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Abstract
Bacillus thuringiensis is the most widely used biopesticide, targets a diversity of insect pests belonging to several orders. 
However, information regarding the B. thuringiensis strains and toxins targeting Zeugodacus cucurbitae is very limited. 
Therefore, in the present study, we isolated and identified five indigenous B. thuringiensisstrains toxic to larvae of Z. cucur-
bitae. However, of five strains NBAIR BtPl displayed the highest mortality  (LC50 = 37.3 μg/mL) than reference strain B. 
thuringiensis var. israelensis (4Q1)  (LC50 = 45.41 μg/mL). Therefore, the NBAIR BtPl was considered for whole genome 
sequencing to identify the cry genes present in it. Whole genome sequencing of our strain revealed genome size of 6.87 Mb 
with 34.95% GC content. Homology search through the BLAST algorithm revealed that NBAIR BtPl is 99.8% similar to 
B. thuringiensis serovar tolworthi, and gene prediction through Prokka revealed 7406 genes, 7168 proteins, 5 rRNAs, and 
66 tRNAs. BtToxin_Digger analysis of NBAIR BtPl genome revealed four cry gene families: cry1, cry2, cry8Aa1, and 
cry70Aa1. When tested for the presence of these four cry genes in other indigenous strains, results showed that cry70Aa1 
was absent. Thus, the study provided a basis for predicting cry70Aa1 be the possible reason for toxicity. In this study apart 
from novel genes, we also identified other virulent genes encoding zwittermicin, chitinase, fengycin, and bacillibactin. Thus, 
the current study aids in predicting potential toxin-encoding genes responsible for toxicity to Z. cucurbitae and thus paves 
the way for the development of B. thuringiensis-based formulations and transgenic crops for management of dipteran pests.
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Introduction

Bacillus thuringiensis is a Gram-positive, ubiquitous aerobic 
or facultative anaerobe spore-forming, rod-shaped bacteria 
belonging to the Bacillus cereus group (Vilas-Bôas et al. 
2007). It is primarily known for its insecticidal activity 
against insect pests belonging to orders like Lepidoptera, 
Diptera, Hemiptera, Coleoptera, Hymenoptera, and Orthop-
tera (Höfte and Whiteley 1989; Manjunatha et al. 2023). 

The insecticidal activity of B. thuringiensis is predominantly 
due to the production of crystalline inclusions consisting of 
one or more proteins called δ- endotoxins (commonly called 
Cry and Cyt proteins). To date, nearly 700 cry genes and 
40 cyt genes belong to 75 different families (Cry1-Cry75), 
and three families (Cyt1-Cyt3), respectively were identified 
(Crickmore et al. 2021).

The activity of cry genes is highly specific to one or a few 
closely related insect species. Hence, the characterization 
of B. thuringiensis strains with target-specific cry genes is 
very essential for the efficient management of insects of eco-
nomically important insect pests. However, characterization 
of such strains is not an easy task and largely depends on 
the traditional PCR strategy using cry gene specific primer. 
The target cry gene in the strain can also be confirmed 
using DNA-microarray techniques and DNA hybridization 
(Letowski et al. 2005). However, these techniques are limited 
to the detection of previously known cry genes, and it is very 
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hard to find novel cry genes present in a strain. Previous 
studies suggest that whole genome sequencing is the widely 
used coherent strategy for discovering novel bioinsecticidal 
toxin-related genes, as many strains have been sequenced so 
far using PacBio strategies and Illumina (Cao et al. 2018). 
No attempts have been made so far to identify the cry genes 
encoding the potential toxins targeting melon fruit fly, Zeu-
godacus cucurbitae (Coquillett) (Tephritidae: Diptera).

The melon fruit fly is an economically important insect 
pest, inflicting damage to around 130 plant species belong-
ing to 30 families, including pumpkin, cucumber, bitter 
gourd, eggplant, and tomato (Ahmad et al. 2023). Crop 
losses attributed to this pest varied from 30 to 100% in vari-
ous fruit and vegetable crops (Dhillon et al. 2005). Maggots 
are the damaging stages, and their concealed feeding behav-
iour inside fruits makes management extremely challeng-
ing. Hence, the management practices are targeted against 
the adult stages that largely depend on synthetic pesticides, 
mainly as cover sprays, due to their rapid knockdown effect 
(De Bon et al. 2014). However, these chemicals have adverse 
effects on the environment and non-target organisms. There-
fore, alternative control methods are warranted against this 
pest. In this regard, the use of microbials like Metarhizium 
anisopliae and Beauveria bassiana found promising alter-
native method in management of different fruit fly species 
(Onsongo et al. 2022). Among the microbial biopesticides, 
B. thuringiensis based biopesticides are highly effective and 
B. thuringiensis based biopesticides successfully used for the 
management of insects pests in the field condition (Kumar 
et al. 2021). However, information regarding the B. thuring-
iensis strains and the Cry toxins effective against Z. cucur-
bitae is very limited. Accordingly, in this study, we aimed 
to isolate and characterize the B. thuringiensis strains effec-
tive against maggots of Z. cucurbitae, we further focused 
on whole genome sequence of virulent strains to identify 
the insecticidal toxin-related genes responsible for causing 
mortality in larvae of Z. cucurbitae.

Materials and methods

Sample collection

A total of 50 samples, including soil and insect cadavers, 
were collected aseptically from different parts of Karnataka. 
Details of collection sites are given in Table 1.

Isolation of B. thuringiensis from soil and insect 
cadaver

Approximately, 10 g of each soil sample was grounded 
under aseptic conditions separately in a porcelain mortar 
for 10 min followed by washing with sterile distilled water 
to remove debris. One gram of each soil sample is added to 
125 mL of flask containing 10 mL of Luria–Bertani broth 
buffered with 0.25 M sodium acetate (pH 6.8) was After 
incubation at 30 °C for 4 hours (h) the cultures were heated 
at 80 °C for 15 min to kill vegetative cells. From each sam-
ple, 100 μL were spread on T3 agar plates then incubated 
for 72 h at 30 °C. This technique abled the purchase of 
spores that germinated, multiplied, and entered in sporula-
tion phase. To confirm the presence of spores and crystals 
related to the presence of B. thuringiensis isolates, pure 
colonies obtained on T3 agar plates were investigated under 
light microscope. Then, each parasporal crystal forming iso-
late was stored and considered as B. thuringiensis (Travers 
et al. 1987). Similarly, to isolate B. thuringiensis from insect 
cadaver, insect body was sterilized by immersing in 0.85% 
sterile saline solution to eliminate the surface microflora of 
the body and it is washed twice with distilled water. Later, 
the insect was crushed in a 1.5 mL Eppendorf tube contain-
ing PBS buffer (1×), and the contents were heated to 80 °C 
in a water bath for 40 min. Further, 1 mL of the aliquot was 
used to isolate B. thuringiensis following the procedure used 
in isolation of B. thuringiensis from soil.

Table 1  Details of B. thuringiensis collected from different sources, geological coordinates, 16S rRNA gene sequence accession number, and cry 
gene profile

Sl. No Strain name Shape of crystals Source 
of isola-
tion

Location Latitude Longitude 16S rRNA gene 
sequence accession 
number

cry gene profile

1 NBAIR Bt151 Bipyramidal Soil Kodagu, Karnataka 12.3375°N 75.8069°E PP670033 cry1
2 NBAIR Bt152 Bipyramidal Soil Jog Falls, Karnataka 14.2004°N 74.7922°E PP683246 cry1, cry8Aa1
3 NBAIR Bt153 Bipyramidal Soil Mandya, Karnataka 12.5218°N 76.8951°E PP683248 cry1
4 NBAIR Bt154 Bipyramidal Soil Dandeli, Karnataka 15.9261°N 73.9995°E PP711169 cry1, cry 2
5 NBAIR BtPl Bipyrami-

dal + Spherical
Insect Chikmagalur, Kar-

nataka
13.3153°N 75.7754°E OQ601564 cry1, cry2, 

cry8Aa1, 
cry70Aa1
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Microscopic examination of crystal proteins

All isolates were cultured in LB broth at room temperature 
(28 ± 2 °C) with agitation on an orbital shaker at 250 rpm until 
reaching the autolysis phase. A single drop of the culture was 
spread onto a microscope glass slide then air-dried and heat-
fixed. Then the slide was stained with a 0.25% solution of 
Coomassie Brilliant Blue (CBB) in 50% acetic acid for less 
than 2 min (Rampersad and Ammons 2005). Subsequently, it 
was destained for about 2 min with 70% ethanol, rinsed with 
distilled water, dried, and examined under a light microscope 
(Olympus BX41, Microscope Central, Pennsylvania, USA) 
using a 100× oil immersion objective lens. Isolates positive 
for crystal proteins were given a code for further identification. 
Further, investigation for parasporal crystal presence was done 
using SEM as described by Loutfi et al. (2020). About 50 μL 
of the spore-crystal mixture was placed on a microscopic glass 
slide and fixed by drying in an oven at 37 °C, and then sputter 
coated with gold. Finally, the slide containing crystals was 
viewed with SEM at 2500× (Quanta 250, FEI, Oregon, USA).

Amplification and sequencing of 16Sr RNA gene

The 16S rRNA gene of each B. thuringiensis isolate was 
amplified using primers 27F (5ʹ-AGA GTT TGA TCC TGG 
CTC AG-3′) and 1492R (5′-TAC GGY TAC CTT GTT ACG 
ACTT-3′) (Dos Santos et al. 2019). The amplified product 
is further sequenced by Sanger sequencing (Eurofins India 
Private Limited, Bengaluru, India). The sequences were fur-
ther analysed using NCBI Blastn and further deposited in 
GenBank, and accession numbers were obtained.

Insect rearing

Melon fruit fly culture maintained at ICAR-National Bureau 
of Agriculture Insect Resources was used for the present 
study. Ten pairs of males and females were collected from 
the mother culture and stocked in a glass cage covered with 
a net on three sides of the cages for rearing to get the homog-
enous culture. Culture was maintained at a temperature of 
25 ± 2 °C with a relative humidity of 70–80% at the Insect 
Bacteriology Lab, ICAR-NBAIR, Bengaluru, Karnataka, 
India. For rearing, adult flies were offered yeast for feeding 
and bananas for egg-laying. The eggs were collected gently 
using a camel brush and seeded over the artificial diet for 
further larval development according to the composition 
given by Liu et al. (2020).

Biotoxicity assay of B. thuringiensisstrains 
against melon fruit fly

The toxicity of five indigenous strains, along with the ref-
erence B. thuringiensis svar. israelensis 4Q1was assessed 

against 3rd instar larvae of melon fruit fly under in vitro 
conditions. All strains, including 4Q1, inoculated separately 
on LB broth for 5 to 6 days. The inoculated broth was cen-
trifuged at 10,000 rpm (Sigma 3-30KHS; 22096), and the 
pellet containing the spore-crystal mixture was resuspended 
with double distilled water. The protein concentration was 
estimated by Lowry’s methods using bovine serum albumin 
(BSA) as a standard following the most commonly used pro-
tocol (Lowry et al. 1951). Exactly, 100 µL of spore crystal 
homogenate was mixed with 10 g of artificial diet in a small 
plastic container (3 × 3 cm), and each container was con-
sidered a replicate. Three replications were given for each 
treatment. The reference strain 4Q1 and diet without spore 
crystal suspension of B. thuringienis treatment were used as 
negative control. The bioassay was carried out under con-
trolled conditions of 25 ± 2 °C and 70 ± 5% relative humid-
ity. The percentage mortality was calculated at 24 h intervals 
till the fifth day of the experiment. The confirmation of death 
is due to B. thuringiensis strains was done by crushing the 
individual dead larvae in PBS (1X) then suspension was 
spread on nutrient agar plates. Finally, bacterial colonies 
were obtained and tested for the presence of spores and 
crystals. The concentration–response relationships for lar-
val mortality data were used to calculate lethal concentration 
 (LC50) of each B. thuringiensis strain corresponding 95% 
fiducial limit (95% FL) by using PROC PROBIT in SAS 
software (version 9.3, 2011; SAS Institute, Cary, NC, USA).

Whole genome sequencing of Bacillus thuringiensis 
strain NBAIR BtPl

Bacillus thuringiensis strain NBAIR BtPl was selected for 
whole genome sequencing to identify the insecticidal toxin-
related genes responsible for causing mortality in larvae of 
Z. cucurbitae. The NBAIR BtPl strain caused significantly 
greater mortality compared to the five B. thuringiensis 
strains isolated in this study and the reference 4Q1 strain.

DNA extraction, library preparation, 
and sequencing

One-day-old culture of the NBAIR BtPl strain was used 
for the extraction of DNA using the DNeasy Blood and 
Tissue Kit following the manufacturer’s protocol (Qiagen, 
Hilden, Germany). The quality and quantity of isolated 
DNA were checked using Nanodrop and agarose gel elec-
trophoresis, respectively. From QC-passed DNA samples, 
paired-end sequencing libraries were prepared using the 
Illumina TruSeq Nano DNA Library prep Kit. Approxi-
mately 100 ng of DNA was subjected to ultrasonication 
(Covaris M220, Massachusetts, USA) to generate the 
mean fragments of 350 bp dsDNA fragments containing 
3ʹ and 5ʹ overhangs. These overhangs were removed by 
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subjecting fragments to end-repair using the 3ʹ and 5ʹ exo-
nuclease enzymes and then to adapter ligation using the 
5ʹ and 3ʹ polymerase enzymes. The ligated products were 
size-selected using AMPure XP beads, and the products 
were PCR amplified with index primers. The ends of DNA 
fragments were ligated with Indexing adapters to, prepare 
them for hybridization onto flow cell. The analysis of these 
PCR-enriched libraries was done using a 4200 tape station 
system with high-sensitivity D10000 screen tape follow-
ing the manufacturer’s protocol. After obtaining the Qubit 
concentration for the libraries and mean peak sizes from 
the alignment tape station profile, the PE Illumina libraries 
were loaded onto NextSeq500 for cluster generation and 
sequencing.

Genome assembly and functional annotation

The obtained raw data of the NBAIR BtPl strain was pro-
cessed to remove low-quality reads, ambiguous reads, 
adapter sequences, and then the high-quality reads were 
obtained using Trimmomatic version 0.36 (Bolger et al. 
2014). The filtered, high-quality reads were assembled 
into scaffolds using the SPAdes-assembler (Bankevich 
et al. 2012). Then assembled scaffolds were further ana-
lyzed to identify the most closely related organisms using 
a homology-based approach. The genome of NBAIR BtPl 
was used for reference-based scaffolding for the scaffolds 
using GFinisher (Kremer et al. 2017). Gene prediction was 
performed by Prokka (Seeman 2014), and the sequences of 
predicted genes of NBAIR BtPl were searched against the 
NCBI nonreductant protein database using the Basic Local 
Alignment Search Tool (BlastX) (E-Value: 1e−05) through 
the Diamond tool (Buchfink et al. 2015). Gene ontology 
annotations of the genes were determined by the Blast2GO 
platform (Götz et al. 2008). Gene ontology assignments 
were used to classify the functions of predicted genes. 
Gene ontology mapping was done, and the gene prod-
ucts were grouped into three main domains. The pathway 
annotation of identified genes was carried out against the 
KEGG GENES database using KAAS (KEGG Automatic 
Annotation Server) (Moriya et al. 2007). Further, the gene 
clusters encoding for potential secondary metabolites in 
NBAIR BtPl were predicted with antiSMASH version 
3.0 using default parameters as well as the ClusterFinder 
algorithm (Weber et al. 2015).In addition, the genome 
similarity between the B. thuringiensis NBAIR BtPl with 
other B. thuringiensis strains such as B. thuringiensis sero-
var kurstaki strain HD-1 (CP010005.1), B. thuringiensis 
serovar tolworthi (AP014864.1), B. thuringiensis serovar 
israelensis strain AR23 (NZ_JABXXM010000014.1) was 
done using Proksee (https:// proks ee. ca).

Fig. 1  Scanning electron microscopic picture of the different types 
of crystal protein morphologies and the spores produced by Bacil-
lus thuringiensis strain NBAIR BtPl at 2500×. SP spore, C cuboidal, 
BP bipyramidal, SP spherical, PE spherical with pointed edges, DB 
spherical with deflated balloon

Table 2  Toxicity of indigenous 
Bacillus thuringiensis strains 
against 3rd instar larvae of 
melon fruit fly, Zeugodacus 
cucurbitae 

FL fiducial limits, SE standard error
P value for the χ2 value

Sl. No Strain Name LC50 (μg/mL) 95% FL Slope ± SE χ2 P

1 NBAIR Bt151 104.77 58.24–375.72 1.805 ± 0.52 12.66 0.92
2 NBAIR Bt152 100.01 55.59–358.64 1.787 ± 0.51 12.68 0.99
3 NBAIR Bt153 106.70 58.76–349.87 1.392 ± 0.51 7.35 0.95
4 NBAIR Bt154 71.48 38.22–149.9 1.788 ± 0.52 11.97 0.99
5 NBAIR BtPl 37.30 20.54–55.67 2.262 ± 0.56 15.91 0.96
6 4Q1 45.41 23.53–70.33 2.03 ± 0.54 13.83 0.86

https://proksee.ca


Current Genetics           (2024) 70:13  Page 5 of 14    13 

Identification and validation of insecticidal 
toxicity‑related genes (ITRGs)

BT Toxin_Digger was used for the identification of ITRGs 

present in NBAIR BtPl (Liu et al. 2022). The identified 
ITRGs were further validated in the PCR using the gene-
specific primers that were designed using Primer3Plus. 
All PCR reactions were carried out with 12.5 µL of PCR 
master mix (EmeraldAmp GT PCR master mix, TakaRa, 
Japan) with 2 µL of 50 ng/µL template DNA and 1 µL of 
10 pmol from each primer in a thermal cycler (T100, Bio-
Rad, California, USA). The cycle started with an initial 
denaturation for 5 min at 95 °C, 30 cycles of denaturation 
for 30 s at 95 °C, and annealing for 1 min at a temperature 
specific to the primer, a 72 °C extension step was carried 
out for 1 min, and then the final extension for 10 min at 
72 °C. The amplified product was subjected to gel elec-
trophoresis, and the product was visualized under a 1.2% 
agarose gel and documented using the MiniLumi gel docu-
mentation system (DNR, Israel).

PCR amplification of cry genes

Total DNA was extracted from all B. thuringiensis iso-
lates using the DNeasy Blood and Tissue Kit as per the 

Table 3  General genome feature of Bacillus thuringiensis strain 
NBAIR BtPl

Features Value

Genome size (Mb) 6.87
GC (%) 34.95
Genes 7,406
Proteins (CDS) 7,168
tRNAs 66
rRNAs 5
Average length of genes (bp) 1,522
Maximum length of genes (bp) 24,894
Minimum length of genes (bp) 78
BioProject accession number PRJNA1098464
Biosample accession number SAMN40909047
SRA SRR28606278

Fig. 2  Pie chart depicting the top hits (Top 20) for the genome of Bacillus thuringiensis strain NBAIR BtPl. Most of the genes of NBAIR BtPl 
were found to be homologous with Bacillus thuringiensis serovar tolworthi 
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manufacturer’s protocol. The DNA of each strain was indi-
vidually used as a template for the amplification of the 
dipteran active cry gene (Valtierra-de-Luis et al. 2020). 
The reaction was set up at 94 °C as pre-denaturation for 
4 min and followed by 35 cycles of denaturation at 94 °C 
for 1 min, annealing for 1 min at the temperature specific 
to each primer, extension for 1 min at 72 °C, and a 10 min 
final extension at 72 °C. The annealing temperatures for 
each primer are given in Supplemental Table 1. The ampli-
fied products were visualized using 1.2% agarose gel, and 
documented under the gel documentation system. Further, 
the crystals proteins present in the individual strain were 
analyzed following Alves et al. (2023).

Analysis of aminoacid sequence and evolutionary 
analysis of cry70Aa1

The aminoacid sequence homology of cry70 family mem-
bers was identified using NCBI nucleotide–nucleotide 
BLAST and protein–protein BLAST (http:// www. ncbi. 
nlm. nih. gov/ BLAST). The aminoacid sequence alignment 
was done using ClustalW software. Phylogenetic analysis 

of cry70 family members was done using MEGA 11.0 
software.

Results

Isolation and identification of B. thuringiensis 
isolates

Out of 50 samples examined, five were identified as B. thur-
ingiensis NBAIR Bt151, NBAIR Bt152, NBAIR Bt153, 
NBAIR Bt154, and NBAIR BtPl on the basis of morphologi-
cal and molecular characteristics. We observed bipyramidal 
shaped crystal proteins for NBAIR Bt151, NBAIR Bt152, 
NBAIR Bt153, NBAIR Bt154, and NBAIR BtPl under light 
microscopy. Whereas the spherical-shaped crystal proteins 
were observed in only NBAIR BtPl. In scanning electron 
microscopic, we also observed spores, bipyramidal, spheri-
cal, and cuboidal-shaped crystal proteins very distinctly 
for NBAIR BtPl (Fig. 1). Further, plasmid profiling and 
the taxonomic characterization of all five isolates was con-
firmed by sequencing the 16S rRNA gene, which displayed 
an amplicon size of 1300–1500 bp on agarose gel (Sup-
plemental Fig. 1). The amplified 16S rRNA gene product 

Fig. 3  Average Nuclotide Identity (ANI) analysis of B. thuringiensis 
NBAIR BtPl with other B. thuringiensis strains. a ANI between B. 
thuringiensis NBAIR BtPl and B. thuringiensis HD1; b ANI between 

B. thuringiensis NBAIR BtPl and B. thuringiensis serovar tolworthi; 
c ANI between B. thuringiensis NBAIR BtPl and B. thuringiensis 
israelensis 

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
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was sequenced and compared with international standard 
B. thuringiensis strains collected from the National Cen-
tre for Biotechnology Information (NCBI, USA) database. 
The nucleotide sequence of five isolates showed 99–100% 
homology with internationally standard B. thuringiensis 
strains through blastn analysis. Therefore, these all five 
isolates were considered B. thuringiensis, then sequences 
finally deposited in the NCBI database and accession num-
bers were obtained (Table 1).

Biotoxicity assay of B. thuringiensis strains 
against melon fruit fly

The third instar larvae were found to be lethargic, and their 
gut region turned black after feeding the artificial diet treated 
with indigenous B. thuringiensis strains and reference strain 
4Q1. The present study results showed that all five tested 
B. thuringiensis strains caused morality in third instar of 
Z. cucurbitae. But the NBAIR BtPl caused greater mortal-
ity compared to the other four indigenous B. thuringien-
sis strains and reference strain 4Q1. The average mortality 

in third instar larvae of Z. cucurbitae was between 40 and 
90% due to B. thuringiensis strains. No larval mortality was 
observed in untreated control treatment. The results of the 
probit analysis showed that the  LC50 values for all the tested 
B. thuringiensis strains in this study were between 37.30 and 
106.70 μg/mL. The  LC50 value recorded for the NBAIR BtPl 
was 37.30 μg/mL, where as 45.41 μg/mL for reference strain 
(4Q1). These results showed that the NBAIR BtPl was more 
virulent than 4Q1 strain (Table 2).

Genome analysis of NBAIR BtPl

Sequencing of NBAIR BtPl revealed a total number of 
1,14,07,645 reads (PE) and 3,37,10,34,441 bases and 
a total of 5 rRNAs and 66 tRNAs were identified. The 
assemblage of these filtered high-quality reads using the 
SPAdes assembler showed a total number of 726 scaf-
folds with 77,05,163 bp and an average scaffold length of 
9121 bp. We also recorded the maximum scaffold length 
of 1,70,233 bp and minimum scaffold length 534 bp for 
the genome of NBAIR Btpl. Reference-based scaffolding 

Fig. 4  Gene Ontology analysis of genes present in the genome of 
Bacillus thuringiensis strain NBAIR BtPl. a Pie chart describing the 
category of genes of NBAIR BtPl falling under biological process; 
b Pie chart describing the category of genes of NBAIR BtPl falling 

under cellular components; c Pie chart describing the category of 
genes of NBAIR BtPl falling under molecular functions; d WEGO 
plot of assembled genes of NBAIR BtPl
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showed the genome having a total length of 6.87 Mb and 
a GC content of 34.95% with scaffolds 44,203, 368,302, 
and 412 bp as average, maximum, and minimum scaffolds 

lengths, respectively. The gene prediction by Prokka identi-
fied genome of NBAIR BtPl as having 7406 genes and 7168 
protein-coding sequences, with a maximum and maximum 
length of 12,442 and 39 bp, respectively. The average length 
of NBAIR BtPl gene was 761 bp. (Table 3). The top blast hit 
species distribution of the genome of NBAIR BtPl showed 
that most of the genes found were homologous to Bacil-
lus thuringiensis serovar tolworthi (Fig. 2). Moreover, the 
average nucleotide identity (ANI) between B. thuringiensis 
NBAIR BtPl with other B. thuringiensis strains revealed that 
NBAIR BtPl has 99.8% similarity with strain B. thuring-
iensis serovar tolworthi. Similarly, B. thuringiensis NBAIR 
BtPl has ANI of 96.9 and 96.1% with B. thuringiensis HD1 
and B. thuringiensis israelensis, respectively (Fig. 3).  

Gene ontology (GO) analysis of NBAIR BtPl genes using 
the Blast2GO platform classified the predicted genes into 
three main domains, such as molecular function, biologi-
cal process, and cellular components. Genes annotated with 
gene ontology revealed the maximum number of genes pre-
sent in the genome of NBAIR BtPl involved in molecular 
function (3037), followed by genes involved in biological 
processes (2347) and cellular components (2022).

The results of gene ontology analysis of genes present 
in NBAIRBtPl genome are represented in pie charts and 
WEGO plot (Fig. 4). The pathway annotation of predicted 
genes using KASS is done, and the genes are categorized 
into five main categories, such as metabolism, genetic infor-
mation processing, environmental information processing, 
cellular processes, and organismal system. A total of 1985 
KEGG-annotated genes with 23 KEGG categories are pre-
sent in NBAIR BtPl (Table 4). This strain also carrying two 
gene clusters encoding non-ribosomal peptide synthetase 
(NRPS). Out of these two gene clusters, one was found to 
have 85% similarity with bacillibactin and 81% with zwit-
termicin A. In this study, we also found that the NBAIR BtPl 
gene cluster encoding for molybdenum co-factor, lanthipep-
tide class ii, and Ripp (Fig. 5).   

Table 4  KEGG pathway classification summary for Bacillus thuring-
iensis strain NBAIR BtPl

Pathways Gene count

Metabolism
 Carbohydrate metabolism 242
 Energy metabolism 143
 Lipid metabolism 77
 Nucleotide metabolism 79
 Amino acid metabolism 265
 Metabolism of other amino acids 71
 Glycan biosynthesis and metabolism 73
 Metabolism of cofactors and vitamins 173
 Metabolism of terpenoids and polyketides 41
 Biosynthesis of other secondary metabolites 58
 Xenobiotics biodegradation and metabolism 41

Genetic information processing
 Transcription 5
 Translation 94
 Folding, sorting and degradation 58
 Replication and repair 55

Environmental information processing
 Membrane transport 170
 Signal transduction 157
 Signalling molecules and interaction 1

Cellular process
 Transport and catabolism 12
 Cell growth and death 29
 Cellular community—prokaryotes 95
 Cell motility 40

Organismal systems
 Environmental adaptation 8

Fig. 5  Secondary metabolite regions present in the genome of Bacillus thuringiensis strain NBAIR BtPl identified by antiSMASH analysis
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Table 5  Details of insecticidal 
toxicity related genes 
(ITRGs) identified in Bacillus 
thuringiensis strain NBAIR 
BtPl

Sl. No Genes Location of the gene Length Rank % Coverage % Identity

1 cry1Ab9 Scaffold_13 3,467 Rank 4 100.00 99.91
2 cry1Ab14 Scaffold_108 434 Rank 4 12.55 100.00
3 cry1Ea10 Scaffold_70 2,549 Rank 4 71.48 100.00
4 cry1Gc1 Scaffold_99 423 Rank 4 12.08 100.00
5 cry1Ia44 Scaffold_22 2,189 Rank 4 100.00 100.00
6 cry2Aa9 Scaffold_150 1,919 Rank 4 100.00 100.00
7 cry2Ab4 Scaffold_156 2,033 Rank 4 100.00 100.00
8 cry8Aa1 Scaffold_23 2,039 Rank 2 57.22 63.44
9 cry70Aa1 Scaffold_20 2,975 Rank 1 74.81 27.83
10 cyt1Da2 Scaffold_82 1,676 Rank 1 57.87 28.57
11 cry1Ia12 Scaffold_45 891 Rank 4 41.31 100.00
12 vip3Aa59 Scaffold_80 2,384 Rank 4 100.00 100.00
13 vpb4Aa1 Scaffold_21 2,759 Rank 1 62.59 37.58
14 bmp1 Scaffold_63 1,796 Rank 2 64.39 60.35
15 spp1Aa1 Scaffold_9 1,547 Rank 3 99.21 80.28
16 chitinaseC- Scaffold_121 2,102 Rank 4 100.00 99.27

Table 6  Details of gene specific 
primers used for validation of 
insecticidal toxicity related 
genes (ITRGs) in NBAIR BtPl 
along with PCR primers and 
amplicon size

Sl. No Gene Primer name Sequence Tm (°C) Amplicon 
size (bp)

1 cry1Ab9 cry1Ab9-F GCG ACT TAG TGA TGA GCG GA 59 948
cry1Ab9-R ACT TCT GCT TCC CAT TCC GG

2 cry1Ab14 Ccry1Ab14-F TAG CCA GCT GGT AGT GGT GT 59 318
cry1Ab14-R GGG ATA TGG AGA AGG TTG CGT 

3 cry1Ea10 cry1Ea10-F TTA GAC TTG GTG GTG GCA CC 58 956
cry1Ea10-R CGG TTC TCC ACA CTT TCC GA

4 cry1Gc1 cry1Gc1-F GGG ATA TGG AGA AGG TTG CGT 59 303
cry1Gc1-R CCA ACT GGT AGT GGC GTG TA

5 cry1AaIa44 cry1AaIa44-F GTT CAC TTC TCG AGA CGT CT 59 982
cry1AaIa44-R TAT GGA GTT GCT TCG CGT AT

6 cry2Aa9 cry2Aa9-F TCT TCT GGC GCC AAA TGG AT 60 977
cry2Aa9-R CAC AGG CAG CCA ATA TGC ATC 

7 cry2Ab4 cry2Ab4-F GCA CAG GCA GCC AAT TTA CA 57 957
cry2Ab4-R TGA GTT GCA TGT ATC GGC GA

8 cry8Aa1 cry8Aa1-F TGT GCA ACC TGC TAG AGT GG 60 986
cry8Aa1-R AAG AGG CGC TTG CAA AAC TG

9 cry70Aa1 cry70Aa1-F TCC CAC CAG TCC CAC CTA TT 59 992
cry70Aa1-R GGG CGA TGA TCT GTT AGG CT

10 cyt1Da2 cyt1Da2-F TGT TGA CGA TCT GAT AGG CGT 59 985
cyt1Da2-R GGC GGT AAG ATG AAG GGA GG

11 vip3Aa59 vip3Aa59-F ACG GAT ACA GGT GGT GAT CT 59 961
vip3Aa59-R ACC CAA CCA ATG CAT GTC CT

12 vpb4Aa1 vpb4Aa1-F ACC ATC TTG CAG CAC AAA GC 59 991
vpb4Aa1-R GCG TTG GGT TGG GTT TCT TC

13 zwa5A zwa5A-F GGG TAA TCG GCA ACA CAC CT 57 772
zwa5A-R CCT GAT GAT CCA CCG GCA AA

14 zwa5B zwa5B-F ACG TTT CGA TGA TCC GGC TA 57 879
zwa5B-R TGG CTA CAT CAA ATA TGG CCA 

15 zwa6 zwa6-F GTG GGG TAG AGT TTG CCA CA 57 759
zwa6-R CTG CTA CTT CTT CAC CCC GG
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Profiling and validation of insecticidal 
toxicity‑related genes (ITRGs)

BTtoxin_Digger was used to mine the insecticidal toxicity-
related genes present in B. thuringiensis strain NBAIR BtPl. 
A total of sixteen ITRGs were identified (Table 5) and out 
of these, 12 genes validated using PCR (Table 6; Fig. 6). 

PCR amplification of cry genes

All the identified cry genes in a strain of NBAIR BtPl belong 
to four families: cry1, cry2, cry70Aa1, and cry8Aa1. To 
dwell into the cry gene profiles of each strain and corre-
late them with mortality percentage, we tested the remain-
ing four indigenous strains for amplification of the four cry 
genes mentioned above. Then cry gene profile revealed 
that cry1 tested positive for all five strains but cry2 tested 
positive in only two strains (NBAIR Bt154 and NBAIR 
BtPl). Similarly, cry8Aa1 is present only in NBAIR Bt151 
and NBAIR BtPl. None of the isolates tested positive for 
cry70Aa1, except NBAIR BtPl. Further SDS PAGE analysis 
confirmed the presence of crystal proteins in all five indig-
enous B. thuringiensis strains (Supplemental Fig. 2).

Analysis of aminoacid sequence and evolutionary 
analysis of cry70Aa1

Amino acid sequence comparison between cry70 family 
members with cry70 member present in the NBAIR BtPl 

revealed that there is a variation of 328 aminoacids with 
maximum variation observed at 701–780  bp length of 
cry70Aa1 of NBAIR BtPl (Fig. 7). Further phylogenetic tree 
analysis revealed that higher branch length for cry70Aa1 
present in NBAIR BtPl. This depicts that greater genetic 
diversity exists in cry70Aa1 in comparison to other cry70 
members of study Supplemental Fig. 3).

Discussion

In the current study, we isolated and characterized five indig-
enous B. thuringiensis strains. Of the five strains, three were 
isolated from soil and one from naturally infected larvae 
of P. xylostella. All five indigenous strains and reference 
strain (4Q1) were tested for virulence against the third instar 
larvae of Z. cucurbitae. Bioassay results revealed that out of 
five strains tested for toxicity, only NBAIR BtPl displayed 
greater toxicity compared to 4Q1. Hence, NBAIR BtPl strain 
was considered for the whole genome sequencing to iden-
tify the insecticidal toxin related genes responsible for the 
toxicity against Z. cucurbitae. The genomic size of NBAIR 
BtPl is nearly 6.87 Mb with a GC content of 34.95%. Simi-
larly, Yilmaz et al. (2022) also found a genome size and GC 
content of 6.32 Mb and 34.68%, respectively in Bacillus 
thuringiensis strain SY49.1 toxic to mosquitoes.

As the toxicity of B. thuringiensis is mainly because of 
cry genes, we further delved into the cry gene profile of 
NBAIR BtPl and compared it with 4Q1. The reference strain 

Fig. 6  Gel picture showing the insecticidal gene profile of B. thur-
ingiensis strain NBAIR BtPl. Lane M Ladder (100  bp). Lane 1 
cry1Ab9, Lane 2 cry1Ab14, Lane 3 cry1Ea10, Lane 4 cry1Gc1, Lane 

5 cry1AaIa44, Lane 6 cry2Aa9, Lane 7 cry2Ab4, Lane 8 cry8Aa1, 
lane9 cry70Aa1, Lane10 cyt1Da2, Lane 11 vip3Aa59, Lane 12 
Vpb4Aa1, Lane 13 Zwa5A, Lane 14 Zwa5B, Lane 15 Zwa6 
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Fig. 7  Amino acid sequence 
similarity relationships of the 
Bacillus thuringiensis NBAIR 
BtPl cry70Aa1 with other 
cry70 family members. The * 
mark indicates the conserved 
aminoacid among cry70 family 
members the arrow indicates the 
variation in aminoacid observed 
in Bacillus thuringiensis 
NBAIR BtPl cry70Aa1 
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4Q1 harbors a combination of cry genes, including cry4Aa, 
cry4Ba, cry10Aa, cry11Aa, cyt1Aa, and cyt2Ba located on 
plasmid pBtoxis (Ben-Dov et al. 1999; Guerchicoff et al. 
1997). When we checked the presence of these cry genes 
in NBAIR BtPl using genes-specific primers, we found that 
NBAIR BtPl strain showed negative for these genes. Never-
theless, in NBAIR BtPl we also found cry70Aa1 along with 
other cry genes, the presence of cry70Aa1 may have had a 
significant impact on toxicity to Z. cucurbitae. These results 
were in consistent with the results of Fayad and co-workers. 
They have identified a novel cry gene, such as cry70B, which 
was identified in strain B. thuringiensis H3 and reported 
to have an anti-dipteran activity (Fayad et al. 2021). The 
same gene is absent in the 4Q1 and in all indigenous strains 
except for NBAIR BtPl, which contains cry70Aa1, showing 
78% similarity with cry70B. Taking this into consideration, 
this suggests that cry70Aa1 can be a potential cry toxin of 
NBAIR BtPl responsible for causing toxicity to Z. cucur-
bitae. Hence, further studies like cloning of cry70Aa1 fol-
lowed by bioassay can reveal the actual role of cry70Aa1 
in causing toxicity against Z. cucurbitae and other dipteran 
insects.

Even though cry2 is not specific to dipteran insect pests, 
it is effective against dipterans along with lepidopterans. For 
instance, the study conducted by Da Silva and co-workers, 
reported that cry2Ab toxin present in S701 and S764 B. thur-
ingiensis strains could be responsible for the toxicity against 
mosquitoes. However, the correlation between cry gene and 
mortality percentage reveals that cry2Ab causes mortality only 
in combination with other cry genes (Da Silva et al. 2004). 
This suggests that the presence of identical toxin cry2Ab4 in 
NBAIR BtPl could also be a potential toxin to cause mortal-
ity in Z. cucurbitae either alone or in combination cry70Aa1. 
Similarly, genes such as cry1Ia44, cry2Aa9 are effective in 
the management of lepidopteran insect pests (Alves et al. 
2023). Apart from cry genes, few other genes such as veg-
etative insecticidal proteins (Vip) help in supplementing the 
insecticidal activity of Cry proteins, especially in overcoming 
the resistance (Boukedi et al. 2020). NBAIR BtPl strain also 
harbors a Vip like genes such as vip3Aa59 this belongs to vip3 
family. Several studies conducted by Boukedi and co-work-
ers, vip3 is effective in the management lepidopteran insects 
(Boukedi et al. 2016, 2018). So, the presence of these genes 
in NBAIR BtPl has a great potential for the management of 
lepidopteran pests as well. Apart from insecticidal toxicity-
related genes, NBAIR BtPl strain also produces chitinases that 
have greater role in the management of plant pathogenic fungi 
(Gomaa 2012) and also degrades the laminated chitin in the 
intestinal peritrophic membrane of insect pests (Malovichko 
et al. 2019).

The cyt1Aa is the most widely studied group from the cyt1 
family, and it is a major component in the crystal proteins of 
4Q1 (Valtierra-de-luis et al. 2020). The toxic activity of cyt1Aa 

against the larvae of various dipteran species has been studied 
earlier (Wu et al. 1994; Chilcott and Ellar 1998). Although 
cyt1Aa is less toxic alone, it is proven to be the strongest syn-
ergist and known to interact synergically with some dipteran-
specific cry genes like cry4Ba and cry11A (González-Vil-
larreal et al. 2020). In contrast, NBAIR BtPl do not contain 
cyt1Aa but contains another cyt gene cyt1Da2, which belongs 
to the same cyt1 family. So, it can be interpreted that cyt1Da2 
might have acted synergistically with the dipteran-specific cry 
gene; cry70Aa1, which resulted to cause greater mortality in 
larvae of Z. cucurbitae.

NBAIR BtPl strain also contains the gene clusters encod-
ing secondary metabolites, which encode principal bioactive 
molecules. One among them is a gene showing 40% similarity 
with fengycin, which has biocontrol characteristics capable of 
preventing the spread of various kinds of fungal diseases in 
plants (Toure et al. 2004). Additionally, NBAIR BtPl also har-
bors clusters for bacillibactin, a siderophore that could function 
as a biocontrol agent against fungi in plants by chelating iron 
and decreasing its bioavailability (Dimopoulou et al. 2021). 
The clusters encoding the gene show 81% similarity with zwit-
termicin A, which is highly active against the numerous plant 
pathogenic fungi such as Fusarium, Alternaria, Ustilago, and 
Helminthosporium.

Conclusion

With unique insecticidal toxicity-related genes, NBAIR 
BtPl is a potentially potent B. thuringiensis strain that 
exhibits considerable toxicity against third instar larvae 
of Z. cucurbitae. This helps for the development of an 
environmentally friendly bioformulation in anticipation of 
its possible application in the field. Our work also sets the 
stage for future research on the discovery of novel B. thur-
ingiensis toxins that are specific to dipterans, as well as 
the mechanism of action and interactions between differ-
ent toxins. Future experiments like, cloning of individual 
genes, to study the synergistic effect of cry genes with 
other genes and to identify the efficiency of individual 
Cry proteins targeting the Z. cucurbitae and also other 
Dipteran insect pests are required to develop this strain as 
a new bioinsecticide.
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