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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 BtP1 displayed the highest mortality (LCs,=37.3 pg/mL) than reference strain B.
thuringiensis var. israelensis (4Q1) (LC5y=45.41 pg/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 BtP1 genome revealed four cry gene families: cryl, cry2, cry8Aal, and
cry70Aal. When tested for the presence of these four cry genes in other indigenous strains, results showed that cry70Aal
was absent. Thus, the study provided a basis for predicting cry70Aal 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 The insecticidal activity of B. thuringiensis is predominantly

due to the production of crystalline inclusions consisting of

Bacillus thuringiensis is a Gram-positive, ubiquitous aerobic
or facultative anaerobe spore-forming, rod-shaped bacteria
belonging to the Bacillus cereus group (Vilas-Boas 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 (Hofte and Whiteley 1989; Manjunatha et al. 2023).
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one or more proteins called 8- 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 pL 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 (1x), 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 Strainname  Shape of crystals Source  Location Latitude Longitude 16S rRNA gene cry gene profile
of isola- sequence accession
tion number
1 NBAIR Bt151 Bipyramidal Soil Kodagu, Karnataka  12.3375°N 75.8069°E PP670033 cryl
2 NBAIR Bt152 Bipyramidal Soil Jog Falls, Karnataka 14.2004°N 74.7922°E PP683246 cryl, cry8Aal
3 NBAIR Bt153 Bipyramidal Soil Mandya, Karnataka 12.5218°N 76.8951°E PP683248 cryl
4 NBAIR Bt154 Bipyramidal Soil Dandeli, Karnataka  15.9261°N 73.9995°E PP711169 cryl, cry 2
5 NBAIR BtPl  Bipyrami- Insect Chikmagalur, Kar-  13.3153°N 75.7754°E  0OQ601564 cryl, cry2,
dal + Spherical nataka cry8Aal,
cry70Aal
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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 100X 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 pL
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 (5'-AGAGTTTGATCCTGG
CTCAG-3") and 1492R (5'-TACGGYTACCTTGTTACG
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 uL of spore crystal
homogenate was mixed with 10 g of artificial diet in a small
plastic container (3 X3 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
(LCs) 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 BtPI

Bacillus thuringiensis strain NBAIR BtP1 was selected for
whole genome sequencing to identify the insecticidal toxin-
related genes responsible for causing mortality in larvae of
Z. cucurbitae. The NBAIR BtPl1 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 BtPI 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
3" and 5' overhangs. These overhangs were removed by
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subjecting fragments to end-repair using the 3’ and 5’ exo-
nuclease enzymes and then to adapter ligation using the
5" and 3’ 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.

SED 150kVv WD120mm  Std.-P.C.300 HighVac. x2,500
11ISC AFMM SEM JSMIT-300

Dec 18 2023

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

Genome assembly and functional annotation

The obtained raw data of the NBAIR BtP1 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 BtP1
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 (Gotz 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 BtPIl 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 BtP] 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://proksee.ca).

Table 2 Toxicity of indigenous

Bacillus thuringiensis strains S1. No Strain Name LCs; (pg/mL) 95% FL Slope +SE x2 P

against 3rd instar larvae of 1 NBAIR Bt151 104.77 58.24-375.72 1.805+0.52 1266 092

melon fruit fly, Zeugodacus 2 NBAIR Btl52  100.01 55.59-358.64 17874051 1268 099
3 NBAIR Bt153 106.70 58.76-349.87 1.392+0.51 735 095
4 NBAIR Bt154 71.48 38.22-149.9 1.788+0.52 1197 099
5 NBAIR BtPI 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

FL fiducial limits, SE standard error

P value for the x* value
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Identification and validation of insecticidal
toxicity-related genes (ITRGs)

BT Toxin_Digger was used for the identification of ITRGs

Table3 General genome feature of Bacillus thuringiensis strain
NBAIR BtP1

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 PRINA1098464

Biosample accession number SAMN40909047

SRA SRR28606278
Bacillus cereus BDRD-ST24

Boacillus cereus group (348) (1344

Bocillus cereus BDRD-Cerd (1344) \\ \
“
-

Bacillus cereus Rock 1-15 (1402) «__

Bocillus cereus AH676 (1432) <

Bacillus sp. PIC 28 (1510) <+
Bocillus cereus VD200 (1573) «—

Bacillus cereus VD196 (1662)

Bacillus thuringiensis F14-1

(1672)

Bacillus thuringiensis serovar
rongseni (1677)

»
Bocillus thfn‘ngiensis serovor /

P
iberico (1683) ¥ /

Bocillus thuringiensis serovor
bolivia (1707)

Bocillus thuringiensis serovor
Jjegothesan (1707)

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 L. of PCR
master mix (EmeraldAmp GT PCR master mix, TakaRa,
Japan) with 2 pL of 50 ng/uL template DNA and 1 pL 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

Bocillus thuringiensis serovor
kurstaki str. YBT-1520 (247)

Bacillus thuringiensis serovar
7 tobworthi (5200)

» Bacillus cereus VD045 (3167)

__ Bacillus cereus VD045 (3167)
* (2870)

Bacillus cereus VD045 (3167)
2757)

-

~# Bacillus cereus VD166
(1878)

Bacillus cereus aizwal

(1846)

\. * Bacillus cereus darmastadiensis
(1755)

Bocillus thuringiensis serovar
pahangi (1709)

Bacillus cereus Canadensis
(1749)

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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a Bacillus thuringiensis NBAIR BtPI

Bacillus thuringiensis HD1

b Bacillus thuringiensis NBAIR BtPl

Bacillus thuringiensis serovar tolworthi

C  Bacillus thuringiensis NBAIR BtPl

Bacillus thuringiensis israelensis

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

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

@ Springer
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FastANI Results
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(ANI)

Reference (Project Genome)
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Orthologous Matches

FastANI Results

Average Nucleotide Identity
(ANI)

Reference (Project Genome)

Query (Uploaded Genome)

Query Sequence Fragments

Ortholoaous Matches

96.9007

SAMN40909047 Bacillus thuringiensis strain NBAIR
BtPlfasta

Bacillus thuringiensis HD1.fasta
1,891
1613

99.8068

SAMNA40309047 Bacillus thuringiensis strain NBAIR
BtPl fasta

AP014864.1 Bacillus thuringiensis serovar tolworthi fasta
1,945
1,775

96.1282

Bt_Pl_Genome_Draft_Genome.fasta

NZ_JABXXMO010000008.1 Bacillus thuringiensis
israelensis.txt

618
517

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

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 BtPI 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 BtPI 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 BtPI (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
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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 BtPI falling under biological process;
b Pie chart describing the category of genes of NBAIR BtPI falling

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 BtPI] caused greater mortal-
ity compared to the other four indigenous B. thuringien-
sis strains and reference strain 4Q1. The average mortality

m Organic subsanc e metabolic

Nitrogen compund metabolic

B Establishment of localization

m Heterocyclic compound

m Small molecule binding
m Carbohydrate derivative

W Oxidoreductase activity

b Cellular components

m Membrane

M Intrinsic compon of
membraneent

¥ Intracellular
anatomical structure

Cell periphery

® Cytoplasm

Cellular C on

under cellular components; ¢ Pie chart describing the category of
genes of NBAIR BtP] falling under molecular functions; d WEGO
plot of assembled genes of NBAIR BtP1

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 LCsy, values for all the tested
B. thuringiensis strains in this study were between 37.30 and
106.70 pg/mL. The LCy, value recorded for the NBAIR BtP]
was 37.30 pg/mL, where as 45.41 pg/mL for reference strain
(4Q1). These results showed that the NBAIR BtPl was more
virulent than 4Q]1 strain (Table 2).

Genome analysis of NBAIR BtPI

Sequencing of NBAIR BtPIl 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
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Table 4 KEGG pathway classification summary for Bacillus thuring-
iensis strain NBAIR BtPI

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

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

Select genomi

lengths, respectively. The gene prediction by Prokka identi-
fied genome of NBAIR BtPI 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 BtPI gene was 761 bp. (Table 3). The top blast hit
species distribution of the genome of NBAIR BtP1 showed
that most of the genes found were homologous to Bacil-
lus thuringiensis serovar folworthi (Fig. 2). Moreover, the
average nucleotide identity (ANI) between B. thuringiensis
NBAIR BtPI with other B. thuringiensis strains revealed that
NBAIR BtP1 has 99.8% similarity with strain B. thuring-
iensis serovar tolworthi. Similarly, B. thuringiensis NBAIR
BtP1 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 BtPI 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 BtP1 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 NBAIRBtPI 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 BtP1 (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 BtP1
gene cluster encoding for molybdenum co-factor, lanthipep-
tide class ii, and Ripp (Fig. 5).

C region
(-~ CCEICHIEDEDEDED = = CD)

Region Type From
Region 42.1 terpene & 32412
LECIECRE |anthipeptide-class-ii &, RiPP-like & 4,072

Region 62.1 RiPP-like & 27,783
Region 69.1 betalactone & 1
Region 74.1 NRPS & 1
Region 77.1 NRP-metallophore 2 . NRPS & 355
Region 86.1 NI-siderophore & 31,838
Region88.1 NRPS@ TIPKS@ 1
Region 98.1 LAP @ 86,455

LECIRIVAEN NRPS-like & 1

54,265
25,939
33,705
15,981
55,862
52,103
41,549
88,706
109,962
33311

Most similar known cluster Similarity
molybdenum cofactor @  Other 17%
fengycin & NRP 40%
bacillibactin & NRP 85%
petrobactin & Other 100%
2wittermicin A & NRP+Polyketide 81%

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

(ITRGs) identified in Bacillus
thuringiensis strain NBAIR
BtP1

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

S1. No Genes Location of the gene Length Rank % Coverage % Identity

1 crylAb9 Scaffold_13 3,467 Rank 4 100.00 99.91

2 crylAbl4 Scaffold_108 434 Rank 4 12.55 100.00

3 crylEal0 Scaffold_70 2,549 Rank 4 71.48 100.00

4 crylGel Scaffold_99 423 Rank 4 12.08 100.00

5 cryllad44 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 cry8Aal Scaffold_23 2,039 Rank 2 57.22 63.44

9 cry70Aal Scaffold_20 2,975 Rank 1 74.81 27.83

10 cytlDa?2 Scaffold_82 1,676 Rank 1 57.87 28.57

11 cryllal2 Scaffold_45 891 Rank 4 41.31 100.00

12 vip3Aa59 Scaffold_80 2,384 Rank 4 100.00 100.00

13 vpb4Aal Scaffold_21 2,759 Rank 1 62.59 37.58

14 bmpl Scaffold_63 1,796 Rank 2 64.39 60.35

15 spplAal Scaffold_9 1,547 Rank 3 99.21 80.28

16 chitinaseC- Scaffold_121 2,102 Rank 4 100.00 99.27

SI.No  Gene Primer name Sequence Tm (°C) Amplicon

size (bp)

1 crylAb9 crylAb9-F GCGACTTAGTGATGAGCGGA 59 948
crylAb9-R ACTTCTGCTTCCCATTCCGG

2 crylAbl4 CcrylAb14-F TAGCCAGCTGGTAGTGGTGT 59 318
crylAb14-R GGGATATGGAGAAGGTTGCGT

3 crylEal0 crylEalO-F TTAGACTTGGTGGTGGCACC 58 956
crylEalO-R CGGTTCTCCACACTTTCCGA

4 crylGel crylGel-F GGGATATGGAGAAGGTTGCGT 59 303
crylGel-R CCAACTGGTAGTGGCGTGTA

5 crylAala44  crylAala44-F  GTTCACTTCTCGAGACGTCT 59 982
crylAala44-R~ TATGGAGTTGCTTCGCGTAT

6 cry2Aa9 cry2Aa9-F TCTTCTGGCGCCAAATGGAT 60 977
cry2Aa9-R CACAGGCAGCCAATATGCATC

7 cry2Ab4 cry2Ab4-F GCACAGGCAGCCAATTTACA 57 957
cry2Ab4-R TGAGTTGCATGTATCGGCGA

8 cry8Aal cry8Aal-F TGTGCAACCTGCTAGAGTGG 60 986
cry8Aal-R AAGAGGCGCTTGCAAAACTG

9 cry70Aal cry70Aal-F TCCCACCAGTCCCACCTATT 59 992
cry70Aal-R GGGCGATGATCTGTTAGGCT

10 cytlDa?2 cytlDa2-F TGTTGACGATCTGATAGGCGT 59 985
cytlDa2-R GGCGGTAAGATGAAGGGAGG

11 vip3Aa59 vip3Aa59-F ACGGATACAGGTGGTGATCT 59 961
vip3Aa59-R ACCCAACCAATGCATGTCCT

12 vpb4Aal vpb4Aal-F ACCATCTTGCAGCACAAAGC 59 991
vpb4Aal-R GCGTTGGGTTGGGTTTCTTC

13 wadA zwadA-F GGGTAATCGGCAACACACCT 57 772
zwad5A-R CCTGATGATCCACCGGCAAA

14 wa5B zwa5B-F ACGTTTCGATGATCCGGCTA 57 879
zwa5B-R TGGCTACATCAAATATGGCCA

15 wab zwa6-F GTGGGGTAGAGTTTGCCACA 57 759
wa6-R CTGCTACTTCTTCACCCCGG

@ Springer



13 Page 10 of 14

Current Genetics (2024) 70:13

1000 bp

500 bp

300 bp

Fig.6 Gel picture showing the insecticidal gene profile of B. thur-
ingiensis strain NBAIR BtPl. Lane M Ladder (100 bp). Lane 1
crylAb9, Lane 2 crylAbl4, Lane 3 crylEal0, Lane 4 crylGcel, Lane

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 BtP] belong
to four families: cryl, cry2, cry70Aal, and cry8Aal. 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 cryl tested positive for all five strains but cry2 tested
positive in only two strains (NBAIR Bt154 and NBAIR
BtP1). Similarly, cry8Aal is present only in NBAIR Bt151
and NBAIR BtPl. None of the isolates tested positive for
cry70Aal, 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 c¢ry70 member present in the NBAIR BtPI

@ Springer

5 crylAala44, Lane 6 cry2Aa9, Lane 7 cry2Ab4, Lane 8 cry8Aal,
lane9 cry70Aal, LanelO cytIDa2, Lane 11 vip3Aa59, Lane 12
Vpb4Aal, Lane 13 Zwa5A, Lane 14 Zwa5B, Lane 15 Zwa6

revealed that there is a variation of 328 aminoacids with
maximum variation observed at 701-780 bp length of
cry70Aal of NBAIR BtPI (Fig. 7). Further phylogenetic tree
analysis revealed that higher branch length for cry70Aal
present in NBAIR BtPI. This depicts that greater genetic
diversity exists in cry70Aal 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 BtPI displayed
greater toxicity compared to 4Q1. Hence, NBAIR BtPI 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
BtP1 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 BtPI and compared it with 4Q1. The reference strain
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Fig.7 Amino acid sequence
similarity relationships of the
Bacillus thuringiensis NBAIR
BtP1 cry70Aal 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 BtPI cry70Aal
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4Q1 harbors a combination of cry genes, including cry4Aa,
cry4Ba, cryl0OAa, cryl1Aa, cytlAa, 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 BtPI strain showed negative for these genes. Never-
theless, in NBAIR BtP] we also found cry70Aal along with
other cry genes, the presence of cry70Aal 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 cry70Aal, showing
78% similarity with cry70B. Taking this into consideration,
this suggests that cry70Aal can be a potential cry toxin of
NBAIR BtPI responsible for causing toxicity to Z. cucur-
bitae. Hence, further studies like cloning of cry70Aal fol-
lowed by bioassay can reveal the actual role of cry70Aal
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 BtPI could also be a potential toxin to cause mortal-
ity in Z. cucurbitae either alone or in combination cry70Aal.
Similarly, genes such as crylla44, 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 BtPI 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 BtPI has a great potential for the management of
lepidopteran pests as well. Apart from insecticidal toxicity-
related genes, NBAIR BtPI 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
etal. 2019).

The cytlAa is the most widely studied group from the cyt/
family, and it is a major component in the crystal proteins of
4Q1 (Valtierra-de-luis et al. 2020). The toxic activity of cyt/Aa
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against the larvae of various dipteran species has been studied
earlier (Wu et al. 1994; Chilcott and Ellar 1998). Although
cytlAa 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 cryl 1A (Gonzalez-Vil-
larreal et al. 2020). In contrast, NBAIR BtPI do not contain
cytlAa but contains another cyt gene cytl Da2, which belongs
to the same cyz/ family. So, it can be interpreted that cyt/Da2
might have acted synergistically with the dipteran-specific cry
gene; cry70Aal, which resulted to cause greater mortality in
larvae of Z. cucurbitae.

NBAIR BtPI 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 BtPI 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.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00294-024-01298-2.

Acknowledgements The authors would like to express their sin-
cere gratitude to The Director, ICAR-NBAIR, Bangalore, for the
invaluable support provided during the successful execution of this
research. The current research is funded through the ICAR- NBAIR
project “Molecular Studies on Virulence of Bacillus thuringiensis and
other entomogenous bacteria against Fall armyworm and White grubs
(CRSCNBAIRSIL202100300205).


https://doi.org/10.1007/s00294-024-01298-2

Current Genetics (2024) 70:13

Page130f14 13

Author contributions CM and AN conceptualized the research. AN
conducted the experiment and wrote the manuscript. JP has done the
statistical analysis of bioassay data. AK, and NS analyzed the whole
genome sequence data. RS and KMC performed bioinformatic analy-
sis. KA, ANS, and VKD monitored the experiments and edited the
manuscript. All the authors have read the manuscript and approved it
for submission.

Funding This work was supported by the Indian Council of Agricul-
tural Research (ICAR), New Delhi, ICAR- National Bureau of Agri-
cultural Insect Resources, Bengaluru, Karnataka through the project
“Molecular Studies on Virulence of Bacillus thuringiensis and other
entomogenous bacteria against Fall armyworm and White grubs”
(CRSCNBAIRSIL202100300205).

Data availability The data underlying this article is available in
the NCBI database at Bioproject ID PRINA1098464, SRA data
SRR28606278, Biosample Accession SAMN40909047 (https://www.
ncbi.nlm.nih.gov/sra/PRINA1098464).

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethical approval This is an observational study and no ethical approval
is required.

Human and animal rights statement All procedures performed in the
study are in accordance with the ethical standards of the institutional
and/or national research committee. We further declare that no animals
and humans were harmed during the study.

Informed consent Informed consent was obtained from all the indi-
vidual participants included in the study.

References

Ahmad S, Jamil M, Jaworski CC, Luo Y (2023) Comparative transcrip-
tomics of the irradiated melon fly (Zeugodacus cucurbitae) reveal
key developmental genes. Front Physiol 14:1112548. https://doi.
org/10.3389/fphys.2023.1112548

Alves GB, De Oliveira EE, Jumbo LOV, Dos Santos GR, Dos Santos
MM, Ootani MA, Aguiar RWDS (2023) Genomic—proteomic
analysis of a novel Bacillus thuringiensis strain: toxicity against
two lepidopteran pests, abundance of CrylAc5 toxin, and pres-
ence of INHAI virulence factor. Arch Microbiol 205:143. https://
doi.org/10.1007/s00203-023-03479-y

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov
AS, Pevzner PA (2012) SPAdes: a new genome assembly algo-
rithm and its applications to single-cell sequencing. J Comput Biol
19:455-477. https://doi.org/10.1089/cmb.2012.0021

Ben-Dov E, Nissan G, Pelleg N, Manasherob R, Boussiba S, Zaritsky
A (1999) Refined, circular restriction map of the Bacillus thur-
ingiensis subsp. israelensis plasmid carrying mosquito larvicidal
genes. Plasmid 42:186-191. https://doi.org/10.1006/plas.1999.
1415

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trim-
mer for [llumina sequence data. Bioinformatics 30:2114-2120.
https://doi.org/10.1093/bioinformatics/btul70

Boukedi H, Tounsi S, Abdelkefi-Mesrati L (2016) Abiotic fac-
tors affecting the larvicidal activity of the Bacillus thuring-
iensis Vip3Aal6 toxin against the lepidopteran pest Ephestia

kuehniella. J Plant Dis Protect 123:59-64. https://doi.org/10.1007/
$41348-016-0004-5

Boukedi H, Tounsi S, Abdelkefi-Mesrati L (2018) Insecticidal activity,
putative binding proteins and histopathological effects of Bacillus
thuringiensis Vip3 (459) toxin on the lepidopteran pest Ectomy-
elois ceratoniae. Acta Trop 182:60-63. https://doi.org/10.1016/j.
actatropica.2018.02.006

Boukedi H, Hman M, Khedher SB, Tounsi S, Abdelkefi-Mesrati L
(2020) Promising active bioinsecticides produced by Bacillus
thuringiensis strain BLB427. J Adv Res Rev 8:026-035. https://
doi.org/10.30574/wjarr.2020.8.1.0358

Buchfink B, Xie C, Huson DH (2015) Fast and sensitive protein align-
ment using DIAMOND. Nat Methods 12:59-60. https://doi.org/
10.1038/nmeth.3176

Cao ZL, Tan T, Jiang K, Mei SQ, Hou XY, Cai J (2018) Complete
genome sequence of Bacillus thuringiensis L-7601, a wild strain
with high production of melanin. J Biotech 275:40-43. https://doi.
org/10.1016/j.jbiotec.2018.03.020

Chilcott C, Ellar D (1988) Comparative toxicity of Bacillus thur-
ingiensis var. israelensis crystal proteins in vivo and in vitro. J
Gen Microbiol 134:2551-2558. https://doi.org/10.1099/00221
287-134-9-2551

Crickmore N, Berry C, Panneerselvam S, Mishra R, Connor TR, Bon-
ning BC (2021) A structure-based nomenclature for Bacillus thur-
ingiensis and other bacteria-derived pesticidal proteins. J Invertebr
Pathol 186:107438. https://doi.org/10.1016/j.jip.2020.107438

Da Silva SMB, Silva-Werneck JO, Falcdo R, Gomes AC, Fragoso RR,
Quezado MT, Monnerat RG (2004) Characterization of novel
Brazilian Bacillus thuringiensis strains active against Spodoptera
frugiperda and other insect pests. J Appl Entomol 128:102-107.
https://doi.org/10.1046/j.1439-0418.2003.00812.x

De Bon H, Huat J, Parrot L, Sinzogan A, Martin T, Malezieux E,
Vayssieres JF (2014) Pesticide risks from fruit and vegetable
pest management by small farmers in sub-Saharan Africa. A
review. Agron Sustain Dev 34:723-736. https://doi.org/10.1007/
$13593-014-0216-7

Dhillon MK, Singh R, Naresh JS, Sharma HC (2005) The melon fruit
fly, Bactrocera cucurbitae: A review of its biology and manage-
ment. J Insect Sci 5:40. https://doi.org/10.1093/jis/5.1.40

Dimopoulou A, Theologidis I, Benaki D, Koukounia M, Zervakou
A, Tzima A, Diallinas G, Skandalis N (2021) Direct antibiotic
activity of Bacillibactin broadens the biocontrol range of Bacillus
amyloliguefaciens MBI600. Msphere 6:10—-1128. https://doi.org/
10.1128/msphere.00376-21

Dos Santos HRM, Argolo CS, Argdlo-Filho RC, Loguercio LL (2019)
A 16S rDNA PCR-based theoretical to actual delta approach on
culturable mock communities revealed severe losses of diversity
information. BMC Microbiol 19:1-14. https://doi.org/10.1186/
s12866-019-1446-2

Fayad N, Kambris Z, El Chamy L, Mahillon J, Kallassy Awad M
(2021) A novel antidipteran Bacillus thuringiensis strain: unu-
sual Cry toxin genes in a highly dynamic plasmid environment.
Appl Environ Microbiol 87:1-20. https://doi.org/10.1128/AEM.
02294-20

Gomaa EZ (2012) Chitinase production by Bacillus thuringien-
sis and Bacillus licheniformis: their potential in antifungal
biocontrol. J Microbiol 50:103-111. https://doi.org/10.1007/
s12275-012-1343-y

Gonzalez-Villarreal SE, Garcia-Montelongo M, Ibarra JE (2020) Insec-
ticidal activity of a Cryl1Ca toxin of Bacillus thuringiensis Ber-
liner (Firmicutes: Bacillaceae) and its synergism with the Cytl Aa
toxin against Aedes aegypti (Diptera: Culicidae). J] Med Entomol
57:1852-1856. https://doi.org/10.1093/jme/tjaal 16

Gotz S, Garcia-Gomez JM, Terol J, Williams TD, Nagaraj SH, Nueda
M1, Conesa A (2008) High-throughput functional annotation and

@ Springer


https://www.ncbi.nlm.nih.gov/sra/PRJNA1098464
https://www.ncbi.nlm.nih.gov/sra/PRJNA1098464
https://doi.org/10.3389/fphys.2023.1112548
https://doi.org/10.3389/fphys.2023.1112548
https://doi.org/10.1007/s00203-023-03479-y
https://doi.org/10.1007/s00203-023-03479-y
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1006/plas.1999.1415
https://doi.org/10.1006/plas.1999.1415
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1007/s41348-016-0004-5
https://doi.org/10.1007/s41348-016-0004-5
https://doi.org/10.1016/j.actatropica.2018.02.006
https://doi.org/10.1016/j.actatropica.2018.02.006
https://doi.org/10.30574/wjarr.2020.8.1.0358
https://doi.org/10.30574/wjarr.2020.8.1.0358
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1016/j.jbiotec.2018.03.020
https://doi.org/10.1016/j.jbiotec.2018.03.020
https://doi.org/10.1099/00221287-134-9-2551
https://doi.org/10.1099/00221287-134-9-2551
https://doi.org/10.1016/j.jip.2020.107438
https://doi.org/10.1046/j.1439-0418.2003.00812.x
https://doi.org/10.1007/s13593-014-0216-7
https://doi.org/10.1007/s13593-014-0216-7
https://doi.org/10.1093/jis/5.1.40
https://doi.org/10.1128/msphere.00376-21
https://doi.org/10.1128/msphere.00376-21
https://doi.org/10.1186/s12866-019-1446-2
https://doi.org/10.1186/s12866-019-1446-2
https://doi.org/10.1128/AEM.02294-20
https://doi.org/10.1128/AEM.02294-20
https://doi.org/10.1007/s12275-012-1343-y
https://doi.org/10.1007/s12275-012-1343-y
https://doi.org/10.1093/jme/tjaa116

13 Page 14 of 14

Current Genetics (2024) 70:13

data mining with the Blast2GO suite. Nucleic Acids Res 36:3420—
3435. https://doi.org/10.1093/nar/gkn176

Guerchicoff A, Ugalde RA, Rubinstein CP (1997) Identification and
characterization of a previously undescribed cyt gene in Bacil-
lus thuringiensis subsp. israelensis. Appl Environ Microbiol
62:2716-2721. https://doi.org/10.1128/aem.63.7.2716-2721.1997

Hofte H, Whiteley H (1989) Insecticidal crystal proteins of Bacillus
thuringiensis. Microbiol Rev 53:242-255. https://doi.org/10.1128/
mr.53.2.242-255.1989

Kremer FS, McBride AJA, Pinto LDS (2017) Approaches for in silico
finishing of microbial genome sequences. Genet Mol Biol 40:553—
576. https://doi.org/10.1590/1678-4685-GMB-2016-0230

Kumar J, Ramlal A, Mallick D, Mishra V (2021) An overview of some
biopesticides and their importance in plant protection for com-
mercial acceptance. Plants 10:1185. https://doi.org/10.3390/plant
s10061185

Letowski J, Bravo A, Brousseau R, Masson L (2005) Assessment of
cryl gene contents of Bacillus thuringiensis strains by use of
DNA microarrays. Appl Environ Microbiol 71:5391-5398. https://
doi.org/10.1128/aem.71.9.5391-5398.2005

Liu X, Lin X, Li J, Li F, Cao F, Yan R (2020) A novel solid artifi-
cial diet for Zeugodacus cucurbitae (Diptera: Tephritidae) larvae
with fitness parameters assessed by two-sex life table. J Insect Sci
20:1-21. https://doi.org/10.1093/jisesa/ieaa058

Liu H, Zheng J, Bo D, Yu Y, Ye W, Peng D, Sun M (2022) BtToxin_
Digger: a comprehensive and high-throughput pipeline for mining
toxin protein genes from Bacillus thuringiensis. Bioinformatics
38:250-251. https://doi.org/10.1093/bioinformatics/btab506

Loutfi H, Fayad N, Pellen F, Le Jeune B, Chakroun M, Benfarhat D,
Lteif R, Kallassy M, Le Brun G, Abboud M (2020) Morphologi-
cal study of Bacillus thuringiensis crystals and spores. Appl Sci
11:155. https://doi.org/10.3390/app11010155

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein meas-
urement with the Folin phenol reagent. J Biol Chem 193:265-275

Malovichko YV, Nizhnikov AA, Antonets KS (2019) Repertoire of the
Bacillus thuringiensis virulence factors unrelated to major classes
of protein toxins and its role in specificity of host-pathogen inter-
actions. Toxins 11:347. https://doi.org/10.3390/toxins11060347

Manjunatha C, Velavan V, Rangeshwaran R, Mohan M, Kandan A,
Sivakumar G, Sushil SN (2023) Assessment of bio-formulations
of indigenous strains of Bacillus thuringiensis, Metarhizium rob-
ertsii and Metarhizium majus for management of the rhinoceros
beetle, Oryctes rhinoceros L., in field. Egypt J Biol 33:1-15.
https://doi.org/10.1186/s41938-023-00715-x

Moriya Y, Itoh M, Okuda S, Yoshizawa AC, Kanehisa M (2007)
KAAS: an automatic genome annotation and pathway recon-
struction server. Nucleic Acids Res 35:182-185. https://doi.org/
10.1093/nar/gkm321

Onsongo SK, Mohamed SA, Akutse KS, Gichimu BM, Dubois T
(2022) The entomopathogenic fungi Metarhizium anisopliae
and Beauveria bassiana for Management of the Melon Fly

@ Springer

Zeugodacus cucurbitae: pathogenicity, horizontal transmission,
and compatability with cuelure. InSects 13:859. https://doi.org/
10.3390/insects13100859

Rampersad J, Ammons D (2005) A Bacillus thuringiensis isolation
method utilizing a novel stain, low selection, and high throughput
produced atypical results. BMC Microbiol 5:1-11. https://doi.org/
10.1186/1471-2180-5-52

Seemann T (2014) Prokka: rapid prokaryotic genome annotation. Bio-
informatics 14:2068-2069. https://doi.org/10.1093/bioinforma
tics/btul53

Touré Y, Ongena MARC, Jacques P, Guiro A, Thonart P (2004) Role
of lipopeptides produced by Bacillus subtilis GA1 in the reduc-
tion of grey mould disease caused by Botrytis cinerea on apple.
J Appl Microbiol 96:1151-1160. https://doi.org/10.1111/j.1365-
2672.2004.02252.x

Travers RS, Martin PA, Reichelderfer CF (1987) Selective process for
efficient isolation of soil Bacillus spp. Appl Environ Microbiol
53:1263-1266

Valtierra-de-Luis D, Villanueva M, Berry C, Caballero P (2020) Poten-
tial for Bacillus thuringiensis and other bacterial toxins as bio-
logical control agents to combat dipteran pests of medical and
agronomic importance. Toxins 12:773. https://doi.org/10.3390/
toxins12120773

Vilas-Boas GT, Peruca APS, Arantes OMN (2007) Biology and tax-
onomy of Bacillus cereus, Bacillus anthracis, and Bacillus thur-
ingiensis. Can J Microbiol 53:673-687. https://doi.org/10.1139/
W07-02

Weber T, Blin K, Duddela S, Krug D, Kim HU, Bruccoleri R, Medema
MH (2015) antiSMASH 3.0—a comprehensive resource for the
genome mining of biosynthetic gene clusters. Nucleic Acids Res
43:237-243. https://doi.org/10.1093/nar/gkv437

Wu D, Johnson JJ, Federici BA (1994) Synergism of mosquitocidal
toxicity between CytA and CrylVD proteins using inclusions pro-
duced from cloned genes of Bacillus thuringiensis. Mol Microbiol
13:965-972. https://doi.org/10.1111/j.1365-2958.1994.tb00488.x

Yilmaz S, Idris AB, Ayvaz A, Temizgiil R, Hassan MA (2022) Whole-
genome sequencing of Bacillus thuringiensis strain SY49.1
reveals the detection of novel candidate pesticidal and bioactive
compounds isolated from Turkey. bioRxiv 3:1-15. https://doi.org/
10.1101/2022.03.07.482483

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1093/nar/gkn176
https://doi.org/10.1128/aem.63.7.2716-2721.1997
https://doi.org/10.1128/mr.53.2.242-255.1989
https://doi.org/10.1128/mr.53.2.242-255.1989
https://doi.org/10.1590/1678-4685-GMB-2016-0230
https://doi.org/10.3390/plants10061185
https://doi.org/10.3390/plants10061185
https://doi.org/10.1128/aem.71.9.5391-5398.2005
https://doi.org/10.1128/aem.71.9.5391-5398.2005
https://doi.org/10.1093/jisesa/ieaa058
https://doi.org/10.1093/bioinformatics/btab506
https://doi.org/10.3390/app11010155
https://doi.org/10.3390/toxins11060347
https://doi.org/10.1186/s41938-023-00715-x
https://doi.org/10.1093/nar/gkm321
https://doi.org/10.1093/nar/gkm321
https://doi.org/10.3390/insects13100859
https://doi.org/10.3390/insects13100859
https://doi.org/10.1186/1471-2180-5-52
https://doi.org/10.1186/1471-2180-5-52
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1111/j.1365-2672.2004.02252.x
https://doi.org/10.1111/j.1365-2672.2004.02252.x
https://doi.org/10.3390/toxins12120773
https://doi.org/10.3390/toxins12120773
https://doi.org/10.1139/W07-02
https://doi.org/10.1139/W07-02
https://doi.org/10.1093/nar/gkv437
https://doi.org/10.1111/j.1365-2958.1994.tb00488.x
https://doi.org/10.1101/2022.03.07.482483
https://doi.org/10.1101/2022.03.07.482483

	Insights into the whole genome sequence of Bacillus thuringiensis NBAIR BtPl, a strain toxic to the melon fruit fly, Zeugodacus cucurbitae
	Abstract
	Introduction
	Materials and methods
	Sample collection
	Isolation of B. thuringiensis from soil and insect cadaver
	Microscopic examination of crystal proteins
	Amplification and sequencing of 16Sr RNA gene
	Insect rearing
	Biotoxicity assay of B. thuringiensisstrains against melon fruit fly
	Whole genome sequencing of Bacillus thuringiensis strain NBAIR BtPl
	DNA extraction, library preparation, and sequencing
	Genome assembly and functional annotation
	Identification and validation of insecticidal toxicity-related genes (ITRGs)
	PCR amplification of cry genes
	Analysis of aminoacid sequence and evolutionary analysis of cry70Aa1

	Results
	Isolation and identification of B. thuringiensis isolates
	Biotoxicity assay of B. thuringiensis strains against melon fruit fly
	Genome analysis of NBAIR BtPl
	Profiling and validation of insecticidal toxicity-related genes (ITRGs)
	PCR amplification of cry genes
	Analysis of aminoacid sequence and evolutionary analysis of cry70Aa1

	Discussion
	Conclusion
	Acknowledgements 
	References


