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Abstract

confirmed through whole-genome sequencing analysis.

Background: Bacillus thuringiensis (Bt) Berliner is an omnipresent soil bacterium used as world’s leading biopesticide
to combat agriculturally important insect pests. This study was aimed at protein and gene profiling of an indigenous
Btisolate RM11, which was toxic to the larvae of diamondback moth, Plutella xylostella (L) in laboratory bioassays.

Results: Indigenous Bt isolate RM11 was characterized along with the standard checks B. thuringiensis subsp. kurstaki
(Btk) HD1 and 78/11, based on colony characters, protein profile and PCR screening. All three Bt colonies were fried
egg type, white in color with flat elevation and undulated margin. PCR screening revealed the presence of crylAc and
vip3A genes, which encode lepidopteran toxic proteins in RM11. SDS-PAGE results showed the presence of a promi-
nent protein band of cryAc, vip3A with molecular weights 135 kDa, 88 kDa and other bands at 70, 50, 32 and 10 kDa.
In leaf disk bioassay with spore crystal mixture, RM11 exhibited toxicity with LCs, of 4.51 pg/ml as against 0.07 pg/ml
in positive standard HD1, based on mortality at 72 h after treatment. At LCy, of 451 pug/ml, solubilized and insolubi-
lized protein of RM11 was found to produce 56 and 70% mortality.

Conclusions: The present study revealed that RM11 could be a viable alternative for consideration in developing a
native Bt formulation and for inclusion in the integrated management of R, xylostella with other native isolates produc-
ing different toxins. Furthermore, these findings imply that RM11 could be a source of new cry toxin, which can be
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Background

Bacillus thuringiensis (Berliner) (Bacillales: Bacillaceae),
commonly known as B¢, is an entomopathogenic, gram-
positive, rod-shaped bacterium that produces insec-
ticidal crystal (Cry) proteins known as &-endotoxins
during the sporulation phase (Jalapathi et al. 2020). This
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entomopathogenic bacterium is the most extensively
used biopesticide against insect pests, mites, nematodes
and protozoa (Gupta et al. 2021). Upon ingestion of crys-
talline proteins (toxins) by susceptible insects, they cause
starvation, pore formation in midgut and septicemia,
with consequent death (Schnepf et al. 1998). Several Bt
isolates have been identified by specific toxicity toward
specific insect orders based on the type of endotoxins
they produce. More than 400 Bt-based biopesticide for-
mulations are being used in pest management in the form
of foliar sprays apart from the development and use of
transgenic plants (Babin et al. 2020). Due to its important
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role in agriculture and medicine, researchers are inter-
ested in finding novel Bt isolates with broad-spectrum
insecticidal activity and in identifying novel functional
genes of B. thuringiensis (Sajid et al. 2018). On the other
hand, long-term usage of Bt toxins leads to a decrease
in pest population susceptibility. Bt is extensively used
against lepidopteran pests of vegetables and forestry
(Navon 2000). Historically, Bt has been highly effective
against the diamondback moth, Plutella xylostella (Lin-
naeus) (Lepidoptera: Plutellidae), a worldwide problem in
crucifers. It is the most notorious pest of Cole crops, with
an estimated annual cost of US$~4.5 billion (Zalucki
et al. 2012). The widespread use of Btk against P xylos-
tella has resulted in the emergence of field resistance. Bt
Cry toxin-based transgenic Cole crops have been devel-
oped to control P xylostella (Bhattacharya et al. 2002).
The present work aimed to find novel Bt isolates with cry
and vip genes that code for proteins with increased tox-
icity, which might be exploited to develop new products
and manage resistance in various agriculturally impor-
tant insect pests.

Methods

Insect rearing

Plutella xylostella populations used in the bioassays were
initially obtained from the National Bureau of Agricul-
tural Insect Resources, Bangalore, India, and were reared
on cauliflower leaves (CFL-1522, Syngenta) grown in
greenhouse conditions without the use of insecticides.
The larvae were reared at 25+ 1 °C, 754+5% RH, and 16:8
(L/D) h photoperiod in a (30 x 30 x 30 cm) larval rearing
cage in the laboratory.

Btisolates

Native Bt isolate, RM11, standard strain Bacillus thur-
ingiensis subsp. kurstaki (Btk) HD1 and acrystalliferous
Bt strain 78/11 were obtained from the Department of
Plant Biotechnology, Centre for Plant Molecular Biology
and Biotechnology, TNAU, Coimbatore, India, and main-
tained on T3 media for the preparation of spore crystal
mixtures and DNA extraction. RM11 was selected from
60 Bt isolates, through preliminary screening bioassay
with 5 pg/ml of spore crystal mixture suspension (Navya
etal. 2021).

Morphological characterization of Bt isolates

The colony color, surface and margin of all bacterial colo-
nies were observed from the T3 culture plate grown at
30 °C for 24 h. To study the morphology of the paraspo-
ral crystalline inclusions, culture smears were made on a
glass slide, heat-fixed and stained with Coomassie bril-
liant blue stain (0.133% Coomassie Brilliant Blue G250
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in 50% acetic acid) for about 1 min. Finally, smears were
gently rinsed under running water, blot-dried and viewed
under a phase-contrast microscope (iScope, Euromex).

Culture conditions and protein isolation for toxicity
analysis

The spore crystal mixtures from RM11, HD1 and 78/11
were isolated, following standard protocols (Ramalak-
shmi and Udayasuriyan 2010). In brief, from each Bt iso-
late, a single colony was picked and inoculated into tubes
with 5 ml of T3 broth and incubated overnight at 30 °C
and 200 rpm in a shaking incubator (Orbitek). From
overnight grown cultures, 250 pl (1.0% inoculum) was
added to 25 ml of T3 broth in a 250-ml conical flask and
grown in a shaking incubator kept at 30 °C, 200 rpm for
48-60 h. After 48 h, using a phase-contrast microscope
bacterial cell growth and lysis was examined. When more
than 90% of the cells were found lysed, the culture was
centrifuged at 4 °C for 10 min at 10,000 rpm, and the
pellet was resuspended in 25 ml of ice-cold Tris—EDTA
buffer [Tris 10 mM, EDTA 1 mM, pH 8.0 with 1 mM
phenylmethylsulfonyl fluoride (PMSF)] and washed once
with 25 ml of ice-cold 0.5 M, NaCl, and centrifuged for
10 min, followed by two washes with 25 ml Tris—EDTA
buffer with 0.5 mM PMSF at the same speed and time
(Navya et al. 2021). Finally, 500 pl of sterile distilled water
and 10 pl of 1 mM PMSF were added to the resulting pel-
let, and aliquots of 50 ul were made and stored at —20 °C
for further use.

Spore crystal purification

The crude containing spore crystal mixtures was cen-
trifuged at 10,000 rpm for 10 min at 4 °C. To the 25 mg
crude pellet, 300 pl of NaOH buffer (50 mM NaOH, com-
plete mini protease inhibitor (Merck),100 mM PMSF in
the ratio 91:8:1) pH 10 was added and incubated at 37 °C
for 1,,, h at 175 rpm and centrifuged at 10,000 rpm for
10 min at 4 °C. The supernatant was collected and stored
at —20 °C for use in SDS-PAGE. SDS-PAGE was used to
monitor the solubilization of crystals.

Protein profiling

Protein profiling was carried out with spore crystal lysate
prepared from RM11, HD1 and the acrystalliferous strain
78/11 using sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) (Laemmli 1970), with 10%
separating gel and 4% stacking gel. The spore crystal
lysate was mixed at 4:1 with loading buffer (4x) (0.25 M
Tris HCI (pH 6.8), 8% SDS, 40% glycerol and 0.5% bromo-
phenol blue). Samples were boiled for 2 min before being
loaded into wells. The molecular mass of the proteins was
assessed using a three-color protein ladder (Puregene,
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Genetix Biotech Asia Pvt. Ltd.) that comprised a molecu-
lar weight range of 10-315 kDa.

PCR screening and sequencing of cry and vip genes

Total genomic DNA was extracted from broth culture
grown from a single bacterial colony and utilized as a
template for amplifying the cryl, crylAc, cry2, and vip3A
genes (Sambrook and Russell 2001). NanoDrop spectro-
photometer (Genova Nano, Jenway) was used to quantify
the isolated DNA, and agarose gel electrophoresis (1%)
was employed to assess its integrity. Each PCR mixture
contained 20-50 ng template DNA, 1 pl of each primer
and 10 pl of 2 x PCR Master Mix (Smart prime) includ-
ing dNTPs, Taq polymerase and PCR buffer, with the
final volume made to 20 pl using sterile double distilled
water (Table 1). PCR amplification was performed in
a thermal cycler (ProFlex PCR system) using tempera-
ture cycles as given in Table 1, and 1 kb DNA ladder was
used to check the PCR amplicon in a 1% agarose gel. The
amplified products were visualized under a UV transil-
luminator (Bio-Rad). PCR-amplified products were sent
for sequencing (Biokart India Pvt. Ltd.) with the corre-
sponding primers. The forward and reverse sequences
were edited using BioEdit program (Hall 1999), and
BLAST was performed using BLASTn. The final aligned
sequences were submitted to GenBank for accession
numbers.
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Bioassays with P. xylostella

The pathogenic activity of RM11 toward P. xylostella was
determined by leaf disk bioassay against 3-day-old larvae.
Cauliflower leaves of 2.5 cm diameter were thoroughly
washed with sterile distilled water containing 0.1% Tri-
ton X-100 and air-dried. Before conducting the bioassay,
the protein concentration in the isolate was determined
(Bradford 1976). For each Bt isolate, 20 pl of spore crystal
mixture (concentrations ranging from 5 to 0.125 pg ml™?)
was applied gently on cauliflower leaf disks, smeared with
a glass rod and allowed to dry. To avoid desiccation, all
the leaf disks were placed on the wet surface of What-
man filter paper disks in plastic cups (30 mm diameter).
The standard strains HD1 and 78/11 were used as posi-
tive and negative control, respectively. The assays were
performed in 3 replicates with 30 larvae for each concen-
tration. Larval mortality was observed at 24-h intervals
for 3 days, and cumulative mortality at 72 h was taken to
work out median lethal concentrations (LCs). To check
any difference in toxicity between insolubilized and solu-
bilized spore crystal mixtures of RM11, leaf disk bioas-
say was conducted with 100 larvae (10 larvae each for 10
replications), and mortality was recorded at 24-h inter-
vals and cumulative mortality at 72 h.

Statistical analysis

Statistical analysis for calculating each treatment LCg,
and LCy; and standard error values were performed
using the EPA probit analysis program (Version 1.5) in

Table 1 Oligonucleotide primers and PCR conditions used for screening of cry and vip3 genes

S.No. Primer Sequence5’ — 3’

Amplicon size (bp)  Temperature profile  References

FP: 5/-CATGATTCATGCGGCAGATAAAC-3’
RP: 5/-TTGTGACACTTCTGCTTCCCATT-3/

1 cryl

2 crylAc FP: 5'-GTATGCTTCTGTAACCCCGATTCACCTC-3!

RP: 5/-CCTGCAGTCCCACTAAAATTTCTAACACCTACTA-3’

FP: 5-GTTATTCTTAATGCAGATGAATGGG-3/
RP: 5'-CGGATAAAATAATCTGGGAAATAGT-3/

3 cry2

4 Vip3A FP: 5'-CCTCTATGTTGAGTGATGTA-3/

RP: 5/-CTATACTCCGCTTCACTTGA-3’

94 °C for 2 min
94 °Cfor40s
62°Cfor40s
72 °Cfor 1 min
72 °Cfor 7 min
30 cycles

195 94 °C for 2 min
94 °Cfor40s
53.6°Cfor45s
72°Cfor45s
72 °Cfor 10 min
30 cycles

94 °C for 2 min
94°Cfor40s
60 °Cfor40s
72°Cfor40s
72 °Cfor 10 min
30 cycles

94 °C for 5 min
94 °C for 1 min
55°Cfor 1 min
72°Cfor40s
72 °Cfor 10 min
35 cycles

274-277

Ben-Dov et al. (1997)

Alberola et al. (1999)

689-701

Ben-Dov et al. (1997)

1000 Jainetal. (2017)
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DOSBox background. Bioassay with solubilized spore
crystal mixtures was laid out in a completely randomized
design (CRD) and statistically analyzed by one-way
analysis of variance (ANOVA) using AGRES statistical
software version 7.01. Significant differences between
means were determined by Duncan’s multiple range test
(p=0.05).

Results

Morphological characterization of Bt isolates

Bt isolate, RM11 and standards HD1 and 78/11 were
characterized based on colony’s color, surface, shape,
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elevation and margin. The isolate RM11 and standards
HD1 and 78/11 were off-white in color (Fig. 1). The col-
ony surface was determined to be fried egg type in all 3
cultures, with a flat elevation and undulate edge. Phase-
contrast microscopic observations disclosed the presence
of bipyramidal-, spherical- and cuboidal-shaped crystals
in HD1, whereas bipyramidal-, spherical- and cuboidal-
shaped crystals in RM11.

Protein profiling and alkali solubilization
SDS-PAGE analysis of spore crystal mixtures from RM11
and HD1 showed the presence of a wide range of banding

HD1 culture on T3 agar plate

Fig. 1 Bacillus thuringiensis cultures on T3 agar plates

78/11 culture on T3 agar plate
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Fig. 2 Cry protein profile of Bacillus thuringiensis isolates. Lane M—protein marker. a Without solubilization, b solubilization with NaOH buffer

~ 1000 bp (vip341)

ladder, Lane P—HD1, Lane T—RM11, Lane N—78/11

~ 700 bp (cry2)
~ 277 bp (crvl)

Fig. 3 a PCR amplification of cryl cryz and vip3A genes, b PCR amplification of cry7Ac gene. Lane L—1 Kb DNA ladder, Lane L1—100 bp DNA

l B

patterns with molecular weights at 230 kDa, 88 kDa,
70 kDa, 50 kDa, 40 kDa and 26 kDa (Fig. 2a). In RM11,
after exposure to alkaline conditions (pH10) with NaOH
buffer, the crystalline protein of 230 kDa size was solu-
bilized to 130 kDa as shown in SDS-PAGE. However, in
HD1, 130 kDa protein remained intact even after solubi-
lization (Fig. 2b).

PCR screening and sequencing analysis

PCR for three lepidopteran-specific genes (cryl, cry2
and vip3A) confirmed the presence of only c¢ryl and
vip3A genes in RM11, but not cry2 genes (Fig. 3a).
Existence of all three genes, viz. both cryl, cry2 and
vip3A genes, was confirmed in HD1 alone. PCR analy-
sis with gene specific primer confirmed the presence
of crylAc (Fig. 3b). PCR products were sequenced
to check the presence of cryl and vip3A genes, and
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Fig. 4 Sequence results of partial cryT and vip3A genes amplified from Bacillus thuringiensis isolate RM11
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Fig. 5 Alignment of nucleotide sequence of partial cry! gene amplified from genomic DNA of Bacillus thuringiensis isolate RM11 (GenBank Acc. No.

sequences were analyzed with BLASTn, and sequences
of partial genes were deposited in the NCBI genetic

HD1 at positions 3758 to 4036 bp (Fig. 5) and 415 to
1194 bp (Fig. 6), respectively.

sequence database under GenBank accession numbers

OM305004.1 (cryl) and OM315207.1 (vip3A) (Fig. 4),
respectively. Partial ¢ryl and vip3A sequences ampli-
fied from RMI11 using screening primers (Table 1)
were found to align with crylAc of HD73 and vip3A of

Insecticidal activity against P. xylostella larvae

RM11 exhibited LCy, of 4.51 pg/ml with fiducial limits
ranging from 2.261 to 15.708 pg/ml, whereas the refer-
ence strain HD1 showed LCy, of 0.07 pg/ml with fiducial
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Fig. 6 Alignment of nucleotide sequence of partial vip3A gene amplified from genomic DNA of Bacillus thuringiensis isolate RM11 (GenBank Acc.
No. OM315207.1)
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Table 2 Toxicity of Bacillus thuringiensis isolate RM11 to diamondback moth, Plutella xylostella larvae, in comparison with positive

control HD1

Isolate Regression equation X2 LCs, (ug/ml)  Confidence limits (95%) LCys (ng/ml)  Confidence limits (95%)
Lower limit  Upper limit Lower limit  Upper limit

RM11 Y=4.4206+ 0.8843x 336 451 2261 15.708 757.9 3526 16,294.1

Positive control HD1  Y=6.5494 +1.3729x 407 007 0.052 0.102 1.17 0.69 2.60

In negative control (78/11), there was no mortality even up to 1000 ug/ml and hence not included for comparison

8.00
7.00
6.00
5.00
4.00

3.00

Probit mortality

2.00
1.00

0.00

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Log concentration pg/ml

Fig. 7 Probit analysis of Bacillus thuringiensis isolates HD1 and RM11

for toxicity against Plutella xylostella larvae

Table 3 Difference in toxicity of insolubilized and solubilized
protein (RM11) to diamondback moth, Plutella xylostella larvae

S. No. Protein Mortality (%) at
LC;o 0f 4.51 pug/
ml

1 RM11 Insolubilized protein 56 (48.5)°

2 RM11 Solubilized protein 70 (56.7)°

Figures in parentheses are arcsine-transformed values of percentages

Values followed by same letters in a column are not significantly different (0.05)
by DMRT

limits ranging from 0.052 to 0.102 pg/ml. LCy, values
were considered significantly dissimilar when fiducial
limits did not overlap. The mortality data were found to
be significant and confirmed by the chi-square goodness-
of-fit test (Table 2, Fig. 7). Solubilized and insolubilized
protein of RM11 was found to produce 56 and 70% mor-
tality at LCy,, of 4.51 pug/ml (Table 3).

Discussion

Bt have been reported to have white to off-white col-
ony with uneven colony margin and flat to raised col-
ony elevation (Padole et al. 2017). Bipyramidal crystals,
cuboidal crystals and spherical crystals were found in
the present study, as previously described by Ramper-
sad and Ammons (2005). Similarly, Ramalakshmi and

Udayasuriyan (2010) observed the occurrence of cuboi-
dal and bipyramidal crystals among the Bt isolates tested.
This wide range of protein banding patterns in these
isolates suggested the variable biological activity and
specificity for different insect pests. Ramalakshmi and
Udayasuriyan (2010) reported protein bands of 135, 95,
65, 43 and 30 kDa. Arrieta and Espinoza (2006), Liu et al.
(2009) and others have previously documented diverse
electrophoretic patterns of Cry proteins with molecular
weights ranging from 20 to 160 kDa. In the present study,
protein band at 130 kDa was observed in SDS-PAGE after
solubilization of crystalline protein (230 kDa), as previ-
ously reported in Bt strain HD73 by Rivers et al. (1988).
In the present study, solubilized spore crystal mixture
was found to be more toxic (70% mortality), when com-
pared to insolubilized protein (56% mortality). Toxicity
was found to be significantly affected by crystalline solu-
bilization (Aronson et al. 1991).

Occurrence of cryl and cry2 genes together was fre-
quently found (Hernandez-Rodriguez and Ferre 2009).
Bt isolates with intergroup crystalline protein-produc-
ing genes are excellent prospects for developing broad-
spectrum biopesticides (Hernandez-Rodriguez et al.
2009). The isolate RM11 and the positive control (HD1)
were found to have the combination of genes cryl and
vip3A. These findings are similar to those of Maheesha
et al. (2021). Based on sequence results of RM11, cryl
and vip3A sequences were found to be very similar to
the already reported standard strains HD73 and HDI,
respectively. Similar results were obtained in a previous
study (Sahin et al. 2018). Higuchi et al. (2000) concluded
that HD1 was highly effective against P xylostella, with
an LC;, of 0.212 g/ml as against the toxic test isolate with
6.52 g/ml, similar to isolate RM11 which was 64 times
less toxic than HDI1. The insecticidal activity of spore
crystals can be used to find native Bt isolates with insecti-
cidal properties (Sahin et al. 2018). Kahrizeh et al. (2017)
reported that Bt isolates are highly toxic to P xylostella
larvae exhibiting 78.3 to 100% mortality. In a study con-
ducted in Northeastern Brazil, 13 Bt isolates out of a total
of 104 revealed a mortality rate of 30—100% against P
xylostella neonates (Silva et al. 2012). In a previous study,
out of 60 isolates tested, 27 isolates produced 50 to 100%
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mortality in P xylostella (Navya et al. 2021). According
to Apaydin et al. (2008), 80% of Bt isolates showed vary-
ing degree of toxicity against Ephestia kuehniella, with
only one strain showing 84% mortality. According to
Figueiredo et al. (2019), Vip3 4 Cryl exhibited the high-
est toxicity than Vip3+ Cry2 protein combinations and
thus increased the toxicity against Spodoptera frugiperda.
Individual Cry proteins have lower larvicidal activity as
compared to the toxicity of Cry proteins when adminis-
tered in combination (El-Kersh et al. 2016).

Conclusions

The higher level of toxicity of HD1 to P. xylostella, over
RM11, could be due to the presence of cry2 genes in
addition to cryl and vip3 which contributed great toxic-
ity to this pest. The whole-genome sequencing of RM11
and identification and cloning of novel cry genes will
be helpful in developing a biopesticide formulation for
application in integrated pest management or in devel-
opment of newer transgenic crops. Despite the fact that
several Bt toxins have been isolated and proved to be
useful in pest management, none of them were able to
replace the CrylAc-based formulations from Btk strains
including HD1 and HD12. Research on the discovery
of Bt isolates with novel cry genes is continued in dif-
ferent laboratories throughout the world, anticipating
discovery of potential isolates which could be superior
to CrylAc in toxicity with wide spectrum of activity, so
that it could be useful in overcoming insect resistance
to already reported Bt toxins. This could be achieved by
screening the native Bt isolates in large numbers and
against wide spectrum of insect species.

Abbreviations
Bt: Bacillus thuringiensis; Cry: Crystal proteins; Cyt: Cytolytic proteins; Vip: Veg-
etative insecticidal proteins.
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