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Vector-borne diseases like malaria, filariasis, and dengue are transmitted by mosquitoes
and they cause global mortality and morbidity due to an increased resistance against
commercial insecticides. The present study was aimed to evaluate the neurobehavioral
toxicity, knock-down effect, histopathology, ovicidal, adulticidal, and smoke toxicity
effect of Aspergillus terreus extract against three mosquito species, namely Anopheles
stephensi, Culex quinquefasciatus, and Aedes aegypti (Diptera: Culicidae). The isolated
fungal strain was identified as A. terreus (GenBank accession no: KX694148.1) through
morphological and molecular (phylogenetic) analysis. The morphological changes in the
treated fourth instar larvae shown the demelanization of cuticle and shrinkage of the
internal cuticle of anal papillae. The time duration of extract exposure against the larvae
determines the level of toxicity. The extract treated larvae were displayed excitation,
violent vertical and horizontal movements with aggressive anal biting behavior as the
toxic effect on the neuromuscular system. The results of the biochemical analysis
indicated that a decrease in the level of acetylcholinesterase, α-carboxylesterase,
and β-carboxylesterase in extract treated fourth instar larvae of all tested mosquito
species. The findings of histopathological investigation shown the disorganization of the
abdominal region, mainly in mid, hindgut, and gastric caeca, loss of antenna, lateral hair,
caudal hair, upper and lower head hairs in the mycelium extract treated An. stephensi,
Cx. quinquefasciatus, and Ae. aegypti. The ovicidal bioassay test results showed the
mosquito hatchability percentage was directly related to the concentrations of mycelium
extract. Nil hatchability of mosquito eggs was noticed at 500 µg/ml concentration.
The adulticidal activity of fungal mycelia ethyl acetate extract resulted in a dose-
dependent activity (15 and 30 min recovery periods). The higher concentration of extract
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(1000 mg/L) acted as a repellent, the adult mosquitoes showed restless movement,
uncontrolled/anesthetic flight at last died. The better adulticidal activity was observed
in the ethyl acetate extract against An. stephensi, Cx. quinquefasciatus followed by Ae.
aegypti with the best score of LD50 and LD90 values and nil mortality was found in the
control. The results of smoke toxicity assay of the mycelia extract exhibited significant
mortality rate against Ae. aegypti (91%), Cx. quinquefasciatus (89%), and An. stephensi
(84%). In addition, the present investigation reported the stability and toxic effects of
A. terreus mycelium ethyl acetate extract on Artemia nauplii. The swimming speed
(0.88 mm s−1) of A. terreus was reduced with ethyl extract 24 h treatment whereas,
the control A. nauplii showed the normal speed of 2.96 mm s−1. Altered behavior and
swimming movement were observed in the 8 h A. terreus mycelium extract treated
A. nauplii. A pale yellow color substance (metabolites) was found in the mid-gut region
of the mycelial extract exposed A. nauplii. The outcome of the present study, suggest
that the A. terreus metabolites might serve as an alternative, cost-effective, eco-friendly,
and target specific mosquitocidal agent in the future.

Keywords: Aspergillus terreus, neurobehavioral toxicity, knock-down effects, histopathology, mosquito coil,
smoke toxicity, Artemia nauplii

INTRODUCTION

Mosquitoes serve as medically important/significant vectors, they
can transmit parasites and pathogens to the humans which leads
to the devastating impact on human health. Three million people
deaths every year due to malaria (Snow et al., 2005; Benelli and
Mehlhorn, 2016) and the mortality is the main causes of infant
and young child (WHO, 2000). Culex quinquefasciatus is a most
irritating vectors and important man-biting mosquitoes leads
to cause allergic responses, including local skin and systemic
diseases, including angioedema and urticaria (Cheng et al., 2008;
Vadivalagan et al., 2017). It works as a vector for lymphatic
filariasis, Japanese encephalitis and West Nile virus (JE) in India
(Gopalakrishnan et al., 2014; Dev et al., 2015). Wuchereria
bancrofti cause lymphatic filariasis and Cx. quinquefasciatus
transmit this disease and found to be endemic to India, it can
infect above 465 million individuals worldwide/annually (WHO,
2011).

Dengue is one of the most significant mosquito borne disease
to spread various viral diseases and play an important role in
public health concern. It also occurred in the world, especially
tropical and subtropical regions and most prevalence in urban
and semi-urban areas. Aedes aegypti is a vector of several
important arbovirus, with special reference to dengue and Zika
virus causing yellow fever, chikungunya, and dengue in other
severe forms, causes dengue hemorrhagic fever and dengue shock
syndrome (Patil et al., 2012; Benelli and Romano, 2017). DF or
DHF is caused by dengue virus which includes different serotypes
1, 2, 3, and 4 (Den-1, Den-2, Den-3, and Den-4) (WHO, 2010).
In recent times, the incidence of dengue has enlarged severely all
over the world and about 80 million public infected by dengue,
and reported 4% global attack rate/year (Caraballo and King,
2014). Recently, dengue infections have been significantly raised
due to extensive urbanization, intensive trade and travel. So far,

there is no effective drug (or) vaccine is available. To avoid the
breeding of disease carrying mosquito and biting humans is the
only solution for mosquito control.

Currently, the use of organochlorine, organophosphate, and
synthetic pyrethroid insecticides for control of mosquitoes by
public health sprays. Successive changes in the insecticides
resulted multiple insecticides resistant in malaria and other
vectors. In India, malarial vectors are resistant to several
insecticides like DDT, HCH, malathion, and deltamethrin
(Raghavendra et al., 2010). The problem of insecticide resistance
has led to the search for alternative vector control measures,
including a biological way of mosquito control. The application
of microbial insecticides is preferred due to exhibit selective
toxicity, do not persist after application, are relatively safer to
produce and possess fewer (or) less toxic to non-target organisms
and environmental hazards (Misato, 1983).

Endophytic or entomopathogenic microbes and their conidia
act as potential biological control agents. Therefore, these soil
fungi and their metabolites may provide an environmentally
safe and effective control of mosquito. Aspergillus terreus is a
filamentous ascomycete, commonly found in soil. It develop
aerial hyphae and unique among Aspergilli in producing lateral
cells termed aleurospores in the absence of typical conidiophore
structures in submerged culture (Klich and Pitt, 1992). The
use of A. terreus isolates in the fermentation industry for
the production of itaconic acid, protease enzyme (Bigelis and
Arora, 1992; Lowe, 1992; Osman et al., 2014), antibiotics,
antifungal, antibacterial, and antineoplastics (Rizna et al.,
2008); sterriquinone, butyrolactone I, cytrinin, lovastatin, and
terrecyclic acid (Schimmel et al., 1998; Vertesy et al., 2000). The
recent research on A. terreus, produce some metabolites namely
mevinolinic acid, (+)-geodin, asterric acid, and butyrolactone
I (Boruta and Bizukojc, 2016), patulin, citrinin, and gliotoxin
(GT), which are harmful to humans (Pastor and Guarro, 2014).
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The other beneficial compounds like terrrein (a malanogenesis
inhibitor), asperfuranone, and cyclosporine A (an immune-
suppressant drug) (Guo and Wang, 2014; Yin et al., 2016)
have been produced from A. terreus. Besides, citric acid,
gluconic acid, itaconic acid, and kojic acid are commercially
produced from A. terreus (Lv et al., 2014; van der Straat
et al., 2014). Aspulvinone, an active natural product capable
of inhibiting influenza An H1N1 virus (Gao et al., 2013). In
A. terreus used genome-mining studies that have identified
10 genes are linked with the biosynthesis of terretonin (Guo
et al., 2012). Generally, the pigments produced by Aspergillus
sp. has antibacterial, antifungal activity (Teixeria et al., 2012),
antiangiogenesis (Dikmen et al., 2017) and also used in the
textile dyeing (Atalla et al., 2011), degrade the hydrocarbon
(Vatsyayan and Goswami, 2016), phytotoxic and herbicidal
activities (Khattak et al., 2014). A. terreus acts as a biocontrol
agent against Biomphalaria alexandrina snails (Saad et al., 2014),
and promoter for plant growth, and adverse effects of stem
rot disease caused by Sclerotium rolfsii (Waqas et al., 2015).
The toxicity of the soil-borne fungal extracts from Aspergillus
species (A. flavus, A. niger, and A. parasiticus) (Maurya et al.,
2011), Beauveria tenella (Balaraman et al., 1979), B. bassiana
(Ragavendran et al., 2017), Lagenidium giganteum (Lacey et al.,
1988; Vyas et al., 2007), and Chrysosporium lobatum (Mohanty
and Prakash, 2008) are widely reported as against mosquito
larvae. Earlier, Ravindranath and Kapadnis (1991) investigated
the isolation of Fusarium oxysporum and Fusarium pallidoroseum
from mosquito larvae, and test their potential against stages of
mosquito larvae.

Acetylcholinesterase (AChE) enzyme is sometimes called as
true or specific cholinesterase and mainly found in nerve cells,
skeletal, smooth muscle, various glands, and red blood cells in
animals/insects (Ellman et al., 1961; Hawkes et al., 2005; Colovic
et al., 2013). This may be differentiated from other cholinesterases
by substrate and inhibitor specificities. These types of mechanism
(ex. organophosphate and carbamate chemicals) affect the
transmission of nerve impulses accumulating acetylcholine in
the neuromuscular tissue of insects causing paralysis and finally
death (Planche et al., 2012). Therefore, the discovery of insect
AChE inhibitors is an important task (Casanova et al., 2002; Liu
et al., 2012) and it is generally accepted the physiological role of
AChE by the rapid hydrolysis and inactivation of acetylcholine.

Carboxylesterases are ubiquitous non-specific enzymes it
hydrolyse a variety of esters of carboxylic acids and play a
major role in insect metabolic activity, i.e., regulation of juvenile
hormone (JH), fat metabolism and mobilization, energy-related
fat catabolism in muscles, cuticular wax synthesis and transport
(Satoh and Hosokawa, 2006; Wheelock et al., 2008) mechanism
for organophosphate resistance in insects (Hemingway and
Karunaratne, 1998) and metabolism of exogenous insecticidal
substrates (Ross et al., 2010), respectively.

Artemia sp. used as a nutritious live food source for a
variety of marine organisms (Radhika Rajasree et al., 2010),
and characterized by the common features viz: short life cycle,
high adaptability to adverse environmental conditions, small
size, higher offspring production, and easy to culture (Nunes
et al., 2006). Artemia is identified as best species by the US

Environmental Protection Agency (EPA, 2002) for acute and
eco-toxicity tests (Persoone and Wells, 1987; Nunes et al., 2006;
Kokkali et al., 2011). Hence, the toxicity of several chemical
compounds (including pesticides and antifouling biocides)
has been tested using Artemia sp., in the last few decades
(Venkateswara Rao et al., 2007; Garaventa et al., 2010; Alyuruk
et al., 2013). Recently, eco-toxicological tests were done by
Ates et al. (2013) using the Artemia sp. to assess the hazard
of different bioactive metabolites/nanoparticles effects on the
marine environment.

With the brief introduction, the present study focused on the
neurobehavioral toxicity, knock-down effects, histopathology,
ovicidal, adulticidal, and smoke toxicity of A. terreus
extract against mosquito vectors Anopheles stephensi, Cx.
quinquefasciatus, and Ae. aegypti and also check its bio-toxicity
against a model organism Artemia nauplii.

MATERIALS AND METHODS

Materials and Reagents Used
The following necessary chemicals/media used in this study, i.e.,
acetylcholinesterase (AChE), acetylthiocholine iodide (AChEI),
fast blue B, sodium dodecyl sulfate (SDS), 5,5-dithiobis-2-
nitrobenzoic acid (DTNB), α- and β- naphthyl acetate and fungal
growth medium, potato dextrose agar (PDA), potato dextrose
broth (PDB), and sabouraud dextrose broth (SDB) were procured
from Hi-Media, Mumbai. The chemicals like ethyl acetate,
dimethyl sulfoxide (10% DMSO) and others were obtained from
Merck (Germany) and Sigma-Aldrich, United States.

Isolation and DNA Extraction From
A. terreus
The isolation and identification (morphology and microscopy)
steps of A. terreus from soils has been reported by Ragavendran
and Natarajan (2015). The isolated fungal strain was cultured in
PDA medium for 7 days at 25◦C (Abreu et al., 2003). Mycelial
biomass were extracted for DNA analysis using the modified
DNA isolation procedure (Sambrook et al., 1989; Passone et al.,
2010). The mycelium of fungal isolate (100 mg aliquot) was
transferred into 1.5 ml of centrifuge tubes. The mycelium was
vortexed for 1 min in the addition of 300 µl sterile water plus
700 µl of extraction buffer (100 mM Tris–HCl, 2% CTAB, 1.4 mM
NaCl) and glass beads (425–600 µm diameters) for the disruption
of fungal mat material. After incubation at 65◦C for 60 min,
500 µl of chloroform was added to the sample, homogenized and
centrifuged at 10,000 rpm (for 10 min). The aqueous phase was
collected and add 500 µl of chloroform. Again, the sample was
homogenized and centrifuged at 10,000 rpm (for 10 min). The
aqueous phase was recovered and precipitated with 2 volumes of
precipitation buffer (14 mM CTAB, 40 mM NaCl and pH 8.0).
After incubated at room temperature for 1 h, the sample was
homogenized and centrifuged at 10,000 rpm (for 5 min). Then,
the sample was homogenized by inversion, in the occurrence
of NaCl (1 M) and chloroform (each 350 µl) and centrifuged
at 10,000 rpm (for 5 min). The recovered chloroform phase
was precipitated by adding 0.6 ml of isopropanol (at −20◦C).

Frontiers in Pharmacology | www.frontiersin.org 3 November 2018 | Volume 9 | Article 1355

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01355 November 22, 2018 Time: 18:36 # 4

Ragavendran et al. Fungal Metabolites for Mosquito Control

After incubation at room temperature (for 20 min), it was
centrifuged at 10,000 rpm (for 10 min) and the aqueous phase
was discarded. Finally, the DNA pellet was washed with 70%
ethanol and suspended in 50 µl of nuclease-free H2O. Polymerase
chain reaction (PCR; TECHNE TC-512, Barloworld Scientific
Ltd., United Kingdom) was performed in 50 µl reactions with
the following concentrations: 5 U µl−1 of Invitrogen (Brazil)
Taq DNA polymerase, 5X Invitrogen Buffer, 2 mM of dNTPs,
1.5 mM Mg2+, and 3 pmol µl−1 of each primer. The 5.8S rDNA
(5′–GRAAGNAHADGTVGKAAYAWSG–3′) ITS primers (5′–
TCCTNCGYTKATKGVTADGH–3′) (O’Donnell et al., 1998)
were manufactured by Invitrogen Custom Primers (Carlsbad,
CA, United States). PCR was run by adopting the following steps:
initial denaturation at 94◦C for 1 min, followed by 31 cycles
of denaturation at 94◦C for 30 s, annealing at 56◦C for 45 s,
extension at 72◦C for 1 min, and final extension at 72◦C for 5 min
and the reaction was kept at 4◦C. The obtained PCR product was
confirmed in the agarose gel electrophoresis.

Gel Electrophoresis
Agarose gel electrophoresis (DNA) were done based on the
modified method of Saghai-Maroof et al. (1984). About 2g of
agarose (Bio-Rad agarose, Qiagen) was prepared in 98 ml 1×
TAE (Tris/Acetate/EDTA) buffer for produce a 2% solution and
heated using a water bath. The solution was allowed to cool at
60◦C, prior to the addition of 4 ml ethidium bromide (Et Br)
(10 mg/L in water to a final concentration) and thoroughly mixed.
The gel was poured in glass plates. Polymerase chain reaction
products (Iheanacho et al., 2014) were slowly loaded (2 ml) into
the agarose wells. The current (voltage of 5 V/cm) was passed
to the gel for running electrophoresis and PCR product was
viewed under Gel documentation system. Then, the molecular
size of obtaining DNA was determined by gel electrophoresis and
allowed for separation and visualization of DNA fragments from
A. terreus.

Purification, Sequencing, and
Identification of A. terreus
The purification of PCR products was performed using DNA
Wizard Clean-Up Kit (product A9282, Promega, Madison, WI,
United States). The purified PCR products were compared
with Invitrogen’s Low DNA Mass Ladder for estimate the
concentration of DNA required for sequencing. Using an
Applied Biosystem ABI 3730 sequencer (Applied Biosystem) for
sequencing the isolated DNA sample. The PCR product was
sequenced in the forward and reverse directions, and consensus
sequences were created by using BioEdit program version 7.0.9.0
(Thompson et al., 1994).

Phylogenetic Analysis
Internal transcribed spacer (ITS) sequences of the A. terreus were
compared with the available data in NCBI. Multiple sequence
alignment was performed with Clustal X software (Thompson
et al., 1997), with gaps treated as missing data. The phylogenetic
analysis of DNA sequences from A. terreus was constructed using
the neighbor joining method (Saitou and Nei, 1987) and the

Kimura two parameter distance calculation was carried out with
the help of mega software version 3.1 (Kumar et al., 2004). The
nods of the tree were supported by 1,000 bootstrap replications.

Collection of Mosquitoes
Larvae of An. stephensi, Cx. quinquefasciatus, and Ae. aegypti
were collected from Centre for Research in Medical Entomology
(CRME-ICMR), Madurai and they were maintained in the
Natural Drug Research Laboratory, Periyar University, Salem.
The mosquitoes were reared in an appropriate equipment, i.e.,
dechlorinated tap water and maintained at 27 ± 2◦C, 70–75%
relative humidity (RH), under conditions of 14 h light:10 h
dark (LD 14:10) photoperiod cycles without exposure of any
pathogens or insecticides. The larvae fed on 3:1 ratio of dog
biscuits and yeast powder as a food. Water has been changed
every day to avoid scum formation, which may produce toxicity.

Preparation of Metabolites From
A. terreus
Extraction of secondary metabolites, larvicidal, and pupicidal
activity, FTIR, GCMS, and HPLC analysis of metabolites
from A. terreus were previously reported by Ragavendran and
Natarajan (2015). The fourth instar larvae of tested mosquitoes
were collected from pathogen free deionized water. The various
concentrations of test metabolite were prepared in 100 ml water
for performing bioassay (100, 200, 300, 400, and 500 µg/ml).
To check the bioassay of fungal intracellular metabolites, 30
larvae of each stage were separately exposed to 100 ml of test
concentrations. Similarly, the each sample along with a negative
control (treated with DMSO-distilled water) was tested and the
experiment was repeated in five times.

Larval Mortality and Morphology Study
of Three Mosquitos’
A total of 30 fourth instar larvae were separately released
in three replicates for each concentration. The cumulative
larval mortality was recorded. Larvae was failed to move after
probing with a blunt metallic probe in the thoracic segments
is considered as dead and the dead larvae were collected for
further study. The abnormal shape, size, discoloration, or failures
to pupate (larval-pupal intermediates) growth deformations of
larvae were characterized. Pupal deformations (abnormal change
in shape, size or failure to develop adult), stage (pupal-adult
intermediates), and adult malformation (abnormal change in
color, shape, and size) of mosquitoes were observed. All survival
larvae in treated and control were maintained in the different
beakers for further notifications (upto 6 days). The larvae were
also monitored carefully for any changes in pigmentation pattern.
During an experimental time, brewer’s yeast was not provided to
adult mosquitoes (Warikoo and Kumar, 2013).

Neurobehavioral Toxicity and
Knock-Down Effects
The neurobehavioral toxicity effect of ethyl acetate extract
of A. terreus against mosquito larvae were studied by the
modified method of Maketon et al. (2014) and Soonwera and
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Phasomkusolsil (2016). The behavioral observations of mycelia
extract treated and non-treated control groups were monitored
(upto 2 h) and photographed by using Nikon D-SLR Digital
Camera (Nikon Inc., Japan), equipped with kenko close-up lens.
Neurobehavioral toxicity responses of larvae include: impaired,
incapability of rising to the water surface, tremors and paralysis
was accessed. The knock-down bioassay of extract was performed
and the total number of larvae knock down was counted after 2 h
of treatment.

Preparation of Whole Body
Homogenates
The fourth instar larvae (both controls and treated) were taken
separately and washed with double distilled water and the surface
water was removed by blotting with tissue paper. Larvae (40
Nos) were homogenized with 4 ml phosphate buffered saline
(PBS) contains a fresh Eppendorf tube. Then, it was homogenate
using centrifugation at 8000 rpm for 15 min. After, the clear
supernatant was collected and the pellet was discarded. The
supernatant was stored on ice (4◦C) until it will be used for
performing biochemical assays (Sugumar et al., 2014).

Acetylcholinesterase Assay
The acetylcholinesterase assay of the fourth instar (control and
untreated) larval homogenate of selected mosquito was assayed
by the method of Ikezawa and Taguchi, (1981) with minor
modifications. The stock solutions of test mycelial metabolites
were prepared by dissolving DMSO. About 50 µl of homogenate
was sequentially mixed with 450 µl of PBS [(100 mM, pH 7.4),
50 µl of 10 mM 5, 5-dithiobis 2-nitro benzoic acid (DTNB)] and
50 µl of 12.5 mM acetylcholine iodide was acting as the substrate.
Then it was incubated at room temperature for 5 min and
optical density (OD) was measured at 400 nm using Shimadzu
spectrophotometer (Kyoto, Japan) including a blank or control
reagent (acetylthiocholine iodide).

Carboxylesterase Assay
The α- and β-carboxylesterase activity of the fourth instar larval
homogenates was performed as per the modified method of Van
Asperen (1962). In briefly, 200 µl of control and treated fourth
instar larval homogenate was incubated along with 2 ml α- or
β- naphthyl acetate solution at room temperature (for 30 min).
To each reaction mixture, 500 µl of fast blue B and SDS reagent
was added [22.5 mg fast blue B salt in 2.25 ml distilled water and
5% w/v SDS in 0.2 M phosphate buffer (pH 7.2)] for arresting
the enzymatic reaction. Then, it was allowed to form a color (for
15 min). The optical density (OD) of the sample and respective
blank was measured in the Shimadzu spectrophotometer (Kyoto,
Japan) (at 588 nm).

Histopathology Study
The A. terreus ethyl acetate extract treated and control larvae
(fourth instar) were fixed in paraformaldehyde solution (10%) for
1 week followed by embedded in paraffin. Larval tissue blocks
were sectioned (7 µm) using the microtome (Leica, Germany),
mounted on the glass slide and stained with haematoxylin

and eosin for visualization purpose [under a bright-field
microscope (Senthil-Nathan, 2007)]. The sections were observed
and photographed using a light microscope (Optika vision lite 2.0
ML) connected with computer. The midgut cells of the treated
and untreated larvae of testing mosquitoes were photographed.
The actual site of action in the midgut of treated larvae was
observed and compared with control. As a control, the larvae
were treated with tap water for 24 h.

Ovicidal Activity
The modified Su and Mulla (1998) method was used for
performing the ovicidal activity. The different concentrations of
extract (100–500 mg/ml) were prepared from the stock solution.
Before treatment, the eggs of An. stephensi, Cx. quinquefasciatus,
and Ae. aegypti were counted under a microscope. Use of freshly
hatched eggs of these mosquito species (50 Nos) were exposed
to each dose of A. terreus ethyl acetate extract. Eggs treated
with DMSO in water served as control. After treatment, the egg
from each concentration was transferred to distilled water cups
for assessing the hatching ability. Each test has replicated in
three times. The egg hatches ability rate was assessed after 48 h
treatment using the formula as given below.

Mortality of egg (%)

=
Number of hatched larvae

Total number of eggs in treated sample
× 100 (1)

Adulticidal Bioassay
The adulticidal bioassay of extract against tested mosquitoes was
performed by the modified WHO (1981) protocol. The known
concentrations of the A. terreus fungus ethyl acetate extract was
dissolved in 2.5 ml of ethyl acetate and poured on clean glass
(55 ml) test tube, as per the method described by Dua et al. (2010).
The control test tubes also treated with ethyl acetate under similar
conditions. The fungal mycelia extract was evaluated at five
concentrations (100, 300, 500, 800, and 1,000 mg/L) produced a
wide range of mortality from 10 to 100% along with the control.
Twenty mosquitoes (2–5 days old, sucrose-fed, blood starved)
were collected and gently transferred into a glass holding tube.
A pad of cotton, soaked with 10% glucose solution and it was
placed on the mesh screen. The mortality of mosquitoes was
determined at the end of 30 min/ recovery period. The percent
mortality of mosquitoes was corrected using the Abbott’s formula
(Abbott, 1925).

Percentage mortality =
Number of dead

Number of introduced
× 100

Preparation of Mosquito Coil
The mosquito coils were prepared from the extract by the
modified method of Saini et al. (1986). Two grams of A. terreus
mycelium ethyl acetate extract, 1 g of saw dust and 1 g of coconut
shell (2:1:1) used as a burning material. All the materials were
mixed thoroughly in sterile distilled water to produce a semi-solid
paste, and it was used to develop a mosquito coil (with a thickness
of 0.5± 2.0 cm). The coils were shade-dried and used for further
experiments.
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TABLE 1 | Knock-down effects of Aspergillus terreus mycelium ethyl acetate extract against fourth instar larvae of Anopheles stephensi, Culex quinquefasciatus, and
Aedes aegypti (after 4 h of treatment).

Mosquito species Extract
concentration

(µg/ml)

Larval
knockdown (%)

±SDa

EC50 (95% confidence
intervals)

χ2 (df = 3)

An. Stephensi 100
200
300
400
500

Control
(DW+DMSO)

16.0 ± 0.2e
30.2 ± 0.1d
45.3 ± 0.0c
63.1 ± 0.2b
72.0 ± 0.5a

0

2.864 (0.000–18.839) 2.172

Cx. quinquefasciatus 100
200
300
400
500

Control
(DW+DMSO)

17.2 ± 0.0e
31.0 ± 0.1d
44.3 ± 0.2c
62.1 ± 0.4b
69.0 ± 0.2a

0

1.910 (0.000–14.986) 1.930

Ae. aegypti 100
200
300
400
500

Control
(DW+DMSO)

15.0 ± 0.4e
29.2 ± 0.3d
46.1 ± 0.2c
64.4 ± 0.3b
75.0 ± 0.0a

0

5.115 (0.000–24.304) 3.042

EC50 values are calculated for five doses (100, 200, 300, 400, and 500 µg/ml) and five replications. 10% DMSO, dimethylsulfoxide; DW, distilled water; EC50, efficient
dose that knock-down 50% of larvae. aMeans in each row against each mosquito species followed by the difference letters are significantly different (P < 0.05, one-way
ANOVA followed by Tukey’s test).

TABLE 2 | Ovicidal activity of mycelia ethyl acetate extract of A. terreus against An. stephensi and Cx. quinquefasciatus and Ae. aegypti, after 48 h post experiment.

Mosquito species Egg hatchability (%)a

Concentration (µg/ml)

Control 100 200 300 500

An. Stephensi 100.0 ± 0.0a 89.2 ± 1.5b 79.4 ± 1.5c 24.7 ± 0.2d NH e

Cx. quinquefasciatus 100.0 ± 0.0a 92.1 ± 0.7b 76.7 ± 0.7c NH d NH d

Ae. Aegypti 100.0 ± 0.0a 88.1 ± 1.1b 74.2 ± 0.5c NH d NH d

All value (X ± SD) depicts the means of the three values. NH-No hatchability (mortality 100%). aMeans in each row against each mosquito species followed by the
difference letters are significantly different (P < 0.05, one-way ANOVA followed by Tukey’s test).

Smoke Toxicity Test
Smoke toxicity test of sample was performed in a glass chamber
(measuring 60 cm× 40 cm× 35 cm) with the mid bottom. A total
of 50 blood-fed An. stephensi, Cx. quinquefasciatus, and Ae.
aegypti adult mosquitoes released into the chamber, and exposed
to the smoke from burning coils (for 40 min). The mortality data
were recorded at 10 min interval periods (10, 20, 30, and 40 min).
The smoke toxicity of fungal based mat was also compared with
commercially available mosquito coil (prallethrin) (Singha et al.,
2011).

Biotoxicity Assay of Extracts Against
A. nauplii
The dehydrated cysts of A. nauplii transferred into petri dishes
(6 cm) and each dish containing 4 ml of 0.22 µm natural
filtered sea water (30% salinity). The incubation was done in a

thermostatic room (at 25◦C) with a photoperiod of 16 h light and
8 h dark environments (Lubzens et al., 1985). For obtaining stage
I larvae, 50 mg of cysts were incubated for 24 h at 28◦C under
16 h light, 8 h dark conditions with continuous supply of aeration.
After this period, newly hatched A. nauplii was separated from
non-hatched cysts based on their positive phototaxis and it was
transferred using a Pasteur pipette into a glass beaker (10–15
larvae/ml).

Evaluation of Mortality and Swimming
Speed Alteration
The evaluation of mortality and swimming speed alteration of
non-target organism (A. nauplii) was assessed by the modified
methods of Ragavendran et al. (2017) and Benelli et al. (2018).
Five different concentrations of extract (100, 200, 300, 400,
and 500 µg/ml) were used for this study. The known amount
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FIGURE 1 | Biochemical analysis of (A) acetylcholine esterase, (B,C) α- and
β- carboxylesterase Aspergillus terreus mycelium extract treated and
untreated (Control) fourth instar larvae of vector mosquitoes Anopheles
stephensi, Culex quinquefasciatus and Aedes aegypti. Statistical values
followed by the same letter are not significantly differences according to Tukey
test at P < 0.05 (one way ANOVA).

of the stock suspension was immediately transferred to the
exposure glass beaker containing A. nauplii (N = 25/per beaker).
The distilled water containing 10% (v/v) DMSO served as
blank control. The mortality and other abnormalities (such
as sluggishness and swimming) of A. nauplii was observed.
Mortality analysis was done based on the larval activity and
the larvae shown completely motionless were counted as dead
organisms, and the percentage of mortality was calculated
compared to the control. The experimental setup and formula
used for measuring swimming speed alteration (SBR system) has
been described by Faimali et al. (2006).

Alteration(%) = [(STREATED− SCONTROL)

/SCONTROL]∗100 (2)

FIGURE 2 | Histopathological analyses of treated and untreated fourth instar
larvae of An. stephensi, Cx. quinquefasciatus, and Ae. aegypti: (a,c,e).
Control larvae (b,d,f). A. terreus mycelium extract treated at (500 µg/ml)
concentration against An. stephensi, Cx. quinquefasciatus, and Ae. aegypti.
The yellow arrow indicates the whole abdominal region was collapse, mainly
mid-gut and caeca, observed results revealed the loss of lateral and caudal
hairs.

The A. terreus mycelium ethyl acetate extract was
evaluated against A. nauplii and LC50 were calculated for
each concentration using Probit analysis (Finney, 1971). The
understanding of post treatment effect of extract on survival
and swimming responses of target organism (A. nauplii) was
observed for 5 days.

Calculation and Statistical Analysis
The larval knock-down percentage was calculated by the
following formula: Larval knockdown (%) = KDL/TL × 100,
where KDL corresponds to the number of knock-down larvae
and TL to the number of larvae treated. The pupation
percentage was carried out using the formula: Pupation
(%) = PN/TL × 100, where PN corresponds to the number
of pupae formed and TL to the number of larvae treated.
The total number of larvae knock-down was subjected to
Probit analysis (Finney, 1971) using the SPSS IBM (Statistical
Package of Social Sciences, Inc., Chicago, IL, United States)
version 20.0 to determine EC50 and chi-square values. All
the data were expressed as one-way ANOVA performed with
Tukey’s honest significant difference (HSD) P < 0.05. The
percentage of adult mortality data were subjected to Probit
analysis for calculate LD50, LD90, and other statistics like
at 95% of the upper confidence limit (UCL) and lower
confidence limit (LCL) values and chi-square tests were
calculated. Graphs were designed using GraphPad Prism
version 5.0 for Windows (GraphPad Software, San Diego, CA,
United States).
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TABLE 3 | Adulticidal activity of A. terreus mycelial extract against An. stephensi, Cx. quinquefasciatus, and Ae. aegypti mosquitoes.

Mosquitoes Time intervals (min) LD50 (LCL–UCL) 95%
confidence limits (mg/ml)

LD90 (LCL–UCL) 95%
confidence limits (mg/ml)

χ2 (df = 3)

An. stephensi 15 30 0.636 (0.001–5.376)
0.003 (0.000–0.823)

1.159 (0.002–7.977)
0.011 (0.000–1.370)

3.823 6.328

Cx. quinquefasciatus 15 30 0.336 (0.000–4.101)
0.785 (0.000–7.115)

0.232 (0.000–3.508)
0.563 (0.000–6.168)

7.134 7.223

Ae. aegypti 15 30 0.074 (0.000–4.802)
0.179 (0.000–4.802)

0.185 (0.000–5.800)
0.368 (0.000–7.117)

4.341 4.613

LC50, lethal concentration 50% mortality; LC90, lethal concentration 90% mortality; LCL, lower confidence limits; UCL, upper confidence limits; df, degrees of freedom.

FIGURE 3 | Preparation of mosquito coil from A. terreus mycelium ethyl
acetate extract.

RESULTS

The molecular characterization of isolated genomic DNA from
A. terreus was carried out by PCR amplification. In this method,
known universal and species specific primer were used and
resulted good specificity for ITS sequence of fungal species.
The amplified ITS1-5.8S rDNA-ITS2 regions from the A. terreus
strain shown PCR products size of 555 bp (GenBank accession
number: KX694148.1) and it was sequenced by comparing the
ITS sequences of organisms presented in the NCBI GenBank
database using a BLAST search tool and MEGA 6 to generate a
phylogenetic tree by Neighbor-joining method (Supplementary
Figure 1). The optimal tree with the sum of branch length of
1.683 was obtained from database analysis. The highest (99–
100%) similarities with the amplified sequences were derived for
alignment and boot-strapping using CLUSTAL W, based on the
percentage of replicate trees in associated with bootstrap test.

The A. terreus mycelium ethyl acetate extract exhibited strong
neurobehavioral toxicity for An. stephensi, Cx. quinquefasciatus,
and Ae. aegypti larvae (Supplementary Figures 2a,b). The larvae
shown a normal feeding and zigzag wriggling movement (upto
l.5–10 min) during the exposure of extract. We clearly observed

that larval feeding behavior in the water column and bottom
surfaces. This event was disappeared in larvae treated with
the extract (at varying concentrations of 200–500 µg/ml). The
results expressed an aggressive behavioral symptoms changes in
the mosquito viz: impaired coordination, irregular movements,
and forceful self-biting (Supplementary Figure 2c), compared
to control group. Supplementary Figure 2d illustrate normal
behaviors of mosquito within 15 min of treatment. These
irregular features and other behavioral symptoms of treated
larvae were not stopped and it’s becoming more irritated.
After treatment, we noticed the larval up and down, wriggling
movements, fail to reach the surface of water (within a limited
time period), and several of them having displayed vibration
movements (tremors) and paralysis symptoms (Supplementary
Figure 2e), but the control showed normal behavioral responses
(Supplementary Figure 2f) against extract tested. Overall, the
results of lethal study of extract exhibited high levels of knock-
down effect against An. stephensi, Cx. quinquefasciatus, and Ae.
aegypti fourth instar larvae (Table 1) with an EC of 2.864, 1.910,
and 5.115 µg/ml (after 2 h of treatment). It is observed that the
increased knock-down affects corresponds to the concentrations
of mycelial extract.

Larval survival and adult emergence of tested mosquitoes
were considerably decreased and (fourth instar larvae of An.
stephensi) exposed to various concentrations of mycelium extract.
The control groups achieve 100% survival rate in the entire study
periods. A sub-lethal dose of mycelium extract (at 100 µg/ml)
induced the growth disruption effects and it was characterized
by normal dead larva (Supplementary Figure 3a), failure of
larvae molt into pupae, resulted the development of an abnormal
larval-pupal intermediates (Supplementary Figure 3b). The
deformed pupa (DP) exhibited looking as elephant and it called
as “elephantoid” (Supplementary Figure 3c). Deformed pupa
(DP) was shown retarded abdomen and wing pads are (WP) not
properly developed into the body (Supplementary Figures 3d,e).
The aborted adult emergence with legs and wings stuck in pupal
caste were noticed (Supplementary Figure 3f).

The results of morphogenetic abnormalities of Cx.
quinquefasciatus induced by A. terreus mycelium ethyl acetate
extract and control fourth instar larva were presented in
Supplementary Figure 4a. The lethality of higher concentration
of mycelium extract shown remarkable and declined the growth
of larvae into pupae resulted into unfinished melanization
and development of abnormal dead larval-pupal intermediates
(Supplementary Figures 4b,c). At sub-lethal doses (100 and
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FIGURE 4 | Adulticidal activity of ethyl acetate mycelia extract against An.
stephensi, Cx. quinquefasciatus, and Ae. aegypti mosquitoes.

FIGURE 5 | Smoke toxicity test for A. terreus ethyl acetate extract against An.
stephensi, Cx. quinquefasciatus, and Ae. aegypti. (a,b) A. terreus mycelium
ethyl acetate formulated mosquito coil. (c) Death mosquitoes after treatment
of 40 min (AM, adult mosquitoes; BMC, burning mosquito coil; DM, dead
mosquitoes).

200 µg/ml), we noticed that molting continued in normal
but immature stages of mosquito was significantly affected.
The microscopic examination of the dead immature stages (at
40× magnifications) revealed the following abnormalities in
the mosquito viz: abnormal dead larval-pupal intermediates,
deformed pupa (DP) distortion of digestive tract, enlarged
cephalothorax, emergent adults with mouthparts and wings
folded within the pupal exuvium (Supplementary Figures 4d,e).
Few of the emerged adult mosquito unable to escape from the
pupal caste and it was dying in the water surface of beaker
(Supplementary Figure 4f).

The low concentration (100 µg/ml) of mycelial extract (after
48 h of treatment) acted as moderate level of morphological
deformities and growth or molting associated deformities in dead
larvae (Supplementary Figure 5) of Ae. Aegypti, i.e., deformed
feeding brush and head, pigmented cuticles in the thorax and
abdomen, shaded/albino colored cuticles in the abdomen, black

cure, and pigmented anal papillae, totally disrupted digestive
tract system, gut lumen and peritrophic membrane (PM)
boundaries (Supplementary Figure 5a). Whereas, the control
larvae shown healthy feeding brush and head, healthy cuticles in
the thorax and abdomen, intact digestive tract and its boundaries
(Supplementary Figure 5b), respectively.

The outcome of results exhibited the growth and molting
deformities in the fourth instar larvae of mosquito which include
in the formation of larval-pupal intermediates (larviform pupae)
and albino colored (white) pupal cuticles in the cephalothoraxes.
We noticed the following modification in the treated mosquito
namely the anterior and mid region of the abdomen, malformed
rudiments of appendages and compound eyes (Supplementary
Figure 5e), albino colored pupal cuticles with larval exuviate
attached in the cephalothoraxes (Supplementary Figure 5d),
pupal cuticles with larval exuviae in the posterior region
of the abdomen (Supplementary Figure 5f). We observed
pupae have been completely failed to emerge of adults. The
exposure of mycelium extract at various concentrations (200–
300 µg/ml) induced morphological deformities resulted dead
pupae (after 72 h of treatment) viz: black and pigmented
cuticles in the cephalothoraxes, the anterior region of the
abdomen without larval exuviae (Supplementary Figure 5g),
compared to control which shown healthy cuticles in the
cephalothorax, abdomen region and normal pupal characteristics
(Supplementary Figure 5c).

The overall results observed that only 37% larvae was
successfully pupated at 100 µg/ml concentration (after 72 h
treatment). Malformation in the developed adults was not
clearly noticed, but slightly deformed wings were recorded
(Supplementary Figure 5h) after 84 h treatment. The adult
emergence was totally stopped in the higher concentrations of
200 and 300 µg/ml due to deformities and death of pupae.
While, the 97% pupation rate was observed in control after 72 h
treatment and 100% adults emerged in control group (after 120 h
treatment) (Supplementary Figure 5i).

The biochemical constituent’s effects of A. terreus mycelium
extract on the fourth instar larvae of tested mosquitoes were
measured. The level of AchE activity was gradually decreased
when the developing fourth instar larvae of tested mosquito
at 24 h. The fungal metabolite exposure was significantly
inhibited the larval AchE activity. The concentration of
100 µg/ml, An. stephensi larvae shown a maximum level of
AchE expressed (F = 164.624, P < 0.05), followed by Cx.
quinquefasciatus (F = 784.472, P < 0.05) and Ae. aegypti
(F = 184.389, P < 0.05). Similarly, the higher concentration
(500 µg/ml) of extract shown AchE activity was gradually
declined in all tested larvae based on metabolite concentration.
Over all, the obtained results revealed the enzyme expression
is mainly dose dependent. The control larvae shown an
enzyme level is normal. The larvae treated with A. terreus
metabolite (at higher concentration), the AchE level was
reported as twofold decreased against all tested mosquito
(Figure 1A).

The decreased level of α-carboxylesterase activity of
mosquitoes were noticed during the development of fourth
instar larvae (Figures 1B,C), and it has reached the lowest
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TABLE 4 | Smoke toxicity of A. terreus ethyl acetate extract on three major vectors.

Mosquito species Observation after
40 min

aMortality from
A. terreus extract

Mortality from
commercial

mosquito coil (%)

Negative control
(%)

An. stephensi 10
20
30
40

18.0 ± 1.1a
47.1 ± 1.5b
74.2 ± 1.1c
84.2 ± 2.1d

24.1 ± 0.3a
50.0 ± 2.2b
78.2 ± 1.3c
94.3 ± 2.0d

1
1
1
0

Cx. quinquefasciatus 10
20
30
40

20.0 ± 0.9a
48.1 ± 1.3b
76.0 ± 2.1c
89.6 ± 1.1d

22.1 ± 2.3a
52.2 ± 1.2b
80.3 ± 2.3c

100d

0
1
1
1

Ae. aegypti 10
20
30
40

21.0 ± 1.0a
49.1 ± 0.9b
77.3 ± 0.5c
91.2 ± 1.7d

25.1 ± 0.6a
52.0 ± 2.0b
83.2 ± 1.1c
97.3 ± 1.0d

1
1
0
0

aMeans in each row against each mosquito species followed by the difference letters are significantly different (P < 0.05, one-way ANOVA followed by Tukey’s test).

TABLE 5 | Biotoxicity of A. terreus mycelia ethyl acetate extract on Artemia nauplii.

Concentrations (µg/ml) 12h 24h

LC50

(LCL–UCL) (µg/ml)
LC90

(LCL–UCL) (µg/ml)
χ2 (df = 13) LC50

(LCL–UCL) (µg/ml)
LC90

(LCL–UCL) (µg/ml)
χ2 (df = 13)

100 38.483 90.017 1.251 27.595 53.710 1.481

200 (3.092–81.602) (20.227–144.957) (5.986–54.401) (17.783–88.569)

300

400

500

Control (salt H2O) – zero mortality. LC50, lethal concentration that kills 50% of the tested larvae; LC90, lethal concentration that kills 90% of the tested larvae; LCL, lower
confidence limit; UCL, upper confidence limit; df, degree of freedom; χ2, chi-square values are significant at P < 0.05 level. Denote value of five replicates.

level at 24 h. The exposure of larvae to the A. terreus mycelia
metabolites had a dose-dependent activity on the level of
β-carboxylesterase. The level of β-carboxylesterase activity also
declined over the developmental period of fourth instar larvae
of tested mosquitoes. Exposure of the larvae to metabolites
significantly reduced α-carboxylesterase activity compared to
control (3.651 to 2.641, 3.761 to 2.631, and 3.321 to 1.997 mg
protein/ml of homogenate). A similar kind of observation
was also made with β-carboxylesterase resulted decreased
level of activity (3.461 to 2.531, 3.521 to 2.321, and 3.121
to 2.495 µM β-naphthol released/mg/min) against target
mosquitoes.

The histopathological analysis was performed to observe
the maximum mortality rate from the fourth instar larvae of
selected mosquitoes, during the 24 h exposure period. To the
best of our knowledge, this is the first hand information on
histopathological analysis of A. terreus mycelium ethyl acetate
extracts against target mosquitoes. The control group showed
the midgut epithelium consists of a single layer of digestive cells
exhibiting well developed brush border and cytoplasm regions
(Figures 2a,c,e). In this study, we observed the histological
changes in the midgut, digestive tract, cortex, and epithelial cells
of treated mosquito larvae.

The obtained results revealed that the highest concentration
(500 µg/ml) of mycelia ethyl acetate extract from A. terreus
shown disorganized epithelial layers and cells (Figure 2b) of An.

stephensi larvae. In addition, Cx. quinquefasciatus treated with
mycelium extract at higher concentration showed disintegration
of abdomen region particularly the mid and hind gut and
caeca, finally resulted the failure of lateral and caudal hairs
(Figure 2d). The stereomicroscopic observations of fourth instar
larvae of Ae. aegypti treated with A. terreus mycelium ethyl
acetate extract noticed the loss of upper and lower head hair,
antennal, and lateral hairs (Figure 2f). Furthermore, we observed
the some parts of the mosquito larvae are severely affected,
i.e., disintegration of epithelial layer and outer cuticle, highly
damaged epithelium larvae, the vacuolated cells, the hindgut, and
intracellular membranes.

The ovicidal activity results noticed zero percent of egg
hatchability at specific concentrations of extract [for An.
stephensi (500 µg/ml) (F = 12561.767; P < 0.05) and for Cx.
quinquefasciatus (300 µg/ml) (F = 53079.779, P < 0.05) and
Ae. aegypti (300 µg/ml) (F = 48493.715; P < 0.05)] (Table 2).
The average egg hatchability percentage was observed, after 48 h
treatment, and the result was directly linked with mycelium
extract concentration. Whereas, the control showed 100% egg
hatchability.

Nil knocked down mosquitoes were observed during the
exposure of the extract at 40 min (test and control groups)
(Figure 3), due to the blank coil smoke and chamber condition
(without coil) had no toxic effect against mosquitoes. The activity
of mycelia ethyl acetate extract are depends on the complex
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FIGURE 6 | Ingestion of A. terreus mycelium ethyl acetate extracts to Artemia
nauplii larvae (100 µg/ml) (a). The empty guts in the control group of larvae
(b). Yellow arrow indicates the A. nauplii ingested with extract in the exposed
larvae. (c) Morphological changes A. nauplii (eyeball shape, loss of eye color,
and intestinal enlargement). (d) Loss of antennae and deformation of
antennae.

mixture of active compounds. Adulticidal and smoke toxicity
of ethyl acetate extract against malaria, filariasis, and dengue
vectors and the results were presented in Figures 4, 5. The
highest adulticidal activity was noticed on An. stephensi, Cx.
quinquefasciatus, and Ae. aegypti with the LD50 values of 0.636
(0.001–5.376), 1.159 (0.002–7.977); 0.003 (0.000–0.823), 0.011
(0.000–1.370); and LD90 values of 0.336 (0.000–4.101), 0.785
(0.000–7.115), 0.232 (0.000–3.508), 0.563 (0.000–6.168) mg/ml,
respectively. The control showed no mortality (Tables 3, 4). The
higher concentration, the adult showed restless movement for
several times, uncontrolled flying and finally died. The smoke
toxicity was observed (after 40 min) and the mortality data
were recorded after every 10 min time interval. The highest
smoke toxicity was recorded in 40 min, than negative (without
mycelia extract) and positive controls (commercial mosquito
coil) of different mosquitoes, i.e., Ae. aegypti (91%) (F = 3570.425;
P < 0.05), Cx. quinquefasciatus (89%) (F = 5585.69; P < 0.05) and
An. stephensi (84%) (F = 4996.46; P < 0.05). The cent percent
of mortality (100%) was obtained in the commercial mosquito
control.

The effects of fungus mycelia extract have been proved as
well smoke toxicity effect targeted mosquitoes. The mycelia ethyl
acetate extracts exhibited a moderate toxic effect on the adult
mosquitoes after 24 h of extract exposed. The results of this study
indicate that A. terreus extract enhance in the smoke toxicity and
it can be acted as effective alternative insecticide for An. stephensi,
Cx. quinquefasciatus, and Ae. aegypti control. The smoke emitted
from the extract exhibit a good knock down effect. However,
when compared with the previous study (Suresh et al., 2015),

the present investigation showed better smoke toxicity against the
mosquito tested.

Biotoxicity assay of extract with A. nauplii of brine shrimp
(suitable test aquatic organism) was carried out for the
measurement of toxicity level. In control, A. nauplii showed an
average speed of 2.96 mm s−1, after cultured in wells (8 and 48 h).
After treated (at 24 h) with A. terreus extract, the swimming speed
values were found to be 0.88 mm s−1. We observed behavioral
changes in the swimming movement motionless phase and the
A. nauplii position, after 8 h incubation treated with A. terreus
mycelium extract. After 18 h exposure to the extract reflected
slightly toxic cells, (either in exponential phase) and A. nauplii
changes in swimming speed and their position on the water. The
LC50 and LC90 values from the bioassay results of ethyl acetate
extract against A. terreus strain was presented in Table 5. The
better LC50 and LC90 values of A. terreus mycelia extract was
noted against A. nauplii larvae treatments, i.e., 38.483, 27.595
(24 h) and 90.017, 53.710 µg/ml (48 h). The occurrence of dark
yellow color substance in the gut region of the Artemia sp. treated
with A. terreus mycelium ethyl acetate extract clearly indicates the
accumulation of extract (Figure 6b). Whereas, A. nauplii exposed
to seawater alone (as control) did not show any significant
changes in the gut region (Figure 6a). We observed various
changes in the A. nauplii during the exposure of extracts viz.
changes in eye formation, eyeball shape and eyeball shrinking
(Figure 6c), the intestinal swelling, malformations in the outer
shell and antennae losses (Figure 6d). Schematic representation
of overall study and mechanistic scheme were depicted in
Figures 7, 8.

DISCUSSION

DNA amplification and sequence analysis is a powerful tool
in taxonomy studies (Rodrigues et al., 2007) of any living
organisms. In present study, we used for the fungal universal
primers for identification of ITS sequences in fungal rDNA
and this process performed by PCR amplification method. After
amplification, the PCR products were separated by using 1.2%
agarose gel electrophoresis. The molecular size of sequences
determined with the help of marker or control rDNA bands.
The sequence result showed that the length of base pairs was
found to be 555 bp. Recently, Ahmed et al. (2017) reported
that the morphological and molecular level identification of
Aspergillus sp. using the universal primer ITS1 and ITS4
region with amplification size of 600 bp. Similarly, Gehlot
et al. (2011) stated that the identification of Aspergillus sp.
using ITS1-5.8S rDNA-ITS2 sequences. Likewise, Henry et al.
(2000) reported the amplification fragments ranged from 565 to
613 bp for various Aspergillus sp, which was shown 595 bp in
A. flavus.

Mycoinsecticides are better as well as alternative insecticidal
agents due to their least contamination level, low toxicity
to humans and various other advantages (Liu et al., 2000).
Abamectins, milbemectin, and spinosyns were developed as bio-
insecticides (Seiber et al., 2014) from the microbial source.
Bioassay screening of A. terreus mycelium ethyl acetate extract
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FIGURE 7 | Schematic representation of overall study.

FIGURE 8 | Possible mechanism pathway of mosquito control using A. terreus.
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exhibited various bioactivities against the fourth instar larvae
of An. stephensi, Cx. quinquefasciatus, and Ae. aegypti. Rapid
and constant behavioral toxicity symptoms were observed
during the course of investigation, i.e., tremors and muscle
paralysis, considerable increase in larvae knock-down rate, leads
to a strong neurotoxic action. These symptoms consist of
hyper-activity, convulsions, and tremors followed by paralysis
(knock-down), similar to caused by chemical insecticides
(organophosphate or carbamate). Interestingly, Muema et al.
(2016) observed the Ageratum conyzoides extract remarkably
accelerated the growth of Anopheles sp. larvae into pupae
resulted into deficient melanization and uneven dead larval-
pupal intermediates. Similarly, Sharma et al. (2015) reported
the Achyranthes aspera extract treated with Ae. aegypti larvae
showed modified behavioral symptoms viz: excitation and
restlessness, observe violent anal self-biting behavior. Likewise,
Choochote et al. (2004) observed an abnormal and irregular
movement of Ae. aegypti larvae treated with the Apium graveolens
extract.

We observed the larvae having symptoms of tremors and
muscle paralysis are the major sign related to neurobehavioral
toxicity. The excessive wriggling movements made by Ae. aegypti
larvae while treating with metabolite than untreated larvae
(Baatrup and Bayley, 1993). A. terreus mycelium ethyl acetate
extract showed promising larval bioactivity for the control of
Ae. aegypti larvae in terms of behavioral, larvicidal toxicity,
disrupting the growth, molting, and morphological changes. The
anal gills of tested larvae served as major site for Na+, Cl−,
and K+ uptake, enhance the role of the Malpighian tubules
and rectum. The A. terreus mycelia metabolites may interrupt
the ion transport due to damage in the anal papillae and an
outer cuticle layer of tested larvae (Perumalsamy et al., 2013).
In our study, we observed 39% dead fourth instar larvae (at
100 µg/ml) and 4% of pupae death (200 and 300 µg/ml) treated
with mycelium extract, showed maximum level of morphological
and growth/molting associated deformities. The morphological
deformities of fourth instar larvae shown like a black and
pigmented cuticles in the thoracic and abdomen region of pupae
resulted abnormal cuticle melanization, due to inhibition of
chitin synthesis. To the best of our knowledge, there is no
previous report available on the neurobehavioral toxicity and
knock down effects of fungal derived extract or metabolites
against the mosquito larvae. Similar observations were made by
Bream et al. (2010) and Soonwera and Phasomkusolsil (2016)
with abnormalities of Cx. pipiens, Ae. aegypti, and An. dirus larval
morphology such as pigmented, deformed larvae, incomplete
eclosion, white pupae, deformed pupae, dead normal pupae and
incomplete pupal eclosion after exposure to some plant oils.
The outcome of results was supported by previous findings of
Saxena et al. (1994) reported that the morphological deformities
of mosquitoes (including darkening of the larval cuticle, during
molting and development of Cx. quinquefasciatus) induced by
Ageratum conyzoides extract.

The fourth instar larvae of selected mosquitoes (An.
stephensi, Cx. quinquefasciatus, and Ae. aegypti) treated with
mycelium extract obtained from A. terreus (500 µg/ml)
showed morphological and behavioral changes. After 30 min

of exposure, the larvae were found be restless and exhibited
sluggish movements, while increasing exposure time. The
treated larvae showed morphological changes in the anal
papillae region and cuticle layer. Larvae treated with A. terreus
mycelium ethyl acetate extract developed dramatic lesions
affected mainly in the epithelial layer of the midgut than
the control. The cross section of the larvae midgut illustrates
disruption in the appearance of columnar cells, swelling,
and extruding masses of cellular molecules in the mid
gut position. Recently, Abinaya et al. (2018) examined the
Bacillus licheniformis exopolysaccharide treated An. stephensi
and Ae. aegypti larval showed histological damages of midgut,
muscles, and shrinkage in the abdominal regions. Likewise,
Seetharaman et al. (2017) reported the limonoid compound
from Penicillium oxalicum showed the damage of microvilli,
midgut lumen, peritrophic membrane, and epithelial cells
of tested Culex sp. mosquito larvae. Interestingly, Bawin
et al. (2016) reported that the histopathological effects of
Aspergillus clavatus metabolites against Cx. quinquefasciatus
larvae. Similarly, Elumalai et al. (2016) studied the histopathology
alteration of isolated catechin larvicidal compound against
fourth instar larvae of Ae. aegypti, An. Stephensi, and Cx.
quinquefasciatus. Recently, Ragavendran et al. (2017) reported
that the midgut cells of Ae. aegypti (fourth-instar larvae) had
swelling in the gut lumen, reducing intercellular contacts and
degeneration of nuclei, after treated with P. daleae mycelium
extract.

Different types of enzymes namely oxidases, reductases, and
esterases used by the mosquito for detoxifying the pesticide
compounds (Senthil-Nathan et al., 2007, 2008; Waliwitiya et al.,
2012). Among them, acetylcholine esterase enzyme breaks down
the neurotransmitter acetylcholine at the synaptic cleft. The nerve
impulse can be transported across the gap. Neurotransmitters
must be cleaned immediately after the message is passed, and if
not, the larva causes paralysis (Fouad et al., 2017). Esterases are
the key enzymes that are responsible for resistance mechanism
against chemical/synthetic insecticides in mosquitoes (Brogdon
and McAllister, 1998) by cleaving the carboxyl ester and
phosphodiester bonds. Resistant insects generally demonstrate
a very high activity of esterases (Lemos et al., 1996; Ranson
and Hemingway, 2005). Similarly, Koodalingam et al. (2012)
reported a significant decrease in acetylcholinesterase levels in Ae.
aegypti larvae treated with the Bt-based product (Vectobar). The
present study results clearly stated that a significant reduction
of acetylcholinesterase level activity in the larvae, treated with
A. terreus mycelium ethyl acetate extract than control larvae.
Similarly, Fan et al. (2013) reported that enzymatic levels of
esterase (EST) and glutathione S-transferase (GST) were notably
increased when Dendrolimus tabulaeformis larvae treated with
Beauveria bassiana spore suspension.

The mosquito (An. stephensi, Cx. quinquefasciatus, and Ae.
aegypti) larval homogenates were exposed to A. terreus mycelia
extract found to be the disturbed physiological constituents are
evident for reduction of detoxification enzymes. This observation
suggests that direct toxic effect of A. terreus mycelia ethyl acetate
metabolites in the protein synthetic machinery of the mosquito
larvae. The α- and β-carboxylesterase activity level was gradually
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decreased while the formation of fourth instar larvae of three
mosquitoes. The exposure of larvae to the A. terreus mycelia
metabolite had a dose dependent manner at the level of both
carboxylesterase activities. Likewise, Koodalingam et al. (2012)
observed dose-dependent level of α- and β-carboxylesterase
activity and considerable alteration in the isoenzyme of Ae.
aegypti larvae by Laranja et al. (2003).

The zero percentage of ovicidal and egg hatchability results
were observed in all tested mosquitoes, i.e., An. stephensi
(500 µg/ml), Cx. quinquefasciatus (300 µg/ml), and Ae. aegypti
(300 µg/ml). The average percent of hatchability of eggs were
observed, after 48 h treatment. Overall, the ovicidal activity
was decreased with an increase in concentration of A. terreus
mycelium ethyl acetate extract. Also, Luz et al. (2007) investigated
the ovicidal effects of hyphomycete fungi (21 Nos) against the
eggs of Ae. aegypti. Similarly, Karthik et al. (2011) reported that
the actinobacteria (LK-2 and LK-3) derived crude extract against
Cx. gelidus and Cx. tritaeniorhynchus revealed 100% ovicidal (no
egg hatchability) observed in 1,000 ppm.

In contrast, A. terreus mycelial extract was showed good
adulticidal activity against Ae. aegypti the maximum LD50
and LD90 values found than the Cx. quinquefasciatus and An.
stephensi adults. Mohanty et al. (2008) proved the efficiency of
F. pallidoroseum spores against adult mosquitoes. Whereas, the
present investigation studied A. terreus mycelia ethyl acetate
metabolite having remarkable adulticidal effects against three
targeted mosquitoes. The maximum smoke toxicity was recorded
(within 40 min) of different mosquitoes, i.e., Ae. aegypti
(91%), Cx. quinquefasciatus (89%), and An. stephensi (84%),
while commercial mosquito coil showed 100% adult mortality.
Recently, Balasubramani et al. (2018) reported the smoke toxicity
assay of Salmonella bongori metabolites showed 62% mortality
against Cx. quinquefasciatus compared with positive control
(pyrethrin). Also, Dua et al. (2010) identified the essential oil
from plants having adult knockdown properties against targeted
mosquitoes.

Biotoxicity assay of fungal metabolites was conducted with
brine shrimp A. nauplii. Meyer et al. (1982) and Nguta
et al. (2012) categorized the biotoxicity assay results based on
dose/concentration of extracts, i.e., non-toxic (>1000 µg/ ml),
weakly toxic (500–1000 µg/ml), moderate toxic (100–500 µg/ml)
and strong toxic (<100 µg/ml) against tested insects. In control,
A. nauplii show a normal swimming speed in the wells. After 24 h
treated with mycelia ethyl extract of A. terreus, the swimming
speed of organisms has changed as motionless. Likewise, Charoy
et al. (1995), Charoy and Janssen (1999), and Larsen et al.
(2008) investigated the treatment effect of toxic metabolites on
Artemia sp. Diana et al. (2011) studied the Fusarium isolates
(No: 24) exhibit various levels of toxicity on the brine shrimp,
based on the role of fusaproliferin and beauvericin compounds
(Bosch et al., 1989; Altomare et al., 1995; Moretti et al., 2007).
The present investigation reveals that the uptake with A. terreus
mycelium ethyl acetate extract treated with A. nauplii shown
an accumulation of toxin in the mid-gut region leads to the
brine shrimp death. Recently, Ragavendran et al. (2017) identified
Penicillium daleae mycelia metabolites and tested for A. nauplii
alterations of body structures and loss of antenna with the LC50

and LC90 value 0.290 and 0.609 µg/ml, respectively. Similarly,
Ruhul Amin et al. (2003) reported the LC50 value (17.78 µg/ml)
of Penicillium sp. extract against the brine shrimp mortality,
which is quite lower toxicity. Likewise, Miao et al. (2012) found
that the LC50 value of 6-O-methylaverufin (produced by the
endophytic fungus A. versicolor) was 0.5 µg/ml. Another study,
An et al. (2013) reported that 4-phenyl-3,4-dihydroquinolone
and aflaquinolone derivatives produced by A. nidulans exhibited
strong toxicity against A. salina, with LC50 values ranged from 4.5
to 7.1 µM.

CONCLUSION

A fungal strain isolated from soil was identified as A. terreus
(KX694148.1) through ITS rDNA sequencing and phylogenetic
tree analysis. The present study revealed that significant to
moderate toxic effect of A. terreus mycelia extract on different
stages of mosquitoes such as egg, larvae, pupa, and adults of
Ae. aegypti, Cx. quinquefasciatus, and An. stephensi. A. terreus
extract exhibited strong neurobehavioral toxicity, knock-down
effect, the ovicidal and adulticidal effect on An. stephensi, Cx.
quinquefasciatus, and Ae. aegypti in a dose and time-dependent
manner. The exposure of A. terreus extract caused significant
behavioral changes, growth disturbance and morphological
abnormalities on tested mosquito species. The activities of
vital mosquito enzymes such as α- and β-carboxylesterase
and AchE were decreased upon A. terreus extract treatment.
The histopathological study shows A. terreus extract affected
the larval development and completely damaged the digestive
system of mosquito. The smoke of A. terreus extract induced
the time-dependent adult death/toxicity and behavioral changes
in mosquitoes. A. terreus extract showed considerable toxic
effect, behavioral changes and anomalies on A. nauplii larvae.
The outcome of the present investigation concludes that ethyl
acetate extract of A. terreus contains promising mosquito control
principles which may be used in the control of mosquito
in the future. Further studies on isolation and identification
of bioactive constituents from A. terreus extract is under
process.
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