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(ABSTRACT)

Mosquito pathogenic strains of Bacillus sphaericus are
indistinguishable from nonpathogenic strains based on simple
phenotypic tests. DNA-DNA hybridizations performed in 1980
placed the 7 pathogens included in that study in a distinct
homology group separate from 5 groups of nonpathogens. The
overall homology of the pathogenic strains to the species
type strain was only 19% indicating that these pathogens
should be a separate species.

Since the DNA homology study was published in 1980, many
more pathogenic strains have been isolated worldwide.
Pathogenic strains have been differentiated from other
strains of B. sphaericus by rRNA sequencing, fatty acid
analysis, and isozyme analysis. The pathogens have been
further classified by type of toxin produced, serotyping, and
phage typing.

I have used random amplified polymorphic DNA (RAPD)
fingerprinting to determine the phenetic relationships among
31 pathogenic and 14 nonpathogenic strains of B. sphaericus.

DNA Bands in agarose gel migrating the same distance were



verified as being homologous using PCR-generated probes made
from the RAPD bands. Band patterns resulting from 8 10-mer
primers were examined by three coefficients, Jaccard, Dice,
and simple matching. Each coefficient was able to
distinguish DNA homology groups, although the relative
similarity values differed. In agreement with DNA homology
studies, pathogenic strains showed less than 10% similarity
to nonpathogens using Jaccard and Dice coefficients. This
value was 68% based on the simple matching coefficient.
Individual serotypes were clearly indicated among the
pathogenic strains by each coefficient. This suggests an
overall genetic homogeneity among strains within serotypes.
It also parallels the uniform toxicity pattern found within
each serotype (unlike the toxin diversity found within B.
thuringiensis serotypes). These results together with DNA
homology data support the establishment of a new species for

the pathogenic strains.
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INTRODUCTION

Mosquitoes are vectors of a number of human diseases
including malaria and filariasis which affect more than 200
million people worldwide every year (42). As resistance to
chemical pesticides grows along with a reduction in
development of new chemicals, increasing emphasis has been
placed on the use of biological control methods for
mosquitoes (37). Mosquitocidal bacteria have several
advantages over chemical pesticides including target
specificity with minimal impact on the environment.

Strains of Bacillus sphaericus within DNA homology group
ITA are known mosquito pathogens. Highly toxic strains are
capable of producing binary toxin-containing paraspores
during sporulation. Following ingestion, paraspores dissolve
in the alkaline larval gut where protoxins are
proteolytically cleaved and bind to the epithelial cells
eventually resulting in death (54). Weakly toxic strains
produce a 100 kDa cell-bound toxin during vegetative growth.

Bacillus sphaericus has been divided into five distinct
DNA homology groups with homology group II subdivided into
groups IIA and IIB. All pathogenic strains examined thus far
have been placed in DNA homology group IIA (14,41,55).
Because this bacterial species contains nonpathogenic

strains, it was proposed that the mosquito pathogens be



assigned species status (41). However, the lack of simple
phenotypic tests other than pathogenicity to differentiate
pathogens from nonpathogens has precluded this.

Current methods for analyzing B. sphaericus are either
cumbersome, time-consuming or lack specificity necessary to
distinguish pathogenic strains. Isolation of novel B.
sphaericus strains from the environment would benefit from a
quick method for identification of pathogenic strains.

Numerous phenotypic tests (3,20,55) as well as rRNA
sequence analysis (8,56), ribotyping, cellular fatty acid
analysis, and allozyme analysis (61,71) have resulted in the
assignment of B. sphaericus strains into clusters which
generally follow DNA homology groups. Phylogenetic trees
have also been constructed from 16S rRNA sequence data (6).

The systematics of B. sphaericus is complicated by
conflicting information as to how distinct homology group IIA
is from closely related group IIB, a group containing
nonpathogenic strains (41,56). Because group IIA strains are
currently being examined for commercial applications, there
is a need to decide whether sufficient evidence exists to
warrant this group's designation as a separate species.

Priest et al. (55) renamed group IIB Bacillus fusiformis
based on results from phenotypic tests separating IIB from

other homology groups.



It was the purpose of this study to examine a large
number of pathogenic strains as well as representatives of
other DNA homology groups within B. sphaericus using random

amplified polymorphic DNA fingerprinting (RAPD).



LITERATURE REVIEW

Classification of Bacillus sphaericus

Bacillus sphaericus has been differentiated from other
sporeforming bacteria on the basis of the production of
spherical endospores, being strictly aerobic, mesophilic, and
growing at neutral pH (3). These bacteria have been further
classified by DNA-DNA hybridization with most strains falling
into one of five groups (41). Strains belonging to homology
group IIA are of particular interest as they are pathogenic
to certain species of mosquito larvae. Since this DNA
homology study was published in 1980, more than 100 mosquito
pathogenic strains of B. sphaericus have been isolated
worldwide. Although these additional pathogenic strains have
not been formally studied by DNA-DNA hybridization, they are
assumed to belong to group IIA on the basis of toxicity and
rRNA gene restriction patterns (5). Some researchers have
suggested the creation of a separate species for the mosquito
pathogens, however the lack of positive phenotypic tests,
other than pathogenicity itself, has deterred this speciation
(3,5,14,41).

The DNA-DNA hybridization data suggest that each
homology group is a separate species with group II being
divided into two subspecies (Table 1) (41). Krych et al.

found that DNA homology group IIA strains were less than 20%
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homologous to the type strain of the species and had an
average of 60% homology to the more closely related
nonpathogenic group IIB strains . Thermal stability of DNA
heteroduplexes (ATp (o)) between IIA and IIB strains was 6.7 to
7.5 °C. Based on these results it was estimated that 4 to 5%
base pair mismatch exists between the IIA and IIB strains.
The interrelatedness of the other homology groups was
relatively low, averaging 30%. According to Johnson (38),
strains which are 60 to 70% homologous and whose ATp(e) values
range from 7 to 9 °C are designated as geno-subspecies which
would apply to group IIA and IIB strains.

Using numerical analysis of 155 physiological and
biochemical characteristics, Alexander and Priest (3)
examined 91 strains of B. sphaericus. Upon computer
analysis, 14 separate clusters were created with each DNA
homology group comprising a distinct cluster and group IIA
was separated from the IIB. A separate study involving the
ability of 45 B. sphaericus strains to utilize 66 carbon and
energy sources resulted in the clustering of strains by their
DNA homology groups (20). Thus, using a sufficiently large
number of strains, phenotypic tests tended to support the
groups defined by DNA homology.

In a numerical classification study of 368 strains of
Bacillus testing 118 characteristics, four homology group IIB

strains were placed in a separate cluster (55). These four



IIB strains were found to differ from nine other B.
sphaericus strains on the basis of three phenotypic tests.
Based on these results it was suggested that group IIB should
be renamed Bacillus fusiformis, although the IIA strains were
not formally renamed (55).

Within homology group IIA are strains that produce a 100
kDa mosquitocidal toxin and others that produce a 42 kDa and
51 kDa binary toxin in addition to the 100 kDa toxin.
Recently several strains have been isolated which produce the
binary toxin but lack the 100 kDa toxin (44). Strains
producing the binary toxin are "highly toxic" (LCgprg in the
ng/ml range) whereas strains producing only the 100 kDa toxin
are "low" toxicity (LCgprg in the Hg/ml range). For a recent
comprehensive review of B. sphaericus toxins see Porter et
al. (54).

Comparisons of binary toxin genes from several strains
revealed small differences. A common 3.0 - 3.5-kb HindIII
fragment containing both binary toxin genes has been found in
all high-toxicity strains examined (44). Sequences for the
coding region of the binary toxin genes have been compared
between 5 high-toxicity strains with little variation being
recognized except for strain 2297 which differed by 25
nucleotides (16). The genes encoding each of these toxins
are located on the chromosome rather than on plasmids as

often seen in Bacillus thuringiensis (16,36,44).



A system of serotyping and bacteriophage typing has been
developed to further classify the pathogenic strains (24,70).
These methods have identified individual subgroups within
homology group IIA and these subgroups are related to
toxicity levels (24). This is unlike B. thuringiensis where
toxicity patterns do not necessarily follow serotypes. Those
strains of B. sphaericus producing the 100 kDa protein alone
belong to phage types 1 and 2 and serotypes la and 2a2b (69).
Strains producing binary toxins are found in phage types 3
and 4 and serotypes 5abb, 6, 25, and 48 (69).

Differentiation between pathogenic strains producing the 100
kDa toxin and those making the 42 kDa and 51 kDa binary toxin
has not been possible using phenotypic tests (3). The
systems of serotyping and phage typing are limited in that
they cannot distinguish between individual pathogenic strains
of B. sphaericus.

Nonpathogenic strains are in separate serotypes.
However, an exception to this distinction was recently
identified. A mosquitocidal strain isolated from Ghana, IAB
881, has been grouped into serotype 3, a serotype that had
previously been known to contain only nonpathogenic strains
(63) . Although IAB 881 did not react with any of the
bacteriophages used for typing, this strain is highly toxic

to mosquitoes, producing the 42 kDa and 51 kDa binary toxin.



Plasmid profiles of pathogenic strains differ amongst
themselves and this has provided a means to differentiate
between some strains (61). Strains within the same serotype
and phage type also differ in the number of plasmids they
contain. Most of the serotype 5a5b strains producing the
binary toxin contain a large plasmid estimated at 170-180 kb.
However, strain 1691 of this serotype appears to lack this
plasmid but remains highly toxic (23).

Ribosomal RNA sequencing has become increasingly
important for the determination of phylogenetic relationships
among organisms (68). 16S rRNA sequence data have been used
for taxonomic comparisons especially between related species
(39,59,79). This method has been applied to Bacillus
sphaericus and results compared with DNA homology studies
(6,31). A study of 51 species of Bacillus, including a
representative of B. sphaericus and B. fusiformis, separated
the genus into five phylogenetic clusters based on analysis
of rRNA sequence data (8). Bacillus fusiformis and B.
sphaericus were placed in the same group, group 2, along with
four other species of Bacillus and Sporosarcina ureae. It
was suggested that due to the heterogeneous nature of the
genus, taxonomic revisions were necessary.

The 16S rRNA sequences of 6 strains of B. sphaericus and
1 of B. fusiformis were compared to sequences from other

species of Bacillus (6). It was determined that each of the
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DNA homology groups represented a separate lineage. These
phylogenetic relationships were recently reexamined and
homology group IIA and B. fusiformis strains appear to be
more closely related (56). Still, strains of B. sphaericus
and B. fusiformis comprise a separate lineage from other
species in the group 2.

Interpretation of 16S rRNA sequence homology data with
reference to DNA homology groups within the genus Bacillus
was questioned by Fox et al. (31). For relationships between
recently diverged species, as in B. fusiformis and homology
group IIA, differences in 16S rRNA sequences may not be
readily recognizable. They suggest that in cases where 16S
rRNA sequences are very similar, strains may be classified in
the same rRNA species complex but belong to different species
if they meet the 70% or less DNA homology criteria. For
example, 16S rRNA sequencing of B. thuringiensis, B.
mycoides, B. anthracis, and B. cereus revealed only 4 to 9
nucleotide differences between these species whose DNA
homologies are less than 60% (7).

Ribotype or rRNA gene restriction patterns have been
used as a method to differentiate 17 B. sphaericus isolates
(5) . Representatives from each DNA homology group were
tested and it was found that the four mosquitocidal isolates
had a characteristic band pattern consistent with their

placement in one DNA homology group separate from
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B. fusiformis. Any further differentiation of these isolates
was not apparent. Thirty additional mosquito pathogens have
been examined by this method (56) and the results agree with
previous findings.

Multilocus enzyme electrophoresis compares the
electrophoretic mobility of enzyme alleles. Because the
migration rate of an enzyme is determined by its amino acid
composition, changes in the mobility of an enzyme can be
related to alleles of the same gene locus and therefore serve
as genetic markers (61). These variants are referred to as
allozymes.

Singer (61) examined the mobility of 12 enzymes to
determine the percent similarity of 20 strains of B.
sphaericus including representatives from each homology
group. This method separated strains by DNA homology groups
with homology group I having less than 20% similarity to the
other groups. The group IIA and IIB strains clustered
separately from other homology groups and had an estimated
similarity of 60% to each other. According to Baptist et
al. (10) different species will differ in enzyme mobility by
at least 50% and members of the same species will differ by
less than 20% upon comparison of 5 or more enzymes. This
implies that the group IIA and IIB strains belong to the same
species and the other homology groups each belong to separate

species. Within homology group IIA, allozyme analysis
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resulted in no correlation between serotypes or phage types
when 19 pathogens were examined.

Within homology group IIA, strains were clustered into
five groups based on percent similarity of allozyme patterns.
Singer designated these clusters as clonal groups, with
strains in each group arising from the same clonal ancestor.
Singer stated that serotypes reflect variation in a small
number of loci which distinct strains may coevolve to share
but allozymes reflect greater genetic diversity that may only
be arrived at by clonality.

In a more recent study by Zahner et al.(71) the mobility
of 13 enzymes was examined using 60 strains of B. sphaericus
including 31 pathogens. Analysis of results by the Jaccard
coefficient and UPGMA (unweighted pair group method
arithemetic average) placed the pathogenic strains in a
separate cluster from the nonpathogens. Based on the average
number of alleles per locus, nonpathogens (4 per locus) were
more heterogeneous than pathogens (3 per locus) for these
enzymes. Groups based on electrophoretic mobilities,
Zymovars, tended to correlate with DNA homology groups but
not with serotypes within group IIA. Like Singer et al.
(61), Zahner et al. suggested a clonal origin for these
zymovars due to the homogeneity among the pathogen's

phenotypic and genotypic characteristics.
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Cellular fatty acids of 114 B. sphaericus strains were
analyzed by Frachon et al. (32). Most pathogenic strains,
defined as those which produced the binary toxin, fell into
one cluster which could be further differentiated into six
'groups. It should be noted that some nonpathogenic strains
were in this cluster and some of the strains producing the
100 kDa toxin were not. This method may be able to
differentiate between individual strains under stringent
conditions but the results are inconsistent with respect to
toxicity, production of the binary toxin and 100 kDa toxin,
and serotypes. It may also be said that under growth
conditions different from those used in this report,
different clusters may be obtained.

One method that has been more successful in
differentiating individual bacterial strains of B. sphaericus
has been described (1). This involves DNA fingerprinting
utilizing an M13 DNA probe to hybridize with restriction
digest fragments of total cellular DNA. This study examined
1 nonpathogen and 13 pathogens and found the level of
bandsharing between the pathogens and nonpathogen to be very
low. Two mosquito pathogens, 1593 and 2362, were examined
more closely. These strains have been shown to be very
similar by serotyping (24), phage typing (69), DNA-DNA
hybridization using probes for the binary toxin genes (13),

and sequencing of flanking and coding regions of the toxin
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genes (15,35). Although the M13 fingerprints were very
similar, 1593 and 2362 were distinguishable (1). From these
results variations among the 14 strains were detected and it
was proposed that this method may be useful in characterizing

"individual strains within a serotype" (1).

Random Amplified Polymorphic DNA Fingerprinting

Random amplified polymorphic DNA fingerprinting (RAPD)
was developed by plant geneticists as a method to quickly
identify genotypes and construct genetic maps without
knowledge of sequence information (67). This method is based
on the polymerase chain reaction (PCR) amplification of
nucleotide sequence polymorphisms using a single primer of
randomly chosen sequence.

The polymorphisms detected by RAPD fingerprinting have
been used as genetic markers (4,25,33,57,58,67). A similar
fingerprinting method has been referred to as arbitrary
primed-PCR (AP-PCR) (18,30,48,60,65) and uses primers
slightly longer than 10 nucleotides. DNA amplification
fingerprinting (DAF) is a modification of RAPD fingerprinting
which uses primers as short as five nucleotides (19). It
results in a more complex band pattern which is viewed by
silver staining (11).

RAPD primers are usually 10 nucleotides in length and

amplification of DNA sequences between two primer binding
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sites on opposite DNA strands occurs (67). Depending upon
the number of primer binding sites and length of intervening
sequence, amplification yilelds a series of fragments of
varying lengths which are viewed following electrophoresis in
an agarose gel. By this method, it is possible to examine
many organisms at once.

RAPD fingerprints have been shown to vary due to
differences in annealing temperature, and concentrations of
primer, MgCl,, and template DNA (27,66) By increasing the
concentration of template DNA, Ellsworth et al. (27) found a
gradual decrease in the number of visible DNA bands. 1In a
similar experiment with varying primer concentrations, a
correlation between the efficiency of amplification and
product size was found where high primer concentrations
amplified small fragments and larger fragments were amplified
at low primer concentrations. Variations in MgCljy and the
annealing temperature resulted in inconsistent band patterns.
The use of different brands of Taqg polymerase and
thermocyclers were found to affect the reproducibility of
RAPD fingerprints (49).

RAPD fingerprinting has been used for differentiation of
related strains of bacteria (2,9,45,46,47,50,65). Welsh et
al. (65) examined twenty four strains from five species of
Staphylococcus, eleven strains of Streptococcus pyrogenes,

and several varieties of the rice Oryza sativa. Within the
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varieties of rice, and species of Staphylococcus and
Streptococcus, individual strains were differentiated by
specific band patterns. These band patterns were similar on
the species level and could differentiate the varieties of
rice and species of Staphylococcus, and Streptococcus. After
examining band patterns from five strains of Staphylococcus
haemolyticus, strains were grouped into two clusters. Welsh
et al. suggested that this species may contain two related
subspecies and felt the RAPD method to be useful for
examining large numbers of strains for the construction of
dendrograms based on comparison of band patterns from several
primers.

The RAPD method has been used to differentiate isolates
of Helicobacter pylori. Analysis of sixty clinical isolates
of H. pylori by Akopyanz et al.(2) using a single primer
resulted in unique band patterns for each strain which
indicated DNA sequence diversity among H. pylori isolates.
These results were reproducible over time as H. pylori was
re-isolated from several patients and the same strain-
specific band patterns were generated. Akopyanz et al. felt
that this method was more economical and sensitive than
ribotyping which had been previously used to characterize
clinical isolates.

A comparison between phage typing, serotyping, and RAPD

profiles for typing of Listeria strains was made by Mazurier



17

et al.(45,47). Using DNA isolated from standardized cell
suspensions, reproducible RAPD profiles were generated from
Listeria monocytogenes strains of the same serotype and these
profiles could differentiate individual strains. Separately,
Mazurier et al. (45) reported that there was a 98%
correlation between phage typing and RAPD profiles using 104
strains of L. monocytogenes.

The use of RAPD fingerprinting for the study of
Campylobacter isolates has been described as an "attractive
alternative" to serotyping (46). Correlations between
serotyping and RAPD patterns were made for the twenty six
isolates of Campylobacter jejuni examined.

Variations in the preparation of DNA templates have
given rise to no differences in band patterns (9,18,48).
Band patterns of the species Porphyromonas gingivalis were
independent of purity of template DNA (48). Pure genomic
DNA, DNA and protein, DNA and RNA, and DNA, RNA, and protein
preparations of template DNA used in the amplification
reactions résulted in the same band patterns. Results from
the use of whole cell preparations as template DNA were not
consistent with results from the other DNA template
preparations. Each of the nine strains examined had distinct
band patterns resulting from one primer regardless of which

DNA preparation was used.
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RAPD analysis of commercially available strains of B.
thuringiensis was able to differentiate strains by unique
band patterns produced using three different primers (18).
Experiments carried out by Brousseau et al. (18) in which
they did not use standardized DNA concentrations resulted in
different band patterns from those generated when using a
standard amount of DNA obtained from boiled colonies.

Twenty one strains of Vibrio vulnificus from two
biotypes were compared by ribotyping and RAPD fingerprinting
by Azner et al. (9). Ribotyping and RAPDs were able to
differentiate strains of each biotype and two distinct
clusters were found within biotype 1. The effects of
different DNA template preparations were compared. Overall,
each biotype could be differentiated regardless of whether
purified DNA was used or whole cells either from single
colonies or liquid cultures, preheated or untreated prior to
amplification. However, RAPD results from four strains
yielded different patterns when using preheated instead of
untreated whole cells. Identification of individual strains
was best with purified DNA. According to Azner et al. (9)
analysis was faster than ribotyping for the identification of
V. vulnificus biotypes.

Sixteen isolates of Haemophilus somnus and one isolate
of Actinobacillus seminis, Pasteurella haemolytica and

Escherichia coli were examined by Myers et al. (50).





























































































