process is essentially hydrolytic
with approximately 30% of the dry weight of the spore being
excreted and this precedes significant macromolecular
synthesis. Other events in germination include loss of heat
resistance, resumption of metabolic activity and enzyme
reactivation as the water activity in the core increases.
The small, acid-soluble proteins (SASPs), which are located
in the spore core and which bind DNA, are hydrolyzed and
supply amino acids to support protein synthesis. The
earliest defined germinant identified was L-alanine. The D
isomer acts as a competitive inhibitor, but many other
compounds have been identified for particular species
(Reviewed in references 76, 87, 88).

Conjugation
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Bacterial conjugation is the transmission of genetic
material between bacteria by a process that requires cell to
cell contact. DNA transfer is generally mediated by plasmids
or transposons which may encode all functions specific for
genetic transfer (51).

Conjugation was first reported in 1946 by Lederberg and
Tatum (67). Using auxotrophic mutants of Escherichia coli,
they demonstrated genetic recombination between strains.
Reversion to prototrophy resulted from exchange of
chromosomal genes between the strains. They predicted that
recombination was mediated by a bacterial fertility factor
called "F". Now, it is known that the F plasmid is only one
representative among a broad spectrum of conjugative
plasmids found in bacteria (114).

A self-transmissible or conjugative plasmid is one that
carries genes that determine the formation of specific cell
contacts necessary for conjugation and whose DNA can be
prepared for transfer to a recipient cell. Genes required
to transmit a self-transferable plasmid are called tra, for
transferable. Trans-acting functions encoded by and
required for the transmission of mobilizable plasmids are
called mob, for DNA mobilization. And both groups act at
specific DNA sequence called oriT, for origin of transfer.
oriT is the only cis-acting function required for plasmid
transmission (51).
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