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Mosquitoes can transmit the terrible diseases to human beings. Soil-borne fungal
products act as potential source for low-cost chemicals, used for developing eco-
friendly control agents against mosquito-vector borne diseases. The prime aim of
study was to check the larvicidal potential of fungus mycelia (by ethyl acetate solvent)
extract from Penicillium daleae (KX387370) against Culex quinquefasciatus and Aedes
aegypti and to test the toxicity of brine shrimp Artemia nauplii, by observing the
physiological activity. The ethyl acetate extract of P. daleae mycelia (after 15 days)
from Potato dextrose broth (PDB) medium revealed better result with least LC50 and
LC90 values of I-IV instars larvae of Cx. quinquefasciatus (LC50 = 127.441, 129.087,
108.683, and 93.521; LC90 = 152.758, 158.169, 139.091, and 125.918 µg/ml) and
Ae. aegypti (LC50 = 105.077, 83.943, 97.158, and 76.513; LC90 = 128.035, 106.869,
125.640, and 104.606 µg/ml) respectively. At higher concentration (1000 µg/ml) of
extracts, mortality begins at 18 h of exposure and attained 100% mortality after 48 h
exposure. Overall, the activity was depends on the dose and time of exposure to the
extracts. The stereomicroscopic and histopathological analysis of Ae. aegypti and Cx.
quinquefasciatus larvae treated with mycelium ethyl acetate extract showed complete
disintegration of abdominal region, particularly the midgut and caeca, loss of cuticular
parts and caudal hairs. Morphological characterization of the fungi was performed and
taxonomically identified through 5.8s rDNA technique. The phylogenetic analysis of
rDNA sequence was carried out to find out the taxonomic and the evolutionary sketch
of isolate in relation to earlier described genus Penicillium. Behavior and swimming
speed alteration was analyzed together with mortality. The results of the experiment
indicates that swimming behavior recorder (SBR) is a appropriate tool to detect individual
swimming speed of the A. nauplii organisms, since the values have been obtained in
accordance with control monitored results showed the 2.75 mm s−1 and after 24 h
treated found to be 0.72 mm s−1, respectively. The extract-exposed to A. nauplii
showed changes in body structures, i.e., intestine enlargement, eye formation, outer
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shell malformations and loss of antennae. In the present study, we aimed to investigate
the toxicity of the ethyl acetate extract of P. daleae on A. nauplii larvae by performing the
mortality, behavior and alterations in swimming responses. This is the first time report
on the larvicidal efficacy of P. daleae ethyl acetate extract against Cx. quinquefasciatus
and Ae. aegypti larvae.

Keywords: Penicillium daleae, larvicidal, KX387370, phylogenetic tree, Artemia nauplii, bio-toxicity

INTRODUCTION

Mosquitoes borne diseases are responsible for most significant
health problems that have pose considerable amount of social
and economical impacts (James, 1992; Benserradj and Mihoubi,
2014). Culex quinquefasciatus (Say) (family Culicidae) is a major
contributor for transmitting vector borne diseases like fevers and
filariasis to human beings and animals. It can also spread St. Louis
encephalitis and possibly the West Nile virus. The parasitic filarial
worms Wuchereria bancrofti and Brugia malayi might cause
lymphatic Filariasis (Soni and Prakash, 2010; Benelli, 2015a,b).
More than 40 million peoples affected globally from Elephantiasis
and are badly debilitated and disfigured from this disease (WHO,
2013).

In worldwide, yellow, chikungunya and dengue fever,
transmitted by Aedes aegypti has currently become a significant
community health problem (Warikoo et al., 2011). Dengue
fever is caused by dengue virus, which is belongs to the genus
Flavivirus (family Flaviviridae) and includes serotypes (Den-1,
Den-2, Den-3, and Den-4). Those diseases were came-up in the
middle of the 20th century and considered as a most important
dreadful disease in several countries of tropical and subtropical
regions (Vasilakis et al., 2007; Benelli, 2015b). Totally, 2.35
million people suffering from dengue was reported in America
alone (as per 2013 data) of which 7,687 cases were rigorous
(WHO, 2015). Recently, the infections have been raised due
to an increased urbanization, trade, and travel. No effective
drug or vaccine is available so far. But, the only solution is
to prevent the disease-carrying mosquito from breeding and
biting humans. Currently, the application of chemical based
insecticides particularly organophosphates and insect growth
regulators namely diflubenzuron, malathion, pyrethroid, and
methoprene served as common agents for mosquito control
(Conti et al., 2012). Frequent uses of these synthetic insecticides
create an increase resistance among the mosquitoes and to cause
adverse impacts on non-target organisms or humans (Severini
et al., 1993). With this scenario, biological control especially
fungal based insecticide has proven as better in controlling insect
vectors.

In recent years, several attempts have been carried out to
examine the bioefficacy of natural products against a variety of
arthropod pests (Amer and Mehlhorn, 2006b; Govindarajan et al.,
2011; Benelli et al., 2012a,b; Govindarajan and Sivakumar, 2012).
Moreover, the researchers are searching for an alternative, more
potent, cost effective and environment-friendly mosquito vector
control agents from biological origin (Regnault-Roger et al.,
2012; Pavela, 2015a,b). Different mosquito larvicidal bio-control
agents have been isolated from various sources like plants,

bacteria, fungi, and viruses that infect or kill insects by their
potent secondary metabolites (Vyas et al., 2007). Fungi and
fungus derived products are very highly toxic to mosquitoes, and
reflect moderate toxicity to non-target organisms. Among fungi,
entomopathogens are extremely important source of potential
biological control agents (Berdy, 2005). Several authors have
been reported mosquito bio-efficacy of the soil-borne fungal
metabolites or mycelia extracts of Aspergillus sp., Fusarium
sporotrichoides and Penicillium verrucosum (Maurya et al.,
2011), Aspergillus terreus (Ragavendran and Natarajan, 2015).
Previously, many extracellular secondary metabolites isolated
from different fungi have been proved as potent larvicidal
activity against targeted mosquitoes (Vijayan and Balaraman,
1991) viz Metarhizium sp. (Roberts, 1966, 1967), Beauveria sp.
(Hamill et al., 1969), Tolypocladium sp. (Matha et al., 1988), and
F. oxysporum (Peter et al., 1989; Prakash et al., 2010), Lagenidium
giganteum (Vyas et al., 2006a,b) and Chrysosporium (Priyanka
et al., 2001; Priyanka and Prakash, 2003), respectively.

Penicillium is one of the most important fungi (ascomycetes)
in the field of drug production (Tiwari et al., 2011). Penicillium
sp. are identified to produce more than 900 known bioactive
compounds (Berdy, 2005). In addition, most essential
pharmaceutical agents (penicillin and compactin), have
been isolated from Penicillium. Many species of Penicillium sp.
produces highly toxic mycotoxins (Kamel and Rashed, 2014).
P. daleae is first isolated from conifers in Poland (Lam et al.,
1994). The microbial insecticides play an important role in
exhibiting better mosquito larval toxicity, safer to produce effect
on non-target organism and environmental hazards (Misato,
1983).

Artemia nauplii (Zooplankton) constitutes a major
relationship in the food chain and has significant role in
aquaculture field (Radhika Rajasree et al., 2010) also called
as an ecologically essential species (Mehmet et al., 2016). It
consumes organic debris, micro and macro algae, bacteria and
chemicals (Weber, 1993). Over the past few decades, the toxicity
of A. nauplii has been tested with various bioactive or toxic
compounds, pesticides, antimicrobial biocides expressed some
behavioral responses (Sorgeloos et al., 1978; Venkateswara Rao
et al., 2007; Garaventa et al., 2010; Alyuruk et al., 2013) and
this species used as an excellent organism for eco-toxicological
tests (Persoone and Wells, 1987; Garaventa et al., 2010).
A. nauplii is used as a model organism for testing the toxicity
of ethyl acetate in P. daleae according to the Organization for
Economic Cooperation and Development testing guidelines
(OECD) (OECD, 2004). This is the first time report on the
larvicidal efficacy of P. daleae ethyl acetate extract against Cx.
quinquefasciatus and Ae. aegypti larvae and check the toxicity
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of A. nauplii larvae by performing the mortality, behavior and
alterations in swimming responses.

MATERIALS AND METHODS

Soil Sample Collection
The soil sample was collected from forests area in Karumandurai
hills, Salem District (latitude 78◦20 and longitude 11◦45). Sample
were placed in sterile polyethylene bags and stored at 4◦C for
further study.

Fungus Isolation
Soil fungus was isolated using the modified soil-dilution method
(Warcup, 1950, 1955) and three different soil dilutions (viz.,
10−1, 10−2, and 10−3) were employed for fungal isolation. The
soil sample (1 g) was suspended in sterile distilled water (100 ml)
using sterilized glass test tube. These suspensions were stirred
for 20 min. To prepare 10-fold dilution series, 1.0 ml of the soil
suspension was added to 9 ml of sterilized distilled water (10−1)
and mixed well for 2 min for homogenization. In 10−2 dilution,
1.0 ml diluted soil suspension (10−1) was added to 9 ml of
sterilized water. To make 10−3 dilution, 1.0 ml diluted suspension
(10−2) was transferred to 9 ml of sterilized water and mixed well.
The fungal isolation (from each soil dilution) was carried out
by uniform spreading of 0.1 ml homogenized suspension (Phara
and Kommedahl, 1954) on the surface of medium with the help
of sterilized glass rod and incubated at 25 ± 2◦C for 3–5 days.
All the fungal isolates were purified by single spore isolation
technique (Choi et al., 1999). Pure fungal cultures were used for
identification and preservation.

Culture Conditions
The isolated fungus was observed morphologically and cultured
in Potato Dextrose Agar (PDA) and Sabouraud Dextrose Agar
(SDA) medium containing sterile Petri dishes and incubated at
37◦C for 7 days under dark (Incubator), based on the modified
methods of Pitt (1979) and Domsch et al. (1980). The color
names and codes were used to describe well grown colony
(Kornerup and Wanscher, 1967).

Morphological (Macroscopic and
Microscopic) Characterization
Pure culture of isolated fungus were identified based on the
macro (colony morphology, color and appearance of colony, and
shape) and microscopic features (septation of mycelium, shape,
size, diameter and texture of conidia) with the help of standard
keys (Raper and Thom, 1949; Pitt, 1979; Domsch et al., 1980).
Pure fungal isolates were observed under day light for culture
appearance and further examination has been undertaken using
needle mount preparation methods (Tuite, 1961; Barron, 1968;
Crowley et al., 1969; Burnett, 1975). In addition, the microscopic
study of isolated fungus (Penicillium sp.) was done by preparing a
new clean slide mount with lacto-phenol cotton blue stain and the
results were observed microscopically (Lobomed at 40×) (Klich
and Pitt, 1992).

Fungal Mycelium Preparation and DNA
Isolation
Fungal mycelium was prepared from pure culture using 50 ml
of PDB broth (100 ml conical flasks) and incubated at 25 ± 1◦C
(for 7 days). Mycelium (50 ml broth) was harvested by filtration
using Whatman no.1 filter paper (1 cm in diameter) from
pure Penicillium sp. were inoculated aseptically to cultivate in
100 ml liquid medium (PDB) (at 25◦C for 7 days). The fungal
mats were recovered from flasks and dried with filter paper.
For extraction of total DNA from the mycelia and conidia
of the isolates were done by the modified 2% CTAB method
(Doyle, 1990; Rolhf, 1990). P. daleae mycelium (1 g) mat was
grind to make fine powder in liquid nitrogen with help of
pre-cooled clean pestle and mortar. Then, CTAB buffer (1 ml)
was added immediately after crushing and mixed with grind
material. The mixture was transferred to sterilized eppendorf
tubes and placed in (pre-heated) heat shock at 65◦C (for
30 min) and incubated with providing an intermittent shaking
(15 min intervals). After incubation, the tubes were cooled
for 3–4 min in an ice and centrifuged (Remi centrifuge) at
8,000 rpm (for 12 min). The supernatant was collected into
newly labeled eppendorf tubes. Equal volume of chloroform-
iso amyl alcohol (24:1 v/v) was added and gently agitated for
10 min to form an emulsion. Centrifugation was performed at
12,000 rpm for 10 min and the supernatant was transferred to
sterile eppendorf tube. Then, 2/3 volume of chilled isopropanol
and 100% ethanol was added to each eppendorf tube, mixed
well and incubated at −20◦C (for 1 h). After incubation,
centrifugation was performed at 12,000 rpm for 15 min. At
this stage, the DNA pellet was obtained and the supernatant
was discarded. The pellet was washed with 70% ethanol to
remove any residual salt and allowed to air dry. Finally, pellet
was dissolved in 150 µl TE (Tris-EDTA) buffer. The DNA
concentration purity was estimated by the measurement the
optical density (OD) (at wavelength 260 and 280 nm) in
spectrophotometer (Shimadzu U160A, Japan). DNA integrity
was also checked by 0.8% agarose gel-electrophoresis. The
purified genomic DNAs were further cleaned by additional RNase
treatment and sequential washing steps were carried out with
phenol/chloroform and chloroform to attain high quality DNA
sample for sequencing. Pure DNAs were stored at −20◦C for
further investigation.

Polymerase Chain Reaction
Primers chosen for amplification of DNA as Internally
Transcribed Spacer (ITS) gene points of the 5.8S rDNA
were ITS (5′ – GRAAGNAHADGTVGKAAYAWSG – 3′) and
ITS (5′ – TCCTNCGYTKATKGVTADGH – 3′) (White et al.,
1990). Amplification of the ITS gene region was performed
in a 100 µl reaction volume and the protocol per reaction
contained 1.0 µl of genomic DNA (100 ng), 1.0 µl (400 ng)
Forward Primer, 1.0 µl (400 ng) Reverse Primer, 10 µl of Taq
DNA Polymerase assay buffer, 1.0 µl Taq DNA Polymerase
enzyme, 10 mM of each of the four dNTPs, 0–4% (of the
final volume) stock dimethyl sulfoxide. The polymease chain
reaction (PCR) conditions as follows: initial denaturation

Frontiers in Pharmacology | www.frontiersin.org 3 October 2017 | Volume 8 | Article 773

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


fphar-08-00773 October 25, 2017 Time: 14:59 # 4

Ragavendran et al. Microbial Control of Mosquitoes

(at 95◦C for 5 min), 35 cycles of denaturation (at 94◦C for
30 s) annealing (at 50◦C for 30 s), and elongation (at 72◦C
for 1 min 30 s) with final extension (at 72◦C for 7 min),
respectively.

Agarose Gel Electrophoresis
Polymease chain reaction products were analyzed on 1.5%
agarose gel. For making this gel, 1.5 g of agarose was weighed
and poured into a 250 ml beaker. Then, 100 ml of 1X TBE
(Tris-Boric Acid-EDTA) buffer was added to the beaker. To
dissolve the agarose completely in the buffer, beaker was heated
in a microwave (for approximately 2 min). After agarose was
dissolved, the solution was allowed to cool down (60◦C), added
5 µl of Ethidium bromide (EtBr) and mixed for visualization
of bands. Luke warm gel was poured into the castner after that
combs were fixed at their specific position. Gel was allowed to
solidify (approximately 15 min). Gel tank was filled with 1X
TBE buffer served as a running buffer. Then, the combs were
removed and the solidified gel was placed in the tank. DNA
sample (5 µl) from each tube was mixed with 2 µl loading dye
and filled in gel wells. Gel electrophoresis (Electrophoretic gel
System, EC 330, Thermo electron Corporation, United States)
was performed at 80 v for about 30 min. Amplified products
were visualized by placing the gel in UV documentation system
(Bio-Rad, Italy).

Sequence Analysis
The DNA was sequenced at the Chromous Biotech Pvt. Ltd.
(Tamil Nadu, India), and the sequence was submitted to
GenBank. Sequences results were compared to the GenBank
data bases by BLAST analysis1. Results having entire species
identification were done from NCBI Genbank database.
Thereafter, the order of organisms were aligned with IN-5 using
CLUSTAL W2 program. CLUSTALW (BioEdit) (Hall, 1999)
used for multiple alignments of sequences. The nucleotide and
deduced amino acid sequences homology was calculated by
MegAlign (DNA Star, Inc., Madison, WI, United States). MEGA5
(Tamura et al., 2011), distance matrix, Neighbor-Joining (Saitou
and Nei, 1987) and maximum parsimony methods (Tamura
et al., 2004) were used for phylogenetic analysis (FigTree
V1.3.1software) (Rambaut, 2009).

Extract Preparation
The mass cultivation of isolated pure P. daleae (static condition)
grown in Potato Dextrose broth (PDB) was kept under
constant temperature of 20◦C and 25 days old culture
was used to preparation of ethyl acetate mycelium extract.
At the end of growth period, the collected mycelia were
extracted separately using solvent extraction method (Lin
et al., 2000). The fresh and well grown mycelia of fungus
was washed thrice with sterile distilled water for removal
of adherent filtrate, medium and plotted between folds of
sterilized Whatman filter paper (no. 1). The plotted mycelium
was crushed by sterile surgical blade (in mortar), extracted

1www.ncbi.nlm.nih.gov/BLAST
2http://www.ebi.ac.uk/Tools/clustalw2/index.html

with ethyl acetate to obtain intracellular metabolites. Both
crushing and extraction was repeated for three times, left
in separating funnel for 15 min to precipitate. The crude
ethyl acetate extract was collected. Using a separating
funnel, the filtrate of fungus was extracted in several times
using ethyl acetate solvent and evaporated under vaccum
pressure at 50◦C until the complete dryness. The resulted
semi-solid material was dissolved in 10% DMSO and
kept for further investigation (Belofsky et al., 1998; Holler,
1999).

Culex quinquefasciatus and Aedes
aegypti Rearing
Egg rafts of Cx. quinquefasciatus and Ae. aegypti were provided
by the Centre for Research in Medical Entomology (CRME)
Madurai (Tamil Nadu, India). Freshly collected eggs were
transported to laboratory conditions [27 ± 2◦C, 75–85% R.H.,
14:10 (L:D) photoperiod] and placed in plastic containers
(16 cm × 12 cm × 4 cm) having distilled water (1000 ml)
and kept for hatching. The mixture of dog biscuits and
yeast (3:1 ratio) was administered as food supplements for
larvae. The matured larvae and pupae were collected and
transferred to plastic containers with 500 ml of water and
used for an experimental purpose (Senthil-Nathan et al.,
2006).

Larvicidal Activity
Larvicidal activity of the ethyl acetate extract of P. daleae
mycelium was evaluated as per the modified WHO protocol
(World Health Organization, 2005). From the stock solution
of the mycelial ethyl acetate extract (1 mg/ml), different
concentrations of tested samples were prepared and tested
(300, 500, 800, and 1000 µg/ml) as per the modified procedure
of Benelli (2015a). The I-IV instar larvae (each 20 No’s)
were introduced in 100-ml glass beaker containing 99 ml of
dechlorinated water, and add 1 ml of ethyl acetate extract
(known concentration). Five replicates were maintained
(100 larvae) in each concentration. The mortality of larvae
observed at 48 h after exposure. No food was provided to
the larvae during the experimental time. A set of control
groups (10% DMSO and distilled water) along with five
replicates for individual concentration were maintained
in each test. The lethal concentration level (LC50 and
LC90) was calculated by probit analysis (Finney, 1971). The
observed/corrected mortality of five replicates and combined
for each concentration, was calculated as per Abbott’s formula
(Abbott, 1925).

Corrected mortality =

Obtained mortality (in treatment)−
Obtained mortality (in control)

100− Control (mortality)
× 100
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Histopathological and
Stereomicroscopic Analysis
Thin section of Ae. aegypti and Cx. quinquefasciatus larval
tissues treated with P. daleae mycelial ethyl acetate extract
were prepared (8 µm thickness) using microtome. Using a
clean glass slide, the sectioned tissues were mounted and
stained using hematoxylin and eosin stain. The effects of
larval toxicity of extract were observed under bright field light
microscope at 40×. The extract accumulation of tissue and its
alterations were seen under a stereomicroscope (Banumathi et al.,
2017).

Cultivation of Model Organism
Artemia nauplii cysts were hatched in seawater (30% m/v)
by dissolving appropriate amount of Bay of Bengal Ocean
salt in deionized water and stirred for 36 h under proper
aeration, and it was filtered through 30-µm Millipore filter.
The hatching of A. nauplii was done as per the protocol of
Persoone et al. (1989). Briefly, encysted A. nauplii was first
hydrated in distilled water at 4◦C for 12 h and then washed to
separate the floating cysts from the conical flask. The sinking
cysts were collected using a Buchner funnel and washed with
cold deionized water. Approximately, 2 g of the pre-cleaned
cysts were added in 1.0 L seawater in a conical flask with
30 ± 3◦C temperature (A1500 lx daylight supplied regularly by
a fluorescent lamp) and the aeration was maintained (small line
extending to the bottom of the hatching device from the air
pump of an aquarium). After 36 h, the hatching of A. nauplii was
noticed.

Counting of Hatched Artemia
The counting of hatched Artemia was performed as per the
modified method of Sorgeloos (1980).

The hatched A. nauplii containing sample (100 ml) was taken
in a clean glass beaker. From this stock, 1 ml of sample diluted
with 100 ml of sea water. 0.1 ml of diluted sample was poured in
sterile petri dishes and the number of A. nauplii was counted by
visual observation.

Preparation of P. daleae Mycelium Ethyl
Acetate Extract
The suspension of extract was prepared in between 200 and
300 µg/ml to record considerable activity. About 20% (m/v)
stock suspension was prepared by dissolving known amount
of mycelial ethyl acetate extract in 10% DMSO. The prepared
sample was vortexed for 60 s, and it was sonicated about
5 min, for maximum dissolution. Desired amount of the stock
suspension were transferred immediately into the exposure
beaker containing A. nauplii.

Exposure Studies
Acute toxicity exposure of sample was conducted on A. nauplii
(for 36 h), based on the guidelines of Organization for Economic
Cooperation and Development (OECD, 2004). Three different
test concentrations (50, 200, and 300 µg/ml) of P. daleae
mycelial ethyl acetate extract was given to Artemia larvae and

FIGURE 1 | Molecular analysis of Penicillium daleae using ITS1-5.8S–ITS2
rRNA gene compared with 500 bp marker. M, ladder; R, P. daleae.

also maintain a control group (avoid the test sample). The
experiments were done in triplicates using clean glass beaker
(100 ml). Exposures were conducted in 100 ml seawater for A.
nauplii and proper aeration was provided (line extending to the
bottom of the conical flask to prevent the deposition of extract
from suspension during the exposure times). Light regime of
16:8 h light/dark and temperature was set at 25 ± 2◦C. The
pH of the solution was measured before and after completion
of experiments. No food was given during the course of the
experiment (Sivagnaname and Kalyanasundaram, 2004).

Behavior and Swimming Speed
Alteration Test
Swimming speed alteration tests of sample was performed by
the modified method of Garaventa et al. (2010). In briefly, after
6 h exposure of the A. nauplii larvae to the ethyl acetate extract
of P. daleae, the swimming speed was recorded using a video
camera with a macro objective. The inner part of apparatus was
covered with black color (30 cm × 30 cm × 60 cm) to exclude
external sources of fluorescent light, and the recording chamber
was monitored under infrared light. The A. nauplii larvae were
kept in dark condition for 5 min before it was recorded. The
swimming behavior was digitally recorded for about 4 s at 25
frames/s, and the images were analyzed using advanced image
processing software to reconstruct the individual tracks, with the
measurement of the swimming speeds (mm/s) for each A. nauplii
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FIGURE 2 | A neighbor-joining tree of the Penicillium species relative to the P. daleae isolate based on phylogenetic analysis of the nuclear ribosomal ITS1-5.8S-ITS2
region sequences. Bootstrap values of 1000 analyses are shown at the branching point. The type strain of the species and accession numbers are indicated as “T”
and in parentheses, respectively (Tamura et al., 2011).

larva in each sample (20–25 larvae/concentration). The data are
referred to as the swimming inhibition, following normalization
to the swimming speed of the controls (S, mean swimming
speed), where

Inhibition (%)= [(S Treated− S Control)/S Control× 100].

Data Analysis
The probit analyses of obtained results were done for LC50,
LC90, 95% confidence limits and chi-square values. The Statistical
Package for the Social Sciences (SPSS) 20.0 software used for
analyses the derived results and the significance (p < 0.05) level
also measured.

RESULTS

Macroscopic features of isolated P. daleae (Petri-dish containing
PDA media) showed rapid growth, 25 ∼ 35 mm diameter,
plane or lightly radially sulcate, velutinous, mycelium white,
conidiogenesis was very light to dark green color, of an granular
powdery colony (front) and pale yellow colony (backside).
Whereas, on Sabouraud’s Dextrose Agar (SDA), this species
showed moderate growth, greenish orange color in granular
form and the colony produce yellow orange in color (backside),
absence of exudate or abundant in small drops and it produces
yellow to reddish brown pigment and reverse side shown yellow
brown color (Zaleski, 1927).

The isolated DNA sample was amplified in optimized
condition using the universal primers and the rDNA fragments
were shown in Figure 1. The 5.8 S rDNA gene is the
generally used marker for inferring the phylogenetic relationship
among fungal species due to its well conserved nature
(Woese et al., 1985). The obtained bands were located in
the expected ITS region (ranging from 400 to >1000 bp),
with approximately 600 and 650 bp, respectively. The obtained
rDNA sequence of the isolated coding 5.8S rDNA gene was
deposited in GenBank database (NCBI) provided the Accession
No KX387370. Subsequently, based on 5.8S rDNA sequence
analysis, the strain showed 99% homology/similarity with an
already reported Penicillium sp. sequences. On the basis of all
(morphological, physiological, and molecular) characteristics of
the isolates identified as P. daleae. The evolutionary history of
the isolates was inferred by the Neighbor-Joining tree method.
The optimal tree was constructed with the sum of branch lengths
(=0.33604926) (Figure 2). The percentage of replicate trees are
calculated on the basis of associated taxa clustered together in
the bootstrap test (1000 replicates) has been revealed next to the
branches. Tamura et al. (2011) method was used for computing
and plotted the evolutionary relationships and units number
of bases per substitution site. The phylogenetic tree analyses
involved 13 different fungal nucleotide sequences. All positions
with <95% location coverage were removed and less than 5% of
arrangement gaps, lost data and unclear nucleotide bases were
approved at 418 positions during phylogenetic construction.
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In laboratory mosquito bio-assays, the toxicity of mycelia
ethyl acetate extract of P. daleae against larval instars (I–IV)
of Cx. quinquefasciatus resulted the least LC50 and LC90
values: (LC50 = 127.441, 129.087, 108.683, and 93.521;
LC90 = 152.758, 158.169, 139.091, and 125.918 µg/ml) and
Ae. aegypti (LC50 = 105.077, 83.943, and 76.513; LC90 = 128.035,
106.869, 125.640, and 104.606 µg/ml), respectively (Table 1).
After treatment of P. daleae metabolites, significant reduction
of larvae against Ae. aegypti was recorded. The mortality rate of
Cx. quinquefasciatus was slower, but larvae suffered with severe
deformities. The sub lethal effects on fourth instars larval were
linked with decreased survival of the early instars. Third instar
larvae were highly susceptible at the optimized concentrations.
At 1000 µg/ml concentration of P. daleae, metabolite showed
strong activity against Ae. aegypti larvae and the mortality rate
was higher than Culex.

The untreated Ae. aegypti and Cx. quinquefasciatus (3rd instar
larvae) showed normal appearance with having well-developed

and well-known eye, head, thorax, and abdomen segments of
whole body (Figures 3a,b). The P. daleae mycelium ethyl acetate
extract treated with larvae of Ae. aegypti resulted pellitorine
produce dark color, thorax and abdominal segments (1st–5th)
are predominately damaged. The damaged internal gastric caeca
and dark black spots in the thorax and anal gills were observed
(Figure 3c). Stereomicroscopic observation on 3rd instar larvae
of Cx. quinquefasciatus showed crumbled epithelial layer of
the outer cuticle and lack of external hairs (upper and lower
head hairs, lateral, antenna, and caudal hairs) after treated with
P. daleae mycelium extract (Figure 3d).

The histopathological study of P. daleae ethyl acetate extract
treated with Ae. aegypti and Cx. quinquefasciatus larvae showed
collapse and brokened epithelial cell layers. Whereas, target
mosquitoes showed an entire damage in the mid-gut and caeca
areas and finally, larval structure was fully collapsed (Figure 4).
Moreover, a huge shrinkage was observed in the abdominal
region of Ae. aegypti and Cx. quinquefasciatus larvae treated with

TABLE 1 | Larvicidal activity of Penicillium daleae fungal mycelium (ethyl acetate) extract against Culex quinquefasciatus and Aedes aegypti (after 48 h exposure).

Mosquito species Larvae stages Concentrations (µg/ml) LC50 (LCL-UCL) (µg/ml) LC90 (LCL-UCL) (µg/ml) χ2 (df = 10)

Cx. quinquefasciatus I 300 127.441 152.758 4.891

500 (82.083–167.917) (103.945–194.810)

800

1000

II 300 129.087 158.169 4.848

500 (80.712–172.917) (105.296–204.163)

800

1000

III 300 108.683 139.091 3.603

500 (57.446–157.269) (80.517–191.388)

800

1000

IV 300 93.521 125.918 4.275

500 (39.045–147.987) (60.255–186.029)

800

1000

Ae. aegypti I 300 105.077 128.035 3.470

500 (59.933–146.662) (78.223–171.873)

800

1000

II 300 83.943 106.869 2.702

500 (39.484–128.153) (55.327–154.927)

800

1000

III 300 97.158 125.640 4.469

500 (47.549–145.486) (67.988–178.171)

800

1000

IV 300 76.513 104.606 5.792

500 (27.317–128.882) (43.593–163.406)

800

1000

Control (deionized water) – nil mortality. LC50, lethal concentration that kills 50% of the exposed larvae; LC90, lethal concentration that kills 90% of the exposed larvae,
LCL, lower confidence limit; UCL = upper confidence limit; df, degree of freedom; χ2, chi-square values are significant at P < 0.05 level. Mean value of five replicates.
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FIGURE 3 | Stereo microscopic study of third instar (a,c) control larvae of Aedes aegypti and Culex quinquefasciatus of midgut, thorax, and anal gill parts. (b,d) Ae.
aegypti and Cx. quinquefasciatus treated with P. daleae mycelium extract at 1000 µg/ml concentration and extract treatment induced toxic effects on many regions
of the body including thorax, abdomen, anal gills, (red and violet arrows) indicates loss of external hairs, crumbled epithelial layer of the outer cuticle and shrinkage of
the larvae, respectively.

FIGURE 4 | Histopathological study on treated third instar larvae of Ae. aegypti and Cx. quinquefasciatus: Control (a–d) treated with the P. daleae mycelium ethyl
acetate extract, Black arrow represents control larvae structures, yellow and red arrow indicates the disordered and broken epithelial cell layer, complete breakup of
mid-gut and caeca and collapsed larval structure, respectively.
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mycelial ethyl acetate extract. To the best of our knowledge,
reports on histopathological changes triggered by fungal based
metabolites are not available so far.

In control A. nauplii show an average speed of 2.75 mm s−1

after cultured in the testing wells (6 and 48 h). After 24 h treated
with ethyl extract of P. daleae the swimming speed values of were
found to be 0.72 mm s−1, respectively. Behavioral changes in
the swimming activity and the position of the A. nauplii were
noticed in the 6 h incubations with P. daleae mycelium extract
in stationary phase. After 12 h exposure to toxic cells, either in
exponential phase, individual A. nauplii have shown changes in
swimming activity and in their position on the water column.
The results of the swimming speed alterations are showed more
than 50% mortality was observed in the larvae exposed to three
different concentrations of the P. daleae mycelium ethyl acetate
extract. Although there was maximum percentage of swimming
alteration observed at 50 µg/ml concentration and swimming
was notably inhibited in larvae exposed at 300 µg/ml.

No death A. nauplii was noticed during the toxicity test
in the control groups. The toxicity of mycelial ethyl acetate
extract to A. nauplii increased with rising extract concentrations
and exposure times. Various concentrations were treated and
LC50 values calculated that killed A. nauplii (50% of nauplii)
(Table 2). The control group of A. nauplii had no modifications
in the digestive system, intestine and any missing extremities
(antennae) or malformations (Figure 5). However, the mycelial
ethyl acetate extract exposed to A. nauplii had noticeable changes
in eye formation, eyeball shape, eyeball shrinking and weakened
iris (Figures 5A,B). The intestinal swelling (Figure 6a) and
malformations in the outer shell and antennae losses were
observed (Figure 6b), while exposed to the mycelia extract.

DISCUSSION

Currently, there is an increased attention toward the use of
natural insecticides to reduce the synthetic insecticides and their
residues are a basis of environmentally associated hazards and
insecticides resistance (Amer and Mehlhorn, 2006a). Hence,
the screening of microbial products is potential insecticides
to establish their potential as a feasible alternative for control
of vector-borne diseases (Ignacimuthu and Paulraj, 2009). The
major advantages for this method, they kill the larval instars
and nil effects on non-target organisms and produce the stability
of extracellular metabolites can be build a promising alternative
fungal based biolarvicides (Vyas et al., 2007). The microbial
insecticides are generally pest-specific, readily biodegradable
and usually lack toxicity to higher animals (Dhanasekaran
and Thangaraj, 2014). Examples from mycoinsecticides include
species, Metarhizium and Lecanicillium, which can infect
hundreds of insect hosts from different genera and showed a
higher level of host specificity (Jeger et al., 2009).

Mohanty and Prakash (2000), Priyanka et al. (2001) have
described that the Trichophyton ajelloi and Chrysosporium
tropicum filtrate metabolites are effective on larvae of Cx.
quinquefasciatus and An. stephensi. In addition, Vijayan and
Balaraman (1991) have previously reported the metabolites of

17 fungi are effective larvicidal agent against the 3rd instar of
An. stephensi and Cx. quinquefasciatus. The entomopathogenic
fungi also produced extracellular metabolites to have become
a focus of interest for insect pathologists (Kucera and
Samsinakova, 1968). Few entomopathogenic fungi, Paecilomyces
fumosoroseus, Beauveria bassiana, and F. moniliforme produce
mosquito larvicidal compounds like cyclodepsipeptide, as well as
beauvericin and enniatin (Vyas et al., 2006a).

In the present study, soil samples were collected from various
localities of Karumandurai hills for isolation of filamentous
fungus Penicillium. The taxonomic identification of Penicillium
sp. had complex and reported as diverse number of species
(nearly 250), with tiny variations (Patricia et al., 2007). Use an
appropriate culture media and their morphological features were
used for identification and this method was difficult to identifying
all the species (Pitt, 1980, 1993, 1995; Frisvad, 1981, 1985).
Recently, molecular marker methods for identification of fungi
based on the variability of ribosomal genes by ITS and rDNA
gene cluster (Gardes and Bruns, 1993). According to the analog
result of the fungal sequence by BLAST on NCBI, all the obtained
sequences shared 98% similarity to Penicillium sp..

In tropical countries, the fungal intra/extra metabolites have
been proved to be powerful agent for controlling malaria and
filariasis (Singh and Prakash, 2010). In the present study,
isolated P. daleae mycelia ethyl acetate extract showed dose
dependent larvicidal activity. The first 24 h treatment, less
than 40% the doses showed mortality, while the 48-h exposure
revealed that doses >500 µg/ml, are possible to kill >50%
tested larvae populations. Earlier report stated that the toxicity
of F. oxysporum against the larvae of Cx. quinquefasciatus, under
in vitro (Demain and Fang, 2000; Prakash et al., 2010), resulted
bioactive metabolites from Fusarium sp. (Czapek-Dox broth)
shown most efficient against I–IV instars larvae of An. stephensi.
Considerable observations were made in the understanding the
role of fungal bioactive compounds for penetration of host cuticle
and it produce mosquito larvicial toxins. Similarly, Trabousli
et al. (2002) reported Cx. pipiens biotype molestus mortality
shown concentration-dependent activity (1–2 days exposure).

After treatment of P. daleae metabolites, the larval survival
rate of Ae. aegypti was considerably reduced with the following
the LC50 values (105.077, 83.943, and 76.513; LC90 = 128.035,
106.869, 125.640, and 104.606 µg/ml). Similarly, Siddhardha
et al. (2010) found A. funiculosus showed larvicidal toxicity
against III–IV instar larvae of Ae. aegypti (LC50 = 204.51 and
271.64 ppm). More recently, several researchers are searching
novel bio-based insecticides and insect growth regulators for
control of mosquitoes (Melo-Santos et al., 2001; Sihunincha
et al., 2005; Vythilingam et al., 2005; Wang and Jaal, 2005;
Pontes et al., 2010). Earlier findings have reported the use of
microorganisms like Bacillus sphaericus (Poopathi and Tyagi,
2002; Singh and Prakash, 2009). A. terreus (Ragavendran
and Natarajan, 2015) Keratinophilic soil fungi (Vijayan and
Balaraman, 1991; Mohanty and Prakash, 2000) Tolypocladium
cylindrosporum and Culicinomyces clavisporus species (Serit
and Yap, 1984; Seif and Shaarawi, 2003) having bioactive
constituents for larvicidal and pupicidal effects against An.
stephensi, Cx. quinquefasciatus, and Ae. aegypti. Similarly,
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TABLE 2 | Biotoxicity of P. daleae mycelia ethyl acetate extract on Artemia nauplii.

Concentrations (µg/ml) 12 h 24 h

LC50

(LCL-UCL)
(µg/ml)

LC90

(LCL-UCL)
(µg/ml)

χ2 (df = 7) LC50

(LCL-UCL)
(µg/ml)

LC90

(LCL-UCL)
(µg/ml)

χ2 (df = 7)

50

200 2.167 5.295 0.290 0.609

300 (0.056–8.504) (0.293–15.803) 2.840 (0.04–1.775) (0.013–3.002) 3.822

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

FIGURE 5 | Visible anomalies in Artemia nauplii subjected to different concentrations of P. daleae mycelium ethyl acetate extract. Control A. nauplii not exposed to
any extract. While the normal eye is round and black (control), extract exposed nauplii had changes in the eyeball shape (A), loss of eye color, and fading of eyes (B).
The A. nauplii were observed periodically under light microscope (Labomed at 40x).

Govindarajan et al. (2005), Thomas and Read (2007) identified
potential biolarvicides against selected mosquitoes in the lab and
field conditions.

The microscopic and histopathological analysis clearly
indicates that mycelial ethyl acetate extract damaged the various
parts of (head, thorax, midgut, and anal gill regions) third
instar larvae of Ae. aegypti and Cx. quinquefasciatus. Previously,
Vijayakumar et al. (2015) investigated that nano-based treatment
direct to disorganized and disappeared epithelial layer in treated
larvae of Ae. aegypti and affected tissues of antennae, midgut,
hindgut, gill regions and nerve ganglia of larvae An. stephensi
and Cx. quinquefasciatus treated with P. amboinicus. Recently,
Suganya et al. (2017) studied histopathological effects against
the Zika virus vector Ae. aegypti complete disintegration of
abdominal region, particularly in the midgut and caeca, with loss
of lateral and caudal hairs and stereomicroscopic observation

on Ae. aegypti, shown losses of head hairs (upper and lower),
antenna and caudal hairs.

In control A. nauplii show an average swimming speed in the
testing wells. After 24 h treated with ethyl extract of P. daleae
the swimming speed of organisms were motionless or inhibited.
Similarly, Charoy et al. (1995), Charoy and Janssen (1999),
Larsen et al. (2008) reported treatment of toxic compounds to
Artemia sp. larvae observed on swimming speed alterations.
A. nauplii exposure to P. daleae mycelium extract at lower
concentration did not induce any significant lethal effects and
increase concentration to Artemia sp. revealed marginal death,
respectively. The healthy Artemia sp. individuals are active
swimmers, thus, alterations in swimming activity are valid as
behavioral endpoints to detect stress at sub-lethal concentrations
of various toxic compounds (Garaventa et al., 2010). Recently,
adult copepod Tigriopus japonicus exposed to Fukuyoa sp.
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FIGURE 6 | Morphological changes of A. nauplii exposed to P. daleae mycelium ethyl acetate extract. A. nauplii not exposed to extract (control), intestinal
enlargement and outer shell anomalies (a) and loss of antennae and deformation of antennae (b).

showed a decrease in activity, loss of motor control, and abnormal
swimming (Lee et al., 2014).

The biotoxicity of P. daleae ethyl acetate extract was
evaluated on non-target organism A. nauplii. The results achieved
negligible toxicity (two time intervals 12 and 24 h) on A. nauplii,
with LC50 and LC90 values ranged from 2.167, 0.290 to 5.295,
0.609 µg/ml. Currently insignificant toxicity was noticed during
the toxicity test of mosquitocidal reflect of particles to the
non-target aquatic organisms (Benelli, 2016). Subramani et al.
(2013) reported the Penicillium sp. metabolites exhibiting strong
cytotoxicity against brine shrimp (LD50 of 96 µg/ml). Ding
et al. (2008) studied the fungus Cladosporium sp. extracts tested
against brine shrimp lethality test revealing no cytotoxicity, which
indicates the ideal eco-friendly nature. Similarly, Barakat and
Gohar (2012) observed notable toxicity on brine shrimp by ethyl
acetate extract of marine A. terreus (LC50 = 32 µg/ml). The
microbes from marine extracts caused significant lethality on
A. salina (LC50 < 1,000 µg/ml) and the improved lethal activity
based on time exposed (Ordaz et al., 2010). Overall, the findings
of the present investigation report P. daleae exhibiting better
larvicidal effects against two vital vector mosquitoes.

CONCLUSION

The fungal derived products and their metabolites play a
significant role in the development an efficient natural mosquito
control drugs. For molecular identification of Penicillium
sp., ITS markers were found as effective tool. In this present
study, the isolates showed strong connection and consistency
in morphological and molecular data. The findings suggests

that mycelial ethyl acetate extract from P. daleae (KX387370)
are potential natural mosquito larvicides. However, P. daleae
metabolites exhibited 100% mortality of Ae. aegypti and Cx.
quinquefasciatus (I–II instar larvae) at desired concentration
(1000 µg/ml) of metabolites. Histopathological analysis
highlighted fungal based metabolites-triggered tissue changes
and losses of cuticular membrane. Our obtained results confirm
that swimming behavior of A. nauplii were treated with P. daleae
mycelium extract at various concentrations and observed marine
larvae behavioral pattern to be applied in ecotoxicology. This
result is very important in order to reduce the efforts in rearing
test organisms. The acute exposure of A. nauplii larvae to these
different concentrations of P. daleae ethyl acetate extract induces
significant changes in their behavior, considerable mortality or
oxidative stress within 12 h exposure. The continuous exposure
(24 h) of extract induces an oxidative stress resulted with least
mortality effects. Moreover, the outcome of study is providing
strong scientific evidences for developing more selective, ideal
and eco-friendly mosquito larvicidal agents.
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