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Abstract

Antimicrobial peptides (AMPs) constitute a major arm of defense in mosquitoes against microbes. The purpose of this
study was to determine which of the peptides are produced in the mosquito hemolymph after bacterial treatment. Culex
pipiens (Diptera: Culicidae) larvae, collected from drainage canal in Suez Governorate, Egypt, were treated with LC80 of
Bacillus sphaericus strain 2362 (0.035 ppm). The hemolymph of bacteria-treated Cx. pipiens mosquitoes and non-treated
mosquitoes as control were extracted and undergo electrophoresis, using a Bio-Rad Mini-protean II cell. In Cx. pipiens
mosquitoes emerging from bacteria-treated larvae, a band of protein was detected at 165 kDa. This protein was more
likely to be Thioester-containing protein 1 (TEP1). Understanding mosquito resistance mechanism to bacterial control is
crucial to build up programs to overcome such resistance.

Keywords: Antibacterial protein, Bacillus sphaericus, Culex pipiens

Background
Mosquito-borne diseases are among the major concerns
of public health. Therefore, there is an urgent need to
explore every avenue for developing unique control
strategies against mosquito-borne diseases (Hill et al.,
2005). However, insects are able to protect themselves
from attack by pathogens by a rapid and effective arsenal of
inducible immune peptides (Lowenberger, 2001). Insects use
an arsenal of immune compounds to combat prokaryotic
infections, including defensins, cecropins, and proline-rich
and glycine-rich peptides (Jayamani et al., 2015, Kaushal et
al., 2016). These immune proteins are synthesized in the fat
body and in certain types of hemocytes (Lombardo and
Christophides, 2016). In mosquitoes, peptides like cecropin,
defensin, and gambicin are reported to have inhibitory effect
on bacteria, fungi, and parasites (Harikrishna, et al., 2012).
This is a major arm of protection in mosquitoes against
microbes. Mosquito defensins are rapidly produced in
the mosquito hemolymph within 24 h following bacterial
inoculation (Lowenberger et al., 1995). Cecropin A is a
linear-helical cationic peptide that is produced by both
invertebrates and vertebrates (Saugar et al., 2006). Such

peptides are reported to obstruct the development and
transmission of eukaryotic pathogens (Paily et al., 2007).
Insect AMPs are divided into three groups according

to their amino acid sequence and structural features: (i)
cecropins which are linear peptides that form α-helix
and lack cysteine residues; (ii) defensins which have a
characteristic six to eight conserved cysteine residues
that form a stabilizing array of three or four intramo-
lecular disulfide bridges and three domains consisting in
a flexible amino-terminal loop, a central α-helix, and a
carboxyl-terminal antiparallel b-sheet; and (iii) peptides
with an overrepresentation of proline and/or glycine
residues, e.g., lebocins and moricins (Bulet et al., 1999).
The purpose of this study was to determine which of

the peptides are produced in the Culex pipiens mosquito
hemolymph after Bacillus sphaericus bacterial treatment.

Materials and methods
Mosquito rearing
Immature stages of mosquito were collected from a
drainage canal in Suez Governorate, Egypt. Fourth instar
larvae and emerging adults were identified according to
Harbach (2012). Species other than Cx. pipiens were
discarded. Culex pipiens larvae were reared in the
laboratory under controlled conditions of temperature
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(27 ± 2 °C) and relative humidity (70–80%) and a 12L:
12D photoperiod. The third instar larvae of the filial
generation were used in the study.

Bacterial strain
Bacillus sphaericus strain 2362 was provided by Abbot
Laboratories, North Chicago, IL, USA. A 1% stock
suspension was prepared by suspending 1 g of the granular
formulation in 100 ml of distilled water. Dilutions were
made by adding appropriate volumes of the stock solution
to be included in 100 ml of water. All suspensions were
prepared fresh for experimental purposes. The susceptibility
of the parental generation to B. sphaericus preparation was
determined by bioassay tests. For bioassay test, 20 third
instar larvae were placed in a disposable 250 ml poly-
ethylene cup containing 100 ml of the required concentra-
tion of B. sphaericus. Each test was performed in triplicate.
Mortality was recorded 48 h after exposure. Lethal concen-
trations for 50 and 80% mortality levels were determined
through a log probit regression analysis (Mulla et al., 1988).

Treatment of Cx. pipiens larvae with B. sphaericus
Two colonies were cultured under identical laboratory
conditions. Field-collected larvae were considered the
parental generation of each colony. Then, the colony was
split into two lines, one subjected to bacterial treatment and
the other was cultured without exposure to the bacterium.
About 500 third instar larvae in each replicate were treated
with the preparation of B. sphaericus at a concentration to
yield 80% mortality (LC80) for 48 h. About 2000–2500 larvae
were treated to obtain enough survivors to yield sufficient

progeny for the next generation. After the exposure period,
the surviving larvae were removed, rinsed with distilled
water, placed in distilled water in enamel pans, and reared
to the next generation. The non-treated line was cultured
without any exposure to B. sphaericus. The hemolymph
of adult mosquitoes emerged from treated larvae was
used for protein detection. Hemolymph of adults emerged
from non-treated larvae was used as control.

Detection of antibacterial protein by electrophoresis
The hemolymph of bacteria-treated Cx. pipiens mosqui-
toes and non-treated ones as control were extracted and
undergo electrophoresis. A Bio-Rad Mini-protean II cell
was used. The glass plates were assembled according to
the manufacturer’s instructions. The appropriate volume
of the resolving gel was prepared; poured into the gap
between the glass plates, leaving sufficient space for
pouring the stacking gel; and overlaid with a thin film of
isopropanol to form a smooth surface as well as to remove
any air bubbles formed on the surface. After the resolving
gel has been polymerized completely, in about 30 min, the
isopropanol was poured off and the gel surface was
washed with distilled water, then the stacking gel was
mixed and poured onto the surface of the polymerized
resolving gel, and a Teflon comb was inserted immediately
without trapping any air bubbles under the comb teeth.
More stacking gel solution was added to fill the remaining
space. The gel was left about 30 min to achieve complete
polymerization. Meanwhile, the samples were mixed with
an equal volume of 2× gel loading buffers, and after
polymerization of the stacking gel, the Teflon comb was
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Fig. 1 Log. conc. “ppm.” Probit line of Culex pipiens to Bacillus sphaericus 2362
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removed and the wells were washed with distilled water to
remove any remnants of polymerized acrylamide. The
gel was mounted in the electrophoresis apparatus, and
the electrophoresis buffer was added to the top and the
bottom reservoirs. The samples as well as the molecular
size markers (the BLUelf Prestained Protein Ladder
covering a wide range of molecular weights from 3.5 to
245 kDa) were loaded into the wells. The electrophoresis
was performed at a constant current of 25 mA for each
mini-gel and 50 mA for the regular size gel. The samples
were run until the bromophenol blue dye reached the gel
front. The gel was then disassembled and stained with
coomassie staining solution.
For staining, the gel was immersed in coomassie staining

solution and rocked for 30 min, and then, the stain was
removed and saved for future use. The gel was destained
in destaining solution, until an acceptable background was
obtained, and then, it was placed onto a piece of Whatman
3MM filter paper, covered with saran wrap, and dried in a
gel dryer under vacuum.

Results and discussion
The sublethal dose of B. sphaericus strain 2362 was
determined. The calculated median lethal concentration
(LC50) was 0.18 ppm (0.15–0.21) (ά = 0.05, chi2 = 0.21 < 6)
(Fig. 1). The LC80 concentration, calculated to be
0.035 ppm, was subsequently applied on Cx. pipiens
larvae for further investigation.
In Cx. pipiens mosquitoes emerged from bacteria-treated

larvae, a band of protein was detected at 165 kDa (Figs. 2
and 3). This band was not found in adult mosquitoes
emerged from non-treated larvae and is thus considered to
be related to a protein responsible for bacterial resistance.
This protein is more likely to be Thioester-containing
protein 1 (TEP1), previously reported to be glycosylated
and secreted into the body cavity by mosquito immune
cells as 165 kDa (Fraiture et al., 2009).
In general, insects utilize germ line-encoded receptors

known as pathogen recognition receptors (PRRs) to
recognize distinct pathogen-associated molecular patterns
(PAMPs) that are either present on the surface of

Marker   Non-treated    Treated
Fig. 2 Electrophoretic analysis showing molecular weight of antibacterial protein in Bacillus sphaericus-treated Culex pipiens mosquitoes
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microbial pathogens or released in the host during the
infection (Pal and Wu, 2009). In addition to the signaling
PRRs, insect genomes also contain secreted recognition
molecules such as TEPs (Blandin and Levashina, 2004).
Thioester-containing proteins are a major component of
the innateimmune response of insects to invasion by bac-
teria and protozoa (Baxter et al., 2007). TEP1 is reported to
be a secreted protein that circulates in the hemolymph of
mosquitoes at all developmental stages starting from larval
stage (Levashina et al., 2001). In the present study, secretion
of the protein is most probably initiated in the larval stage,
following bacterial treatment. Levashina et al. (2001)
stated that TEP1 is produced by hemocytes and secreted
from these cells as a full-length protein which is then
cleaved in the hemolymph. This protein is a key immune
factor that determines mosquito resistance to a wide range
of pathogens (Pompon and Levashina, 2015). It has been
identified as among the major mosquito factors that
control parasite loads (Fraiture et al., 2009). In Dros-
ophila, the TEP family is composed of six genes named
Tep1-Tep6 (Bou Aoun et al., 2011).
In the present study, TEP was expressed in the

hemolymph of adult mosquitoes emerged from bacteria-
treated larvae. However, when bacteria were injected to
adult stage, TEP was expressed in its proventriculus
(Volohonsky et al., 2017). The latter authors reported also
that shortly after the injection of bacteria, TEP1 can be
detected inside the hemocytes that are attached to
dissected mosquito carcasses.

The key feature of thioester-containing proteins is an
internal β-cysteinyl-γ-glutamyl thioester bond (Janatova
et al., 1980). The thioester is contained in a specific
sequence motif, Cys-Gly-Glu-Gln (CGEQ), located in the
loop before the first inner helix (α2) of the thioester
domain (TED) (Fig. 4).
The mosquito TEPs have been found to possess

conserved function, which results in the phagocytosis
of bacteria (Shokal and Eleftherianos, 2017). In this
study, this may lead to the emergence of resistance to
bacteria in mosquitoes, especially when treated with
high concentration.
Effector responses are initiated by damage signals such

as reactive oxygen species signaling from epithelial cells
and recognized by cell surface receptors on hemocytes
(Baxter et al., 2017). Thioester-containing proteins (TEPs)
are represented by multi-member families both in the
fruitfly, Drosophila melanogaster, and in the mosquito,
Anopheles gambiae (Blandin and Levashina, 2004). To
date, there have been no reports of TEP detection in
Cx. pipiens, confirmed in the present study.
The molecular weight of the protein at which its band

was distinguished eliminates the probability of being
defensins which are small (4.5 kDa) cationic/basic AMPs
with six conserved cysteine residues (Ganz and Lehrer,
1994). Results of the present study hold opposing views
from that of previous studies that propose the protein to
be cecropin which is a protein of molecular weight
around 4 kDa (Townson and Chaithong, 1991). The

Fig. 3 Protein molecular weight and optical density of (a) marker, (b) non-treated, and (c) Bacillus sphaericus-treated Culex pipiens mosquitoes
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present finding excludes the possibility of detecting any
of glycine-rich family which is represented by 8–27-kDa
proteins such as attacins (Kockum et al., 1984), sarco-
toxins II (Ando and Natori, 1988), diptericin (Dimarcq
et al., 1988), and coleoptericin (Bulet et al., 1991). Other
excluded proteins also include proline-rich family which
comprises small 2–4-kDa peptides mainly active against
gram-negative bacteria and includes apidaecins (Casteels
et al., 1989), abaecin (Casteels et al., 1990), drosocin (Bulet
et al., 1993), and pyrrhocoricin (Cociancich et al., 1994).
The present study thus contradicts with that of

Waterhouse et al. (2007) and Antonova et al. (2009)
who concluded that the AMPs expressed in mosquitoes
after immune challenge were mainly defensins and
cecropins. Variation in the produced peptides may be due
to variation of either the insect species or the bacterial
strain. This conclusion agrees with that of Lowenberger
(2001). Mosquito cecropins have a broad spectrum of anti-
microbial activity (Lowenberger et al., 1999). The indication
that antibacterial peptides are toxic to parasitic organisms
has implications for their possible use in the disease vector
control strategies of the future (Ham et al., 1994).
Earlier studies reported that immune activation by

bacteria inoculation negatively influenced the development
of Plasmodium gallinaceum and P. berghei in Aedes and
Anopheles species (Lowenberger et al., 1999). In vivo trans-
fection of AeTEP-1 into Ae. aegypti significantly reduced
dengue virus infection (Cheng et al., 2011). Thioester-
containing protein is known to be a central component
in the innate immune response of An. gambiae to
Plasmodium infection (Le et al., 2012, Volohonsky et
al., 2017). However, no difference was seen between
Wuchereria bancrofti development in Escherichia coli and

Micrococcus luteus-inoculated Cx. pipiens mosquitoes as
compared to non-inoculated controls (Bartholomay et al.,
2003). These results, which are unlike those previously
reported in model vector-parasite systems, could reflect
either a variation in the immune capacity of the mosquito
or the ability of the parasite to resist that response
(Bartholomay et al., 2003).
Further studies are undergoing to elucidate the structural

information of detected peptide.

Conclusions
A protein of 165 kDa was isolated in B. sphaericus-
treated Cx. pipiens and characterized to be TEP1. Our
findings suggest that this protein is involved in the anti-
bacterial activity in mosquitoes. Understanding mosquito
resistance mechanism to bacteria is crucial to build up
programs to overcome such resistance.
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