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A B S T R A C T

Excessive use of insecticides are responsible to contaminate the environment, soil health,
developing resistance in the insect pests, introduces new species, toxic to human and eliminates
non-target organisms and affects the eco-balance and biodiversity adversely. Application of mi-
crobial bio-agents with the chemical insecticides is an assertive way to manage the population of
pests, in an addition to dropping down the chemical residues risk to the eco-system. Larval stages
of Spodoptera litura are prolific eater, caused huge losses globally. Individual and combined effect
of chemical insecticides Barazide (Novaluron 5.25 %+Emamectin benzoate 0.9 % SC), entomo-
pathogenic bacterial (Bacillus thuringiensis var. kurstaki), and entomopathogenic fungus (Beauveria
bassiana and Metarhizium anisopliae) is assessed against the larvae of S. litura in bio-assay
experiment. The decreasing trend in the observed mortality among insecticides alone is Bar-
azide (95.80 ± 1.16, 85.30 ± 1.85 and 82.00 ± 1.72) > B. thuringiensis var. kurstaki (88.70 ±

1.01, 79.90 ± 2.01 and 78.00 ± 2.91) > B. bassiana (82.60 ± 2.46, 73.90 ± 2.46 and 73.00 ±

4.16) > M. anisopliae (78.60 ± 1.46, 68.90 ± 2.96 and 69.00 ± 3.46) after 96 h at its highest
inoculation level against 3rd, 4th and 5th instar larvae. The combined application of Barazide
@0.1 % with B. thuringiensis @1.5%induced mortality cent percent after 72 and 96 h against 3rd
and 4th instar. Chi-squared test indicated a significant level of mortality at p < 0.05 level at
highest dose and the probit analysis showed lowest LC50 value at dose 5.15 and 7.63 % with 95 %
FL:1.38–19.22 and 2.85–20.39 after 72 and 96 h of exposure against 3rd and 4th instar. The
increasing trend in the observed mortality among insecticides used in combination is Barazide +

B. thuringiensis < Barazide + B. bassiana < Barazide + M. anisopliae. Insecticides used in com-
bination induced synergism that providing valuable practice to manage insect pests. These results
suggested that the combined treatments could be a successful method for controlling the popu-
lation of S. litura and at the same time farmers will decrease the inappropriate misuse and overuse
of harmful chemical insecticides.
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1. Introduction

Tobacco cutworm, Spodoptera litura (Fabricius) of order lepidoptera and family noctuidae, is a disreputable polyphagous insect pest
of different field crops, including corn, cotton, soybean, groundnut, tobacco, and different vegetables [1]. This insect pest is reported
throughout the temperate as well as tropical Australasia, Asia, and Pacific Islands [2]. Early instars larvae of this insect pests are
gregarious feeders whereas the later instars scatter and feed greedily, causing the complete defoliation of the plants when number in
abundance [3]. Although insecticides are known as the most trustworthy tool in the field of insect pest management, however, the
development of pesticide resistance is one of the primary problems with chemical control. A large number of reports are available
showing development of resistance in S. litura and accumulation of residues in horticultural fruits and agricultural crops [4,5]. Earlier,
studies examine the effectiveness of synthetic insecticides against Fall armyworm (FAW) in maize revealed monomehypo as the most
effective after 10 days, compared to other insecticides [6,7]. It is clear from the previous investigation that synthetic pesticides are a
critical management tool against the FAW [8,9]. The investigation was carried out to check the effectiveness of different insecticides to
control FAW in maize crop and reported Fipronil + Emamectin Benzoate 0.35 % G and Chlorantraniliprole 20 % SC as a best in-
secticides in which the larvae population was observed lowest after 14 days under agro-ecological conditions in Lahore, Pakistan [10].
Impulsive spraying and frequent use of the insecticides comprising chlorinated hydrocarbons, organophosphates, carbamates, and
pyrethroids also impersonated a threat to the beneficial creatures [11,12]. To overcome this problem and to reduce the insecticide
applications in the fields it becomes essential to go with the alternative techniques to control insect pests.

Microbial control agents such as bacteria, fungi, nematodes and viruses are the alternatives and getting more attention as they are
safe to the environment and show pest selectivity [13–16]. The bacteria Bacillus thuringiensis dominating the market and taking two
percent of insecticidal market share [17]. Besides B. thuringiensis other bacteria like Xenorhabdus spp., Photorhabdus luminescens,
Serratia spp., Pseudomonas cedrina, Paenibacillus spp., Chromobacterium substugae and Lysinibacillus sphaericus have been reported for
their insecticidal activity against the lepidopteran, dipteran, and coleopteran pests under the field conditions [18–24]. Entomopa-
thogenic nematodes Heterorhabditis bacteriophora and Steinernema carpocapsae, are the sustainable, eco-friendly biocontrol measure
against the insect pest which contributing in improving food security [15,25]. Biocontrol agents are more beneficial and target specific,
abridged potential to develop resistance among the target pests, are safe to other living organisms. In broad, the main barriers in
widespread acceptance of microbial control include a long time duration to cause adequate mortality comparable to the insecticides,
susceptibility against environmental degradation, narrow host range, and cost of production.

Entomopathogenic micro-organisms have been observed to be effective when combined with the low concentrations of chemical
insecticides [26]. When the two different control agents work independently on the similar target host, not causing toxicity to another
one, their mutual effects may be synergistic [27,28]. Combining different strategies could enhance the efficiency of the IPM techniques
which is a cost-effective as well as time saving substitute in controlling the insect pest population in the agricultural sector. Synthetic
insecticides cannot be eliminated but its use could be reduced by using them in combination with the entomopathogenic microor-
ganisms [29]. The new chemical insecticides which showed novel modes of action, such as Spinosad, Emamectin Benzoate, Abamectin,
Indoxacarb, Lufenuron, Fipronil, and Chlorantraniliprole have now been familiarized for management of insect pests as these com-
pounds are species-specific and are less harmful [30–32]. To get agricultural outputs which are free from pollution and that have
virtuous compatibility with the environment, we have to use noble insecticides at lower doses together with the different strains of
entomopathogenic microbes. Combined actions of the insecticide and biological control agents could be more effective than the in-
dividual constituents due to their different action modes, which may also delay development of resistance in pests [33]. Entomopa-
thogenic bacteria and fungi appear to be compatible or well matched with wide spectrum of the chemical insecticides that may result in
the synergism when they applied in the combination even at the low doses [34–36]. The integration of microbial biocontrol agents and
chemical insecticides in pest management enhances efficacy and sustainability, but also presents challenges like compatibility,
complexity, cost, and regulatory factors. Considering the importance of combined approaches, this study is planned to appraise
bacterial and fungal compatibility with insecticide. Bacterial isolate B. thuringiensis, and two isolates of fungus Beauveria bassiana and
Metarhizium anisopliae revealing pathogenicity against the tobacco cutworm when applied in combination treatments with chemical
insecticides Barazide (Novaluron + Emamectin benzoate).

2. Materials and methods

To establish culture of S. litura, larvae along with the egg masses were collected from cauliflower, capsicum, and tomato and
cabbage fields around Baru Sahib (Himachal Pradesh), India. Mass culturing or rearing was carried out in the laboratory of Zoology
Department, Eternal University at altitude 1067m as per protocol [37,38]. Castor (Ricinus communis L.) leaves were provided as feed
for different instars and were kept at 26±2oC temperatures and 65 ± 4 % humidity conditions respectively for healthier development
[39]. Emerging adults were transferred to the glass chimneys for oviposition containing feed 15 % sucrose solution soaked on a cotton
swab that refreshes daily and are responsible for better development and fecundity [40,41]. Adult females laid eggs in the cluster
within 4–5 days of mating. Newly hatched larvae were shifted to plastic jars where castor leaves were provided to these voraciously
feeder. Up to third instars, the larvae were kept in groups in plastic vials. After that, they were shifted to the individual vials as they
show cannibalistic nature. After larval forms attain the full physiological maturity they are shifted over the moist sterilized sand for
pupation in pupation jars (15 × 15 cm). Breeding stock of target insects was retained properly under controlled conditions in the
laboratory. The culture of target insect pests was raised for the 3–4 generations under the laboratory before engaging for the exper-
iments. Life cycle of this insect pest lasted around 32–40 days under controlled conditions.

Commercial formulations of biological insecticide Bacillus thuringiensis var. kurstaki (Mahastra 0.5 %W.P., DOR BT-1, International
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Panaacea Limited (IPL), New Delhi, India), Beauveria bassiana (Daman 1.0 % W.P. IPL/BB/MI/01, New Delhi, India) and Metarhizium
anisopliae (Kalichakra 1.0 % W.P., IPL, New Delhi, India) were used. One insect growth regulators (IGR) & Avermectin chemical
insecticide “Barazide” formulated with the Novaluron emamectin benzoate (Adama 5.25 + 0.9 % S.C.) with dual action approach
which interfere with neuromuscular process and act as a powerful weapon against insects were purchased from local market and are
used in this bioassay experiment.

2.1. Insecticides compatibility test

A compatibility test was done by using bacteria B. thuringiensis var. kurstakiwith chemical pesticide Barazide to assess whether they
can be used in combination or not. Shake flask and plate assay experiments were conducted to evaluate the compatibility between
bacterial culture and insecticide. In the shake flask assay, a single dose of insecticide Barzide (0.1 %) was transferred to the 100 mL
Luria Bertani (LB) broth in 250 mL capacity flask. An insecticide-free culture medium was served as the control. A single colony of
B. thuringiensis was incubated at 180 rpm for 48 h at 30 ◦C. B. thuringiensis culture was centrifuged at 10,000 rpm (revolutions per
minutes) for 10 min at 4 ◦C temperature to notice the bacterial proliferation. A spreader was used to overlay the 100 μL culture
suspension over the LB plates. In the four plate quadrants, eight different wells were created. Phosphate buffered saline (PBS) was
introduced to a single control well and 0.1 % Barazide was again added to another wells and left to dry for overnight and these plates
were incubated at 30 ◦C for 48 h to check the growth of bacterial cell. The compatibility of chemical insecticide against bacterial
culture was demonstrated by the diameter of halo zones around wells in comparison to control well [42].

In-vitro investigation was also conducted to evaluate the compatibility between synthetic chemical Barazide and entomopathogenic
fungus B. bassiana andM. anisopliae. The dose 0.1 % of insecticide was added to the potato dextrose agar (PDA) in a conical flask before
solidification. After through mixing, the obtainedmedia was transferred with gentle shaking on the Petri dishes and let it to solidify. By
using a micropipette, B. bassiana andM. anisopliae formulations 0.5, 1.0 and 1.5 %were inoculated in different petri plate on the media
prepared. Petri plates were then sealed and incubated in an incubator and were maintained there at 25 ± 1 ◦C temperature and 80 ± 5
% relative humidity. The media on the Petri plate without insecticide was used as a control. After three days of inoculation, the di-
ameters of colonies were calculated using Vernier calipers. To assess the possible influence of the insecticide Barazide on colony
development, treatment groups’ growth was compared to that of the control [43].

2.2. Effect of insecticides individually and in-combination

Bio-efficacy of treatments of EPB (B. thuringiensis var. kurstaki), EPF (B. bassiana and M. anisopliae) and insecticide Barazide alone
was evaluated in the laboratory against 10 larvae of S. litura belonging to different instar. Bioassay was implemented with the above
mentioned four insecticides with three different concentrations and the insect larval mortality against target insect pest was assessed
up to 4 days after application. Initially bioassays with Barazide formulated with the Novaluron emamectin benzoate (5.25+ 0.9% S.C.,
Adama) was performed at 0.008 %, 0.001 %, and 0.01 % concentrations against the 3rd, 4th and 5th instar larvae of the insect pest
S. litura. The stock solution (1000 %) of insecticides was made in 100 mL distilled water and serial dilution was done to prepare the
three different concentrations. The commercial formulations of B. thuringiensis var. kurstaki, B. bassiana and M. anisopliae were used
after serial dilution and bacterial and fungal concentration was adjusted to 0.5, 1.0 and 1.5 %. Leaf dip method was implemented to
conduct this experiment as the protocol given different scientist [44–47]. The castor leaves only treated with the distilled water were
act as a control. Single leaf disc of nearly 10 ± 11 cm2 dipped in the different concentrations of insecticides and were used.

To evaluate the efficacy of the combined doses of entomopathogens and insecticide a bioassay experiment was also conducted.
Three different bio-agents B. thuringiensis var. kurstaki, B. bassiana and M. anisopliae at three doses 0.5, 0.1 and 0.5 % singly with the
chemical insecticide Barazide 0.1 % are used under polystyrene tray having 48 wells per tray along with absolute control. The leaves
treated with the distilled water were act as control. In this experiment single leaf disc (nearly 10 cm2) dipped in 0.1 % dose of chemical
insecticide along with three different concentrations of biopesticides was used. Fresh leaves were chopped and that pieces were placed
in a rearing tube with S. litura larvae. These experiments were repeated annually during the two consecutive years. The chopped fresh
leaves were given as a feed every 48 h. These experiments were conducted at constant temperature (25 ± 2 ◦C) and humidity con-
ditions (65 ± 5 %) respectively. The larval mortality was recorded in combined assay after 24, 48 72, 96 h. Larvae are measured dead
when no movement of the appendages is seen upon touching them with a brush.

2.3. Statistical analysis

In this experiment, the biannual insect mortality data collected from the bioassay experiment during the two consecutive years was
used for statistical analysis. A statistical method, probit analysis was used to estimate the lower as well as median lethal values. The
formulae ME = MC + MB/(1-MC) or ME = MC + MF/(1-MC) were used to determine the expected mortality value. A chi square test
was employed to ascertain whether the insecticide and biopesticides had a synergistic effect [48] χ2=(MBI-ME)2/ME or χ2 =

(MFI-ME)2/ME, where MBI was the observed mortality caused by bacteria + insecticide and where MFI was the observed mortality
caused by fungus + insecticide. *p < 0.05 statistically significant (df 9). If the predicted value of χ2 is greater than the value in the
table, a synergistic action between the two agents was found while if the tabular value is more than the χ2 value, an additive inter-
action was noticed.
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3. Results

S. litura is a polyphagous insect pest and its larval stages are voracious feeders that frequently obliterate the leaves entirely. Younger
larvae have lighter green colour while older larvae change to a brown colour or dark green. The larvae were without any hairs and
mainly feed at night. Six larval instars were recognized in the present investigation and 10 larvae were used in each treatment per petri
plate to observe the mortality.

3.1. Insecticides compatibility with bacteria and fungi

The study found that B. thuringiensis var. kurstaki and chemical insecticide Barazide were compatible and promoting bacterial
growth. However, significant differences were observed in conidia generation between entomopathogenic fungi when cultured
alongside Barazide. The insecticide had a less effect on conidia formation.

3.2. Effect of insecticides individually and in-combination

3.2.1. Effect against 3rd instar larvae
The study explores the impact of insecticides, both individually and in combination. The study found that different concentrations

of Barazide alone significantly increased larval mortality in 3rd, 4th, and 5th instar larvae of S. litura compared to the control. The
mortality rate significantly increased with higher dose concentrations and time exposure, ranging from 24, 48, 72, and 96 h. The study
revealed that Barazide, when used at a 0.1 % inoculation level, was the most effective biopesticide, with a maximum mortality rate of
95.80 ± 1.16. This bioassay study showed a minimum mortality rate of 45.30 ± 1.01 at a 0.008 % inoculation level after 24 h. The
probit analysis of Barazide revealed the lowest LC50 value at a dose of 1.16 %, with 95 % FL ranging from 0.24 to 5.53 after 96 h of
exposure. The study revealed that B. thuringiensis var. kurstaki resulted in a maximum mortality rate of 88.70 ± 1.01 at a 1.5 % dose
after 96 h. The probit analysis showed B. thuringiensis var. kurstaki had the lowest LC50 value at 0.19 % dose. Entomopathogenic fungus
B. bassiana and M. anisopliae showed higher mortality rates at 1.5 % inoculation level whereas the lowest mortality was recorded at
inoculation level 0.5 % after 24 h (Table 1). The probit analysis in B. bassiana andM. anisopliae revealed the lowest LC50 value at dose
0.56 and 0.40 % with 95 % FL: 0.23–1.36 and FL: 0.23–0.71 respectively (Table 4).

Furthermore, compared to solo treatments in bioassay studies, the current study demonstrated a considerable impact of combining
treatments of chemical insecticide with biopesticides. The combination of Barazide (0.1 %) and bacteria B. thuringiensis var. kurstaki
(1.5 %) led to a higher mortality cent percent after 72 h of exposure. Pearson’s chi-squared test indicated a significant level of mortality
at p < 0.05 level at highest inoculation dose Barazide@ 0.1 %+B. thuringiensis var. kurstaki@1.5 % after 72 h. Additionally, after 72 h
of exposure, the probit analysis in the combination of Barazide + B. thuringiensis var. kurstaki revealed the lowest LC50 value at dose
5.15 % with 95 % FL: 1.38–19.22 (Table 5). The combined treatment of Barazide with B. bassiana andM. anisopliae resulted in higher
mortality rates after 96 h of exposure. After 96 h, the combination of different insecticides was statistically significant at the p < 0.05
level (Table 1). After 96 exposure hours, the probit analysis revealed that the lowest LC50 value for Barazide + B. bassiana was 1.75 %
with a 95% FL of 0.34–8.88, and the lowest LC50 value for Barazide+M. anisopliaewas 7.88%with a 95 % FL of 1.92–32.25 (Table 5).

According to our research, the insecticide barazide increased larval mortality in an additive way when combined with larger
concentrations of B. thuringiensis var. kurstaki, B. bassiana, and M. anisoplae. When B. thuringiensis var. kurstaki, B. bassiana, and
M. anisoplae were combined with barazide at 0.1 %, the mortality was increased and the interactions were found to be synergistic
against larvae in their third instar.

3.2.2. Effect against 4th instar larvae
After 96 h of exposure, the maximum mortality 85.30 ± 1.85 was seen with Barazide alone at a 0.1 % inoculation level against 4th

instar larvae. The study revealed a minimum mortality rate of 38.90 ± 2.78 at a 0.008 % inoculation level of Barazide after 24 h.The
probit analysis of Barazide revealed an LC50 value of 2.80 % after 96 h of exposure. B. thuringiensis var. kurstaki caused the highest
mortality at a dose of 1.5 %, while the lowest at a dose of 0.5 %. The probit analysis in B. thuringiensis var. kurstaki revealed the lowest
LC50 value at a dose of 0.16 %, with 95 % FL ranging from 0.07 to 0.38. B. bassiana andM. anisopliae showed high mortality rates at 1.5
% inoculation levels, with the lowest at 0.5 % after 24 h (Table 2), and the lowest LC50 value at 0.33 % and 0.47 % doses (Table 4).

The study found that the combination of Barazide (0.1 %) with bacteria B. thuringiensis var. kurstaki (1.5 %) resulted in higher
mortality after 96 h of exposure. After 96 h, the highest inoculation dose showed a significant amount of death at a p < 0.05 level,
according to Pearson’s chi-square test. The LC50 value at dose 7.63 % with 95 % FL: 2.85–20.39 at the same time interval was revealed
by the probit analysis (Table 5). Barazide (0.1 %) combined with B. bassiana andM. anisopliae@1.5%, caused greater mortality rates of
85.30 ± 2.56 and 79.90 ± 4.39, respectively. Combining pesticide applications demonstrated significance at the p < 0.05 level
(Table 2). Barazide + B. bassiana (95 % FL: 0.98–25.26) and Barazide + M. anisopliae (5.12 %, 95 % FL: 0.74–35.23) had the lowest
LC50 values, respectively (Table 5).

As per our research, the pesticide Barazide exhibited an additive effect on larval mortality when combined with elevated con-
centrations of B. thuringiensis var. kurstaki, B. bassiana, and M. anisoplae. While B. thuringiensis var. kurstaki, B. bassiana, and
M. anisoplae@0.5 % increased the mortality and the interactions proved to be synergistic against larvae in their fourth instar, bar-
azide@0.1 % combined with these agents improved the mortality.
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Table 1
Effect of the combined treatments of chemical insecticides Barazide and bio-insecticides B. thuringiensis var. kurstaki, B. bassiana and M. anisopliae against 3rd instar larvae of S. litura.

Treatment/Concentration Observed mortality (%) Expected Mortality (%) χ2value Calculated value Interaction

24h 48h 72h 96 h 24h 48h 72h 96h 24h 48h 72h 96h

Barazide @0.008 % 45.30 ± 1.01 55.30 ± 2.73 65.70 ± 3.04 83.70 ± 1.71 – – – – – – – – – –
Barazide @0.01 % 56.60 ± 1.91 64.20 ± 2.65 71.90 ± 1.88 90.50 ± 1.19 – – – – – – – – – –
Barazide @0.1 % 63.20 ± 2.08 74.30 ± 1.63 81.10 ± 2.46 95.80 ± 1.16 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
B. thuringiensis var. kurstaki @0.5 % 40.90 ± 1.58 49.30 ± 1.43 55.50 ± 1.31 70.90 ± 1.58 – – – – – – – – – –
B. thuringiensis var. kurstaki @1.00 % 47.60 ± 1.26 56.20 ± 1.36 63.80 ± 1.27 80.40 ± 1.43 – – – – – – – – – –
B. thuringiensis var. kurstaki @1.5 % 56.50 ± 1.19 68.00 ± 1.30 76.20 ± 1.16 88.70 ± 1.01 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
Barazide @0.1 %

+ B. thuringiensis var. kurstaki @0.5 %
57.80 ± 2.20 66.70 ± 2.47 77.90 ± 1.67 89.50 ± 2.08 39.45 47.92 59.83 72.67 8.53 5.28 4.19 3.89 21.89* Synergistic

Barazide @0.1 %
+ B. thuringiensis var. kurstaki @ 1.0 %

63.20 ± 1.32 72.30 ± 2.23 81.80 ± 2.47 93.80 ± 2.82 46.24 54.89 65.56 79.22 6.22 5.52 4.02 2.68 18.44* Synergistic

Barazide @0.1 %
+ B. thuringiensis var. kurstaki @1.5 %

72.10 ± 2.08 83.50 ± 1.45 100 ± 0.00 – 55.20 68.79 75.03 – 5.17 3.14 6.23 – 14.54 Additive

Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 –
B. bassiana @0.5 % 27.30 ± 2.52 34.40 ± 4.39 49.50 ± 3.39 64.30 ± 2.69 – – – – – – – – – –
B. bassiana @1.00 % 32.70 ± 3.43 43.00 ± 2.26 54.30 ± 2.27 71.30 ± 3.65 – – – – – – – – – –
B. bassiana @1.5 % 39.00 ± 1.31 54.20 ± 2.19 64.70 ± 1.19 82.60 ± 2.46 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
Barazide@0.1 %

+ B. bassiana @0.5 %
39.70 ± 2.18 46.70 ± 3.69 62.70 ± 2.78 78.20 ± 2.55 25.79 33.30 48.25 63.06 7.50 5.24 4.32 3.63 20.69* Synergistic

Barazide@0.1 %
+ B. bassiana @1.0 %

45.60 ± 2.03 55.60 ± 1.15 67.20 ± 1.53 83.30 ± 2.36 31.26 41.68 53.04 70.12 6.57 4.64 3.78 2.47 17.46* Synergistic

Barazide @0.1 %
+ B. bassiana @1.5 %

51.40 ± 1.08 66.40 ± 2.08 76.70 ± 1.32 91.70 ± 1.16 37.65 52.98 63.50 81.48 5.02 3.39 2.74 1.28 12.43 Additive

Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 –
M. anisopliae @0.5 % 22.20 ± 2.46 28.00 ± 3.51 36.50 ± 2.36 56.00 ± 2.93 – – – – – – – – – –
M. anisopliae @1.00 % 30.10 ± 2.41 35.00 ± 2.34 41.30 ± 1.22 64.20 ± 1.84 – – – – – – – – – –
M. anisopliae @1.5 % 37.00 ± 1.22 42.10 ± 2.16 51.30 ± 1.15 78.60 ± 1.46 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 0.00 0.00 0.00 – – – – – –
Barazide@0.1 %

+ M. anisopliae @0.5 %
32.20 ± 2.45 38 ± 2.68 47.20 ± 2.97 68.40 ± 1.88 20.68 26.59 35.17 54.76 6.41 4.89 4.11 3.39 18.80* Synergistic

Barazide@0.1 %
+ M. anisopliae @1.0 %

40.50 ± 2.41 45.10 ± 2.48 52.10 ± 2.21 75.30 ± 1.36 28.64 33.67 40.01 63.01 4.91 3.88 3.65 2.39 15.06 Additive

Barazide@0.1 %
+ M. anisopliae @1.5 %

46.90 ± 1.98 52.60 ± 2.23 61.40 ± 1.26 89.60 ± 1.31 35.65 40.82 50.49 77.45 3.55 3.39 2.91 1.90 11.75 Additive

Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 0.00 0.00 0.00 – – – – – –

Mean ± Standard Error (Mean ± SE) for the mortality observed; Expected mortality ME = MC + MB/(1-MC) or ME = MC + MF/(1-MC), where MC, MB and MF are the percentage mortality observed
caused by combined application of insecticide with biopesticides, bacteria and fungus. Test for interaction based on χ2 with 9 df, using the formula χ2 = (MBI-ME)2/ME or χ2 = (MFI-ME)2/ME, where MBI
is the mortality observed caused by bacteria + insecticide and where MFI is the observed mortality caused by fungus + insecticide. *p < 0.05 statistically significant.
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Table 2
Effect of the combined treatments of chemical insecticides Barazide and bio-insecticides B. thuringiensis var. kurstaki, B. bassiana and M. anisopliae against 4th instar larvae of S. litura.

Treatment/Concentration Observed mortality (%) Expected Mortality (%) χ2value Calculated values Interaction

24h 48h 72h 96 h 24h 48h 72h 96 h 24h 48h 72h 96 h

Barazide @0.008 % 38.90 ± 2.78 48.10 ± 1.67 59.40 ± 1.73 69.6 ± 1.46 – – – – – – – – – –
Barazide @0.01 % 45.60 ± 1.69 55.70 ± 1.36 65.20 ± 1.36 77.5 ± 1.38 – – – – – – – – – –
Barazide @0.1 % 52.90 ± 1.79 60.90 ± 1.52 73.50 ± 1.19 85.30 ± 1.85 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
B. thuringiensis var. kurstaki @0.5 % 32.80 ± 4.48 44.00 ± 3.23 48.90 ± 3.61 66.30 ± 2.48 – – – – – – – – – –
B. thuringiensis var. kurstaki @1.00 % 41.60 ± 3.26 48.10 ± 4.38 56.20 ± 2.34 73.50 ± 2.47 – – – – – – – – – –
B. thuringiensis var. kurstaki @1.5 % 49.00 ± 4.19 55.00 ± 3.34 65.50 ± 2.36 79.90 ± 2.01 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
Barazide @0.1 %

+ B. thuringiensis var. kurstaki @0.5 %
47.50 ± 0.25 59.50 ± 3.17 63.90 ± 2.87 81.20 ± 2.48 31.31 42.62 47.57 65.06 8.37 6.68 5.60 4.00 24.65* Synergistic

Barazide @0.1 %
+ B. thuringiensis var. kurstaki @ 1.0 %

56.90 ± 4.35 62.80 ± 2.27 70.60 ± 3.49 87.40 ± 2.92 40.20 46.77 54.92 72.29 6.93 5.49 4.47 3.15 19.79* Synergistic

Barazide @0.1 %
+ B. thuringiensis var. kurstaki @1.5 %

60.90 ± 4.68 66.90 ± 4.25 78.50 ± 3.23 100 ± 0.00 47.73 53.76 64.28 78.72 3.63 3.21 3.14 4.52 14.50 Additive

Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
B. bassiana @0.5 % 26.80 ± 3.82 36.60 ± 4.49 44.40 ± 2.59 57.30 ± 1.79 – – – – – – – – – –
B. bassiana @1.00 % 34.20 ± 4.48 42.10 ± 3.36 52.20 ± 4.17 63.50 ± 2.35 – – – – – – – – – –
B. bassiana @1.5 % 42.20 ± 4.38 50.00 ± 3.69 60.00 ± 3.59 73.90 ± 2.46 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
Barazide@0.1 %

+ B. bassiana @0.5 %
37.70 ± 3.58 48.20 ± 2.64 56.70 ± 1.58 69.40 ± 2.35 25.09 34.93 42.93 55.86 6.33 5.04 4.41 3.28 19.06* Synergistic

Barazide@0.1 %
+ B. bassiana @1.0 %

45.30 ± 3.23 53.70 ± 2.65 64.50 ± 3.13 74.30 ± 3.32 32.49 40.57 50.82 62.10 5.05 4.27 3.68 2.39 15.39 Additive

Barazide@0.1 %
+ B. bassiana @1.5 %

54.40 ± 2.98 60.80 ± 3.28 72.30 ± 2.52 85.30 ± 2.56 40.72 48.63 58.67 72.62 4.59 3.04 3.16 2.21 13.00 Additive

Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
M. anisopliae @0.5 % 19.80 ± 3.47 22.60 ± 2.59 29.00 ± 2.37 51.30 ± 3.92 – – – – – – – – – –
M. anisopliae @1.00 % 24.20 ± 2.49 29.00 ± 3.36 34.00 ± 2.29 61.00 ± 4.82 – – – – – – – – – –
M. anisopliae @1.5 % 32.20 ± 3.29 38.00 ± 4.49 47.00 ± 3.45 68.90 ± 2.96 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
Barazide@0.1 %

+ M. anisopliae @0.5 %
28.80 ± 4.25 32.00 ±3.38 39.40 ± 4.93 62.80 ± 5.28 18.28 21.12 27.59 50.05 6.05 5.64 5.05 3.24 19.98* Synergistic

Barazide@0.1 %
+ M. anisopliae @1.0 %

33.40 ± 3.71 38.20 ± 4.48 44.60 ± 2.29 73.30 ± 3.33 22.76 27.64 32.65 59.83 4.97 4.34 4.37 3.03 16.71 Additive

Barazide@0.1 %
+ M. anisopliae @1.5 %

42.10 ± 2.38 47.80 ± 3.13 58.20 ± 2.66 79.90 ± 4.39 30.98 36.71 45.73 67.74 3.99 3.41 3.44 2.18 13.02 Additive

Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –

Mean ± SE for the mortality observed; Expected mortality ME = MC + MB/(1-MC) or ME = MC + MF/(1-MC), where MC, MB and MF are the observed percentage mortality caused by combined
application of insecticide with biopesticides, bacteria and fungus. Test for interaction based on χ2 with 9 df, using the formula χ2 = (MBI-ME)2/ME or χ2 = (MFI-ME)2/ME, where MBI is the mortality
observed caused by bacteria + insecticide and where MFI is the observed mortality caused by fungus + insecticide. *p < 0.05 statistically significant.
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Table 3
Effect of the combined treatments of chemical insecticides Barazide and bioinsecticides B. thuringiensis var. kurstaki, B. bassiana and M. anisopliae against 5th instar larvae of S. litura.

Treatment/Concentration Observed mortality (%) Expected Mortality (%) χ2value Calculated values Interaction

24h 48h 72h 96 h 24h 48h 72h 96 h 24h 48h 72h 96 h

Barazide @0.008 % 30.40 ± 2.34 38.10 ± 2.61 53.90 ± 2.04 67.30 ± 2.15 – – – – – – – – – –
Barazide @0.01 % 39.10 ± 2.13 44.30 ± 2.41 60.70 ± 1.88 74.40 ± 2.00 – – – – – – – – – –
Barazide @0.1 % 43.60 ± 1.52 51.90 ± 1.99 70.80 ± 1.22 82.00 ± 1.72 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
B. thuringiensis var. kurstaki @0.5 % 25.40 ± 3.24 33.60 ± 2.93 45.50 ± 3.21 63.90 ± 1.82 – – – – – – – – – –
B. thuringiensis var. kurstaki @1.00 % 31.10 ± 4.71 40.30 ± 2.43 51.00 ± 3.74 70.00 ± 2.89 – – – – – – – – – –
B. thuringiensis var. kurstaki @1.5 % 38.20 ± 2.89 47.90 ± 3.14 63.00 ± 2.73 78.00 ± 2.91 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
Barazide @0.1 %

+ B. thuringiensis var. kurstaki @0.5 %
35.70 ± 3.83 44.60 ± 2.58 57.00 ± 2.37 75.40 ± 3.35 36.88 46.65 61.80 76.84 4.73 5.22 5.59 4.82 20.36* Synergistic

Barazide @0.1 %
+ B. thuringiensis var. kurstaki @ 1.0 %

40.90 ± 4.12 51.10 ± 2.36 62.00 ± 2.63 82.70 ± 2.23 23.94 32.23 44.22 62.70 5.77 4.74 3.69 2.57 16.77 Additive

Barazide @0.1 %
+ B. thuringiensis var. kurstaki @1.5 %

50.10 ± 4.32 62.70 ± 4.09 80.40 ± 3.69 96.10 ± 3.54 29.74 39.00 49.76 68.80 4.18 3.75 3.01 2.80 13.74 Additive

Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – –
B. bassiana @0.5 % 19.90 ± 2.52 26.90 ± 3.29 35.40 ± 1.89 55.00 ± 4.59 – – – – – – – – – –
B. bassiana @1.00 % 25.80 ± 3.58 35.70 ± 2.42 43.30 ± 4.27 63.70 ± 5.85 – – – – – – – – – –
B. bassiana @1.5 % 31.90 ± 2.58 43.48 ± 3.99 54.90 ± 3.58 73.00 ± 4.16 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
Barazide@0.1 %

+ B. bassiana @0.5 %
28.10 ± 2.53 35.40 ± 4.24 44.80 ± 3.38 65.10 ± 2.65 18.41 25.53 34.10 53.79 5.10 3.81 3.35 2.37 14.63* Additive

Barazide@0.1 %
+ B. bassiana @1.0 %

33.20 ± 2.73 44.90 ± 4.25 52.90 ± 2.52 72.10 ± 2.73 24.46 34.41 42.05 62.55 3.12 3.19 2.79 1.45 10.55* Additive

Barazide@0.1 %
+ B. bassiana @1.5 %

40.00 ± 3.58 52.20 ± 2.38 62.40 ± 4.32 81.40 ± 3.56 30.61 42.25 53.74 71.87 2.88 2.34 1.39 1.26 7.87* Additive

Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – –
M. anisopliae @0.5 % 17.90 ± 3.59 24.90 ± 3.69 33.40 ± 3.65 53.00 ± 2.83 – – – – – – – – – –
M. anisopliae @1.00 % 23.00 ± 3.38 32.90 ± 2.89 43.00 ± 3.19 62.30 ± 1.72 – – – – – – – – – –
M. anisopliae @1.5 % 28.70 ± 3.40 41.48 ± 2.39 51.90 ± 1.82 69.00 ± 3.46 – – – – – – – – – –
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –
Barazide@0.1 %

+ M. anisopliae @0.5 %
25.20 ± 3.42 32.60 ± 3.54 41.50 ± 2.43 62.10 ± 3.68 16.24 23.42 32.02 51.75 4.94 3.59 2.80 2.07 13.04* Additive

Barazide@0.1 %
+ M. anisopliae @1.0 %

30.40 ± 2.23 40.40 ± 4.04 50.80 ± 3.99 70.10 ± 4.23 21.49 31.49 41.74 61.12 3.69 2.52 1.96 1.31 09.48* Additive

Barazide@0.1 %
+ M. anisopliae @1.5 %

36.80 ± 5.23 49.80 ± 3.75 59.40 ± 2.76 76.40 ± 3.22 27.26 40.19 50.67 67.80 3.33 2.29 1.50 1.09 08.21* Additive

Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 – – – – – – – – – –

Mean ± SE for the mortality observed; Expected mortality ME = MC + MB/(1-MC) or ME = MC + MF/(1-MC), where MC, MB and MF are the observed percentage mortality caused by combined
application of insecticide with biopesticides, bacteria and fungus. Test for interaction based on χ2 with 9 df, using the formula χ2 = (MBI-ME)2/ME or χ2 = (MFI-ME)2/ME, where MBI is the mortality
observed caused by bacteria + insecticide and where MFI is the observed mortality caused by fungus + insecticide. *p < 0.05 statistically significant.
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3.2.3. Effect against 5th instar larvae
After 96 h of exposure, the treatment with Barazide alone at an inoculation level of 0.1 % resulted in the highest observed mortality,

measuring 82.00 ± 1.72. After a 24-h period, the lowest death rate was seen at a 0.008 % inoculation dose. After 96 h of exposure, the
probit analysis test revealed the LC50 value at dose 2.79 % with 95 % FL: 0.37–20.96. After 96 h, B. thuringiensis caused 78.00 ± 2.91
percent mortality at a dose of 1.5 %. In contrast, after 24 h, the minimum mortality at the 0.5 % inoculation dose was 25.40 ± 3.24.
With a 95 % confidence interval of 0.08–0.46, B. thuringiensis var. kurstaki exhibited the lowest LC50 value of 0.19 %. After 96 h of
exposure, the percent mortality of B. bassiana andM. anisopliae at inoculation level 1.5 % was reported to be 73.00± 4.16 and 69.00±

3.46, respectively. After a 24 h period, the lowest inoculation level of 0.5 % yielded the lowest fatality rates (Table 3). In B. bassiana
and M. anisopliae, the probit analysis test revealed LC50 values at doses of 0.38 % and 0.41 % with 95 % FL: 0.19–0.78 and FL:
0.19–0.91, respectively (Table 4).

After 96 h of exposure, the combination treatment of B. thuringiensis var. kurstaki (1.5 %) and Barazide (0.1 %) resulted in a greater
mortality rate of 96.10 ± 3.54. After 96 h, the highest inoculation dose showed a substantial amount of death at a p < 0.05 level,

Table 4
Pooled mortality data of chemical and bio-insecticides individually against 3rd, 4th and 5th instars larvae of S. litura under laboratory conditions.

Percent Mortality in 3rd Instars larvae

Pesticide Name Susceptibility (h) Mean + SE LC50 (μg/mL) 95 % fiducial limit Person’s X2

Lower limit Upper limit

Barazide 24 195 + 0.047 78.45 9.28 662.83 0.000
48 185 + 0.049 22.18 3.94 124.72 0.001
72 179 + 0.052 4.79 0.73 31.52 0.018
96 143 + 0.076 1.16 0.24 5.53 0.000

B. thuringiensis var. kurstaki 24 0.91 + 0.117 1.02 0.44 2.38 0.111
48 0.89 + 0.118 0.56 0.27 1.13 0.008
72 0.88 + 0.120 0.40 0.21 0.74 0.004
96 0.84 + 0.133 0.19 0.10 0.35 0.056

B. bassiana 24 0.92 + 0.122 4.21 1.48 11.99 0.333
48 0.92 + 0.118 1.29 0.67 2.49 0.055
72 0.90 + 0.117 0.56 0.23 1.36 0.010
96 0.87 + 0.125 0.25 0.13 0.48 0.002

M. anisopliae 24 0.93 + 0.125 3.60 1.64 7.92 0.565
48 0.92 + 0.121 2.82 1.17 6.75 0.378
72 0.91 + 0.118 1.56 0.63 3.82 0.022
96 0.88 + 0.121 0.40 0.23 0.71 0.000

Percent Mortality in 4th Instars larvae
Barazide 24 201 + 0.046 502.23 39.81 6335.86 0.010

48 196 + 0.047 57.69 3.08 1078.24 0.003
72 188 + 0.049 8.81 0.93 83.42 0.031
96 173 + 0.055 2.80 0.46 17.04 0.001

B. thuringiensis var. kurstaki 24 0.92 + 0.119 1.65 0.76 3.61 0.51
48 0.91 + 0.117 1.00 0.30 3.37 0.147
72 0.90 + 0.117 0.56 0.25 1.24 0.085
96 0.87 + 0.124 0.16 0.07 0.38 0.294

B. bassiana 24 0.93 + 0.122 2.67 1.20 5.93 0.281
48 0.91 + 0.118 1.65 0.62 4.38 0.140
72 0.90 + 0.117 0.77 0.33 1.78 0.285
96 0.88 + 0.120 0.33 0.15 0.72 0.012

M. anisopliae 24 0.94 + 0.129 6.43 2.55 16.22 0.075
48 0.94 + 0.125 3.50 1.61 7.60 0.108
72 0.93 + 0.121 2.09 1.02 4.30 0.001
96 0.89 + 0.118 0.47 0.23 0.97 0.382

Percent Mortality in 5th Instars larvae
Barazide 24 205 + 0.047 4448.07 240.14 82,390.60 0.000

48 201 + 0.046 628.57 50.10 7885.55 0.018
72 189 + 0.048 27.80 4.07 189.68 0.014
96 179 + 0.052 2.79 0.37 20.96 0.004

B. thuringiensis var. kurstaki 24 0.93 + 0.123 4.09 1.59 10.53 0.247
48 0.92 + 0.119 1.88 0.77 4.61 0.258
72 0.90 + 0.117 0.73 0.34 1.58 0.004
96 0.880.123 0.19 0.08 0.46 0.072

B. bassiana 24 0.94 + 0.128 6.35 2.49 16.21 0.441
48 0.93 + 0.121 2.33 1.11 4.90 0.495
72 0.91 + 0.118 1.25 0.64 2.45 0.029
96 0.88 + 0.119 0.38 0.19 0.78 0.103

M. anisopliae 24 0.94 + 0.131 9.14 3.34 25.01 0.406
48 0.93 + 0.123 2.67 1.28 5.58 0.275
72 0.92 + 0.119 1.40 0.70 2.79 0.330
96 0.89 + 0.118 0.41 0.19 0.91 0.588
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according to Pearson’s chi-square test. After 96 h of exposure, the probit analysis revealed the LC50 value at dose 12.36%with 95% FL:
4.98–30.70. Barazide (0.1 %) caused greater mortality rates of 81.40 ± 3.56 and 76.40 ± 3.22, respectively, with B. bassiana and
M. anisopliae@1.5 %. The application of pesticides in combination showed its significance at p < 0.05 level (Table 3). The lowest LC50
value were recorded at dose 5.74 % in Barazide+ B. bassiana with 95 % FL: 0.95–34.59 and in Barazide+M. anisopliae at dose 4.03 %
with 95 % FL: 0.39–40.87 respectively (Table 5). According to our research, Barazide@0.1 % combination with higher concentrations
of B. thuringiensis var. kurstaki, B. bassiana andM. anisoplae @1.5 % increased the larval mortality in an additive manner. Only Barazide
@0.1 %+B. thuringiensis var. kurstaki @0.5 % enhanced the mortality and the interaction turned out to be synergistic against 5th instar
larvae. The increased mortality due to the additive effect as confirmed by Chi-square test, indicated that mortality observed in the
combination treatments was caused by independent action of both microbial isolates and insecticide whereas synergistic interaction
demonstrated a significant interaction between two treatments.

The decreasing trend in the observed mortality among insecticides alone is Barazide (95.80 ± 1.16, 85.30 ± 1.85 and 82.00 ±

1.72) > B. thuringiensis var. kurstaki (88.70 ± 1.01, 79.90 ± 2.01 and 78.00 ± 2.91) > B. bassiana (82.60 ± 2.46, 73.90 ± 2.46 and
73.00± 4.16)>M. anisopliae (78.60± 1.46, 68.90± 2.96 and 69.00± 3.46) after 96 h at its highest inoculation level against 3rd, 4th
and 5th instar larvae. Similarly, the increasing trend in the observed mortality among insecticides used in combination is Barazide +

B. thuringiensis < Barazide + B. bassiana < Barazide + M. anisopliae.

4. Discussion

B. thuringiensis var. kurstaki, B. bassiana andM. anisopliae (commercial formulations) were evaluated in the laboratory and found to
show highest pathogenicity against 3rd followed by 4th and 5th instars larvae of S. litura. Among at theses biopesticides entomopa-
thogenic bacteria was more effective as compared to entomopathogenic fungus. Similar observations were obtained by Liu et al. [22],
Thakur et al. [28] and Sharma et al. [49]. It has been reported the efficacy of commercial formulations of B. thuringiensis, B. bassiana

Table 5
Pooled mortality data of chemical and bio-insecticides in combination against 3rd, 4th and 5th instars larvae of S. litura under laboratory conditions.

Percent mortality against 3rd Instar larvae

Pesticide Name Susceptibility (h) Mean + SE LC50 (μg/mL) 95 % fiducial limit Person’s X2

Lower limit Upper limit

Barazide + B. thuringiensis var. kurstaki 24 174 + 0.052 27.00 8.08 117.08 0.004
48 160 + 0.049 12.97 1.43 90.26 0.003
72 155 + 0.062 5.15 1.38 19.22 0.001
96 – – – – –

Barazide + B. bassiana 24 202 + 0.046 650.70 30.39 13,931.89 0.022
48 194 + 0.047 78.04 13.77 442.04 0.001
72 186 + 0.050 6.88 0.86 54.67 0.104
96 160 + 0.063 1.75 0.34 8.88 0.033

Barazide + M. anisopliae 24 206 + 0.047 1794.48 147.96 21,763.78 0.001
48 202 + 0.046 548.52 48.18 6243.65 0.006
72 197 + 0.047 98.33 9.81 985.36 0.092
96 168 + 0.055 7.88 1.92 32.25 0.041

Percent mortality against 4th Instar larvae
Barazide + B. thuringiensis var. kurstaki 24 198 + 0.047 54.15 2.77 1056.06 0.000

48 196 + 0.048 1.27 0.01 113.89 0.210
72 184 + 0.051 4.42 0.54 36.20 0.009
96 123 + 0.088 7.63 2.85 20.39 0.014

Barazide + B. bassiana 24 202 + 0.046 430.45 53.11 3488.62 0.004
48 198 + 0.047 74.04 4.87 1125.42 0.042
72 190 + 0.049 13.47 1.57 115.54 0.003
96 173 + 0.054 4.98 0.98 25.26 0.092

Barazide + M. anisopliae 24 209 + 0.047 4767.75 431.01 52,739.83 0.081
48 207 + 0.047 1422.63 171.45 11,804.25 0.018
72 201 + 0.047 294.26 53.90 1606.50 0.095
96 182 + 0.051 5.12 0.74 35.23 0.000

Percent mortality against 5th Instar larvae
Barazide + B. thuringiensis var. kurstaki 24 204 + 0.047 945.13 94.72 9430.06 0.059

48 197 + 0.048 128.48 20.79 793.91 0.023
72 176 + 0.051 35.72 10.94 116.66 0.212
96 130 + 0.076 12.36 4.98 30.70 0.010

Barazide + B. bassiana 24 209 + 0.047 9893 613.57 159,520.20 0.039
48 203 + 0.046 613.41 67.51 5572.85 0.000
72 197 + 0.047 112.51 15.64 809.03 0.002
96 179 + 0.052 5.74 0.95 34.59 0.007

Barazide + M. anisopliae 24 211 + 0.048 21,435 1275 360,325 0.028
48 206 + 0.047 982.14 130.73 7378.34 0.002
72 199 + 0.047 181.57 24.18 1363.17 0.000
96 187 + 0.050 4.03 0.39 40.87 0.001
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andM. anisopliae against the 3rd and 4th instars larvae of S. litura and observed that it caused more mortality in the 3rd followed by 4th
instar larvae in laboratory. They also noticed highest mortality caused by B. thuringiensis followed by B. bassiana. As per report of
Vega-Aquino et al. [50], entomopathogenic fungi provide significant potential for managing lepidopterous insect pests. This is
corroborated by the current investigation, whereby entomopathogenic fungi shown acceptable outcomes against various larval stages.
The above findings were further confirmed by laboratory bioassays showingM. anisopliae efficacy against the different larval instars of
H. armigera [51]. Kumar et al. [52] conducted an experiment on genetically modifiedM. anisopliae, revealing enhanced virulence and
good growth against model insects on dead cadavers. Wang et al. [53] stated that B. thuringiensis and B. bassiana are the most studied
biopesticides that invade and kill insect hosts by producing a secondary metabolites (toxins) such as bassianolide, beauvericin,
beauverolides, bassianin, tenellin, oxalic acid and oosporein. Thakur et al. [28] also analysed the virulence of indigenous bio-agent,
entomopathogenic nematode and found them effective against H. armigera, S. litura and Agrotis segetum. Sajid et al. [54] also evaluated
the toxicity potential of B. thuringiensis against 2nd instar larvae of S. litura and reported maximummortality after 72 h of exposure and
also stated that microbial control is the best eco-friendly tactic to manage insect pests under laboratory conditions. Earlier there are
many reports on the bacterium, B. thuringiensis produces Bt-toxin (Cry), which works against the lepidoptera, diptera and coleoptera
through binding to their midgut epithelium cell surface that making pores in the apical microvilli membrane and causing death
[55–58]. During pathogenesis phase, spore of B. bassiana and M. anisopliae settle on the cuticle of insect pests where hyphae devel-
opment takes place which discharge their extracellular hydrolytic enzymes [59–62]. These enzymes assisting its penetration to insect
cuticle leads to spores germination and enter the integument by forming appressorium. As a result fungal hyphae develop on hypo-
dermis and continue to multiply in the body and blood cells that disables and crumbles the host immune system leading to the death of
insects.

In the present investigation, chemical insecticide Barazide formulated with the Novaluron emamectin benzoate (5.25 %+ 0.9 % S.
C., Adama) are found most effective among insecticides used against different instar larvae of S. litura after 96 h of time exposure.
Sreedhar [63] evaluated novaluron+ emamectin benzoate against S. litura and observed that>90 %mortality up to 8 days after spray
in field experiment. Earlier, efficiency of emamectin benzoate against different instar stages of S. litura is well recognized [64–66].
Similarly efficacy of novaluron 5.25 %+emamectin benzoate against this insect pest has been reported [66].

This experiment also revealed that the biopesticides used in this bioassay experiment B. thuringiensis var. kurstaki, B. bassiana and
M. anisopliae are compatible with chemical insecticide Barazide. Our findings are in conformation with Amizadeh et al. [67] who
investigated the interaction between various chemical insecticides and B. thuringiensis var. kurstaki (Bt) but against Tuta absoluta.
Similar results were also reported by de Souza et al. [68] conducted in vitro studies to evaluate the compatibility of chemical in-
secticides with B. thuringiensis in Petri dishes and measured the colony growth and observed that the chemical products that allowed
growth more than the control were more compatible. The insecticides carbosulfan, tiametoxan, diafentiuron, acetate, imidacloprid,
cyproconazol + thiametoxan and thiametoxan at different concentration were compatible and not affecting the growth of
B. thuringiensis [69,70]. In the current study, compared to the control, the chemical pesticide Barazide did not reduced Bt colonization.
Agostini et al. [71] also performed a compatibility test with lambda-cyhalothrin and thiametoxan and observed no inhibition in the
growth of B. thuringiensis colonies. Earlier, Khun et al. [72] detected the compatibility of M. anisopliae and B. bassiana with chemical
insecticides and fungicides. They reported indoxacarb, trichlorfon and acephate compatible with M. anisopliae, while B. bassiana
displayed compatibility with acephate, trichlorfon, indoxacarb, spinetoram and sulfoxaflor. Earliar, Moorhouse et al. [73] also
recorded no effect of insecticides and fungicides on the M. anisopliae on spore germination. Niassy et al. [74] also observed the
compatibility ofM. anisopliae isolate ICIPE 69 with 12 different agrochemicals and reported abamectin among them highly compatible.
The compatibility of 27 insecticides, 10 fungicides and 8 herbicides with M. anisopliae in laboratory conditions [75].

Different combination treatments carried out in the present studies induced higher larval mortality in S. litura than individual
bacterial or fungal treatments. Our findings indicated that as compared to the individual application of insecticide, the combined
treatment at high dose increased the larval mortality in an additive manner. However, low doses of biopesticides along with insecticide
Barazide 0.1 % enhanced the mortality and the interactions of microbes and insecticide turned out to be synergistic. The increased
mortality due to the additive effect as confirmed by Chi-square test, indicated that mortality observed in the combination treatments
was caused by independent action of both microbial isolates and insecticide whereas synergistic interaction demonstrated a significant
interaction between two treatments. The interaction among the insecticides may be additive, synergistic and antagonistic therefore
many scientists suggested to assess the compatibility of microbial agents with chemical products [76,77]. Improper insecticide use can
lead to pest resistance, environmental contamination, and human intoxication [78,79]. An alternative strategy involves combining
insecticides with microbial pathogens, causing higher larval mortality and DNA damage. Our results indicated that combination
treatments caused more stress which further enhances pathogenicity and mortality in S. litura larvae. The studies are in line with the
previous reports indicating genotoxicity due to insecticide exposure to various insects [31,80–84].

Combined application of biological (bacteria, fungi, viruses and nematodes) and chemical products are among the efficient IPM
strategy throughout the world [79,85]. The intensity impacts of chemicals on the species and the lineage of pathogens, nature of
pesticides, its concentration, time of exposure, and inert materials in the formulation of product used [76,86]. In the present bioassay
experiment, the younger instar larvae were recorded more susceptible in which mortality were cent percent after 72 exposure of time
at highest dose of Barazide+ B. thuringiensis var. kurstaki. The results also revealed that with the increase in larval instars mortality rate
decreased. The studies are in conformity with Liu et al. [87] who noticed more susceptible nature of younger larvae than the other
larval stages.

In the present investigation, all four different treatments separately and in combination with chemical Barazide reduced the pest
density in in-vitro assay. The hierarchy of combined treatments used in the present study reported is Barzide + B. thuringiensis var.
kurstaki, Barazide + B. bassiana, Barazide + M. anisopliae in the descending order. This laboratory studies showed that integration of
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two different methods by using biopesticides in combination with chemical insecticide, are less toxic to the environment and minimize
ecological impact. The growing awareness of the negative consequences of chemical control highlights the need for sustainable
practices in agriculture. Some researchers also suggested that among the different insect management tactics, chemical control
demonstrated as more effective method, but at the same time are highly expensive, more toxic to soil micro-flora, livestocks, plants and
fauna [14,88,89]. Keeping in view the negative impact of synthetic chemicals, governments demand environmentally safe alternatives
against chemicals, which are less toxic with less mobility to avoid the ground water contamination and inadequate affects on the
non-target organisms.

5. Conclusions

Barazide in combination with B. thuringiensis var. kurstaki is themost effective treatment after 72 h and causes cent percent followed
by 91.70 percent mortality in combination of Barazide with B. bassiana. Used treatments are reported to be best and showed synergistic
potential in combination. Integration of synthetic chemical Barazide and biological insecticides B. thuringiensis var. kurstaki are
concluded to be the most effective and less environmental polluting method in controlling the population of the S. litura in in-vitro
experiment and could be recommended in integrated manner for the management of population of this lepidopteron insect pest. In
future field trials should be conducted to validate the long-term effectiveness of combined treatments under diverse environmental
conditions. The impact on non-target organisms may be studied to ensure safety and ecological balance. The optimal application rates
and timing will be determined to maximize efficacy and minimize costs. New formulations have to be developed to enhance the
stability and compatibility of microbial agents with chemical insecticides. Ecotoxicological studies should be conducted to understand
potential risks and establish safe usage guidelines.

Data availability statement

Not applicable.

Institutional review board statement

Not applicable.

Informed consent statement

Not applicable.

Funding

The authors would like to extend their sincere appreciation to the Researchers Supporting Project Number (RSP2024R134), King
Saud University, Riyadh, Saudi Arabia.

CRediT authorship contribution statement

Anuja Sharma: Writing – original draft, Investigation, Data curation. Neelam Thakur: Writing – review & editing, Writing –
original draft, Validation, Supervision, Methodology, Conceptualization. Abeer Hashem: Writing – review & editing. Turki M.
Dawoud: Writing – review & editing. Elsayed Fathi Abd_Allah: Writing – original draft, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

The authors are thankful to the Vice Chancellor and Pro Vice Chancellor Eternal University, Baru Sahib for providing necessary
laboratory facilities. The authors would like to extend their sincere appreciation to the Researchers Supporting Project Number
(RSP2024R134), King Saud University, Riyadh, Saudi Arabia.

References

[1] N. Chattopadhyay, R. Balasubramaniam, S.D. Attri, K. Ray, G. John, S. Khedikar, C. Karmakar, Forewarning of incidence of Spodoptera litura (Tobacco
caterpillar) in soybean and cotton using statistical and synoptic approach, J. Agric. Meteorol. 21 (2019) 68–75, https://doi.org/10.54386/jam.v21i1.208.

[2] B.B. Fand, N.T. Sul, S.K. Bal, P.S. Minhas, Temperature impacts the development and survival of common cutworm (Spodoptera litura): simulation and
visualization of potential population growth in India under warmer temperatures through life cycle modelling and spatial mapping, PLoS One 10 (2015)
124–682, https://doi.org/10.1371/journal.pone.0124682.

A. Sharma et al.

https://doi.org/10.54386/jam.v21i1.208
https://doi.org/10.1371/journal.pone.0124682


Heliyon 10 (2024) e37175

12

[3] M. Ahmad, A. Ghaffar, M. Rafiq, Host plants of leaf worm, Spodoptera litura (Fabricius)(Lepidoptera: noctuidae) in Pakistan, Asian J. Agric. Biol. 1 (2013) 23–28.
[4] A. Abbas, F. Ullah, M. Hafeez, X. Han, M.Z.N. Dara, H. Gul, Biological control of fall armyworm, Spodoptera frugiperda, Agronomy 12 (2022) 2704, https://doi.

org/10.3390/agronomy12112704.
[5] L. Shi, Y. Shi, Y. Zhang, X. Liao, A systemic study of indoxacarb resistance in Spodoptera litura revealed complex expression profiles and regulatory mechanism,

Sci. Rep. 9 (2019) 14997, https://doi.org/10.1038/s41598-019-51234-5.
[6] B.L. Raghunandan, N.M. Patel, H.J. Dave, D.M. Mehta, Natural occurrence of nucleopolyhedrovirus infecting fall armyworm, Spodoptera frugiperda (JE Smith)

(Lepidoptera: noctuidae) in Gujarat, India, J. Entomol. Zool. Stud. 7 (2019) 1040–1043.
[7] S. Ahmad, M. Umair, M. Iqbal, A. Javaid, M.B. Chattha, S. Ashraf, A.H. Syed, Chemical control of fall armyworm, Spodoptera frugiperda (Lepidoptera: noctuidae)

under field conditions, Plant Prot. 7 (2023) 579–583.
[8] B. Sisay, T. Tefera, M. Wakgari, G. Ayalew, E. Mendesil, The efficacy of selected synthetic insecticides and botanicals against fall armyworm, Spodoptera

frugiperda, in maize, Insects 10 (2019) 45.
[9] M. Ramzan, H. Ilahi, M. Adnan, A. Ullah, A. Ullah, Observation on fall armyworm, Spodoptera frugiperda (Lepidoptera: noctuidae) on maize under laboratory

conditions. Egypt, Aca. J. Biol. Sci. A, Entomol. 14 (2021) 99–104.
[10] M. Ali, M.A. Basit, S. Maqsood, H. Safdar, A. Javaid, Assessment of selected insecticides against fall armyworm [Spodoptera frugiperda (JE Smith); Lepidoptera,

Noctuidae] on maize crop in Lahore, Plant Prot. 7 (2023) 237–244.
[11] K.R. Kranthi, D.R. Jadhav, R.R. Wanjari, S.S. Ali, D. Russell, Carbamate and organophosphate resistance in cotton pests in India, 1995 to 1999, Bull. Entomol.

Res. 91 (2001) 37–46, https://doi.org/10.1079/BER200067.
[12] P. Mishra, A. Tripathi, A. Dikshit, A. Pandey, Insecticides derived from natural products: diversity and potential applications. Natural Bioactive Products in

Sustainable Agriculture, 2020, pp. 83–99, https://doi.org/10.1007/978-981-15-3024-1_6.
[13] N. Thakur, S. Kaur, P. Tomar, S. Thakur, A.N. Yadav, Microbial biopesticides: current status and advancement for sustainable agriculture and environment, in:

A.A. Rastegari, A.N. Yadav, N. Yadav (Eds.), New and Future Developments in Microbial Biotechnology and Bioengineering, Elsevier, 2020, pp. 243–282,
https://doi.org/10.1016/B978-0-12-820526-6.00016-6.

[14] N. Thakur, P. Tomar, S. Kaur, S. Jhamta, R. Thakur, A.N. Yadav, Entomopathogenic soil microbes for sustainable crop protection, in: A.N. Yadav (Ed.), Soil
Microbiomes for Sustainable Agriculture: Functional Annotation, Springer, 2021, pp. 529–571.

[15] P. Tomar, N. Thakur, A.N. Yadav, Endosymbiotic microbes from entomopathogenic nematode (EPNs) and their applications as biocontrol agents for agro-
environmental sustainability. Egypt, J. Biol. Pest Control 32 (2022) 80, https://doi.org/10.1186/s41938-022-00579-7.

[16] R. Negi, B. Sharma, S. Kaur, T. Kaur, S.S. Khan, S. Kumar, S. Ramniwas, S. Rustagi, S. Singh, A.K. Rai, D. Kour, N. Thakur, A.N. Yadav, Microbial antagonists:
diversity, formulation and applications for management of pest–pathogens. Egypt, J. Biol. Pest Control 33 (2023) 105.

[17] A. Bravo, S. Likitvivatanavong, S.S. Gill, M. Soberón, Bacillus thuringiensis: a story of a successful bioinsecticide, Insect Biochem. Mol. Biol. 41 (2011) 423–431,
https://doi.org/10.1016/j.ibmb.2011.02.006.

[18] A. Castagnola, S.P. Stock, Common virulence factors and tissue targets of entomopathogenic bacteria for biological control of lepidopteran pests, Insects 5
(2014) 139–166, https://doi.org/10.3390/insects5010139.

[19] L. Ruiu, Insect pathogenic bacteria in integrated pest management, Insects 6 (2015) 352–367, https://doi.org/10.3390/insects6020352.
[20] L.A. Lacey, D. Grzywacz, D.I. Shapiro-Ilan, R. Frutos, M. Brownbridge, M.S. Goettel, Insect pathogens as biological control agents: back to the future,

J. Invertebr. Pathol. 132 (2015) 1–41, https://doi.org/10.1016/j.jip.2015.07.009.
[21] H. Liu, T. Lan, D. Fang, F. Gui, H. Wang, W. Guo, X. Cheng, Y. Chang, S. He, L. Lyu, S.K. Sahu, L. Cheng, H. Li, P. Liu, G. Fan, T. Liu, R. Hao, H. Lu, B. Chen,

S. Zhu, Z. Lu, F. Huang, W. Dong, Y. Dong, L. Kang, H. Yang, J. Sheng, Y. Zhu, X. Liu Chromosome level draft genomes of the fall armyworm, Spodoptera
frugiperda (Lepidoptera: noctuidae), an alien invasive pest in China, bioRxiv (2019) 671, https://doi.org/10.1101/671560, 560.

[22] N. Thakur, P. Tomar, J. Kaur, S. Kaur, A. Sharma, S. Jhamta, A.N. Yadav, H.S. Dhaliwal, R. Thakur, S. Thakur, Eco-friendly management of Spodoptera litura
(Lepidoptera: noctuidae) in tomato under polyhouse and field conditions using Heterorhabditis bacteriophora Poinar, their associated bacteria (Photorhabdus
luminescens), and Bacillus thuringiensis var. kurstaki. Egypt, J. Biol. Pest Control 33 (2023) 7, https://doi.org/10.1186/s41938-023-00649-4.

[23] P. Tomar, N. Thakur, A.K. Sidhu, B.A. Laskar, A. Hashem, G.D. Avila-Quezada, E.F. Abd_Allah, The isolation, identification, and insecticidal activities of
indigenous entomopathogenic nematodes (Steinernema carpocapsae) and their symbiotic bacteria (Xenorhabdus nematophila) against the larvae of Pieris brassicae,
Horticulturae 9 (2023) 874, https://doi.org/10.3390/horticulturae9080874.

[24] P. Tomar, N. Thakur, S. Jhamta, S. Chowdhury, M. Kapoor, S. Singh, S. Shreaz, S. Rustagi, P.K. Rai, A.K. Rai, A.N. Yadav, Bacterial biopesticides: diversity, role
in pest management and beneficial impact for agricultural and environmental sustainability, Heliyon 10 (2024) e31550.

[25] Y. Danso, J. Adomako, E.A. Obeng, B. Abugri, B.W. Amoabeng, K. Frimpong-Anin, M. Opoku, M.B. Mochiah, Effectiveness of two entomopathogenic nematodes
(Nematoda: rhabditida) populations in controlling fall armyworm [(Spodoptera frugiperda) Lepidoptera: noctuidae] on maize, Plant Prot. 8 (2024) 9–15.

[26] R.M. El-Ashry, M.M. Ramadan, In vitro compatibility and combined efficacy of entomopathogenic nematodes with abamectin and imidacloprid against the
white grub, Pentodon bispinosus Kust. Egypt, Acad. J. Biol. Sci. F Toxicol. Pest Control 13 (2021) 95–114, https://doi.org/10.21608/EAJBSF.2021.145817.

[27] J.L. Robertson, M.M. Jones, E. Olguin, B. Alberts, Bioassays with Arthropods, CRC press, 2017, https://doi.org/10.1201/9781315373775.
[28] N. Thakur, P. Tomar, S. Kaur, P. Kumari, Virulence of native entomopathogenic nematodes against major lepidopteran insect species of tomato (Solanum

lycopersicum L.), J. Appl. Biol. Biotechnol. 10 (2022) 6–14, https://doi.org/10.7324/JABB.2022.10s102.
[29] A.K. Singh, A. Singh, P. Joshi, Combined application of chitinolytic bacterium Paenibacillus sp. D1 with low doses of chemical pesticides for better control of

Helicoverpa armigera, Int. J. Pest Manag. 62 (2016) 222–227, https://doi.org/10.1080/09670874.2016.1167267.
[30] I. Ishaaya, A. Horowitz, Insecticides with novel modes of action: an overview, Insecticides with novel modes of action: mechanisms and application (1998) 1–24,

https://doi.org/10.1007/978-3-662-03565-8_1.
[31] E.E. Grafton-Cardwell, L.D. Godfrey, W.E. Chaney, W.J. Bentley, Various novel insecticides are less toxic to humans, more specific to key pests, Calif. Agric. 59

(2005) 29–34.
[32] A. El-Sheikh, Biological, biochemical and histological effects of spinosad, Bacillus thuringiensis var. kurstaki and cypermethrin on the cotton leafworm, Spodoptera

littoralis (Boisd.), Plant Prot. Res. Inst., Agric. Res. Cent., Dokki, Giza, Egypt 4 (2019) 113–124, https://doi.org/10.21608/EAJBSC.2012.16130.
[33] E. Konecka, A. Kaznowski, W. Grzesiek, P. Nowicki, E. Czarniewska, J. Baranek, Synergistic interaction between carvacrol and Bacillus thuringiensis crystalline

proteins against Cydia pomonella and Spodoptera exigua, BioControl 65 (2020) 447–460, https://doi.org/10.1007/s10526-020-10011-4.
[34] A.R. Paula, A.T. Carolino, C.O. Paula, R.I. Samuels, The combination of the entomopathogenic fungus Metarhizium anisopliae with the insecticide Imidacloprid

increases virulence against the dengue vector Aedes aegypti (Diptera: Culicidae), Parasit. Vectors 4 (2011) 1–8, https://doi.org/10.1186/1756-3305-4-8.
[35] X. Niu, W. Xie, J. Zhang, Q. Hu, Biodiversity of entomopathogenic fungi in the soils of South China, Microorganisms 7 (2019) 311, https://doi.org/10.3390/

microorganisms7090311.
[36] N. Thakur, P. Tomar, S. Sharma, S. Kaur, S. Sharma, A.N. Yadav, A.E.L. Hesham, Synergistic effect of entomopathogens against Spodoptera litura (Fabricius)

under laboratory and greenhouse conditions, Egypt. J. Biol. Pest Control 32 (2022) 39, https://doi.org/10.1186/s41938-022-00537-3.
[37] A. Thakur, P. Dhammi, H.S. Saini, S. Kaur, Pathogenicity of bacteria isolated from gut of Spodoptera litura (Lepidoptera: noctuidae) and fitness costs of insect

associated with consumption of bacteria, J. Invertebr. Pathol. 127 (2015) 38–46, https://doi.org/10.1016/j.jip.2015.02.007.
[38] P. Tomar, N. Thakur, Biocidal potential of indigenous isolates of entomopathogenic nematodes (EPNs) against tobacco cutworm, Spodoptera litura Fabricius

(Lepidoptera: noctuidae). Egypt, J. Biol. Pest Control 32 (2022) 107, https://doi.org/10.1186/s41938-022-00607-6.
[39] G. Patil, Organically raised Mechelia champaca L. a potential new host plant of eri silkworm Samia cynthia ricini Boisduval. Proceedings of the National Seminar

on Organic Sericulture and Byproduct Utilization, Chintamani, Karnataka, India, 2004, pp. 29–30.
[40] G. Santharam, Studies on the Nuclear Polyhedrosis Virus of the Tobacco Cutworm, Spodoptera Litura (Fabricius)(Noctuidae: Lepidoptera), Tamil Nadu

Agricultural University, Coimbatore, 1985. Ph. D Thesis.
[41] R. Seth, V. Sharma, Growth, Development, Reproductive Competence and Adult Behaviour of Spodoptera Litura (Lepidoptera: Noctuidae) Reared on Different

Diets, IAEA-TECDOC-1283, Vienna, 2002, pp. 15–28.

A. Sharma et al.

http://refhub.elsevier.com/S2405-8440(24)13206-9/sref3
https://doi.org/10.3390/agronomy12112704
https://doi.org/10.3390/agronomy12112704
https://doi.org/10.1038/s41598-019-51234-5
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref6
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref6
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref7
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref7
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref8
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref8
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref9
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref9
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref10
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref10
https://doi.org/10.1079/BER200067
https://doi.org/10.1007/978-981-15-3024-1_6
https://doi.org/10.1016/B978-0-12-820526-6.00016-6
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref14
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref14
https://doi.org/10.1186/s41938-022-00579-7
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref16
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref16
https://doi.org/10.1016/j.ibmb.2011.02.006
https://doi.org/10.3390/insects5010139
https://doi.org/10.3390/insects6020352
https://doi.org/10.1016/j.jip.2015.07.009
https://doi.org/10.1101/671560
https://doi.org/10.1186/s41938-023-00649-4
https://doi.org/10.3390/horticulturae9080874
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref24
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref24
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref25
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref25
https://doi.org/10.21608/EAJBSF.2021.145817
https://doi.org/10.1201/9781315373775
https://doi.org/10.7324/JABB.2022.10s102
https://doi.org/10.1080/09670874.2016.1167267
https://doi.org/10.1007/978-3-662-03565-8_1
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref31
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref31
https://doi.org/10.21608/EAJBSC.2012.16130
https://doi.org/10.1007/s10526-020-10011-4
https://doi.org/10.1186/1756-3305-4-8
https://doi.org/10.3390/microorganisms7090311
https://doi.org/10.3390/microorganisms7090311
https://doi.org/10.1186/s41938-022-00537-3
https://doi.org/10.1016/j.jip.2015.02.007
https://doi.org/10.1186/s41938-022-00607-6
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref39
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref39
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref40
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref40
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref41
http://refhub.elsevier.com/S2405-8440(24)13206-9/sref41


Heliyon 10 (2024) e37175

13

[42] M. Ahemad, M.S. Khan, Effect of pesticides on plant growth promoting traits of greengram-symbiont, Bradyrhizobium sp. strain MRM6, Bull. Environ. Contam.
Toxicol. 86 (2011) 384–388, https://doi.org/10.1007/s00128-011-0231-1.

[43] S. Akbar, S. Freed, A. Hameed, H.T. Gul, M. Akmal, M.N. Malik, Compatibility of Metarhizium anisopliae with different insecticides and fungicides, Afr. J.
Microbiol. Res. 6 (2012) 3956–3962, https://doi.org/10.5897/AJMR12.417.

[44] G.D. Inglis, M.S. Goettel, T.M. Butt, H. Strasser, Use of hyphomycetous fungi for managing insect pests, in: T.M. Butt, C. Jackson, N. Magan (Eds.), Fungi as
Biocontrol Agents, CABI International, Wallingford, UK, 2001, pp. 23–69.

[45] A. Prasad, N. Syed, Evaluating prospects of fungal biopesticide Beauveria bassiana (Balsamo) against Helicoverpa armigera (Hubner): an ecosafe strategy for
pesticidal pollution, Asian. J. Exp. Biol. Sci. 1 (2010) 596–601.

[46] N. Kaur, B.S. Sohal, K. Singh, Biochemical and physiological changes on Bacillus thuringiensis cotton after imidacloprid foliar spray, Pestic. Biochem. Physiol. 99
(2011) 280–284.

[47] S. Sharma, A. Kaur, R. Kooner, Relative toxicity of newer insecticides against Spodoptera litura and Pieris brassicae infesting cole crops in Punjab, Indian J. Hort.
76 (2019) 324–328, https://doi.org/10.5958/0974-0112.2019.00050.1.
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