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Abstract: Chemical pest control is effective and widely used in agriculture because it can quickly
reduce pest populations. However, it has significant environmental and agronomic impacts. This
study assessed the “in vitro” compatibility of the entomopathogenic fungus Metarhizium anisopliae
(Metchnikoff) Sorokin with deltamethrin and neem oil insecticides. We used three fungal isolates
obtained from the commercial product Metarril® WPE9. Bioassays measured the effect of the
insecticides on vegetative and reproductive parameters. The results showed that deltamethrin
stimulated the vegetative growth of the three isolates tested and was compatible with the fungus at
all the doses evaluated. However, neem oil reduced the growth and germination of the isolates at the
highest concentration, being classified as moderately toxic. Deltamethrin showed potential for use in
addition to M. anisopliae in integrated pest management (IPM) programs due to its compatibility.
Neem oil showed compatibility at commercial concentrations but toxicity at the highest
concentration, indicating that its combined use with M. anisopliae should be carefully evaluated. This
study allowed us to understand the interactions between entomopathogenic fungi and insecticides,
providing valuable information for adopting biological control strategies in agricultural systems.
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1. Introduction

Pest control reduces the population of insects that cause economic damage in productive areas,
with chemical control being one of the most widely used methods. The main insect pests affecting
Eucalyptus production in Brazil are the defoliator caterpillars, especially Thyrinteina arnobia [1].

A wide range of formulations available on the market are easy to apply and effective for
controlling defoliator caterpillars [2]. On the other hand, this form of control has negative
implications, such as reducing the populations of natural enemies, increasing pest resistance and
production costs, and especially environmental contamination [3,4].

Brazilian legislation has recently approved the use of tank mixtures recommended by field
technicians, allowing for the simultaneous combination of chemical and biological products for pest
control [5]. This approach aims to enhance integrated pest management (IPM) strategies by enabling
targeted and multi-faceted control of harmful insect populations. Such practices offer a more
sustainable system, as combining products can reduce selective pressure on pests and decrease the
volume of chemical pesticides needed.

Pressure from international public policies is aimed at making production systems more
sustainable. For this reason, IPM is a key strategy, combining two or more complementary control
strategies considering economic, ecological and social factors [6,7]. Among the methods, those that
preserve natural enemies and increase the mortality rate of pests to below the level of economic
damage stand out, which allows for the ecological balance of the agroecosystem [3,8].

Chemical insecticides such as lufenuron, which acts as a chitin synthesis inhibitor, affecting the
formation of the cuticle [9] and tebufenozide, an ecdysone agonist, which mimics the moulting
hormone in insects, inducing early maturity and death by molting [10,11] are highly effective in the
different stages of the insect life cycle. However, these molecules’ high persistence and toxicity
severely impact the environment, so these insecticides have been banned in Brazil. This has
contributed to formulating new molecules with a lower environmental impact [2].

Pyrethroids have been registered for the control of various pests in agriculture and forestry,
especially in eucalyptus cultivation, as they have shown positive results in the control of defoliating
lepidopterans [2,12]. Deltamethrin is a pyrethroid widely used in monocultures due to its broad
spectrum of action and low persistence in the soil [13]. In addition, the degradation of deltamethrin
in the soil can contribute to the bioaugmentation process, i.e., this pesticide can be efficiently
biodegraded by bacteria such as those of the Serratia Bizio (Proteobacteria) genus, further minimizing
its environmental impacts [14].

Botanical insecticides have advantages in generally having low persistence and environmental
toxicity. Neem oil, Azadirachta indica (Meliaceae), has an active limonoid compound called
azadirachtin and is found in practically all parts of the plant [15,16]. The action of this compound on
insects causes food inhibition, behavioral and morphological changes, physiological disorders,
inhibition of growth and the reproductive process [17,18]. There are reports of azadirachtin’s
efficiency on several orders of insect pests, such as Coleoptera, Hemiptera and Lepidoptera [19-21].

Biological control has become a trend, as it contributes to pest control, improves productivity,
reduces costs and applies chemical insecticides to the environment [22,23]. Biological control is a
positive practice for the forestry sector to obtain certification seals, such as the Forest Stewardship
Council - FSC, which follow export requirements and add value to the product. This control method
releases, increases, regulates and conserves natural enemies such as predators, parasitoids, and
microorganisms [24].

Commercializing entomopathogenic fungi as biocontrol agents is a reality on the international
market. Brazil’s main microorganisms used in biocontrol products are Beauveria bassiana (Balsamo-
Crivelli) Vuillemin, Isaria fumosorosea Wise, M. anisopline (Metschnikoff) Sorokin and Isaria
fumosoroseus (Wize) Brown & Smith [25]. They act by contact, involving the stages of adhesion,
germination, differentiation, penetration of the cuticle and internal dissemination throughout the
host’s body [26-28]. They can also cause infection at any stage of host development and have a high
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environmental dispersal capacity and multiplication capacity, making their mass production low-
cost [29,30].

The species M. anisoplize (Metchnikoff) Sorokin was the first entomopathogenic fungus to be
used in pest control programs in Brazil [31], because it is a generalist in pest control, has high
efficiency and has advantages over chemical products. However, there are some concerns due to the
broad spectrum of action that can include natural enemies [28,30,32].

Combining chemical and botanical insecticides and entomopathogenic fungi can make pest
control more efficient and help reduce pesticide applications in the field [33,34]. IPM should be based
on the degree of compatibility of the strategies adopted, as their inappropriate use results in
deleterious effects on the development and reproduction of the entomopathogen [35,36].

Optimizing production management by combining the use of products used to control insect
pests with sustainable production is considered. This study aimed to evaluate the mixing potential
of the synthetic insecticides deltamethrin and botanical neem oil with the entomopathogenic fungus
M. anisopliae by means of “in vitro” compatibility.

2. Material and Methods

2.1. Experiment Location

The work was carried out at the Phytopathology Laboratory - LF of the Universidade Federal
dos Vales do Jequitinhonha e Mucuri - UFV]M, in Diamantina, Minas Gerais, Brazil.

2.2. Obtaining and Cultivating Isolates of Metarhizium Anisopliae

To carry out the bioassays on the effect of insecticides on the growth, production of conidia and
germination of M. anisopliae “in vitro”, three isolates were used (ISO 01, ISO 02 and ISO 03) of the
entomopathogenic fungus Metarhizium anisopliae strain WP E9, from the commercial product
Metarril® WPE9, marketed by the company Koppert Biological Systems. For this work, three isolates
were used in order to increase genetic variation.

The isolates were reactivated by depositing spores in the center of Petri dishes (100 mm)
containing Sabouraud Dextrose Agar (SDA) culture medium and incubated in a BOD at 25 °C, RH
70+10%, with 12-hour photophase, for 15 days. From these cultures, 5 mm diameter disks were taken
to carry out the bioassays.

2.3. Insecticides Used and Concentrations Tested

The insecticides used were botanical neem oil, commercial product Sempre Verde Killer Neem®,
6000 ppm and the synthetic insecticide Decis 25 CE® (deltamethrin, 25 g/l CE).

Two bioassays were carried out in a completely randomized design, consisting of four
treatments for each insecticide and seven replicates for each of the three isolates of M. anisopliae, with
one replicate being considered a Petri dish.

The first bioassay compared the isolates of the entomopathogenic fungus with three different
concentrations of the chemical insecticide deltamethrin 0.75, 1.50 and 3.00%. The second bioassay
compared the entomopathogenic isolates with different concentrations of the botanical insecticide
neem oil and 16.67, 33.33 and 66.66 mg L-1 of deltamethrin. These concentrations were established
based on the commercial concentration recommended by the manufacturers of each product for pest
control in eucalyptus cultivation (1.50% for neem and 33.3 mg L-1 for deltamethrin). The lower and
upper doses were determined considering half of the ideal dose and more than 50% for the upper
dose. A pure SDA medium, without the addition of insecticides, was used as a control in each
bioassay.
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2.4. Preparing Culture Media with Insecticides

The insecticides were sterilized by filtering them through a 0.22 um Millipore filter, and the pre-
determined quantities of each treatment were added to the still liquid SDA medium at a temperature
between 45 and 50 °C to avoid possible alterations to its properties and stirred for 2 minutes to
homogenize the added compounds. 20 mL of the medium was poured into Petri dishes (100 mm).
After solidifying, a 5 mm diameter disc, taken from the edges of the colonies grown for 15 days, was
inserted into the center of each dish with the mycelium facing downwards. The plates were incubated
in a BOD at 25 °C, RH 70 * 10%, with 12-hour photophase, for 18 days.

2.5. Evaluation of Mycelial Growth

The M. anisopliae isolates were examined after eight days, using the radial growth of each
repetition. Evaluations were carried out periodically with an interval of 72 hours between
measurements. Two perpendicular diameters previously marked on the outside of the bottom of the
Petri dish were measured with a 30 cm ruler, and then the average of the two measurements was
calculated.

2.6. Evaluation of Conidia Production

The production of conidia was assessed at 18 days of incubation, considered to be the final
period for vegetative growth. Five representative dishes from each treatment were randomly selected
and three discs were removed from the edges of the colonies using a previously flamed 5 mm
diameter perforator and transferred to an eppendorf with 1 mL of sterile 0.01% Tween® 80 solution
and homogenized by shaking for 1 minute in a vortex. Next, 100 pL of the conidia suspension was
placed in a Neubauer chamber and a direct count was made under an optical microscope to quantify
conidia production [37].

2.7. Evaluation of Conidia Germination

To assess germination, a 5 mm disc was removed from the edges of colonies grown for 18 days,
transferred to an eppendorf with 1 mL of sterile 0.01% Tween® 80 solution and homogenized by
shaking for 1 minute in a vortex. The conidia were suspended in this aqueous solution, remaining for
one hour to hydrate [38]. Next, 30 pL of the suspension of each treatment were placed on 9 mm agar
medium discs held on the top of sterilized microscope slides; three discs were used for each
treatment. Subsequently, the slides were individualized, placed in a humid chamber of Petri dishes
lined with moistened filter paper, and incubated for 15 hours in a BOD at 25 °C, RH 70 + 10%, with
12-hour photophase. The conidia were observed under an optical microscope at 40x magnification.
Germination was assessed by counting 100 to 150 conidia on each disc. Conidia with a germ tube
larger than its diameter were considered germinated [39].

2.8. Biological Index (BI) - Fungicide Compatibility

The compatibility of the insecticides with the entomopathogenic fungus was calculated using
the Biological Index (BI) formula:

[(47 xCV) + (43 * ESP) + (10 * GER)]
100
Where: CV is the percentage of vegetative growth of the fungal colony relative to the control; ESP is

the percentage of sporulation of colonies relative to the control; GER is the percentage of germination
of conidia relative to the control.

According to the BI values obtained, the insecticides were classified as compatible (BI > 66),
moderately toxic (42 < BI < 66) and toxic (BI < 42) [40].

2.9. Statistical Analysis
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The data were analyzed using Analysis of Variance (ANOVA) and the means were compared
using the Tukey test at a probability of 5%, using the SAEG (UFV) statistical analysis program [41].
The means of the diameter of the M. anisoplize mycelium as a function of incubation time were
presented by regression.

3. Results

3.1. Effect of Insecticides on Germination

The presence of the chemical insecticide deltamethrin in the culture medium reduced the
germination rates of isolates ISO 01 and ISO 03 (Table 1). The highest concentrations of deltamethrin
had a significant effect, with a 19.40% reduction in germination for isolate ISO 01 at a dose of 66.66
mg L1, compared to the control. For ISO 03, germination decreased by 51.78% and 52.02% when
exposed to 33.33 and 66.66 mg L, respectively. These results indicate that ISO 03 is the most sensitive
to deltamethrin, showing a significant drop in germination even at lower concentrations.

Neem oil did not affect the germination of the isolates when applied at the commercial
concentration of 1.50%. However, isolate ISO 01 exhibited a germination reduction of 49.18% and
56.78% compared to the control when exposed to 0.75% and 3.00%, respectively. Isolate ISO 03 was
the most sensitive, with a 72.53% reduction at the highest neem concentration (Table 1). These
findings indicate that, although neem oil did not impact germination at its recommended field
concentration, higher doses may negatively affect fungal germination, especially for the more
sensitive isolates.

Table 1. - Micellial growth (cresc.), sporulation and germination (germ.) of isolates of the entomopathogenic
fungus Metarhizium anisopliae grown in culture medium contaminated with various doses/concentrations of the

insecticides deltamethrin and neem.

Insectic | Dos 1SO 01 ISO 02 ISO 03
ide e/ | Veget | Sporul Veget | Sporul Veget | Sporul
Con | ative | ation | Germi | ative | ation | Germi | ative | ation | Germi
c. | growt 100 nation | growt 100 nation | growt 100 nation
h cnds (%) h cnds (%) h cnds (%)
(cm) mL (cm) mL (cm) mL
Deltam | Con | 2.62b | 18.24a | 83.35a | 2.81b 17648 72.44a | 2.73b | 21.92a | 86.87a
ethrin | trol A A bA A A A A A
(mgL- | 16.6 | 3.47a | 28.00a | 88.62a | 4.26a 3.604B 78.45a | 4.34a | 23.52a | 73.51a
1) 7 bA A A A A A A A
333 | 3.71a | 16.16a | 85.12a | 2.96b | 8.00a | 86.07a | 3.49a | 18.48a | 41.89b
3 bA A bA A A A bA A B
66.6 | 4.07a | 29.12a | 67.18b | 3.04b 56.59a | 3.14b | 25.68a | 41.68b
6 A A A B |07 A B A A
Neem | Con | 3.21a | 18.32a | 83.35a | 3.61la | 6.48a | 72.44a | 3.56a | 12.24a | 86.87a
(%) trol A A A A A A A A A
0.75 | 3.23a | 15.04a | 42.36b | 3.10a | 6.96a | 52.05a | 3.06a | 13.44a | 33.9bc
A A A bA A A bA A A
15 | 294a | 27.04a | 71.67a | 2.81la | 12.88a | 45.58a | 2.86a | 28.48a | 56.8ab
A A A bA A A bA A A
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3 2.45a 36.02b | 2.62b | 28.16a | 27.68a | 2.41b 23.86¢
5.36aB 6.48aB
A A A A A A A

Means between concentrations followed by equal lowercase letters in the column do not differ from each other
using the Tukey test at 5% significance level and means between fungal isolates followed by equal uppercase
letters in the row do not differ from each other using the Tukey test at 5% significance level within each variable

tested; Conc.: Concentration; ends mL: Conidia per mL.

3.2. Effect of Insecticides on Vegetative Growth

The isolates of M. anisopliae exposed to deltamethrin and neem oil at different concentrations
exhibited significant differences in mycelial growth in SDA culture medium.

Deltamethrin stimulated mycelial growth, particularly for ISO 01, where an increasing dosage
correlated with greater growth, with the highest dose (66.66 mg L) resulting in a 55.34% increase
compared to the control. However, ISO 02 and ISO 03 showed peak growth at 16.67 mg L~! and 33.33
mg L, respectively. The highest dose (66.66 mg L-') had a toxic effect on ISO 02 and ISO 03, indicating
a dose-dependent sensitivity among isolates (Figure 1).
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a)
57 e Conmol Y=0.5134+02332x - 0.0066x% R2= 0.9975
—0—  16.67mgL Y=0.4916 + 0.2620x - 0.0054x*: R*= 0.9991
—%— 3333mgL Y=0.4899 +0.2467x - 0.0037x% R2= 0.9995
44 T 66.66mgL Y=0.4673+0.1835x + 0.0012x% R>= 0.9966 P

Myecelium diameter, cm

0 T T T T 1
0 8 12 15 18

Incubation time, days

S @ - Control  Y=0.5195+0.2597x - 0.0076x R*=0.9964
—O0— 16.67mgL Y=0.4958 + 0.3114x - 0.0057x* R*= 0.9999
—W¥—3333mgL Y=0.5099 + 0.2179x - 0.0046x*: R*= 0.9993
2 O
4 —— 66.66 mg L Y=0.4941 + 0.1462x - 0.0003x% R>=0.9993 -

Mycelium diameter, cm

Incubation time, days

© @ Control  Y=0.5028 +0.2070x - 0.0046x: R*= 0.9998
—'0~ 16.67mgL Y=0.4995 + 0.2589x - 0.002 2
¥ 3333mgL Y=0.4947 + 0.2486x - 0.004

Mycelium diameter, cm

Incubation time, days

Figure 1. Vegetative growth of ISO 01 (a), ISO 02 (b) and ISO 03 (c) isolates of Metarhizium anisopliae in culture

medium containing various doses of deltamethrin.

Conversely, neem oil reduced the growth of all three isolates, with increasing concentrations
leading to greater inhibition (Figure 2). The growth curves of the control diverged progressively as
neem concentration increased, demonstrating isolate sensitivity to the botanical insecticide. Statistical

CC BY license.
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analysis showed that ISO 02 and ISO 03 followed a negative linear pattern, where higher neem
concentrations resulted in lower mycelial growth. However, ISO 01 exhibited better tolerance, as its
growth was not significantly impaired even at the highest neem concentration (Table 1). The
evaluation of the mycelial growth of the M. anisopliae isolates subjected to treatments with
deltamethrin and neem oil at different concentrations can be seen in Figures 3 and 4, during the
development of the isolates in Petri dishes over the incubation period at 8, 12, 15 and 18 days.

a)

@+ Control Y=0.5105 4 0.2491x - 0.0056x*: R*=0.9994
—0O— 0.75% Neem Y=0.5109 + 0.1644x - 0.0009:
—W%— 150% Neem Y=0.5094+0.1213x+0.0007x* 0.9992
4 —2&— 3.00% Neem Y=0.4946+0.1405x - 0.0017x% R*=0.9996

w
1

Mycelium diameter, cm
N
)

0 T T T ]
0 8 12 15 18
Incubation time, days
59 e Contol Y=0.5200 + 0.2554x - 0.0048x% R*=0.9982
—O— 0.75% Neem Y=0.5041+0.1797x - 0.0020x
—¥—1.50% Neem Y=0.5058 +0.1489x - 0.0012x
—A—3.00% Neem Y=0.4969 + 0.1422x - 0.0013x>
4 -
.
=)
o3
5}
S
=]
k=)
i
i3,
g
=
©
=
=1

0 8 12 15 18

Incubation time, days

: O

57 @ Control Y=0.5022 + 0.2407x - 0.0039x2: R*= 0.9998
—O— 0.75% Neem Y=0.5025+0.1759x - 0.0019: 1.0000
—%—1.50% Neem Y=0.5022+0.1327x - 8.8E R=0.9999
—2~3.00% Neem Y=0.4982 +0.1523x - 0.0025x% R*= 0.9999

Myecelium diameter, cm
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Figure 2. Vegetative growth of ISO 01 (a), ISO 02 (b) and ISO 03 (c) isolates of Metarhizium anisopliae in culture
medium containing various concentrations of neem.
Dose 1SO 01 1SO 02 1SO 03 1SO 01 1SO 02 1SO 03 1SO 01 1SO 02 1ISO 03 1SO 01 1SO 02 1SO 03

(mg L")
ma—

16,67

Figure 3. Mycelial growth of Metarhizium anisopliae isolates in Sabouraud Dextrose Agricultural (SDA)
medium contaminated with chemical (deltamethrin at doses of 0.00; 16.67; 33.33) insecticides assessed at 8 days
(a), 12 days (b), 15 days (c) and 18 days (d).

1SO 01 1SO 02 1SO 03 1SO 01 1SO 02 1SO 03 1SO 01 1SO 02 1SO 03 1SO 01 1SO 02 1SO 03
Conc. =
0,00%
0,75%

1,50%

3,00%

Figure 4. Mycelial growth of Metarhizium anisopliae isolates in Sabouraud Dextrose Agricultural (SDA)
medium contaminated with botanical (neem oil at concentrations of 0.00; 0.75; 1.50 and 3.00%) insecticides
assessed at 8 days (a), 12 days (b), 15 days (c) and 18 days (d).

3.3. Effect of Insecticides on Sporulation

There was no difference in conidia production among treatments with either insecticide.
However, ISO 02 was the most sensitive to deltamethrin at 66.66 mg L, showing a lower conidia
count (9.92 x 10° conidia mL-") compared to the other isolates (Table 1).

ISO 02 exhibited also the highest tolerance and synergistic response to neem oil, producing 28.16
x 106 conidia mL" at the highest concentration (3.00%), surpassing all other isolates and treatments.
In contrast, ISO 01 and ISO 03 showed lower tolerance, with reduced sporulation rates of 5.36 x 10¢
and 6.48 x 10¢ conidia mL-!, respectively, at the same neem concentration (Table 1).

These findings indicate that deltamethrin negatively affected sporulation at high concentrations,
especially for ISO 02, whereas neem oil had a variable impact, favoring sporulation in ISO 02 but
inhibiting it in ISO 01 and ISO 03.

3.4. Compatibility Based on the Biological Index (BI)

The biological index (BI) was used to assess the overall compatibility of the insecticides with M.
anisopliae.

Deltamethrin produced the highest BI values across all three isolates, classifying it as compatible
at all tested doses (Table 2). This suggests that, despite its effects on germination and sporulation at
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higher concentrations, deltamethrin does not significantly hinder fungal development and may be
used in integrated pest management programs in conjunction with M. anisopliae.

Table 2. Biological index values and classification of deltamethrin and neem insecticides as toxicity to isolates of

the fungus Metarhizium anisopliae according to the doses used.

Insecticide Conc. ISO 01 ISO 02 ISO 03
BI Classif. BI Classif. BI Classif.
Deltamethrin Control 100 - 100 - 100 -
(mg L-1) 16.67 139 C 170 C 129 C
33.33 115 C 257 C 101 C
66.66 150 C 301 C 109 C
Neem (%) Control 100 - 100 - 100 -
0.75 88 C 94 C 92 C
1.5 115 C 128 C 144 C
3 53 MT 225 C 57 MT

Conc.: Concentration; IB: Biological index (%); Classif.: Classification; C: compatible; MT: moderately toxic; T:

toxic.

4. Discussion

IPM has become a common strategy in the forestry sector to control insect attacks that cause
damage to production. This measure uses different control techniques in an integrated way, which
are considered to have less impact on the environment since the aim is to keep the population density
of pest insects below the level of economic damage [8,42]. Entomopathogenic fungi are an excellent
option to be used in IPM programs, as they are described as agents that cause high levels of epizootics
in nature, in a general way, and are the most versatile and environmentally safe biological control
agents [43].

The effectiveness of IPM strategies in pest control can be compromised by pesticide application,
as it directly impacts vegetative growth, conidial germination, and sporulation of beneficial fungi.
Additionally, conidia, which are already vulnerable to environmental factors, may experience even
greater reductions in survival due to the indiscriminate use of chemical pesticides, further weakening
their role in biological control [44]. In this context, our results on the preliminary evaluation of the
compatibility of entomopathogenic fungi with chemical and botanical insecticides “in vitro” prove
the potential of the strategy adopted and the efficiency of combining these control strategies in the
use of IPM.

The increase in vegetative growth and the absence of a negative effect on the reproductive
parameters of the M. anisopliae isolates, in SDA medium contaminated with doses of deltamethrin,
demonstrates the compatibility of this insecticide with this entomopathogenic fungus. This result
corroborates the synergistic effect of M. anisoplise with chemical insecticides described in the
literature, this positive compatibility increased the potential for insect toxicity and mortality, even
when the dosage of the chemical formulation caused a reduction in the vegetative growth of the
fungal isolate [45]. Band, Kabre and Dhurve [46] carried out a compatibility test between M. anisopliae
exposed to 10 chemical insecticides, but, unlike the previous work, the results were negative, in which
deltamethrin caused a reduction in the fungus’ vegetative growth, being considered the second most
aggressive chemical formulation for this biological control agent. This is likely due to the specific
characteristics of the isolates used in this test.

Khun et al. [47] proved that the compatibility and synergistic effect do not depend solely on the
dosages of chemical insecticides but rather on the compatible performance of each fungal isolate
individually when subjected to the different doses applied, so much so that in their work they
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presented results with positive (compatibility) and negative (incompatibility) effects, reinforcing the
idea that when considering the application of entomopathogenic fungi and chemical insecticides in
IPM programs there must be a need to understand the dynamics of each component through the
degree of compatibility since the inappropriate use of any means of biological control can affect the
development and reproduction of the entomopathogen [5,36].

The results obtained in this study showed that deltamethrin, regardless of the dosage, promoted
the greatest increase in the vegetative growth of M. anisopliae. This same result was obtained when
the chemical insecticide Flonicamide was used in different concentrations, sublethal - 0.03%, lethal -
0.06% and superlethal - 0.12%, which showed positive effects when compared to the other chemical
insecticides applied to M. anisopliae [45]. Likewise, for the MA-7 isolate of M. anisopliae which, when
exposed to concentrations of 40 and 200 ppm (representing 0.004% and 0.02%) of imidacloprid, had
an increase in vegetative growth [48]. These stimuli can be explained by the presence of adjuvants in
the commercial formulation, which promote greater adhesion and stability of formulations
containing entomopathogenic fungi [49]. Adjuvants, when used correctly, can optimize the
performance of biological agents, such as M. anisopliae and B. bassiana, in pest control by increasing
the durability of conidia in the field and their infectivity against target insects [50,51]. The mild
abrasive action of the adjuvants breaks up conidial agglomerations, which increase the number of
propagules, promoting greater growth [52].

The entomopathogenic fungus may have the ability to degrade the molecules of the active
ingredients of insecticides through physiological mechanisms of resistance, which enable the
microorganism to metabolize these compounds and use them as a source of nutrients, especially N
and C [53]. This may explain the differences in mycelial growth between isolates due to the variation
in the degradation rates of insecticide molecules and the different ways in which these resources are
used later [51,54-56]. Thus, the stimulation of microbial growth in the presence of deltamethrin could
be compensation for the entomopathogenic fungus when facing a stressful (toxic) environment,
which in response, increases vegetative growth [45,47,48,51,56,57].

Compatibility in the vegetative growth and sporulation of M. anisopliae was obtained in the
lower dosages of 0.75% (45 ppm) and 1.5% (90 ppm - the recommended dose) of neem oil, considered
within the range of the manufacturer’s technical recommendation. These positive effects confirm and
strengthen the potential use of the botanical insecticide in IPM programs. Parjane et al. [43] obtained
similar results and applying Azadirachtin 3000 ppm at a concentration of 4% (120 ppm) promoted
the greatest increases in compatibility tests composed of 19 different types of insecticides. Only the
3.00% concentration (180 ppm) of the botanical insecticide neem in this study reduced the growth
and germination of M. anisopliae, demonstrating that this insecticide is incompatible with these
isolates, at this concentration, classified as moderately toxic to M. anisopliae.

This work proves that the botanical insecticide neem can have a fungicidal effect at a
concentration of 3%, which can be considered a super-lethal dose, twice the amount recommended
by the manufacturer (1.5%). This effect was also observed for the entomopathogenic fungi M.
anisopliae and B. bassiana when the commercial neem formulation was applied at a concentration of
2% [58]. Azadirachtin obtained from aqueous neem seed extract at a concentration of 1% reduced the
growth of B. bassiana [59], while for M. anisopliae the concentrations that caused the inhibitory effect
were 0.04 to 5% [60] and 50% of the concentration recommended by the manufacturer [57]. The
reduction in growth under different neem concentration scales may be associated with extracting
azadirachtin from the products used. Also, the high variability in the amount of azadirachtin present
in the commercial product or attributed to inter- and intra-specific genetic variations of the isolates
[48,61].

The reduction in conidia production caused by deltamethrin may be related to the susceptibility
of the entomopathogenic fungus to the product [34]. The stimulation of output caused by neem oil,
unlike that previously observed with deltamethrin, can be explained as a reproductive response to
generate offspring and ensure the survival of the species in the contaminated environment, which is
why there may be reductions in mycelial growth and consequently increases in conidia production
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[53]. The production of conidia is linked to the ability of the entomopathogenic fungus to complete
the entire cycle within the host and cause secondary infestations in the field [37]. This survival
mechanism can present different forms of reaction depending on the different insecticide
formulations and even the metabolic variation of the isolates of the same fungus. Therefore, selecting
isolates with greater potential for producing conidia compatible with insecticides increases the
chances of the fungus remaining in the field and extends its residual effect, reducing the need for new
applications.

The variation in the impact of insecticides on the germination of M. anisopliae isolates with the
insecticide and the dose/concentration used may be related to the great genetic variability that exists
in entomopathogenic fungi [35,40]. The dose-response effect observed with the increase in
doses/concentrations and the reduction in germination of isolates ISO 01 and ISO 03 shows greater
sensitivity of the isolates when exposed to neem. On the other hand, the lower sensitivity of the
isolates exposed to deltamethrin indicates a low impact on the germination of M. anisopliae. This is a
promising result, given that the germination of conidia is an important biological aspect of the
infection process of the pathogen, as it corresponds to the initial stage of epizooty, and successful
infection of the host depends on germination [37,38,62]. Similar results were obtained in a study with
the MA-K isolate of M. anisopliae, which had little effect on germination when exposed to permethrin
at a concentration of 200 ppm, representing 0.02% of this insecticide [48]. This may be an indication
that pyrethroids do not cause significant effects on the germination of M. anisopliae, making it possible
to use them together in pest management without damaging the virulence of the pathogen.

Neem at the commercial concentration (1.5%) did not harm the germination of the M. anisopliae
isolates, similar to studies with the same entomopathogenic fungus, where there was no adverse
effect on germination when exposed to this concentration [48,62]. Thus, the recommended dose of
the botanical insecticide neem can be combined with M. anisopliae in the field, maintaining adequate
germination rates, colonization and promoting pathology of the insect pest.

The reduction in germination of the isolates exposed to the highest concentration of neem
(3.00%) can be attributed to the toxicity of the dosage and the product’s composition. In this context,
the product tested would not be suitable for use together with the M. anisopliae ISO 01 and ISO 03
isolates because with lower conidia germination in the field, the potential for the fungus to infect
insects will be reduced [63]. In a study with entomopathogenic fungi M. anisopliae, B. bassiana (Bals.)
Vuill. and Paecilomyces fumosoroseus (Wise) Brown and Smith, exposed to neem at a concentration of
5%, germination was not reduced [60]. This may be attributed to the quality and/or form of extraction
used to obtain the botanical insecticide Neem, which has a different degree of aggressiveness than
the product used in this work.

The compatibility of the insecticide deltamethrin with the isolates of M. anisopliae demonstrates
their ability to be used as a joint strategy in IPM. Similar results were obtained in a study with the
insecticides deltamethrin, fenpropathrin (Meothrin 300), betacyflutrin and permethrin, all belonging
to the pyrethroid chemical group, which showed compatibility with the entomopathogenic fungi B.
bassiana and M. anisopliae and Pyriproxifen in M. anisopliae [48,53,55]. This compatibility is essential
for the preservation of microbial agents. It can also contribute to improving the fungus’s potential as
a control agent, since some synthetic substances can cause stress in the insect, facilitate fungal
infection and accelerate the proliferation of the disease [37,64].

The genetic variability of the isolates may have been the determining factor for the different
compatibility ratings with neem at the highest concentration [35], this variation may have occurred
due to the mutation of the fungi through the successive repicking process. The incompatibility of
neem with isolates of entomopathogenic fungi M. anisopliae and B. bassiana was also found in other
studies with neem at 2% of the recommended dose [58], emulsifiable neem oil at concentrations of
0.5; 1.0 and 1.5% [59] and 0.03% [53] and with the commercial product Neemseto® at a concentration
of 0.5% [65]. However, at concentrations of 0.00, 0.75 and 1.50%, the BI values found were classified
as compatible with all the isolates, which corroborates the results obtained with isolates of M. anisoplie
exposed to the product NeemAzal at concentrations of 0.32, 1.6, 8.0, 40 and 200 ppm, representing 3.2
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x10%,1.6 x 104, 8 x 104, 0.004 and 0.02% of this botanical insecticide [48]. Thus, neem-based insecticides
should be used with restrictions, as they can affect the reproductive parameters of entomopathogenic
fungi and present incompatibility, which will depend on the concentration and product used.

The preservation of entomopathogenic fungi in the field is essential for balancing the population
of insect pests. “In vitro” studies allow high exposure of these microbial agents to the action of
insecticides and, when the product is proven to be safe in the laboratory, a lower effect is expected in
the field due to the various factors that hinder the exposure of the microorganism [34]. Thus, choosing
isolates compatible with insecticides in “in vitro” trials can guarantee greater success in the joint
strategy when submitted to field conditions.

5. Conclusions

The association of the insecticide deltamethrin with M. anisoplize stimulated the growth and
sporulation of the isolates. This insecticide was compatible with the entomopathogenic fungus at all
the doses evaluated. This makes it possible to simultaneously use this agent and deltamethrin in IPM
programs.

The production of M. anisopliae conidia was mostly unaffected by the insecticides deltamethrin
(chemical) and neem (botanical). The highest concentration of neem oil interfered with the
development and reproduction of M. anisopliae, with moderate toxicity. However, the isolates of this
fungus showed potential for association with botanical insecticide at the commercial dose.
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