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Abstract

Background The gram pod borer (Helicoverpa armigera Hubner), Bihar hairy caterpillar (Spilosoma obliqua Walker),
tobacco caterpillar (Spodoptera litura Fabricius) and root knot nematode (Meloidogyne incognita (Kofoid and White)
Chitwood) are the major insect pest and nematodes infesting mungbean, urdbean and other legumes. Bacillus
thuringiensis (Bt) is a promising biocontrol agent that helps in managing the above pest. Deploying Bt biopesticides
instead of chemical pesticides in legume cultivation enhances the soil health substantially. The present study envis-
ages morphological, molecular cum biochemical characterization, entomotoxicity and nematotoxicity potential

of four indigenous Bt strains (Ak,.IIPR, F8.IIPR, F5.1IPR and F6.IIPR) along with HD1 (standard check from BGSC).

Results The SEM micrograph analysis of above four Bt strains along with F1.IIPR revealed the presence of different
combinations of insecticidal crystal proteins, viz. cuboidal crystal (CC), bipyramidal crystal (BC), spherical crystal (SC)
and irregularly pointed crystal (IC). This was further confirmed by PCR amplification of Cry1, Cry2Aa, Cry2Ac, VIP3A
and chi36 gene-specific primers and their phylogenetic analysis. F8.IIPR and Ak,.lIPR recorded the highest toxicity
index against second-instar S. obliqua larvae (292.56 and 174.55), H. armigera (150.00 and 113.65) and S. litura (210.71
and 114.19) based on probit analysis. F5.1IPR (91.67%) and F8.IIPR (89.00%) recorded the highest juvenile mortality
against M. incognita, followed by Ak,.IIPR (70.33%). The protein profiling of supernatant of terrific broth inoculated
with F8.IPR indicated the presence of VIP3A and Cry1l.

Conclusion The present study concluded that F8.IPR and Ak,.IIPR were potential Bt strains isolated from Indo-
Gangetic plains which is having both entomocidal and nematicidal properties. Further, these strains were deposited
at national repository, ICAR-NBAIM with the following accession no.: NAIMCC-SB-065 and NAIMCC-SB-066, respec-
tively. These strains can be formulated as microbial biopesticide.
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Background
*Correspondence: Mungbean (Vigna radiata (L.) R. Wilczekvar. radiata)
G.K. Sujayanand is an important legume crop cultivated in South East
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during 2019-2020 and an average yield was 544.25 kg/ha
(Anonymous 2022). There is an ample scope to increase
mungbean productivity by reducing the losses inflicted
by key insect pest and nematodes. It is affected by an
array of insect pest and nematodes. Polyphagous lepi-
dopteran insects such as Helicoverpa armigera Hubner
(Lepidoptera: Noctuidae), Spodoptera litura Fabricius
(Lepidoptera: Noctuidae) and Spilosoma obliqua Walker
(Lepidoptera: Erebidae) were infesting severely in leg-
ume crops in India, Philippines, Cambodia, Lao PDR and
Indonesia (Sequeros et al. 2021).

Root knot nematodes (RKN), Meloidogyne spp. are
capable of damaging a broad range of crops and causing
serious yield losses. It causes heavy yield loss amounting
to 18-90% in mungbean under congenial environmental
conditions (Singh et al. 2020). This genus has around 98
species among which Meloidogyne incognita (Tylenchida:
Heteroderidae) is very common and it causes root galls in
almost all vascular plants (Jones et al. 2013). This is very
difficult to control due to their quick generation time,
high reproduction rate, sedimentary and endophytic
nature (Engelbrecht et al. 2018). So, the main issue in the
present scenario is to control these biotic factors so that
crop yield losses can be prevented. Chemical insecticides
and nematicides are generally used for managing this
pest and RKN, but due to the negative impact of these
pesticides on environmental and non-targets, the need
for efficient biocontrol agents is increasing (Masson et al.
1998).

Bacillus thuringiensis Berliner (Bt) is an eco-friendly,
target-specific microbial biological control agent. It helps
in sustainable management of insects and nematodes. In
India, only four Bt kurstaki strains (HD1 serotype 3a3b,
Z-52 3a3b, A-97 serotype H-3a and DOR Bt-1 serotype-
3a3b3c) were registered for commercial use with CIBRC
(Central Insecticides Board and Registration commit-
tee). Out of four Bt strains, only DOR B¢-1 is indigenous
Bt strain and most of the available Bt products (Delfin,
Dipel, Thuricide, Halt, Biobit, Bactospeine, Agree, etc.)
were produced from imported Bt strains (Ramanujam
et al. 2014). Native strains were known for their higher
toxicity and greater efficiency in managing the native
insect pests because of coexistence and evolution (Has-
san et al. 2021). The present experiments were carried
out to study the entomotoxic and nematotoxic potential
of indigenous Bt strains isolated from Indo-Gangetic
plains against three polyphagous lepidopteran pests and
root knot nematode, M. incognita infesting mungbean.
Mungbean and other legumes were known for its role
in enhancing the soil microbial diversity and thereby
improving soil health by biological N fixation, P solubili-
zation, organic carbon enhancement, etc.; when Bt biope-
sticides were deployed in place of synthetic chemical
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insecticides it will help conserving the microbial diversity
in legume-based cropping systems (Ananda et al. 2022).
Endospores and CRY proteins are the major active ingre-
dients in any Bt biopesticides, and the cry protein alone
accounts for more than 20-30% of total cell mass of Bt
(Agaisse and Lereclus 1995). Endospore formation and
cry protein accumulation occur during the lag phase of
Bt growth. Classification of CRY proteins can be done
on the basis of amino acid sequence and host specificity
(Asokan et al. 2012). The only exception in cry protein is
Cryll because it is an excretory protein and it is active
against both lepidopteran and coleopteran (Tailor et al.
1992). Hence, in the present study, five native Bt strains
insecticidal genes were subjected to polymerase chain
reaction (PCR) screening, scanning electron micrograph
(SEM) analysis and bioassay against major pests for doc-
umenting its insecticidal genes diversity and its efficacy.

Methods

Morphological and biochemical characterization

The physio-morphological characteristics, viz. colony
color, appearance, growth characters and spore mor-
phology, were recorded 7 days after incubation at 30 °C,
following standard identification protocols (Logan et al.
2009) for 12 native Bt strains maintained in Bio-ecology
Lab, ICAR-Indian Institute of Pulses Research (ICAR-
IIPR), Kanpur, India. Similarly, biochemical characteri-
zations for 12 Bt isolates along with four standard Bt
strains, viz. Bt subsp. kurstaki HD1, Bt subsp. aizawi
HD133, Bt subsp. israelensis ONR60A and Bt subsp. mor-
risoni biovar tenebrionis (kindly supplied by Dr D. R. Zei-
gler from BGSC), was done with Hi-Bacillus kit (KB013)
from M/s HiMedia Laboratories Pvt. Ltd., Mumbai,
India, as per the instructions provided.

Hemolytic assay

Himedia sheep blood agar base with fresh sheep eryth-
rocytes (RBC) was used to carry out this assay as per
the instructions provided. After incubation at 30 °C for
24 h, the Petri plates were examined for the presence or
absence of hemolytic zone surrounding the bacterial col-
onies (Ichikawa et al. 2008).

Spore crystal mixture (SCM) extraction and Bt endospore
enumeration

A loop full of pure culture of four potential Bt strains (Ak,.
IIPR, F8.IIPR, F5.IIPR and F6.IIPR and HD1) based on
preliminary study (Sujayanand et al. 2021) were inocu-
lated in a 250-ml conical flask containing 100 ml of nutri-
ent broth and incubated in a shaker for 4 days at 30 °C. The
spore crystal mixture (SCM) was isolated as described by
Zothansanga et al. (2016). The SCM was serially diluted
up to 10~ cfu/ml, and its colony-forming units (CFU)
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were estimated by spread plate technique by replicating
each dilution thrice and the plates were incubated at 30 °C
overnight.

Scanning electron micrograph (SEM) analysis of SCM

The spore crystal mixture of Bt strains, viz. Ak,.IIPR,
F8.IIPR, F5.IIPR, F6.IIPR and F1.IIPR, were diluted from
10~* to 107° cfu/ml according to the endospore and crys-
tal concentration in the respective strain. Then, the respec-
tive strains were subjected to SEM analysis as described
by El-kersh et al. (2012) with slight modifications given in
the following. For SEM analysis, a small aliquot of diluted
SCM was taken and smeared on a cover glass, followed by
vacuum evaporation for 45 min. The cover glass was then
placed on carbon stub and subjected to sputter coating
with gold (Hitachi, MC 1000) for 5 min. The gold-coated
sample was placed in chamber of SEM (Hitachi, S-3400N),
and secondary electron/backscattered electron micro-
graphs were recorded by passing 1500kv current. The
SEM micrographs were taken at ICAR-National Bureau of
Agriculturally Important Microorganism (ICAR-NBAIM),
Mau, India.

Insect bioassay
The toxicity potential of four native Bt strains (identified
through range finding test), viz. Ak,.IIPR, F8.IIPR, F5.IIPR
and F6.IIPR, was compared along with the standard Bt
strain, i.e., Bt subsp. kurstaki HD1, by artificial diet con-
tamination method (Li and Bouwer 2012). All the bioas-
say experiments were laid out in completely randomized
design (CRD). Three polyphagous lepidopteran pests of
mungbean, viz. Bihar hairy caterpillar (BHC), S. obliqua,
pod borer (PB), H. armigera, and tobacco caterpillar (TC),
S. litura, were maintained in Bio-ecology Lab, ICAR-Indian
Institute of Pulses Research, Kanpur. The second-instar
larvae of the above-mentioned three insects were sub-
jected to insect bioassay by artificial diet contamination
method with different SCM concentrations (4 for BHC; 5
for PB; and 3 for TC) of Bt strains. The insect mortality was
recorded up to 7 days after treatment, and percent mortal-
ity for each strain was estimated. The lethal concentration
of each Bt strain SCM (in cfu/ml) against these insects was
estimated using probit analysis in SAS 6.2 by using PROC
GLM procedure. The potency of the strains was compared
as per the following formula (Sun and Jhonson 1960):
Toxicity index (T.I) of Bt strain=[LCg, of standard strain/
LC;, of test strain] X 100.

Chitinolytic activity and bioassay against root knot
nematodes (RKN)

Colloidal chitin preparation

One hundred grams of chitin flakes (shrimp shell,
Sigma) was added slowly to 1.1.8 1 concentrated HCl in
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a glass jar, and it was mixed gently for 3 h on a mag-
netic stirrer. This solution was then filtered by using
eight layers of cheese cloths to 5 1 of pre-chilled, dis-
tilled water with constant mixing to allow colloidal chi-
tin to precipitate. This was incubated in a refrigerator
at 4 °C for overnight. A dense white precipitate was
formed and centrifuged at 10,000 rpm for 10 min at
4 °C. The precipitate was then washed in cold, distilled
water repeatedly until the pH of the wash reached 5.5.
The supernatant was discarded, and the colloidal chitin
was then kept in a refrigerator for future use (Hsu and
Lockwood 1975).

Chitinolytic activity

Colloidal chitin-enriched broth was prepared by adding
6 g Na,HPO,, 3 g KH,PO,, 1 g NH,Cl, 0.5 g NaCl, 0.5 g
yeast extract and 5 g colloidal chitin in 1 1 of distilled
water. Bt strains were inoculated in 50 ml of autoclaved
chitin-enriched broth in a 100-ml Erlenmeyer flask and
incubated at 26 °C for two days. The suspensions were
centrifuged, and the supernatant was filtered through
MILLEX GV bacterial filter 0.22 um (Merck). Colloidal
chitin suspensions containing 1% (weight per volume)
purified colloidal chitin in 100 mM of acetate buffer at
pH 5.0 were used as chitin substrate (Vessey and Pegg
1973). The chitinolytic activity of five Bt strains, viz.
Ak,, F8, F5, F4 and F1, was evaluated by using bacterial
cultural filtrates containing crude chitinase solution
and colloidal chitin suspension as a substrate which
was incubated at 37 °C for 12 h, and spectrophotomet-
ric OD value of the solution was recorded at 420 nm.

RKN bioassay

One milliliter of cultural filtrates of all the strains with
three replications was taken in 12-well tissue cul-
ture plates and distilled water as the control. Hundred
freshly hatched second-stage juveniles (J2) were inocu-
lated in each treatment. After 48 h, the dead nematodes
were counted and kept separately in water to confirm
whether juveniles were dead or nematostatic. The per-
cent mortality was calculated based on the following
formula:

Percentage J2 mortality =(No. of dead ]2 /Total No. of
juveniles) x 100.

The single egg mass culture of root knot nematode
maintained at Nematode Biocontrol Laboratory, ICAR-
IIPR, Kanpur, India, was deployed for challenging the chi-
tinase supernatant obtained from the above-mentioned
strains against J2 stage of root knot nematodes (RKN),
i.e., Meloidogyne sp. The mortality was recorded for up to
7 days after treatment, at a time interval of every 24 h.
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DNA isolation, PCR amplification of gyrB, Cry, Vip3Aa

and chi36 genes and its phylogeny

The DNA of 12 Bt strains was extracted using
Nucleopore®g DNA fungal bacterial mini kit (NP-
7006D). The DNA gyrase gene (gyr B) was amplified for
the 12 Bt strains as reported by Subbanna et al. (2018),
except a slight modification in the annealing temperature
which was set up at 50 °C for the current experiment.

The cry gene content of six Bt strains (Ak,IIPR,
F8.IIPR, F5.IIPR, F6.IIPR, F4.IIPR and F1.IIPR) was
identified by using oligonucleotide primers, viz. Gral-
cryl, Gralcry2, spe-cry2Aa, spe-cry2Ab and spe-cry2Ac,
through PCR analysis as reported by Mendoza et al
(2012). The PCR conditions, followed for amplifying,
were slightly modified from Vilas-Bos and Lemos (2004)
for specific cry gene amplification with respect to anneal-
ing temperature between 50 and 53.7 °C according to the
Bt strain requirement. The vip3 gene was amplified with
primers and the PCR conditions as reported by Franco-
Rivera et al. (2004) for five Bt strains (Ak2.IIPR, F8.IIPR,
F5.1IPR, F6.IIPR and F1.IIPR).

The exochitinase (chi36) gene was amplified by using
the primers reported by Arora et al. (2003). The PCR
program for amplifying the exochitinase gene is given
as follows: 94 °C for 5 min, 94 °C for 1 min, 50.2 °C for
1 min, 72 °C for 1 min and 30 s for 35 cycles and 72 °C for
10 min. The program will yield an amplicon with a size
of 1083 bp. The PCR products were subjected to Sanger
dideoxy sequencing by M/s Eurofins (P) Itd and M/s Xce-
leris (P) ltd. The above gene sequences were trimmed
using BLAST analysis with the help of Bioedit and Finch
TV 1.4.0 and then submitted to the NCBI database. The
phylogenetic analysis of the four genes, viz., DNA gyrase,
cry 1, cry2 and vip3A, was performed using MEGA7 by a
neighbor-joining method.

VIP3 protein profiling

A 12-h-old nutrient broth culture of F8.IIPR was used
as mother inoculum for vegetative insecticidal protein
(VIP3) production in 100 ml of Terrific broth incubated
for 19 h. The VIP3 protein present in the supernatant was
precipitated, purified and dialyzed as described by Sat-
tar et al. (2008). The concentrated protein was stored at
— 20 °C until it was subjected to SDS—PAGE analysis.

Results

Morphological attributes and biochemical characteristics
of 12 Bt strains

The growth of 12 Bt strains in nutrient agar (NA) was
recorded 7 days after incubation at 25 °C in a BOD incu-
bator. The highest width recorded was 1.06 cm (RoT61.
IIPR), followed by 0.96 cm (Pa2.IIPR) and 0.9 cm (J3.
IIPR, Ak,.IIPR) (Table 1). The lowest width (0.56 cm)
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was recorded from SgH5.IIPR, F4.IIPR and F6.IIPR. Nine
strains showed irregular, continuous growth, whereas
two strains recorded discontinuous growth (F4.IIPR
and RoT61.IIPR) and one strain recorded regenerative
growth. All the strains had exhibited off-white color.
Almost majority of Bt strains were opaque with moist
appearance, except Ak2.IIPR and F4.IIPR, wherein they
have dry opaque appearance. Four Bt strains had shown
lobate margin, while four Bt strains had undulated mar-
gins. All 12 Bt strains were gram positive, were sporulat-
ing and formed crystal protein (Table 1). The biochemical
reactions performed with Hi-Bacillus kit showed that all
the 16 (12 native Bt+4 standard Bt) were catalase posi-
tive (Table 2), while for malonate test, all the Bt strains
were negative, except J3.IIPR and F4.IIPR, and for
Voges—Proskauer’s test, all strains were negative. Regard-
ing utilization of citrate as the sole carbon source, all the
isolated strains were negative, except J3.IIPR, F4.IIPR
and F8.IIPR. For ONPG test, only F8 was positive and
the remaining strains showed a negative reaction. Nitrate
reduction test was found to be positive for all the strains,
except F8.IIPR and J3.IIPR. Three Bt strains, viz. Ak,.
IIPR, SgH.IIPR and F6.IIPR, were negative for arginine
production. For sugar reduction test, all the strains were
negative for mannitol and arabinose, except F8.IIPR,
which showed a positive reaction, whereas for glucose
all the strains were positive, except F1.IIPR, F4.IIPR and
HD1.

Hemolytic assay

No hemolytic zone was recorded from 12 Bt strains in
sheep blood agar. Hence, these are concluded as non-
hemolytic Bt strains.

SCM extraction and endospore enumeration

The spore crystal mixtures of four Bt strains (Ak,, F8, F5
and F6) and standard strain (HD1) were extracted and
stored at — 20 °C for assessing their insecticidal poten-
tial and characterizing their crystal protein shape and
endospore morphometrics. The endospore enumera-
tion of each strain in different dilutions showed variation
among the strains. All the tested four Bt strains recorded
a higher number of endospores (at a dilution of 1077 and
107~ cfu/ml) than the standard strain. The highest num-
ber of endospores (1650 cfu/ml) at 10~° was recorded
from F8.IIPR, followed by Ak,.IIPR, F6.IIPR and F5.1IPR,
whereas the lowest endospore count (495 cfu/ml) was
recorded from standard strain, HD1 (Fig. 1).

SEM analysis of endospore and crystal protein

The electron micrographs of the five Bt strains revealed
the presence of different crystal morphologies in sin-
gle strain such as presence of cuboidal crystal (CC),
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Table 1 Morphological characteristics and phenotype of Bacillus thuringiensis isolates

S. Strain names Growth characters Color Appearance of the colony Colony growth Endospore

no. after 7 days on NA  size (um)

(cm)
Length width

1 AK2.IIPR Regenerative growth Off white Dry, opaque, flat colonies 09+0.15 1.8 13

2 F4.1IPR Discontinuous growth Cream yellow Dry, opaque colonies with lobate 0.56+0.07 1.9 13
margins

3 F5.1IPR Irregular, continuous growth Off white Moist, flat and opaque colonies 0.66+0.09 18 24
with lobate margins

4 SgH5.IPR Irregular, continuous growth  Off white Undulate colony margins, transparent ~ 0.56+0.03 1.8 1.6
colonies, elevation raised

5 F1.IIPR Irregular, continuous growth  Off white Moist, flat and opaque colonies 0.7+0.12 1.8 0.8
with flat margins

6 F6.IIPR Irregular continuous growth Off white Moist, opaque, lobated margined 0.56+0.03 19 1
colonies with flat elevation

7 F8.IIPR Irregular, continuous growth  Off white Moist, opaque, flat colonies with lobate  0.8+0.06 1.75 1.2
margins

8 J3IIPR Irregular continuous growth — Off white Opaque colonies. Colony surface 0.9+0.07 1.55 0.9
smooth. Margin undulates. Elevation
flat

9 B1.IIPR Irregular, continuous growth Off white Viscous, opaque, elevation raised, mar-  0.66+0.15 22 19
gin undulates. Colony surface smooth

10 RoT61.1IPR Discontinuous, circular growth  Off white Moist, opaque colonies. Colony surface  1.06+0.09 1.8 15
continuous

11 Pa.llPR Irregular, continuous growth  Off white Elevation raised, margin undulates, 0.76+0.06 1.9 13
moist, opaque colonies

12 Pa2.llIPR Irregular, continuous growth  Off white Moist, opaque colonies. Colony surface  0.96+0.13 2.2 14
smooth. Margin undulates. Elevation
flat

CD=0.28

bipyramidal crystal (BC), spherical crystal (SC) and
irregularly pointed crystal (IC) in the case of F8.IIPR
(Fig. 2b). Whereas Ak,.IIPR (Fig. 2a), F6.IIPR (Fig. 2d)
and FL.IIPR (Fig. 2e) had three crystal morphologies,
viz. BC, CC and SC, F5.IIPR (Fig. 2c) had only two crys-
tal morphologies, viz. CC and BC. The endospore length
varied from 1.63 to 2.36 pm; similarly, breadth varied
from 0.79 to 1.18 pum. There existed a significant variation
among the Bt strains with respect to endospore length
and breadth (Fig. 2f). Ak,.IIPR had the largest endospore,
while F6.1IPR had the smallest endospore with respect to
breadth of endospore.

Insect bioassay

The second-instar Bihar hairy caterpillar, S. obliqua
was challenged with SCM of four native Bt strains and
Btk HD1. The lowest LCy, was recorded from F8.IIPR
(1.99x10% cfu/ml), followed by Ak,.ITPR (3.34x 10% cfu/
ml) and F5.1IPR (5.18xX10? cfu/ml) (Table 3). The HD1
recorded a LCy, of 5.18x10° cfu/ml against S. obliqua.
The toxicity index was the highest (292.96) for F8.IIPR,

followed by Ak,.IIPR (174.55) and F5.IIPR (112.55).
Among the four Bt strains screened against the second-
instar H. armigera larvae, the lowest LC,, was recorded
from F8.IIPR (2.22x10° cfu/ml), followed by Ak,.
IIPR (2.93x10° cfu/ml), while two strains, viz. F6.IIPR
(5.06x10° cfu/ml) and F5.IIPR (6.82x10° cfu/ml), had
recorded LCg, value higher than the standard check,
Btk HD1 (3.33%10% cfu/ml). This showed that two Bt
strains were superior to the Btk HD1 in killing H. armig-
era. Further, the toxicity index also indicated that F8.IIPR
is highly toxic (150.00), followed by Ak,.IIPR (113.65),
F6.1IPR (65.81) and F5.1IPR (48.83).

Based on the preliminary screening of Bt SCM against
S. litura, only two Bt strains, viz. F8.IIPR and Ak,.IIPR,
had promising results (data not shown). Among the two
Bt strains screened against the second-instar S. litura,
F8.IIPR had recorded the lowest LCs, (2.52X10%cfu/
ml), followed by Ak,.IIPR (4.65X10%cfu/ml). The stand-
ard check (HD1) had recorded a LCg, of 5.31x10® cfu/
ml. F8.IIPR recorded the highest toxicity index (210.71)
against S. litura, followed by Ak,.IIPR (114.19).
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comparison of CFU in different Bt strains
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Bt strains
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Fig. 1 Comparison of log CFU/ml in different Bacillus thuringiensis strains at different dilutions

Chitinolytic activity and bioassay against root knot
nematodes

The five Bt strains ability to hydrolyze the colloidal chitin
by producing a clear zone was recorded on colloidal chi-
tin agar media (Sujayanand et al. 2019). Chitinase activity
of Bt strains was measured in the presence of 0.2% col-
loidal chitin and measured by the Schales method. Chi-
tinase activity was measured in U/mg. The maximum
chitinase production was observed for F8.IIPR, followed
by Ak,.IIPR. In chitinolytic assay, and the highest activity
was recorded from F8.IIPR (0.525), followed by F4.IIPR
(0.522), F5.IIPR (0.488), F1.IIPR and Ak,.IIPR. The per-
cent mortality of root knot nematode juveniles revealed
that F5.IIPR recorded the highest mortality, followed by
F8.IIPR and Ak, IIPR (Table 4).

DNA gyrase, Cry, Vip3Aa and chi36 genes phylogeny

The genomic DNA of 12 Bt strains was extracted and
stored at — 20 °C. The DNA gyrase gene amplification
yielded an amplicon of 342 bp for the 12 Bt strains. Fur-
ther phylogenetic analysis indicated that F8.IIPR, Ak,.
IIPR, F1.IIPR, F5.IIPR and F4.IIPR were more close to
gyrase gene of Bt kurstaki BGSC 4D20 strain (Fig. 3).
These strains produced bipyramidal protein. Whereas
three Bt strains (B1.IIPR, RoT61.IIPR and SgH5.IIPR)
showed similarity to Bt canadensis, two showed similar-
ity to Bt pondicheriensis, one Bt strain (F6.IIPR) was more
similar to B. tyoso strain, while J3.IIPR showed similarity
to Bt entomocidus.

The cryl subtype for the six Bt strains [F8.IIPR
(MK855068), Ak,.IIPR (MK843970), F6.IIPR (MK843971),
FL.IIPR (MK855069), F5.IIPR (OM141596) and F4.IIPR
(OM141595)] was screened by sequencing an amplicon

size of 990 bp further phylogenetic analysis and also con-
cluded as crylA (Fig. 4a). Of the six different Bt strains
screened for cry2 subtype having 1249 bp from gral cry2
primers, the sequence results yielded mixed reaction.
Hence, we had gone for the gene-specific primers, viz.,
cry2Aa (460 bp), cry2Ab (771 bp) and Cry2Ac (841 bp).
Five Bt strains, viz. F8.IIPR (MN548386 and MN548387),
Ak, IIPR  (MT210572 and MT210570), F6.IIPR
(MT210573 and MT210571), F1.IIPR (MT210575 and
MT210576) and F5.IIPR (MT210574 and OM141597),
had both cry2Aa (460 bp) and cry2Ac (841 bp), while
F4.IIPR had only cry2Ac (MT210577) (Fig. 4b).

The Vip 3A gene was found to be present in all five Bt
strains, viz. Ak2.IIPR (MF143589), F8.IIPR (MF143591),
F6.IIPR (MF143590), F1.IIPR (MK124722) and F5.IIPR
(MK214423), based on phylogenetic analysis (Fig. 4c).

The partial exochitinase gene chi36 was amplified in
F8.IIPR (MN991173), Ak,IIPR (MN985815), F1.IIPR
(MN879415) and F5.IIPR (MN985816) to give a PCR
product of 1083 bp when annealed at 50.2 °C.

VIP3 protein profiling

The VIP3 protein from terrific broth was extracted, puri-
fied and dialyzed. The SDS—-PAGE analysis of the super-
natant from F8.IIPR strain reveals the presence of protein
with 88 kDa (Fig. 5).

Discussion

The genus Bacillus can be divided into five groups
based on the phylogenetic analysis of 16S rRNA, viz.
Bacillus cereus, B. megaterium, B. subtilis, B. circu-
lans and B. brevis. The Bt falls in B. cereus group. The
B. cereus group has typical colony morphology such
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Fig. 2 Scanning electron micrograph (SEM) morphometric analysis of CRY protein. A Ak2.IIPR, B F8.IIPR, C F5.IPR, D FG.IIPR, EF1.IIPR and F
endospore morphometrics; £n endospore, CC cuboidal crystal protein, BP bipyramidal protein, SC spherical crystal protein, IC irregular crystal protein

as off-white color of colonies, rough waxy growth
and irregular spreading margins on nutrient agar as
reported by Venkatramanamma et al. (2022). All 12
indigenous Bt strains exhibited the above-said colony
morphological characteristics. The present findings
were in congruence with those of Hassan et al. (2021),
wherein they had reported majority of Bt isolates were
off white with wavy margins, dry or moist appearance
and flat colony morphology. Apart from recording the

colony morphology, the variation in speed of growth in
nutrient agar for the 12 Bt strains was also recorded by
incubating at 25 °C for 7 days. The colony width ranged
from 0.56 to 1.06 cm. The present results contradict
the findings of Bautista and Teves (2013) who reported
a colony growth of<1 to 4 mm. The reason for lesser
growth was that they had incubated for shorter period
(24 h) only at 30 °C but the incubation time was high (7
Days) in the present study. Hi-Bacillus™ Identifications



Sujayanand et al. Egyptian Journal of Biological Pest Control (2023) 33:76 Page 9 of 15

Table 3 Toxicity of Bacillus thuringiensis isolates of spore crystal mixture (SCM) against three polyphagous mungbean pests

S.no. lIsolates LC;,(CFUs/ml) Slope Pearsony’> Degreesof 95% Fiducial limits LCy5(CFUs/  Toxicity
freedom ml) index

Lower Higher

Bihar hairy caterpillar, Spilosoma obliqua

1 HD1 583x10° 0.7807+02790 053 2 292x10° 167x10° 746%10°

2 AK2IIPR  3.34x10° 20342405090 372 2 2.72x10° 521x10° 2.15% 10 17455

3 F8IPR  1.99x10° 6.0384+16063 184 2 187x10° 2.19% 103 3.73%10° 292.96

4 FSIPR  5.18x10° 07252403057 0.12 2 275%10° 9.78x10° 9.61x10° 112.55

5 F6IIPR  1023x10° 0.8689+03839 1.12 2 498x10° 785x%107 7.99%10° 56.99

Helicoverpa armigera

1 HD1 3.33x10° 1.0180+0.2236  1.00 3 235x10° 6.17x10° 175%10°

2 AK2IIPR  2.93x10° 2644403656  3.21 3 2.57x10° 339% 103 123x10* 113.65

3 F8IPR  222x10° 5.904+0.8455  0.72 3 209%10° 238x10° 421x10° 150.00

4 FSIPR  682x10° 1992403420 383 3 516x10° 11.19% 10 456x10° 4883

5 F6IIPR  506x10° 2135406510  7.89 3 326x10° 1.60%10" 2982x10° 6581

Spodoptera litura

1 HD1 531x10° 4165416943 02034 1 470%10° 780% 103 1317103

2 AK2IIPR  4.65%10° 6.312+18306 00374 1 390x10° 504x10° 847x10° 114.19

3 F8IPR  2.52x10° 3247+137 1.0009 1 718.82 296103 807x10° 210.71

Table 4 Chitinolytic activity of Bacillus thuringiensis strains and its
efficacy against root knot nematode (RKN) juveniles

Bt strain names OD value Protein Mean %
@ 420 nm concentrations  mortality of
(pooled mean)  (ug/ml) juvenile RKN*
Ak2.IIPR 0462 28 7033 (57.14)
F1IIPR 0.480 30 56.00 (48.58)
FAIIPR 0.522 32 55.33 (48.04)
F5.IIPR 0499 305 91.67 (73.31)
F8.IIPR 0.525 325 89.00 (70.78)
CcD 0.033 - 10.042
SE(m) 0.01 - 3.146
SE(d) 0.015 - 445
(@AY 3574 - 9.148

“Values within parenthesis are arcsine transformed

kit (KB013; HiMedia, India) was deployed by
Rajasekhar et al. (2017) for biochemical characteriza-
tion of Bt strains from India and Sudan. The present
finding on Voges—Proskauer’s and ONPG test was in
congruence with the above report. Thus, all these bio-
chemical tests showed existence of variation among Bt
strains as reported by Martin et al. (2010)

Generally, the dipteran toxic strains, i.e., Bt israelen-
sis, have more probability of possessing hemolytic type.
Further, they predominantly have B-exotoxin which is
responsible for hemolytic activity (Obeidat et al. 2012).
The present result is in accordance with those of El-kersh

et al. (2012). They also reported the occurrence of non-
hemolytic strains (8%) from Saudi Arabia. Further, they
had reported only 31% strains were following Bt kurstaki
biochemical type, which may be the reason for low
occurrence of non-hemolytic strain.

The Bt kurstaki strain, BA 83B from IMTECH, Chan-
digarh, produced bigger endospores (length 2.1+0.16 pm
and diameter 1.63+0.16 pm) in soybean-supplemented
medium than in control (length 1.1+0.13 pm and diam-
eter 0.63+0.07 um). Thus, the endospore size varies
according to the nutrition available (Jisha and Benja-
min 2014). Moreover, Elsayed et al. (2014) reported that
nutrient requirement varied according to the type of Bt
strains. The present results are also in accordance with
the findings of Elsayed et al. (2014) as there is a vari-
ation in endospores (1.63 to 2.36 pum length). Further,
the variation in endospore production was also due to
genetic variations in the Bt strains growth potential as
reported by Argolo Filho et al. (2011) who had divided
the Bt strains into three groups based on their growth
rate as fast growers (attaining log phase _1 h after inocu-
lation), medium growers (attaining log phase _7 h) and
slow growers (attaining log phase 10-11 h) which was
measured through spectrophotometrically based OD at
590 nm.

The present result supports the findings of Hassan et al.
(2021) wherein they had visualized four different par-
asporal protein shapes in their Bt strains. Further, vari-
ation in the crystal protein combination and endospore
morphometrics indicates the occurrence of diversity
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Fig. 3 Phylogenetic analysis for DNA gyrase gene of 12 Bacillus thuringiensis strains. Evolutionary relationships of taxa. The evolutionary history

was inferred using the neighbor-joining method [1]. The optimal tree with the sum of branch length=0.68590967 is shown. The percentage

of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches [2]. The tree
is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Kimura two-parameter method [3] and are in the units of the number of base substitutions per site. The
analysis involved 41 nucleotide sequences. Codon positions included were 1st+2nd +3rd + noncoding. All positions containing gaps and missing
data were eliminated. There were a total of 119 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [4]

among the native Bt strains isolated from Indo-Gangetic =~ LCs, value of 2.49 X 107 cfu/ml against Culex tritaenio-
plains. rhynchus Giles (Diptera: Culicidae). The present find-

The present findings were in congruence with the ings, i.e., two Bt strains (F8.IIPR, Ak,.IIPR) were having
reports of Roy et al. (2021) wherein they had reported a  higher toxicity index than HD1 against H. armigera, were
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Fig. 4 Phylogenetic analysis for cry1, cry2 and vip3 genes of potential Bacillus thuringiensis strains. A Evolutionary relationships of taxa. The
evolutionary history was inferred using the neighbor-joining method [1]. The optimal tree with the sum of branch length =0.52363330 is shown.
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the
branches [2]. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic
tree. The evolutionary distances were computed using the Tamura-Nei method [3] and are in the units of the number of base substitutions
per site. The analysis involved 15 nucleotide sequences. Codon positions included were 1st+2nd + 3rd +noncoding. All positions containing
gaps and missing data were eliminated. There were a total of 665 positions in the final dataset. Evolutionary analyses were conducted in MEGA7
[4]. 1. Saitou N. and Nei M. (1987). The neighbor-joining method: a new method for reconstructing phylogenetic trees. Molecular Biology
and Evolution 4:406-425. 2. Felsenstein J. (1985). Confidence limits on phylogenies: An approach using the bootstrap. Evolution 39:783-791.
3.Tamura K. and Nei M. (1993). Estimation of the number of nucleotide substitutions in the control region of mitochondrial DNA in humans
and chimpanzees. Molecular Biology and Evolution 10:512-526. 4. Kumar S., Stecher G. and Tamura K. (2016). MEGA7: Molecular Evolutionary
Genetics Analysis version 7.0 for bigger datasets. Molecular Biology and Evolution 33:1870-1874. Disclaimer: Although utmost care has been
taken to ensure the correctness of the caption, the caption text is provided "as is" without any warranty of any kind. Authors advise the user
to carefully check the caption prior to its use for any purpose and report any errors or problems to the authors immediately (www.megasoftwa
re.net). In no event shall the authors and their employers be liable for any damages, including but not limited to special, consequential or other
damages. Authors specifically disclaim all other warranties expressed or implied, including but not limited to the determination of suitability
of this caption text for a specific purpose, use or application. B Evolutionary relationships of taxa. The evolutionary history was inferred using
the neighbor-joining method [1]. The optimal tree with the sum of branch length=0.34599582 is shown. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches [2]. The tree is drawn to scale,
with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the Kimura two-parameter method [3] and are in the units of the number of base substitutions per site. The analysis involved 14
nucleotide sequences. Codon positions included were 1st+2nd+3rd + noncoding. All ambiguous positions were removed for each sequence
pair. There were a total of 4582 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [4]. 1. Saitou N. and Nei M. (1987).
The neighbor-joining method: A new method for reconstructing phylogenetic trees. Molecular Biology and Evolution 4:406-425. 2. Felsenstein
J.(1985). Confidence limits on phylogenies: An approach using the bootstrap. Evolution 39:783-791. 3. Kimura M. (1980). A simple method
for estimating evolutionary rate of base substitutions through comparative studies of nucleotide sequences. Journal of Molecular Evolution
16:111-120. 4. Kumar S., Stecher G. and Tamura K. (2016). MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets. Molecular
Biology and Evolution 33:1870-1874. Disclaimer: Although utmost care has been taken to ensure the correctness of the caption, the caption
text is provided "as is" without any warranty of any kind. Authors advise the user to carefully check the caption prior to its use for any purpose
and report any errors or problems to the authors immediately (www.megasoftware.net). In no event shall the authors and their employers be
liable for any damages, including but not limited to special, consequential or other damages. Authors specifically disclaim all other warranties
expressed or implied, including but not limited to the determination of suitability of this caption text for a specific purpose, use or application.
C Evolutionary relationships of taxa. The evolutionary history was inferred using the neighbor-joining method [1]. The optimal tree with the sum
of branch length=0.35582526 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) are shown next to the branches [2]. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Kimura two-parameter method [3] and are
in the units of the number of base substitutions per site. The analysis involved 14 nucleotide sequences. All positions containing gaps and missing
data were eliminated. There was a total of 858 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [4]. 1. Saitou N.
and Nei M. (1987). The neighbor-joining method: A new method for reconstructing phylogenetic trees. Molecular Biology and Evolution 4:406-425.
2. Felsenstein J. (1985). Confidence limits on phylogenies: An approach using the bootstrap. Evolution 39:783-791. 3. Kimura M. (1980). A simple
method for estimating evolutionary rate of base substitutions through comparative studies of nucleotide sequences. Journal of Molecular Evolution
16:111-120. 4. Kumar S., Stecher G. and Tamura K. (2016). MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets. Molecular
Biology and Evolution 33:1870-1874. Disclaimer: Although utmost care has been taken to ensure the correctness of the caption, the caption
text is provided "as is" without any warranty of any kind. Authors advise the user to carefully check the caption prior to its use for any purpose
and report any errors or problems to the authors immediately (www.megasoftware.net). In no event shall the authors and their employers be liable
for any damages, including but not limited to special, consequential or other damages. Authors specifically disclaim all other warranties expressed
or implied, including but not limited to the determination of suitability of this caption text for a specific purpose, use or application
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Fig. 5 Polyacrylamide gel electrophoresis (PAGE) profiling
of vegetative insecticidal protein (VIP3A) in F&.IIPR strain

supported by the reports of Lone et al. (2017) wherein
they had reported a native Bt strain (JK12) from Hima-
layas with a higher toxicity index than HD1 against H.
armigera. Similarly, in Sri Lanka, Baragamaarachchi et al.
(2019) reported that native Bt strain (AB1) was highly
toxic to Dipel® resistant Diamond back moth, Plutella
xylostella Linnaeus (Lepidoptera: Plutellidae). Thus,
native strains were more toxic to locally occurring insect
pest.

The present result corroborates with findings of Lee
et al. (2015) wherein they also found LC;, of Bt strains
varied from 1.9 X 10% to 9.8 X 10° cfu/ml. The present
results contradict findings of Murali Krishna et al. (2018)
wherein they had reported that HD1 (9.59 X 10* cfu/ml)
is the best strain when compared with LC;, of 21 native
Bt isolates (9.76 X 10* to 5.67 X 10° cfu/ml) against third-
instar S. litura. The present result supports the findings
of Mohan et al. (2014) wherein they had reported S. litura
as highly tolerant among the three noctuids (H. armig-
era, S. litura and Sesamia inferens Walker (Lepidoptera:
Noctuidae)) screened against 10 Bt strains. In the present
study also, S. litura has exhibited the highest tolerance
[highest LCy, (F8.IIPR: 2.52 X 10° cfu/ml) than H. armig-
era (2.22 X 10° cfu/ml) and S. obliqgua (1.99 X 10% cfu/
ml)] among three polyphagous insects studied (Table 3).
The probable reason for high tolerance of S. litura might
be over-digestion of cry protoxin by midgut protease,
which was shown in Spodoptera littoralis (Boisduval)
(Lepidoptera: Noctuidae) by Ogiwara et al. (1992). Simi-
larly, Hernandez (1988) also had reported that among 13
Bt serovars tested against neonates of Spodoptera fru-
giperda ].E. Smith (Lepidoptera: Noctuidae), only four
serovars, viz. Bt kenyae, Bt tolworthi, Bt aizawai and Bt
kurstaki, had recorded 80 to 100% mortality by diet con-
tamination method. The variation in toxicity level among
the strains for three different polyphagous lepidopteran
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pest stated above is due to functional and toxicologi-
cal diversity of cry genes they harbor and differences in
the copy numbers of cry genes present, expression pat-
tern and expression levels (Sujayanand and Pandey 2020).
Further, the difference in the receptors present in these
three insects’ midgut also contributes to the variation in
their toxicity. Another important factor that contributed
to variation in toxicity among the strains was their spore
and toxin concentration. Mohan et al. (2014) had already
confirmed that Bt kurstaki endospores act synergistically
with the Cry 2A against Bt-resistant population of Plu-
tella xylostella.

Researchers all over the world are trying to find bio-
logical control measures for M. incognita management
as chemical nematicides are harming the agro-ecosys-
tem by their toxic residues. There are many bacteria
with nematicidal activity such as Pseudomonas fluores-
cens (Flugge 1886) Migula, P aeruginosa Migula, Bacil-
lus thuringiensis and B. firmus Bredemann and Werner.
P. fluorescens kills soybean cyst nematode by producing
2,4-diacetylphloroglucinolc (Siddiqui and Shaukat 2003).
Corynebacterium paurometabolu inhibited nematode
egg hatching by producing hydrogen sulfide (Meena and
Pimentel 2002). In the present study, F8.IIPR and F5.1IPR
exhibited the highest nematicidal activity. Mohammad
et al. (2008) studied the biocontrol efficacy of Bt against
M. incognita and observed a reduction in egg masses and
egg number as compared to the control. B DB27 was
found to produce two novel proteins, namely Cry21Fal
and Cry21Hai, which were found to be effective against
Caenorhabditis elegans Maupas (Iatsenko et al. 2014).

The present result supports the findings of Lee et al.
(2015) wherein bipyramidal protein-producing isolates
CAB565 and 566 were similar to Bt kurstaki KB098 strain
and Bt kurstaki KB099 strain.

DNA gyrase is more reliable in finding the phylogeny of
native Bt isolates based on their ecological and evolution-
ary relationships between Bt isolates (Shikov et al. 2021).
The phylogenetic analysis of DNA gyrase confirmed that
F8.IIPR, Ak,.IIPR, F1.IIPR, F5.IIPR and F4.IIPR were
more close to gyrase gene of Bt kurstaki BGSC 4D20
strain and they form a single clade, while F6.IIPR and
J3.IIPR were showing phylogeny with different Bt sero-
vars. The present report confirms the report that crylA
and c¢ry2A genes occurred in high frequency (90.61%) by
various workers. The vip3A gene occurred in medium
frequency (40.70%) native Bt strains of Thailand (Boon-
mee et al. 2019). The difference in the toxicities of Bt
strains may be related to the difference in the composi-
tion of crystals protein. Chak et al. (1994) reported a new
Bt strain with cry 1 (Ab), cry IC and cry ID genes, and its
effectiveness was due to variation in genetic composi-
tion of cry genes. The combined chitinolytic activity and
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entomocidal activity of potential B¢ strains in the present
study imply their utility in deploying them in the inte-
grated pest management as an effective biocontrol agent.

The molecular weight of protein bands that occur in the
supernatant corresponds to that of VIP3A as reported by
Argolo Filho et al. (2011) wherein they had reported that
Bt supernatant possesses various secreted entomotox-
ins with an expected size of ~88 kDa and ~60 kDa cor-
responding to Vip3A and Cry 1I. Interestingly, the VIP3
protein profiling using supernatant from F8.IIPR also had
confirmed the presence of Cryll as reported by Argolo
Filho et al. (2011). Thus, the present work identifies the
potential native Bt strains (F8.IIPR & Ak,.IIPR) for man-
aging three polyphagous lepidopteran pests and root
knot nematode along with morphological, biochemical
and molecular characterizations of pesticidal genes such
as cryl, cry2Aa, cry2Ac, vip3A and chi36.

Conclusion

The present study concluded that two indigenous
Bt strains, namely F8.IIPR and Ak,.IIPR, as a potent
microbial biocontrol agent among the four indig-
enous Bt strains, were screened against three poly-
phagous insect pest, viz., S. obliqua, H. armigera and
S. litura. The PCR screening and phylogenetic analy-
sis of entomotoxic and nematotoxic genes (Cryl,
Cry2Aa, Cry2Ac, VIP3A and chi36) revealed that the
two potential Bt strains had multiple insecticidal cum
nematicidal genes. Further, this was confirmed by
the presence of bipyramidal, cuboidal and spherical
crystal protein in SEM micrographs. Further, exochi-
tinases from these strains were found to exhibit toxicity
against polyphagous nematode, M. incognita also. The
SDS-PAGE profiling of F8.IIPR supernatant reveals
the presence of CRY1I, which is a special CRY that is
secretory in nature along with VIP3. The two potential
Bt strains F8.IIPR and Ak,.IIPR were submitted in the
National Agriculturally Important Microorganism Cul-
ture Collection [NAIMCC], ICAR-NBAIM, with the
accession numbers NAIMCC-SB-065 and NAIMCC-
SB-066, respectively. Further, the Bt strains F1.IIPR,
F4.IIPR, F5.1IPR and F6.IIPR were submitted with the
following accessions, NAIMCC-B-03049, NAIMCC-
B-03050, NAIMCC-B-03051 and NAIMCC-B-03052,
respectively. These strains have the potential for further
downstream processing to develop as biopesticide for
polyphagous lepidopteran pest of this region which will
help in conserving the agro-ecological diversity and
reduces the dependence of harmful insecticides. Stud-
ying the metabolomics of these Bt strains will help us
in better understanding about CRY1I and VIP3 toxins
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synergistic activity against polyphagous lepidopteran
insects, and it can be extrapolated for genetic engineer-
ing of third-generation insect transgenics (i.e., plants
with cry1I/VIP3 toxins). This will also assist in develop-
ment of liquid biopesticides containing both CRY and
VIP3 toxins for management of lepidopteran insects.
Further investigation is needed on differences in the
gut proteases of the three polyphagous lepidopteran
insects, which will help in better understanding of evo-
lution of Bt resistance as these three insects had vary-
ing degrees of Bt susceptibility.
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