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The present study was conducted to isolate Bacillus thuringiensis (B.t.) strains from different ecological
regions of Pakistan and determined the mosquitocidal activity of cry4A crystal protein gene against the
dipteran insects. Out of 25 B.t. isolates, 5 isolates were selected on the basis of toxicity and 4 were iden-
tified as Bacillus thuringiensis GCU-DAB-TK-04 (MN922746), GCU-DAB-TK-06 (MT032397), GCU-DAB-TK-
09 (MN922747), and GCU-DAB-TK-13 (MT032398). GCU-DAB-TK-04 was found to be the most toxic
strain against the 3rd instar larvae of Aedes aegypti. The presence of Cry 4A protein was confirmed by
the amplification of cry4A gene (accession number MT001910) from GCU-DAB-TK-04. The highest spores
toxicity was shown by GCU-DAB-TK-04 (LC50 = 104 lg/ml) while LC50 values of other strains were GCU-
DAB-TK-13 (LC50 = 602 ± 0.43 lg/ml) GCU-DAB-TK-06 (LC50 = 812 ± 0.63 lg/ml), GCU-DAB-TK-12 (LC50 =
1230 ± 1.14 lg/ml), and GCU-DAB-TK-09 (LC50 = 7585 ± 1.17 lg/ml). Similarly, the highest toxicity of
total cell protein was also shown by GCU-DAB-TK-04 (LC50=676 ± 0.53 lg/ml while LC50 values of other
strains were GCU-DAB-TK-13 (LC50 = 724 ± 1.12 lg/ml), GCU-DAB-TK-06 (LC50 = 741 ± 0.64 lg/ml), GCU-
DAB-TK-12 (LC50 = 912 ± 0.65 lg/ml), and GCU-DAB-TK-09 (LC50 = 1621 ± 1.13 lg/ml). The order of tox-
icity of B.t. strains was GCU-DAB-TK-04 > GCU-DAB-TK-13 > GCU-DAB-TK-06 > GCU-DAB-TK-12 > GCU-
DAB-TK-09. Protein analysis showed that 130 kDa (probably Cry4A, B), 70 kDa (Cry4C, D) and 20 kDa (Cyt
enhancer protein of Cry4) proteins were present in all B.t. strains. These B.t. strains have found great
potential to grow into bio-insecticidal formulation for the eco-friendly control of mosquitoes.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The insecticides used in the earliest 19th century include
organic and inorganic compounds, organochlorides, carbamates,
pyrethroids, formamidines, etc. (Glazer and Nikaido, 1995). These
chemicals have certain characteristics which make them useful
for a broad range of organisms, such as residual action and toxicity
(Khan et al., 2021). However, they cause resistance to insects, are
harmful to humans and kill beneficial insects when used improp-
erly (Cetinkaya, 2002; Kegley and Wise, 1994).
Like all organisms, insects are susceptible to infection by patho-
genic microorganisms. Biological pesticides are, therefore, becom-
ing key components of integrated pest management strategies. The
tremendous success in microbial pesticides has come from the uses
of Bacillus thuringiensis (Zakeel et al., 2009; Nair et al., 2020).

B. thuringiensis (B.t) is a gram-positive, aerobic and spore-
forming bacterium that produces parasporal crystals encoded by
plasmid-based cry and cyt genes (Das et al., 2015). These proteins,
known as insecticidal crystal proteins (ICPs), are specifically toxic
to insect larvae and are used against the insects of Lepidoptera,
Diptera, Coleoptera, certain nematodes, protozoan pathogens and
cancer (Frutos et al., 1999; Aboul-Soud et al., 2019; Bedini et al.,
2020; Dhamana et al., 2020a,b).

Larvicidal activity of B. thuringiensis is based on crystals, pro-
duced during sporulation. These parasporal inclusions comprise a
high amount of glycoproteins known as endo-toxins that exhibit
highly specific insecticidal activity. B. thuringiensis subspecies aiza-
wai, sotto, kurstaki (Btk), entomocides, and berliner are active against
the insects of order Lepiodoptera. B. thuringiensis subspecies san-
diego, and tenebrionis are effective against the insects of the order
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Coleoptera. B. thuringiensis subspecies israelensis (Bti), kyushuensis,
and gallariae are highly toxic to the insects of order Diptera
(Donovan et al., 1988; Chilcott and Wigley, 1993; Bedini et al.,
2020).

The objective of the present study was to characterize B.
thuringiensis strains, isolated from different ecological areas of Pak-
istan, through biochemically and 16S rRNA sequencing. The strains
were also screened for the presence of cry4A gene and their toxicity
against Aedes aegypti larvae was also evaluated.
Fig. 1. Bio-toxicity assays (set up) with B.t. spores and total cell protein under
specified conditions.
2. Material and methods

2.1. Sample collection and isolation of B.t. isolates

Soil samples were collected from different areas of Lahore,
Gujranwala, Kashmir, Faisalabad, Sialkot, and Kasur. Soil samples
were taken 10 cm below the surface using sterile spatula in sterile
plastic bags and were stored at 4 �C until processed. For the isola-
tion of local strains of B. thuringiensis, samples were processed
according to Martin and Travers (1989) by sodium acetate selec-
tion method. Briefly, 0.5 g soil of each sample was mixed in med-
ium containing 0.25 M sodium acetate (2.05 g/100 ml of
autoclaved distilled water, pH 6.8) and then incubated for micro-
bial growth, filtered with the help of syringe filter (0.45 lm) and
were heat shocked at 80 �C for 10–15 min to remove all the vege-
tative and non-spore forming cells. The processed samples were
then diluted to 1:2, 1:3, and 1:4 and so on. The suspension was
spread on LB agar medium, incubated at 37 �C for 24 h, and
checked for microbial growth on the next day.

2.2. Bacterial identification

Gram staining, endospore staining, crystal staining and motility
test were performed according to procedures described in
Cheesebrough (1993) and Bukhari and Shakoori (2010). Various
biochemical tests including catalase test, blood agar test, lecithi-
nase activity, hydrolysis of casein, starch hydrolysis test, and
indole test were also performed (James and Natalie, 2014). Isola-
tion of genomic DNA from B. thuringiensis isolates was carried
out according to Martin and Travers (1989). Universal primers
were used for the conserved region of the 16S rRNA gene.

F 50 TGAAAACTGAACGAAACAAAC 30; R 50 CTCTCAAAACTGAA-
CAAAACGAAA 30.

The PCR was performed according to the procedure described in
Saiki et al. (1988) using Humanizing Genomics macrogen reagents.
The full-length gene was amplified for 30 cycles by programming
the Thermocycler (Progene, Techne) with initial denaturation at
94 �C (5 min), denaturation at 94 �C (2 min), annealing at 52 �C
(1:30 min), elongation at 72 �C (2 min) with final elongation at
72 �C (7 min). The PCR products were loaded on agarose gel (1%)
and electrophoresis was performed at 90 V for 45 min. Amplified
PCR products were visualized on ultra-violet (UV) trans-
illuminator.

2.3. PCR based detection of cry4A gene

For confirmation of cry4A gene, a 459 bp fragment of cry4A gene
was amplified from three local isolates of B. thuringiensis using
specific primers. The sequence of the primers is as follows:

F 50 TCAAAGATCATTTCAAAATTACATG 30; R 50 CGGCTTGATC-
TATGTCATAATCTGT 30.

PCR was performed with crude DNA as described by Carozzi
et al. (1991). The cry4A gene was amplified for 30 cycles, with ini-
tial denaturation at 94 �C for 5 min, denaturation at 94 �C for 2 min,
annealing at 56 �C for 30 sec, elongation at 72 �C for 2 min with a
2

final extension at 72 �C for 7 min. PCR products were loaded on 1%
agarose gel and electrophoresis was performed at 90 V for 45 min.
Amplified PCR products were visualized on UV trans-illuminator.

PCR products were sent to Macrogen Korea for sequencing. The
genes were sequenced to find out the evolutionary relationship
between sequences and to confirm the identification of local iso-
lates of B. thuringiensis to subspecies level. Sequences of cry4A gene
aligned and blasted using the Nucleotide BLAST program NCBI. The
gene sequences of isolated B.t. strains were submitted in the NCBI
DNA databases.

2.4. Biotoxicity assays of B.t. isolates

2.4.1. Preparation of bacterial spore diet and cell protein
Biotoxicity assays against 3rd instar larvae of A. aegypti were

performed by using local isolates of B. thuringiensis. Both spores
as well as total cell protein were used for bioassays. The prepara-
tion of bacterial spores was done according to the procedure
described in Makino et al. (1994). Total cell protein was also
extracted from bacterial cultures and toxin concentration was
determined by the method of Bradford (1976).

2.4.2. Procedure adopted for bioassays
For biotoxicity assays, 3rd instar larvae of A. aegypti were used.

Various doses of B.t. spores i.e. 0, 100, 200, 300, 400, 500, 600, 700,
800, 900, and 1000 lg/ml were prepared for positive control HD
500 (Kindly provided by Bacillus Genetic Stock Center, Columbus,
Ohio State, USA) and for each bacterial strain. Likewise, B.t. total
cell protein doses [activated i.e. trypsin treated (Bukhari and
Shakoori, 2010)] were prepared in 10 ml of distilled water ranging
from 25 to 250 lg/ml. The wide-mouthed plastic cups were used
for the preparation of doses, in each cup ten (10) third instar larvae
were added and finally covered with a fine net. The room temper-
ature was kept at 25 �C. The larval mortality was recorded in each
cup after 24 to 48 h. The larvae brought down at the bottom of the
cup and unable to swim to the water surface were contemplated as
dead (Fig. 1). Then larval mortality against each concentration was
calculated and mean, standard deviation, and standard error of the
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mean were calculated according to Shakol and Rohlf (1981). Toxi-
city was assessed with Log-Probit analysis (Finney, 1971).

2.5. Extraction of total cell protein

The total proteins from local B.t. strains were isolated according
to the procedure described in Bukhari and Shakoori (2010). Briefly,
the isolated single B.t. colony after 24 h incubated culture on LB
agar plate was streaked on T3 plates and plates were kept for
72 h at 30 �C. The culture was washed away by adding autoclaved
distilled water (3 ml) from the plate. After this, culture was cen-
trifuged at 4500 xg at 4 �C for 15 min, and the pellet was suspended
in autoclaved distilled water. The suspension was centrifuged and
two washings were performed with cold autoclaved distilled
water. Then pellet was again suspended in alkaline buffer (Na2CO3

0.265g, DTT 0.08g, autoclaved distilled water 50 ml, pH 10.5–11),
incubated at 37 �C for 3 h, spun at 4500 xg at 4 �C for 20 min.
The concentration of protein in the supernatant was determined
by Lowry method (Lowry et al., 1951). Finally proteins were
resolved by SDS-PAGE on 12% acrylamide gel, stained with Coo-
massie Brilliant Blue and photographed after destaining
(Laemmli, 1970).

3. Results

3.1. Isolation of B.t. isolates

For B.t. screening, 25 samples from different ecological habitats
of Pakistan under sterile conditions were collected. Both shaken
flask technique and sodium acetate selection method were used
for B.t. isolation. The distinct 25 colonies appeared on LB agar
plates with B.t. like morphology, entire margin, off white color,
and with dry and rich growth and were processed for further work.

3.2. Characterization of B.t. isolates

Gram staining results showed that the isolated bacterial strains
were rod shape, and gram positive bacilli (Fig. 2). Most of the
strains were spore formers and the position of endospores was
sub-terminal and paracentral. Most of the bacterial strains formed
crystals after 24 h of incubation (Fig. S1a) and were active motile
(Fig. S1b). It was found that out of 25 isolates, 21 were catalase
positive (Fig. S1c), 14 showed hemolysis by forming zones around
the bacterial culture (Fig. S2a), and 20 produced white precipita-
tion around the colony (Fig. S2b). It was also found that out of 25
isolates, 19 formed clear zones around the bacterial colony
(Fig. S2c), 20 produced amylase to hydrolyze the starch resulting
Fig. 2. Gram staining of bacterial strain
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in the formation of a clear zone around the bacterial culture
(Fig. S2d), and 18 were indole positive (Fig. S2e).

The nucleotide sequence of the full-length 16S rRNA gene was
done for the identification of B. thuringiensis isolates up to species
and subspecies level. The sequence alignment of four B.t. strains
showed maximum homology with the sequences of already
reported strains (Fig. S3) and their sequences were deposited to
GenBank database under accession numbers of MN922746 (GCU-
DAB-TK-04), MT032397 (GCU-DAB-TK-06), MN922747 (GCU-
DAB-TK-09), and MT032398 (GCU-DAB-TK-13).
3.3. Presence of cry4A gene in B.t. strains

A fragment of a 459 bp base pair of cry4A gene was amplified
through PCR technique (Fig. 3a), sequenced, and the gene
sequences were then submitted to GenBank under accession num-
ber of MT001910. A phylogenetic relationship of cry4A gene
sequence was established with the sequences of already reported
cry4A gene (Fig. 3b). The cry4A gene sequences were translated into
amino acids and a 3D model of Cry4A protein computed from
SWISS-MODEL Expasy Tools was made. The a-helical structure is
involved in pore forming units and responsible toxicity while the
b-pleated sheets are involved in the receptor region (Fig. 3c).
3.4. Bioassay

3.4.1. With bacterial spore diet
Among the most toxic B.t. isolates, GCU-DAB-TK-04 (LC50 = 10

4 lg/ml) was isolated from moist and sticky soil from field area,
Kasur, GCU- DAB-TK-13 (LC50 = 602 lg/ml) was isolated from dry
and sandy soil field area Cantt road, Lahore, GCU-DAB-TK-06
(LC50 = 812 lg/ml) was isolated from moist soil field farm Johar
Town, Lahore, GCU-DAB-TK-12 (LC50 = 1230 lg/ml) was isolated
from Canal area, Gujranwala, and GCU-DAB-TK-09 (LC50 = 7585 l
g/ml) was found to be least toxic and isolated from Nursery farm
Canal view society, Lahore (Table 1).
3.4.2. With total cell protein
In bioassays with total cell protein again the highest toxicity

was shown by GCU-DAB-TK-04 i.e. LC50 = 676 lg/ml (Table 1)
while the LC50 values of other strains were 724 lg/ml (GCU-DAB-
TK-13), 741 lg/ml (GCU-DAB-TK-06), 912 lg/ml (GCU-DAB-TK-
12) and 1621 lg/ml (GCU-DAB-TK-09). The order of toxicity of B.
t. strains was GCU-DAB-TK-04 > GCU-DAB-TK-13 > GCU-DAB-TK-
06 > GCU-DAB-TK-12 > GCU-DAB-TK-09.
s (a) GCU-DAB-TK-04, (b) HD500.



Fig. 3. (a) Agarose gel showing PCR products of cry4A gene by using B. thuringiensis; Lane 1, 2, and 3 represent (GCU-DAB-TK-06), (GCU-DAB-TK-04), and (GCU-DAB-TK-13),
respectively, (b) Phylogenetic relationship of shorter fragment of cry4A gene from the most toxic B.t. strain GCU-DAB-TK-04 with already reported genes, (c) The predicted 3D
model of Cry4A protein computed from SWISS-MODEL Expasy Tools.

Table 1
The toxic B.t. isolates, screened from different cities of Pakistan, against 3rd instar larvae of Aedes aegypti. Out of five, the most toxic strain found was GCU-DAB-TK-04.

Strain ID Area of collection Soil texture LC50 (Spores) (lg/ml) LC50 (Total cell protein) (lg/ml)

GCU-DAB-TK-04 Field area, Kasur Moist and sticky 104 ± 0.53 676 ± 0.53
GCU-DAB-TK-06 Field farm JT, Lahore Moist soil 812 ± 0.63 741 ± 0.64
GCU-DAB-TK-09 Nursery farm, Lahore Moist soil 7585 ± 1.17 1621 ± 1.13
GCU-DAB-TK-12 Canal area, Gujranwala Moist soil 1230 ± 1.14 912 ± 0.65
GCU-DAB-TK-13 Field area, Lahore Dry and sandy 602 ± 0.43 724 ± 1.12
HD500 Reference strain 588 ± 1.15 575 ± 0.18
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3.5. Protein analysis of B.t. strains

Overall the proteins extracted from the B.t. isolates were
resolved on 12% SDS-PAGE. A great number of protein bands are
found in all B.t. strains and 130, 70, and 40 kDa were the most
prominent (Fig. 4). After sporulation the prominent bands presum-
ably belong to Cry proteins. SDS-PAGE analysis also showed several
low molecular weight proteins, including 20 kDa proteins, were
present in all B.t. strains (Fig. 4).
4. Discussion

This current study was designed to screen different ecological
areas of Pakistan for cry4A positive B. thuringiensis isolates which
4

could be later helpful to form bio-pesticides against mosquitoes.
B. thuringiensis is able to synthesize some targeted specific insecti-
cidal proteins in huge quantities. During sporulation these proteins
have various forms of parasporal crystalline inclusions. The spores
add an important contribution to the toxicity of B. thuringiensis d-
endotoxins.

B. thuringiensis specificity is its toxicity against different insect
orders and it is totally non-toxic to mammals including human
beings. So, it is eco-friendly. Frederiksen et al. (2006) reported that
the Cry protein’s specificity is due to presence of specific receptors
in insect midgut. Dried spores and toxin crystal products of B.
thuringiensis have commercial importance and are used worldwide
(Alberola et al., 1999; Roh et al., 2007). Lobo et al. (2018) isolated
300 local isolates of B.t. from 45 separated soil samples and PCR
technique was used to detect toxic genes in these bacterial isolates.



Fig. 4. SDS-Polyacrylamide gel electrophoretic pattern of total cell proteins of
sporulated B.t. strains. The lanes 1–5 indicate GCU-DAB-TK 04, 06, 13, 12, and 09,
respectively. The gel was 12% and stained with Coomassie Brilliant Blue.
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Most of the strains were found positive for cry4A, cry11Aa, and cyt1
genes. The bioassays were performed to assess the pathogenicity
against the A. aegypti (3rd instar larvae) and 12 strains were found
to present larvicidal activity.

The insecticidal crystal protein genes are normally found to be
associated with plasmids having large molecular size (Gonzales
and Carlton, 1980). The cry genes are mainly divided into four
classes: cry I, cry II, cry III, and cry IV are specific for insects belong-
ing to various orders (Schnepf et al., 1998). Each of the B.
thuringiensis strains contains one or more types of crystal toxin
genes, and therefore, more than one crystal protein can be synthe-
sized by a single strain of the organism (Thomas and Ellar, 2001).

Cry proteins are globular proteins encoded by cry genes within
a range of 50–140 kDa. The cry4 gene is specifically known to be
active against mosquitoes and black flies worldwide. The plasmid
encodes cry4A, cry4B, cry4C, and cry4D genes of dipteran specific
proteins having 134, 128, 78, and 72 kDa molecular masses,
respectively. All proteins (Cry4 toxins) are synthesized at different
phases of sporulation and are accumulated in ovoid inclusion
(Bukhari and Shakoori, 2010; Faiz and Bukhari, 2018). The inclu-
sion proteins are made up of one or may be several insecticidal
proteins also called d-endotoxins. These d-endotoxins are grouped
into two main classes, namely crystal (cry) and cytolytic (cyt) tox-
ins, on the basis of their amino acid sequence (Hofte and Whiteley,
1989; Bukhari and Shakoori, 2010; Zhang et al., 2016). Rodríguez-
González et al. (2020) reported that larvae and adults of Acan-
thoscelides obtectus can be controlled by the application of Cry pro-
teins. Khan et al. (2022) studied the function of various target
genes of Paederus fuscipes, a medically and agriculturally impor-
tant insect, through RT-qPCR for correct reference genes.

Bravo et al. (2007) determined the tertiary structure of Cry4Aa
and Cry4Ba toxin protein through X-ray crystallography and
described that the mosquitocidal active Cry proteins including
Cry4A, Cry4B, and Cry11Aa share similar structures with Cry1Aa.
Abdullah et al. (2006) reported that bacterial crystalline inclusions,
composed of Cry4A protein, are toxic to different insects of medical
importance belonging to the genera Culex, Aedes, and Anopheles.
Generally, Cry4A and Cry4B proteins are most toxic against insects
of genus Aedes (Table 1) while Cry4C (Cry 10) and Cry4D (Cry 11)
are most potent against insects of Anopheles genus. Our results
are in good agreement with Abdullah et al. (2006). Goje et al.
(2020) reported that domain I is responsible for the specificity of
Cry2A proteins against insects and 4 amino acids in the N-
5

terminal region the Cry2A protein confer activity against A. aegypti
when mutated Cry2Ab. This motif containing the region is usually
removed during proteolysis of the protein.

5. Conclusion

In conclusion, the B. thuringiensis based bio-pesticides produc-
tion depends on the high quality and formulations processes. The
formulations used in this study are safe and easy to use having long
shelf time and are very effective against the insects of order Dip-
tera. The amplification of cry4A gene indicates the presence of
Cry 4A protein responsible for toxicity against dipteran insects.
From B.t. isolates, GCU-DAB-TK-04 was found the most toxic B.t.
strain with LC50 = 104 lg/ml against 3rd instar larvae and isolated
from moist and sticky soil from the field area, Kasur, Pakistan. Pro-
tein analysis showed that 130 kDa (probably Cry4A, B), 70 kDa
(Cry4C, D) and 20 kDa (Cyt enhancer protein of Cry4) proteins were
present in all B.t. strains.
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