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Abstract

Aedes aegypti L. (Diptera: Culicidae) is the main transmitter of pathogens that cause human diseases, including dengue,
chikungunya, zika and yellow fever. Faced with this problem, this study aims to select fungi with entomopathogenic
potential against Ae. aegypti and develop formulations that optimize the control action of entomopathogenic fungi in
the semi-field condition. 23 fungal strains native from Amazon were inoculated in Potato-Dextrose-Agar (PDA) culture
medium for 14 days and then transferred by scraping to tubes containing 0.9% NaCl solution. To obtain the larvae, eggs
were collected using traps in peridomestic environments for 7 days. 20 larvae of Ae. aegypti in 125 mL erlenmeyers
containing 20 mL of conidial suspension at a concentration of 1x10¢ conidia/mL for initial selection and 1x10%, 1x10°,
1x10°and 1x107 conidia/mL for determination of LC, . Mortality was checked every 24 h for 5 days. The three fungi with
the best virulence rates were identified using molecular techniques. The compatibility between fungi at a concentration
of 1x106 conidia/mL and oily adjuvants, mineral oil and vegetable oil (andiroba, chestnut and copaiba) at concentrations
of 0.1,0.5 and 1% was evaluated. The germination capacity of 100 conidia per treatment was evaluated after incubation
at 28 °C for 24 h. To evaluate the entomopathogenic potential of the fungal formulations, conidial suspensions (1x10°
conidia/mL) were added with 0.1% mineral and vegetable oil. The treatments were submitted to laboratory and semi-
field conditions and mortality was verified every 24 h for 5 days. Beauveria sp. (4,458) (LC,, = 8.66x 10°), Metarhizium
anisopliae (4,420) (LC,, = 5.48x10%) and M. anisopliae (4,910) (LC,, = 1.13x10°) were significantly more effective in the
larval control of Ae. aegypti, in relation to the other fungal morphospecies evaluated. Mineral oil was better compatible in
all treatments evaluated. Beauveria sp. (4,458) was considerably less virulent under semi-field conditions. M. anisopliae
(4,910) formulated with mineral oil increased larval mortality to 100% on the 4th day in the laboratory and on the 5th
day in the semi-field. Fungal formulations developed from native Amazonian isolates represent a promising tool for
the development of strategies to control Ae. aegypti.

Keywords: biological control, arboviruses, Beauveria, Metarhizium.

Resumo

Aedes aegypti L. (Diptera: Culicidae) é o principal transmissor de patégenos que causam doengas humanas, incluindo
dengue, chikungunya, zika e febre amarela. Diante desse problema, este estudo tem como objetivo selecionar fungos
com potencial entomopatogénico frente ao Ae. aegypti e desenvolver formulagdes que otimizem a a¢do de controle de
fungos entomopatogénicos na condicdo de semi-campo. 23 cepas fingicas nativas da Amazoénia foram inoculadas em
meio de cultura Potato-Dextrose-Agar (PDA) por 14 dias e depois transferidas por raspagem para tubos contendo solu¢ao
de NaCl 0,9%. Para obtencdo das larvas, os ovos foram coletados por meio de armadilhas em ambientes peridomiciliares
por 7 dias. 20 larvas de Ae. aegypti em erlenmeyers de 125 mL contendo 20 mL de suspensdo de conidios na concentragdo
de 1x10° conidios/mL para selecdo inicial e 1x10¢, 1x10°, 1x10°¢ e 1x107 conidios/mL para determinagdo de CL,. A
mortalidade foi verificada a cada 24 horas durante 5 dias. Os trés fungos com as melhores taxas de viruléncia foram
identificados por meio de técnicas moleculares. Foi avaliada a compatibilidade entre fungos na concentragdo de 1x10°
conidios/mL e adjuvantes oleosos, 6leo mineral e 6leo vegetal (andiroba, castanha e copaiba) nas concentragdes de
0,1,0,5 e 1%. A capacidade germinativa de 100 conidios por tratamento foi avaliada ap6s incubagdo a 28 °C por 24 h.
Para avaliar o potencial entomopatogénico das formulagdes ftingicas, suspensoes de conidios (1x10° conidios/mL)
foram adicionadas de 6leo mineral e vegetal a 0,1%. Os tratamentos foram submetidos a condig¢des de laboratério
e semi-campo e a mortalidade foi verificada a cada 24 horas durante 5 dias. Beauveria sp. (4.458) (LC,, = 8,66x10°),
Metarhizium anisopliae (4.420) (LC,, = 5,48x10*) e M. anisopliae (4.910) (LC,, = 1,13x10°) foram significativamente mais
eficazes no controle larval de Ae. aegypti, em relacdo as demais morfoespécies flingicas avaliadas. O 6leo mineral foi
melhor compativel em todos os tratamentos avaliados. Beauveria sp. (4.458) foi consideravelmente menos virulento em
condigdes de semi-campo. M. anisopliae (4.910) formulado com 6leo mineral aumentou a mortalidade larval para 100%
no 4° dia no laboratério e no 5° dia no semi-campo. Formulagdes fingicas desenvolvidas a partir de isolados nativos da
Amazonia representam uma ferramenta promissora para o desenvolvimento de estratégias de controle de Ae. aegypti.
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1. Introduction

Among the hundreds of arboviruses already known,
approximately thirty are capable of causing disease in
humans (Nicoletti, 2020). Of this diversity, only dengue,
chikungunya, zika and yellow fever are responsible for
almost all cases, and the vector is the Aedes aegypti L.
mosquito (Diptera: Culicidae) (Caragata et al., 2019).

Some characteristics are essential for the effectiveness
of Ae. aegypti as a vector, such as its easy adaptation to
urban environments, common occurrence in domestic
spaces and obtaining nutrition for reproduction from
human blood (Wang et al., 2018).

Between January and September 2020, approximately
20,902 notifications of probable cases of dengue, chikungunya
or zika were registered in the Brazilian Amazon Region
(Brasil, 2020), thus showing the importance of this vector.

In the Amazon, populations of Ae. aegypti persist
throughout the year, and in the rainy seasons the population
number of vectors is drastically high, which results in
epidemic outbreaks of viral diseases (Rodrigues et al., 2019).

The most effective way is to control the vector, and
options of biological insecticides formulated from
entomopathogenic fungi to control Ae. aegypti has shown
promise, with the aim of replacing or integrating with the
usual chemicals (Lacey et al., 2015).

The application of fungal entomopathogens in the
environment encounters challenging and complex scenarios
of biotic and abiotic stress (Ortiz-Urquiza and Keyhani,
2015). Sunlight, temperature and humidity are among the
most critical factors capable of affecting the persistence
of these microorganisms (Paramo et al., 2015).

Thus, the proposition of formulations from microbial
agents to control human disease vectors is interesting
(Fernandes et al., 2015). Adjuvant components improve the
effect of the entomopathogenic fungus on the target insect,
providing greater radiation protection, nutrients for fungal
growth, storage conditions, greater practicality in application
and greater adaptation to the natural environment, enabling
the use of the pathogen in the field (Butt et al., 2016).

The Brazilian Amazon Region stands out for its ecosystem
complexity that has a great diversity of entomopathogenic
microorganisms with biotechnological potential, until then,
little investigated for the control of disease vectors.

Thus, this study aims to select Amazonian fungi with
entomopathogenic potential against Ae. aegypti and
test formulations that optimize the control action of
entomopathogenic fungi under semi-field conditions.

2. Material and Methods

2.1. Fungi maintenance and preparation of conidia
suspensions

Twenty-three fungal morphospecies with good conidia
production capacity were reactivated, stored in the collection
of entomopathogenic fungi at Microbiology Laboratory from
Universidade Federal do Acre (UFAC). The reactivation of
fungal samples stored in mineral oil and distilled water was
carried out by inoculating the fungi in Potato-Dextrose-Agar-
BDA medium (200g potato, 20g dextrose and 15g agarin 1L
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of distilled water) and incubation at room temperature for
14 days. After mycelial growth, the fungi were transferred
to tubes with PDA medium and stored at room temperature
(Ayala-Zermeifio et al., 2017).

To assess virulence against Ae. aegypti, the fungi
were cultivated in PDA medium at 28 °C for 14 days and
subsequently submitted to removal of the colonies surface
by scraping and transferred to tubes containing 0.9%
Nacl solution, with vigorous agitation in electric shaker
and suspension standardization for the concentration of
106 conidia/mLin a Neubauer chamber (Remadevi et al., 2010).

2.2. Virulence assay against Aedes aegypti

To obtain the larvae of Ae. aegypti, eggs were collected
from traps installed in properties, randomly chosen, in
urban areas of the city of Rio Branco, Acre. The ovitraps
were installed in extra-domestic areas, in shaded places
and close to other mosquito breeding sites for 7 days.
The pallets were collected and placed in plastic containers
with tap water and fish food to facilitate the hatching of
the larvae (Carvalho et al., 2004).

20 larvae of Ae. aegypti in 125 mL Erlenmeyer flask,
containing 20 mL of the conidial suspension in distilled
water at a concentration of 10¢ conidia/mL, constituting the
group of exposed larvae, and 20 mL of the sterile distilled
water solution, corresponding to the control group, with
3 repetitions. Mortality was verified every 24 h for 5 days
(Carvalho et al., 2004).

The three fungi that showed the best virulence rates
were submitted to new biological assays following
the same methodological steps described in this topic,
however, at different conidial concentrations, 1x10%, 1x10°,
1x106 and 1x107 conidia/mL in order to obtain a mortality
variability considerable to calculate the lethal dose (LC50)
(Carvalho et al., 2017).

2.3. Molecular characterization of fungi entomopathogenic
to Aedes aegypti

The total genomic DNA of fungi with entomopathogenic
potential were extracted using the cetyltrimethylammonium
bromide (CTAB) method (Doyle and Doyle, 1987).
The fungus was grown in PDA culture medium for 14 days
at 25 °C. 50 mg of pathogen mycelium was collected and
subsequently macerated with liquid nitrogen in a crucible
until a fine powder was formed.

3% CTAB extraction buffer was prepared using Nacl,
0.5 M EDTA pH 8.0 and 1.0 M TRIS-HCI pH 8.0. Subsequently,
the sample was homogenized and placed in a water bath
at 64 °C for one hour, homogenizing it every 15 minutes.
For each sample, 0.5 mL of CIA (24:1; Chloroform: Isoamyl
Alcohol) was added, being manually shaken for one minute,
followed by centrifugation at 8000 rpm for 10 min.

The supernatant was transferred to a new microtube,
again adding 0.5 mL of CIA, homogenizing and centrifuging
at 8000 rpm for 10 min. Then, the supernatant was taken
to another microtube and 0.35 ml of ice-cold (-20 °C)
isopropanol was added. The sample was homogenized
again and kept at -20 °C for 1 h.

After this period, the samples were centrifuged at
8000 rpm for 10 min. The pellet was washed with 70%
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ethanol (70 mL of 100% ethanol and 30 mL of milli-Q
water), centrifuged at 7500 rpm for 5 min and then dried
at room temperature. Finally, the pellet was resuspended
in 50 pL of sterile milli-Q water, adding 2 pL of RNAse
(37 °C) to the sample.

To evaluate the DNA extraction, it was run on a 2%
agarose gel, melted in 50 mL of TBE (Tris/Borate/EDTA
Buffer). The buffer solution was prepared using 10.8 g TRIS,
5.5 g boric acid (H,BO,) and 0.74 g/4 mL 0.5 M EDTA pH
8.0. The procedure was performed in an electrophoresis
vat, using the DNA 1kb Plus Ladder 100 bp molecular
marker (Invitrogen). The DNA run was at 120 V for 45 min.
The visualization was done in a photodocumentator.

The universal primers ITS1 (5'-TCCGTAGGT
GAACCTGCGG-3") and ITS4 (5 TCCTCCGCTTATTGATATGC-3")
(White et al., 1990) were used to amplify the ITS (Internal
Transcribed Spacer) region. The PCR mix reaction consisted
of around 40 ng DNA; 0.5 pM each primer; 0.2 pM dNTP;
1.25 U Taq DNA polymerase (Ludwig) and 2.5 uL buffer.
The PCR reactions were cycled as follows: denaturation at
94 °C for 3 min, followed by 30 cycles of 94 °C for 30 s, 55
°Cfor30sand 72 °C for 1 min and a final extension at 72°C
for 7 min. The amplification products were submitted to
1.0% agarose gel electrophoresis for 1 h. 1 Kb DNA Ladder
(Invitrogen Life Technologies) was used as a base pair
molecular marker.

Purification of the amplified product via PCR of the rDNA
region composed of [TS1-5,8S-ITS2 was done with the Easy
Pure PCR Purification Kit according to the manufacturer’s
instructions. Sequencing was done with the ITS1 and ITS4,
using the MegaBACE 1000, a 96 capillary DNA analysis
system with GE Healthcare technology. Sequencing
reactions were done according to the protocol for the
MegaBACE 1000, using the DYEnamic ET Dye Terminator
Kit (with Thermo Sequenase™ Il DNA Polymerase) and
the sequences were analyzed by the Sequence Analyzer
software using the Base Caller Cimarron 3.12. Sequencing
reactions generally reach between 500 and 600 bases with
98.5% analysis fidelity.

The sequences were verified and edited using Bioedit
7.0.9.1 (Hall, 1999). Only regions of the sequences
considered to be of higher quality were used, being
processed to generate new FASTA files. The sequences
were compared with other sequences present in the
GeneBank and UNITE databases. After identifying species
close and related to the isolates of interest, sequences
of type organisms were used for phylogenetic analysis.
The phylogenetic tree was constructed using the Neighbor
Joining method (Jukes and Cantor, 1969), using the MEGA
11.0 program.

2.4. Evaluation of the compatibility between fungal
conidia and vegetable and mineral oils

Formulations were prepared with entomopathogenic
fungus at a concentration of 1x10° conidia/mL plus mineral
oil and vegetable oils from Amazonian species andiroba
(Carapa guianensis), Brazil nut (Bertholletia excelsa) and
copaiba (Copaifera multijuga) at concentrations of 0.1,
0.5 and 1%. Vegetable oils were obtained from RESEX Alto
Tarauac, located in the municipality of Jorddo, state of Acre.
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To determine conidial germination indices, 10 pL of
each treatment were placed at three equidistant points
in Petri dishes containing PDA medium. These plates
were incubated at 28 °C for 24 h, and then, a drop of
lactophenol blue was placed for observation of conidial
viability under an optical microscope (Francisco et al.,
2006). The germination capacity of 100 fungal conidia
per treatment was evaluated.

2.5. Evaluation of the virulence of fungal formulations
against Aedes aegypti in laboratory and semi-field

The three fungi with the highest lethality rates were
prepared with formulations composed of conidial
suspension at a concentration of 1x10¢ conidia/mL plus
mineral oil or vegetable oil from the Amazonian species
andiroba, chestnut and copaiba in the proportion of 0.1%
(Camargo et al., 2012).

To evaluate the virulence of the fungal formulations
under laboratory and semi-field conditions, 20 Ae. aegypti
were deposited in 125 mL erlenmeyers. The treatments
consisted of 20 mL of the fungal formulation: (a) aqueous
conidial suspension, (b) conidial suspension +0.1% mineral
oil, (c) conidial suspension + 0.1% vegetable oil, (d) mineral
oil 0.1%, (e) 0.1% vegetable oil and (f) 0.9% NacCl solution
control. Three replications were made for each treatment
at each site. Survival was assessed every 24 h for 5 days.
The in vitro assays were kept in the Microbiology Laboratory
as previously described and for the semi-field assays, the
containers were kept in a shady peridomicile environment,
similar to the typical mosquito collection sites.

2.6. Statistical analysis

Biological assay data were statistically analyzed
according to normality. Analysis of variance (ANOVA)
followed by Tukey’s test for parametric data was used
to compare the multivariate means. For the evaluation
of non-parametric data, the Kruskal Wallis test was
used, followed by the Student-Newman-Keuls (SNK)
test to compare the mean rankings. Larval mortality
data were submitted to Kaplan-Meier analysis using the
GraphPad Prism 5.0 software. The determination of the
lethal concentrations (LC) were estimated using the SAS
9.4 software.

3. Results

Virulence from 23 fungal morphospecies from the
collection of fungi with entomopathogenic potential from
the Microbiology Laboratory from UFAC at a concentration
of 1x10° conidia/mL was evaluated against Ae. aegypti.

Ae. aegypti was more susceptible to Beauveria sp. (4,458),
which increased the larval mortality rate to 100% on the
5th day of the experiment (Table 1). Metarhizium sp.
1(4,420) and Metarhizium sp. 2 (4,910) caused significantly
higher mortality than the other isolates of the genus
Metarhizium, with 80% and 95%, respectively, on the 5th
day of the experiment.

The eight fungal morphospecies with mortality rates
above 50% belong to the genera Beauveria and Metarhizium.
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Table 1. Larval mortality rate of Ae. aegypti subjected to fungal conidia.

Fungi Mortality rate (%) * SD
12 day 22 day 32 day 42 day 52 day
Beauveria sp. 1 (4.458) 0+0P 15+5° 41.6 £ 7.6° 70 £ 5P 100 £ 02
Beauveria sp. 2 (4.394) 0+0P 7 £2.9° 22+£2.9¢ 32+50 50 +5f
Beauveria sp. 3 (4.438) 0+0P 15 £5° 30+0¢ 43 +7.6¢ 55+ 5¢
Beauveria sp. 4 (4.798) 0+0P° 3429 17 £2.9 32+29 40 + 0"
Metarhizium sp. 1 (4.420) 0+0P° 13+£2.9¢ 35+0¢ 65 +0¢ 80 £ 5¢
Metarhizium sp. 2 (4.910) 3+£2.9° 27+2.9° 53+5.8 80+8.7° 95 +5°
Metarhizium sp. 3 (4.843) 0+0° 13 +7.6° 32 +£11.5¢ 47 £5.8¢ 55 +10¢
Metarhizium sp. 4 (4.903) 0+0° 8 £10.4¢ 23 £15.2f 43 £7.64 55+ 15¢
Metarhizium sp. 5 (4.959) 0+0P° 5+8.7¢ 30+5¢ 37+5.8f 60 + 04
Metarhizium sp. 6 (4.887) 0+0P° 00 2+£2.9 8+76 205!
Metarhizium sp. 7 (4.539) 0+0P° 12 +£2.94 23+29f 38+2.9" 45 + 108
Metarhizium sp. 8 (4.892) 0+0P 3429 155 32+76 40 + 10"
Metarhizium sp. 9 (4.901) 0+0P 0+0 2+209" 729" 10£5°
Paecilomyces sp. 1 (4.748) 0+0P 3429 13 +5.8¢ 32+29 40 £ 0"
Paecilomyces sp. 2 (4.451) 0+0P 5+0¢ 23+ 7.6 33+29" 40 + 10"
Paecilomyces sp. 3 (4.493) 0+0P° 2+29 12+5.8 17 £5.8° 25 + 5k
Paecilomyces sp. 4 (4.428) 0+0P 00 12+5.8 18+ 7.6" 300
Paecilomyces sp. 5 (4.449) 0+0° 8+£2.9° 18 £7.6" 25 £ 5k 30+ 10
Paecilomyces sp. 6 (4.455) 0+0° 13+£2.9¢ 22+209¢ 33+£2.9" 45 + 58
Paecilomyces sp. 7 (4.432) 0+0° 5+0¢ 15+0 30+ 00 355t
Paecilomyces sp. 8 (4.490) 0+0P° 5+0¢ 155 22+5.8 35+ 0
Paecilomyces sp. 9 (4.407) 0+0° 3+29" 12+£29 20 £8.7™ 30+ 0
Paecilomyces sp. 10 (4.471) 0+0° 7+29° 8+2.9m 12+£2.9° 15+ 0™
Control 0xo® 00 2129 50° 121 5"
The virulence data of these fungi against Ae. aegypti at a a  Beauveria
conFentrz'ition of 1x106 conidi'a/mL were analyzed by Kaplan b t —
Meier (Figure 1). The survival curves of larvae treated 504
with fungal conidia of the three Beauveria morphospecies g N o Control
differed significantly from the control treatment (x2 = s o = Beauveriasp. | (4458)
64.58; df = 4; p < 0.0001). The same was observed for I .
the morphospecies of the genus Metarhizium (y2 = 64.58; R
df = 4; p <0.0001). : : : .

The three fungal morphospecies that increased mortality
at a rate equal to or greater than 80% were selected for
the following stages of the study, the fungi Beauveria sp.
1 (4,458), Metarhizium sp. 1 (4,420) and Metarhizium sp.
2 (4,910). These three fungi were were identified using
molecular methods (Table 2).

The results of the molecular analysis of the sequences
obtained from fungi 4.420 and 4.910, morphologically
identified as Metarhizium, allowed us to confirm that they
belonged to the species M. anisopliae with an identity
rate of 99% (Table 2 and Figure 2b). On the other hand,
with the results of the molecular characterization of the
fungus 4,458 it was possible to reach only the genus level
(Beauveria sp.) with 92% identity. However, phylogenetic
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Figure 1. Larval mortality rates of Aedes aegypti against fungi native
from amazon of the genera (a) Beauveria; and (b) Metarhizium.
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analysis shows that this fungus is closer to the species
B. bassiana (Figure 2a).

The three fungi with the highest mortality rates were
evaluated for in vitro virulence against Ae. aegypti at
concentrations 1x10% 1x10% 1x10% and 1x107 conidia/
mL. The survival curves of the larvae treated with the
fungal conidia of the three evaluated fungi differed
significantly from the control treatments, with (A)
Beauveria sp. (4,458) (x2 = 2.05; df = 4; p < 0.0001),
(B) Metarhizium anisopliae (4,420) (2 = 3.55; df = 4;
p <0.0001) and (C) Metarhizium anisopliae (4,910) (y2 =
3.68; df =4; p < 0.0001) (Figure 3).

Fungi from Amazon for control of Aedes aegypti

The fungal isolates were effective in increasing larval
mortality rates at all conidial concentrations evaluated.
The larvae of Ae. aegypti were more susceptible to the
isolate Beauveria sp. (4,458) (LC,, = 8.66x10°) in relation
to Metarhizium anisopliae (4,420) (LC,, = 5.48x10%) and
Metarhizium anisopliae (4,910) (LC,, = 1.13x10°) (Table 3).

The conidial compatibility of Beauveria sp. 1 (4,458),
Metarhizium anisopliae (4,420) and Metarhizium anisopliae
(4,910) with mineral oil and vegetable oils of andiroba,
chestnut and copaiba at concentrations of 0.1,0.5 and 1%.

Significant differences in compatibility were observed
between the types of oils used (andiroba, chestnut, copaiba

Table 2. Maximum nucleotide identity match of native Amazonian fungi with entomopathogenic potential against Aedes aegyptilarvae

based on ITS sequences using BLASTn analysis.

Fungi GenBank Accession No. Species Identity
Beauveria sp. 1 (4,458) ON794468 Beauveria sp. (UDB0780969) 92%
Metarhizium sp. 1 (4,420) ON794467 Metarhizium anisopliae (MH104861) 99%
Metarhizium sp. 2 (4,910) ON794469 Metarhizium anisopliae (KX809519) 99%

Table 3. Concentration-response of Beauveria sp. (4,458), Metarhizium anisopliae (4,420) and Metarhizium anisopliae (4,910) against

Aedes aegypti larvae.

Inclination * LC,, TR (IC 95%) LC,, TR (IC 95%)
Isolate 7 P
M.S.E. (IF 95%) LC,, (IF 95%) LC,,
Beauveria sp. 0.653+0.082 8.661 x 10° - 2.850 x 10° - 2.05 0.35
(4,458) (3.22x10° - 1.71x 10%) (1.232x 10 - 1.027 x 107)
Metarhizium 0.646+0.069 5.488 x 10* 6.33 1.917 x 107 6.33 2.81 0.24
anisopliae (4,420) (297 x10%-914x 10+4) (2.46-16.31) (7.528 x 106 - 7.535 x 107) (2.02 -19.79)
Metarhizium 1.137 x 10° 13.13 8.976 x 10° 1313
3 3 0.866+0.197 13.55 0.001
anisopliae (4,910) (1.06x10° - 1.84x 107) (4.20-41.04)  (6.747x 105 -5.627x107)  (3.56 - 48.38)

M. S. E. = Mean Standard Error; LC = Lethal Concentration; TR = Toxicity Rate; IF = Inhibitory Factor; IC = Concentration Interval.

Beauveria pseudobassiana (ABS31685.1)
Beauveria pseudobassiana (AB$31696.1)
Beauveria bassiana (AYS10068.1)
Beauveria pseudobassiana (ABS31710.1)
Beauveria sungii (HQ880815.1)
Beauveria malawiensis (HQ880824.1)
Beauveria malawiensis (HQ880823.1)
Cordyceps brongniartii (HQ880773.1)
Beauveria aus tralis (HQ880789.1)
Beauveria aus tralis (HQ880788.1)
Beauveria varroae (HQ880801.1)
Beauveria varroae (HQ880802.1)
Beauveria varroae (HQ880800.1)

Beauveria bassiana (AJ560673.1)

Beauveria bassiana (A)560672.1)

Beauveria bassiana (A)345089.1)
Beauveria sp. (4,438)

Metarhizium flavoviride (KT335973.1)

Metarhizium anisopliae var. anisopliae (AF134150.1)

Metarhizium anisopliae var. anisopliae (EF113339.1)

Metarhizium anisopliae var. anisopliae (AF516295.1)
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67
Metarhizium anisopliae var. acridum (FJ787311.1)
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Metarhizium flavoviride (KT335973.1)

Figure 2. Phylogenetic tree based on sequences from the ITS region of rDNA, which were aligned by the ClustalW program using the
MEGA v 11 program. (a) Beauveria sp. (4,458); (b) Metarhizium anisopliae (4,420) and Metarhizium anisopliae (4,910).
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Figure 3. Survival curves of entomopathogenic fungi against Aedes
aegypti at concentrations 1x10%, 1x10°, 1x10° and 1x107 conidia/
mL. (a) Beauveria sp. (4,458); (b) Metarhizium anisopliae (4,420);
(c) Metarhizium anisopliae (4,910).

or mineral) and the conidia of Beauveria sp. (4,458)
(P<0.0001; F4.10 = 25.89), Metarhizium anisopliae (4,420)
(P=0.0017; F4.10 =9.85) and Metarhizum anisopliae (4,910)
(P<0,0001; F4.10 = 24.13) (Figure 4).

Mineral oil was the most compatible with the conidia
of the three fungi evaluated. With Beauveria sp. 1 (4,458),
the concentrations of 0.1, 0.5 and 1% of mineral oil obtained
germination rates of 98% (+0.5), 97% (+0.5) and 96% (£1.15),
respectively. M. anisopliae (4,420) obtained germination
rates of 98.3% (+0.5), 96.3% (+2.08) and 95.6% (+1.52) when
combined with mineral oil at concentrations 0.1, 0.5 and
1%, respectively. M. anisopliae (4,910) was compatible
with mineral oil at concentrations of 0.1, 0.5 and 1%, with
germination rates of 98% (+0.5),97% (£1.15) and 96% (z 1.5),
respectively.

When comparing the compatibility between fungi
and vegetable oils, Beauveria sp. (4,458) was the most
compatible with copaiba, with a germination rate of 97%
(+0)at0.1% concentration, 95% (+ 0.5) at 0.5% concentration
and 93% (£ 2.9) at 1% concentration. M. anisopliae (4,420)
was compatible with andiroba obtaining germination rates
of 98% (+ 0.5) to 0.1%, 96% (* 1.5) to 0.5% and 95% (+ 2.08)
to 1%. M. anisopliae (4,910) was most compatible with
Brazil nuts with germination rates of 98% (+0) to 0.1%,
97% (+1.0) to 0.5% and 95% (+2.08) to 1%.
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Figure 4. Evaluation of the compatibility of fungal conidia
with vegetable oils of the Amazonian species Carapa guianensis
(andiroba), Copaifera multijulga (copaiba), Bertholletia excelsa
(chestnut) and mineral oil at concentrations of 0.1%, 0.5% and 1%.
(a) Beauveria sp. (4,458); (b) Metarhizium anisopliae (4,420), c.
Metarhizium anisopliae (4,910).

The concentrations of the oils used (0.1%, 0.5% and
1%) also showed significant differences in the treatments
of Beauveria sp. (4,458) (P < 0.0001; F2.20 = 15.72),
Metarhizium anisopliae (4,420) (P <0.0001; F2.20 = 15.70)
and Metarhizium anisopliae (4,910) (P < 0, 0001; F2.20 =
52.94). 1t was observed that 0.1% of mineral and vegetable
oil caused less influence on conidia germination rates, which
decreased as the concentration increased to 0.5% and 1%.

The entomopathogenicity of aqueous and oily
formulations of three native Amazonian fungi exposed
to laboratory and semi-field conditions was evaluated
(Figure 5). The formulations of Beauveria sp. 1 (4,458) were
susceptible to semi-field conditions, with mortality rates
that differed significantly from laboratory-maintained
formulations (P < 0.0001; F1.12 = 69.82). The aqueous
suspension of Beauveria sp. (4,458) was less effective when
exposed to semi-field conditions, obtaining mortality rates
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Figure 5. Evaluation of the entomopathogenicity of fungal formulations against Ae. aegypti in laboratory and semi-field conditions.
A. Beauveria sp. (4,458) in the laboratory; B. Beauveria sp. (4,458) in semi-field; C. Metarhizium anisopliae (4,420) in the laboratory; d.
Metarhizium anisopliae (4,420) in semi-field; e. Metarhizium anisopliae (4,910) in the laboratory; f. Metarhizium anisopliae (4,910) in
semi-field. MO (Mineral oil); CO (Copaiba oil); AO (Andiroba oil); ChO (Chestnut oil).

of 60%, while in the laboratory it increased larval mortality
by up to 90%. There were also significant differences
between the formulations of this fungus and the control
treatments (P < 0.0001; F5.12 = 159.23).

The formulations of M. anisopliae (4,420) (P = 0.1152;
F1.12 =2.88) and M. anisopliae (4,910) (P = 0.6818; F1.12 =
0.18) showed no difference significant in the larval mortality
rates when related to the exposure conditions of the
treatments. However, there were significant differences
when related to the formulations of M. anisopliae (4,420)
(P =<0.0001; F5.12 = 104.86) and M. anisopliae (4,910)
(P =<0.0001; F5, 12 = 1184.28) and control treatments.

Metarhizium anisopliae (4,420), when formulated with
oily adjuvants, was able to maintain virulence against Ae.
aegypti in semi-field condition, with mortality rates of
80%. The larvae of Ae. aegypti were more sensitive to the
formulations of the fungus Metarhizium anisopliae (4,910),
which increased the mortality rate to 100% in treatments
with mineral oil on the 4th day in the laboratory and on
the 5th day in the semi-field. The aqueous and nut oil
formulations were also able to maintain the mortality
rate above 90%, in both exposure conditions.

Brazilian Journal of Biology, 2023, vol. 83, 274954

4. Discussion

This study confirms the entomopathogenicity of fungal
strains native to the Brazilian Amazon against Ae. aegypti,
where Beauveria sp. (4,458), Metarhizium anisopliae (4,420)
and Metarhizium anisopliae (4,910) were able to significantly
increase the in vitro larval mortality rate.

The genus Beauveria is extensively studied for the
biological control of disease vectors (Bitencourt et al.,
2018). Aqueous suspensions of Beauveria sp. (4,458) had
the highest virulence rates against Ae. aegypti. Fungi of the
genus Beauveria are not toxic to mammals, and their use
is not expected to have harmful effects on human health
or the environment (Ragavendran et al., 2017).

B. bassiana conidia are effective in killing mosquito larvae
and adults when applied to breeding sites (Daniel et al., 2017).
The spores come into contact with the insect’s exoskeleton,
develop hyphae that secrete enzymes, and dissolve the cuticle
(Lacey, 2017). These fungal hyphae feed on body tissue,
produce toxins and reproduce, and when under favorable
humidity conditions, they multiply and release more spores
into the environment to repeat the cycle (Mascarin et al.,2019).
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B. bassiana produces several mycotoxins, such as
beauvericins, bassianolides, beauveriolides, tenelins,
bassianins, pyridoverolidicins, oosporeins and bassiacridins
(Daniel et al., 2017). Beauvericin is an ionophoric
cyclodepsipeptide detected in several fungi, mainly
in Beauveria and Paecilomyces (Isaka et al., 2005). This
mycotoxin forms complexes with cations, which results in
increased permeability to natural and artificial membranes
(Toman et al., 2011), in addition to inducing programmed
cell death similar to apoptosis (Watjen et al., 2014).

Fungi of the genus Metarhizium are widely evaluated
for their potential to control mosquitoes that carry human
diseases. These fungal entomopathogens infect their hosts
through the cuticle and develop in the hemolymph and
internal organs. The dynamics of invasion is determined
by the specific virulence of the fungus, a high initial
inoculum of conidia and high humidity that favors the
extracuticular development of the entomopathogen
(Vivekanandhan et al., 2020).

Metarhizium has a matrix of insecticides and other
bioactive secondary metabolites, especially destruxins
(Shoukat et al., 2020). These metabolites play an important
role in weakening the host’s immune defense, damaging
the muscular system and Malpighian tubules, leading to
feeding and mobility difficulties (Amerasan et al., 2016).

Several biosynthetic pathways have been discovered
by sequences of the Metarhizium genome (Donzelli and
Krasnoff, 2016), and include pathways responsible for
chemicals known as cytochalasins and ovalicin, pathways
without products yet known in Metarhizium but present
in other fungi, such as Ergot alkaloids, diketopiperazine
and resorcylic acid lactones, in addition to pathways
that are so unique that their produced molecules are not
yet characterized (Wang et al., 2018). These pathways
signal that Metarhizium’s ability to produce secondary
metabolites is much greater than its known chemistry.
Thus, Metarhizium strains native to the Amazon are possibly
a source of new molecules still unknown.

Several other studies have emphasized the search for
new fungal strains that are candidates for the development
of new bioproducts against Aedes aegypti. When isolating
the fungal strains Fusarium equiseti (MK371718) and
Fusarium proliferatum (MK371715) from forest soils in the
Pakistan region, considerable larvicidal activity against
Aedes aegypti was observed in laboratory conditions, where
LC,, of 3.8x108, 2.9x107, 2.0x10” and 7.1x10° conidia/mL
after 24h, 48h, 72h and 96h, respectively, for the F. equiseti
isolate, while for the F. proliferatum isolate, LC,, of
1.21x108, 9.6x107, 4.2x107 and 2.6x107 conidia/mL after
24h, 48h, 72h and 96h, respectively. Thus, F. equiseti is also
noteworthy as a promising biotechnological candidate for
the control of Ae. aegypti (Abrar et al., 2021). To evaluate
the entomopathogenicity of Bacillus thuringiensis against
Aedes aegypti, strains of this entomopathogenic bacterium
were isolated from soils in the state of Maranhao - Brazil,
and it was observed that the BtMA-750 strain stood out
with lethal concentrations 50 and 90 of 0.003 mg/mL and
0.012 mg/mL, respectively, which is a great alternative
with possible application in the biological control of this
vector (Vieira-Neta et al., 2021).
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The selection of virulent strains is fundamental in the
process of developing a biopesticide. However, screening
different types of formulations is also essential to optimize
fungus performance and minimize the negative effects
caused by abiotic factors (Bitencourt et al., 2018).

It was observed that the conidial germination of the
evaluated fungi was higher the lower the concentration
of vegetable/mineral oil, and the formulation with 0.1%
vegetable/mineral oil had a better germination rate in relation
to the formulations with 0.5 and 1% vegetable/mineral oil.
Some studies have already evaluated the mortality rates
of Ae. aegypti when subjected to fungal formulations with
vegetable and mineral oil (Paula et al., 2008; Mnyone et al.,
2011; Carolino et al., 2014; Lobo et al., 2016).

Beauveria sp. (4,458) was sensitive to the semi-field
condition, causing the mortality of 65% of Ae. aegypti when
formulated with mineral and vegetable oil. This strain
showed the best virulence rates in the laboratory when
compared to M. anisopliae (4,420) and M. anisopliae (4,910).
However, when subjected to semi-field condition, it was
considerably less effective. Several biological attributes
must be evaluated and combined to develop a bioproduct,
thus, conclusions regarding the efficiency of a strain cannot
be based solely on virulence under controlled conditions
(Michereff-Filho et al., 2021).

High temperatures and solar UV radiation are the main
factors that limit entomopathogenic fungi in environments
exposed to sunlight in the control of Ae. aegypti(Darbro et al.,
2012). When evaluating the persistence of B. bassiana conidia
in non-target arthropods after application in pasture and
alfalfa agroecosystems, it was observed that more than 90%
of the deposited conidia were unviable after two days of
application (Goettel et al., 2021).

Oil adjuvants were able to maintain the virulence of
M. anisopliae (4,420) and M. anisopliae (4,910) against Ae.
aegyptiin semi-field condition. Considering that vegetable
oils are biodegradable and ecological, the application of
mineral oil in a fungal formulation would probably increase
the post-application residual effect of a bioinsecticide,
due to a slower disintegration by microbial activity,
compared to vegetable oil (Rodrigues et al., 2019). Thus,
the application of mineral oil in low concentrations and
in a focal region, suggests a less harmful environmental
impact, as the bioinsecticide application container can be
discarded under controlled conditions (Lobo et al., 2016).

Fungi of the genus Metarhizium produce large amounts
of new conidia in the environment after effective control,
regardless of conidial concentrations or tested formulations
(Choi et al., 2020). This characteristic makes this strain
highly interesting for applications in new breeding sites
in regions that are difficult to access by health agents,
a common case in the Amazon (Rodrigues et al., 2019).

5. Conclusions

Fungal strains native from Amazon Beauveria sp. (4,458),
Metarhizium anisopliae (4,420) and M. anisopliae (4,910)
significantly increased the larval mortality of Ae. aegypti
in vitro and were more compatible with mineral oil than
vegetable oils.
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The formulation of the fungus M. anisopliae (4,910)
with 0.1% mineral oil represents a promising tool for the
development of strategies to control Ae. aegypti.
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