microbiology

Applied Microbiology

Journal of Applied Microbiology ISSN 1364-5072

ORIGINAL ARTICLE

Interpreting the SDS-PAGE protein patterns with
self-organizing maps: application for the characterization
of mosquito-pathogenic Bacillus strains

M.A. Sreshty, S. Misra and U.S.N. Murty

Biology Division, Indian Institute of Chemical Technology (IICT), Hyderabad, India

Keywords

Bacillus sphaericus, Bacillus thuringiensis ssp.
israelensis, characterization, SDS-PAGE, self-
organizing map.

Abstract

Aims: To present the pairwise comparison of potential mosquito-pathogenic
Bacillus strains based on their SDS-PAGE protein patterns and to evaluate their
characteristic toxicity patterns.

Methods and Results: In this work, 20 Bacillus strains were subjected to quali-
tative toxicity tests against Aedes aegypti and Culex quinquefasciatus larvae. The
selected strains were then characterized by SDS-PAGE protein profiles. The
highly heterogeneous multiple protein components of protein patterns were
analysed using self-organizing map (SOM), a ‘visualization and clustering’ tool.
Members of mosquitocidal Bacillus species were classified in four distinct clus-
ters, and then toxicity patterns were examined. Cluster (1, 1) comprised of
2010 three highly toxic strains of Bacillus sphaericus: SPH88, 1593 and KSD-4; cluster
(1, 2) consisted of two B. sphaericus strains: SSII-1 and Bsp-R that showed
weak larvicidal activity; cluster (2, 1) constituted two B. sphaericus strains:
WHO2297 and ISPC-5 that possessed moderate toxicity; and cluster (2, 2) con-
tained four B. thuringiensis ssp. israelensis strains: ONR-60A, HD500, IPS70
and IPS82 belonging to serotype H14 but exhibited moderate to high mosquito
larvicidal toxicity.

Conclusions: SOM served as a colour-coded alternate for easy visualization of
similarities or dissimilarities between the strains even at the infra subspecies
level. Furthermore, characteristic toxicity patterns of Bacillus strains of different
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clusters were determined.

Significance and Impact of the Study: Analysis of electrophoretic protein pat-
terns using SOM provides a better insight into the inter-relationships of bacte-
rial strains through similarity-based clustering and pairwise comparison of two
strains.

Introduction

Mosquitoes transmit a myriad of human diseases by act-
ing as vectors of important pathogens, including the aeti-
ological agents of malaria, filariasis, dengue, yellow fever,
encephalitis and chikungunya. For efficient management
of mosquito populations, World Health Organization
(WHO) has recommended the use of bioinsecticides
based on Bacillus thuringiensis ssp. israelensis and Bacillus
sphaericus in control programmes (World Health Organi-
zation 1985). For this, several indigenous strains were iso-

lated from different geographical regions and screened
for potential larvicidal activity (Manonmani et al. 1990;
Khetan 2001). Because of high genetic variability existing
between the Bacillus strains of same or different serotypes,
disparity in toxicity is also noted. This necessitates a thor-
ough identification and classification of the strains.

As cellular protein profiles provide second-level informa-
tion for a cell, characterization based on electrophoretic
protein patterns of SDS-PAGE correlated closely with the
genotyping results that suggest that it could be an effective
method for rapid bacterial classification (Vauterin et al.
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1990; Niemi et al. 1993; Berber 2004). Previous studies
based on SDS-PAGE combined with computerized analysis
of protein profiles provided an effective approach to inves-
tigate the taxonomic relationships among many bacterial
species (Kersters 1985; Costas 1992). Conventional
methods involved the numerical analysis of electrophoretic
protein patterns and visualized in the form of dendrograms
to describe the taxonomical relationships (Costas 1992;
Hofling et al. 2001; Berber 2004), but pairwise comparison
based on similarities was not performed so far.

Computer technology has simplified the complexity in
analysing scientific data providing new dimensions and
easy understanding, which was otherwise impossible with
numerical data. In this arena, a new approach is used to
visualize the scientific data as colour-coded images that
undergo qualitative changes to convey information for bet-
ter pattern recognition (DeFanti and Brown 1999). Many
times, visualization provides a better understanding of the
results and especially in studies for inferring the inter-
relationships. ‘self-organizing map’ (SOM) is an invaluable
data mining tool. SOM (or Kohonen map) is an unsuper-
vised learning process based on similarity comparisons in
a continuous space, which results in a system that
associates similar inputs close to each other in the two-
dimensional grid called the map (Kohonen 2001). SOM
processes complex data sets to simple, readily explainable
and in an easily visualized format, where similarity match-
ing plays an important role. So far, SOM was successfully
implemented in different biomedical fields for disease
diagnosis (Papadimitriou et al. 2001), study of genome
signatures (Gatherer 2007), interpreting patterns of gene
expression (Tamayo et al. 1999), blood plasma lipoprotein
lipid profiling (Kaartinen et al. 1998) and epidemiological
studies (Murty et al. 2008), and study of phylogeny is no
exception (Andrade et al. 1997; Banerjee et al. 2009).

Thus, the aim of this work is to study the relative simi-
larities or dissimilarities by relative comparison of the
protein patterns of B. thuringiensis ssp. israelensis and
B. sphaericus strains using a ‘visualization and clustering’
tool (SOM) for discrimination and deciphering their
inter-relationships. For this quest, mosquito-pathogenic
Bacillus strains were screened to study their phylogeny
from SDS-PAGE protein patterns by visualizing their
degree of resemblances. Furthermore, the activity profiles
of these Bacillus strains were also investigated.

Materials and methods

Bacillus strains

Twenty Bacillus strains were obtained from various cul-
ture collections for this study. Of which, one B. thuringi-
ensis ssp. israelensis (Acc no: 869) and five B. sphaericus
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(Acc nos: 511, 1486, 1914, 3047 and 3672) strains were
obtained from Microbial Type Culture Collection
(MTCC) of IMTECH, Chandigarh, India; three B. thurin-
giensis ssp. israelensis (Acc nos: 2513, 2978 and 5132)
strains were obtained from National Collection of Indus-
trial Microorganisms (NCIM), Pune, India; four B. thur-
ingiensis ssp. israelensis (Acc nos: 4Ql, 4Q2, 4Q3 and
4Q4) and five B. sphaericus (Acc nos: 13A1, 13A2, 13A3,
13A4 and 13A69) strains were obtained from Bacillus
Genetic Stock Center (BGSC), US. The standard strains
of B. thuringiensis ssp. israelensis (Acc no: 1884) and
B. sphaericus (Acc no: 2362) were received from Institut
Pasteur, Paris, France.

Culture conditions

All strains were maintained and cultured in nutrient yeast
salt mineral medium (NYSM) (containing 5 g glucose
(bacteriological), 5 g peptone, 5 g NaCl, 3 g beef extract,
5 g yeast extract, 203 mg MgCl,, 10 mg MnCl, and
103 mg CaCl,) (Geetha et al. 2007). Seed cultures were
prepared by inoculating 20 ml of broth with a loopful of
culture and incubated in a rotary shaker at 35 + 2°C,
150 rev min~' for 6 h. The seed culture was transferred
to 1000 ml medium in a 2-1 Erlenmeyer flask (2% v/v).
Culture conditions were maintained in a shaking incuba-
tor (Lab Tech) for 48-72 h until complete sporulation
was achieved. The spores were harvested by centrifugation
in a Microfuge 22R centrifuge (Beckman Coulter Inc.,
Fullerton, CA) at 3200 g for 15 min. The supernatant was
discarded and the pellet was washed with 0-1 mol 1™
NaCl. Subsequently, the wet biomass was lyophilized for
dry powder preparation. Stock solutions were prepared
using sterile distilled water at 5 mg ml™" concentration.

Preliminary bioassays

Qualitative bioassays were performed to determine the
pathogenicity of Bacillus strains to A. aegypti larvae and
C. quinquefasciatus larvae. Bioassays were carried out as
previously described by Manonmani et al. (1990). One
millilitre of stock suspension from each test strain was
added to 20 III instars placed in 100 ml distilled water in
a 250-ml plastic cup. All test treatments were carried out
in triplicates along with appropriate controls. Mortality
was scored 48 h post-treatment. The strains resulting in
100% mortality were considered for further studies.

Preparation of alkali soluble proteins

Only 11 strains have been chosen for electrophoresis
studies. For the analysis of protein profile, the soluble
toxin proteins of Bacillus strains were prepared by alkali
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solubilization procedure (De Leon and Ibarra 1995).
Samples (1-5 ml) of spore crystal complex were suspended
in 0-1 mol I"' Na,COj; buffer (pH 10). The suspensions
were incubated for 3 h at 37°C under continuous shaking
at 200 rev min~', followed by centrifugation at 13 000 g
for 30 min. The proteins were then precipitated by add-
ing cold 100% acetone to the sample to obtain a final
concentration of 80% (v/v) (Olson and Markwell 2007).

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis

Protein profiling was performed using SDS-PAGE on 8%
resolving gel, following the procedure of Laemmli (1970).
Fifteen microlitres of the prepared sample was separated
by electrophoresis at current of 50 mA and 120 V. The
broad range protein molecular weight marker (29-205
kDa) (PMWH from Bangalore Genei, India) was used to
determine the protein weights. Proteins were fixed by
immersing the gels in an aqueous of 10% (v/v) trichlor-
acetic acid solution for 1h and stained overnight in
Coomassie Blue stain [0-25% (w/v) Coomassie Blue R-250,
50% (v/v) methanol and 10% (v/v) acetic acid]. The
excess stain was washed out by destaining the gel with a
solution of 25% (v/v) methanol and 10% (v/v) acetic acid.
The gel was documented using a BioVis geldoc equipped
with a Kodak Camera. Protein profiles were analysed using
BioVis Gel 1D (Expert Vision Pvt, Ltd, Mumbai, India).
The protein molecular weights and Rf (Relative front)
values of different protein bands were noted.

Analysis of protein patterns

The molecular weight of proteins in electrophoregrams
and coefficients of similarity (Jaccard coefficient) were
calculated as stated by Ghazi et al. (2009). The coefficient
of similarity is the match value between the two strains,
and it ranges in value from zero to unity.

Sab = Ns/Ns + Nd

Sab: coefficients of similarity between two strains (a) and
(b).

Ns: Number of proteins having similar molecular weight
between two strains (a) and (b) in electrophoregram.

Nd: Number of proteins having different molecular
weights between two strains (a) and (b) in electrophore-
gram.

Data mining — self-organizing maps

SOM v1.0, a data mining tool based on artificial neural
networks, was used for constructing the SOM. In SOM,
the neurons are organized in a lattice, typically as one- or
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two-dimensional array, which is placed in the input space
and is spanned over the input distribution. It is feasible to
achieve a map of input space where imminence between
units or clusters in the map represents closeness of the
input data using a two-dimensional SOM network. Pro-
cessing units in the SOM lattice are associated with weights
of the same dimension of the input data. Using the weights
of each processing unit as a set of coordinates, the lattice
can be positioned in the input space. Throughout the
learning stage, the weights of the units change their posi-
tion and ‘move’ towards the input points. Progress of the
movement acquires a gradually slower pace, and network
is almost ‘frozen’ in the input space at the end of the learn-
ing stage. On the completion of the learning stage, the
inputs can be associated with the nearest network unit. On
visualization, the inputs can be associated with each cell
on the map. Cells that evidently contain analogous entities
can be considered as a cluster on the map. These clusters
are generated during the learning phase without any prior
information. The main application of the SOM is the visu-
alization of high-dimensional data in a two-dimensional
way and the construction of abstractions akin to other
clustering techniques.

Steps involved in the algorithm

1 Initialization: Randomly initialize a weight vector (W)
for each neuron I W, = [w;;; Wjs...; w; n]; n denotes the
dimension of input data.

2 Sampling: Select an input vector X=[x1, x2,..., xn]

3 Similarity matching: Find the winning neuron whose
weight vector best matches with the input vector j(f)= arg
min {||X - W}||}

4 Updating: Update weight vector of winning neuron,
such that it becomes still closer to the input vector.
Also, update weight vectors of neighbouring neurons-
the further the neighbour, the lesser the degree of
change.

Wit + 1) = Wit) + o(t)Xhif()X[X(r) — Wi(1)]

o(t): learning rate that decreases with time £, 0 < «
(r=1
hij(t) = exp(—||rj — ril[2/2,X o(t)2)

[|[rj — ri||2 = distance between winning neuron and other
neurons

o (t) = neighbourhood radius that decreases with time .
5 Continuation: Repeat steps 2—4 until there is no change
in weight vectors or up to certain number of iterations.
For each input vector, find the best matching weight
vector and allot the input vector to the corresponding
neuron/cluster.
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The coefficient of similarities obtained from the elec-
trophoretic protein pattern served as input parameters for
constructing a grid map. The dimensions of the SOM are
set to x columns by y rows, weight vectors initializing for
each of the xy cells were selected at random from the
entire set of match values. Clusters were generated on
2 x 2 grid using a learning constant of 0-01 for 10 000
iterations for studying the magnitude of similarity
between the strains.

Quantitative determination of larvicidal toxicity

Insecticidal activity of Bacillus strains was determined on
III instar larvae of A. aegypti and C. quinquefasciatus mos-
quito species following the guidelines of World Health
Organization (2005). Different concentrations resulting in
mortality between 10 and 99% were recorded. Each con-
centration was tested in triplicates along with appropriate
controls on three days. Larval mortality was recorded
after 24 and 48 h post-treatment for B. thuringiensis
ssp. israelensis and B. sphaericus, respectively. Control
mortality was corrected using Abbott’s formula (Abbott
1925). The mean LCs, and LCy, for all the Bacillus strains
were estimated using Probit analysis software (IICT
ver. 1.0).

Results

Initially, selective bioassays were performed to determine
the pathogenicity of Bacillus strains to A. aegypti and
C. quinquefasciatus mosquito larvae. Four B. thuringiensis
ssp. israelensis strains (ONR60A, HD500, IPS70 and
IPS82) and six B. sphaericus strains (1593, SSII-1,
WHO2297, ISPC-5, KSD-4 and SPH88) showed toxicity
against A. aegypti larvae, whereas three B. thuringiensis
ssp. israelensis strains (ONR60A, HD500 and IPS82) and
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seven B. sphaericus strains (1593, SSII-1, Bsp-R, ISPC-5,
WHO2297, KSD-4 and SPH88) were toxic to C. quinque-
fasciatus species. The details of the selected Bacillus strains
used in this study are listed in Table 1.

SDS-PAGE of eleven Bacillus strains under study pro-
duced Coomassie blue staining protein patterns contain-
ing up to 20 distinct bands (Fig. 1). The components
ranged in molecular weight from about 18 to 214 kDa in
8% homogeneous separating gels. Each species produced
a characteristic band pattern easily identified by the posi-
tion of the major protein bands. The patterns were repro-
ducible for the replicates of the strains in different gels,
with electrophoretic mobilities do not showing variations
greater than + 0-02, for Rf values. Similarities and differ-
ences between the patterns with respect to the number
and electrophoretic mobility of protein fractions are
shown. The isolates of each species generated different
patterns and, in most instances, the differences between
the isolates were clearly evident. The electrophoretic gel
patterns of B. thuringiensis ssp. israelensis strains showed
9 or 10 protein bands ranging between 18 and 168 kDa,
with six or seven major bands (18, 28, 43, 54, 63, 78 and
137 kDa). On other hand, 8-10 proteins were observed in
each B. sphaericus strain with the presence or absence of
some of the proteins belonging to the molecular weights
of approximately, 18, 28, 43, 54, 78, 89, 98, 107, 113, 123,
137, 144, 158, 177, 189, 191 and 214 kDa bands.

Usually, electrophoretic profiles were studied in the
form of dendrograms, but here we have employed SOM
to visualize the degree of resemblances between the strains
through grid map. The SOM grid shows the pairwise
comparison for interpreting the similarities and dissimi-
larities between different larvicidal ~Bacillus strains
(Fig. 2a). In this figure, each cell at the intersection of
two strains represented the degree of matching between
them. The match values of protein patterns scaling

Table 1 List of selected mosquito larvicidal Bacillus strains used in the study

Acc. Bacillus Susceptible mosquito Place of

No. Strains species species Serotypes isolation References

13A1 1593 Bs Aedes, Culex H5a5b Indonesia Priest et al. (1997)

13A2 SSII-1 Bs Aedes, Culex H2a2b Singapore Singer (1973)

13A3 Bsp-R Bs Culex NA NA Kiss et al. (1977)

13A4 WHO2297 Bs Aedes, Culex H25 Sri Lanka Wickremesinghe and Mendis (1980)
13A69 ISPC-5 Bs Aedes, Culex H26a26b India Menon et al. (1982)

3672 KSD-4 Bs Aedes, Culex NA India Dhindsa et al. (2002)

2362 SPH88 Bs Aedes, Culex H5a5b Nigeria Weiser (1984)

4Q1 ONR60A Bti Aedes, Culex H14 Israel Goldberg and Margalit (1977)
4Q2 HD500 Bti Aedes, Culex H14 Israel Goldberg and Margalit (1977)
4Q3 IPS70 Bti Aedes H14 Israel Goldberg and Margalit (1977)
1884 IPS82 Bti Aedes, Culex H14 France de Barjac and Larget-Thiery (1984)

NA, not available; Bs, Bacillus sphaericus; Bti, B. thuringiensis ssp. israelensis.
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Figure 1 SDS-PAGE profiles of Bacillus spore proteins. Lanes M:
Protein marker, A: 1593, B: SSII-1, C: Bsp-R, D: WH02297, E: ISPC-5,
F: KSD-4, G: SPH88, H: IPS82, I: ONR60A, J: HD500, K:IPS70.

between 0 and 1 represent low to high similarity between
the strains. Protein patterns showing high levels of match-
ing are indicated by red and low values by black. Like-
wise, all the data were visualized in a single pass that
enables the study of inter-relationships. Depending on the
degree of likeliness in the protein constitution, the inten-
sity of colour in each cell of the grid varies from black to
red. Thus, the magnitude of similarities between the
strains was easily visualized by the colour gradation from
black to red.

Classification was obtained by similarity-based cluster-
ing that resulted into four clusters. Cluster (1, 1) was
formed with three B. sphaericus strains: 1593, KSD-4
and SPH88 (Fig. 2b); cluster (1, 2) contained two
B. sphaericus strains: SSII-1 and Bsp-R (Fig. 2¢); Fig. 2d
represents the cluster (2, 1) that comprised of two
B. sphaericus strains: WHO2297 and ISPC-5 and cluster

(2, 2) constituted four B. thuringiensis ssp. israelen-
sis strains (IPS82, ONR60A, HD500 and IPS70)
(Fig. 2e).

The toxicity patterns of mosquitocidal Bacillus strains
belonging to different clusters generated by SOM were
determined through quantitative bioassays. Virulence was
determined in terms of LCs, against A. aegypti and
C. quinquefasciatus larvae. Table 2 shows the insecticidal
activities of four B. thuringiensis ssp. israelensis strains
(viz., IPS82, ONR60A, HD500 and IPS70) and six B. sph-
aericus strains (1593, SSII-1, WHO2297, ISPC-5, KSD-4
and SPH88) against A. aegypti larvae. Similarly, the larvi-
cidal activities of three B. thuringiensis ssp. israelensis
(ONR60A, HD500 and IPS82) and seven B. sphaericus
strains (1593, SSII-1, Bsp-R, WHO2297, ISPC-5, KSD-4
and SPH88) against C. quinquefasciatus larvae are
represented in Table 3.
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Discussion

The growing significance for Bacillus biolarvicides in mos-
quito management programmes has encouraged the
screening of a large number of isolates from different
sources. Heterogeneity in toxicity is obvious within the
strains of B. thuringiensis ssp. israelensis (strains belonging
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Table 2 Larvicidal activities of Bacillus strains against Aedes aegypti mosquito species

Bacillus LCsp + SE (fiducial limits) LCqo * SE (fiducial limits)
Strain species (ug ml™) (ug ml=") Chi-square Slope
1593 Bs 2:53 + 042 (1-69-3-37) 14-17 + 3-35 (7-59-20-75) 5-29 119
SSII-1 Bs 4-20 + 0-74 (2:73-566) 29-17 + 8:56 (12:38-5-97) 513 0-81
WHO02297 Bs 0-68 + 0-09 (0-49-0-86) 261 + 056 (1-49-3-72) 1-19 2:35
ISPC-5 Bs 0-49 + 0-07 (0-35-0-64) 2:32 + 0616 (1-11-3-53) 2:03 2:40
KSD-4 Bs 1140 = 1-89 (7-70-15:11) 70-87 + 23-25 (25-:30-116-44) 6:50 1-56
SPH88 Bs 0-075 + 0:016 (0-042-0-107) 0-578 + 0:158 (0-267-0-888) 2-:09 4-46
ONRG0OA Bti 248 + 0-38 (1-86-3-56) 818 + 0-42 (7-08-9-47) 312 9-07
HD500 Bti 0-61 + 0-06 (0-48-0-74) 1-59 + 028 (1-02-2:16) 7-92 4-83
IPS70 Bti 5-12 + 0-70 (3:74-6-49) 19:30 + 3-97 (11:50-27-10) 3:43 3:01
IPS82 Bti 0-013 = 0-003 (0-006-0-020) 0-142 + 0-049 (0-045-0-239) 311 3-09
Bs, Bacillus sphaericus; Bti, B. thuringiensis ssp. israelensis.
Table 3 Larvicidal activities of Bacillus strains against Culex quinquefasciatus mosquito species
Strains Bacillus species LCso + SE (fiducial limits) (ug ml™") LCoo = SE (fiducial limits) (ug mI™") Chi-square Slope
1593 Bs 0-0010 = 0-0004 (0-0002-0-0019) 0-0798 + 0-0485 (0-0152-0-1749) 533 1567
SSII-1 Bs 112 £ 0-19 (0-74-1-50) 727 + 2:13 (3-08-11-46) 2:36 1-37
Bsp-R Bs 355 + 0-39 (2:78-4-33) 1034 + 1-73 (6:95-13-74) 3:23 4-05
WHO02297 Bs 0-074 + 0-019 (0-036-0-112) 0-850 + 0-362 (0-141-1-560) 2-80 4-83
ISPC-5 Bs 0-54 + 0-08 (0-37-0-71) 2-88 + 0-74 (1-42-4-35) 174 219
KSD-4 Bs 0-0035 + 0-0009 (0-0017-0-0053) 0-037 + 0-014 (0-008-0-065) 1-06 13-85
SPH88 Bs 0-0005 + 0-0001 (0-0001-0-0008) 0-0235 + 0-0146 (0-0005-0-0522) 322 19-46
ONRG0A Bti 0-57 + 0-11 (0-35-0-79) 4-23 + 1-35 (1-58-6-89) 7-24 1-83
HD500 Bti 0-016 + 0-009 (0-002-0-036) 11-52 + 1-48 (9-99-14-03) 5-34 6-37
IPS82 Bti 0-0012 + 0-0003 (0-0005-0:0020) 0-0305 + 0-0001 (0-0038-0:0572) 1-66 16:60

Bs, Bacillus sphaericus; Bti, B. thuringiensis ssp. israelensis.

to the serotype H14) and B. sphaericus (only 6 of 48 sero-
types were known to be pathogenic) because of high
genetic diversity (Berry et al. 1993). As members of highly
toxic groups have certain positive characteristics like tol-
erance to harsh environments, differentiating them from
other strains is very essential (Yap 1990; Baumann et al.
1991). Thus, discrimination of the mosquito-pathogenic
Bacillus strains and understanding their disparity in toxic-
ity patterns is of paramount importance.

In the present study, we have observed that few pro-
teins of molecular weight c. 18, 28, 43 and 78 kDa were
common in all Bacillus strains, whereas proteins of 63
and 214 kDa were found specific to B. thuringiensis
ssp. israelensis and B. sphaericus strains, respectively. Usu-
ally, SDS-PAGE proteins profiles were subjected to
numerical analysis and visualized in the form of dendro-
grams to study the phylogenetic inter-relationships, but
here we have postulated the use of SOM for definitive
recognition of electrophoretic types, which has already
proved its proficiency in classification studies in a myriad
of scientific areas (Andrade et al. 1997; Arab et al. 2004;
Murty et al. 2009).

With SOM, the level of protein pattern heterogeneity
between the strains was clearly evident, and the reason
for their distinct grouping was easily deciphered from
the pairwise comparison of similarities or dissimilarities
observed between the strains of same cluster or different
clusters. Using Jaccard coefficients of similarities, SOM
grid was generated representing the similarity matrix of
the eleven Bacillus strains (Fig. 2a). As all typing
methods are substantiated by fundamental traits, the
characteristic toxicity patterns of the Bacillus strains of
different clusters were studied based on their virulence
to A. aegypti (Table 2) and C. quinquefasciatus (Table 3)
larvae.

Eleven Bacillus strains were classified into four distinct
clusters using SOM tool, which are discussed as follows:

Cluster (I, 1): This cluster contained three B. sphaericus
strains: 1593, KSD-4 and SPH88 that possessed five pro-
tein bands (18, 28, 43, 78 and 214 kDa) in common
(Fig. 2b). The pairwise comparison of SPH88 and KSD-4
showed that they share more proteins in common than
with 1593. SPH88 and KDS-4 shared nine protein bands;
whereas 1593 shared six proteins with SPH88 and five
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proteins with KSD-4. Cluster (1, 1) was represented by
highly toxic strains. Their toxicity patterns revealed that
the two strains 1593 and SPHS88 (belonging to the sero-
type H5a5b) demonstrated high activities against A. ae-
gypti and  C. quinquefasciatus species, whereas KSD-4
(unknown serotype) exhibited low toxicity to the former
larval species and higher toxicity to the latter.

Cluster (I, 2): This cluster is characterized by weakly
toxic strains. The two strains of B. sphaericus species:
Bsp-R (serotype not known) and SSII-1 (H2a2b) belong
to this cluster (Fig. 2c). These strains possessed similar
protein constitution showing eight protein bands in com-
mon (18, 28, 43, 78, 98, 123, 146 and 192 kDa). Activity
profile of SSII-1 showed comparatively low toxicity
against A. aegypti and C. quinquefasciatus species, which
substantiated the previous findings that the strains of
serotype H2 are weakly toxic (Louis et al. 1984; de Barjac
et al. 1985). Whereas Bsp-R of unknown serotype was
found to be toxic to Culex only and nontoxic to Aedes sp.

Cluster (2, 1): This cluster constituted WHO2297
(H25) and ISPC-5 (H26a26b) belonging to B. sphaericus
(Fig. 2d). Both the strains shared eight protein bands in
common with only one protein band of 107 kDa excep-
tionally present in ISPC-5. Also, the proteins of 158 and
189 kDa molecular weight were exclusively seen in this
group. Both ISPC-5 and WHO2297 exhibited toxicity to
both A. aegypti and C. quinquefasciatus larvae. This clus-
ter was characterized by moderately strains
(Tables 2 and 3).

Cluster (2, 2): As the mosquitocidal B. thuringiensis
strains only belong to the serotype H14 (Margalit et al.
1983), the four B. thuringiensis ssp. israelensis strains,
IPS82, ONR60A, HD500 and IPS70, of the same serotype
were exclusively assembled in this cluster (Fig. 2e). These
strains showed seven proteins in common (18, 28, 43, 54,
63, 78 and 137 kDa), of which a protein of 63 kDa was
exceptionally found in B. thuringiensis ssp. israelensis
strains. Although they belong to the same serotype (H14),
variation in the toxicity patterns was observed. The toxic-
ity profiles revealed that ONR60A, HD500 and IPS82
were highly toxic to the larvae of both mosquito species;
however, IPS82 was the most toxic strain among all. On
the other hand, relatively low activity was observed with
IPS70 against A. aegypti species and found to be nontoxic
to C. quinquefasciatus species.

toxic

Conclusion

Our work is a new paradigm in the classification studies
based on electrophoretic profiles studied through data
mining tool. Classification derived from SOM tool
resulted in discrete clustering of members of mosquito-
pathogenic Bacillus species and visualization of their
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inter-relationships through pairwise comparison, which
was otherwise not possible with dendrograms. SOM effec-
tively yielded 4 clusters that were distinct from each other
and marked by their characteristic toxicity patterns. Like-
wise, SOM can be applied for the characterization of a
large number of strains using their electrophoresis pat-
terns. Based on the data presented here, it could be con-
cluded that SOM serves as a colour-coded alternate to
study the relative similarities of the bacterial strains as
well as to differentiate the bacteria both at the species
and at infra subspecific levels.
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