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Abstract: Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) is one of the most economically impor-
tant pests of tomato worldwide. Despite its global importance, the management of this oligophagous
pest has still been a challenging task, due to its high capability to develop resistance against syn-
thetic insecticides. Given the limited studies on the effectiveness of different bio-pesticides in India,
the objective of this research was to determine the pathogenicity of different commercial formula-
tions of Beauveria bassiana, Bacillus thuringiensis, and neem (Azadirachtin), against T. absoluta, under
laboratory and field conditions. For the Bacillus thuringiensis formulations, Green Larvicide® and
Delfin® recorded an LC50 of 4.10 × 109 CFU/mL and 8.06 × 106 spores/mg, respectively, while
for the B. bassiana formulations, Green Beauveria® and BB Power® were 4.473 × 107 spores/mL
and 1.367 × 107 CFU/g, respectively. Furthermore, the results showed high susceptibility to both
the commercial neem formulations with Ecotin®, recording an LC50 of 91.866 ppm, and Econeem
Plus® recording 212.676 ppm. The results from the field conditions at different locations of Andhra
Pradesh, India, showed significant differences (p < 0.001) for leaf and fruit infestation among the
interaction effect of treatments and locations. Bio-pesticides, especially neem and B. thuringiensis
formulations, reduced T. absoluta infestation similarly to the chemical treatment, without affecting
the yield. Therefore, bio-pesticides can be considered as safe alternatives to synthetic pesticides, for
the management of T. absoluta.
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1. Introduction

Tomato, Solanum lycopersicum L. (Solanales: Solanaceae) has become a major food crop
in less than a century, mainly due to its outstanding nutritive value, with many health
benefits and the ability to produce high yields per unit area [1,2]. The estimated world’s
production of tomato is about 182 million tons from an area of 4.76 million ha [3], with India
being the second largest producer of tomato in the world, next to China. In line with this,
tomato is cultivated in an area of about 0.79 million ha, with an annual production of
19.38 million tons, with a yield of 24.65 t/ha [4]. Furthermore, Andhra Pradesh is one of
the major tomato growing states in India, where the crop is extensively cultivated in almost
all the districts, as a major vegetable crop, with a production of 2.74 million tons in an area
of about 61,670 ha [4]. However, tomato production is constrained by diverse biotic and
abiotic stresses, including major pests and diseases, which reduce the yield as well as the
quality of marketable fruits. In addition, biotic constraints can affect tomato production,
with damage and yield losses expected from germination until harvesting stages [5,6].

Currently, one of the most important insect pests constraining tomato production
is the new invasive pest, the South American tomato leaf miner, Tuta absoluta (Meyrick)
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(Lepidoptera: Gelechiidae) [7,8]. Tuta absoluta has become the most important pest af-
fecting tomato production in Europe, Africa, and Asia in the recent decade [9], and dam-
age can occur under both greenhouse and open field conditions. Tuta absoluta has its
origin in South America, but in the last decade it started spreading in Europe, Africa,
and Asia [10,11]. In India, T. absoluta was first reported infesting tomato fields in 2014
in Maharashtra, and, soon after, it was also recorded in other neighboring states [7].
Due to its high capability to develop resistance to synthetic insecticides, and its concealed
feeding behavior, the management of this insect has become a challenging task [12,13].
The continuous application of pesticides against pests and diseases is a common practice
with farmers. They are mainly relying in an extensive use of synthetic pesticides, rather
than other control methods [5,14]. Unfortunately, T. absoluta has developed insecticide
resistance relatively fast, against conventional products for its control [15,16]. Hence,
the integration of chemical pesticides with more environmentally sound control options, in-
cluding the use of cultural, mechanical, and biological control components, becomes highly
imperative, as the continued use of chemical pesticides could also harm the beneficial
insects in the field, and lead to a high intake of chemical residues during food consumption,
as well as contaminating soil and water sources [17,18].

The development of control strategies that integrated the use of bio-insecticides as
an environmentally sound alternative to chemical pesticides is a highly needed priority
within an integrated pest management approach, due to their low persistence in the envi-
ronment, and their biodegradability [11,19]. The application of different bio-insecticides,
such as Bacillus thuringiensis (Bt) and Azadirachtin (Azadirachta indica), on T. absoluta
has previously shown a larval mortality of 67.29 and 66.40%, respectively, under field
conditions in Iran [20]. In line with this, novel bio-pesticides, such as Prev-Am®, com-
posed of orange oil, salt borax, and biodegradable surfactants, were also effective against
T. absoluta, and were selective to its natural enemies, Nesidiocoris tenuis Reuter (Hemiptera:
Miridae) in France [21]. Different studies also found that the use of entomopathogenic
fungi, Metarhizium anisopliae and Beauveria bassiana, caused a 46–75% reduction in the
T. absoluta population compared to the untreated plants, under semi-field conditions in
Egypt [22,23]. Thus, bio-pesticides were shown to be effective in reducing T. absoluta in
different geographical regions, with varying climatic conditions. Due to the lack of infor-
mation available on the effectiveness of different bio-pesticides in India, this study was
conducted to generate the evidence and fundamental knowledge of suitable bio-pesticides
that could be included as effective components in integrated pest management (IPM)
packages for T. absoluta. In addition, this study compares different bio-pesticides against
a highly used conventional chemical pesticide, to provide information on the yield and
reduction in damage, comparing both approaches.

2. Materials and Methods
2.1. Insect Colony

Tuta absoluta colony was established in July 2017 in the World Vegetable Center facilities
at the South Asia Regional Office, located at the International Crops Research Institute
for the Semi-Arid Tropics (ICRISAT) campus, in Hyderabad, India (latitude: 17.5102841;
longitude: 78.2748131). Tuta absoluta adults were initially collected from fields that had
not been sprayed with any bio-pesticides. In addition, T. absoluta larvae had no contact
with any pesticides in the rearing facilities. The larvae were fed with tomato plants that
were kept in separate cages (70 × 60 cm). The dead/dry plants were continuously replaced
with new ones for continuous supply of diet to the larvae. Adults were provided with ad
libitum feeding substrate that consisted of 10% (w/v) sugar solution dispensed on cotton
wool placed inside the cages. Adults were allowed to mate in cages, and after egg laying,
the eggs were collected in nylon nets. After hatching, neonate larvae were transferred
to new cages with healthy tomato plants as feeding substrate for multiplication and the
remaining larvae were used for bioassays.
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2.2. Bio-Pesticides

The bio-pesticides used in the study consisted of Bacillus thuringiensis var. kurstaki-
based formulations, as follows: (i) Delfin® (Margo Biocontrols Private Limited, Bengaluru,
Karnataka, India) and (ii) Green Larvicide® (Greenlife Biotech Laboratory, Coimbatore,
Tamil Nadu, India); the following neem oil formulations: (iii) Ecotin® and (iv) Econeem
Plus® (Margo Biocontrols Private Limited, Bengaluru, Karnataka, India); the following
Beauveria bassiana-based formulations: (v) Green Beauveria® (Greenlife Biotech Laboratory,
Coimbatore, Tamil Nadu, India) and (vi) BB Power® (KN Biosciences (India) Pvt. Ltd.,
Hyderabad, Telangana, India). In addition, the pesticide, chlorantraniliprole (Coragen®)
was used as chemical treatment control for comparison (Table 1).

Table 1. List of bio-pesticides and chemical pesticide used against Tuta absoluta.

Bio-Pesticides Trade Name Dosage a Source of Bio-Pesticides

Bacillus thuringiensis kurstaki
(2 × 1011 CFU/mL) Green Larvicide® 5 mL/L of water. Greenlife Biotech Laboratory,

Coimbatore, Tamil Nadu, India

Bacillus thuringiensis kurstaki
(6 × 107 spores/mg) Delfin® WG 1 gm/L of water Margo Biocontrols Private Limited,

Bangalore, Karnataka, India

Beauveria bassiana
(2 × 108 spores/mL) Green Beauveria® 10 mL/L of water Greenlife Biotech Laboratory,

Coimbatore, Tamil Nadu, India

Beauveria bassiana
(1 × 108 CFU/gram) BB Power® 5 gm/L of water K N Biosciences (India) Pvt. Ltd.,

Hyderabad, Telangana, India

Azadirachtin 10,000 ppm Econeem Plus ® 3 mL/L of water Margo Biocontrols Private Limited,
Bangalore, Karnataka, India

Azadirachtin 50,000 ppm Ecotin® 1 mL/L of water Margo Biocontrols Private Limited,
Bangalore, Karnataka, India

Chlorantraniliprole Coragen 20 SC 0.4 mL/L of water Agriplex Private Limited, Bangalore,
Karnataka, India

a Recommended dosage for each commercial formulation.

2.3. Laboratory Bioassays

Five concentrations of each bio-pesticide were used in the preliminary range-finding
tests. Five-to-six concentrations of each bio-pesticide, which could cause 10–90% mortal-
ity according to the preliminary range-finding tests (Table 2), and an untreated control,
were included in each bioassay.

Table 2. Concentration of bio-pesticides used in the bioassays against Tuta absoluta larvae.

Bio-Pesticide Concentration

Green Larvicide (Bacillus thuringiensis kurstaki)
(2 × 1011 CFU/mL) 1 × 107, 1 × 108, 1 × 109, 1 × 1010, 1 × 1011

Delfin (Bacillus thuringiensis kurstaki)
(6 × 107 spores/mg) 6 × 106, 1.8 × 107, 3 × 107, 4.2 × 107, 6 × 107

Green Beauveria (Beuveria bassiana)
(2 × 108 spores/mL) 1 × 107, 2 × 107, 4 × 107, 6 × 107, 8 × 107

BB Power (Beauveria bassiana)
(1 × 108 CFU/g) 1 × 106, 1 × 107, 2 × 107, 4 × 107, 5 × 107

Econeem Plus—Azadirachtin 10,000 ppm 50, 500, 1000, 1500, 2000, 2500
Ecotin—Azadirachtin 50,000 ppm 50, 500, 1000, 2500, 5000

The leaf dip [24] method was used for the bioassays. In brief, tomato leaves were
treated with the bio-pesticide solution for 5 s (s) with gentle agitation. The treated leaves
were removed and placed on a mesh surface to dry for two hours. At least 10 leaves were
placed in each cup (11 × 4 cm). Once the treated materials dried, they were transferred
into the cups with their stalks inserted into the solidified agar. Ten second instar larvae
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were added to each container, and five cups (replications) were maintained for each
concentration. Thus, a total of 50 larvae were used per concentration. Then each cup was
sealed with a lid and stored in an area where they were not exposed to direct sunlight
or extremes of temperature. A mean temperature of 27 ± 3 ◦C and relative humidity
of 70 ± 10% were maintained. The larval mortality was recorded for five days at 24 h
intervals. The mortality data from fifth day were used for the analysis. The results were
expressed as percentage mortality, correcting for “untreated” (control) mortalities using
Abbott’s formula [25]. Assays that recorded more than 10% mortality in untreated control
were eliminated. At each assessment, larvae were classified as either of the following:
(a) unaffected, giving a normal response (such as taking a coordinated step) when gently
stimulated using a fine hairbrush or (b) dead or affected, the latter giving no response to
stimulation using a fine hairbrush or showing abnormal growth.

2.4. Field Experiments

Based on the bioassay experiments, the bio-pesticides were then evaluated under field
conditions and natural infestation levels for their efficacy against T. absoluta. The experiment
was conducted in two different seasons (May–August 2018, and September–December
2018) and in three locations (Chittoor district, Andhra Pradesh, India viz., Nimmanapalle
(latitude: 13.551; longitude: 78.588), Madanapalle (latitude: 13.534; longitude: 78.481),
and Kurbalakota (latitude: 13.655; longitude: 78.475). The locations represent the area,
where tomato is cultivated throughout the year and the crop is subjected to natural infesta-
tion of T. absoluta.

2.5. Treatment and Data Collection

Six field trials (i.e., three trials in each season and one trial per block) were conducted
during 2018 to assess the efficacy of various bio-pesticides against T. absoluta on tomatoes.
Eight treatments, which included Delfin®, Green Larvicide®, Ecotin®, Econeem Plus®,
Green Beauveria®, BB Power®, a chemical pesticide (chlorantraniliprole (Coragen® 18.5%
SC)), and an untreated control were used in each trial. Coragen was chosen as a ‘posi-
tive’ control to compare with the bio-pesticides, because it is widely used by the tomato
growers in the study sites. Each treatment had three replications and each replication was
imposed on a 4 m × 5 m plot following a randomized complete block design (RCBD).
To prevent damage from other pests, seedlings were raised in a nursery using a protective
structure. Twenty-day-old seedlings were transplanted in the field plots in all locations.
The natural pest incidences were monitored right after transplanting until the final harvest.
The bio-pesticide and chemical pesticide treatments were initiated from the second week
and continued at 10–12 day intervals until the final harvest. For all the treatments,
the percentage of infestation was calculated in ten randomly selected plants for each
replication by counting the total number of leaves and fruits, and the number of leaves and
fruits with T. absoluta infestation after every application. During each harvest, the fruits
were categorized as damaged or undamaged, and the marketable and non-marketable
yield was calculated. The yield recorded during each harvest was pooled for the entire
season and the total fruit yield was derived for each replication. This was further used for
estimating the total yield in tons per hectare for each replication.

2.6. Data Analysis for Field Experiments

The lethal concentrations causing 50% mortality (LC50), its 95% fiducial limits (FL) and
the slope value of probit line were assessed using the statistical program LdP line (Ehab
Mostafa Bakr, Cairo, Egypt). Data on leaf and fruit infestation by T. absoluta and tomato
yield were analyzed using combined analysis approach of several experiments [26,27].
Preliminary analysis of variance (ANOVA) was completed for each individual analy-
sis (each location in each season); experimental errors were examined for heterogeneity
and Shapiro–Wilkinson test for normality was performed in each individual analysis.
The data were then analyzed using ANOVA with the procedure Proc GLM of SAS version
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9.1 (SAS Institute, Cary, NC, USA). Each season/location was considered as a particular
environment for the combined analysis. The significant differences were identified and
means were separated by Tukey’s HSD test (differences were considered significant at
α = 0.05). Data on leaf and fruit infestation were arcsine square root transformed (asin (sqrt
(x)) before analysis. Non-transformed data are presented in the Results section.

3. Results
3.1. Laboratory Bioassays

Among the B. thuringiensis commercial formulations tested, Delfin® was more lethal
to T. absoluta than Green Larvicide®, based on the lower LC50 values (Table 3). Regarding
the neem-based formulations, although the toxicity of Ecotin® (azadirachtin 50,000 ppm
(5%) EC) was higher than Econeem Plus® (azadirachtin 10,000 ppm (1%) EC), they did not
differ significantly, because of their overlapping fiducial limits for LC50 values (Table 3).
Based on the LC50 values of the B. bassiana-based formulations, the bio-pesticide BB Power®

was more lethal than Green Beauveria® (Table 3).

Table 3. Toxicity of bio-pesticides to Tuta absoluta larvae (n = 100 individuals).

Bio-Pesticide LC50 Fiducial Limit Slope X2

Green Larvicide (Bacillus thuringiensis kurstaki)
(2 × 1011 CFU/mL) 4.10 × 109 1.67 × 109–1.25 × 1010 0.293 ± 0.042 1.054

Delfin (Bacillus thuringiensis kurstaki)
(6 × 107 spores/mg) 8.06 × 106 6.35 × 106–9.68 × 106 2.163 ± 0.197 2.368

Green Beauveria (Beuveria bassiana)
(2 × 108 spores/mL) 4.473 × 107 3.648 × 107–5.638 × 107 1.361 ± 0.185 1.756

BB Power (Beauveria bassiana)
(1 × 108 CFU/g) 1.367 × 107 8.597 × 106–2.158 × 107 0.595 ± 0.098 6.05

Econeem Plus–Azadirachtin 10,000 ppm 212.676 118.352–319.565 0.703 ± 0.094 8.855
Ecotin–Azadirachtin 50,000 ppm 91.866 14.163–220.892 0.373 ± 0.084 6.959

3.2. Field Experiments

Interaction effects between the season, as well as location and treatments, were ob-
served for the leaf and fruit infestation (Table 4). More specifically, all the bio-pesticides
(except Green Beauveria®, especially in the second season) significantly reduced the tomato
leaf infestation, and were on par with the chemical pesticide chlorantraniliprole 18.5% SC
at both seasons in Kurbalakota and Madanapalle (Figure 1). Only the neem formulations
in the first season, and Ecotin® and B. thuringiensis formulations in the second season
were similar to the chemical pesticide, in their efficacy against T. absoluta in Nimmanapalle.
The untreated control plots showed the highest leaf infestation across seasons and locations,
and differed significantly from the bio-pesticides and the chemical treatment (Figure 1).
Tomato fruit infestation by T. absoluta did not differ significantly among the treatments in
Kurbalakota in the first season, but all the bio-pesticides in Madanapalle and the neem for-
mulations in Nimmanapalle were on par with the chemical pesticide (Figure 2). However,
all the bio-pesticides (except Green Beauveria® in Madanapalle) significantly reduced the
tomato fruit infestation, and were on par with the chemical pesticide chlorantraniliprole
18.5% SC in the second season in the three locations (Figure 2).

Regarding the yield, only individual factors for location and treatment are presented
here, since the interaction effect was not statistically significant (Table 4; Figures 3 and 4).
Madanapalle and Nimmanapalle recorded significantly higher yields during the second
season (September–December), whereas Kurbalakota had the highest tomato yield during
the first season (May–August). The lowest yield from the study was observed in Madana-
palle, during the first season (May–August) (Figure 3). In addition, the highest yields were
observed in the Coragen, Ecotin, and Econeem treatments, with no significant differences
among them (Figure 4). The yields on these three treatments ranged from 27 to 29 t/ha and
were almost double the yield observed in the untreated control plots. Intermediate yields
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(ranged 22–25 t/ha) were observed for the remaining bio-pesticides, and they differed
significantly from the untreated control treatment (Figure 4).

Table 4. Combined analyses for leaf and fruit infestation by Tuta absoluta and yield in tomato for six
locations (2 years, three provinces) in Andhra Pradesh, India during two growing seasons (May–August
2018, September–December 2018) of bio-pesticides to Tuta absoluta larvae (n = 100 individuals).

Source df
Leaf Infestation (%) Fruit Infestation (%) Yield

F Pr > F F Pr > F F Pr > F

Location 5 56.39 <0.0001 47.70 <0.0001 252.9 <0.0001
Block 12 0.71 0.7435 0.86 0.5902 0.98 0.4719
Treatment 7 205.69 <0.0001 113.85 <0.0001 68.87 <0.0001
LocationXTreatment 35 3.93 <0.0001 5.86 <0.0001 1.48 0.0756
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4. Discussion

Multi-location bio-pesticide trials on tomato in the current study demonstrated the
effectiveness of bio-pesticides against the tomato leaf miner T. absoluta, which is the new
invasive pest threatening tomato production in India. Both the neem and B. thuringien-
sis formulations significantly reduced leaf damage by T. absoluta in Kurbalakota and
Madanapalle, and were on par with the conventional chemical pesticide. Similarly,
these bio-pesticides reduced the fruit damage by T. absoluta equivalently to the chem-
ical pesticide. However, only the neem formulations were on par with the chemical
pesticide, in reducing the leaf (in the first season) and fruit (in both seasons) damages
by T. absoluta in Nimmanapalle. The efficacy of the B. bassiana-based formulations varied
across the locations and seasons, but they reduced the T. absoluta infestation significantly
lower than in the untreated control plots. Furthermore, the results from the bioassay
experiments showed high efficacy of different bio-pesticides against second instar larvae.
The findings were similar to Jallow et al. (2019) [28], who reported that when second
instar larvae were exposed to tomato leaf discs that were treated with azadirachtin (3 g/L),
B. thuringiensis (0.5 g/L), or B. bassiana (1.5 g/L), 70–86%, 55–65%, and 45.5–58.5% mortality
was observed, respectively. Similarly, in the field experiments conducted, the effect of
different bio-pesticides (B. thuringiensis, B. bassiana, and neem formulations) on the lar-
vae of T. absoluta also showed highly significant control of the pest. According to these
experiments, a high percentage of damage reduction was observed in all the bio-pesticides
tested, viz., commercial Btk, B. bassiana, and neem formulations, and the above findings
were in conformity with the findings of Rodriguez et al. (2006) [29], Gonzalez-Cabrera et al.
(2011) [30], and Pires et al. (2010) [31]. Highly invasive pests, such as T. absoluta, require the
availability of sustainable management strategies, since the need of environmentally safe
insecticides is being encouraged to replace the hazardous chemical pesticides, to prevent
the spread into new areas, and to keep the pest population density below the economic
threshold level [32].

The bioassay results also showed that T. absoluta was highly susceptible to both the
commercial neem formulations tested. A similar susceptibility to neem formulations has
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been previously reported. Hosseinzadeh et al. (2019) [20] recorded an LC50 value of
2572.09 ppm (2423.62–2736.74) for third instar larvae. Similarly, Kona et al. (2014) [33]
reported that after four days of application, about 24–26% egg mortality was observed,
due to application of different concentrations of neem seed extracts, when compared to the
untreated control (5.1%). Further, Abd El-Ghany et al. (2016) [34] reported that the LC50
values inside and outside the mines had a two-fold significance with 0.62 and 0.31–1 mL,
respectively, for azadirachtin. As previously described for other insect pests, azadirachtin
offers different insecticidal effects, including deleterious effects on development, lead-
ing to high larval mortality [35], interference with the growth and molting process of
insects [36], and it also acts as a feeding and oviposition deterrent [37]. Likewise, it is
likely that the susceptibility observed in T. absoluta is caused by similar reasons. However,
more studies need to be performed to better understand the specific pathways that lead to
the susceptibility observed on T. absoluta to neem formulations.

Neem formulations showed consistent effects in reducing the leaf damage in all the
three experimental locations. The efficacy of both the neem formulations was mostly similar
to chlorantraniliprole, in reducing the leaf infestation. The present study was in line with
Abd El-Ghany et al. (2018) [22], who reported a 70–83% reduction in the leaf infestation
of T. absoluta, with the application of azadirachtin. Similarly, Srinivasan and Dilipsundar
(2019) [38] also reported the maximum reduction in larval population (65.26%) and a higher
fruit yield (17.55 t/ha) with neem oil 3% in Southern India. Neem Azal T/S @ 0.3% showed
high effectiveness (>80%) against different larval instars of T. absoluta [39]. The extract of
Azadirachta indica gave about 74% larval mortality within 10 days of its application [40].
Neem has antifeedant and repellent properties, and it was found to be relatively less
toxic to beneficial organisms than other harmful chemical pesticides, which made it an
eco-friendly and effective substitute for IPM packages [22,41]. The high effectiveness of
neem extract was due to its contact, as well as systemic action against the larval stages of
T. absoluta [34]. T. absoluta adults and larvae exhibited egg-laying and walking avoidance,
respectively, to azadirachtin [35], which could be due to its masking effect of tomato leaf
secondary metabolites that are attractive to the insects. Such avoidance might be useful
in “push–pull” strategies, minimizing leaf miner incidence in azadirachtin-sprayed areas
and favoring leaf miner dispersal to areas with attractants (such as pheromone traps) or
attractive (alternative) host plants. Such a combination of neem and pheromone traps,
or trap cropping, should be experimented in future studies. Thus, azadirachtin is potentially
useful against T. absoluta not only in IPM fields, but also in organic tomato fields, where
there is a lack of suitable insecticides for pest management [35].

The results of the current study also confirmed the lethality of B. thuringiensis var.
kurstaki against T. absoluta in India. Our results were also supported by previous stud-
ies showing the efficacy of different B. thuringiensis commercial formulations that were
evaluated against T. absoluta in several countries worldwide. For instance, Sabbour and
Soliman (2014) [42] recorded the LC50 value of 90–140 µg/mL when T. absoluta was treated
with different concentrations of B. thuringiensis in Egypt. Similarly, Sabbour and Singer
(2016) [43] also recorded an LC50 value of 99–115 µg/mL after treatment with B. thuringien-
sis. Various B. thuringiensis strains on T. absoluta showed an LC50 of 55–150 µg/mL [44].
B. thuringiensis was undoubtedly one of the most studied bio-pesticides in recent years,
since it produced proteins with insecticidal properties (Cry and Cyt toxins) during its
sporulation phase, which were toxic to insect larvae, and upon their ingestion, they caused
intestinal paralysis and rapid death [45]. The toxicity of B. thuringiensis var kurstaki against
lepidopteran pests was related to the strains and proportion of δ-endotoxins contained in
the different commercial formulations. In fact, the larval mortality rate varied with the
applied B. thuringiensis var kurstaki concentrations and the age of the larvae [46]. Thus,
the commercial formulations based on B. thuringiensis have been used for decades,
to manage insect pests, as an alternative to chemicals [43].

B. thuringiensis var. kurstaki was also found to be highly effective against T. absoluta
in field conditions, thereby reducing its damage on leaves and fruits, and the results were
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consistent with those obtained in the laboratory. Both the commercial B. thuringiensis formula-
tions, Delfin® and Green Larvicide®, showed consistent effects in reducing the leaf infesta-
tion. The fruit infestation by T. absoluta, recorded from B. thuringiensis-based formulations-
treated plots, was on par with the chlorantraniliprole-treated plots, showing a similar re-
duction in fruit infestation in both the seasons. The efficacy of B. thuringiensis var. kurstaki
strains in field conditions varied due to environmental factors [47], toxin degradation [48],
gut microbiota competition [49], and inactivation by the target organism [50]. It was found
that B. thuringiensis var. kurstaki strains had a specific mode of action that affected the different
life stages of T. absoluta. In the current study, the efficacy of B. thuringiensis formulations was
similar to other bio-pesticides, as well as the chemical pesticide, which confirmed that it
was not affected by the prevailing environmental conditions in the study locations. Thus,
these results were in close conformity with Gonzalez-Cabrera et al. (2011) [30], who reported
that commercial formulations based on B. thuringiensis could be a good alternative for the
successful management of T. absoluta in the laboratory, greenhouse, and open field conditions
in Spain.

Bue et al. (2012) [51] suggested that the combination of azadirachtin and B. thuringien-
sis was able to reduce the impact of T. absoluta on the marketable tomatoes. Similarly,
the application of Bt and Neem Azal separately, and in combination, had provided a
promising alternative to chemical control [11]. The highest long-term effect on the pest
abundance and damage was observed by Nazarpour et al. (2016) [52], in azadirachtin + Bt,
which caused a 100% reduction in fruit and foliage damage compared to the untreated
control. Since we also recorded better efficacies for the neem and B. thuringiensis formu-
lations in the current study, the combined use of those bio-pesticides may be considered
for the better control of T. absoluta in field conditions. The use of bacterial isolates inter-
fered with egg formation, leading to a reduction in the number of eggs laid by the adults.
The phenomenon revealed that some larvae may be slightly infected and require a longer
duration to attack the stomach cells, and for further appearance of infection symptoms that
would appear later in pupae and adults [53]. Future studies may focus on those sub-lethal
effects of B. thuringiensis formulations on T. absoluta in India.

Regarding Beauveria-based formulations, the current findings showed that T. abso-
luta was more susceptible to the talc formulation of B. bassiana compared to the liquid
formulation. These results were in agreement with those of Shalaby et al. (2013) [54],
who reported that different concentrations of B. bassiana on T. absoluta larvae recorded LC50
values of 0.28 × 106 to 0.45 × 106 conidia/mL against early larval instars. Similarly, Klieber
and Reineke (2016) [55] also reported high mortality rates and significant reductions in
larval longevity, when the larvae were fed for a period of around 15 days, on leaves with
B. bassiana propagules. At the dosage of 108 spores/mL, the highest mortality rate was
recorded [56], and the mortality rate of T. absoluta and different concentrations of B. bassiana
had a linear relationship [54]. It was generally observed that the mortality rates increased
with an increase in time. Hence, the mortality recorded on the fifth day was used for
the estimation of the median lethal concentration. In the current study, it was revealed
that there was no immediate effect (within three days of application) of B. bassiana on T.
absoluta larvae, as the establishment of the fungi took a few days. This was in agreement
with another study, which demonstrated that the fungal infection was very low in the first
3 days, and started to be significantly different among the treatments from the fourth day,
after the application in Rwanda [56]. Similarly, Shiberu and Getu (2018) [40] also recorded
that the mortality rate increased up to 78%, after 10 days of treatment in different locations
of Ethiopia. Although the disease progression took a few days for the entomopathogenic
fungi-based bio-pesticide formulations, they were able to reduce the pest infestation quite
significantly in the field conditions. For instance, the application of B. bassiana caused a
46–75% reduction in T. absoluta infestation on tomatoes, when compared to the untreated
plants [22]. Similarly, Abd El-Ghany et al. (2016) [34] also reported that B. bassiana was
second in its effectiveness, next to spinosad, causing more than 50% larval mortality out-
side the mines. B. bassiana had a high negative impact on the pest oviposition, pupation,
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and adult emergence in tomato, in addition to its significant reduction in mine formation
in the host plants [57]. Thus, B. bassiana-based bio-pesticide formulations were shown
to be effective in controlling T. absoluta on tomatoes. Under the right climatic conditions
(temperature and humidity), the fungus starts an initial degradation of the cuticle, by se-
creting proteases, chitinases, and lipases. Moreover, the fungus overcome the host immune
response by suppressing the host defense system, or by developing cryptic growth forms,
which are masked from the arthropod defense responses [58].

While most of the biocontrol agents only infected the insects when ingested, even a
simple contact with B. bassiana was sufficient to cause infection of the susceptible host insect,
under suitable environmental conditions and insect physiology [59]. As noted by Neves
and Alves (2000), the insect mortality increased due to an increase in the release of toxins or
enzymes, triggered by enhanced conidia penetration into the insect cuticle [60]. However,
there were multiple factors that caused the variation in the virulence of entomopathogenic
strains, including differences in the enzymes and toxins production in conidia germina-
tion speed, mechanical activity in the cuticle penetration, and the colonization capacity
and cuticle chemical composition of the host insect [61]. The pathogenicity of a particu-
lar entomopathogen varied with the strain/isolate and environment [62]. For instance,
the efficacy of B. bassiana was mainly dependent on environmental factors, such as moisture,
temperature, precipitation, and UV radiation [59]. A relative humidity of 100% was highly
favorable for mycelial growth and spore germination of B. bassiana, in general, but there
were certain strains, which germinated at a relative humidity as low as 56.8%, and sup-
ported sporulation [59]. Similarly, temperatures above 36 ◦C did not support the growth of
B. bassiana. The maximum temperature recorded during the entire experimental period of
the current study was 34 ◦C, during the month of May, with low relative humidity, which
was conducive for the fungal growth [63]. Thus, B. bassiana was found to be an effective
bio-pesticide for managing T. absoluta on tomato in Andhra Pradesh conditions, as well as
in other locations in India that have similar agro-climatic conditions.

It has been observed that newly invaded areas may have a few natural enemy species,
as evidenced for T. absoluta in Italy [64], and their effect on the exotic species could be
weak. Another point of interest is that indigenous natural enemies need time to colonize,
get adapted, and effectively control the exotic species. Hence, the conservation of indige-
nous natural enemies, also by means of habitat management techniques, should be taken
into account when planning an integrated management strategy for T. absoluta [64]. As the
chemical or biological compounds used against T. absoluta could directly or indirectly
affect its natural enemies, and evaluating such effects is necessary when choosing the
suitable insecticides or bio-pesticides to be included in the pest management programs.
The entomopathogenic fungus was reported to be not only safer for the egg parasitoid,
Trichogramma brassicae Bezdenko (Hymenoptera: Trichogrammatidae), but also showed a
synergistic effect on leaf miner egg mortality [65]. Interestingly, an effective control of T.
absoluta could also be achieved at its pupal stage, by using M. anisopliae. The application of
MA-Prep at the recommended dose of 5.58 × 109 viable conidia per liter, against T. absoluta
at its pupal stage, with irrigation water, could be taken into account as part of an integrated
pest management program [66].

Currently, bio-pesticides comprise a small share of the total crop protection market
globally, with a value of about USD 3 billion worldwide, accounting for just 5% of the
total crop protection market [67,68]. In India, bio-pesticides represent only about 4.2%
of the overall pesticide market [69]. Hence, there is an urgent need to increase the pro-
duction of bio-pesticides for pest management and sustainable agriculture in the country.
Recently, phytochemical and natural product studies have led to the discovery of a large
number of compounds, with a variety of chemical structures and bioactivities. However,
only 12 types of bio-pesticides have been registered hitherto in India. Neem-based pes-
ticides, B. thuringensis, nucleopolyhedrovirus (NPV), and Trichoderma, are the most com-
monly produced and used bio-pesticides in India [70]. All these non-chemical approaches
could play a significant role in reducing insecticide selection pressure. However, no single
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approach is a panacea to solve the problem of insecticide resistance. A sustainable inte-
grated resistant management strategy requires the use of insecticides and bio-pesticides
with multiple modes of action, applied in space and time (rotations), with as many other
approaches as possible [70]. For instance, the continuous application of any B. thuringiensis
formulation on a large scale could also lead to the development of resistance in insect
pests [71]. Therefore, the use of B. thuringiensis formulations containing different toxins is
recommended, as the evolution of resistance to toxin combinations with different target
sites in insect species is minimal [72,73]. In the current study, both the formulations of B.
thuringiensis are B. thuringiensis var kurstaki. Hence, formulations based on B. thuringiensis
var aizawai should also be made available in India, so that the tomato growers will have
more choices. Moreover, the effect of the IPM package on T. absoluta infestation, compris-
ing B. thuringiensis var kurstaki, B. bassiana, neem, and chlorantraniliprole, along with the
installation of pheromone traps, was found to be quite promising [74], and it was on par
with the farmers’ practice of calendar-based application of chemical pesticides in reducing
T. absoluta infestation, without any compromise in the yield. In conclusion, performing
an intervention that includes combined methods of bio-pesticides, chemical pesticide,
and mass trapping in the proper period could reduce the infestation rate from 80 to
95% [75]. Hence, bio-pesticides offer a viable alternative to reduce the reliance on chemical
pesticides for managing T. absoluta on tomatoes in India and other countries in the region.

5. Conclusions

The neem-based formulations and B. thuringiensis-based formulations tested in this
study reduced tomato leaf and fruit infestation by T. absoluta almost similarly to the
conventional chemical treatment. The efficacy of B. bassiana-based formulations varied
across the locations and seasons, but they significantly reduced T. absoluta infestation
compared to the untreated control plots. Therefore, bio-pesticides can be considered as safe
alternatives to synthetic pesticides, for the management of T. absoluta. These bio-pesticides
are readily available, easily biodegradable, exhibit various modes of action, and have low
toxicity to humans and non-target organisms. Moreover, bio-pesticides reduce the risk
of resistance development in T. absoluta, which is quite common for chemical pesticides.
Hence, bio-pesticides could provide efficient, economical, and promising options for
managing T. absoluta on tomatoes in India.
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